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1. Introduction 

Over the last two centuries, vaccination has been one of the most successful 
medical interventions in reduction of infectious diseases [1]. However, most 
vaccines are administrated by injection, which requires syringes, needles, and 
trained personnel. Injection can be painful and causes stress, especially in 
children. For pediatric vaccination programs, poor compliance is one of the 
reasons for incomplete vaccination coverage, which impairs herd immunity 
and may lead to unnecessary death from vaccine-preventable diseases. The 
needs for effective as well as non-invasive vaccine administration have 
boosted the research on nasal [2], transcutaneous [3], oral [4] and pulmonary 
delivery of vaccines [5]. 

The transcutaneous route is particularly attractive because the skin is highly 
accessible with unique immunological characteristics. It has been known for a 
long time that an effective immune response can be induced via the skin [3]. 
One successful example of transcutaneous vaccination is scarification in the 
case of smallpox immunization in humans [6]. The presence of professional 
antigen-presenting cells (APCs) in the epidermis and dermis mediates the 
cutaneous immunization [7]. Another primary reason for considering the 
transcutaneous route is the potential for safe immune stimulation, as it avoids 
the direct contact of potent (even slightly toxic) adjuvants with the general 
blood circulation [8]. However, the uppermost layer of the skin, the stratum 
corneum, acts as a barrier for diffusion and therefore a major obstacle to 
transcutaneous vaccine delivery. Currently, the main challenges for 
cutaneous immunization are: i) to enhance the transport of antigens across 
the skin barrier and ii) to improve the immunogenicity of topically applied 
vaccines. 

In this chapter, approaches for improving transcutaneous immunization (TCI), 
e.g. vaccination through intact or pretreated skin, will be reviewed. This 
chapter starts with a brief introduction to vaccines and adjuvants, followed by 
a description of the barrier and immunological functions of the skin. The 
second part includes a description of innate and adaptive immune responses 
upon contact with an antigen and the function of skin dendritic cells (DCs). 
The third part summarizes the experimental approaches of enhancing 
transcutaneous antigen delivery and improving the immunogenicity of vaccine 
formulations. Finally, some safety concerns and concluding remarks are 
provided. For clarity, some terms used in this review are defined in Table I. 
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Table I. Terms used in this chapter 

 

Term Interpretation 

Adjuvant Substance that enhances the immunogenicity of an antigen

Cutaneous immunization Both intradermal and transcutaneous immunization 

Particle elasticity The ability of vesicles to deform and pass through openings 
smaller than their actual size 

Intradermal immunization Antigen delivery into the dermis via a syringe and needle 

Transcutaneous immunization Antigen delivery into the epidermis and dermis through 
intact or pretreated skin 

Microneedles Needles shorter than 1 mm 

2. Vaccines and adjuvants 

Vaccines can be defined as antigen formulations that induce specific, 
non-toxic and long-lasting immune responses to prevent or treat disease [9]. 
Traditional vaccines are designed to mimic the immune response that would 
otherwise be induced by an active infection, thereby avoiding the undesirable 
consequences of the disease [10]. New vaccines can also trigger or enhance 
immune responses for therapeutic purposes, e.g. anti-cancer vaccines. 
However, the focus of this chapter will be on vaccines that prevent infectious 
diseases. 

To be effective, a vaccine must contain some parts of the disease-causing 
agent, e.g. bacterium, virus, or toxin, or a substance derived from it, e.g. a 
recombinant protein or a synthetic peptide, and it may include one or more 
adjuvants. Antigens in the vaccine formulations are recognized, taken up and 
processed by APCs and subsequently presented to T lymphocytes 
(generating antigen-specific T cells). Vaccination regimens generally employ 
prime-boost strategies. Repeated administration of the same antigen induces 
stronger activation of effector cells (immunoglobulin-producing B cells 
(plasma cells), cytotoxic T cells and helper T cells, Th), and also a small 
population of memory B and T cells. These memory cells provide a faster and 
stronger secondary immune response to the same antigen upon subsequent 
exposure, e.g. in the form of an infection by a pathogen carrying this specific 
antigen [11, 12]. The primary mechanism of protection after vaccination is 
mediated by the generation of neutralizing antibodies and/or the induction of 
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cell-mediated immunity depending on the disease in question [13]. Currently 
available vaccines can be classified into three categories: modified live, 
inactivated and subunit vaccines. 

Vaccines containing modified live organisms, such as the Sabin oral polio 
vaccine, induce the most potent and long-lasting immune response. They 
generally require the fewest number of inoculations, do not need adjuvants 
and are very effective at inducing both cellular and humoral immunity [14]. 
The largest drawback is their possible replication in immune compromised 
vaccinees. Moreover, there is a risk that an attenuated strain reverts to a 
virulent one. In this way, severe side effects may occur. 

