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ABSTRACT 

Dendritic cells (DCs) play a central role in shaping antigen-specific immune 

response. Antibody-mediated antigen targeting to DC-specific surface receptors is 

a promising approach to enhance vaccine efficacy. The objective of this thesis 

was to develop DC-targeted nanoparticulate formulations for the delivery of DNA 

and protein antigen using a novel strategy. The approach involved use of a two-

component DC targeted delivery system for enhanced immune response. One 

component consisting of a recombinant bifunctional fusion protein (bfFp) was 

used for DC targeting, whereas, the other component made of biotinylated 

nanoparticles encapsulated antigen. 

For DNA vaccines, two strategies were adapted. In the first strategy, bfFp 

functionalized biotinylated chitosan nanoparticles containing DNA-encoding for 

nucleocapsid (N) of severe acute respiratory syndrome coronavirus (SARS-CoV) 

or hemagglutinin (HA) of avian influenza virus was used for nasal delivery. 

Immune response studies in mice showed that intranasal administration of 

targeted formulation along with DC maturation stimuli (anti-CD40 mAb) 

enhanced magnitude of mucosal, humoral and cellular immune responses.  

In the second strategy, a DNA (pDECN) vaccine encoding a fusion protein 

comprised of SARS CoV N antigen and anti-DEC-205 scFv was constructed. In 

vitro studies showed that expressed protein was able to bind with DCs. 

Vaccination of mice with pDECN-laoded chitosan nanoparticles induced 

significantly higher IgG and cytokine (IFN-γ and IL-2) response relative to SARS 



 

 

CoV N DNA. Coadministration of anti-CD40 antibody further improved efficacy 

of nanoencapsulated DNA formulations. 

For the delivery of a model antigen ovalbumin (OVA), biotinylated poly(D,L-

lactic-co-glycolic acid) (PLGA) nanoparticles were formulated using biotin-PEG-

PLGA polymer and were decorated with bfFp. In vitro uptake studies revealed 

one-fold higher uptake of targeted nanoparticles compared to non-targeted NPs.  

In vivo studies show targeted NPs in conjunction with anti-CD40 mAb enhanced 

OVA-specific IgG and IgG subclass responses. Splenocytes of these mice 

secreted significantly higher levels of IFN-γ and IL-2, indicating Th1 response. 

In conclusion, these results demonstrate that bfFp based DC targeting is a 

versatile approach and vaccine efficacy can be enhanced via non-invasive DC 

targeting. The two-component DC targeting approach can serve as a viable 

alternative to conventional antibody-targeted vaccines that also precludes any 

post-formulation modification of the antigen-loaded NPs. 
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1.1 Dendritic cells  

Dendritic cells (DCs) were discovered in 1973 by late Ralph M. Steinman and 

Zanvil Cohn [1]. During the last four-decades, these cells have been the focus of 

intensive research and emerged out as crucial link between innate and adaptive 

immune responses [2].DCs are regarded as the most professional antigen 

presenting cells (APC) for their role in generation and maintenance of primary 

immune responses. Depending upon the nature of the antigen and the 

microenvironment during antigen capture and presentation, DCs dictate the 

outcome of the immune response, which can be either immune activation or 

tolerance [3]. Given the role DCs play in orchestrating the immune responses, 

harnessing DCs to create more effective vaccines has stimulated immense 

research efforts. To date, a number of DC based vaccines are evaluated at 

preclinical and clinical stages. Concomitantly, delivery of vaccine antigens in the 

particulate form has gained significant due to enhanced antigen uptake capability 

in this form. Various strategies have been adapted to achieve DC selective 

targeting of particulate vaccine delivery systems.  This thesis explores and 

evaluates nanoparticulate delivery system for DC targeted delivery of DNA and 

protein antigens. This chapter elaborates on key features of DCs that are of 

relevance for developing vaccines and provides the rationale for targeting 

nanoparticulate vaccines to DCs. 

1.1.1 DC origin and subsets 

Dendritic cells represent a complex ‘immunological system’ comprised of 

heterogeneous population of cells with a dendritic shape, produced in the bone 

marrow by differentiation of precursor cells. In mouse and humans, DCs originate 

from myeloid or lymphoid pathways of development and represent two major 

subsets. The myeloid and lymphoid DC subsets differ in the phenotype, 

microenvironment localization and functional specialization [4]. In the steady 

state based on their function, tissue distribution, expression of surface markers, 

murine DCs can be further classified into six groups [5]. 
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In steady state, DCs in the spleen and lymph nodes of mice are characterized by 

the expression of the CD11c and major histocompatibility complex (MHC) class 

II. In the spleens of mice, at least three subsets of DCs are present. They are 

CD8α
+
 lymphoid DCs (CD11c

high
 CD8α

+
 DEC205

+
), CD8α

−
 myeloid DCs 

(CD11c
high

CD8α
−
CD11b

+
DEC205

−
), and plasmacytoid DCs 

(CD11c
intermediate

CD8α
+/−

 CD11b
−
B220

+
 Gr-1

+
). In the lymph nodes of mice, in 

addition to the above mentioned phenotypes, at least two additional subsets: 

Langerhans cells (LCs) (CD11c
high

CD8α
dull

DEC205
high

Langerin
+
) and dermal 

DCs (CD11c
high

CD8α
−
 CD11b

+
 DEC205

+
) are present.  

Different DC subsets have capacity to uptake, process, and present antigens to T 

cells. However, the type of immune response generated is often based on the 

functional specialization. The CD8α
+
 lymphoid DCs are positioned in the T cell 

rich areas of lymph nodes and have inherent capacity to secrete abundant 

quantities of IL-12 (p70) and prime Th1 helper T cell responses [6, 7].  The most 

important characteristic of CD8α
+
 lymphoid DCs is the ability to constitutively 

cross-present antigens in context of MHC class I molecules [8, 9]. The ability to 

cross-present antigens and induce CD8 T cell activation make them key subsets 

involved in the presentation of viral antigens [10]. These cells are also specialized 

to take up antigens from dead and dying cells and cross-present in the context of 

MHC class I [11].   

In contrast, CD8α
−
 myeloid DCs are localized in the marginal zones of the spleen, 

and the subcapsular sinuses of the lymph nodes, secrete IL-10 and induce Th2 

helper T cell responses. The plasmacytoid DCs (PDCs) are found in the spleen, 

thymus, and T cell rich areas of lymph node. PDCs are major producers of 

interferon-alpha (INF-α) and play a key role generation of innate and adaptive 

immune responses against viral infections.  

1.1.2 Location in the periphery and lymph nodes 

DCs have unique distribution pattern in the periphery and in the secondary 

lymphoid organs. They are abundantly located in the most of tissues and under the 

epithelium at the mucosal surfaces (i.e. respiratory and gastrointestinal system). 
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DCs continuously scan mucosal surfaces by extending their dendritic processes 

through the epithelial tight junctions [12].  

The strategic location of DCs increases the capture of infectious or non-infectious 

and self antigens from the environment. After sampling antigens, DCs leave 

peripheral tissues and migrate to regional lymphoid organs through lymphatic 

vessels. The migration of DCs is controlled by chemokine-chemokine receptor 

interactions. Immature DCs respond to inflammatory chemokines through CCR1, 

CCR5 and CCR6 receptors. Specifically, DCs respond to CCL20 through CCR6 

and this interaction is responsible for the localization of immature DCs at the skin 

and mucosal surfaces under homeostatic and inflammatory conditions. 

In contrast, mature DCs downregulate CCR1, CCR5 and CCR6 and upregulate 

CCR7, this allows their migration into afferent lymphatic system. CCR7 is a 

chemokine receptor that responds to two chemokines: Epstein- Barr Virus-(EBV)-

induced molecule (ELC/MIP-3 beta) and secondary lymphoid tissue chemokine 

(SLC/6Ckine). ELC/MIP-3 beta is produced by the lymph node resident DCs in 

the T cell areas; whereas SLC/6Ckine is produced in high endothelial venules 

(HEVs) and stromal cells in T cell area of lymph nodes. Both SLC and ELC play 

an important role in directing the migration of the antigen-loaded mature dendritic 

cells in the T cell area of lymph node for interaction with naïve T cells.  

Beside peripheral tissues, a hallmark of DC location is their abundance in 

lymphoid tissues, particularly the T cell areas [13]. Numerically, DCs represent a 

small fraction of total cells in lymph nodes but the presence of many extensions 

“dendrites” allow them to form a vast and labyrinthnine network and increase 

surface area. The large surface area equip DCs to interact with multiple T cells at 

a time and such a competent scanning sets stage for selection of rare antigen-

specific T cell clones (1 in 10
5
-10

6
).  The real-time two-photon microscopy of 

intact lymph node revealed that one DC can scan at least 500 different T cells per 

hour. 
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1.1.3 DC maturation/activation 

DCs maturation is tightly linked with their migration from peripheral tissues to 

secondary lymph-node organs. Indeed, DC maturation is a continuous process that 

starts in periphery upon antigen encounter and ends during DC-T cell interaction. 

DCs mature in distinct ways in response to various types of microbial and host-

derived stimuli. The pattern recognition receptors (PRRs) such as toll-like, NOD, 

RIG-1 and MDA5 receptors on DC surface, help them sense distinct pathogen 

associated molecular patterns (PAMPs) associated with the pathogens.   

The maturation status of DCs helps to decide the outcome of innate and adaptive 

immune responses. In the steady state in the absence of maturation stimuli, DCs 

can induce antigen-specific tolerance when they capture self or environmental 

antigens [14]. However, maturation of DCs in response to microbial products 

‘danger signals’ results in altered expression of a number of genes, leading to 

synthesis of number of cytokines such as type I interferons (IFN α and β) and IL-

12 [15, 16]. The cytokine secretion pattern is influenced by the maturation stimuli 

and by the DC subset. These inflammatory cytokines can in turn provoke DC 

maturation; however direct maturation in the presence of the pathogen 

components results in fully immunologically active DCs that can promote T 

helper cell differentiation [17]. Upon exposure to pathogens, dendritic cells 

produce 3 waves of distinct chemokines to recruit different cells such as 

neutrophils, natural killer (NK) cells, memory T cells and naive T lymphocytes in 

succession to the site of DC maturation [18]. 

Immature DCs have small cytoplasmic processes called dendrites on their surface, 

which provide a large surface area for efficient pathogen uptake. Maturation 

induces distinct morphological changes through cytoskeletal reorganization and 

dendrites become longer, probably for simultaneous interaction with multiple T 

cells [19]. Furthermore, maturation process is also associated with down-

regulation of endocytic/phagocytic machinery, shift in pH of lysosomal 

compartments with upregulation of DC-lysosomal-associated membrane protein 

(DC-LAMP) and transport of peptide-MHC complexes to the cell surface [20]. 
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Importantly, maturing DCs remodel their surface and upregulate the expression of 

MHC class II and co-stimulatory molecules like CD86, CD83, CD80 and CD40 

[21, 22]. The upregulation of these molecules helps in bidirectional signalling and 

contact between DCs and T cells. 

The state of DC maturation plays a key role in shaping the outcome of immune 

responses. Particularly, CD4 T cell differentiation is significantly governed by the 

type of DC maturation stimuli DC encounter. Depending upon the type of 

maturation stimuli CD4 T cells differentiate in Th1, Th2, Th17 or Treg 

phenotypes. 

The DC maturation is also influenced by vaccine adjuvants and this in turn shapes 

the resulting immune responses. Antigen delivery to DEC-205 positive DCs in the 

presence of a TLR3 ligand (synthetic double-stranded RNA, poly IC) skewed the 

CD4 T helper lymphocytes to a Th1 lineage by an IL-12-independent and CD70-

dependent mechanism [23]. Furthermore, immunization of mice with nanoparticle 

containing antigens plus monophosphoryl lipid A and R837 adjuvants that signal 

through TLR4 and TLR7 respectively, induced synergistic increases in antigen-

specific neutralizing antibodies compared to immunization with nanoparticles 

containing antigens plus a single TLR ligand [24].  

1.1.4 Antigen processing, presentation and cross-presentation 

Immature DCs are very efficient in antigen uptake and use several pathways. 

Depending on the source and form of antigen, DC use different endocytic 

processes. Macropinocytosis is major pathway for uptake of solutes, nutrient and 

large gulps, while phagocytosis for uptake of large particles (>500 nm), apoptotic 

and necrotic cell fragments. DCs are also highly specialized at receptor-mediated 

endocytosis (RME) via cell surface associated receptors. Most of the receptors 

involved in RME belong to the class of C-type lectin receptors (CLRs). 

DCs display several unique features related to antigen loading and presentation 

that can be exploited for improved vaccination. These include (i) a low rate of 

antigen degradation as compared with macrophages [20], which in turn permits 
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antigen retention in lymphoid organs in vivo for extended periods for antigen 

presentation and development of T-cell immunity, (ii) a remarkable stability of 

peptide-MHC class II complexes on the cell membrane of mature DCs facilitates 

T cell receptor recognition [25], and (iii) the capacity to cross-present exogenous 

antigens on MHC class I molecules. 

DCs are specialized cells that are capable of processing endogenous and 

exogenous antigens.  DCs capture, process and subsequently display antigenic 

epitopes on their surface in association with major histocompatibility complex 

(MHC) class I and class II molecules to T cells. Typically, endogenous antigens 

are processed through cytosolic pathway and presented in association with MHC 

class I molecules to CD8+ T cells. In this model, antigen uptake into endosomes 

is followed by translocation of internalized antigens from endosomes to the 

cytosol of the DCs.  In the cytosol, proteins get ubiquitinated, degraded into the 

peptides. These peptides are shuttled across endoplasmic reticulum (ER) 

membrane with the help of TAP (transporters of antigen presentation) proteins. In 

the ER, peptides get loaded into the groove of newly synthesized MHC class I 

molecule associated with the β-microglobulin for presentation at the cell surface. 

The majority of endogenous antigens (normal cell proteins, viral or tumor 

antigens) follow “classical” MHC-I pathway of presentation. 

Alternatively, DCs sample exogenous antigens and route them through early or 

late acidic endosomal/lysosomal compartments for degradation by proteases. The 

degraded peptides then associate with the MHC class II molecules within the 

MHC class II compartments (MIIC) and translocate to cell surface. Thus, peptides 

displayed in context of MHC class II molecules and recognized by CD4+ T cells.  

1.1.5 Activation of T cells 

One of the most important features of DCs is their ability to activate 

immunologically naïve T cells. This exclusive ability of DCs is because of 

constitutive expression of MHC class I and class II as well as co-stimulatory 

molecules. Matured/activated DCs are capable of providing three signals required 
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for efficient priming of naïve T cells. Upon maturation, DCs down regulate their 

endocytic activity and upregulate surface expression of MHC class I and MHC 

class II molecules that present the processed peptides to the naïve CD8
+
 and CD4

+
 

T cells, respectively (signal 1). Mature DCs also express high levels of accessory 

molecules, which help them interact with other receptors on T cells to augment 

adhesion and co-stimulation (signal 2). Adhesion molecules such as intercellular 

adhesion molecule (ICAM-1) displayed by DCs interacts with T cell's 

intercellular adhesion molecule lymphocyte function-associated antigen (LFA)-1. 

Beside this, upregulation of co-stimulatory molecules such as CD40, CD80, and 

CD86 DCs to efficiently interact with T cells and form a tight synapse. In addition 

mature DC also secret large amounts of IL-12, that provides the third signal 

required for the induction of efficient T cell activation.  

 

1.2 Dendritic cell associated receptors 

DCs express numerous pattern recognition receptors (PRRs) such as the toll-like 

receptors (TLRs), as well as non-TLRs such as intracellular nucleotide-binding 

domain and leucine-rich-repeat-containing family (NLRs), retinoic acid-inducible 

gene I (RIG-I)-like receptors and C-type lectin receptors (CLRs). 

The immature DCs express a wide variety of C-type lectin receptors and these 

mediate specific recognition of both self-antigens and pathogens. The CLRs 

internalized antigens are degraded in lysosomal compartments, which ultimately 

results in antigen processing and presentation [26, 27].  

The classical C-type lectins contain highly conserved carbohydrate recognition 

domains (CRDs) that bind sugar residues in a calcium (Ca
++

)-dependent manner. 

The Ca
++

 ions are necessary for both ligand recognition as well as maintaining 

structural integrity of the CRDs [26, 28]. However, CLR family now includes 

proteins that have one or more domains that are homologous to carbohydrate 

recognition domains but do not always bind carbohydrate structures. The C-type 

lectins contain a prototypic lectin fold, which consists of two anti-parallel β-
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strands and two α-helices. C-type lectins form oligomers within the cell 

membrane to strengthen and limit binding to a specific structure with a certain 

carbohydrate density and spacing of ligands [29].  

The C-type lectins are either secreted as soluble proteins or produced as trans-

membrane proteins. Trans-membrane C-type lectins contain carbohydrate 

recognition domains, which are also capable of binding with protein or lipids and 

with carbohydrates in Ca
++

-independent manner [30]. Ligands for C-type lectins 

and lectin-like receptors are poorly characterized, so the term C-type lectin is 

collectively applied to these proteins irrespective of whether they contain Ca
++

-

ligating elements or have a known carbohydrate-binding activity [31].    

The transmembrane C-type lectins receptors on DCs can be further classified into 

two classes, namely, type I and type II depending on the orientation of their amino 

(N) terminus in their molecular structure [26]. The type I CLRs have N-terminus 

located extracellularly, whereas type II CLRs, have their N-terminus located 

within the cytoplasm (Figure 1.1).   

The type I CLRs (also noted as mannose receptor family) have an N-terminal 

cysteine-rich (CR) domain, a fibronectin type II (FNII) domain, multiple c-type 

lectin-like domains (CTLDs) (eight or 10) in the extracellular domain, and a short 

cytoplasmic domain. Representatives of this type are macrophage mannose 

receptor (MMR) and DEC-205. The type II CLRs are characterized by a short 

cytoplasmic tail, a transmembrane domain, an extracellular stalk region, and a 

Ca2+ carbohydrate binding CRDs. The length of the stalk region varies among the 

different members and is involved in oligomerization. The classical members of 

type II of CLRs include DC-specific ICAM-3 grabbing non-integrin (DC-SIGN), 

Langerhans cell specific C-type lectin (Langerin), DC-associated C-type lectin-2 

(Dectin-2), DC- immunoreceptor (DCIR) and Dectin-1.  

Because of their restrictive expression by DC subsets and their function as uptake 

receptors, CLRs have been prime candidates for in vivo targeted delivery of 

vaccine antigens to DCs.  Therefore, various approaches to target CLRs on DCs 

are under extensive investigation and several studies demonstrate that enhanced 
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immune responses can be induced by coupling CLR ligands to soluble or 

particulate antigens. The most-identified CLRs that are candidates for DC 

targeting include DEC-205, MMR and DC-SIGN. 

 

 

 

Figure 1.1 Dendritic cell associated C-type lectin receptors (CLRs). Type I C-

type lectin receptors (MMR and DEC-205) contain an amino-terminal cysteine-

rich repeat (S–S), a fibronectin type II repeat (FN) and 8 to 10 carbohydrate 

recognition domains (CRDs), which bind ligand in a Ca
2+

-dependent manner. 

Type II C-type lectins contain only one CRD at their carboxy-terminal 

extracellular domain. The cytoplasmic domains of the CLRs are diverse and 

contain several conserved motifs that are important for antigen uptake: a tyrosine-

containing coated-pit intracellular targeting motif, a triad of acidic amino acids 

and a dileucine motif. Other type II C-type lectins contain other potential 

signalling motifs such as immunoreceptor tyrosine-based activation motif (ITAM) 

and proline-rich regions (PPP)). DC-SIGN, dendritic-cell specific ICAM-3 

grabbing non-integrin; ITAM, immunoreceptor tyrosine-based activation motif; 

MMR, macrophage mannose receptor.  
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1.2.1 DEC-205/CD205 receptor 

DEC-205 (CD205) is a second member of the macrophage mannose receptor 

family of type I C-type lectins. The murine DEC-205 receptor was first identified 

as the antigen recognized by monoclonal antibody obtained from NLDC-145 

hybridoma [32, 33]. The natural ligand of DEC-205 and its carbohydrate 

specificity are currently unknown. 

Structural characteristics: DEC-205 is a 205-kDa protein, consisting of a single 

polypeptide chain; extracellular N-terminal cysteine-rich domain, cytosolic 

domain consisting of tyrosine-based motif and a distal acidic EDE triad, a 

fibronectin type II domain, and ten carbohydrate recognition domains (CRDs) 

(Figure 1.1).  Unlike MMR, none of its ten CRD domains seem to contain the 

consensus amino acid sequences required for the carbohydrate or Ca
++

- binding 

[26].  

Intracellular routing and recycling: DEC-205 is internalized by means of 

clathrin-coated pits and vesicles, and recycles through late endosome/early 

lysosome compartments that are rich in MHC class II molecules. A tyrosine 

containing FSSVRY motif is responsible for initial clathrin-coated pit-mediated 

endocytosis, while an acidic EDE triad motif targets DEC-205 to late 

endosomes/early lysosomes, allowing endocytosed antigen to reach the MHC 

class II loading compartment [32, 34]. Therefore, DEC-205 cytosolic domain 

mediates a distinct endocytosis pathway that entails efficient recycling through 

late endosomes and hence enhances efficiency of antigen presentation to CD4 T 

cells. It has been demonstrated that DEC-205 mediated routing to MHC class II 

compartments is 30–100 time more efficient compared to the MMR receptor, 

which doesn’t have an acidic triad [34]. 

Importantly, the DEC-205 endocytic pathway is non-stimulatory and cross-linking 

of receptor with antibody does not maturate DCs and antigen delivery in the 

absence of maturational stimuli results in presentation of antigens by immature or 

‘semimature’ DC leading to the induction of CD4 and CD8 T-cell tolerance. 
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However, tolerance induction can be overcome if the antigen is delivered with DC 

maturation stimuli [14, 35]. 

Expression pattern and up regulation on mature DCs: In mice, DEC-205 is 

expressed at high levels on thymic medullary DCs (CD11c+ CD8+), and subsets 

of peripheral DCs, such as CD11c+ CD8+ splenic/lymph node DCs, 

dermal/interstitial DCs, and Langerhans cells [32, 33]. In humans, it is highly 

expressed by BDCA1+ cDCs, monocytes and to low levels on B-cells, NK cells, 

plasmacytoid DCs and T cells [36, 37].  A distinguishing feature of DEC-205 is 

its high-level expression on the DCs in the T-cell areas of lymphoid organs, which 

suggest its role in the regulation of T-cell responses.  

Unlike that of the MMR or other CLRs, which tend to be down-regulated upon 

DC maturation, the DEC-205 is up-regulated upon DC maturation [37, 38]. DEC-

205 expression pattern closely parallels to MHC class II molecules, which are 

mainly found in the intracellular compartments of immature DCs, but are 

redistributed to the cell surface upon maturation. The higher expression level of 

DEC-205 on the mature DCs is thought to be result of de novo synthesis as well 

as redistribution of molecules from endocytic compartments to the cell surface 

[39]. DEC-205 is highly conserved in mammals, and human and murine DEC-205 

share ~90% amino acid homology [40]. Therefore, mouse can be used as a 

potential experimental model at preclinical stage.  

Role in tolerance: The DEC-205 has been demonstrated as a recognition receptor 

for apoptotic and necrotic self [41, 42]. It has recently been implicated in the 

capture of apoptotic thymocytes by thymic epithelial cells. As thymic epithelial 

cells express DEC-205 capture of apoptotic thymocytes could provide the rich 

source of peptides required for positive and negative selection in the thymus [41]. 

These studies demonstrate that CRDs 3 + 4 and 9 + 10 of DEC-205, can recognise 

ligands on apoptotic and necrotic cells. Furthermore these ligand(s) were trypsin-

sensitive and thus involved proteins. Both of these studies suggest a possible role 

of DEC-205 in the generation of tolerance against self antigens. 
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Antigen targeting: The field of DEC-205 receptor targeting has been pioneered 

by Nobel laureate late Dr. Steinman and colleagues at the Rockefeller University. 

Currently four types of DEC-205 targeting systems have been reported and all of 

them are based on the design of antibody-mediated antigen targeting systems. 

These systems are HB290 single chain (anti-DEC-205) antibody (scFv) coated 

liposomes [43], chemical conjugation of anti-DEC-205 mAb on the surface of 

pH-sensitive polymeric microparticles [44] or chemical conjugation of anti-DEC-

205 mAb with antigen [38, 45], and the development of a anti-DEC-205 mAb 

fusion protein [14, 46, 47]. The antibody based DEC-205 receptor-mediated 

targeting of antigens to DCs has been shown to enhance antigen presentation in 

the context of MHC class I and II molecules, resulting in induction of robust CD8 

and CD4 T cell responses. 

In most of the systems studied thus far, induction of antigen-specific immunity 

with DEC-205-targeting is dependent on concomitant delivery of a DC 

activation/maturation stimulus (LPS, anti-CD40 antibody or TLR ligands etc.). 

Surprisingly, antigen targeting to DEC-205 receptor, in the absence of DC 

activation/maturation stimuli results in the generation of antigen-specific T-cell 

tolerance [14, 35, 43]. Therefore, DEC-205 targeting in the absence of 

activation/maturation stimuli can be exploited for the induction of antigen specific 

immune suppression for treating autoimmune diseases and preventing transplant 

rejection. In this context a recent study has shown that targeting of pancreatic β-

cell antigens to DEC-205 receptor resulted in deletion of β-cell antigen-specific 

autoreactive CD8
 
T cells in a mouse model of type 1 diabetes [48]. Tolerance was 

induced even in the context of ongoing autoimmunity in non-obese diabetic 

(NOD) mouse model with known tolerance defects. 

In vivo targeting of ovalbumin (OVA) to matured DCs via DEC-205 receptor has 

been shown to induce substantial antitumor effects, when mice were challenged 

with OVA expressing B16 melanoma [38]. The DEC-205 targeting also 

prolonged presentation of OVA peptide complexes in context of MHC class I 

molecules. Presentation of peptide-MHC class I complexes was found to persist 
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for at least 2 weeks, while peptide-MHC class II complexes were no longer 

detectable after seven days. Furthermore, subcutaneous injection of DEC-205 

mAb conjugated OVA along with anti-CD40 mAb was found to provide 

protective immunity against mucosal challenge of OVA modified vaccinia virus. 

The mice vaccinated with DEC-205 targeted antigen had significantly reduced 

virus titers and symptoms compared to controls [38]. 

To demonstrate therapeutic efficacy of DEC-205 targeted antigen delivery, 

Mahnke and co-workers used a B16 melanoma model. In this study, DEC-205 

antibody mediated targeting of two melanoma antigens (gp100 and tyrosinase-

related protein 2) together with a DC maturation stimulus (unmethylated bacterial 

CpG motifs) was found to cure ~70% of the mice from existing tumors. The 

antitumor effects were found to be mediated by the induction of melanoma-

antigen specific CD4 and CD8 T lymphocytes [45] Furthermore, the maturation 

status of DCs was crucial for successful induction of immunity and when the DC 

maturation stimulus CpG was omitted, no protection against tumors was observed 

after immunization. Taken together, the results of these pioneering studies 

demonstrate that antigen targeting to DCs via DEC-205 receptor along with a DC 

maturation stimulus represents an efficient strategy for inducing long-lasting and 

effective anti-tumor immunity. 

In one study, DC targeted delivery of a xenogenic  form of self-antigen (survivin) 

via DEC-205 receptor together with anti-CD40 mAb and poly (I:C) as maturation 

stimuli has been shown to induce a CD4 T cell responses against non mutated 

over expressed murine survivin [49]. However, induction of murine survivin 

specific CD8 T cells was not observed despite using combination of stimuli and 

frequent dosing.  Furthermore, a recent study has shown that DEC-205 antibody 

based delivery of LcrV virulence protein from Yersinia pestis to DCs can protect 

mice against pneumonic plague [50]. In this study LcrV antigen was genetically 

fused to carboxyl terminus of anti-mouse DEC-205 heavy chain. Immunization of 

mice with fusion protein in conjunction with poly (I:C) and anti-CD40 mAb was 

shown to induce antibody responses and broad Th1 immunity specific to several 

http://www.nature.com/nri/journal/v7/n10/glossary/nri2173.html#df6


15 

 

LcrV peptides. DC targeting using this approach was found to protect mice 

against a virulent form of Yersinia pestis isolate from humans.  

1.2.2 Other DC receptors 

Macrophage mannose receptor (MMR):  The MMR is a founding member of 

type I C-type lectin receptor family [51]. It is abundantly expressed on mouse 

BMDCs, human monocyte-derived DCs (mDCs) and interstitial DCs [28, 52]. 

The abundance of MMR on immature DCs and macrophages indicates a key role 

of this receptor in antigen recognition [53].  The MMR has been shown to mediate 

receptor mediated endocytosis of mannan conjugated antigens and facilitate 

presentation in context of MHC class II and MHC class I molecules [54]. A recent 

report has shown that uptake and cross-presentation of antigen by MMR depends 

on the form of antigen. In this study soluble, but not cell-associated  form of 

ovalbumin (OVA) was found to be cross-presented by DC [55].  

Ligand bound MMR recycles through early endosomal pathway and low pH of 

endosome leads to dissociation and recycling to the cell surface [56]. Endocytosis 

of MMR takes place in clathrin coated vesicles, and shortly thereafter, the MMR 

and its ligand appear in larger vesicles, followed by colocalization with MHC 

class II molecules in lysosomes [53]. 