Inactivated vaccines comprise the whole organism that has been killed by 
treatment with heat or chemicals. Examples are the typhoid and cholera oral 
vaccine and the injectable hepatitis A virus. They are potent inducers of 
humoral immunity and possess a longer shelf life than live vaccines. However, 
the degree of cell-mediated immunity induced can be weak. Although safer 
than modified live vaccines, inactivated vaccines are highly reactogenic and 
associated with side effects such as high fever accompanied by severe pain, 
redness and swelling at the injection site. 

Subunit vaccines, including DNA vaccines, contain only a portion of the 
organism or the gene coding for it. Being free of reactogenic agents, subunit 
vaccines are very safe. Toxoids, inactivated bacterial toxins such as 
diphtheria toxoid (DT) and tetanus toxoid (TT), are the first and very 
successful subunit vaccines employed for human use [15]. These toxoids are 
adjuvanted with alum to improve their immunogenicity. The newly developed, 
often recombinant, subunit vaccines mostly are poorly immunogenic, and 
generally require to be formulated with adjuvants. 

Adjuvants are substances that accelerate, prolong or enhance 
antigen-specific immune responses when used in combination with vaccine 
antigens. Adjuvants generally demonstrate their features due to one or 
several of the following mechanisms: 
i). provide a “depot” for the antigen, creating an antigenic reservoir for a 

prolonged delivery; 
ii). facilitate targeting of the antigen to APCs and/or enhance phagocytosis; 
iii). enhance and modulate the type of immune response induced by the 

antigen alone [16-19]; 
iv). provide a danger signal from damaged or stressed cells that the immune 
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system needs in order to respond to the antigen as it would during an 
active infection [11]. 

Colloidal aluminum hydroxide and aluminum phosphate, commonly referred 
to as alum, have been the most widely used adjuvants since 1926. Until now, 
alum is the only adjuvant approved (in fact, tolerated) by FDA for use in 
humans. It is the standard benchmark to which the efficiency of other 
adjuvants is usually compared [20, 21]. The mechanism of adjuvanticity of 
alum has long been thought to be providing an antigenic depot at the site of 
injection. Recent studies have shown that alum may also act via a different 
mechanism, as the alum crystals activate directly an intracellular innate 
immune response system called the Nalp3 (NACHT-LRR-PYD-containing 
protein [22]) inflammasome, or indirectly through release of the endogenous 
danger signal uric acid [23, 24]. While alum is effective at inducing strong 
humoral immunity, alum-based vaccines generally fail to induce cell-mediated 
immunity [25]. 

Most vaccines are delivered intramuscularly or subcutaneously. This may 
partially be due to the widespread availability of needles and syringes by 
which these tissues are easily accessible. There is, however, hardly any 
compelling evidence suggesting that they are ideal tissues for vaccination 
from an immunological point of view [3]. The skin is known to be a potent 
immune stimulatory tissue, but its full potential for vaccination has not yet 
been exploited. 

3. Immunological function of the skin 

3.1. Skin structure 

The skin is the largest organ of the human body. It represents the outermost 
physical barrier between the body and the surrounding environment. It 
protects us against external mechanical impacts, ultraviolet radiation, 
dehydration, and microorganisms. The skin consists of three main layers: 
epidermis, dermis, and subcutaneous fat tissue (Fig. 1). The epidermis is the 
outermost layer of the skin. The human epidermis varies in thickness from 50 
to 150 �m. It can be divided into four layers, which are, from outside to inside: 
stratum corneum, stratum granulosum, stratum spinosum, and stratum basale. 
The barrier function of the skin is located in the stratum corneum. This layer 
consists of rigid, desmosome-linked epithelial cells, known as corneocytes, 
embedded in a highly organized lamellar structure formed by intercellular 
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lipids. The unique arrangement of this layer (15-20 �m thick in human) results 
in a practically impermeable barrier which reduces the passage of molecules, 
especially those larger than 500 Da [26]. Underneath the stratum corneum 
resides the viable epidermis, which consists of three layers; stratum 
granulosum, stratum spinosum and stratum basale. The main cell type in the 
viable epidermis is the keratinocyte. However, melanocytes, Merkel cells and 
Langerhans cells (LCs), although less abundantly present, also play important 
roles in the functioning of the viable epidermis. 

 
Figure 1. Structure of the skin. The skin consists of three main layers: epidermis, dermis, and 
subcutaneous fat tissue. The barrier function of the skin is located in the uppermost layer, the 
stratum corneum. LCs in the epidermis and the dermal DCs in the dermis are the main APCs in 
the skin and the targets of TCI. Image adapted from Watt [27]. 
 

Underneath the viable epidermis is the dermis. The important cell classes in 
the dermis are fibroblasts, mast cells, and dermal DCs (dDCs). The dermis 
also contains blood vessels, lymph vessels, and nerves. This skin layer is the 
major site of cellular and fluid exchanges between the skin and the blood and 
lymphatic networks. The rich blood supply of the dermis plays a role in body 
temperature regulation, immune responses and pain- and pressure- 
regulating mechanisms [28]. 

Beneath the dermis lays the subcutaneous fat tissue. This is an assembly of 
adipocytes linked by collagen fibers. It not only forms a thermal barrier, but 
also functions as an energy storage and a mechanical cushion for the body 
[29]. Appendages such as sweat glands, pilosebaceous units, and hair 
follicles are structures penetrating the skin and originate either from the 
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dermis or the subcutaneous fat tissue. These appendages form important 
discontinuities of the skin [28]. 

Besides the barrier function, the skin also has important immunological 
functions due to the presence of the skin-associated lymphoid tissue (SALT) 
[30, 31]. The SALT is constituted by APCs, such as LCs and dDCs, together 
with keratinocytes, mast cells, subsets of T lymphocytes and the skin lymph 
nodes. Although considerable amounts of microbes are covering our skin, 
homeostasis is maintained and we stay remarkably healthy. When microbes 
break the skin barrier, the immune system faces a number of options: whether 
or not to respond, and what the right type of response is. This decision can be 
a matter of life and death exemplified by for instance leprosy [32]. The skin is 
involved in both innate and adaptive immunity. The adaptive response 
enables vaccination and generally becomes more effective with each 
successive encounter with the same antigen, whereas the innate immune 
mechanism provides immediate, but short-lasting defense against infections. 
In the following sections about the immunological functions of the skin, the 
human immune system is discussed, unless stated otherwise. 

3.2. Innate immunity 

The most important skin cells involved in the innate immune response are the 
skin DCs that sample the environment, process the antigens and present 
these to T cells. Several distinct types of DCs are present in the skin [33]. 
However, as this is an emerging field of research, here only the two most 
established types of skin DCs, LCs and dDCs, will be described. They are two 
types of myeloid DCs. LCs are epidermal DCs that account for only 1% of the 
total epidermal cell population, but cover nearly 20% of the skin surface area 
[34]. LCs can be distinguished from other subsets of DCs by their expression 
of langerin/CD207 (Fig. 2), CD1a and E-cadherin and the presence of a 
unique intracytoplasmic organelle, the Birbeck granule. The dDCs are 
characterized by DC-SIGN (DC-specific intercellular adhesion molecule-3 
(ICAM-3)- grabbing non-integrin, also known as CD209), CD11b, factor XIIIa 
and CD14 expression [35, 36]. They are present in higher numbers than LCs 
in the skin. These cells are continuously produced from the hematopoietic 
stem cells and distributed in an immature state as antigen-capturing cells. 
Recently a new subset of skin DCs has been found in the skin, i.e. the 
langerin positive CD103+ DCs, which are reported to be most efficient in 
processing viral antigens into the major histocompatibility complex class I 
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(MHC I) pathway, thereby activating CD8+ T cells [37]. Currently, this topic is 
of great interest and novel vaccines targeting specific DC subsets will be 
designed [38]. 

Skin DCs, together with macrophages recruited from circulating blood, exert 
their sentinel role by sampling and processing potential pathogens invading 
the skin. Immature DCs are activated by numerous agents derived from 
microbes, dying cells and cells of the innate and adaptive immune system. 
These responses are initiated by binding of the agents to 
pathogen-recognition receptors (PRRs). Although PRRs are expressed on 
many cell types, research on PRR activation mainly focuses on DCs, because 
of their important role in controlling immune responses [39]. Agents that 
trigger these receptors are referred to as pathogen-associated molecular 
patterns (PAMPs) and danger-associated molecular patterns (DAMPs) [40]. 
DAMPs include the endogenous signals, e.g. heat-shocked proteins (HSPs) 
secreted or presented by other somatic cells when dying or otherwise 
stressed; PAMPs usually represent exogenous signals, such as the 
conservative motifs of microbial products [41]. Detailed information about the 
PRRs, especially the Toll-like receptors (TLRs), and the corresponding 
PAMPs and DAMPs will be discussed later. 

 
Figure 2. Epidermal LCs. Immune fluorescence staining of MHC II (green) and langerin/CD207 
(blue) in epidermal sheets freshly isolated from the ear skin of a normal adult mouse (C3H, H2k). 
Confocal images show that all MHC II+ cells in the epidermis express langerin. Picture adapted 
from Erikson et al. [42]. 

The antigen-presenting process is profoundly affected by PAMP and DAMP 
induced cytokines. Keratinocytes, accounting for about 90% of the total 
epidermal cell population, play an important role. In case of danger, e.g. skin 
barrier disruption, keratinocytes produce a wide range of cytokines such as 
interleukin-� (IL-1�), IL-1�, granulocyte-macrophage colony-stimulating factor 



Chapter 1 

 10

(GM-CSF) and tumor necrosis factor-� (TNF-�), which interact with DCs and 
help to maintain an appropriate balance between reactivity and tolerance of 
the immune system [43, 44]. For example, migration and maturation of LCs 
are initiated by pro-inflammatory cytokine IL-1� and keratinocyte-derived 
TNF-� [45, 46]. Besides keratinocytes, neutrophiles, macrophages, and mast 
cells also secrete cytokines that influence DC maturation [47, 48]. The change 
(differentiation) of LCs and dDCs during maturation includes increased 
expression of MHC molecules and co-stimulatory molecules, increased 
production of cytokines such as IL-1�, IL-6, IL-12, and chemokines such as 
CXCL1, 2, 3, 8 and CCL3-5, as well as the enhanced emigration of these cells 
from the skin to the paracortical area of draining lymph nodes [49, 50]. In the 
lymph nodes, skin-derived DCs present the processed antigens of the 
pathogen, together with the activation stimuli, to naïve resting T-lymphocytes 
surrounding them [51, 52]. This occurs in an antigen-specific fashion and 
results in the expansion of the respective clone(s) to mature into extremely 
potent immune stimulatory cells, controlling the development of adaptive 
immunity [53]. 