Structurally MMR contains N-terminal extracellular cysteine-rich domain, a 

fibronectin type II-like repeat and eight C-type lectin CRDs, a single 

transmembrane domain, and a short cytoplasmic tail at the C terminus. The 

extracellular domain of MMR contains various ligand binding regions: an N-

terminal cysteine-rich repeats (S-S) recognize carbohydrates, a fibronectin-type II 

repeat that binds to collagens and eight CRDs for carbohydrate binding. The 

MMR has been shown to bind with mannose, fucose or N-acetylglucosamine 

through two CRD domains, namely CRD4 and CRD5 [57, 58].  Specifically, the 

binding to mannose is predominantly through CRD4 and is Ca
++

- dependent. 

It has also been demonstrated that DC targeting using mannan conjugated tumor-

associated antigen (MUC1) can induce either Th1 or Th2-type of immune 

responses, depending on the mode of conjugation [59, 60]. The reduced mannan 
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conjugated MUC1 induced Th2-type response accompanied with production of 

IgG1, IL-4, and low frequency cytotoxic CD8 T cells, and failed to protect mice 

against a tumor challenge. However, conjugation of MUC1 with oxidized mannan 

generated a potent Th1-type response, accompanied with high levels of cytotoxic 

CD8
 
T cells and IFN-γ production. More recently, DC targeting of melanoma-

associated antigen pmel17 and model protein antigen OVA with the help of MMR 

antibody has been shown to improve magnitude of antigen-specific CD8 T cell 

responses and generate protective tumor immunity in a mouse model [61, 62]. 

 

Dendritic cell-specific ICAM-grabbing non-integrin (DC-SIGN): Dendritic 

cell-specific ICAM-grabbing non-integrin (DC-SIGN/CD209) is a member of 

type II CLR family and it is primarily expressed on immature DCs and at lower 

levels on macrophages and endothelial cells [63, 64]. In humans, DC-SIGN is 

abundantly expressed by DCs in lymphoid, dermal tissues and at mucosal 

surfaces. The mouse and human DC-SIGN counterparts have huge variation in 

structure and expression pattern and mouse DC-SIGN is expressed in multiple 

forms, and most of them are functionally unrelated to human counterpart [65, 66]. 

Moreover, carbohydrate specificity of murine DC-SIGN is similar to that of 

human counterpart and both bind to mannose-containing ligands and Lewis 

antigens Le(x/y) and Le (a/b) [67]. DC-SIGN recognizes various pathogens such 

as ebola virus, herpes viruses and Neisseria gonorrhoeae and meningitidis. 

Specifically, DC-SIGN has been shown to bind with human immunodeficiency 

virus (HIV) and contributes to the spread of HIV virus and plays a key role in 

pathogenesis [63, 68]. Similar to MMR and DEC-205, the DC-SIGN has been 

shown to mediate endocytic function and antigens targeted to DC-SIGN are 

routed to late endosomes/lysosomes, where they are efficiently presented by MHC 

class II pathway to CD4 T cells [69-71]. Furthermore, DC targeting of antigens 

with the help of DC-SIGN antibody has been shown to augment naïve and 

memory T cell responses, via MHC class II  and class I mediated antigen 
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presentation [70]. The major advantage of targeting DC-SIGN over the other 

CLRs is its restricted expression pattern on DCs.  

 

1.3 Dendritic cell targeting strategies  

Dendritic cells targeted delivery of vaccine antigens can be accomplished using, 

to broad strategies: ex vivo loading or in vivo targeting.  Although ex vivo DC 

loading is elegant strategy that allows controlled DC maturation and activation of 

particular DC subset. It is a labour-intensive procedure, requires sophisticated 

techniques and need to be tailored for each individual [31].  As an alternative to 

this, numerous strategies are currently developed for in vivo targeted delivery of 

antigens to DCs (reviewed in [72-74]).  The in vivo DC targeting strategies offer 

several benefits: lower production cost at large-scale production, good product 

quality and optimum antigen delivery within the physiological environment.  

To achieve in vivo DC targeted delivery, vaccine antigens are coupled with 

natural carbohydrate ligands or antibodies against DC surface associated 

receptors. In vivo DC targeting with natural carbohydrate ligand-antigen 

conjugates is a viable option, since targeting ligand can be chemically synthesized 

in a cost effective manner on the large-scale. The carbohydrate ligands lack 

exclusive DC receptor-specificity and can be moped up by other cells. As an 

alternative to carbohydrate ligands, antibodies are increasingly used for in vivo 

DC targeting and in this regard different type of antibody-based DC strategies are 

being explored (Figure 1.2).  

First and foremost strategy has been chemical conjugation of vaccine antigens to 

full-length DC-receptor specific antibody. Although antigen-antibody conjugates 

can be prepared within a short span of time using chemical cross-linker, the end 

product is not well-defined, non-stoichiometric and difficult to characterize. 

Moreover, chemical reaction can also hamper the receptor binding affinity of the 

antibody.   
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Figure 1.2 Strategies for targeting antigens to DCs in vivo. (A) Antigen is 

chemically conjugated to full-length mAb.  (B) The heavy chain and light chain of 

the full-length mAb or the single chain variable fragment (scFv) are genetically 

engineered to carry antigen (Ag). (C) The scFv recognizing DC-specific receptor 

is conjugated onto surface of Ag and adjuvant carrying stealth-liposomes. (D) 

Nanoparticles carrying Ag-payload are surface modified to allow the attachment 

of DC receptor specific mAb. 

 

 

To avoid this, genetic fusion approach was developed. In this approach, antigen is 

genetically fused to single chain antibody (scFv) or to the C-terminus region of 

heavy chain of full-length antibody. To date, fusion protein based approach is 

explored in most of the preclinical studies. Fusion protein based DC targeting has 

been shown to provoke augmented humoral and cellular immune response 

following in vivo DC targeted delivery. A number of DC associated CLRs such as 

DEC-205, MMR, DC-SIGN, CLEC9A and others have been explored (reviewed 

in [31, 72, 75]). The in vivo targeting using genetic fusion strategy has been 

shown to deliver targeted antigens to lymph-node resident DC subsets and provide 

enhanced immune responses and thus prove to be very promising.  The genetic 

fusion protein based DC targeting strategy has its own limitations: this approach 



19 

 

requires tailoring and production of a separate construct for each antigen, which is 

laborious and costly process. Furthermore, only one molecule of antigen can be 

coupled with an antibody, this could result in less payload delivery to DCs. 

Furthermore, this strategy does not allow simultaneous delivery of multiple 

vaccine components (antigen and adjuvants) to same DC subset. 

To overcome these drawbacks, more recently the antibody-targeted 

nanoparticulate antigen delivery systems are increasingly explored for designing 

improved vaccines. The particulate antigen delivery systems offer several 

advantages:  one of the greatest benefits of particle based antigen delivery systems 

resides in their capacity to co-deliver antigens and adjuvants to the same DC [24, 

76, 77]. Furthermore, DC targeted delivery of particulate vaccines can be 

achieved using passive approach based on the size (<200 nm) [78, 79] or active 

approach. Active-targeting involves functionalization of particles with DC 

receptor-ligand such as natural carbohydrates, monoclonal antibodies (mAb) or   

single chain antibody fragments (scFv) to obtain specific binding and uptake by 

receptor-mediated endocytosis. interactions to obtain  Particulate vaccines may be 

formulated using different polymeric materials, but the majority of these systems 

fall into two general classes: vesicular systems (liposomes) or solid biodegradable 

systems composed of poly(lactic-co-glycolic acid) (PLGA) polymer. In this 

context application of PLGA based DC targeted vaccine delivery system is 

discussed below. 

 

1.3.1 Dendritic cell targeted PLGA nanoparticles 

The biodegradable poly(lactic-co-glycolic acid) PLGA polymer based systems 

have been extensively used for the delivery of various therapeutic agents and 

vaccine antigens. PLGA is a US FDA approved polymer and in the body PLGA is 

non-enzymatically hydrolyzed into lactic and glycolic acid monomers, which are 

natural metabolites (Figure 1.3).  
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Figure 1.3 Chemical structure and biodegradation products of PLGA.  PLGA is 

an aliphatic polyester composed of lactic and glycolic acid monomers. X and Y 

represent number of units of lactic and glycolic acid, respectively. 

 

 

 

PLGA based vaccines delivery is a promising approach for augmenting immune 

responses against a range of antigens such as recombinant proteins, peptide and 

DNA. These systems offer several advantages over other antigen delivery systems 

(reviewed in [80-82]). First, they can be formulated in nanometer scale and thus 

facilitate efficient uptake by DCs. Second, they protect antigens against 

exacerbated degradation before reaching to DCs. Third, they allow co-delivery of 

antigens and adjuvants to the same DCs. Fourth, they can be designed to provide 

pulsatile Ag release and thus provide single dose formulation, which can serve the 

purpose of priming and booster dose. Finally, control over the particle surface 

chemistry can facilitate attachment of varying the density of targeting ligands to 

receptors on DCs.  

Because of these properties, PLGA polymer based delivery systems have been 

extensively explored to design nanoparticulate vaccines [81, 83]. Many peptide 

and protein antigens have been successfully encapsulated within PLGA micro- 

and nanoparticles (NPs). Furthermore, co-encapsulation of antigen and TLR 

ligands within PLGA NPs has been shown to robustly improve antigen-specific 
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immune responses [76, 77, 84, 85]. Furthermore, a recent study has demonstrated 

that antigen and adjuvant delivery in two separate PLGA NPs induces robust 

antibody responses compared to co-delivery of antigen and adjuvant in the same 

particle [24]. These formulations also resulted in formation of germinal 

centre/memory B cells and afforded complete protection against lethal avian and 

swine influenza virus strains in mice. 

To improve DC selective targeted delivery of model vaccine antigens, PLGA NP 

can be surface functionalized with DC-receptor specific antibodies. However, 

despite wealth of research conducted on PLGA based vaccines delivery systems, 

only a few studies have reported on antibody-based DC targeted delivery by 

PLGA NPs [86-88]. A study compared the DC targeting ability of anti-DC-SIGN 

antibody functionalized PLGA nanoparticles and microparticles, demonstrated 

that only targeted NPs specifically deliver antigens to human DCs [86]. 

Furthermore, targeted delivery of nanoparticle encapsulated antigen was found to 

enhance and provided T cell responses at 10-100 fold lower doses than non-

targeted formulations. 

A recent study performed to target PLGA NP coencapsulated antigen and TLR 

ligands to DEC-205 receptor on DCs in mice demonstrated that co-targeting can 

further improve the immune responses [88]. These results indicate that potent 

cytotoxic CD8 T cell responses can be induced at much lower doses of TLR 

ligands, when they are conencapsulated with antigen in NPs, instead of 

administering in soluble form. The DEC-205 targeted delivery of NP 

coencapsulating antigen and adjuvant also reduced serum levels of pro-

inflammatory cytokine (IL-6, TNF-α, IFN-α and β) levels and related toxicity and 

provided a 100-fold reduction in dose of TLR ligands.  

A study from Fahmy’s group used avidin-biotin based approach to achieve DC-

targeted delivery of PLGA NPs [87]. In this system antigen-loaded PLGA NPs 

were surface decorated with avidin and biotinylated anti-DEC-205 mAb was used 

to impart DC targeting. In the absence of DC maturation cross-linking DEC-205 

receptor with antibody functionalized PLGA NPs induced secretion of IL-10. In 
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vivo studies in mice showed that mere DEC-205 targeted delivery induced 

antigen-specific antibody responses that were comparable with non-targeted 

formulations. However, authors have not reported whether coadministration of 

DC maturation stimuli with targeted formulations can enhanced immune 

response. 

 

1.4 DNA vaccines 

DNA vaccination or genetic immunization represents a novel strategy, which can 

serve as viable alternative to conventional vaccine approaches. The concept of 

DNA vaccination first came into the scientific limelight in the early1990s, when it 

was recognized that intramuscular (IM) administration of recombinant DNA in 

mice resulted in the expression of the encoded protein [89]. Not soon after, it was 

shown that administration of DNA into the skin of mice could elicit antibody 

responses against encoded antigen [90] and then simultaneous studies by Ulmer et 

al. and Fyan et al. demonstrated that immunization with plasmid DNA could 

protect mice against a lethal influenza challenge [91, 92]. Furthermore, a study by 

Wang et al. showed that a plasmid DNA vaccine could provide protective immune 

responses against human immunodeficiency virus type I (HIV-1) [93].  

Altogether, the implications of these studies provided evidence that DNA 

immunization could serve as an elegant vaccine platform.  During the past two 

decades, the DNA vaccines have been tested and tried to induce immune 

responses against a range of infectious pathogens and tumor antigens (reviewed in 

[94]).  

The novelty and usefulness of DNA vaccines stems from the several unique 

features, namely, they are conceptually safe, non-infectious and non-replicating, 

thereby overcome safety concern associated with live-attenuated vaccines. The 

DNA vaccine can be manufactured on large-scale with high purity and stability in 

a cost-effective manner and can be stored without the need for a cold chain 

(temperature range of 2-8°C) [95]. Furthermore, DNA vaccines can be promptly 

constructed based on pathogens genetic code and manufactured promptly, 
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something paramount with ongoing pandemic or bioterrorism threats. More 

importantly, DNA vaccine can induce antigen-specific mucosal (IgA), humoral 

(protective neutralizing antibodies) and cellular (cytotoxic T lymphocytes) 

immune responses. Despite the above mentioned advantages of DNA vaccines, 

their mechanism of action remains poorly understood.  

Mechanism of action: DNA vaccines elicit strong and broad immune responses 

in many animal models, however, the precise mechanisms by which plasmid 

DNA (pDNA) vaccines induce antigen-specific immunity in vivo are complex 

and yet to be fully elucidated. At cellular level, it is thought that after optimized 

pDNA sequence is inoculated into the muscle or skin tissues (Figure 1.4), using 

the host cell machinery pDNA enters the nucleus of the transfected somatic cells 

(myocyte or keratinocyte), and small number of tissue-resident APCs such as 

DCs. Thereafter, pDNA encoded gene is transcribed and translated as foreign 

antigen. These host-synthesized antigens are then processed and presented to 

immune surveillance in the context of MHC class I and MHC class II molecules 

of DCs. Antigen-loaded DCs then travel to draining lymph nodes, where they 

interact with naive T cells via the peptide-loaded MHC complexes in combination 

with co-stimulatory molecules. This interaction provides secondary signals to 

prime an immune response, resulting in activation and expansion of antigen-

specific T cells (cellular immune response). Alternatively, B cells acquire shed 

antigen with the help of immunoglobulin receptor and present it to CD4 T helper 

cells and get activated to produce antibodies (humoral immune response). 
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Figure 1.4 Induction of cellular and humoral immunity by DNA vaccines. The 

schematic diagrams details the key role played by DCs in induction of cellular and 

humoral immune response following intramuscular DNA immunization. The DCs 

are crucial for MHC class II-restricted presentation of exogenous antigens, 

secreted by the transfected myocytes; MHC class I-restricted cross-presentation of 

antigens that are released by the apoptotic transfected myocytes and MHC class I-

restricted presentation of antigens that are produced endogenously in the 

transfected muscle-resident DCs. 
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Based on the mechanism of action delineated above, it is evident that following 

intramuscular and intradermal inoculation of plasmid DNA in mice, the myocytes 

and keratinocytes serve as antigen factories. These cells do not express MHC 

class II and costimulatory molecules required for effective priming and activation 

of naive immune cells and they do not have access to naive T cells as they do not 

migrate to lymphoid tissues. Therefore, it is speculated only a few transduced 

DCs play dominant role in priming immune responses, while the antigen secreted 

from transfected myocytes and keratinocytes then boost immune responses [96]. 

In general, DCs appear to play key role in priming antigen-specific immune 

response following DNA immunization via at least three mechanisms: (1) MHC 

class II-restricted presentation of exogenous antigens, secreted by the transfected  

somatic cells; (2) MHC class I-restricted presentation (direct priming) of antigens 

that are produced endogenously in the transfected DCs themselves; and (3) MHC 

class I-restricted, “cross-priming” of antigens that are released by the transfected 

somatic cells.  All three mechanisms can be simultaneously involved in the 

processing and presentation of plasmid DNA encoded antigen [95, 96]. This is so 

because after delivery, pDNA can transfect different cell types and, depending on 

this, the antigen will be produced and presented differentially. However, the role 

played by direct or cross-priming in the induction of cytotoxic T cell (CTL) 

responses is still debatable. Nevertheless, based on mechanism of action, it is 

evident that DCs, most likely play a key role in initiating primary immune 

responses after DNA vaccination.  

 

1.4.1 Strategies to improve DNA vaccines 

A significant obstacle to successful development of DNA vaccine is their low 

immunogenicity in humans and in large animals. The DNA vaccines are often 

good at priming small animals (e.g. mice) but are less effective in larger animals.  

Numerous factors may contribute to their poor immunogenicity including: low 

transfection efficiency of naked DNA, insufficient antigen expression, and extra 

and intracellular barriers in the host [97].  
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Many strategies are currently explored to enhance the immunogenicity of DNA 

vaccines. These include optimization of plasmid DNA to improve antigen 

expression, use of cytokines and co-stimulatory molecules as adjuvant, use of 

proper delivery systems or formulations, use of next-generation delivery methods 

(e.g. electroporation), prime-boost strategies, and proper targeting of vaccine 

antigens to DCs (reviewed in [94-96, 98]). Among these approaches, targeting of 

DNA vaccines to DCs, and formulation and delivery of DNA vaccines using non-

viral delivery systems is discussed here. 

1.4.2 DC targeted DNA delivery 

The potency of DNA vaccines can be enhanced by modifying the properties of 

antigen-expressing DCs and by targeting DNA or encoded antigen to DCs. 

Modification of properties of DC can be accomplished by the simultaneous 

delivery of DNA vaccine with that of plasmids encoding different types of 

immune-modulator molecules such as chemokines (MIP-1α, SLC), cytokines (IL-

2, IL-12, GM-CSF, flt-3 ligand) and DC costimulators (CD40L, CD86, CD80) 

(reviewed in [98, 99]). These immune modulator adjuvants act via promoting DC 

recruitment to the site of inoculation, promoting in vivo expansion of DCs, and 

activation and maturation of DCs. However, application of immune-modulators 

shows pleiotropic effects on many different types of cells. Therefore, more 

appropriate approach is to directly transfect DNA vaccines into DCs.  

Many studies demonstrated that for DNA vaccine, direct transfection of DCs is 

indeed a very effective approach. Hattori and colleagues demonstrated that 

mannose-targeted liposomes carrying plasmid DNA were able to enhance in vivo 

DC transfection of encoded antigen and resulted in the induction of augmented 

antigen-specific CD4 Th1 cell and CTL responses [100-102]. 

DC-specific expression of encoded antigen can also be achieved using DC-

specific promoters such as CD11c, DC-SIGN, Langerin, DC-STAMP (DC-

specific transmembrane protein) [103] and fascin [104]. These promoters allow 

transcriptional targeting of DCs and avoid antigen expression by non-professional 

APCs. Moreover, the activity and length of promoter is critical determinant of 
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immune response to transfected antigens. Among all DC-associated promoters 

tested so far, fascin promoter appears the most promising because of its high 

activity in matured DCs [104]. Importantly, the length of promoter was also 

critical as a short mouse CD11c promoter (700-bp length) was shown to be 

optimum for DC selective antigen expression than the long one with 5.5-kb 

length. Immunization of mice with short CD11c promoter containing plasmid 

DNA induced antigen specific B- and T-cell responses and provided anti-tumor 

immunity comparable in strength to CMV promoter containing plasmid [105].  

Beside directly tranfecting DCs, targeting of DNA encoded antigen to DCs can 

also be realized by linkage of antigen to molecules capable of targeting receptors 

on DCs, e.g. MHC class II, cytotoxic T lymphocyte-associated antigen 4 (CTLA-

4), IgG Fc fragments, CD40 ligand, and secreted form of heat shock protein 70 

(HSP70). In one study, DNA vaccine encoding antigen linked to a secreted form 

of HSP70, which can bind with scavenger receptors such as CD91on the surface 

of DCs was shown to enhance antigen specific CTL responses, antibody 

production and provided anti-tumor effects in a mouse model [106]. In another 

study, fusion of CD40 ligand with H5N1-hemagglutinin (HA) was also shown to 

improve immunogenicity and protective efficacy of HA DNA vaccine in a pekin 

duck model [107]. 

A more recently explored strategy is to target DNA encoded antigens to C-type 

lectin receptors, such as DEC-205. DNA vaccine encoding a fusion protein 

comprised of the vaccine antigen and a single-chain antibody (scFv) specific to 

DC-restricted DEC-205 receptor was shown to substantially increase humoral 

levels and cellular immune responses in the absence of DC maturation [108, 109]. 

Furthermore, a study demonstrated that the priming efficacy of DEC-205 targeted 

DNA vaccine in mice can be enhanced using adenoviral vector boost 

immunization regimen [110].  

In a recent study, the immunogenicity of a multi-component DNA construct 

expressing a DEC-205 targeted antigen fused to a CD40L was evaluated. This 

vaccine construct was administered with DNA encoded Flt3-ligand and GM-CSF 
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for DC recruitment [111]. Immunization of calves with DEC-205 targeting 

construct mixed with the cytokine constructs induced significantly higher 

antibody responses, CD4 T cell proliferation, and increased number of IFN-γ 

producing CD4 T cells. 

 

1.4.3 Strategies for DNA delivery 

The initial method of DNA vaccination in vivo involved the injection of naked 

plasmid DNA. However, the efficiency of immune responses is generally low, 

presumably because DNA itself is not able to enter cells and is prone to 

degradation by extracellular nucleases. Therefore to enhance DNA delivery and 

transfection efficiency viral and non-viral vectors are used (reviewed in [112]).  

Viral vectors are by far the most efficient but they are associated with several 

safety concerns such as immune response to vector itself, difficulty in 

manufacturing, oncogenicity of transduced cells and limited DNA carrying 

capacity. On the other hand, non-viral vectors are gaining increased interest 

because of their improved safety profile, ease of preparation and adjuvant 

properties [112]. 

A myriad of non-viral carriers are currently investigated for DNA delivery 

including: biodegradable PLGA NPs [113], cationic liposomes [114], polycationic 

dendrimers [115], cationic block copolymers [116], and cationic polymers such as 

poly-L-lysine (PLL) [117] and polyethylenimines (PEI) [118] and chitosan [119].  

In the next section, the focus will be on the applications of chitosan as a nasal 

DNA delivery system. 

1.4.4 Chitosan as DNA carrier 

Chitosan is a linear cationic polysaccharide, consisting of randomly distributed D-

glucosamine and N-acetyl-D-glucosamine units, linked via β (1,4) glycosidic 

bonds (Figure 1.5) [120]. Chitosan is obtained by the alkaline deacetylation of 

chitin, a naturally occurring polysaccharide that is the major component of 

crustacean exoskeletons. The interest in chitosan as DNA delivery carrier arise 
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from several beneficial qualities such as availability, excellent safely-profile (low 

cytotoxicity and immunogenicity), biodegradability and unique biological 

properties due to polycationic nature [121]. 

 

 

 

 

Figure 1.5 Chemical structure of chitosan. x and y represent number of D-

glucosamine and N-acetyl-D-glucosamine, respectively. 

 

 

 

The potential application of chitosan as a DNA delivery carrier is based on the 

presence of high cationic charge on chitosan backbone. Every D-glucosamine unit 

of chitosan contains a primary amine group with a pKa value of ~6.5. At acidic 

pH, below the pKa, the primary amine groups on glucosamine become positively 

charged and confer a high charge density. These protonated amine groups allow 

chitosan to form spontaneous complexes with anionic phosphate groups in nucleic 

acid backbone via electrostatic interaction [122]. Under neutral and alkaline 

conditions, chitosan is slightly charged and can associate with DNA molecules via 

hydrogen bonding and hydrophobic interactions [123].  

One of chitosan’s advantages is the relative simplicity in tailoring its backbone to 

generate delivery systems that impart target specificity and possibly improve the 

transfection efficiency. In one study, grafting mannose residues to chitosan was 
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shown to promote receptor-mediated uptake of nanoparticles into peritoneal 

macrophages and improved transfection efficiency [124]. 

Chitosan and its derivatives are extensively evaluated as DNA delivery system for 

in vitro and in vivo applications with particular emphasis on nasal mucosal 

delivery (reviewed in [125, 126]). Intranasal delivery of chitosan loaded plasmid 

DNA encoding for pneumococcal surface antigen A (PsaA) was shown induce 

antigen-specific mucosal IgA, humoral IgG, enhanced interferon-gamma (IFN-γ) 

secretion and protected mice against nasopharyngeal colonization by 

streptococcus pneumonia [127].  One study has demonstrated that intranasal 

delivery of chitosan nanoparticles containing a cocktail of plasmid DNA encoding 

for respiratory syncytial virus (RSV) antigens resulted in induction of RSV-

specific IgG, nasal IgA, cytotoxic T lymphocytes, and interferon-gamma (IFN-γ) 

production in the lung and splenocytes. Further, in a challenge experiment these 

formulations were shown to protect mice from acute RSV infection [128]. 

Another study showed that intranasal administration of chitosan nanoparticle 

loaded with DNA encoding for RSV M2 protein epitope induced antigen specific 

cytotoxic T lymphocytes in BALB/c mice and resulted in a significant reduction 

of virus load in lungs of mice [129]. Intranasal delivery of hepatitis B surface 

antigen (HBsAg) DNA containing chitosan nanoparticles was also shown to 

induce antigen-specific mucosal IgA and serum IgG responses [130]. The anti-

HBsAg specific IgG titers after nasal delivery of DNA in chitosan nanoparticles 

were in the seroprotective range. Interestingly, intranasal immunization induced 

significantly higher levels of Th1 (IFN- γ and IL-2) cytokines compared with 

alum adsorbed HBsAg. Furthermore, chitosan DNA vaccine was shown to 

provide protective immune responses against Coxsackievirus B3 (CVB3) virus 

challenge in a mouse model. In this study intranasal delivery of chitosan-DNA 

encoding VP1, major structural protein of CVB3, produced higher levels of 

systemic IgG, mucosal IgA and cytotoxic T lymphocytes and resulted in a 

significant reduction of viral load after acute CVB3 infection [131].   
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1.5 Rationale 

In the previous sections, we have provided evidence from the literature on the 

potential role of DCs in the innate and adaptive immune responses. It is also 

evident from current studies at preclinical stage that DCs play a central role in 

shaping the immune response against vaccine antigens.  Therefore, to date various 

strategies are explored to harness the DCs in vaccination. Broadly, ex vivo 

loading and in vivo DC targeted delivery of antigens has been shown to improve 

the quality and magnitude of immune responses. Of these two strategies in vivo 

targeted delivery of antigens is promising from clinical applicability [31].  

Delivery of antigens to DCs in vivo using DC-receptor targeting antibody has 

emerged as an elegant approach to design improved vaccines. However, one of 

the potential limitations of current targeting strategies is genetic engineering of 

recombinant antibody and antigen fusion protein. Further, a new construct has to 

be designed for each antigen, which is a time-consuming and often a laborious 

process. 

To achieve DC selective targeting of antigens, we have previously employed a 

recombinant bifunctional fusion protein (bfFp) based vector [132].  In this system, 

a single chain variable fragment (scFv) that recognizes mouse DC DEC-205 

receptor was fused with a truncated core-streptavidin domain. The truncated core-

streptavidin arm can bind with any biotinylated antigen and anti-DEC-205 scFv 

imparts targeting specificity to DC DEC-205 receptor. The core-streptavidin (13.5 

kDa) is a recombinant version of full-length streptavidin (16.5 kDa), that lacks 

proteinase susceptible terminal amino acid residues [133]. Therefore, the core-

streptavidin has been shown to have better stability under physiological 

conditions and demonstrate comparative biotin-binding ability with that of full-

length streptavidin [133]. 

Exploring bfFp based DEC-205 targeted delivery; we have demonstrated in vivo 

targeting of four different classes of soluble biotinylated antigens, namely, 

proteins, peptide, gangliosides and plasmid DNA as low-dose vaccines [132]. 

Using this approach, a low-dose of antigen (200 nanograms) in saline together 
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with anti-CD40 mAb as a DC maturation stiumuli, was capable of inducing a 

strong humoral and cellular immune response in mice. Nevertheless, bfFp based 

DC-targeting approach has limited antigen-carrying capacity, exposes targeted 

antigens to enzymatic degradation and lacks sustained antigen-release profile to 

boost immune responses. Therefore, to overcome these limitations of bfFp, we 

thought to adopt nanoparticle based vaccine delivery systems. Furthermore, it is 

evident from literature discussed in this chapter that particulate vaccine delivery 

systems can serve as an elegant alternative to soluble antigens.  

For our studies we selected severe acute respiratory syndrome coronavirus (SARS 

CoV) nuclceocapsid (N) protein and avian influenza hemaglutinin (HA) as target 

antigens. The choice of SARS CoV N protein was based on the fact that it is 

highly conserved compared to other SARS antigens; therefore it could serve as a 

stable vaccine candidate [134]. Furthermore, SARS CoV N protein is abundantly 

shed during SARS infection and N protein specific antibodies and memory T cells 

can be detected in SARS-recovered patients [135, 136]. On the other hand, 

influenza hemaglutinin (HA) is a standard antigen of choice for seasonal and 

pandemic influenza vaccines. Furthermore, we selected plasmid DNA based 

approach for SARS and influenza vaccines. Since, the DNA based vaccine 

antigens can be promptly engineered and manufactured on a large-scale and this 

approach could minimise response time in case of future SARS and influenza 

pandemic outbreak. 