3.3. Pattern-recognition receptors 

TLRs are important PRRs involved in host defense against a variety of 
pathogens. TLRs have been a central focus for immunologists and 
vaccinologists since they were discovered by Gay and Keith almost 20 years 
ago [54]. So far, ten TLR members have been identified in humans and three 
more in mice, each thought to selectively recognize diverse bacterial, viral 
stimuli or endogenous signals (Table II) [55]. TLRs can be divided into 
subfamilies, according to the ligands they recognize and to their cellular 
localization. The subfamily of TLR 1, 2, 4 and 6 recognizes lipids, whereas 
TLR 3, 7, 8, and 9 recognize nucleic acids [41]. Generally, TLRs that detect 
bacterial products other than nucleic acids (TLR1, 2, 4, 5, 6, 10 and 11) are 
expressed on the cell surface, whereas those detecting nucleic acids (TLR 3, 
7, 8, and 9) are located intracellularly, typically on late endosomes or 
lysosomes. Such restricted localization might provide the mechanism by 
which DCs avoid spontaneous activation by self nucleic acids [56, 57]. When 
activated, TLRs recruit adapter molecules within the cytoplasm of cells to 
propagate a signal, which ultimately leads to the induction or suppression of 
genes that orchestrate the inflammatory response. Activation of different 
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TLRs regulates gateways for gene modulation and tailors the type of the 
induced immune responses.  
 

Table II. TLRs and their natural ligands in humans and mice [58-63]  
TLR Ligands Ligand location 
TLR1+TLR2 Tri-acyl lipopeptides Bacteria 
TLR2+TLR6 Di-acyl lipopeptides Mycoplasma 
TLR2 Glycolipids Bacteria 
 Lipopeptide Bacteria 
 Lipoprotein Bacteria 
 Lipoteichoic acid  Bacteria 
 HSP60, 70 and 90, grp96 Host cells* 
 Zymosan Fungi 
TLR3 Double-stranded RNA (dsRNA) Virus 
TLR4 LPS Gram-negative bacteria 
 HSPs Bacteria and host cells* 
 Fibrinogen  

Fibronectin 
Host cells* 
Host cells* 

 Heparan sulfate fragment Host cells* 
 Hyaluronic acid fragment  

�-defensin  
Host cells* 
Host cells* 

TLR5 Flagellin  Bacteria 
TLR7/8 Single-stranded RNA (ssRNA) Virus 
TLR9 Unmethylated CpG DNA  Bacteria 
TLR10 Unknown Unknown 
TLR11 (mice only) Profilin Toxoplasma gondii 
TLR12 (mice only) Unknown Unknown 
TLR13 (mice only) Unknown Unknown 

*endogenous danger signals, DAMPs  

TLR expression on LCs and dDCs are different and also differs from other 
subtypes of DCs at mucosal surface or in the blood circulation. Epidermal LCs 
freshly isolated from the human skin express TLR1, 2, 3, 6 and 10 but not 
TLR 4 and 5. Dermal DCs do express TLR2, 4 and 5, responsible to the 
recognition of bacterial PAMPs. Van der Aar et al. proposed that the LCs’ 
unresponsiveness to bacteria may contribute to tolerance to bacterial 
commensals that colonize the skin, avoiding deleterious inflammatory 
responses [64]. The TLR distribution on immune active skin cells (human and 
mouse) are presented in Table III. Some of the data are still under debate 
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because of different isolation methods for generating the specific types of 
cells. This DC heterogeneity and the differences in the epithelial 
microenvironment may influence the immune modulation function of certain 
adjuvants and thereby the choice of adjuvants for TCI.  

It is generally accepted that the detection of pathogens by TLRs initiates the 
mobilization of the host defense against most, if not all, infectious agents. 
However, recent results highlight the role of other PRRs that cooperate with 
TLRs or compensate for TLR specialization [65]. In the absence of TLR 
activities, most viruses and intracellular bacteria are recognized by alternative 
intracellular receptor families, including nucleotide oligomerization domain 
(NOD)-like receptors (NLRs), retinoic acid inducible gene based (RIG)-I-like 
receptors (RLRs) and c-type lectin-like receptors (CLRs) [66]. NLRs are a 
family of receptors recognizing intracellular microbial components, as recently 
reviewed [67, 68]. C-type lectins act as anchors for a large number of 
microbes, including viruses, bacteria, parasites, and fungi and allow their 
internalization. CLRs bind the carbohydrate moiety of glycoproteins and carry 
out multiple functions [69, 70]. In general, activation and maturation of DCs 
are the consequence of signal transduction within the PRR network, resulting 
in appropriate immunity against invading pathogens or infections. 
 

Table III. TLR distribution in immune active skin cells [71-79] 
 

Cell type Human Mouse 
Keratinocytes 1-6, 9, 10 2, 4, 7, 9  
LCs 1, 2, 3, 6, 10 2, 3, 4, 7, 9  
dDCs 2, 4, 5 9  
Myeloid DCs 1, 2, 3, 4 1, 2, 3, 4, 7, 9  
Plasmacytoid DCs 7, 9 7, 9  
Macrophages/Monocytes 1, 2, 4, 5, 8 3, 4, 7, 9  
Mast cells 3, 9 2, 3, 4, 7, 8, 9 

3.4. Adaptive immunity 

Adaptive immunity provides pathogen-specific, long-lasting protection to the 
host. DCs are an important link between innate and adaptive immunity. They 
educate and stimulate B and T lymphocytes and play a central role in both 
stages, both cell-mediated and humoral immunity [39]. Adaptive immunity 
starts with the DC-T cell interaction, followed with the proliferation of T and B 
lymphocytes in the secondary lymphoid organs, i.e. spleen and lymph nodes. 
Both cells develop from a common lymphoid progenitor in the bone marrow. T 
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cells differentiate further into either CD4+ helper or CD8+ cytotoxic T cells. 
Antigen recognition by B and T lymphocytes differs from that by cells of the 
innate immune system in that; the latter recognize conservative motifs using 
PRRs, whereas B- and T-cell receptors specifically recognize a large variety 
of epitopes. 

3.4.1. B cells 

The humoral immune response is mediated by B cells. These cells recognize 
their cognate antigen in its native form. They recognized free (soluble) antigen 
in the blood or lymph using their membrane bound-IgM or IgD, which act as B 
cell receptors. In most cases, B cell activation, e.g. clonal proliferation and 
terminal differentiation into plasma cells, requires not only recognition of 
antigens, but also cytokines produced by CD4+ Th cells, who are activated 
first after contact with APC presenting processed antigen in MHC II molecules. 
Special antigens, such as repeating carbohydrate epitopes from many 
bacteria, may also directly stimulate B cells by cross-linking the IgM antigen 
receptors, thereby activating them in a T cell independent manner [80]. B cells 
can also take up antigens and present them by MHC II to CD4+ T cells. 
Interactions between B cells and CD4+ Th cells stimulate both cell types. For 
example, Th2 cells are triggered to synthesis CD40L, which can bind to CD40 
on B cells. As a consequence, B cells start producing large amount of 
antigen-specific antibodies into the blood circulation. These antibodies assist 
in the destruction of microbes by binding to them and making them easier 
targets for phagocytes and activation of the complement system. 

3.4.2. CD4+ T cells 

In contrast to B cells, T cells only recognize their cognate antigen in a 
processed form, as a peptide fragment presented by an APC’s MHC molecule 
to the T cell receptor. For complete CD4+ T cell stimulation, this antigen 
presentation is required but not sufficient. Interaction of co-stimulatory 
molecules (CD80 and CD86) on DCs surface with their T cell equivalents 
(CD28), the secretion of stimulatory cytokines (IL-2) and a polarization signal 
(IL-4 and IFN-� etc.) are also necessary [72, 81]. TLR recognition and 
activation in DCs induces the up-regulation of the activation markers CD80 
and CD86, and contributes to the activation of T cells. Once a CD4+ T cell is 
activated by a DC, it can differentiate into different types of Th cells. The 
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differentiation of CD4+ Th cells is particularly sensitive to the type of stimulus 
presented to the DC. Depending on the nature of the invading pathogen, a DC 
can induce the differentiation of CD4+ Th cells into Th1, Th2, Th17 or 
regulatory T cells (Treg) [82] (Fig. 3). Most bacterial and viral products, 
including lipopolysaccharide (LPS), bacterial DNA and dsRNA, drive the 
differentiation towards a Th1 functional phenotype [83, 84]. Th1 cells secrete 
IL-2, IL-12, IFN-� and TNF-�, and lead to cell-mediated immunity, such as 
macrophage activation and inflammatory responses. Furthermore, Th1 cells 
provide a helper function for class switch of antibody-producing plasma cells, 
particularly those involved in opsonization and virus neutralization [85]. In the 
presence of parasitic pathogens, extracellular bacteria and allergens, naïve T 
cells are differentiated into Th2 cells. Th2 type cytokines, including IL-4, IL-5, 
IL-10 and IL-13, mediate humoral immunity and support the production of the 
IgG1 and IgE subclasses. The Th2 cells are the cells that can interact with B 
cells. Upon interaction, the T cells start producing CD40 ligand (CD40L) which 
can interact with CD40 on DCs and B cells. In this way, the activation of more 
T cells and the production of antibodies are sustained [86]. 
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Figure 3. The adaptive immunity controlled by DCs. The specific pathway followed by CD4+ T 
cells, whether it involves Th1, Th2, Th17 or Treg cell differentiation, is significantly governed by 
DCs and depending on the nature of the invading pathogens. 