SARS CoV and influenza viruses are transmitted through mucosal routes and 

cause a range of respiratory complications. Therefore, in this work we were 

particularly interested in intranasal delivery of DNA based vaccines as intranasal 

delivery of DNA vaccine could potentially mimic natural virus infection as 

encoded antigen will get expressed in the respiratory tract. Moreover, it is evident 

from the number of studies that delivery of vaccines via the nasal route has been 

shown to induce mucosal (IgA), humoral (IgG) and cellular immune response 

[137]. It is also evident that mucosal IgA antibodies play a central role in evading 
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the entry of pathogens in the respiratory tract and act as a first-line of defence at 

the mucosal surfaces of the body.  

1.6 Hypothesis 

In the current work, we explored the feasibility of targeting nanoparticle 

encapsulated antigens (DNA and protein) to dendritic cells with the help of bfFp. 

We hypothesize that bfFp based targeting of nanoparticle formulations will 

benefit from targeted delivery to DCs and lead to improved immune responses 

(Figure 1.6). Furthermore, bfFp targeted delivery of nanoparticle encapsulated 

antigen could be a potential vaccination strategy that can combine DC-targeting 

ability of bfFp and antigen-carrying capacity of nanoparticles. In this work, we 

adopted two strategies for DC-targeted delivery of plasmid DNA vaccines. In the 

first strategy, biotinylated chitosan was used as a delivery vehicle for plasmid 

DNA encoding for nucleocapsid (N) protein of severe acute respiratory syndrome 

coronavirus (SARS-CoV) and hemagglutinin (HA) protein of avain (H5N1) 

influenza virus. The plasmid DNA loaded chitosan NPs were functionalized with 

with bfFp for DEC-205 receptor mediated DC targeting and evaluated for immune 

responses following intranasal delivery. 

In the second strategy, we used a fusion DNA vaccine construct for in-situ DC 

targeted delivery of expressed antigen. Specifically, anti- DEC-205 scFv gene was 

fused with SARS CoV N protein gene and cloned in pVAX vector. For the 

delivery of protein antigen, biotinylated PLGA polymer was employed to 

formulate ovalbumin (OVA) loaded nanoparticles. These formulations were 

decorated with bfFp to accomplish DC targeting of encapsulated antigen. 
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Figure 1.6 Research hypotheses. (A) Dendritic cell-targeted delivery of DNA 

loaded biotinylated chitosan NPs. The biotinylated chitosan NPs were formulated 

using biotinylated chitosan and plasmid DNA encoding for SARS CoV N protein 

or influenza hemagglutinin (HA). These NPs were decorated with bfFp for direct 

delivery of DNA vaccines to DCs. (B) Chitosan NPs for the delivery of fusion 

DNA vaccine. A fusion DNA construct encoding for anti-DEC scFv and SARS 

CoV N protein was constructed. Fusion DNA construct loaded chitosan NPs were 

synthesized to achieve in-situ targeted delivery of SARS CoV N protein to DCs. 

(C) Dendritic cell-targeted delivery of ovalbumin (OVA) loaded-biotinylated 

PLGA NPs. OVA-loaded biotinylated PLGA NPs were prepared using biotin-

PEG-PLGA conjugate and decorated with bfFp to achieve DC targeted delivery of 

model antigen. 
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1.7 Objectives 

 Formulation and evaluation of bfFp functionalized DC targeted chitosan 

nanoparticles for nasal DNA immunization against SARS CoV 

nucleocapsid (N) protein antigen (Chapter 2). 

 Formulation and evaluation of bfFp functionalized DC targeted chitosan 

nanoparticles for nasal DNA immunization against hemagglutinin (HA) 

antigen of avian (H5N1) influenza A virus (Chapter 3). 

 Formulation and evaluation of fusion DNA construct loaded-chitosan 

nanoparticles for in-situ DC targeted delivery of SARS CoV N protein 

(Chapter 4). 

 Formulation and evaluation of bfFp functionalized DC targeted 

biotinylated PLGA NPs for the delivery of model antigen, ovalbumin 

(Chapter 5). 
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2.1 Introduction 

Dendritic cells (DCs) are specialized antigen-presenting cells (APCs) that play a 

key role in the immune response by antigen uptake, processing and presentation. 

Among all APCs, the DCs are considered as the most efficient cells for induction 

and regulation of immune responses [1]. Various strategies employed to harness 

DC selective targeting of vaccine antigens have shown enormous potential at 

preclinical stage for designing low-dose vaccines [2]. DCs express a large number 

of endocytic receptors, such as C-type lectin receptors (CLRs) through which they 

recognize and take up pathogens. 

Different strategies employed for targeted delivery of antigen to DCs utilize the 

help of antibodies or natural ligands against DC restricted CLRs. The antigen 

targeting to CLRs has resulted in augmented immune response, dose-sparing of 

antigen and skewing of immune responses [2-4]. Among CLRs, DC C-type lectin 

receptor DEC-205 (CD 205) receptor is best characterized. The DEC-205 is a 

member of the type I C-type lectin receptor family, which is primarily expressed 

by immature DC in skin, lymph nodes and spleen [5, 6]. The intracellular routing 

of DEC-205 targeted antigens enhances loading and presentation of antigenic 

peptides on MHC class I and class II molecules, leading to priming of antigen 

specific CD8
+
 and CD4

+
 T cells, respectively [7,8]. The in vivo targeting of 

antigens to murine DEC-205 receptor along with maturation stimuli has been 

shown to augment the efficiency of antigen presentation to both CD4
+
 and CD8

+
 

T-cells [9].  

To achieve DC selective targeting of biotinylated protein antigen, we have 

previously developed a quadroma (hybrid-hybridoma) based full-length bispecific 

monoclonal antibody (bsmAb). The full-length hybrid-hybridoma based bsmAb 

can bind with biotinylated antigen through one arm and target DEC-205 through 

the other arm [10]. Targeting of biotinylated ovalbumin (OVA) using bsmAb 

reduced the dose of antigen by ~500-fold compared with nontargeted antigen. 

However, quadromas produce bsmAb along with parental and unwanted heavy 



52 

 

and light chain combinations resulting in lower yield. Additionally, the antibody-

based biotin binding is several orders weaker than the streptavidin binding. 

Consequently, to overcome inherent limitations associated with bsmAb, we 

designed a recombinant bifunctional fusion protein (bfFp) vector for DC targeting 

[11]. A single chain variable fragment (scFv) that recognizes mouse DC DEC-205 

was fused with a truncated core-streptavidin domain and expressed in Escherichia 

coli using the T7 expression system. The truncated core-streptavidin arm can bind 

with any biotinylated antigen and anti-DEC-205 scFv impart targeting specificity 

to DC DEC-205 receptor. Using bfFp we have demonstrated in vivo targeting of 

four different classes of biotinylated antigens, namely, proteins, peptide, 

gangliosides and plasmid DNA, as low-dose vaccines [11]. In vivo studies in mice 

with biotinylated OVA have shown that, in the presence of bfFp and anti-CD40 

mAb, both humoral and cell-mediated responses can be augmented. In this 

targeting formulation, low concentration of antigen (200 ng) in saline was 

adequate to achieve a strong immune response in mice. In the multiple antigen 

targeting strategy, we also achieved enhanced humoral and cell-mediated 

responses for biotinylated OVA, SARS-CoV spike, Ebola glycoprotein (GP1), 

MUC-1 peptide, and anthrax protective antigen. 

Herein, we selected nucleocapsid (N) protein of severe acute respiratory 

syndrome coronavirus (SARS-CoV) as vaccine antigen. The SARS-CoV contains 

four major structure proteins; membrane (M), spike (S), envelope (E), and 

nucleocapsid (N) [12, 13]. Studies have shown that N protein is highly conserved 

compared to other proteins such as S, E and M; therefore it could serve as a stable 

vaccine candidate [14]. Furthermore, N protein is abundantly shed during SARS 

infection and N protein specific antibodies and memory T cells can be detected in 

SARS-recovered patients [15, 16]. A number of studies have used recombinant N 

protein [17, 18] or DNA encoding N protein [19-21]   as vaccine antigen to elicit 

humoral and cellular immune responses in animal models. In this context, we 

selected plasmid DNA encoding N protein (pVAXN) as vaccine antigen and 

chitosan as DNA delivery vehicle. 



53 

 

Chitosan is a natural polysaccharide consisting of repeated D-glucosamine and N-

acetyl-D-glucosamine units, linked via β (1,4) glycosidic bond. The chitosan and 

its derivatives are ideal nucleic acid delivery vehicles due to their excellent 

biocompatible, biodegradable and nontoxic nature [22]. The presence of high 

cationic charge on chitosan provides strong binding affinity with nucleic acids 

resulting in an excellent gene delivery vehicle [23].  

The aim of this chapter was to develop and characterize dendritic cell targeted 

chitosan nanoparticles as vaccine delivery systems via the nasal route. Mouse 

respiratory DCs subsets, such as airway DCs and alveolar DCs, express the DEC-

205 receptor [24]. These respiratory DCs could serve as a primary target for 

uptake of targeted nanoparticles. Our strategy combines the pDNA carrying 

capacity of chitosan and selective targeting specificity of bfFp to respiratory DCs. 

Ultrapure water-soluble biotinylated chitosan hydrochloride was used to 

formulate pVAXN loaded nanoparticles. These pVAXN loaded biotinylated 

chitosan nanoparticles were surface functionalized with bifunctional fusion 

protein to achieve nasal DC targeting. Different NP formulations were given 

intranasally or intramuscularly to the mice to elicit the immune response, and the 

results of the immune response are presented here. 

 

2.2 Materials and methods 

2.2.1 Materials  

Ultrapure chitosan hydrochloride salt (Protasan UP CL 113) was purchased from 

FMC Biopolymers AS (Novamatrix, Norway). pVAX1 vector and Lipofectamine 

2000 were from Invitrogen (USA). Biotinamidohexanoic acid 3-sulfo-N-

hydroxysuccinimide ester sodium salt (sulfo-NHS-LC-biotin), isopropyl-β-D-

thiogalactopyranoside (IPTG), chitosanase (from Streptomyces griseus) and 

lysozyme were purchased from Sigma-Aldrich (Oakville, ON, Canada). Ni-NTA 

agarose resin was from Qiagen (Mississauga, Canada). Rat anti-mouse CD40 

mAb was purified from 1C10 hybridoma, a kind gift from Dr. M. Gold 
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(University of British Columbia, Canada). The TMB (3,3′,5,5′-

tetramethylbenzidine) peroxidase substrate was from Kirkegaard and Perry 

Laboratory Inc. (Gaithersburg, MD). HRPO based mouse antibody isotyping kit 

was obtained from Southern Biotech (Birmingham, AL, USA). African green 

monkey SV40 transformed kidney (COS-1) cells were from American Type 

Culture Collection (ATCC). Dulbecco’s modified Eagle medium (DMEM), 

penicillin–streptomycin–L-glutamine (PSG) and fetal bovine serum (FBS) were 

procured from Gibco (Burlington, Canada). 

2.2.2 Plasmid DNA (pVAXN) construction and detection of SARS-N protein  

SARS-CoV nucleocapsid (N) DNA sequence was polymerase chain reaction 

(PCR) amplified using pFastBacNP as DNA template with gene specific primers. 

The 5′ primer contains a BamHI restriction site, Kozak translation initiation 

sequence and initiation codon (ATG), and the 3′ primer contains the stop codon 

and EcoRI restriction site. The PCR fragment was electrophoresed in 1% low 

melting point agarose gel and gel-purified using a Qiagen gel extraction kit. The 

purified fragment was then double digested with BamHI and EcoRI and further 

gel purified. The purified fragment was ligated to BamHI and EcoRI digested 

pVAX1 mammalian expression vector (Invitrogen, USA). The ligation mixture 

was transformed into TOP10 E. coli cells by the heat shock method and plated 

onto an LB agar plate containing 50 μg/mL of kanamycin. Recombinant positive 

clones were screened by plasmid DNA isolation using a Qiagen plasmid DNA 

isolation kit and restriction digestion fragment mapping. The resultant plasmid is 

designated as pVAXN and used in the present study. pVAXN used for 

experiments was purified using the EndoFree Plasmid Mega Kit (Qiagen, 

Mississauga, Canada). 

To confirm the expression of encoded N protein, COS-1 cells were grown in 

DMEM medium supplemented with 10% FBS and 1% PSG. The cells were 

seeded at density of 1 × 10
6
 per well in 6-well plate and grown overnight to 85 to 

95% confluence. Next day cells were transfected with pVAXN using 

Lipofectamine 2000 reagent as per manufacturer’s instructions and allowed to 
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grow for 48 h in a humidified 5% CO2 atmosphere at 37 °C. Cells were 

trypsinized and pelleted, and the pellet was washed twice with PBS and lysed 

with RIPA buffer (150 mM NaCl, 10 mM Tris, pH 7.2, 0.1% SDS, 1.0% Triton 

X-100, 1% sodium deoxycholate, 5 mM EDTA). Cell lysate was cleared by 

centrifugation (10 min at 10,000 rpm), and cleared lysate was analyzed using 10% 

reducing SDS–PAGE. Subsequently the proteins were electrophoretically 

transferred onto a nitrocellulose membrane. The membrane was blocked with 5% 

skim milk and probed with anti-SARS-N protein monoclonal antibody (19C7) 

previously developed in our lab [25]. Finally, unbound 19C7 antibody was 

washed and the membrane incubated with goat anti-mouse IgG HRPO (1:5000). 

The blot was developed with ECL plus Western blotting reagent (Amersham 

Pharmacia Biotech, BaiedUrfe, Canada). 

2.2.3 Preparation of biotinylated chitosan and estimation of chitosan 

modification using fluorescamine assay 

Chitosan hydrochloride was biotinylated using biotinamidohexanoic acid 3-sulfo-

N-hydroxysuccinimide ester sodium salt (sulfo-NHS-LC-biotin). Briefly, chitosan 

solution (20 mg/mL) was prepared in PBS (pH 7.4) and biotinylation was initiated 

by adding 10 mg of sulfo-NHS-LC-biotin. The reaction was carried out for 2 h at 

room temperature, and biotinylated chitosan was dialyzed against PBS overnight 

at 4 °C and lyophilized for 48 h. 

The extent of amine group modification on glucosamine monomer of chitosan 

was determined to verify the attachment of biotin. The percentage of biotin 

substitution at primary amine group on glucosamine monomer was determined by 

fluorescamine assay [26]. Aqueous solutions of plain and biotinylated chitosan 

were made at various concentrations (0.01%, 0.03%, 0.04% and 0.05% w/v). A 50 

μL/well of respective chitosan solution was added in triplicate to a 96-well black 

fluorescent microplate, and to this was added 100 μL of fluorescamine (0.2% w/v 

in anhydrous DMSO). After incubation for 30 min fluorescence intensity was 

recorded using a Synergy fluorescence plate reader (BioTek Instruments, 
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Winooski, VT) with a 360 nm, 40 nm bandwidth excitation filter and a 460 nm, 

40 nm bandwidth emission filters. The sensitivity was set at 40%. 

2.2.4 Formulation of pVAXN loaded biotinylated chitosan NPs  

Plasmid DNA (pVAXN) loaded biotinylated chitosan nanoparticles (NPs) were 

prepared using modified complex coacervation method as described previously 

[23]. The conditions for formulation of complexes between chitosan and pVAXN 

were optimized. Briefly, biotinylated chitosan was dissolved in sodium acetate 

buffer (5 mM, pH 5.5) to obtain a final concentration of 0.1% w/v and passed 

through 0.22 μm syringe filter. To obtain different weight ratios of chitosan to 

DNA (1 to 6), pVAXN solutions were prepared at different concentrations (1, 0.5, 

0.333, 0.25, 0.2, and 0.166 mg/mL) in sodium sulfate (25 mM). The chitosan and 

DNA solutions were separately preheated to 50–55 °C on the water bath. 

Biotinylated chitosan (100 μL, 1 mg/mL in 5 mM sodium acetate buffer, pH 5.5) 

solution was added to pVAXN solution (100 μL), and the mixture was 

immediately vortexed for 15 s. The particles were left at room temperature for 30 

min for stabilization. After stabilization, NPs were centrifuged at 14,000 rpm for 

20 min and supernatants were analyzed for the presence of free DNA at 

absorbance 260 nm/280 nm using NanoDrop ND-1000 (Nanodrop Technologies 

Inc. Wilmington, Delaware) for analysis of encapsulation efficiency. The DNA 

encapsulation efficiency was calculated using the following formula: 

encapsulation efficiency (EE) = A – B/A × 100, where A is the total DNA amount 

and B is the free DNA in the supernatant. 

2.2.5 Physicochemical characterization of biotinylated chitosan NPs  

2.2.5.1 Electrophoretic gel mobility assay  

The complex formation between chitosan and DNA was analyzed by 

electrophoretic gel mobility assay. Samples of NPs (prepared at 1 to 6 weight 

ratios of biotinylated chitosan to pVAXN DNA) were mixed with the loading dye 

and loaded to a 1% agarose gel containing ethidium bromide. The gel was 

immersed in 1× tris-acetate/EDTA buffer and was exposed to 100 V for 45 min. 
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The DNA bands were visualized using the Alpha Imager (Alpha Innotech; San 

Leandro, CA). Unless otherwise mentioned, the NPs prepared at a biotinylated 

chitosan to pVAXN weight ratio of 4 were used for all studies. 

2.2.5.2 Size and zeta potential  

The particle size and zeta potential of pVAXN loaded biotinylated chitosan 

nanoparticles was measured using Zetasizer 3000 (Malvern, U.K.). The 

measurement of mean size diameter of the nanoparticles was based on the 

dynamic light scattering technique. For zeta potential measurements, 

nanoparticles were suspended in deionized water and the measurements were 

performed in the automatic mode. 

2.2.5.3 DNase I protection assay and plasmid integrity  

To see whether nanoencapsulated pVAXN is protected against nuclease digestion, 

nanoparticle encapsulated pVAXN and naked pVAXN were subjected to DNase I 

digestion. Briefly, naked pVAXN or nanoencapsulated pVAXN (4 μg) in 40 μL 

of deionized water was incubated with 10 units of DNase I (Invitrogen) for 30 and 

60 min at 37 °C. The DNase activity was stopped by adding 0.5 M EDTA solution 

to a final concentration of 50 mM. Alternatively, following incubation with 

DNase I, the integrity of plasmid DNA within particles was analyzed by lysis of 

particles with chitosanase and lysozyme [23, 26]. Briefly, after treatment with 

DNase I for 60 min, the NPs were centrifuged and washed three times to remove 

DNase I and were resuspended in NaAc–HOAc buffer (50 mM). For digestion, 

the NPs were incubated with chitosanase (50 μL, 1 U/mL) and lysozyme (20 μL, 

500 U/mL) for 4 h at 37 °C. The integrity of DNA samples was analyzed by 1% 

agarose gel using Alpha Imager (Alpha Innotech; San Leandro, CA). 

2.2.6 Expression and purification of bfFp and SARS CoV N protein 

The expression and purification of bifunctional fusion protein (bfFp), specifically 

anti-DEC-205 scFv fused with truncated core streptavidin, was conducted 

according to the reported method with slight modifications [11]. Briefly, pWET7 

vector was transformed into BL21-CodonPlus (DE3)-RIPL E. coli cells 
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(Stratagene, Cedar Creek, TX) using the heat shock method. The E. coli 

transformant was cultured in 2xYT medium containing 100 μg/mL of ampicillin 

and 50 μg/mL of chloramphenicol and induced with 0.5 mM IPTG. Following 

induction, the culture was grown at 26 °C for 5 h and harvested by centrifugation. 

Periplasmic and cytoplasmic soluble bfFp was extracted with Bugbuster master 

mix reagent (Novagen Inc.) according to the manufacturer’s instructions, and 

lysate was cleared by centrifugation and loaded onto Ni-NTA agarose. 

Purification of periplasmic soluble protein was performed using immobilized 

metal affinity chromatography (IMAC). The IMAC fractions were analyzed for 

purity by 10% SDS–PAGE under reducing conditions and stained with 

Coomassie brilliant blue.Expression and purification of full-length SARS-CoV N 

protein was carried out according to our published method [27]. Briefly, full-

length N protein gene was codon optimized for high level bacterial expression and 

chemically synthesized from Geneart Inc. The N protein was expressed as 

insoluble inclusion bodies in Top 10 E. coli strain and purified under denaturing 

conditions using IMAC column and refolded. The purified and refolded fractions 

of N protein were analyzed on 10% SDS–PAGE under reducing conditions. The 

recombinant full-length N protein was used as antigen to analyze magnitude of 

antibody responses and as recall antigen for stimulation of splenocytes. 

2.2.7 Immunization studies  

Ten to twelve week old female BALB/c mice used for this study were procured 

from Charles River Laboratories Inc. (Canada). Animals were housed at Health 

Sciences Laboratory Animals Services (HSLAS) at the University of Alberta, 

Edmonton, Canada. Animal treatment, care and euthanasia were carried out 

according to the Canadian Council of Animal Care guidelines. A total of five 

mice per group (n = 5) were used for evaluating immune response against vaccine 

constructs. The mice were immunized through either the intranasal or 

intramuscular route on day 1 and day 21 in the various combinations (Table 2.1).  

A 5 μg/mouse dose of pVAXN was administered as soluble, NPs or bfFp targeted 

NPs in the presence or absence of DC maturation stimuli (anti-CD40 mAb). For 
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intranasal delivery, mice were held in the vertical position perpendicular to the 

bench. While the mice were held tightly in the vertical position, the vaccine 

formulation (40 μL, 20 μL in each nostril) was delivered dropwise through a pipet 

tip right into the nostrils. The applied volume was naturally inhaled, and adequate 

care was taken to ensure proper delivery of the drops in nostrils, while avoiding 

any incident of swallowing. Following administration of formulations the mice 

were held in the vertical position for some time to ensure proper delivery. 

Intramuscular administration was done by injecting the vaccine formulation with 

a 26
1
/2 gauge needle in the quadriceps muscle in a total volume of 50 μL. 

 

Table 2.1 Different pVAXN formulations used for intranasal and intramuscular 

immunization in mice (n= 5 per group). 

 

 

 

 

 

 

 

* 5 μg/mouse of pVAXN was administered either naked or as nanoparticles. A 

mass dose of 25 μg of nanoparticles were used per dose, while αCD 40 mAb’s 

dose was 25 μg/mouse.  pVAXN,  DNA vaccine vector; NP, nanoparticle with 

encapsulated pVAXN; bfFp, bifunctional fusion protein;  αCD 40, monoclonal 

antibody against anti CD 40 protein. 

 

 

 

 

 

 

Groups                            Formulations* 

Intranasal (IN) 

1.                                  pVAXN 

2.                                  NP 

3.                                  NP + bfFp  

4.                                  NP + bfFp + αCD 40 

Intramuscular (IM) 

1.                                 pVAXN 

2.                                 NP + bfFp 

3.                                 NP + bfFp + αCD 40 
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2.2.7.1 Humoral immune responses  

Serum IgG titers were evaluated using recombinant N protein. Tail vain bleeds 

were performed on days 0, 14, 28, and 46, and terminal bleed (day 56) was 

collected by cardiac puncture following CO2 asphyxiation and cervical 

dislocation. Nasal washings were performed immediately after cardiac puncture. 

Briefly, the trachea of each mouse was opened and a fine micropipettor tip was 

inserted. The nasal fluids were collected by flushing PBS (200 μL) containing 

BSA (0.1%; w/v) through the nasal cavity and washes were collected from the 

nostrils. The nasal washes were kept at −20 °C until the day of analysis. 

SARS N protein specific IgG and IgA titers were evaluated using enzyme-linked 

immunosorbent assay (ELISA). The Nunc MaxiSorp flat-bottom 96-well ELISA 

microplates were coated with N protein solution (100 μL/well, 10 μg/mL) 

overnight at 4 °C. The following day, plates were washed three times with PBST 

(0.1% Tween 20 in PBS pH 7.4) and blocked with 1% BSA solution (200 μL) for 

1 h at 37 °C. The plates were again washed with PBST (3×), and 100 μL of 

diluted serum (1:100) from each mouse was added in duplicate and incubated 

overnight at 4 °C. The plates were washed with PBST, 100 μL of goat-anti-mouse 

IgG HRPO (1:5000) was added followed by incubation for 1 h at 37 °C, and the 

plates were washed with PBST. Finally TMB substrate was added, and after 15 

min optical density was measured at 650 nm using an ELISA Vmax kinetic 

microplate reader (Molecular Devices Corp, CA). The nasal IgA levels and the 

serum isotypes (IgG1, IgG 2a and IgG 2b) against N protein were determined 

using respective isotypes from Southern Biotechnology (Birmingham, AL). The 

same procedure as described above was followed except that at the end IgG1, 

IgG2a or IgG2b HRPO (1:400 dilution) or IgA HRPO (1: 250 dilution) was added 

to the plates for analyzing N protein specific IgA content in the nasal washes. The 

ABTS substrate was prepared as per manufacturer’s instructions and added to 

plates, and the optical density was recorded at 405 nm. 
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2.2.7.2 Cytokine assay  

Spleens from each group of mice were pooled, and cell suspension of splenocytes 

was prepared by disrupting the spleen between frosted slides. The splenocytes 

were passed through a cell strainer (70 μm) to obtain a single cell suspension. The 

red blood cells were lysed with ACK lysis buffer, and cells were washed twice 

with serum free medium. Finally, the splenocytes were resuspended in complete 

DMEM medium and cell density was adjusted at 1 × 10
7
/mL. The splenocytes 

were seeded at the density of 1 × 10
6
/well and stimulated with N protein, 

concanavalin A (Con A) as positive control and medium as sham control. The 

culture supernatants were harvested after 72 h incubation at 37 °C in the 

humidified atmosphere at a 5% CO2 level. The cytokine contents of supernatants 

were analyzed by a cytokine ELISA kit using a 96-well Corning microplate as per 

the manufacturer’s instructions. 

2.2.8 Statistical analysis  

Data are presented as mean ± standard deviation (SD) throughout the manuscript. 

Statistical significance of difference was tested using one way ANOVA test with 

Tukey’s multiple comparison test. The significance level (α) was set at 0.05. 

Statistical difference was denoted as *p < 0.05, ns = no significant difference (p > 

0.05). The data analysis was performed using Graphpad Prism (Graphpad 

Software Inc., La Jolla, CA, USA). 

 

 

2.3. Results 

2.3.1 Construction and expression of pVAXN DNA  

The DNA vaccine vector used here was constructed by inserting full-length 

SARS-CoV N protein gene sequence between BamHI and EcoRI restriction sites 

in pVAX1 mammalian expression vector to obtain pVAXN. Recombinant 

positive clones were isolated with kanamycin selection pressure and screened by 
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plasmid DNA isolation using plasmid DNA isolation kit (Qiagen), restriction 

digestion fragment mapping and DNA sequencing. The integrity of the pVAXN 

construct was evaluated using 1% agarose gel analysis. 

To confirm the expression of encoded antigen, pVAXN DNA encoding for N 

protein was transiently transfected to COS-1 cells using Lipofectamine 2000. The 

transient expression of N protein was detected by Western blot using anti-SARS-

CoV N protein monoclonal antibody (19C7) previously developed in our lab [25]. 

The result of Western blot confirms expression of N protein specific band on the 

COS-1 cell lysates. Mock transfected cells showed no cross-reactivity with 19C7 

antibody (lane 2 in Figure 2.1). 

 

 

 

Figure 2.1 Detection of recombinant SARS CoV N protein expression by 

Western blot. M, Marker; Lane 1, pVAXN; Lane 2, pVAX1. The COS-1 cells 

were transiently transfected with pVAXN or pVAX-1 (control). N protein 

expression on cell lysate was analyzed by probing Western blot with mouse anti-

SARS CoV N-specific monoclonal (19C7).  
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2.3.2 Biotinylation of chitosan and formulation of pVAXN loaded NPs 

The water-soluble chitosan hydrochloride salt was biotinylated with long chain 

water-soluble sulfo-N-hydroxysuccinimide ester. This derivative of biotin 

incorporates an extended spacer arm provided by hexanoic acid. The spacer arm 

improves the interaction between avidin and biotinylated macromolecules by 

overcoming steric hindrance at the biotin binding sites of avidin (Figure 2.2A). 

The extent of biotinylation (i.e., substitution at the primary amine group) at the 

glucosamine amine group of chitosan was determined using the fluorescamine 

assay [26]. The fluorescamine reagent reacts rapidly with primary amines and can 

be used to estimate the magnitude of substitution at primary amine groups. When 

excited at 365 nm wavelength, the fluorescence of the primary amine–dye 

complex has an emission wavelength of approximately 470 nm. The decrease in 

the fluorescence intensity of biotinylated chitosan can be correlated to obtain 

percentage substitution of biotin on amine groups of chitosan backbone. The 

results show the overall extent of glucosamine modification was found to be 

between 6 and 14% compared with plain chitosan hydrochloride (Figure 2.2B). 

Chitosan with a concentration of 0.03% (w/v) showed highest decrease in the 

fluorescence intensity (13.2 ± 1.9%) and therefore was most labeled with biotin. 
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Figure 2.2 Synthesis and characterisation of biotinylated chitosan. (A) Schematic 

for the synthesis of biotinylated chitosan. (B) Estimation of chitosan modification 

using fluorescamine assay. The extent of biotinylation of the amine groups of 

chitosan was determined using fluorescamine, which reacts with primary amine 

groups. The decrease in fluorescence intensity is proportional to the percentage of 

biotinylated amine groups. 

 

 

(A) 

(B) 
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Nanoparticles were formulated using modified complex coacervation between 

negatively charged pVAXN DNA and positively charged biotinylated chitosan. 