Th1 and Th2 cells are reciprocally regulated by a range of cytokines produced 
by themselves or by cells of the innate immune system. With the discovery of 
Th17 cells and the increasing role of antigen-induced Treg cells in controlling 
diseases [87], the relative simplicity of the Th1/Th2 paradigm needs 
modification. Nevertheless it still provides a model and reference for 
understanding disease pathogenesis and host immunity. The dominant type 
of immune response induced is determined by many factors, including the 
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route of antigen delivery, antigen doses, duration of antigen presentation, 
number, or frequency of immunizations and inclusion of adjuvants. 

3.4.3. CD8+ T cells 

Naïve CD8+ T cells become cytotoxic T cells when they are activated by DCs 
presenting antigens in the context of MHC I in the lymph nodes. Upon 
activation they migrate back to the sites of infection, where their main function 
is to kill tumor cells or cells infected by viruses or intracellular bacteria. The 
activation of a cytotoxic T cell response is the main mechanism of vaccines 
developed for cancer therapy. CD4+ T cells seem to be required to help CD8+ 
T cells fight certain pathogens. Cross-talk between both types of T cells is 
also mediated by CD40-CD40L interactions [88]. 

3.4.4. Memory cells  

The basis of vaccination lays in the existence of memory B and T cells. These 
cells enable faster and stronger responses to pathogen-derived antigens 
encountered before [89]. These cells are long-lived and almost do not divide. 
However, upon contact with a familiar antigen, they start dividing quickly and 
induce secretion of large amounts of antibodies and/or cellular responses. 
This process is nicely illustrated by the enhanced immune response obtained 
after booster vaccinations. More recent knowledge on memory cells can be 
found in a recent review by Sallusto and Lanzavecchia [90]. 

3.4.5. Skin DCs in adaptive immunity 

Under inflammatory conditions, LCs and/or the langerin positive CD103+ 
dDCs are highly efficient at inducing cytotoxic high-avidity CD8+ T cells [37, 
91]. LCs are strong activators of naïve CD4+ T cells, inducing their polarization 
into Th1 or Th2 cells. However, they are not able to promote the development 
of naïve B cells into IgM-secreting plasma cells [91]. In contrast, dDCs induce 
the differentiation of naïve B cells into IgM-secreting plasma cells through the 
secretion of IL-6 and IL-12, but are not very efficient at priming naïve CD8+ T 
cells [91, 92]. Dermal DCs preferentially activate CD4+ T cells, which help 
immunoglobulin production by B cells. LCs and dDCs appear to be equally 
potent at activating the proliferation and differentiation of memory T and B 
cells. More specifically, it is demonstrated that dDCs migrate into the outer 
paracortex of the lymph nodes, just beneath the B cell follicles, whereas LCs 
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migrate into the T cell-rich inner paracortex [93, 94]. Therefore, in summary, 
dDCs preferentially induce humoral immunity, while LCs and CD103+ dDCs 
induce cellular immunity. This concept is of particular importance in vaccine 
formulation design and delivery for selective activation of the desired type of 
immune response. 

Besides being presented by migratory skin DCs, soluble antigen, however, 
can directly diffuse into the draining lymph nodes through lymphatics and 
reach the lymph node-resident DCs [93]. Murine studies suggest that these 
two waves of antigen delivery to lymph nodes yield different immune 
responses. DCs can also activate innate immune cells such as natural killer 
cells [95, 96] and natural killer T cells [97]. 

4. Transcutaneous immunization 

To be efficient, TCI faces at least two main challenges: the transport of 
antigen and adjuvant across the skin barrier, and subsequently the 
stimulation of the antigen uptake by DCs, as well as DC maturation and 
migration in an appropriate manner. Efforts are classified into two categories: i) 
physical/chemical methods to overcome the skin barrier; ii) co-administration 
of adjuvants to potentiate and redirect the immune response. 

4.1. Overcoming the skin barrier 

Disruption of the skin barrier increases the transcutaneous permeation of 
antigen and makes it more readily available for sampling by APCs. 
Furthermore, disruption of the skin barrier beyond a certain extent may be 
considered as physical trauma by the immune defense system of the skin. 
Danger signals, such as HSPs or the hyaluronic acid fragment (Table II), 
induce the secretion of pro-inflammatory cytokines by the keratinocytes and 
facilitate APC activation, resulting in improved immunogenicity of topically 
applied vaccines [98, 99]. The physiological differences between mouse and 
human skin should be taken into consideration when transferring techniques 
of skin barrier disruption from one to the other. Between the species, the 
density of the characterized LCs resident in the skin is comparable [100, 101]. 
However, human skin is thicker and less hairy than mouse skin [100, 102]. 
Correspondingly, the depth of LC locations is greater in humans. The physical 
and chemical approaches utilized to overcome the skin barrier and improve 
the effect of immunization are discussed below (Fig. 4). 
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Figure 4. Approaches and devices for TCI. (a) i.d. immunization; (b) SoluviaTM (BD) [103]; (c & d) 
Micro-TransTM , solid microneedle array and its SEM image [104]; (e, f & g) hollow microneedle 
array, MicroJet® (NanoPass) [105, 106]; (h & i) blunt-tipped microneedle array, OnVax® (BD) 
and its EM image [107]; (j) microneedle array with electroporation, EasyVax® [108]; (k & l) 
powder and liquid jet systems [109, 110]; (m) smart vaccine patch from Intercell [111]; (n) 
PassportTM patch (Altea) [110]; (o) coated and hollow microneedle arrays (3M) [112]. 
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4.1.1. Intradermal injection 