Agarose gel analysis was performed to determine optimal weight ratio of 

biotinylated chitosan to plasmid DNA to achieve maximum encapsulation 

efficiency (Figure 2.3A). Results of agarose gel show that the weight ratio of 4:1 

(biotinylated chitosan to plasmid DNA) yielded maximum efficiency of 

complexation with almost negligible free plasmid DNA. The loading at the 4:1 

weight ratio of biotinylated chitosan to plasmid DNA was very efficient, and 

consistently the encapsulation efficiency of pVAXN was found to be in the range 

of 97.6 ± 2.1% as determined by the NanoDrop experiment. 

Next, the pVAXN loaded biotinylated chitosan nanoparticles were characterized 

for size, surface charge and loading efficiency. The average hydrodynamic 

diameter of nanoparticles determined by zetasizer was found to be 210 ± 60 nm 

with zeta potential +10 ± 1.7 mV. 

Further, the results of nuclease protection assay suggest that nanoencapsulated 

pVAXN could be protected at high concentration of DNase I digestion (lane 2 and 

4, Figure 2.3B), while it turned out that naked pVAXN was completely degraded 

under DNase I digestion (lanes 1 and 3, Figure 2.3B). DNase I treated NPs were 

digested with chitosanase and lysozyme. This resulted in the release of intact 

DNA and showed no signs of degradation (Lane 5, Figure 2.3B) suggesting that 

formulation process did not affect the integrity of the nanoencapsulated DNA. 

The nuclease protection to DNA by chitosan nanoparticles would be meaningful 

for the maintenance of integration and function of DNA vaccine. 

 

 

 

 

 

 



66 

 

 

Figure 2.3 Formulation of pVAXN loaded biotinylated chitosan nanoparticles. 

(A) Agarose gel analysis of pVAXN DNA loaded biotinylated chitosan 

nanoparticles prepared at different weight ratios of B-chitosan to pVAXN DNA (1 

to 6). (B) Agarose gel electrophoresis of DNase I digested naked pVAXN and 

nanoencapsulated pVAXN. Lane 1: pVAXN (30 min). Lane 2: nanoencapsulated 

pVAXN (30 min). Lane 3: pVAXN (60 min). Lane 4: nanoencapsulated pVAXN 

(60 min). Lane 5: Lane 4 digested with chitosanase and lysozyme. 
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2.3.3 Expression and medium-scale purification of bfFp and N Protein  

The dendritic cell targeting vector (bfFp) was expressed and purified as 

periplasmic soluble protein as per our previous published methods with 

modifications [11, 28]. The pWET7 construct encoding for anti-DEC-205 scFv-

core-streptavidin fusion protein (bfFp) was subjected to medium scale expression. 

The expression of bfFp was verified using anti-His6 mAb Western blot. The 

bacterial cell pellet was lysed with Bug Buster Master mix reagent for efficient 

extraction of periplasmic and cytoplasmic soluble protein. BfFp was purified from 

lysate using IMAC column with a gradient of immidazole concentration in the 

native protein elution buffer (Figure 2.4). The final yield of bfFp was found to be 

approximately 1.0 mg/L of induced bacterial culture. 

The prokaryotic full-length SARS-CoV N protein was used as antigen to analyze 

the antibody titers and as recall antigen for stimulating splenocytes. The N protein 

with C-terminal His6 tag was expressed and purified from inclusion bodies under 

denaturing conditions (Figure 2.5) according to our previous protocols [27].  

 

 

 

Figure 2.4 IMAC purification profile of bifunctional fusion protein (bfFp). Lane 

1: Marker, 2: Unbound, 3: 20 mM Imidazole, 4: 40 mM Imidazole, 5-7: 250 mM 

Imidazole (Elution fractions). 
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Figure 2.5  IMAC purification profile of SARS CoV N protein. Lane1:Marker, 2: 

Induced 3: Uninduced,  4: Total soluble protein, 5: purified inclusion bodies, 6-8: 

Elution fractions.  

 

 

2.3.4 Systemic N protein specific IgG antibody response  

The pVAXN loaded biotinylated chitosan nanoparticles were appended with bfFp 

for DEC-205 restricted DC targeting, and were evaluated for their in vivo 

potential to elicit immune responses following nasal administration. As the 

positive controls, these formulations were also administered through the 

intramuscular route (Table 2.1). In addition, the bfFp targeted biotinylated 

nanoparticles were compared for immune responses in the presence or absence of 

DC maturation stimuli (anti-mouse CD40 mAb). The agonistic anti-CD40 mAb 

binds to CD40 on DCs, resulting in activation of cells replacing the CD40-CD40L 

signaling via CD4
+
 T cells [29]. Anti-CD40 mAb has been used as adjuvant in 

combination with DEC-205 targeted protein based vaccines [30, 31]., and as an 

effective mucosal adjuvant upon intranasal administration in combination with 

influenza peptide encapsulated liposomal vaccine [32].  

To examine the systemic immune responses elicited using targeted vaccines 

through intranasal (IN) or intramuscular (IM) routes, the presence of N protein 
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specific IgG antibodies was analyzed by indirect ELISA on serum samples 

collected during different time points (days 0, 14, 28, 46 and 56). The serum IgG 

profile (Figure 2.6A) shows that the nasal administration of bfFp targeted 

nanoparticles in combination with anti-CD40 mAb elicits higher levels of 

systemic IgG compared to naked DNA vaccine formulation administered through 

IN or IM route (*p < 0.05). Additionally, the bfFp targeted nanoparticles in the 

absence of any maturation stimuli (anti-CD40 mAb) elicited significantly lower 

levels of IgG titer compared to bfFp targeted nanoparticles administered along 

with anti-CD40 mAb. This trend was observed when formulations were 

administered by either the IN or IM route. As expected, the intramuscular group 

immunized with targeted nanoparticles along with maturation stimuli induced the 

highest level of antibody titers. Serum titers of antibodies for targeted 

formulations (NP + bfFp) were significantly (*p < 0.05) higher than naked DNA 

formulations following intranasal as well as intramuscular administration (Figure 

2.6b). In addition, in a separate set of experiments we found that the immune 

response of NPs with anti-CD40 mAb was significantly lower than that observed 

from the targeted NPs with anti-CD40 mAb (unpublished results). 

Interestingly we did not observe N protein specific IgG titers following nasal 

delivery of naked pVAXN or nanoparticle encapsulated pVAXN. The possible 

reason could be the low dose of naked or nanoencapsulated DNA, as only 5 

μg/mice DNA (pVAXN) was administered. The above results show that the use of 

DC targeting ligand such as bfFp and the presence of maturation stimuli lead to 

enhanced immunogenicity of DNA vaccines. Such pDNA vaccines could provide 

augmented serum IgG titer at low doses. 

The serum IgG isotyping profile specific for N protein following pDNA vaccine, 

irrespective of route of administration, indicates that targeted formulations 

augmented the IgG1, IgG2a and IgG2b levels. The intramuscular route, however, 

was found to be superior compared with the nasal route. The ratio of IgG1 to 

IgG2a and IgG2b indicates a Th1 biased immune response (Figure 2.6B). 
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Figure 2.6 SARS CoV N protein specific IgG titers. (A) Analysis of time-

dependent serum IgG against SARS-CoV N protein following IN and IM 

immunization with different vaccine formulations. BALB/c mice (5 per group) 

were immunized with 5 μg of pVAXN on day 1 and day 21. The serum was 

collected at days 0, 14, 28, 42, and on day 56, and IgG response was detected 

using ELISA. The data are presented as group mean ± SD at various time points. 

ELISA was performed at 1:100 diluted sera. (B) SARS CoV N protein specific 

serum IgG isotypes. IgG isotypes were determined in the serum samples obtained 

on day 56. Data are presented as group mean ± SD. Statistical differences between 

groups are denoted as *p < 0.05. The horizontal bars compare statistical 

difference in IgG1 responses between different groups. 
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2.3.5 Mucosal N protein specific antibody response 

The mucosal surfaces are rich in antigen presenting cells such as DCs. The uptake 

of antigen by resident DC in nasal-associated lymphoid tissue (NALT) is 

necessary in the induction of mucosal immune responses. Production of SARS N 

protein specific mucosal IgA antibodies could be vital for protection against 

SARS CoV infection. Previous studies have shown that the mucosal IgA plays an 

important role in protection against SARS-CoV virus in animal models [33]. We 

found significantly higher mucosal IgA levels in nasal washings following nasal 

administration of DC targeted nanoparticles in combination with anti-CD40 mAb 

compared with intranasal delivery of pVAXN, NP and bfFp targeted NPs (*p < 

0.05) (Figure 2.7). Detectable mucosal IgA response was also observed following 

intramuscular administration of bfFp targeted nanoparticles alone or in 

combination with anti-CD40 mAb as maturation, and there was no significant 

difference between the response from either formulation (ns, p > 0.05). These 

findings can be explained on the basis of the previous observations that systemic 

administration of DEC-205 targeted protein vaccines could provide protection 

against mucosal pathogen [9]. However, merely detectable IgA response was 

observed following intramuscular administration of pVAXN formulations. The 

results clearly indicate that chitosan nanoparticles administered by the nasal route 

efficiently elicit mucosal immune response (IgA level). Thus, nasally 

administered DC targeted nanoparticles can provide the additional advantage of 

mucosal immunity, which could lead to neutralizing the pathogen following 

exposure. These observations are interesting since the SARS virus primarily 

infects the upper respiratory tract and induction of mucosal immunity (mucosal 

IgA) could limit viral attachment and pathogenesis [34].  
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Figure 2.7 SARS-CoV N protein specific IgA levels in the nasal washes. The 

nasal washes were collected on day 56 following euthanasia and assayed for the 

presence of N protein specific IgA using ELISA. Each sample was analyzed in 

triplicate, and data are representative of group mean ± SD of five mice. Statistical 

differences between groups are denoted as *p < 0.05 and ns = no significant 

difference (p > 0.05). The horizontal bars with * denote statistical difference in 

IgA between different groups compared with NP + bfFp + αCD40 group (IN). 
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2.3.6 Interferon-gamma profile 

Interferon-gamma (IFN-γ) levels were measured to determine whether intranasal 

and intramuscular administration of targeted and nontargeted vaccines elicits 

cellular immunity. The recombinant N protein was used as a recall antigen, 

concanvalin A (Con A) served as a positive control, while medium was treated as 

a sham control. As shown in Figure 2.8, splenocytes from a group of mice treated 

with targeted formulations (NP + bfFp) secreted significantly higher levels of 

IFN-γ on stimulation with N protein by either intranasal or intramuscular route. 

The vaccination of mice with targeted chitosan nanoparticles and anti-CD40 mAb 

maturation stimuli resulted in the highest levels of IFN-γ secretion, followed by 

targeted chitosan nanoparticles without maturation stimuli (*p < 0.05). 

Nontargeted or naked pDNA vaccine formulations were found to be less effective 

in provoking significant IFN-γ levels. No detectable levels of IFN-γ were 

observed for splenocyte cultures treated with media alone, whereas high levels of 

IFN-γ (1795–2526 pg/mL) were present following stimulation with Con A. 
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Figure 2.8 Analysis of IFN-γ levels in mice immunized with different pVAXN 

formulations. Splenocytes obtained from a group of immunized mice (5 mice per 

group) were pooled and cultured in the presence of recombinant N protein (4 μg) 

in a 96-well flat bottom plate with a final volume of 200 μL. Culture supernatants 

harvested after 72 h were analyzed for IFN-γ levels using an ELISA kit. Data 

represents mean ± SD of triplicate cultures stimulated with N protein. Statistical 

differences between groups are denoted as *p < 0.05. * denote statistical 

difference in IFN-γ between different groups. IFN-γ levels obtained following 

stimulation with Con A were 1795–2526 pg/mL in different groups, whereas no 

detectable levels were observed for splenocyte culture stimulated with medium 

alone. 
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2.4 Discussion 

SARS is an emerging infectious disease caused by a novel coronavirus named as 

SARS-CoV [12]. At the start of the twenty-first century SARS outbreak has 

seriously threatened healthcare agencies around the world: over 8,000 people 

were infected, resulting in 774 deaths. To date, there is no therapeutic 

treatment/vaccine available for containing future threats of SARS endemic or 

pandemic [34]. Since SARS is transmitted through the respiratory route, the 

respiratory tract serves as the most common route for virus entry and as a first line 

of defense. It becomes mandatory to design a vaccine delivery system which can 

provide antigen specific mucosal immunity. The respiratory tract harbors local 

DC subsets, which routinely sample and process innocuous agents. Hence, 

respiratory tract resident DCs could serve as the ideal target for uptake of targeted 

nanoparticles administered through noninvasive means. 

Previous studies have shown that N protein is highly conserved and, therefore, 

could serve as a stable vaccine candidate [14]. However, studies performed using 

N protein as antigen are based on systemic immunization, and no attempt has 

been made to naturally mimic the route of viral infection and to target mucosal 

DCs. The logistics behind targeting of pDNA vaccine to DCs stems from the fact 

that the traditional intramuscular route of pDNA immunization results in the 

expression of antigens on myocytes. However, the myocytes are not professional 

antigen presenting cells and thus can only present antigens though MHC class I 

pathway. Furthermore, myocytes do not migrate to draining lymph nodes and 

express costimulatory molecules; both of these features are essentially required 

for priming and activation of T cells [35].  

Therefore, the main objective of this work was to investigate mucosal DC 

targeting potential of the pDNA loaded chitosan nanoparticles. The mucosal 

delivery of DNA vaccines mimics the natural mode of virus infection and induces 

both humoral and cellular immune responses [36]. Naked DNA is ineffective in 

crossing mucosal barriers, and it is rapidly degraded by nucleases [37]. 

Contemporary efforts have been directed to improve the immunogenicity of DNA 
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vaccines. A wide range of strategies have been adopted in the literature to increase 

the immunogenicity profile of DNA vaccines, such as the use of heterologous 

prime-boost regimes, coexpression of cytokines, electroporation and the use of 

viral and nonviral gene delivery vehicles [36].  

In the context of design of effective mucosal pDNA delivery, the nonviral vectors, 

such as polymeric nano/microparticle and liposome protected plasmid DNA, have 

shown better immunogenicity profiles. These systems can specifically deliver the 

pDNA to antigen presenting cells such as dendritic cells and macrophages. 

Additionally, these delivery systems could be surface functionalized with targeted 

ligands to achieve DC-selective targeted delivery of plasmid DNA through 

different immunization routes [22, 38]. Numerous research findings have explored 

the nano/microparticles formulated using chitosan and their derivatives as gene 

delivery vehicles [39]. Chitosan is believed to show better nasal delivery 

prospects through two mechanisms [40]. First, the cationic charge on chitosan 

confers binding to negative sialic residues in the mucus lining of the nasal 

epithelial cells thereby slowing clearance. Second, chitosan transiently opens the 

tight junctions to allow an increased paracellular transport across nasal mucosa. 

Additionally, the attachment of receptor specific ligands on chitosan microspheres 

facilitates receptor mediated endocytosis resulting in cell-specific delivery vaccine 

formulations [41].  

We have synthesized biotinylated chitosan and used it for the formulation of 

pVAXN loaded nanoparticles. The biotin substitution on the chitosan backbone 

facilitates the attachment of bifunctional fusion protein (bfFp) through core-

streptavidin arm and anti-DEC-205 scFv arm assists in guiding the nanoparticle 

toward DCs. The N protein gene was cloned in US FDA approved pVAX1 

plasmid vector, containing a CMV promoter and BGH polyadenylation sequence 

for mammalian protein expression. Further, the nanoencapsulated form of 

pVAXN was found to resist nuclease digestion following incubation with DNase 

I, which is vital for in vivo performance of the nanoparticulate formulations. The 

intranasal application of bfFp targeted nanoparticulate vaccines induces systemic 
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and mucosal immune responses against N protein antigen. In addition, mere 

administration of naked pDNA or nanoencapsulated pDNA was not sufficient 

enough in provoking detectable serum titers against N protein. We speculate this 

could be due to the low dose of the pVAXN antigen (5 μg/mouse). Contemporary 

studies have shown induction of immune response following nasal delivery of 

pDNA encapsulated chitosan particles, where a high dose of encapsulated pDNA 

or frequent dosing was used [42, 43].  

From our results, it is apparent that both systemic and mucosal N protein specific 

responses were induced in mice by using bfFp based targeting of 

nanoencapsulated pVAXN. The N protein specific serum IgG, IgG1, IgG2a and 

IgG2b antibodies were elicited to higher magnitude when the targeted 

formulations were coadministered with DC maturation/activation stimuli (anti-

mouse-CD40 mAb). The splenocytes were capable of producing IFN-γ, a Th1 

cytokine, upon in vitro stimulation with recombinant N protein. However, a 

significantly higher level of IFN-γ was detected for targeted formulations 

compared with nontargeted formulation. Codelivery of DC maturation stimuli 

with targeted formulations resulted in augmented IFN-γ levels, irrespective of the 

route of immunization.  

In conclusion, we report a promising strategy for enhancing immunogenicity of 

low-dose DNA vaccine through targeted delivery to nasal resident dendritic cells. 

The vaccine strategy demonstrated here could provide a better understanding of 

noninvasive means of targeting vaccine antigens to the dendritic cells. This 

strategy has important implications for designing vaccines against SARS or 

infections with similar mechanisms. 
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CHAPTER 3: Dendritic cell targeted chitosan 

nanoparticles for mucosal and systemic genetic 

immunization against avian influenza 
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3.1 Introduction 

Recent outbreaks of the highly pathogenic avian H5N1 influenza A viruses and 

transmission of infection from birds to humans has raised the serious concerns 

that next influenza pandemic may evolve from this subtype [1].  It is speculated 

that highly virulent 1918 influenza A virus strain was derived from an avian virus 

[2]. This virus was responsible for 1918 “Spanish Flu” that resulted in 40-50 

million deaths world-wide. Therefore, development of effective prophylactic 

vaccine is necessary to prevent the mortality associated with a future human 

influenza pandemic.Several vaccination strategies have been explored to date, 

vaccination with formaldehyde inactivated virus remains the most widely used 

preventive measure [3]. These vaccines are grown in embryonated eggs and to 

provide reasonable protection against circulating influenza strains, the 

components of these vaccines are adjusted annually, which is a time-consuming 

process. Furthermore, in the case of emerging pandemic strains, current 

production methods are not optimal to meet the global supply demand [4]. 

Influenza A viruses are transmitted through mucosal routes and cause a range of 

severe respiratory and gastrointestinal complications. Conversely, currently 

available vaccines are mostly administered parenterally and protective immunity 

is generally based on the induction of strain-specific systemic IgG antibodies 

against hemagglutinin (HA) antigen. Parenteral immunization can effectively 

induce humoral and cellular immune responses, however, it is often 

nonefficacious and sub-optimal for induction of mucosal immunity. In contrast, 

administration of vaccines through mucosal routes can provide both systemic and 

mucosal immunity [5].  Since influenza virus primarily infects and multiplies in 

upper respiratory tract, induction of potent mucosal and cell-mediated immune 

responses could potentially play an important role in the formulation of effective 

influenza vaccine [6]. 

Mucosal immunization induces secretion of immunoglobulin A (IgA), which can 

form first line of defence against invading pathogens, preventing virus attachment 

to epithelial cells, promoting capture in the mucus and induction of antigen-
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specific IgA antibodies at distant mucosal sites [7]. However, the mucosal 

immunization by inactivated and subunit influenza vaccines results in poor 

immunogenicity and requires adjuvants, such as Escherichia coli heat-labile toxin 

(LT) or toll-like receptor ligands [8, 9]. Mucosal vaccination with nanoparticulate 

antigen delivery systems such as liposomes [10], immune stimulating complexes 

[11], virosomes [12] and chitosan based formulations [13, 14] have shown to 

provide protective immunity. 

Influenza DNA vaccines have emerged as powerful alternatives to traditional egg 

based vaccines. DNA vaccines can be constructed based on genetic information of 

circulating strain, manufactured on large scale for mass distribution and thus 

could minimize the damage in the event of pandemic threat [15, 16]. Furthermore, 

the ability of parenterally administered HA-based DNA vaccines has been shown 

to confer protective immunity against lethal homologous and heterologous 

influenza virus challenge in various animal models [17-19]. Nasal administration 

of HA DNA vaccines can provoke protective local immune responses (IgA) [10, 

20]. Furthermore, immune response to nasal DNA vaccines appears to mimic that 

of natural virus infections as encoded antigen is expressed in the respiratory tract.  

In this study, we investigated the comparative immunogenicity of chitosan 

nanoparticle encapsulated H5N1 HA plasmid DNA vaccines following intranasal 

(IN) and intramuscular (IM) administration. As mentioned in Chapter 2, chitosan 

is a promising DNA delivery vehicle and its strong mucoadhesive properties 

facilitate paracellular transport by opening tight junctions [21]. Chitosan 

nanoparticles can be chemically cross-linked with ligands to achieve targeted 

delivery to mucosal antigen-presenting cells such as dendritic cells (DCs) [22]. To 

facilitate DC targeted delivery of biotinylated soluble and particulate vaccines, 

bifunctional fusion protein vector (bfFp) can be used [23]. 

In this chapter, plasmid DNA encoding for H5N1 hemagglutinin (HA) was 

selected as a vaccine antigen and biotinylated chitosan as a DNA carrier. The 

DNA loaded biotinylated chitosan nanoparticles were functionalized with bfFp for 

DC targeted delivery. A comparative evaluation of systemic, mucosal and cellular 
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immune responses is demonstrated, following intranasal and intramuscular 

delivery of soluble DNA and nanoencapsulated DNA with or without DC 

targeting. 

 

3.2 Materials and Methods 

3.2.1 Materials 

Plasmid DNA pCAGα-HA, encoding for mammalian codon optimized 

hemagglutinin (HA) gene of influenza A virus strain A/Hanoi/30408/2005 

(Hanoi05, H5N1) was generously provided by Drs. Darwyn Kobasa and Gary 

Kobinger, National Microbiology Laboratory, Public Health Agency of Canada, 

Winnipeg, Canada. Construction and expression of pCAGα-HA has been 

described elsewhere [17]. Oligonucleotides were purchased from Integrated DNA 

Technologies (Coralville, Iowa, USA). Restriction enzymes: Ndel, EcoRI and T4 

DNA Ligase were purchased from New England Biolabs (Freezer Program, 

Canada). Ultrapure chitosan hydrochloride salt (Protasan UP CL 113) was 

purchased from FMC Biopolymers (Novamatrix, Norway). Ni-NTA agarose resin 

and endofree plasmid DNA isolation kit was purchased from Qiagen 

(Mississauga, Canada). Rat anti-mouse CD40 mAb was purified from 1C10 

hybridoma, a kind gift from Dr. M. Gold (University of British Columbia, 

Canada).  

3.2.2 Expression and purification of HA1 

The nucleotide sequences of Hanoi05 H5N1 hemagglutinin (HA) gene were 

codon optimized for E. coli expression and chemically synthesized by GENEART 

Inc. Germany. The codon optimized HA gene and HA1 fragment were PCR 

amplified and digested with NdeI and EcoRI, gel purified and ligated in correct 

reading frame in pBM802 expression vector with His6 tag at C-terminal for 

purification [24]. The ligation mixtures were transformed in E. coli top 10 cells 
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and bacterial colonies were analyzed by plasmid DNA isolation and restriction 

digestion fragment mapping.  

For medium scale expression a single bacterial colony containing HA1 plasmid 

(pDS25HA1) was inoculated in 10 ml TB (Terrific Broth) medium (1.2% 

Tryptone, 2.4% Yeast extract, 0.4% (v/v) glycerol and 25 mM HEPES pH 7.2) 

containing 5 µg/ml of tetracycline and allowed to grow overnight at 37 °C orbital 

shaker. The overnight culture was diluted (1:100) in fresh TB medium containing 

tetracycline (5µg/ml) and allowed to grow at 37 °C until an OD600nm of 0.5–0.6 

was reached. The bacterial culture was then induced with 0.2% w/v arabinose, 

grown for ~16 h at 37 
o
C and harvested by centrifugation at 5,000xg for 10 min at 

4 
o
C.  Total cell protein (TCP) from induced and uninduced culture was analyzed 

by SDS–PAGE and Western blot probed with anti-His6 MAb. Bacterial pellets 

were lysed by French Press (20,000 psi) and inclusion bodies were purified 

according to previously published methods [25]. For purification of HA1, 

inclusion bodies were solubilised in a denaturing buffer (8 M urea, 100 mM 

NaH2PO4, 10 mM Tris.HCl pH 8.0) and separated from insoluble material by 

centrifugation at 27,000xg for 30 min at 4
o
C. Denatured soluble protein was 

loaded on pre-equilibrated Ni-NTA column (5 ml) and washed with 5 bed 

volumes of buffer containing 8 M urea, 100 mM NaH2PO4, 10 mM Tris.HCl, pH 

6.3.  Bound protein was eluted with a buffer containing 8 M urea, 100 mM 

NaH2PO4, 10 mM Tris.HCl, pH 4.5. All fractions were analyzed by reducing 

SDS-PAGE using 10% gel. Eluted protein fractions were pooled and diluted to 

~75 μg/ml with Tris-arginine (TA) buffer (50 mM Tris pH 8.0, 0.4 M L-arginine) 

and refolding was done by dialysis in TA buffer in the presence of 1.0 mM GSH 

(glutathione, reduced), 0.1 mM GSSG (glutathione, oxidized) for 3 days with two 

changes at 4 °C. Refolded protein was dialyzed in PBS pH 7.4 at 4 °C and any 

aggregates were removed by centrifugation. 

3.2.3 Plasmid DNA, biotinylated chitosan and bfFp 

pCAGα-HA plasmid encoding for H5N1 HA gene was transformed into 

Subcloning Efficiency
TM

 E.coli DH5
TM

 chemically competent cells (Invitrogen, 
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USA) and transformants were selected over LB agar plates with ampicillin (100 

μg/ml). Plasmid DNA (pDNA) was scaled up and purified using Endofree 

plasmid mega kit (Qiagen). Chitosan hydrochloride was biotinylated using 

biotinamidohexanoic acid 3-sulfo-N-hydroxysuccinimide ester sodium salt (sulfo-

NHS-LC-biotin) as per previous protocol (Chapter 2, section 2.2.3) and used for 

formulating nanoparticles [26]. Expression and purification of recombinant 

bifunctional fusion protein (bfFp) was carried out using our published protocols 

(also described in Chapter 2, section 2.2.6) [23, 26]. 

3.2.4 Formulation and characterization of pCAGα-HA loaded biotinylated 

chitosan nanoparticles 

Plasmid DNA (pCAGα-HA) loaded biotinylated chitosan nanoparticles (NPs) 

were formulated using according to reported procedure (also described in Chapter 

2, section 2.2.4) [26]. Briefly, 1 mg/ml solution of biotinylated chitosan was 

prepared in 5 mM sodium acetate buffer (pH 5.5).  pCAGα-HA solutions in 

sodium sulfate (25mM) were prepared at different concentrations (1 to 0.2 

mg/mL). Both solutions were preheated to 50-55 °C on the water bath and then 

100 μL of chitosan solution was mixed with 100 μL of DNA solution and 

vortexed for 15 seconds. The mixture was kept for 30 min at room temperature for 

stabilization. A gel retardation assay was applied for monitoring NP formation by 

loading mixture onto 1% agarose gel containing ethidium bromide. The gel was 

run at 100 V for 45 min and bands visualized using Alpha Imager (Alpha 

Innotech, CA). For estimating encapsulation of DNA, NPs were spun down at 

14,000 rpm for 20 min and supernatants were assayed for the presence of free 

DNA at absorbance 260 nm/280 nm using NanoDrop ND-1000 (Nanodrop 

Technologies Inc. Wilmington, Delaware). Encapsulation efficiency was 

calculated as follows: encapsulation efficiency (EE) = A – B/A × 100, where A is 

the total DNA amount and B is the free DNA in the supernatant. Measurements of 

particle size and zeta potential of DNA loaded biotinylated chitosan NPs were 

performed using Zetasizer 3000 (Malvern Instruments, Malvern, UK). 
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3.2.5 Mice and immunizations 

Female BALB/c mice were procured from Charles River Laboratories Inc. 

(Canada) and were eight-to-ten weeks old when the experiments were initiated. 

Animals were housed at Health Sciences Laboratory Animals Services (HSLAS) 

at the University of Alberta, Edmonton, Canada. Animal treatment, care and 

euthanasia were carried out according to the Canadian Council of Animal Care 

guidelines. The mice were divided in different groups of five mice (5 mice/group) 

and immunized through intranasal (IN) or intramuscular (IM) route on day 1 and 

day 21 with various vaccine formulations containing DNA (10 μg) as detailed in 

Table 3.1. A 10 μg/mouse dose of DNA (pCAGα-HA) was selected based on the 

results of previous studies from Dr. Kobasa’s group, showing complete protection 

of mice [17].  DC targeted biotinylated chitosan nanoparticles were synthesized 

by incubating nanoparticles and bfFp (20 μg/dose) for 30 min.  Anti-CD40 mAb 

(25 μg/dose) was added to nanoparticle formulations, immediately before 

performing immunizations. For IM immunizations, a 50 μL volume of the vaccine 

formulations was injected into the quadriceps muscle with a 26
1
/2 gauge needle. 

For IN immunization, mice were held in the vertical position, and 40 μL of 

vaccine formulations (20 μL in each nostril) were inoculated dropwise with a 

micropipettor right into the nostrils. The applied formulations were naturally 

inhaled and adequate care was taken to ensure proper delivery, any mice observed 

swallowing the vaccine formulation were excluded from the experiment. 
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Table 3.1 Immunization schedule and HA DNA vaccine formulations 

 

 

 

 

 

 

* Five mice per group were immunized with 10 μg of DNA and administered as 

naked or in nanoparticles (NPs), while αCD40 mAb’s dose was 25 μg/mouse. 

pHA: pCAGαHA DNA vector; NP: nanoparticle with encapsulated pCAGαHA; 

bfFp, bifunctional fusion protein; αCD40, monoclonal antibody against CD40 

ligand. Mice were immunized by intramuscular (IM) and intranasal (IN) route on 

day 1 and 21. 

 

 

 

3.2.5.1 Sample collection 

Mice were bled for serum collection on day 0, 14, 28, 46, and euthanized on day 

56 by CO2 asphyxiation and cervical dislocation. Following euthanasia serum, 

spleen, nasal and vaginal washings were collected for immunological studies. For 

nasal washings, the trachea of each mouse was opened and nasal fluids were 

collected by flushing PBS (200 μL) containing 0.1% w/v BSA through the nasal 

cavity using a fine micropipettor.  Vaginal washes were performed according to 

the published method [27]. Briefly, 50 µl of PBS containing 0.1% w/v BSA was 

introduced into the vaginal tract of mice with a micropipettor. These 50 µl 

aliquots were withdrawn and reintroduced five times. The nasal and vaginal 

washes were kept at -20 °C until the day of analysis. 

 

3.2.5.2 Detection of IgG, IgA and HI titers 

HA protein-specific IgG and IgA titers were determined using ELISA. The flat-

bottom 96-well ELISA microplates (Nunc MaxiSorp) were coated with 100 µl of 

HA1 protein (1 μg/well) overnight at 4 °C and washed with PBST (0.1% Tween 

Groups Formulations* Route Dose (µg) 

1 pHA  (pCAGα-HA) IN/IM 10 

2 NP IN/IM 10 

3 NP +bfFp IN/IM 10 

4 NP+ bfFp+αCD40 IN/IM 10 
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20 in PBS pH 7.4).  After blocking with 1% BSA solution for 1 h, a 100 µl of 

diluted serum (1:100) from each mouse was added in duplicate and incubated 

overnight at 4 °C.  After washing HRPO conjugated goat anti-mouse IgG was 

added and incubated for 1 hr. Plates were washed thrice and developed with TMB 

substrate for 15 min and optical optical density was recorded at 650 nm using a 

microplate reader (Molecular Devices Corp, CA). Similarly, HA1-specific IgG1 

and IgG2a isotypes were determined using HRPO conjugated secondary IgG1 and 

IgG2a antibodies. The HA1-specific IgA antibodies in nasal and vaginal washings 

were analyzed at 1/10 dilution of samples. Hemagglutination inhibition (HI) 

assays were determined in Dr. Kobasa’s lab, National Microbiology Laboratory, 

Winnipeg, using turkey red blood cells and a published protocol [17]. 

3.2.5.3 Cytokine release assay 

Splenocytes were isolated by compressing the spleen between two frosted glass 

slides and erythrocytes were lysed with ACK lysis buffer. A single cell 

suspension was prepared by passing through a cell strainer.  Splenocytes were 

suspended in RMPI 1640 containing 10 % fetal bovine serum and 1% penicillin-

streptomycin-L-glutamine (PSG). The splenocytes were seeded at the density of 1 

× 10
6
/well in a 96-well flat bottom plate and stimulated with HA1 protein at a 

final concentration of 20 µg/ml, while untreated cells served as control. The 

cultures were incubated for 72 h at 37 °C in a humidified CO2 incubator. The 

released cytokine in culture supernatants were analyzed by a cytokine ELISA kit 

as per the manufacturer’s instructions. 

 

 

 

 



92 

 

3.3 Results 

3.3.1 Formulation and characterization of chitosan NPs 

Chitosan nanoparticles were obtained by complex coacervation between 

positively charged chitosan and negatively charged DNA. Formation of 

nanoparticles at different weight ratio of biotinylated chitosan to DNA was 

monitored using agarose gel electrophoresis (Figure 3.1). On increasing the 

weight ratio of chitosan to DNA from 1 to 5, the amount of free plasmid DNA 

decreased.  At a weight ratio of 1 and 2, the migration of free plasmid DNA was 

observed (Figure 3.1), however when weight ratio was 3 or more, free plasmid 

DNA could hardly be observed. Free DNA migrated from cathode to anode under 

the influence of electric field, but chitosan-DNA nanoparticles with positive 

charge did not migrate and were retained in loading well. Therefore, nanoparticle 

formulations used for in vitro and in vivo applications were formulated at weight 

ratio of 4. 

 

 

Figure 3.1 Optimization of pHA (pCAGα-HA) loaded biotinylated chitosan 

nanoparticles. Gel retardation assay of pHA DNA loaded biotinylated chitosan 

nanoparticles formulated at different weight ratios of biotinylated chitosan to pHA 

DNA 1 to 5 using complex-coacervation method. 
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The size of chitosan-DNA nanoparticles formulated at weight ratio 4 averaged 

225 ± 15.5 nm. The zeta potential of nanoparticles prepared at this ratio was 12.5 

± 2.6 mV. The encapsulation of plasmid DNA at weight ratio of 4 was very 

efficient and was found to be in the range of 98.1 ± 1.5% (n=5). Cationic charge 

on chitosan backbone is crucial to form complexes with DNA. The pKa of 

glucosamine amino groups is ~6.5 which renders majority of amino groups 

(>90%) protonated at pH ~5.5, while the positive charge is neutralized at 

physiological pH. This unique property of chitosan ensures that nanoparticles 

formulated at pH 5.5 could remain stable at the physiological pH without 

chemical cross-linking.  

3.3.2 Expression and purification of HA1 in E. coli 

To evaluate the antibody and cell-mediated immune responses elicited by vaccine 

formulations we expressed and purified HA1 as an antigen. The plasmid DNA 

(pDS25HA1) encoding HA1 (globular head region) was transformed in Top 10 E. 

coli and scaled up for expression. The bacterial HA1 protein was expressed as 

insoluble protein. Total cell protein was analyzed for HA1 expression using SDS-

PAGE and Western blot probed with anti-His6 mAb (Figure 3.2 A and B). It is 

evident from the size of protein (~37 kDa) and results of Western blot confirmed 

that protein is indeed HA1.  The HA1 was affinity purified under denaturing 

conditions using urea as a solubilising agent. A pH gradient was used for elution 

of Ni-NTA resin bound HA1.  The purification profile was analyzed by loading 

different fractions on SDS-PAGE using 10 % gel (Figure 3.2 C). It is evident 

from the gel profile that purified protein does not contain non-specific bacterial 

proteins. The denatured protein was refolded using L-arginine buffer and a 

glutathione redox pair. The final yield of refolded protein was more than 70%. 

Bacterial HA1 was used to immunize rabbits and generate polyclonal antibodies 

against HA1. Polyclonal anti-HA1 antibodies raised in rabbit were found to cross-

react with cell-lysate of pCAGα-HA transfected HEK 293T cells. 
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Figure 3.2 Expression and purification of recombinant HA1 in E. coli. (A) SDS-

PAGE analysis of HA1 expression. Lane 1-2, induced culture; Lane 3, uninduced 

culture. (B) Western blot analysis using anti-His6 mAb to confirm expression of 

HA1. Lane 1-2, induced culture; Lane 3, uninduced culture. (C) SDS-PAGE 

analysis of HA1 IMAC purification profile. Lane 1, Solubilised inclusion bodies; 

Lane 2, Unbound; Lane 3, wash I; Lane 4, wash II; Lane 5-6, Elution fractions. 

 

 

 



95 

 

3.3.3 HA-specific systemic IgG response  

The efficacy of different formulations, namely, soluble DNA, DC targeted and 

non-targeted nanoparticle encapsulated DNA vaccines was evaluated for 

induction of systemic IgG responses. A head-to-head comparison of these 

formulations was carried out using intranasal (IN) and intramuscular (IM) route of 

administration (Table 3.1). It is evident from the HA1-specific IgG titers that IN 

immunization with naked DNA and non-targeted nanoparticle (NPs) formulations 

elicited basal IgG levels (Figure 3.3 A). This can be argued based on the low-

dose (10 µg DNA/mouse on day 1 and 21) used for immunization studies. 

However, nanoparticle formulations functionalized with bfFp induced higher 

levels of HA1-specific IgG titers indicating that bfFp based dendritic cell 

targeting contributes to enhance immunogenicity of low-dose chitosan 

encapsulated DNA. We next tested whether the IgG titer of bfFp functionalized 

nanoparticle formulations can be improved with a DC maturation stimulus (anti-

CD40 mAb). Our data suggests that coadministration of anti-CD40 antibody 

resulted in significant increase in the HA1-specific IgG titers irrespective of route 

of immunization (Figure 3.3). Our results demonstrate that IM vaccination with 

plasmid DNA was superior to IN route for induction of systemic IgG responses, 

irrespective of vaccine formulation used for immunization. The anti-CD40 mAb 

has been used as DC maturation stimuli with DEC-205 targeted protein antigens 

and shown to augment the antibody and cell-mediated immune responses [28]. 

Anti-CD40 mAb can also act as effective mucosal adjuvant along with liposomal 

vaccines [29]. Intranasal administrations of liposome encapsulated peptide 

vaccine along with anti-CD40 mAb induced significantly higher levels of 

cytotoxic T cell responses against influenza A virus.  
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Figure 3.3 HA-specific systemic IgG response in mice vaccinated with various 

DNA vaccine formulations using intranasal (A) and intramuscular (B) route of 

administration. BALB/c mice (5 per group) were immunized with indicated 

vaccine formulations and serum was collected at day 0, 14, 28, 42 and 56. Serum 

was analyzed for the presence of HA1-specific IgG using ELISA. Data are 

presented as group mean±SD at various time-points. The * indicates statistically 

significant difference between different vaccine formulations (*P < 0.05). 
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3.3.4 HA-specific mucosal IgA response  

Mucosal IgA plays a key role in evading the entry of pathogens through 

respiratory route, and therefore serves as a first-line of defence. Therefore, 

induction of IgA responses at nasal and distant mucosal surfaces is vital for 

designing an optimum influenza vaccine formulation. In our experiments, we 

compared IN and IM routes for induction of HA1-specific IgA titers in nasal and 

vaginal fluids (Figure 3.4). In agreement with the results of SARS CoV N 

experiments described in chapter 2, no IgA was detected following IN 

administration with naked DNA formulations and even a low-dose nanoparticle 

encapsulated DNA failed to induce IgA secretions. However, the titers of IgA 

were shown to improve after bfFp functionalized nanoparticles were used. In 

good alignment with IgG data, co-administration of bfFp targeted formulations 

with anti-CD40 mAb resulted in significantly higher IgA responses compared 

with only targeted formulations. The increase in mucosal IgA levels is in 

accordance with the fact that non-adjuvanted vaccine formulations perform poorly 

when administered through mucosal route [10, 20]. In contrast to nasal delivery, 

IM route failed to induce any detectable levels of nasal and vaginal IgA. 

Therefore, strong mucosal responses are induced only after administration of bfFp 

functionalized formulations together with a DC activation stimulus. 
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Figure 3.4 HA-specific mucosal IgA responses in the nasal washes (A) and 

vaginal washes (B). BALB/c mice (5 per group) were vaccinated with various 

DNA vaccines using intranasal (IN) and intramuscular (IM) route of 

administration. At day 56, mice were euthanized and nasal and vaginal washes 

were collected for analysis of HA1-specific IgA titers using ELISA. Data are 

presented as group mean ± SD. The * denotes statistically significant difference 

between groups of mice immunized with different vaccine formulations (*P < 

0.05). 
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3.3.5 Ex vivo cytokine production 

To determine cellular immune response to plasmid DNA vaccine formulation, ex 

vivo cytokine profile were examined using ELISA assay. Splenocytes were 

harvested from spleen at day 56 and restimulated with HA1 protein. The 

splenocytes of mice immunized with bfFp targeted formulations together with 

anti-CD40 mAb produced significantly higher amounts of IFN-γ and IL-4 

compared with only bfFp targeted formulations (Figure 3.5). Only low amounts 

of IFN-γ and IL-4 were detected when non-formulated and nanoparticle 

encapsulated DNA vaccine formulations were used for immunization. As 

expected, the IM route of immunization was shown to induce higher levels of 

IFN-γ and IL-4 cytokines irrespective of the vaccine formulation. Overall the 

results suggest that splenocytes are capable of secreting higher levels of antigen-

specific Th1 cytokine IFN-γ and a moderate level of the Th2 cytokine IL-4 upon 

in vitro stimulation with HA1 protein. The IFN-γ is an effector cytokine and plays 

a key role in activation of macrophages, dendritic cells and inhibition of viral 

infections [30]. These findings indicate that intranasal delivery of bfFp based DC 

targeted HA DNA vaccination is effective in the activation of cellular immune 

responses. 
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Figure 3.5 HA-specific IFN-γ and IL-4 responses. BALB/c mice (five per group) 

were immunized on day 1 and 21 either by IM or IN route of administration and 

euthanized on day 56. Splenocytes were isolated and stimulated with HA1 as 

recall antigen for 72 h. Cell culture supernatants were analyzed in triplicates for 

the presence of IFN-γ (A) and IL-4 (B) using ELISA kit. Data are represented as 

mean ± SD of triplicates cultures. The * denotes statistically significant differenc 

in IFN-γ  and IL-4 cytokine levels between different groups of mice immunized 

with indicated vaccine formulations (*P < 0.05). 
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3.4 Discussion 

Avian influenza (H5N1) viruses are highly pathogenic and recent outbreaks have 

suggested that some subtypes of avian influenza viruses can replicate in human 

respiratory tract and result in severe respiratory complications and morbidity [1]. 

Therefore, development of an effective mucosal vaccine is the best strategy to 

prevent a potential pandemic of this virus. However, the traditional egg based 

vaccine approach against H5N1 viruses is not a suitable strategy since these 

viruses are lethal in chicken embryos and therefore manufacturing of H5N1 

vaccines on large scale is not a viable option [31].  

Since these viruses infect respiratory tract, development of an effective vaccine 

that can provide mucosal immunity at the nasal mucosal epithelium, can be 

administered by non-invasive means and produced on a large-scale in short 

duration without the use of traditional egg based approach is an important goal for 

development of H5N1 vaccines [6].  In this reference, DNA vaccine can serve as 

an ideal alternative vaccine platform against H5N1 viruses. As they can be readily 

constructed based on merely pathogens genetic information and can be produced 

in bacteria bypassing the need of time-consuming egg based manufacture. DNA 

vaccine are non-infectious and nonreplicating, thereby diminish safety concerns 

associated with live attenuated vaccines. However, despite excellent qualities and 

approval for veterinary purposes, these vaccines show poor immunogenicity 

profile in humans. Therefore, many strategies have been devised to improve the 

immunogenicity of DNA vaccines [32]. In recent studies, the two approaches 

have been mainly explored: direct targeting of DNA vaccine to dendritic cells and 

optimal formulation or mode of delivery. 

Utilizing both of the approaches, here, we explored feasibility of dendritic cell 

targeted delivery of nanoparticle encapsulated H5N1 DNA vaccine by intranasal 

and intramuscular immunization. The chitosan was used a carrier for DNA 

vaccine, as it has several favorable properties for this purpose. In this study the 

plasmid DNA loaded biotinylated chitosan nanoparticles were functionalized with 

bfFp to achieve non-invasive targeting of DNA vaccines to respiratory DCs. 
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Respiratory DCs continuously sample and process environmental agents and 

could serve as ideal target for targeted delivery of vaccine antigens [33]. 

Moreover, mouse respiratory tract DC subsets; such as airway, alveolar and 

interstitial DCs express DEC-205 receptor [33, 34]. Thus, targeted delivery of 

DNA loaded chitosan nanoparticles with the help of bfFp can be achieved. Our 

results suggest that bfFp targeted delivery of nanoparticulate DNA vaccine can 

significantly improve the immunogenicity of encoded antigen. We demonstrate 

that the immunogenicity of these DC targeted formulation can be further 

improved by the coadministration of a DC maturation stimuli (anti-CD40 mAb).  

Although DC targeted DNA vaccine formulations together with DC maturation 

stimuli were found to the best for the induction of humoral and systemic immune 

responses irrespective of the route of immunization, only intranasal route of 

administration induced secretion of mucosal IgA responses. In contrast, intranasal 

delivery of naked DNA or non-targeted nanoencapsulated DNA did not provoke 

IgA secretions. Both IgA and IgG antibodies play significant role in protection 

against influenza infection, however, many studies have shown that secretory IgA 

is primarily involved in protection against infection in upper respiratory tract, 

whereas the serum IgG plays a key role in lower respiratory tract [7]. 

Furthermore, it is evident based on findings that secretory IgA induced by natural 

infection or vaccines is cross-protective against heterologous virus infection than 

serum IgG induced following parenteral route [6, 20]. Intranasal DNA 

immunization also induced antigen-specific IgA in vaginal secretions; it is   

expected because of overlapping tissue sites in the common mucosal immune 

system and these observations are in accordance with previous studies [20, 27]. 

Despite strong IgG titers, no detectable hemagglutination inhibition (HI) titers 

were observed. However, despite absence of detectable HI titers before virus 

challenge complete protection of mice was frequently observed [17]. 

Overall our results show that the DC targeting, delivery vehicle and route of 

immunization are critical determinants that govern immunogenicity of plasmid 

DNA based H5N1 vaccines. We speculate that the intranasal administration of 
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DC targeted DNA vaccines  together with an adjuvant could provide protection to 

influenza virus infections by provoking mucosal, humoral and cellular immune 

responses. Moreover, using bfFp based approach DC targeting can be achieved 

through noninvasive route of administration. We expect that the DNA vaccine 

strategy described herein should be further evaluated as potentially affordable and 

viable alternate for designing low-dose prophylactic DNA vaccines against 

influenza and other respiratory infections. 
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CHAPTER 4: Chitosan nanoparticle encapsulated fusion 

DNA vaccine for dendritic cell targeted delivery of SARS-

coronavirus nucleocapsid protein 
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4.1 Introduction 

DNA vaccination represents a novel strategy for generating antigen-specific 

immune responses against a range of pathogens [1]. DNA vaccines can be easily 

manufactured on a large scale, repeatedly administered and have better stability 

profile compared with recombinant protein based vaccines. Furthermore, in case 

of pandemic or bioterrorism threats, DNA vaccines can be promptly engineered 

based on pathogens genetic code and formulated in short time frame [2]. 

However, the major obstacle to the successful application of DNA vaccines is 

their poor immunogenicity profile. Thus, numerous strategies are under intensive 

investigation to improve the immunogenicity profile of DNA vaccines.  

 Recent studies suggest that immunogenicity of DNA vaccines can be enhanced 

by several means such as plasmid optimization, application of electroporation or 

gene-gun, use of cationic polymer based gene delivery systems, use of immune 

modulators as adjuvants, and targeting of plasmid DNA or encoded antigen to 

professional antigen presenting cells (APCs), such as dendritic cells (DCs) 

(reviewed in [2, 3]). 

Among different strategies, targeting of DNA vaccines to DCs has caught 

particular attention as DCs play a key role in initiating the primary immune 

responses after DNA vaccination [4-6]. On the contrary, following intramuscular 

(IM) or intradermal (ID) administration of a plasmid DNA in mice, the encoded 

antigen is primarily expressed in myocytes and keratinocytes, respectively and 

only a small number of DCs present at the site of injection get directly transfected.  

Therefore, poor transfection of DCs is often considered as one of the reason 

behind sub-optimal performance of DNA vaccines. 

In this context, accumulating evidence suggests that potency of DNA vaccine can 

be improved by direct transfection followed by expression of antigen by DCs. The 

direct targeting of DNA vaccines to DCs can be achieved using two approaches: 

(i) by using DC-specific promoters such as CD11c, DC-SIGN [7, 8] or (ii) by 

direct targeting of nanoparticle encapsulated DNA vaccines with the help of DC-

receptor specific ligands. Although direct transfection provides better 
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immunogenicity but the number of DCs transfected in vivo is usually low [5].  In 

Chapters 2 and 3, we have adopted similar approach. 

As an alternative strategy, DC targeting of DNA encoded antigen can be realized 

by linkage of antigen to the molecule capable of binding to DC surface receptors 

(e.g scFv for DEC-205). For instance, a fusion plasmid DNA construct that 

encodes for antigen of interest and DC-receptor ligand, can be constructed [9, 10]. 

Upon transfection of fusion DNA construct, the secreted antigen is taken up by 

the DCs via receptor mediated endocytosis and gets processed for presentation to 

T cells. To accomplish in situ targeted delivery of SARS CoV nucleocapsid (N) 

protein to DCs, we constructed a fusion DNA construct that encodes for mouse 

anti-DEC-205 scFv and SARS CoV nucleocapsid protein. We speculate that in 

vivo expression of fusion protein, anti-DEC-205 scFv-SARS CoV N protein 

(referred as DECN fusion protein) would result in DEC-205 receptor mediated 

targeting of DCs.  

In this chapter, two DNA constructs, pVAXN and pDECN are compared for the 

immune responses (Figure 4.1). pVAXN encodes for SARS CoV N protein, 

whereas pDECN encodes for fusion protein consisting of mouse anti-DEC-205 

scFv and SARS CoV N protein. A water soluble, ultrapure chitosan was used to 

formulate DNA encapsulated nanoparticles. For in vivo immunization studies 

pVAXN or pDECN loaded chitosan nanoparticles were administered 

intramuscularly either alone or with a DC maturation stimulus (anti-CD40 mAb). 
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Figure 4.1 DNA vaccine constructs and dendritic cell targeting strategy.  (A) 

Schematic representation of plasmid constructs. pDECN was constructed by 

inserting anti-DEC-205 scFv gene upstream of SARS CoV N protein gene, 

whereas pVAXN consists of SARS CoV N protein gene only. (B) A schematic 

representation of in situ DC targeting using pDECN vaccine constructs. 

 

 

4.2 Materials and Methods 

4.2.1 Materials 

 pVAX1 plasmid was purchased from Invitrogen (USA). pVAXN and pWET7 

plasmids reported previously in chapter 2 [11, 12],
 
containing ORFs (Open 

Reading Frame) for SARS-CoV N protein and bfFp respectively, were
 
used to 

construct pDECN. Oligonucleotides were purchased from Integrated DNA 

Technologies (Coralville, Iowa, USA). Restriction Enzymes: NotI, XbaI, BamHI 

and EcoRI, T4 DNA Ligase were purchased from New England Biolabs (Freezer 

Program, Canada).  Ultrapure chitosan hydrochloride salt (Protasan UP CL 113) 
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was purchased from FMC Biopolymers AS (Novamatrix, Norway). HRPO based 

mouse antibody isotyping kit was obtained from Southern Biotech (Birmingham, 

AL USA). HEK 293 T cell were a kind gift from Dr. Hasan Uludag’s Laboratory 

(University of Alberta, Canada). DC 2.4, a DEC-205 expressing mouse bone 

marrow DC cell-line transduced with GM-CSF, myc and raf oncogenes was 

obtained from Dr. Kenneth Rock (University of Massachusetts, Worcester, MA). 

A green fluorescent protein reporter plasmid (pEGFP-C1) was obtained from Dr. 

Deborah Burshtyn (University of Alberta). Anti-SARS CoV N protein mAb 

(19C7) was FITC labeled with FITC antibody labeling kit (Thermo Fisher 

Scientific Inc. USA). 

4.2.2 Plasmid DNA constructs and DNA preparation  

Plasmid DNA construct, pDECN, encoding for anti-DEC-205 scFv fused with 

SARS CoV N protein was constructed by performing a Splice Overlap Extension 

(SOE) Polymerase Chain Reaction (PCR) between bfFp (anti-DEC-205 scFv) and 

SARS CoV N protein ORFs. Overlap primers were synthesized containing 

sequences coding for 3’ end of anti-DEC205 scFv, a (G4S)3 linker and 5’ end of 

SARS N protein gene. Briefly, individual PCRs were performed to amplify 

nucleotide sequences coding for anti-DEC205 scFv and SARS CoV N protein 

using pWET7 and pVAXN plasmids respectively. PCR amplicons were 

electrophoresed on low melting agarose (0.8%) and purified using QIAquick gel 

extraction kit. 100 ng of each amplicon was employed as template for the SOE 

PCR using a NotI restriction site incorporated terminal primer coding for the 5’ 

end of anti-DEC205 scFv and an XbaI restriction site incorporated primer coding 

for the 3’ end of SARS N protein gene. SOE PCR product was electrophoresed on 

low melting agarose and purified using QIAquick gel extraction kit. pVAX1 

vector and SOE PCR product were digested with NotI and XbaI, electrophoresed 

on low melting agarose and purified using QIAquick gel extraction kit. T4 DNA 

Ligase was used to ligate DECN gene into pVAX1 vector, which was transformed 

into Subcloning Efficiency
TM

 E.coli DH5
TM

 chemically competent cells 

(Invitrogen, USA). Transformants were selected over LB agar plates with 
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kanamycin (50 μg/ml) and screened using colony PCR. Plasmid DNA (pDECN) 

was prepared from positive clones using QIAprep Spin Miniprep kit and further 

analyzed by restriction digestion and sequencing using ABI 3730 DNA Analyzer 

(Applied Biosystems, USA). pVAXN and pDECN plasmids were scaled up and 

purified using Endotoxin free giga plasmid isolation kit (Qiagen) and used for all 

applications. 

4.2.3 Transfection and expression of antigens 

HEK 293T cells were grown in DMEM medium supplemented with 10% FBS 

and 1% PSG. The recombinant plasmid pVAXN and pDECN were transfected 

into HEK 293T cells using Fugene HD transfecting reagent according to 

manufacturer’s instructions.  Native pVAX1 was similarly transfected and used as 

a control vector. Briefly, HEK 293T cells were seeded at the density of 1 

million/well in a 6-well cell culture plate and grown overnight. Following day, 

cells were transfected with indicated plasmid constructs and allowed to grow for 

48 h. After 48 h, cells were dislodged with pipetting. Cell suspension was 

centrifuged at 1,500 rpm for 10 min. Subsequently, cell culture supernatants and 

cell pellet were analyzed for the expression of SARS CoV N protein or fusion 

anti-DEC-205 scFv-SARS CoV N protein, DECN protein, using mouse anti-

SARS CoV N protein monoclonal antibody (19C7) as a probe in Western blot 

[13]. The cell culture supernatants were also used for analysis of in vitro DC 

binding studies as described below. 

4.2.4 In-vitro DC binding studies 

Immortal murine dendritic cell line DC2.4, that stably express DEC-205 receptor 

[14] was propagated in DMEM supplemented with 10% FBS. For analysis of 

binding, cells were detached with pipetting, centrifuged at 12,00 rpm for 5 min 

and adjusted to 1X10
6
/ml with PBS supplemented with 2% FBS. Fc receptors 

were blocked with anti-mouse CD16/CD32 antibody (eBioscience, San Diego, 

CA) at 4 °C for 30 min and washed. A 100 µl of cell suspension containing 1X10
5
 

cells was separately incubated with supernatant (1 mL) from pVAX1, pVAXN or 
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pDECN transfected 293T cells at 4 °C for 30 min. Cells were then washed with 

ice cold PBS and incubated with FITC-labeled anti-SARS CoV N protein  mAb 

(19C7). The samples were run on FACS Canto II flow cytometer and data was 

analyzed using Flowjo software (Tree Star Inc.) 

4.2.5 Formulation of DNA loaded chitosan nanoparticles (NPs) 

Plasmid DNA loaded chitosan nanoparticles were prepared using a modified 

coacervation method as described in chapter 2 (section 2.2.4). Briefly, ultrapure 

chitosan hydrochloride salt (Protasan UP CL 113) was dissolved in 5 mM sodium 

acetate buffer (pH 5.5) at a final concentration of 1 mg/ml and passed through 

0.22 μm syringe filter. The solutions of pVAXN (250 µg/mL) and pDECN (500 

µg/mL) were prepared in 25 mM sodium sulphate. The chitosan and DNA 

solutions were separately pre-heated to 50–55 °C on the water bath and 100 μl of 

chitosan solution was added to equal volume of DNA solution and vortexed for 15 

seconds. Mixture was kept at room temperature for 30 min to stabilize the 

nanoparticles. For estimating encapsulation efficiency of DNA, NPs were spun at 

14,000 rpm for 20 min and supernatants assayed for the presence of free DNA at 

absorbance 260 nm/280 nm using NanoDrop ND-1000 (Nanodrop Technologies 

Inc. Wilmington, Delaware). To analyze the in vitro transfection efficiency 

pEGFP-C1 loaded chitosan nanoparticle were formulate as described above. 

The complex formation between chitosan and DNA was monitored by 

electrophoretic gel mobility assay.  Mixture of NPs prepared at different weight 

ratios was mixed with the loading dye and run on an ethidium bromide containing 

1% agarose gel. The gel was immersed in tris-acetate/EDTA buffer and allowed 

to run for 45 min at 100 V. DNA bands were visualized using the Alpha Imager 

(Alpha Innotech; San Leandro, CA). Unless otherwise mentioned, the NPs 

formulated at 4:1 weight ratio chitosan to DNA were used for all studies. The 

nanoparticle suspension was prepared in MilliQ water, and the size and zeta-

potential of pVAXN and pDECN loaded nanoparticles was determined using 

Zetasizer 3000 (Malvern Instruments, UK).  
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To check the stability against nuclease digestion, DNA loaded nanoparticles 

formulations or the naked DNA was subjected to DNase I digestion. Briefly, 4 µg 

of naked or nanoencapsulated DNA in deionised water (40 μl) was incubated with 

10 U DNase I (Invitrogen) for 30 and 60 min at 37 °C. The DNase activity was 

stopped
 

by adding EDTA solution to final concentration of 50 mM. The 

nanoparticles were centrifuged, washed to remove DNAse I, and the integrity of 

the DNA in the samples was analyzed on agarose gel and photographed using 

Alpha Imager (Alpha Innotech; San Leandro, CA).  