The most widely used method to overcome the skin barrier for cutaneous 
immunization to date is intradermal (i.d.) injection, invented by Mendel and 
Mantoux in the early 1900s [113] (Fig. 4a). It is able to deliver antigens into 
the dermis precisely and reproducibly. Clinical trials with hepatitis B, influenza, 
and therapeutic cancer vaccines have shown that i.d. vaccination is safe and 
effective. In many cases, benefits such as stronger immune responses with a 
lower antigen dose compared to subcutaneous (s.c.) or i.m. injection were 
observed. These underline the effectiveness of the skin as a site of 
immunization [3]. However, traditional i.d. injection requires well-trained, 
skillful healthcare workers; therefore new devices for i.d. injection are being 
developed. One example is the BD (Becton Dickinson) microinjection system, 
SoluviaTM (Fig. 4b). This is a prefilled syringe with a single 1.5 mm-long, 30G 
intradermal needle designed to deliver 100-200 μl fluid. It is now commercially 
available for a trivalent seasonal influenza vaccine (Sanofi-Pasteur) [114]. 
However, it still employs needles and causes pain. Cutaneous immunization 
in a minimal-invasive and needle-free manner is therefore more desirable. 

4.1.2. Microneedle arrays  

One approach towards painless and needle-free TCI is to dramatically reduce 
the size of needles so that they are barely perceptible. The term microneedles 
in the definition used here refers to needles shorter than 1 mm with a 
cross-sectional diameter of about 300 �m or less. Theoretically, microneedles 
only need to pierce the 15-20 �m thick stratum corneum before reaching the 
viable epidermis. However, the skin is elastic, heterogeneous tissue and 
slightly stretched in vivo. The mechanical and structural properties of the skin 
vary significantly with age, skin type, hydration level, body location and 
among individuals [115, 116]. To ensure effective and reproducible piercing 
regardless of these factors, microneedles need to be fabricated much longer 
than 20 �m [117]. The diameter of the microneedle is also important. A too 
small diameter can only provide limited diffusion flux. Moreover, very thin 
microneedles are normally very fragile and may easily break in the skin. To 
overcome this risk, microneedle arrays were designed, which can help to 
spread the surface forces between each microneedle, thereby decreasing the 
chances of breakage in the skin. More importantly, by using an array of 
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microneedles, more conduits are created in the skin, thereby increasing 
transcutaneous diffusion of antigen and exposing more APCs. 

The concept of the microneedle array for drug delivery purposes essentially 
dates back to a patent, filed in 1971, by Gerstel and Place at Alza Corp [118]. 
However, it was not until the 1990s that the technique became viable, as by 
then techniques became available to precisely fabricate these microneedle 
arrays in a potentially cost-effective manner. Since then, microneedle 
technology is under active research and various strategies were developed 
using microneedle arrays in transdermal drug delivery, including TCI [119, 
120]. 

Solid microneedle arrays 

A straightforward method is to perforate the skin with solid microneedle arrays 
and apply antigens to the skin surface for subsequent diffusion into the skin. 
Henry et al. demonstrated four orders of magnitude increase in permeability 
for calcein and bovine serum albumin (BSA) through human epidermis in vitro 
after penetration with a microneedle array of 150-�m needle length [121]. 
Banks et al. reported that the flux across microneedle array-pretreated skin 
was augmented by increasing the charge of the drug [122] and Verbaan et al. 
showed that 200-nm particles can diffuse through conduits formed by solid 
microneedle arrays [123]. 

Coated microneedle arrays 

Besides pretreatment, arrays of microneedles with vaccines coated in the 
form of powder or a film have been developed. Although only a very low 
amount of antigen can be coated, this may be sufficient to generate a 
protective immune response. The coated microneedle array is inserted into 
the skin and then removed, thus depositing its payload to a maximum depth 
determined by the length of the microneedle. Matriano et al. delivered 1 �g 
ovalbumin (OVA) by precoated microneedle arrays and showed up to a 
100-fold increase in immune responses over i.m. injection of the same dose 
[124]. In that study, an array with 300-�m long microneedles, made of titanium, 
was applied to the skin by an impact insertion applicator. Later, Widera et al. 
from the same group carried out an extensive study on microneedle 
fabrication parameters. The immune response was found to be dose 
dependent, however, practically independent of depth of delivery, density of 
microneedles, or area of application. Notably, OVA delivered with short 
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microneedles (225 �m) in a high density array (725 microneedles/cm2) 
induced a similar immune response as compared to longer microneedles (600 
�m) at a lower density (140 microneedles/cm2) [117]. 