4.2.6 In vitro transfection 

In vitro transfection efficiency of the chitosan nanoparticles was measured as GFP 

expression in HEK 293T cells using flow cytometry.  To analyze transfection 

efficiency, pEGFP-C1 plasmid loaded chitosan NPs were synthesized at 4:1 

weight ratio of chitosan to DNA, as described in section 4.2.5. HEK 293T cells 

were propagated in DMEM supplemented with 10% FBS and 1% PSG. A day 

before transfection, cells were seeded in a 24-well plate at a density of 50,000 

cells/well.  Next day, media was aspirated and cells were treated with pEGFP-C1 

loaded chitosan NP, containing 2.5 µg DNA with OptimMEM medium for 5 h. 

Thereafter, the supernatants were discarded and fresh culture medium (DMEM 

containing 10% FBS) was added, and cells were incubated for 48 h.  As control, 

cells were treated with Lipofectmine™ 2000 (Invitrogen) and soluble pEGFP-C1 

DNA or left untreated. After incubation, cells were trypsinized and fixed using 

300 μl of 3.5% formaldehyde. Cells were analysed on a FACS Canto II flow 

cytometer (Becton Dickinson). The transfection efficiency was determined as the 

percentage of GFP-positive cells.  

4.2.7 Animals and immunization 

Female BALB/c mice were procured from Charles River Laboratories Inc. 

(Canada) and used at eight to twelve weeks of age. Animals were housed at 

Health Sciences Laboratory Animals Services (HSLAS) at the University of 

Alberta, Edmonton, Canada. Animal treatment, care and euthanasia were carried 
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out according to the Canadian Council of Animal Care guidelines. A total of five 

mice per group (n=5) were used for evaluating immune response against different 

vaccine constructs. The mice were immunized via intramuscular route on day 0 

and day 21. A 5 µg/mouse dose of plasmid DNA (pVAXN or pDECN) was 

administered as soluble, nanoparticles and nanoparticles in the presence of DC 

maturation stimuli (anti-CD40 mAb). Intramuscular administration was done by 

injecting the vaccine formulations with 26 1/2 gauge needle in the quadriceps 

muscle in a total volume of 50 µl. Two weeks after administering booster dose, 

mice were sacrificed by CO2 asphyxiation and cervical dislocation and blood was 

collected by cardiac puncture. Blood samples were allowed to clot for 1 h at 4 °C 

and serum was separated by centrifugation at 5,000 rpm for 10 min and stored at -

20 °C until analyzed. Spleen were removed and used for ex vivo cytokine assays. 

 

4.2.7.1 Humoral immune responses 

To determine the systemic IgG titers using ELISA, the SARS CoV N protein and 

N protein fragments (NP1.1, amino acid, aa 1-140; NP1.2, aa 141-280; NP1.3, aa 

281-422) were expressed and purified according to our published protocols [15]. 

Briefly, flat-bottom 96-well ELISA microtiter plates (Nunc MaxiSorp) were 

coated with 100 µl/well of N protein or fragments (10 µg/ml) overnight at 4 ˚C, 

then washed with PBST (PBS with 0.1 % Tween 20) and blocked with 1% BSA 

solution for 1 hr at 37 ˚C. The plates were washed and diluted serum (100 µl, 

1:100) from each mouse was added in duplicates, and incubated overnight at 4 ˚C. 

The plates were washed followed by addition of goat-anti-mouse IgG HRPO 

incubation for 1 hr at 37 ˚C. Finally, plates were developed with TMB substrate 

and after 15 min optical density was recorded at 650 nm using ELISA microplate 

reader (Molecular Devices Corp, CA).  
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4.2.7.2 Cytokine assay 

Single cell suspension of splenocytes was prepared by disrupting the spleen 

between frosted slides. The splenocytes were passed through cell strainer (70 µm) 

to obtain single cell suspension. The red blood cells were lysed with ACK lysis 

buffer and cells were washed twice with serum free media. Finally, the 

splenocytes were resuspended in complete DMEM medium seeded at the density 

of 1 X10
6
/well and stimulated with SARS CoV N protein. The culture 

supernatants were harvested after 72 h incubation at 37 °C in the humidified 

atmosphere at 5% CO2 level. The cytokine contents of supernatants were analyzed 

by cytokine ELISA kit using 96-well Corning microplate as per manufacturer’s 

instructions. 

4.2.8 Statistical analysis 

The data are presented as mean ± standard deviation. Statistical differences 

between means were investigated using one way ANOVA test in conjunction with 

Tukey’s multiple comparison test. The differences between the means were 

considered significant at *p<0.05. The data analysis was performed using 

Graphpad Prism (Graphpad Software Inc., La Jolla, CA, USA). 
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4.3 Results 

4.3.1 Construction and expression of pDECN DNA vaccine  

To facilitate the DEC-205 receptor mediated targeting of SARS CoV N protein; 

we constructed a fusion DNA construct, pDECN. In this construct, a mouse anti-

DEC-205 scFv gene was cloned upstream to SARS CoV N protein and inserted in 

eukaryotic expression vector, pVAX1 (Figure 4.1A). It is expected that upon 

transfection, the pDECN construct will express the fusion protein consisting of 

anti-DEC-205 scFv and SARS CoV N protein, and subsequent secretion will lead 

to DEC-205 receptor mediated targeting of DCs (Figure 4.1B). The pVAX1 is 

highly safe US FDA approved nonfusion vector and contains a human 

cytomegalovirus immediate-early (CMV) promoter for high-level expression in 

mammalian cells and bovine growth hormone (BGH) polyadenylation signal for 

efficient transcription termination and polyadenylation of mRNA.  The pDECN 

construct was verified for gene insertion by restriction fragment digestion with 

NotI and XbaI, and sequence analysis (Figure 4.2A). In order to characterize the 

expression of encoded antigens, HEK 293 T cells were transfected with different 

vaccine constructs and Western blot analysis was performed. Blots were probed 

with an anti-SARS CoV N protein specific monoclonal antibody (19C7) 

previously developed in our lab [13]. Figure 4.2B shows that the expressed 

antigens are of expected molecular size, and expected shift in molecular weight of 

fusion protein was noticed in case of pDECN construct. 
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Figure 4.2 Cloning and expression of vaccine vectors. Panel A shows restriction 

digestion profile of pVAX1, pVAXN and pDECN. Lane 1: GeneRuler 1Kb DNA 

Ladder; Lane 2: Linearized pVAX1 vector, Lane 3: pVAXN digested with BamHI 

and EcoRI: Lane 4: pDECN digested with NotI and XbaI. Panel B, Analysis of 

protein expression. HEK 293T cells were transfected with pVAX1 (control), 

pVAXN and pDECN. Cell lysate and culture supernatants were Western blotted 

using anti-SARS CoV N protein mAb (19C7). The position of protein markers 

(M) in kDa are shown on the left. 
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Next, to verify that expressed fusion protein binds with mouse dendritic cell line, 

DC2.4, which stably expresses DEC-205 receptor, was used. To assess binding 

cell culture supernatants from HEK 293T cells transfected with pVAX1, pVAXN 

or pDECN were incubated with DC2.4 cells, probed with FITC-conjugated 

SARS-CoV N protein specific antibody (19C7) and analyzed using flow 

cytometry. It is evident from the binding experiment that only supernatants of 

cells transfected with pDECN demonstrate binding to DC2.4 cells (Figure 4.3). 

Thus, results of in vitro DC binding study indicate that expressed fusion protein 

(anti-DEC 205 scFv-SARS CoV N protein) is functionally active and capable of 

binding to murine DEC-205 receptor. 

 

 

 

Figure 4.3 Dendritic cell binding study of expressed antigens. Cell culture 

supernatants from pVAX1 (control), pVAXN (N protein), pDECN (αDECN 

fusion protein) transfected HEK 293T cells were incubated with DC2.4 cells, 

expressing murine DEC-205 receptor. After washing, DC2.4 cells were stained 

with FITC-labeled SARS CoV N protein specific (19C7) monoclonal antibody 

and binding to DEC-205 receptor was analyzed by flow cytometry. 
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4.3.2 Formulations and characterization of DNA loaded chitosan NPs 

Chitosan NPs loaded with pVAXN and pDECN were formulated using complex 

coacervation method. The electrophoretic mobility assay of NPs, with 

chitosan:DNA weight ratios of 2:1 and 4:1 was performed to analyze complex 

formation (Figure 4.4A). At 2:1 weight ratio, complexation of DNA to chitosan 

was not complete as some of DNA migrated into the gel. However, nanoparticles 

formulated at 4:1 weight ratio, showed almost complete DNA binding with 

chitosan and were therefore used for subsequent studies. At 4:1 ratio, 

encapsulation efficiency for both pVAXN and pDECN was found to be more than 

98%. The hydrodynamic diameter of pVAXN and pDECN loaded chitosan 

nanoparticles was 291.9 ± 11.6 nm and 295.2 ± 9.3 nm, respectively (Table 4.1). 

No significant difference in the size of nanoparticles was recorded with varied 

size of plasmid DNA constructs. 

Protection of DNA from nuclease digestion is vital for proper transfection and 

expression of encoded antigen. Therefore, we challenged the DNA loaded 

nanoparticles to DNAse I digestion. Our results indicate that the 

nanoencapsulation of pVAXN and pDECN DNA provided protection against 

nuclease digestion (Lanes 2 and 4 in Figure 4.4B), whereas, the naked plasmid 

DNA was completely digested with DNAse I (Lanes 1 and 3, Figure 4.4B). 

Further, nuclease concentration employed in the current experiments is markedly 

higher than that present under physiological conditions [16]. Thus, we speculate 

that chitosan nanoparticle formulations can protect plasmid DNA against nuclease 

digestion following in vivo applications.  

It is worth mentioning that an optimum ratio of chitosan to DNA at its least was 

used for the formulation of DNA encapsulated chitosan NPs. A higher ratio of 

chitosan to DNA might result in slow release of plasmid DNA and thus can 

reduce the magnitude of transfection. It is evident from previous studies that an 

optimum ratio of chitosan allows for higher transfection efficiency due to easy 

dissociation of complexes [17]. 
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Figure 4.4 Formulation and nuclease digestion profile of chitosan nanoparticles. 

(A) Electrophoretic mobility assay of pVAXN and pDECN loaded chitosan 

nanoparticles prepared at different weight ratio of chitosan to pVAXN and 

pDECN. (B) Nuclease digestion profile of pVAXN and pDECN loaded chitosan 

nanoparticles. Naked DNA and chitosan NPs formulated at 4:1 weight ratio of 

chitosan to DNA were digested with DNAse I for 30 and 60 min at 37 °C. The 

reaction was stopped with EDTA and samples were run on ethidium bromide 

containing 1% agarose gel.  

 

 

 

Table 4.1 Characterization of pVAXN and pDECN loaded chitosan NPs. 
 
Formulation* Size (nm) PI Zeta potential  

    (mV) 

pVAXN chitosan NP 291.9 ± 11.6 0.256 ± 0.13  

 

26.4 ± 2.6 

 

pDECN chitosan NP 295.2 ± 9.3  

 

0.261 ± 0.01 

 

26.2 ± 3.4 

* The nanoparticles were formulated at 4:1 weight ratio of chitosan to DNA.      

PI: polydispersity index.   
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In vitro transfection efficiency of chitosan nanoparticles was verified using HEK 

293T cells, and was compared with that of positive control lipofectamine. For this 

purpose we used a GFP-reporter plasmid and percent of GFP positive cells were 

analyzed after 48 h using flow cytometry. Transfection of HEK 293T cells with 

pEGFP-C1 loaded chitosan nanoparticles resulted in ~12 ± 4 % GFP positive 

cells; whereas transfection with lipofectamine resulted in ~72 ± 6 % GFP positive 

cells (Figure 4.5). Transfection with lipofectamine resulted in approximately five-

fold higher transfection compared with chitosan nanoparticles. The low-

transfection efficiency of chitosan might be explained based on the high 

molecular weight of chitosan employed in our studies, preventing easy 

dissociation of DNA [18]. Beside this, physiological pH range of transfection 

medium could have resulted in reduced charge density on chitosan NPs ultimately 

leading to lower transfection. Naked plasmid pEGFP-C1 was least effective in 

transfecting cells and approximately 1% of GFP positive cells were transfected, 

which is equal to background. 

 

 

 

Figure 4.5 In vitro transfection efficiency of pEGFP-C1 loaded chitosan 

nanoparticles. HEK 293T cells were treated with either (i) soluble, (ii) 

nanoparticle encapsulated or (iii) lipofectamine complexed pEGFP-C1 DNA and 

allowed to grow for 48 h, afterwards, the percentage of GFP positive cells was 

analyzed using flow cytometer. Results are summarized as per cent GFP-positive 

cells (means±SD of triplicate wells).  
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4.3.3 Antibody responses to SARS CoV N protein and fragments 

To evaluate whether the presence of DEC-205 targeting scFv will improve the 

humoral immune responses, BALB/c mice were primed on day 0 and boosted on 

day 21 with pVAXN or pDECN constructs. Two weeks after boosting, serum was 

harvested and SARS CoV N protein and fragments specific IgG titers were 

determined using ELISA. It is evident from the results that IgG titers obtained 

with pDECN DNA immunized mice are significantly higher compared with 

pVAXN construct (*p<0.05) (Figure 4.6A). Immunization of mice with pDECN 

construct induced higher IgG titer compared to pVAXN, irrespective of 

administration in soluble or nanoparticulate form. Furthermore, the nanoparticle 

encapsulated vaccine formulations benefited from the coadministration of soluble 

anti-CD40 mAb as DC maturation stimuli. 

Next, we evaluated whether the IgG antibody responses against fragments (N-

terminal, central and C-terminal region) of SARS nucleocapsid protein. Our data 

shows that C-terminal is dominant region for the N protein specific IgG responses 

(Figure 4.6B). This is in good agreement with previous findings showing the 

presence of three immunodominant epitopes of SARS CoV N protein in BALB/c 

mice, of which the C-terminal region (NP1.3, amino acid 281-422) was shown to 

be most antigenic [19, 20]. 
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Figure 4.6 Detection of SARS CoV N protein and N protein fragment-specific 

humoral immune response in the mice immunized with various DNA vaccine 

formulations. Sera was collected from mice  two weeks after final immunization 

and analyzed for IgG response against SAR CoV N protein (panel A) and N 

protein fragments (N-teriminal region, NP1.1 aa 1-140; Middle-region, NP1.2 aa 

141-280; C-teriminal region NP1.3, aa 281-422) (panel B) using ELISA.  Data are 

presented as group means±SD of five mice. The differences between the means 

were considered significant at *p<0.05 
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4.3.4 SARS N protein specific cytokine responses 

To evaluate the efficacy of pDECN and pVAXN in provoking cell-mediated 

immune responses, we evaluated the IFN-γ and IL-2 secretion profile of 

splenocytes using N protein as recall antigen (Figure 4.7). Splenocytes of mice 

immunized with pDECN constructs secreted significantly higher levels of IFN-γ 

and IL-2 compared with pVAXN immunized mice. Further, inclusion of anti-

CD40 antibody along with nanoparticulate vaccine formulations improved the 

levels of IFN-γ and IL-2. Thus, it is evident that both pVAXN and pDECN 

constructs seems to benefit from adjuvant effects of anti-CD40 antibody. These 

results are in agreement with previous findings showing that, DEC-205 targeted 

delivery of protein antigen to DCs has been shown to improve T cell mediated 

immune responses; on contrary the absence of maturation stimuli was shown to 

induce peripheral CD8 T cell response was noticed [21, 22]. 

Furthermore, the vaccine formulation containing pDECN encapsulated chitosan 

NPs in combination of anti-CD40 mAb was shown to induce highest levels of Th1 

cytokines (IFN-γ and IL-2) compared to all other formulations evaluated in our 

studies. The induction of multiple cytokine producing Th1 cells has been shown 

to strongly correlate with ability of vaccine formulations to provide protection 

against virus challenge and in the induction of long-lasting memory responses 

[23, 24].  
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Figure 4.7 SARS CoV N protein specific ex-vivo cytokines secretion profile. 

Splenocytes from different groups of mice were stimulated with SARS CoV N 

protein for 72 hr and culture supernatants were analyzed for presence of IFN-γ 

(panel A) and IL-2 (panel B) using cytokine specific ELISA. Data represent 

mean±SD of triplicate cultures. The differences between the means were 

considered significant at *p<0.05. 
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4.4 Discussion 

SARS emerged as a first infectious disease of the twenty first century, and 

causative agent of SARS was identified as a novel coronavirus named SARS CoV 

[25, 26]. SARS CoV contains four major structural proteins: nucleocapsid (N), 

membrane (M), spike (S) and envelop (E) protein. The N protein is abundantly 

expressed during infection and helps in the replication and transcription of viral 

mRNA and therefore critical for SARS CoV pathogenesis. Furthermore, N protein 

is highly conserved within different isolates and abundantly shed during infection. 

Moreover, the presence of longer lasting N protein-specific antibodies and 

memory T cells are found in SARS CoV recovered patients [27, 28]. Thus, N 

protein represents a key antigen for development of vaccines.  

Numerous studies have used N protein based DNA vaccine approach [20, 29, 30]. 

In an elegant study, a fusion DNA vaccine consisting of calreticulin fused with 

SARS N protein was shown to elicit potent N protein specific antibody and CD8+ 

T cell responses in mice [29]. Intramuscular DNA vaccination of mice with 

calreticulin fused N protein significantly reduced the titer of recombinant vaccinia 

virus expressing SARS CoV N protein after the challenge. A previous study 

demonstrated that magnitude of N protein specific antibody and T cell responses 

can be enhanced by controlling the trafficking of DNA-encoded antigens to 

lysosomal/endosomal vesicular compartment for MHC class II presentation [30].  

Immunization of mice with fusion DNA vaccine consisting of N protein linked to 

lysosome-associated membrane protein (LAMP) induced stronger and long-

lasting memory T cell response. These studies demonstrate that immunogenicity 

of N protein encoding DNA vaccines can be improved by routing them to specific 

antigen-processing and presentation compartments. Although an improved 

immune response can be obtained, the intracellular targeting strategies do not 

provide targeted delivery of DNA encoded antigens to DCs.  

DCs targeting of DNA vaccines can be achieved using two approaches: direct 

transfection of DCs or use of fusion plasmid DNA that encodes for antigen and 

DC-surface specific receptor ligand (scFv to DEC-205). Direct transfection can be 
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achieved by means of targeted delivery of DNA to DC surface receptors. Using 

this approach DNA encapsulated nanoparticulate delivery systems can be targeted 

with the help of DC receptor ligands. We have demonstrated in chapter 2, that DC 

targeted delivery of pVAXN loaded biotinylated chitosan resulted in improved 

immune response following intramuscular and intranasal delivery [11]. In this 

strategy pVAXN loaded nanoparticles were formulated using biotinylated 

chitosan polymer and these nanoparticles were functionalized with bfFp for DC 

targeting.   

Although, bfFp based targeting resulted in enhanced immune responses, the 

immunogenicity of core-streptavidin arm can prevent repeated administration of 

bfFp targeted nanoparticles. Beside, this number of DCs transfected can also be 

limiting factor in this case. Therefore, in the current strategy we adopted an 

indirect approach to accomplish the DC targeted delivery of encoded antigen. For 

realization of DEC-205 mediated DC targeting, SARS N protein antigen was 

linked to a single chain antibody that target DEC-205 receptor on DCs. We 

demonstrated using in vitro experiments that expressed antigen is indeed taken up 

by DC via DEC-205 receptor mediated endocytosis. To study whether the 

outcome of immune responses can be influenced by this strategy, we carried out a 

head-to-head comparison of pDECN and pVAX construct in soluble and 

nanoparticulate form.  

Our results suggest that efficacy of SARS N protein DNA vaccines can be 

enhanced by fusing antigen with anti-DEC-205 scFv. Immunization of mice with 

pDECN DNA construct resulted in significantly higher N protein specific IgG 

titers and cytokine secretion (IFN-γ and IL-2). We show that irrespective of 

delivery in soluble or particulate form, pDECN DNA construct that is capable of 

binding with DCs elicited improved immune responses compared to pVAXN. 

Furthermore, the magnitude of immune responses obtained with the 

nanoparticulate delivery of pDECN and pVAXN was improved upon co-

administration of anti-CD40 antibody as DC maturation stimuli.  
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The chitosan nanoparticle based formulations stabilized the encapsulated DNA 

and thus prevented premature degradation, a step which is of paramount 

importance in case of designing low-dose vaccines. These nanoparticles can also 

be used for co-delivery of multiple DNA antigens and other immunomodulators 

such as CpG or poly I:C. The results of this study raises the possibility that DNA 

strategy employing scFv linked to SARS E, M, S protein may elicit neutralization 

antibodies. Alternatively, a plasmid DNA encoding for cytokines, which can 

recruit DCs to the inoculation site can also be incorporated for enhancing the 

efficacy of fusion DNA vaccine constructs. 

The fusion DNA based DC targeting approach can particularly beneficial for the 

recombinant protein antigens such as SARS N protein, which are highly unstable, 

autocatalytic in nature and often require cold-chain storage. The strategy proposed 

in general can be applied as an alternate to protein based DC targeted vaccines, 

which require time-consuming optimization and protein production. The fusion 

DNA based vaccines can be promptly engineered and produced on large-scale and 

thus can serve as valuable tools in case of possible SARS CoV or other pandemic 

or bioterrorism threats to minimize the extent of damage. 
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5.1 Introduction 

Polymeric micro- and nanoparticle based vaccine delivery systems are emerging 

as viable platform for improving immune response against a number of vaccine 

antigens [1-4]. Several studies have demonstrated that nanoparticulate vaccines 

composed of poly(D,L-lactic-co-glycolic acid) (PLGA) polymer can induce both 

humoral and cell-mediated immune responses in animals [5-9]. These nano-sized 

antigen delivery systems offer several benefits over soluble antigens, such as 

sustained-antigen release, co-encapsulation of multiple vaccine components and 

protection from degradation by enzymes [10, 11]. Additionally, nanoparticles can 

be functionalized with DC receptor-specific ligands to achieve active targeting 

and ensure delivery of large amounts of Ag to DCs. 

Despite extensive research on PLGA nanoparticle based vaccines, only some 

studies have reported active targeting of these nanovaccine formulations to DCs. 

Recently, active targeting of Ag-loaded PLGA nanoparticles with the help of DC 

receptor-specific antibodies has shown to strongly enhance vaccine efficacy [12-

14]. Although promising, current strategies to formulate antibody-targeted 

particulate vaccines are limited and often require sophisticated chemistry. 

Therefore, a more stable and feasible approach to formulate DC targeted 

nanoparticle based vaccines is required. 

To achieve DC selective targeting of soluble biotinylated antigens, in this chapter 

we explored a recombinant bifunctional fusion protein (bfFp) based approach 

[15].  The bfFp is a fusion protein, where a single chain variable fragment (scFv) 

that recognizes mouse DC DEC-205 is fused with a core-streptavidin.  The core-

streptavidin arm can form a complex with any biotinylated antigen and anti-DEC-

205 scFv facilitates DC targeting.  Using this strategy, a low-dose of biotinylated 

antigen (protein, peptide, ganglioside and plasmid DNA) in the presence of DC 

maturation stimuli (anti-CD40 mAb) was adequate to provide a strong immune 

response in mice [15].  Herein, we extend the feasibility of bfFp based approach 

for DC targeting by designing biotinylated PLGA nanoparticles for the delivery of 

protein antigen(s) where the antigen is encapsulated inside the NPs.  Biotinylated 
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PLGA nanoparticles loaded with a model antigen, ovalbumin (OVA), were 

formulated using biotin-PEG-PLGA polymer and were decorated with bfFp for 

DC targeting.  The DC targeted and non-targeted nanoparticle formulations were 

investigated for in vitro uptake and modulation of DC functions.  Subsequently, 

these formulations were evaluated for the induction of humoral and cell-mediated 

immune responses. 

5.2 Material and Methods  

5.2.1 Materials 

Acid end group-terminated poly(D,L-lactide-co-glycolic) acid PLGA copolymer 

with monomer ratio 50:50 and molecular weight 18,000 Da, was purchased from 

Lakeshore Biomaterials (Birmingham, AL, USA).  Heterobifunctional PEG 

derivative (biotin-PEG2,000-amine) was from Laysan Bio, Inc. (Arab, AL, USA).  

Chicken ovalbumin (Grade-V), poly(vinyl alcohol) (PVA, 87-89 % hydrolysed, 

mol wt 31-50 kD), Horseradish peroxidase (HRPO) conjugated goat anti-mouse 

IgG secondary antibody and Complete Freund’s Adjuvant (CFA) were purchased 

from Sigma-Aldrich (Oakville, ON, Canada). Micro bicinchoninic acid
TM

 

(microBCA) protein assay kit was from Pierce (Rockford, IL).  Fluorescent probe 

tetramethylrhodamine (TMRD) labeled dextran (mol wt 70,000 g/mol) and 

Fluoreporter biotin quantitation kits were obtained from Molecular Probes 

(Eugene, OR). All cytokine-specific ELISA kits were from eBioscience (San 

Diago, CA).  TMB (3,3´,5,5´-tetramethylbenzidine) peroxidase substrate was 

from Kirkegaard and Perry Laboratory Inc. (Gaitherburg, MD).  HRPO-

conjugated goat anti-mouse IgG1, IgG2b, IgG2c secondary antibodies were from 

Southern Biotech (Birmingham, AL).  Rat anti-mouse CD40 monoclonal antibody 

was purified from hybridoma (clone 1C10), procured from Dr. M. Gold 

(University of British Columbia, Canada). 
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5.2.2 Synthesis of biotin-PEG-PLGA conjugate 

Biotinylation of PLGA polymer associated carboxylic acid group was done using 

bifunctional PEG derivative (biotin-PEG2,000-amine) [16].  Briefly, PLGA (540 

mg, 0.03 mM) was dissolved in DMF (10 ml) and carboxyl groups were activated 

by addition of HCTU [2-(6-Chloro-1H-benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium hexafluorophosphate] (25 mg, 0.06 mM) in the presence of 

N,N diisopropylethylamine (DIPEA, 50 µl) under continuous stirring for 8-10 

min.  The solution turned dark brown indicating activation of PLGA carboxylic 

acid groups.  To this end, biotin-PEG2,000-amine (103 mg, 0.045 mM) solution 

in dry DMF was added and reaction mixture was stirred at 25 °C for 24 hr.  

Product was precipitated by slowly adding to ice cold diethyl ether (100 mL) and 

collected by centrifugation at 3,500 rpm for 10 min. Supernatant was decanted 

and precipitate was washed with diethyl ether (3x 25 ml). Finally; biotin-PEG-

PLGA conjugate was dried for 48 hr under vacuum at room temperature.  The 

yield of final product was approximately 475 mg (~75%). Similarly, methoxy 

PEG2,000-amine was used for the synthesis of pegylated PLGA. The 

incorporation of biotin-PEG-amine in PLGA polymer was characterized using 
1
H 

NMR spectroscopy and spectra were obtained on Bruker 600 MHz spectrometer 

using deuterated-DMSO as solvent. 

5.2.3 Formulation of nanoparticles 

PLGA nanoparticles containing OVA protein were prepared using modified 

water/oil/water (W/O/W) double emulsion solvent evaporation method.  Briefly, 

OVA protein (3 mg in 200 µL PBS pH 7.4) was added to the polymer solution (4 

mL, 25 mg/ ml) in dichloromethane and sonicated for 30s at 25 % amplitude 

using a microtip sonicator, Vibra-Cell (Sonics and Materials, Newtown, CT).  The 

resulting primary emulsion (W/O) was further emulsified in PVA (16 mL, 1% 

w/v) and sonicated for 120 s at 40 % amplitude.  The double emulsion was then 

added drop wise into distilled water (20 mL) and stirred overnight for removal of 

dichloromethane and nanoparticles were harvested by centrifugation at 19,000 

rpm for 20 min.  The pellet was resuspended and washed with cold PBS (pH 7.4) 
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to remove residual PVA, washing step was repeated three times.  Finally, NPs 

were suspended in water and freeze dried for 48 hr using benchtop freeze dryer 

(Labconco, USA).  Fluorescent NPs were formulated by using TMR-dextran 

conjugate (1% w/w ratio to polymer), while blank PLGA NPs were synthesized 

using PBS in place of ovalbumin. 

5.2.4 Characterization of formulations 

5.2.4.1 Particle size and surface charge (ζ potential) 

The particle size and zeta-potential (ζ) of PLGA and biotinylated PLGA 

nanoparticles were measured by dynamic light scattering (DLS) technique using 

ZetaSizer 3000 HS (Malvern, UK).  For size analysis, a suspension of NPs (1 

mg/ml) was prepared in distilled water and sonicated on water bath for a minute 

and size was measured at 25 ˚C.  

5.2.4.2 Morphology 

The nanoparticle shape and surface morphology was assessed by scanning 

electron microscopy (Philips/FEI LaB6 Environmental Scanning Electron 

Microscope, ESEM). Briefly, lyophilized NPs were coated on the adhesive carbon 

tapes by sprinkling the nanoparticles with a fine brush.  The NPs were coated with 

gold in sputter under vacuum before mounting the samples in SEM. 

5.2.4.3 Qualitative and quantitative estimation of NP surface associated 

biotin 

Binding of Oregon green 488 conjugated neutravidin (NAv) (Invitrogen, Eugene, 

OR) with NPs formulated using biotinylated PLGA (biotin-PEG-PLGA) or 

pegylated PLGA (methoxy-PEG-PLGA) was used to qualitatively analyze 

presence of surface associated biotin.  Briefly, 100 µL samples of NP suspension 

(~1 mg/mL) formulated using biotinylated or pegylated PLGA were incubated 

with graded amounts of NAv conjugate for 15-20 minutes in dark while shaking. 

After incubation, 1 ml PBS was added and suspension was centrifuged (13,000 

rpm) for 10 min and supernatant was discarded.  NP pellet was resuspended and 

washed with PBS (1 ml) and centrifuged again.  Steps were repeated three times 
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to ensure removal of unbound NAv conjugate.  Finally, NPs were uniformly 

suspended in PBS and fluorescence intensity of samples was measured using 

FACS Canto II flow cytometer. 

Quantitative estimation of NP surface associated biotin was done using 

Fluoreporter® biotin quantitation assay [17].  This assay uses Biotective Green 

reagent, which consists of fluorescent dye labeled avidin and with a quencher dye 

ligand occupying biotin binding sites. Through fluorescence resonance energy 

transfer (FRET), the ligand quenches fluorescence and addition of biotin displaces 

the quencher dye from Biotective Green reagent, yielding fluorescence 

proportional to the amount of added biotin.  NP suspension was prepared at 

different concentrations (1.0, 0.5 and 0.25 mg/ml) and the assay was performed in 

triplicate with two batches as per vendor’s protocol.  The background obtained 

with NP formulated using non-biotinylated PLGA nanoparticles was subtracted 

from biotinylated PLGA nanoparticles.  A standard curve of biotin-PEG2,000-

amine was used to calculate unknown quantity of biotin present on the NPs.  The 

fluorescence intensity was measured in Synergy microplate reader (Biotek 

Instruments, Winooski, VT)) using typical fluorescein wavelengths 

(excitation/emission maxima ~485/530 nm). 

5.2.4.4 Estimation of antigen content 

The quantity of entrapped OVA in NPs was determined using microBCA protein 

assay kit.  Briefly, NPs (10 mg) were dissolved in NaOH solution (2 mL, 0.5 N) 

containing 0.1% w/v of sodium dodecyl sulfate (SDS) and incubated overnight at 

37˚C on incubator shaker at 100 rpm for complete lysis.  The solution was 

centrifuged at 13,000 rpm for 5 minutes, neutralized and diluted before protein 

analysis.  Absorbance of plain NPs was subtracted from absorbance of protein 

loaded NPs and amount of OVA per mg of nanoparticle weight was calculated 

from standard curve generated with OVA. 
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5.2.5 Bone-marrow derived dendritic cell (BMDCs) culture 

BMDCs were generated from bone marrow precursors isolated from femurs and 

tibias of wild type C57BL/6 mice according to established protocols [18]. Briefly, 

bone marrow precursors were cultured at the density of 2x10
6
 per 100-mm culture 

dish in 10 ml complete RPMI (RPMI-1640 supplemented with gentamycin (80 

µg/ml), L-glutamine (2 mM), and 10% heat inactivated FBS) containing 20 ng/ml 

of murine GM-CSF.  At day 3, 10 ml of 20 ng/ml of GM-CSF containing 

complete RPMI media was added.  At day 6, half of the culture supernatants were 

replaced with fresh media containing 10 ng/ml of GM-CSF. Non-adherent or 

semi-adherent BMDCs were harvested and purity of cells was determined based 

on expression of CD11c and found to be more than 70%. 

5.2.6 BfFp decoration to nanoparticles  

The dendritic cell targeting vector (bfFp) was expressed and purified as 

periplasmic and cytoplasmic soluble protein according to our previous protocols 

with minor modifications [15, 19].  Prior to all studies, bfFp was passed through 

Detoxi-Gel
TM

 Endotoxin Removing Gel (Thermo Fisher Scientific Inc. IL, USA) 

for removal of endotoxins. Targeted NPs were formulated by incubation of bfFp 

with suspension of biotinylated PLGA NPs in PBS with continuous shaking for 

30 min at room temperature. Specifically, 100 µl of bfFp (250 µg/ml) was added 

to 1 mg of NPs suspended in 100 µl of PBS. Following incubation, NPs were 

centrifuged at 13,000 rpm for 10 min and supernatants were analyzed for unbound 

bfFp using microBCA protein assay. Apparently all bfFp was bound to 

nanoparticles as no protein could be detected in the supernatants.   

5.2.7 Uptake of nanoparticles by BMDCs 

Uptake studies of DC-targeted and non-targeted biotinylated PLGA by BMDCs 

were performed using flow cytometry. For uptake studies, TMRD-dextran loaded 

biotinylated PLGA were treated as non-targeted NPs, while targeted NPs were 

synthesized by conjugation of bfFp (25 µg/mg of NPs) as described in previous 

section. 
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Briefly, BMDCs were seeded at the density of 1x10
6
 /mL in complete RPMI 

media in a 6-well plate and allowed to adhere for 2 hr.  Additionally to verify 

specificity of receptor-mediated uptake of targeted NPs, BMDCs were incubated 

with 25 µg/well of anti-DEC-205 mAb (clone NLDC 145) for 30 min before 

adding targeted NPs. A 100 μg/well of nanoparticle (targeted and non-targeted) 

suspension was added and cells were incubated for 1 hr at 37°C.  After 

incubation, media was aspirated and wells were flushed with ice cold FACS 

buffer (PBS with 5% fetal calf serum, and 0.09% sodium azide). Cells were 

harvested and washed to remove non-internalized particles.  Fc receptors were 

blocked with anti-mouse CD16/CD32 antibody for 30 min, and thereafter cells 

were washed and stained with FITC conjugated anti-mouse CD11c antibody for 

30 min.  Finally, the cells were washed twice and resuspended in FACS buffer 

(500 μl). Cells were analyzed for TMRD positivity and cell-associated 

fluorescence using a FACS Canto II system (Becton Dikinson, USA) and data 

was processed using Flowjo software v7.6.5 (TreeStar Inc.). 

5.2.8 Cytokine secretion and maturation of BMDCs  

Semi-adherent and non-adherent BMDCs at Day 6 of culture were harvested and 

seeded at the density of 1x10
6
 /mL in a 6-well plate for 24 hr. Next, cells were 

treated with 100 μg of biotinylated NPs (blank NPs), OVA loaded biotinylated 

NPs (NP), bfFp functionalized OVA loaded NP (targeted NP), and bfFp 

functionalized OVA loaded NP (targeted NP) along with the soluble anti-CD40 

mAb.  Lipopolysaccharide (LPS) at a concentration of 1 μg/ml was used as 

positive control, while untreated cells served as media control.  Where applicable, 

each milligram of nanoparticles contains 23.5 μg of encapsulated OVA and 25 µg 

of surface associated bfFp.  A total quantity of 2.5 µg/well of anti-CD40 mAb, 

either alone or with targeted particle was used as DC maturation stimuli. Cells 

treated with equivalent amounts of soluble OVA, bfFp and anti-CD40 mAb were 

treated as relevant controls. After incubation for 24 hr with indicated 

formulations, culture supernatants were harvested and stored at -80°C for analysis 

of interleukin-6 (IL-6), interleukin-12 (IL-12) and interleukin-10 (IL-10) using 
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cytokine-specific ELISA kits. For the measurement of DC activation markers, 

cells were washed to remove uningested formulations and harvested with the help 

of a scraper.  Cells were then treated with Fc receptor block for 30 min and 

washed.  Finally, cells were stained with anti-mouse CD 11C (FITC), CD 86 (PE-

Cy5) and CD 40 (APC) antibodies for 30 min. After washing free antibodies, 

samples were analyzed on FACS Canto II system and data was processed using 

Flowjo software. CD11c
+
 subset of cells was analyzed for expression of CD86 

and CD40.   

5.2.9 Immunization experiments 

Wild-type C57BL/6 mice were procured from Charles River Laboratories Inc. 

(Canada) and housed at Health Sciences Laboratory Animals Services (HSLAS) 

at the University of Alberta, Edmonton, Canada. All experiments were performed 

using 8-12 week old female mice. Animal studies were conducted in accordance 

with the Canadian Council on Animal Care Guidelines and Policies and approved 

by the Animal Care and Use Committee (Health Sciences) at the University of 

Alberta.  A total of 5 mice per group were immunized subcutaneously (s.c.) near 

inguinal lymph node with 0.1 mL of various formulation as detailed in Table 5.1.  

A 20 µg/mouse dose of OVA was administered in soluble or particulate form. The 

targeted formulations were prepared by mixing bfFp with appropriate amounts of 

biotinylated nanoparticles for 30 minute, as described earlier.  Where applicable, 

the dose of anti-CD40 mAb as DC maturation stimuli was 25µg per dose. The 

anti-CD40 mAb was added to formulations immediately before administration to 

avoid any non-specific attachment on nanoparticles.  Group of mice primed with 

Complete Freund’s adjuvants (CFA) were boosted with OVA emulsified in 

Incomplete Freund’s adjuvant (IFA).  On day 21, a booster dose of respective 

formulations containing 20 µg of OVA was injected. Ten days after boosting, 

mice were sacrificed by CO2 asphyxiation and cervical dislocation. Blood was 

collected by cardiac-puncture for evaluation of humoral immune response, while 

spleens were ascetically removed for ex vivo cytokine responses. 
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Table 5.1 OVA and PLGA nanoparticle vaccine formulations. 

Formulations Description* 

OVA OVA as soluble form 

NP OVA encapsulated within biotinylated NPs 

Targeted NP OVA encapsulated biotinylated NPs decorated with bfFp 

Targeted NP+ αCD40 OVA encapsulated biotinylated NPs decorated with bfFp 

+ soluble anti-CD40 mAb (25 μg/dose) 

CFA OVA emulsified in Freunds’s adjuvant 

* Mice were subcutaneously (S.C.) immunized twice on day 0 and 21.  A 20 

μg/mouse dose of OVA was administered in each formulation.  For the targeted 

NPs, 25 μg of bfFp was conjugated to the NPs. In Complete Freund’s adjuvant 

group, mice were boosted with Incomplete Freund’s adjuvant. 

 

 

5.2.10 Evaluation of humoral immune responses 

The blood samples were allowed to clot for 1 hr at 4˚C and serum was harvested 

by centrifugation at 5,000 rpm for 10 min and stored at -20˚C, until analyzed.  

OVA-specific IgG titters were evaluated using ELISA. Briefly, Nunc MaxiSorp 

flat-bottom 96-well ELISA microplates were coated with 100 µl of OVA solution 

(10 µg/ml) overnight at 4 ˚C. Next day, plates were washed three times with 

PBST (0.1 % Tween 20 in PBS pH 7.4) and blocked with 1% BSA solution for 1 

hr at 37 ˚C. Plates were again washed with PBST and 100 µl of diluted serum 

(1:10,000) from each mouse was added in duplicate and incubated overnight at 4 

˚C.  The plates were washed with PBST and then incubated with 100µl/well of 

goat anti-mouse HRPO conjugates (1:2000) for 1 hr at 37 ˚C. The plates were 

again washed and then 100 µl/well of TMB substrate was added. Finally, optical 

density at 650 nm was measured after 15 minute using ELISA Vmax microplate 

reader (Molecular Devices Corp, CA). 
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5.2.11 Ex vivo cytokine assay 

The spleens from each group of mice were aseptically removed and pooled.  

Splenocytes were isolated by disrupting the spleens between frosted slides.  The 

red blood cells were lysed using ACK lysis buffer and then cells were washed 

with serum free RPMI medium.  A single cell suspension of splenocytes was 

prepared by passing through a cell-strainer (70 µm) and count was adjusted to 1 Χ 

10
7 

cells/ml with complete RPMI media.  Finally, cells were seeded in 96-well 

plates at a density of 1 Χ 10
6 

cells/well. Splenocytes were stimulated with OVA as 

recall antigen (20 µg/ml) in total volume of 200 µl/well and incubated for 96 hr at 

37 ˚C in humidified 5% CO2 incubator. After incubation, plates were centrifuged 

and supernatants were collected and stored at -80 ˚C, until analyzed. IL-2, IL-4, 

IL-10 and IFN-γ levels in culture supernatant were determined using cytokine-

specific ELISA according to manufacturer’s instructions. 

5.2.12 Statistical analysis 

Data are presented as mean ± standard deviation (SD). Statistical significance of 

difference was analyzed by one-way ANOVA followed by Tukey’s multiple 

comparison test. Statistical difference is denoted as *p<0.05, **p<0.01, 

***p<0.001 or ns = no significant difference (p>0.05).  Data was analyzed using 

Graphpad Prism, version 5.00 (Graphpad Software Inc., USA). 
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5.3 Results 

5.3.1 Formulation of OVA-encapsulated biotinylated PLGA nanoparticles 

Biotin-PEG-PLGA polymer was prepared by conjugating heterobifunctional 

biotin-PEG2,000-amine to the free carboxylate of PLGA using HCTU as a 

coupling agent as per previously reported method (Figure 5.1A) [16]. The 

polymer was obtained in 75% yield and was characterized using NMR 

spectroscopy. The proton NMR of biotin-PEG-PLGA polymer revealed 

characteristic peak of both PLGA and PEG (Figure 5.1B). Peak at 3.5 ppm 

corresponds to the methylene groups of the PEG backbone, while the peak at 1.48 

ppm is attributed to methyl groups of the lactide chain.  The multiplets at 5.25 and  

4.80 ppm corresponds to the lactic acid CH and the glycolic acid CH2, 

respectively.  
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Figure 5.1 Synthesis and characterization of biotin-PEG-PLGA conjugate. Panel 

A, Synthetic scheme for biotin-PEG-PLGA conjugate. Panel B Proton NMR 

analysis of biotin-PEG-PLGA, PLGA-COOH and biotin-PEG-amine. Peak at 3.5 

ppm (*) corresponds to the methylene groups of the PEG backbone, while the 

peak at 1.48 ppm (x) is attributed to the methyl groups of the lactide chain. The 

multiplet at 5.25 ppm (α) and 4.80 ppm (β) corresponds to the lactic acid CH and 

the glycolic acid CH2, respectively. Peak at 2.50 ppm is contributed by DMSO-d6, 

while peak 3.35 ppm is contributed by water in DMSO.  
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The double-emulsion solvent evaporation method was used to formulate 

ovalbumin-encapsulated NPs using native PLGA and biotin functionalized PLGA 

(Table 5.2). The average size of OVA loaded PLGA NPs was found to be 212.1 ± 

3.7 nm, slightly more than NPs formulated with biotin-PEG-PLGA (198.5 ± 2.5 

nm). With reference to nanoparticles size similar findings have been reported by 

other research groups using PEG-PLA diblock copolymers [20, 21]. The zeta-

potential of NPs formulated with biotin-PEG-PLGA was found to be -23.9 ± 0.5 

mV, which is higher than NPs formulated with native PLGA (-31.4 ± 3.2 mV), 

indicating that COOH groups of polymer have been successfully biotinylated and 

exposed on the NP surface. The loading efficiency of OVA was increased when 

biotinylated PLGA was used to formulate NPs, this might be due the presence of 

hydrophilic PEG chain in PLGA backbone. Based on published results, it is 

speculated that PEG chains are oriented towards the surface of NPs, thus 

providing effective surface coverage which results in reduced diffusion of protein 

towards external aqueous phase [20]. Further, analysis of particle morphology 

using SEM confirmed that nanoparticles were fairly smooth and spherical in 

shape (Fig 5.2A).   

 

 

Table 5.2 Physico-chemical characterization of PLGA nanoparticles. 

a
 Polydispersity index (PDI) of nanoparticle formulations measured by DLS. 

 

Formulations  Average diameter 

 ± S.D. (nm) 

PDI 
a
± S.D. ζ Potential 

(mV) 

OVA loading 

(µg/mg) 

PLGA NP 212.1±3.7 0.104 ± 0.05 -31.4 ± 3.2 19.2 ± 1.5 

Biotinylated PLGA NP 198.5 ± 2.5 0.095 ± 0.07 -23.9 ± 0.5 23.5 ± 2.6 
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Figure 5.2 Characterization of PLGA nanoparticles. (A) Representative SEM 

image of PLGA NPs formulated with biotin-PEG-PLGA conjugate. (B) 

Qualitative analysis of NP surface associated biotin. NPs formulated using 

biotinylated and non-biotinylated PLGA were incubated with graded amounts of 

neutravidin Oregon green 488 (NAv) for 15 minutes followed by washing to 

remove unbound quantity and analyzed using flow cytometry. The binding of 

NAv contributed to the increase in NP surface associated fluorescence.  
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To evaluate whether NPs formulated using biotin-PEG-PLGA conjugate display 

abundant biotin on NP surface, the presence of NP surface associated biotin was 

verified using qualitative and quantitative methods. For qualitative analysis, the 

non-biotinylated NPs (prepared using PEG-PLGA copolymer) and biotinylated 

NPs (prepared using biotin-PEG-PLGA copolymer) were incubated with 

fluorescent neutravidin (NAv) and after washing the unbound NAv, the NPs were 

analyzed on flow cytometer. The results of neutravidin binding studies show that 

there are abundant surface associated biotin molecules providing enough docking 

sites for the attachment of neutravidin (Fig 5.2B).  

Comparatively, the efficiency of neutravidin binding was very low on the non-

biotinylated NPs and could be merely due to physical adsorption of neutravidin.  

No drastic increase in the magnitude of mean fluorescence intensity was observed 

in case of non-biotinylated NPs, even when neutravidin concentration was 

increased from 1 to 50 µg/mg of NPs. However, for biotinylated NPs, a 

proportionate increase in mean fluorescence intensity was observed, when 

increasing amount of neutravidin (1 to 50 µg/mg of NP) was used. These results 

strongly support the conjecture that only the presence of biotin was responsible 

for effective binding with neutravidin and increase in the fluorescence intensity. 

Conclusively, neutravidin binding assay confirms that biotin present on NP 

surface is functionally active. 

Quantitative assessment of NP surface associated biotin level was carried out 

using fluoreporter biotin quantitation assay, which is capable of detecting 

picomolar quantity of biotin [17, 22].  Using this assay, it was found that 

biotinylated NPs contained 1176 ± 151 pmol of biotin molecules on 1 mg of 

nanoparticles.  Such a high surface density of biotin on the surface could be 

attributed to the orientation of PEG chains on NP surface during preparation using 

double emulsion method.  
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5.3.2 DEC-205 receptor-mediated uptake of nanoparticles 

DCs uptake soluble and particulate materials through different endocytic 

mechanisms. Here, we analyzed DEC-205 receptor-mediated uptake of bfFp 

targeted and non-targeted NPs using bone marrow dendritic cells (BMDCs). For 

uptake studies, TMR-dextran (TMRD) dye loaded biotinylated nanoparticles were 

used and targeted NPs were formulated by conjugating bfFp for 30 min. 

Purification of bfFp from periplasmic and cytoplasmic bacterial lysate was done 

using affinity chromatography as described in chapter 2 [15, 19]. After 1 h 

incubation of targeted NPs with BMDCs, the TMRD positive cells in CD11c 

gated population was 60.5 ± 5%, while for non-targeted NPs only ~42 ± 4% 

TMRD positive cells were observed. Figure 5.3A shows a representative 

histogram displaying percentage of TMRD positive cells in CD11c
+
 cells from 

one out of three experiments.  Further, blocking of DEC-205 receptor resulted in 

the decrease of the percent positivity of DCs to 53.5 ± 7%.  As shown in Figure 

5.3B, the cell associated mean fluorescence intensity (MFI) was found to be 

almost doubled using bfFp targeted NPs compared with non-targeted NPs 

(***p<0.001). Further, blocking with soluble anti-DEC-mAb resulted in 25-30% 

reduction in the MFI. The decrease in percent positivity and MFI indicates that 

blocking of DEC-205 with soluble ligand can decrease the receptor-mediated 

uptake of bfFp targeted NPs.  However, we found that even non-targeted NPs are 

efficiently taken up by DCs. These observations can be explained based on the 

fact that DC are phagocytic cells and possess extraordinary ability to take up 

particulate materials without specific recognition. 
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Figure 5.3 Uptake of targeted and non-targeted nanoparticles using flow 

cytometry. Panel A, BMDCs were incubated with TMRD loaded non-targeted 

NPs, bfFp functionalized targeted NPs, or bfFp functionalized targeted NPs in the 

presence of anti-DEC-205 mAb (25 µg) for 1 hr at 37 °C.  Cells were washed and 

stained for CD11c and evaluated by flow cytometry for the uptake of TMRD-NPs 

in CD11c+ cells. A representative histogram showing percentage of TMRD+ cells 
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in CD11+ cells from one out of three-independent experiments is shown. Panel B, 

Mean-fluorescence intensity of TMRD+ cells from different treatment groups was 

calculated by subtracting fluorescence intensity of non-treated DCs.  Data shown 

are mean ± S.D of three experiments.  Differences in mean fluorescence intensity 

in different groups were assessed using one-way ANOVA followed by post hoc 

analysis using Tukey’s multiple comparison test. *** denotes statistically 

significant difference (P<0.001). 

 

 

5.3.3 Nanoparticle mediated DC maturation and cytokine secretion 

To study how the non-targeted and targeted particles influence dendritic cells 

functions, BMDCs were treated with various formulations and assessed for 

expression of co-stimulatory molecules and cytokine secretion pattern. To this 

end, we analyzed the expression of CD40 and CD86 receptors on the DC surface 

using flow cytometry.  The treatment of DC cultures with blank NPs or OVA 

loaded non-targeted and targeted nanoparticles resulted in modest upregulation of 

DC associated co-stimulatory molecule CD40 and CD86 compared to non-treated 

DCs. Further, we found that encapsulation of OVA within NPs slightly increased 

the expression of both CD40 and CD86 compared to treatment with blank NPs. 

Figure 5.4A shows that following treatment with blank NPs percent positivity of 

DCs for CD40 was 43%, which increased to ~58 % when OVA loaded NPs were 

used as a treatment. The results are in agreement with previous studies showing 

modest upregulation of co-stimulatory molecules, when DCs were treated with 

antigen loaded PLGA nanoparticles [23, 24].  In contrast, the expression of CD40 

and CD86 was significantly increased when anti-CD40 mAb was added either 

alone or with bfFp targeted NPs to the cultures of DCs (Fig 5.4A). Further, 

treatment of DCs with soluble OVA and bfFp did not alter the expression pattern 

of CD86 and CD40 compared to non-treated DCs. LPS was used as a positive 

control and stimulation of DCs with LPS was treated as 100% maturation. 

Therefore, we compared mean fluorescence intensity of cells relative to LPS 

treated cells.  Figure 5.4B shows that there was no significant difference between 

mean fluorescence intensity, when soluble OVA, bfFp, and NP formulations were 
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compared with media treated cells. However, anti-CD40 mAb either alone or with 

targeted NPs appeared to provide significant increase in cell-associated 

fluorescence intensity. Our data are in accordance with previous findings, 

showing that CD40 cross-linking with anti-CD40 antibody resulted in 

considerable upregulation of DC maturation markers [25]. 
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Figure 5.4 Analysis of CD86 and CD40 expression on BMDCs treated with 

PLGA NPs. BMDCs were treated with blank NP (NP without OVA), NP (OVA 

loaded NP), targeted NP (NP with bfFp), or targeted NP plus soluble αCD40 mAb 

for 24 h. Control treatments included soluble OVA, bfFp, and αCD40 mAb. LPS 

was used as a positive control and media served as a baseline control. After 

incubation period, cells were harvested and stained for markers. Maturation was 

assessed by comparing the expression of CD40 and CD86 in CD11c+ DCs. Panel 

A shows a representative example of FACS plots for the expression of CD40 on 

CD11c+ DCs after treatment with medium (A), OVA (B), bfFp (C), αCD40 mAb 

(D), blank NP (E), NP (F), targeted NP (G), targeted NP with αCD40 (H) and 

LPS (I). Panel B, relative upregulation of CD86 and CD40 markers by different 

formulations as described in panel A. The percent MFI of samples relative to LPS 

was calculated assuming 100% maturation with LPS treatment.Data are 

representative of three separate experiments.The line above the bars indicates 

statistically significant difference from targeted NP + αCD40 treatment group (*P 

< 0.05). Dashed line above bars indicate no significant difference between groups 

(n.s., P>0.05). 
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To further verify that these results, we evaluated DC activation by analyzing 

cytokine production. We observed that BMDCs stimulated with targeted NPs 

along with anti-CD40 antibody, secreted significantly higher levels of IL-12 and 

IL-6 (Figure 5.5 A-B). The IL-12 secretion profile was in good correlation with 

the expression of maturation markers. Notably, the IL-12 influences the skewing 

of Th0 cells into Th1 [26], whereas the IL-6 controls this process [27].  We also 

found that DC treatment with antigen-encapsulated NPs significantly increased 

IL-12 and IL-6 compared to blank NPs (*p<0.05).  Similar outcome has been 

reported by other studies, which indicates that antigen encapsulation enhances DC 

stimulatory properties of blank NPs [28, 29].  In contrast, the secretion of IL-10 

was found be significantly higher, when DCs were stimulated with targeted 

formulation in the absence of anti-CD 40 antibody (Figure 5.5C). In agreement 

with IL-10 secretion, a recent study showed that substantial cross-linking of DEC-

205 receptor with anti-DEC-205 antibody decorated NPs, up-regulated the 

expression of scavenger receptor CD36 on DCs and increased IL-10 production.  

Furthermore, a strong correlation between extent of DEC-205 cross-linking and 

IL-10 secretion was observed in the absence of DC activation [29]. 
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Figure 5.5 In vitro cytokine secretion profile of BMDCs treated with PLGA NPs.  

BMDCs were treated as described in Figure 5.4 legend. Culture supernatants were 

assayed in triplicates for the presence of IL-12 (panel A), IL-6 (panel B) or IL-10 

(panel C).Cytokine levels (pg/ml) are expressed as mean ±S.D.  Data is 

representative of two separate experiments. Continuation of the line above the 

bars indicates statistically significant difference among different treatment groups 

(*P < 0.05).  
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5.3.4 Enhanced IgG and IgG isotype responses in the presence of 

costimulatory anti-CD40 mAb 

To further investigate whether the bfFp based DC targeting will improve the 

immunogenicity of nanoencapsulated antigen, an immunization study was 

performed. Mice were immunized with OVA encapsulated particles (NP), NPs 

functionalized with bfFp (targeted NP) or targeted NPs in the presence of anti-

CD40 mAb (Table 5.1). As controls, mice were immunized with similar amount 

of OVA in CFA or in saline.  

Ten-days after secondary immunization, mice were euthanized and serum was 

isolated to evaluate antigen-specific antibody responses. The presence of OVA-

specific total IgG, and IgG subclasses (IgG1, IgG2b and IgG2c) in the serum was 

analyzed by ELISA (Figure 5.6). OVA-specific IgG level in non-targeted and 

targeted nanoparticulate formulations was found to be significantly higher than 

that obtained with soluble OVA (*p<0.05). However, no significant difference in 

IgG titer was observed between non-targeted and targeted nanoparticulate 

formulations (ns, p>0.05). Moreover, administration of targeted formulations 

together with anti-CD40 maturation stimuli elicited significantly higher OVA-

specific IgG titers compared to targeted and non-targeted formulation (*p<0.05). 

It is evident from these results that, DEC-205 targeted delivery of 

nanoencapsulated antigen benefit from presence of DC maturation stimuli. These 

findings are in good agreement with previous observations showing that DEC-205 

targeting together with DC activation augmented antigen-specific humoral and 

cellular responses [30]. Further, we evaluated whether antibody responses 

obtained with non-targeted nanoparticles could benefit from adjuvant effect of 

anti-CD40 antibody. To address this question, a separate set of experiment was 

performed and mice were immunized with surface biotinylated OVA-

encapsulated PLGA nanoparticles with anti-CD40 mAb. To avoid adsorption of 

antibody on particle surface, anti-CD40 antibody was mixed and formulations 

were injected immediately. We observed that inclusion of anti-CD40 along with 

non-targeted formulations enhanced serum IgG titers. However, IgG titer of these 
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formulations was significantly lower than group of mice immunized with targeted 

formulations together with anti-CD40 mAb (data not shown). IgG isotype class 

switching from IgG1 to IgG2b and IgG2c plays an important role in the shift of 

immune of response from Th2 to Th1. Similar to total IgG profile, no significant 

difference in IgG subclass titers was observed between targeted and non-targeted 

NPs (Figure 5.6).   

 

 

Figure 5.6 Analysis of OVA-specific IgG response. Groups of five mice were 

immunized by s.c. injection with various formulations containing OVA (20 µg) 

on day 0 and 21. Ten days after booster-dose, mice were euthanized and serum 

was collected following cardiac puncture.Serum samples were diluted (1:10,000) 

with PBS and analyzed for the presence of OVA specific total IgG or IgG 

isotypes (IgG1, IgG2b and IgG2c) using ELISA.Data are presented as group 

mean±S.D.Continuous line indicates statistically significant difference (*P < 

0.05), while ns indicates nosignificant difference between groups (ns, P>0.05).     

* indicates significant difference of CFA group from other groups (*P<0.05).  



159 

 

However, the administration of targeted NPs along with soluble DC maturation 

stimuli provided higher levels of IgG2b and IgG2c compared with targeted and 

non-targeted formulations (*p<0.05). Notably, OVA specific IgG1 titer were 

slightly higher for group of mice immunized with targeted NPs compared to non-

targeted NPs. The mice immunized with CFA emulsified OVA provoked 

significantly higher total IgG and IgG isotypes compared to targeted NPs together 

with anti-CD40 mAb ((*p<0.05).  Despite using the DC maturation stimuli, the 

titers of targeted formulations remained lower than that of CFA group. The 

possible reason could be due to the use of soluble anti-CD40 mAb as maturation 

stimuli.  The scavenging of soluble anti-CD40 mAb by the cells other than DCs 

might have prevented activation of particular DC, which has taken targeted NP 

formulation.  

5.3.5 Induction of ex-vivo cytokines 

The effect of DC targeted and non-targeted formulations on cellular immunity 

was evaluated based on the production of Th1 (IFN-γ, IL-2) and Th2 (IL-4 and 

IL-10) cytokines using ovalbumin as a recall antigen to stimulate splenocytes.  

The ability of lymphocytes to produce IFN-γ describes a Th1 phenotype, while 

the production of IL-4 is associated with a Th2 phenotype.  In agreement with the 

IgG isotypes, the IFN-γ levels were found to be highest for CFA group followed 

by bfFp targeted NP administered with anti-CD40 mAb.  As shown in Figure 5.7, 

the IFN-γ levels of targeted formulation administered with maturation stimuli was 

significantly higher than that of non-targeted or targeted formulations (*p<0.05).  

This trend was also found to be applicable for the IL-2 production.  The Th2 

cytokine profile reveals that there was no significant difference in IL-4 production 

between targeted or targeted formulations administered with DC maturation 

stimuli (ns, p>0.05). However, splenocytes of mice treated with targeted NPs 

induced higher levels of IL-10 secretion compared with targeted NPs in the 

presence of anti-CD40 mAb (*p<0.05). These results are in accordance with the 

previous work showing that DEC-205 targeting in the absence of DC maturation 

stimuli results in antigen-specific tolerance [31, 32] . 
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Figure 5.7 OVA-specific ex-vivo cytokine secretion profile. Splenocytes obtained 

from groups of five mice immunized with vaccine formulations were pooled and 

single-cell suspensions were seeded in 96-well plates at the density of 1 x10
6
/well.  

Cultures were stimulated with OVA for 96 hr and production of Th1 cytokines 

IFN-γ (A) and IL-2 (B), and Th2 cytokines IL-4 (C) and IL-10 (D) were analyzed 

by cytokine-specific ELISA.  Data represent mean ± SD of triplicate cultures. 

Dashed line above bars indicate no significant difference between groups (ns, 

P>0.05). Continuous line above the bars indicates statistically significant 

difference (*P < 0.05). 
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5.4 Discussion 

The PLGA is a biocompatible and biodegradable US FDA approved polymer that 

has been approved for clinical applications. Micro and nanoparticles composed of 

PLGA have been extensively investigated to improve immunogenicity of 

encapsulated vaccine antigens, such as proteins, peptides, plasmid and DNA [3, 

10].  The antigens delivered using PLGA based micro/nano particles are 

preferentially taken up by phagocytic cells and more efficiently cross-presented 

than soluble antigens. Additionally, PLGA based delivery systems facilitate co-

delivery of multiple vaccine components and protect them from degradation. 

Recent studies have shown that antibody-mediated targeting of PLGA 

nanoparticle based vaccines to dendritic cells can improve immunogenicity of 

encapsulated antigens [12-14].  

Despite extensive use of PLGA as a vaccine carrier, to our knowledge, only a few 

studies have reported antibody-based DC targeted vaccines.  Different strategies 

to design antibody-targeted PLGA vaccines are still emerging.  Here we report a 

simple and versatile strategy to formulate DC targeted PLGA nanoparticles for the 

delivery of model antigen, OVA.  To achieve this, we employed recombinant 

bifunctional fusion protein (bfFp) as a DC targeting vector in combination with 

biotinylated PLGA NPs that encapsulate the antigen.  Earlier, we demonstrated 

that bfFp based DC targeting of plasmid DNA loaded biotinylated chitosan 

nanoparticles enhanced SARS-nucleocapsid antigen specific immune responses 

via nasal and intramuscular route [19]. Here we extended studies to design DC 

targeted PLGA nanoparticle based vaccines for protein antigen. 

Accordingly, the presence of NP surface associated biotin is required for proper 

attachment of bfFp through core-streptavidin arm. To ensure this, we used biotin-

PEG-PLGA polymer for nanoparticle preparation and antigen-loaded biotinylated 

NPs could be formulated without any post-formulation modifications. Pegylated 

PLGA was employed as PEG is US FDA approved hydrophilic and non-toxic 

molecule used to impart ‘stealth’ properties to nanoparticle formulations [33]. The 

surface associated PEG chains sterically stabilize the nanoparticles, mitigate 
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opsonization and thus prevent non-specific interactions with the cells.  

Additionally, due to high flexibility, PEG spacers have been found to enhance the 

accessible range of PEG-tethered ligand binding [13].  Binding of neutravidin 

(NAv) and bfFp to biotinylated NPs confirmed the presence of functional biotin 

on NP surface.  Subsequently, bfFp conjugation to NPs enhanced the magnitude 

of in vitro uptake by almost two-fold, and the uptake of targeted NPs was reduced 

when DEC-205 receptor was blocked with anti-DEC-205 antibody.  These results 

confirmed DEC-205 receptor-mediated uptake of targeted NPs.  Similar to our 

results, Kwon et al. have shown that anti-DEC-205 antibody targeted acid 

degradable particles are preferentially taken up by DCs [34]. A recently published 

study also observed that anti-DEC-205 F(ab’)2 fragment based targeted delivery 

of PLGA NPs enhanced binding to mouse DCs [14].  

Further, we studied how bfFp modification of NPs influenced the outcome of DC 

functions.  To address this, we analyzed DC maturation and secretion of 

cytokines. Our results show that targeted as well as non-targeted formulations do 

not alter expression of DC maturation markers. These results are in agreement 

with a recent report showing that no significant difference in the expression of DC 

maturation markers was noticed following treatment with anti-DEC-205 antibody 

targeted or non-targeted PLGA NPs [29]. However, we found that expression of 

CD86 and CD40 was significantly upregulated, when anti-CD40 mAb was 

included with targeted NPs.  Cytokine secretion pattern of DCs influence the 

outcome of immune responses.  We noticed that DC maturation was associated 

with secretion of Th1 pro-inflammatory cytokines such as IL-12 and IL-6.  

Notably, IL-12 is produced by mature DCs and plays a key role in shaping cell-

mediated immune responses. In contrast, cross-linking of DEC-205 receptor in the 

absence of DC activation induced secretion of anti-inflammatory cytokine IL-10, 

which is known to induce immunosuppression and de novo induction of 

regulatory T cells [35].  To this end, our results from immunization experiments 

demonstrate that DEC-205 targeting without DC maturation do not improve 

antigen-specific IgG titers. However, targeted formulations with costimulatory 
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anti-CD40 mAb provoked significantly higher IgG responses (Fig. 6).  It has been 

demonstrated that delivery of antigen and adjuvants using non-targeted PLGA 

NPs provoked robust IgG responses against influenza antigens [36].  In this 

context, it would be worthy to analyze whether bfFp based DC targeting of 

nanoparticle encapsulated antigen and adjuvant will further improve antibody 

responses.  Furthermore, a recent study has shown that DC targeted delivery of 

nanoparticle co-encapsulated adjuvant allowed for almost 100-fold reduction in 

the dose, compared to the use of adjuvant in soluble form [14].  

Ex vivo analysis of cytokine responses showed that splenocytes from a group of 

mice immunized with CFA and targeted NPs with DC activation preferentially 

secreted Th1 biased cytokines (IFN-γ and IL-2). Supporting to these results, a 

previous study has reported that DEC-205 targeted delivery of ovalbumin 

encapsulated acid-degradable microparticles enhanced antigen-specific IFN-γ 

secreting CD8
+
 T cells and cytotoxic T lymphocyte-mediated lysis of target cells 

[34]. In contrast, splenocytes of mice immunized with targeted formulations in the 

absence of DC maturation stimuli produced higher levels of IL-10.  The IL-10 is 

immunosuppressive cytokine and prevents functional activation of DCs and 

renders them tolerogenic. These results are parallel to conjecture that DEC-205 

targeted antigen delivery in the absence of DC maturation induces peripheral 

tolerance and production of T regulatory cells [31, 32].   

In another study, DC targeting of tumor antigen carrying liposomes was achieved 

using a single chain antibody against mouse DEC-205 [37]. However, only 

targeted formulations carrying adjuvant and antigens showed protective immunity 

against highly metastatic murine melanoma (B16-OVA) model. Advantageously, 

the scFv fragments are devoid of non-specific interactions with Fc receptors, 

which is commonly faced drawback when full-length antibody molecules are 

used.  Moreover, the scFv and bfFp based DC targeting vectors can be produced 

in large-quantities using bacterial expression systems, proving to be cost-effective 

alternative to full-length antibodies. 
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The results of the present study demonstrate that targeted delivery of 

biodegradable particulate vaccines benefit from bfFp based DEC-205 targeting.  

The bfFp based NP delivery system has several advantages, namely (i) it can be 

applied to deliver one or more antigens with or without adjuvants, (ii) bfFp 

attachment precludes any post-formulation modification of antigen-loaded 

nanoparticles, a step that can have deleterious effect on antigen, (iii) the vaccine 

(NP) components such as PLGA and PEG are approved for clinical applications, 

and (iv) lastly, the use of bFfp with biotinylated NPs highlights the importance of 

easy-to-use two-component based vaccine formulations, which can be prepared 

by simple mixing of DC targeting ligand with nanoparticles before injection.  The 

approach described here is simple and versatile and can be used for targeting 

multiple vaccine components to the dendritic cells. 
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directions 
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6.1 General discussion 

During the past decade, new generation vaccines, particularly those based on the 

recombinant proteins and DNA, have emerged as viable substitutes to traditional 

vaccines [1]. These subunit antigens allow rational design of vaccines that are 

likely less reactogenic than traditional vaccines, but their application potential 

remains limited due to poor immunogenicity profile. Numerous approaches have 

been explored to enhance the magnitude of immune response to these subunit 

vaccines [2]. In this perspective, recent preclinical and clinical studies 

demonstrate that subunit vaccines can be improved using selective delivery of 

antigens to DCs in combination with optimum delivery system and adjuvant(s) [3, 

4]. 

The realization that DCs are critical for initiation and control of innate and 

adaptive immune responses, gave rise to the exploration of a number of strategies 

for DC-selective antigen delivery. Several studies using mouse models and non-

human primates have shown the efficiency and efficacy of in vivo DC targeted 

delivery of antigens [5]. To achieve DC-selective targeted delivery of antigens, 

different DC-associated receptors are under extensive evaluation with special 

interest to C-type lectin receptors (CRLs). Area of antibody-mediated antigen 

targeting to DCs through CRLs has been pioneered by late Nobel laureate Dr. 

Ralph Steinman and his colleagues. In this regard, first and so far most extensive 

studied CLR for antigen targeting is DEC-205 (CD205). In vivo targeting of the 

DC DEC-205 receptor has been shown to provide protective immune responses to 

host against viral, cancer and autoimmune diseases [3]. Furthermore, clinical trials 

of DEC-205-targeted vaccines are currently underway to determine safety and 

proof-of-principle. Recently, a fusion protein consisting of a fully human anti-

DEC-205 monoclonal antibody linked to the tumor-associated antigen (TAA) 

NY-ESO-1 with potential immunostimulating and antineoplastic activities has 

entered clinical trials [6]. The NY-ESO-1 was selected as a target antigen as it is 

expressed in a wide variety of cancer cells and thus can help in developing 

therapeutics against multiple cancers. 
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Current DEC-205 targeting strategies are based on the use of full-length 

antibodies chemically or genetically conjugated with vaccine antigens. Chemical 

conjugation of antigens to antibodies is very sensitive process with almost no 

control over site-specific conjugation and thus poor stoichiometry. To overcome 

these limitations, genetic fusion approach was developed. In this method, antigen 

is genetically fused to C-terminal of heavy chain of antibody and expressed as a 

recombinant fusion protein using mammalian expression system. However, fusion 

proteins are large molecules that pose numerous challenges in the formulation, 

manufacturing, process development and stability. Furthermore, a new antibody 

fusion protein is required for each antigen (protein or peptide), which is often 

time-consuming and costly.  

In this context, the Suresh laboratory has developed a recombinant bifunctional 

fusion protein (bfFp) vector for realizing DC-targeted delivery of any class of 

biotinylated antigens [7]. BfFp is comprised of a single chain antibody (scFv) that 

recognizes DEC-205 receptor of DC, fused with a core-streptavidin domain 

capable of binding to biotinylated antigens. In vivo DC-targeted delivery of a 

diverse group of biotinylated antigens (e.g. proteins, peptides, glycolipids, DNA) 

with bfFp in conjunction with as DC-maturation stimuli (anti-CD40 mAb) 

provided augmented cellular and humoral responses [7]. BfFp vector has several 

advantages such as it lacks Fc domain avoiding non-specific interactions, allows 

targeting of any biotinylated antigen and manufacture in prokaryotic expression 

system which is economical and consistent. Nevertheless, bfFp based DC-

targeting approach has limited antigen-carrying capacity, as well as it exposes 

targeted antigens to enzymatic degradation and lacks sustained antigen-release 

profile to boost immune responses.  

Therefore, our main goal was to formulate an effective strategy that can combine 

antigen-carrying capacity of nanoparticulate vaccine delivery systems and specific 

targeting ability of bfFp to DCs. In this work, we attempted to formulate bfFp 

based DC-targeted nanoparticulate delivery system for plasmid DNA and model 

protein antigen, OVA. 
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In the first part of this work (chapters 2 and 3), we selected plasmid DNA 

encoding for SARS CoV N protein (pVAXN) and avian influenza H5N1-HA 

(pCAGα-HA) as vaccine antigens.  SARS and influenza viruses are transmitted 

through mucosal routes, including respiratory route, therefore, an effective 

mucosal vaccine is regarded as an ideal preventive measure in case of a pandemic 

outbreak. The choice of nasal route was also based on the abundance of DEC-205 

receptor expressing DCs in the respiratory tract [8, 9]. These respiratory tract DC 

subsets can be targeted with bfFp functionalized nanoparticles using non-invasive 

approach. To achieve, nasal delivery of SARS CoV N protein and H5N1 HA 

DNA vaccines, chitosan was selected as a carrier due to its polycationic nature 

and mucoadhesive properties. Plasmid DNA (pVAXN or pCAG-HA) loaded 

biotinylated chitosan nanoparticles were prepared using complex coacervation 

method and formulated particles were in adequate size range, to allow efficient 

uptake by DCs. Nanoparticles displayed high encapsulation efficiency and 

protected encapsulated DNA against nuclease digestion. For in vivo immune 

response studies in mice, these DNA loaded nanoparticles were appended with 

bfFp and instilled by intranasal route and intramuscular route. pVAXN was used 

at 5 µg per dose, while pCAGα-HA was used at 10 µg per dose. A time-dependent 

analysis of systemic SARS CoV N protein and HA specific profile showed that 

intranasal delivery of unformulated DNA or merely nanoencapsulated DNA did 

not induce any IgG response, however, bfFp based targeting resulted in improved 

IgG responses. Furthermore, intranasal administration of bfFp targeted NPs 

together with anti-CD40 mAb as DC maturation stimuli resulted in significantly 

higher IgG responses compared to unformulated DNA administered by 

intramuscular route. Most promising results were obtained for IgA responses 

when intranasal and intramuscular routes were compared. SARS CoV N protein 

and HA specific IgA titers were substantially higher, when bfFp targeting and 

anti-CD40 were used with vaccine formulations. Nasal administration of these 

formulations also provoked secretion of IFN-γ, when splenocytes were ex vivo 
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stimulated with antigens; however, levels were significantly lower than those 

obtained following intramuscular immunization.  

Despite using equal amounts of DNA dose via the intranasal or intramuscular 

route, the intramuscular route provided higher systemic IgG and cellular immune 

responses. The better outcome of immune responses following intramuscular 

route can be explained based on certain features. First, complete bioavailability of 

intramuscularly administered DNA compared with the intranasally administered 

DNA can be cleared quickly due to harsh environment at mucosal surfaces [10]. 

Additionally, following the intramuscular immunization, myocytes can serve as 

antigen-storage factory, while acting as antigen-presenting cells along with 

muscle-resident DCs, and thus provide better immune responses [11, 12].  

Conclusively, our data from chapters 2 and 3 indicates that intranasal delivery of 

nanoencapsulated DNA formulations benefit from active targeting and presence 

of DC maturation stimuli. Given the dose of DNA employed in our studies this 

strategy could be a vital lead towards formulating a DC targeted low-dose vaccine 

using non-invasive means. As both SARS and H5N1 viruses require biosafety 

level 3 and 4 facilities, respectively, we were not able to conduct virus challenge 

experiments. Nevertheless, the strategy described herein warrants further 

evaluation in virus challenge studies, as a recent finding has shown that intranasal 

delivery of even 10 µg dose of polyethylenimine (PEI) formulated H5N1 HA 

DNA was sufficient to provide full protection against parental strain and partial 

cross-protection against highly pathogenic strain [13]. In case of H5N1 influenza 

viruses, the cross-protective immunity is correlated with mucosal IgA, which is 

not induced following systemic immunization. In our studies, intranasal 

administration of DC targeted formulations induced IgA responses at mucosal 

sites; therefore, we speculate that when tested in virus challenge model these 

formulations should provide expected outcome. 

It is worth mentioning that despite HA-specific IgG titers obtained with our 

formulations, no detectable hemagglutination inhibition (HI) titers were recorded 

(HI assay was performed in Dr. Darwyn Kobasa’s Lab at National Microbiology 
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Laboratory, Winnipeg). However, previous studies from Kobasa’s group and 

other researchers have demonstrated that complete protection in different animal 

species including mice, ferrets and chickens against H5N1 infection was 

frequently observed in the absence of detectable HI titers before virus challenge 

with a HA DNA vaccine [14-16]. 

Our next goal was to formulate a fusion DNA construct (pDECN) that encodes for 

anti-DEC-205 scFv and SARS CoV N protein genes (chapter 4). We envisioned 

that when delivered intramuscularly, this DNA construct will result in expression 

and secretion of anti-DEC-scFv-SARS CoV N protein (DECN protein) from 

transfected myocytes. The secreted fusion protein would be taken up by DCs via 

DEC-205 receptor-mediated endocytosis. Expression of DECN protein was 

verified using Western blot analysis and expressed protein was found to be 

secreted from transfected cells. In vitro DC binding studies were performed to 

determine DC binding ability of DECN fusion protein. Results show that DECN 

fusion protein indeed binds with murine DC2.4 cell line that expresses DEC-205 

receptor. Next we formulated pVAXN and pDECN loaded chitosan nanoparticle 

to analyze the immune response in mice. These results demonstrate that 

introduction of anti-DEC-205 scFv into pVAXN DNA construct led to improved 

efficacy of DNA vaccine and pDECN construct consistently provided 

significantly higher IgG titers compared to pVAXN. Moreover, splenocytes of 

mice vaccinated with pDECN formulations also resulted in secretion of Th1 

cytokines (IFN-γ and IL-2), which were higher than those obtained with pVAXN 

formulations. Furthermore, the magnitude of immune responses obtained with 

nanoparticle delivered pDECN and pVAXN formulations was improved when 

anti-CD40 antibody was co-administered as DC maturation stimuli.  

This strategy can be applied as an alternate to antibody based DC-targeted 

vaccines, which require time-consuming optimization and protein production. 

Furthermore, the DC targeted fusion DNA based vaccines can be promptly 

engineered and produced on a large-scale, and thus can serve as valuable tools in 

case of possible SARS CoV or other pandemic and bioterrorism threats to 
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minimize the extent of damage. Nevertheless, for our experimental work we used 

high molecular weight chitosan as a carrier for intramuscular delivery of pDECN 

plasmid DNA. Recent studies have shown that the expression of plasmid DNA 

can be improved using oligomeric chitosan, which allows easy dissociation of 

DNA from polyplexes [17, 18]. Alternatively, it will be worth to analyze the 

performance of pDECN based DC-targeted DNA vaccine with that of widely used 

and potent DNA carriers such as polyethyleneimine [19]. Additionally, it will be 

worth comparing the two strategies of DC targeted DNA vaccines for reducing 

the dose of antigen, and altering the duration as well as the quality of antigen-

specific immune responses using different routes of administration. 

An efficient DC-targeted delivery system for model protein antigen, ovalbumin 

(OVA) was also explored (chapter 5). PLGA was selected as a carrier due to its 

widespread use and clinical utility. PLGA nanoparticles have been extensively 

used as vaccine delivery system for a number of protein antigens. However, only 

a few studies have attempted designing antibody-targeted PLGA NPs for selective 

delivery of antigens to DCs [20-23]. Nevertheless, DCs preferentially uptake 

PLGA NPs and the magnitude of immune responses can be improved by antibody 

functionalization of these NPs. These studies applied sophisticated chemistry to 

attach DC-receptor specific antibodies and process was carried out after antigen 

encapsulation (post-formulation) within NPs. 

In our approach, DC-selective targeting of OVA-loaded biotinylated PLGA NPs 

was accomplished with the help of bfFp. To provide adequate biotin moieties on 

NP surface, which can serve as docking sites for bfFp, we employed biotin-PEG 

(2,000)-PLGA conjugate for NP formulation. Moreover, the use of biotinylated PEG 

as a spacer allowed abundant exposure of biotin on NPs. In addition PEG can also 

help to stabilize NP and mitigate non-specific interactions. 

In vitro DC uptake studies of bfFp targeted and non-targeted NPs demonstrate 

that bfFp based targeting indeed improved uptake by one-fold. Uptake of targeted 

NPs was reduced, when DCs were pre-incubated with soluble ligand (anti-DEC-

205 mAb), further indicate that higher uptake of targeted NPs was mediated by 
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DEC-205 receptor-mediated endocytosis. Next we evaluated how bfFp 

functionalization of NPs alter the functions of DCs by analyzing expression of DC 

maturation markers (CD86 and CD40) and functional analysis by estimating in 

vitro cytokines (IL-12, IL-6 and IL-10). Our results these experiments indicate 

that bfFp functionalization do not alter expression levels of DC maturation 

markers (CD86 and CD40) compared to non-targeted NPs, unless anti-CD40 mAb 

was used as maturation stimuli. In vitro evaluation of DC cytokine profile 

revealed that IL-12 and IL-6 secretion was significantly higher, when DCs were 

stimulated with anti-CD40 mAb together with bfFp targeted NPs. In contrast, IL-

10 secretion levels were found to be significantly higher when bfFp targeted NPs 

were used, indicating that cross-linking of DEC-205 receptor in absence of any 

maturation stimuli, provoked anti-inflammatory cytokine secretion consistent with 

a recent finding [23]. 

Finally, we evaluated the in vivo performance of non-targeted and targeted NP 

with or without anti-CD40 mAb and compared with model adjuvant Complete 

Freund’s adjuvant (CFA). The outcome of our studies suggests that targeted NPs 

in conjunction with anti-CD40 mAb resulted in significantly enhanced OVA-

specific IgG titer, compared to merely targeted or non-targeted NPs. While no 

difference in IgG titers was found between targeted and non-targeted NP 

formulations. To study the cellular immune response, we analyzed ex vivo 

cytokine secretion profile of splenocytes using OVA as recall antigen. Our results 

suggest that targeted NPs in conjunction with anti-CD40 mAb provoked Th1 

biased cytokine secretion and significantly higher levels of IFN-γ and IL-2 were 

obtained. These results are consistent with in vitro cytokine profile and suggest 

that anti-CD40 mAb render secretion of pro-inflammatory cytokines (IL-12 and 

IL-6), which is turn skew immune response to Th1 phenotype. 

The strategy of bfFp based DC targeted delivery of protein antigen explored here 

is straight forward and simple in design.It will be interesting to compare the 

PLGA NPs with soluble anti-DEC-205 antibody-antigen conjugates/fusion protein 

based DC targeted vaccines. Furthermore, based on the available literature the 
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antibody-antigen conjugates/fusion protein based vaccines have been shown to 

promptly localize in draining lymph nodes and resulting in targeting of lymph 

node resident DCs [24, 25]. Additionally, it can be speculated that soluble 

antibody-antigen conjugates/fusion protein might provoke prompt immune 

response as administered antigen is promptly available. 

Alternatively, the bfFp targeted chitosan can also be employed as a substitute for 

PLGA NPs. Although, PLGA NPs are shown to be preferentially taken up by DCs 

and provide sustained antigen-release profile [26], the chitosan NPs can be of 

immense potential, in case of non-invasive DC targeted delivery of protein 

antigens due to their mucoadhesive nature and ability to open tight junctions that 

could facilitate antigen delivery to nasal-resident DCs[27].  
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6.2 Conclusions 

In this study we report on the development of nanoparticle based DC targeted 

vaccine delivery systems for DNA and protein antigen: 

1. We have successfully developed a DC-targeted chitosan nanoparticle 

formulation for delivery of DNA vaccines against SARS CoV and avian 

influenza (H5N1) virus. Our results suggest that DC-targeted delivery of DNA, 

through non-invasive intranasal route can be a feasible strategy for designing 

low-dose vaccine, which can provide mucosal as well as systemic immunity. 

2. We have also developed a fusion DNA vaccine construct for in-situ DC 

targeted delivery encoded vaccine antigen. This approach can bypass the need 

to formulate active DC targeted vaccines, and can provide a viable alternative 

to conventional antibody based DC targeted vaccine. 

3. Finally, we also developed a simple approach for DC-targeted delivery of 

model protein antigen using PLGA nanoparticles. Using this approach a ready-

to-use two-component DC-targeted PLGA nanoparticle can be formulated 

without involving post-formulation step. The promising outcome of bfFp 

functionalized DC targeted PLGA nanoparticles support its use as a versatile 

vaccine delivery system for the design of monovalent or polyvalent vaccines. 
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6.3 Future directions 

Several studies have shown that the chitosan based gene delivery systems serve as 

efficient carriers for DNA vaccines [28-30]. However, some recent studies have 

shown that efficacy of DNA delivery can be enhanced by using low-molecular 

weight oligomeric chitosan derivatives in place of high molecular weight 

derivatives [31, 32]. It has been demonstrated that the application of low-

molecular weight oligomeric chitosan allows easy dissociation of DNA from 

complexes and results in higher transfection efficiency [33]. In addition to this, 

the physiological stability of chitosan nanoparticles was found to be improved by 

decorating these nanoparticles with low-molecular weight PEG derivatives [34]. 

Furthermore, based on published reports the functionalization of chitosan 

nanoparticles with low-molecular weight PEG was shown to impart mucus-

penetrating properties and thus can provide a better mucosal delivery system [34, 

35]. In contrast to these findings, a limitation of our studies is application of high 

molecular weight chitosan as a DNA delivery vehicle. Therefore, in this context it 

is imperative to evaluate bfFp based DC-targeted delivery of DNA vaccines using 

low-molecular weight oligomeric chitosan, and to analyze influence of PEG-

functionalization on the performance of nanoparticle formulated using oligomeric 

chitosan derivatives.  

As an alternative to chitosan, polyethylenimine (PEI) can also be used as DNA 

carrier, since it is known to serve as gold-standard polymer for gene delivery [36]. 

Furthermore, recent studies have demonstrated that PEI can improve nasal 

delivery of DNA vaccines and thus augment the magnitude of antigen-specific 

immune responses [13, 37]. Furthermore, given the enormous potential of PEI 

based DNA delivery systems, it would be worth analyzing whether, bfFp based 

DEC-205 targeted delivery of PEI encapsulated DNA vaccine can improve their 

potency and quality of immune responses. To our knowledge there is no 

documented literature, demonstrating comparative evaluation of chitosan and PEI 

for nasal DNA vaccine delivery warranting direct comparison of PEI and chitosan 

for DC-targeted delivery of DNA vaccines.  
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Based on the data presented here, it is evident that immune responses following 

DEC-205 targeted delivery of nanoparticle encapsulated antigens can be 

drastically improved in the presence of a DC maturation stimulus. Therefore, in 

our studies we used soluble anti-CD40 mAb as a DC maturation stimulus. The 

application of soluble anti-CD40 mAb along with DC targeted nanoparticles 

could be a limitation as after administration the soluble antibody can be mopped 

by cells other than DC.  Cells like macrophages and B cells are shown to express 

CD40 receptor and can uptake soluble anti-CD40 mAb [38]. The possible 

scavenging of soluble anti-CD40 ligand might prevent adequate maturation of a 

particular DC, which has taken up targeted antigen. Therefore, to overcome this 

limitation and as a viable substitute to anti-CD40 mAb, toll-like receptor ligand(s) 

(TLR) can be co-encapsulated with antigens in nanoparticles. Several studies have 

demonstrated co-delivery or coadministration of TLR ligands and antigen in 

PLGA nanoparticles serves as an effective vaccine delivery approach for 

improving immune responses [39, 40].  Furthermore, bfFp based DC targeting of 

co-encapsulated antigen and adjuvant can also help in reducing the dose of 

antigen as well as adjuvant. 

Based on the application of TLR ligands as DC maturation stimuli in anti-DEC-

205 mAb-antigen conjugate and fusion protein based approach, a number of TLR 

ligands can be used. Specifically, TLR3 ligand such as poly I:C, TLR9 ligand 

bacterial CpG and TLR4 ligand such as monophosphoryl lipid A can be used as 

viable substitute for anti-CD40 mAb [24, 41, 42].  The choice of most suitable 

TLR ligand will depend on the expression pattern of DEC-205 receptor and TLR 

ligand on particular DC subset. Therefore, it will be particularly interesting to use 

TLR3 ligand poly I:C in place of anti-CD40 mAb, as both DEC-205 receptor and 

TLR3 has been co-expressed by mouse and human DC subsets [21, 43]. 
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