Coatings are usually applied by dipping microneedles in the vaccine 
formulations. A systematic study performed by Gill and Prausnitz 
demonstrated that excipients reducing surface tension of the coating solution 
improve coating uniformity, while excipients increasing solution viscosity 
increase coating thickness. The amount of coated antigen can be adjusted by 
its concentration in solution. Both hydrophilic and hydrophobic molecules 
could be uniformly coated onto microneedles. Coatings could be localized just 
to the needle shafts and formulated to dissolve within 20 s in porcine cadaver 
skin [125, 126]. More recently, Chen and his coworkers reported a novel 
gas-jet coating method, with which they achieved uniform coating of a wide 
variety of molecules, e.g. ethidium bromide (394 Da), OVA (44 kDa) and 
OVA-encoding DNA (3.2 MDa), to microneedle arrays (30 to 90 �m needle 
length) [127]. As they used arrays of very small and densely packed 
microneedles, they claimed that only the gas-jet coating method, but not the 
dip-coating method, was able to localize the coating primarily to the needle 
shafts instead of the back plate. In the same study, they performed TCI with 
OVA on mouse ear skin using two dip-coated microneedle array-containing 
patches (3364 needles/16 mm2, delivering 1.2 �g OVA each) and induced 
comparable antibody titers to those from i.m. injection of 6 �g OVA. 

Hollow microneedle arrays 

By solid microneedle arrays pretreatment, antigen delivery is based on 
passive diffusion along the conduits. Although this is a relatively easy 
approach from a technical point of view, in general it leads to a low 
bio-availability of the applied vaccines. Using hollow microneedle arrays to 
inject the vaccine into the epidermis or the superficial layers of the dermis, 
one can precisely steer the flow rate using a syringe or a pump and provide a 
more controlled vaccine delivery. However, avoiding leakage is the biggest 
challenge for a hollow microneedle array due to the short needle length. A 
hollow needle with the opening facing the skin will punch out a piece of tissue. 
This leads to blockage of the fluid path. A large fluidic pressure applied by a 
piston or pump against this resistance will cause leakage. By geometrically 
shaping the needle tip and partially retracting the needles after insertion, thus 
avoiding blockage and relieving the compressed tissue, the flow resistance 
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can be decreased substantially [128]. The first hollow microneedle array, 
150-�m long, made of silicon, was presented by McAllister et al. [129]. Luttge 
et al. reported injection of insulin in diabetic rats through a 350-�m long, 9×9, 
silicone microneedle array via a pump at a rate of 0.045 mg/h (estimated to 
be >1 �l/h based on the solubility of insulin [130]). Comparable reduction of 
glucose levels were achieved as compared to conventional s.c. injection (Fig. 
4f) [105]. Hafeli et al. demonstrated injection of radio-labeled human serum 
albumin (HSA) into mouse skin using 200-�m long, 2×3 microneedle arrays. 
After injection of about 3 �l fluid, the resulting relative skin uptake (the volume 
in the skin divided by the ejected volume) was 36.0 ± 19.9% [131]. Lower 
doses (3 �g) of influenza vaccines delivered by a hollow microneedle array 
(0.45-�m long, 4×1, Microjet® developed by Nanopass, Fig. 4e) elicited 
immune responses similar to those induced by full-dose (15 �g) i.m. 
vaccination in human volunteers [106]. In this study, a blanched bleb 
appeared after injection. Leakage was noted during injection in 7 out of 60 
subjects, without significantly affecting the immune response. 

Dissolvable microneedle arrays 

Another design is the dissolvable microneedle array. Kolli et al. tested 500-�m 
long microneedles made of maltose. They demonstrated that microchannels 
in the skin were created and about a ten-fold increase of the transdermal 
delivery of nicardipine hydrochloride was achieved [132]. The VaxMat®, made 
of sugar matrix containing vaccines by TheraJect Inc., are fabricated in 
various lengths from 100 �m to 1,000 �m and assembled with an adhesive 
patch. Upon piercing, the microneedles dissolve and antigen diffuses into the 
epidermis and dermis within minutes [133]. 

Combined approaches using microneedle arrays 

The BD’s OnVax® device employs blunt-tipped microneedles measuring 
50–200 �m in length over a 1 cm2 area (Fig. 4h and 4i). These 
“microenhancer arrays” were coated with vaccines and used to scrape the 
skin gently in order to expose LCs to the vaccine without pain sensation. 
Using a hepatitis B DNA vaccine-coated microneedle array (100 �g dose), 
stronger and less variable immune responses were achieved compared to 
conventional i.m. and i.d. injection. Moreover, 100% of seroconversion was 
achieved after only two immunizations, whereas only 40-50% conversion was 
obtained by the conventional techniques, unless more immunizations were 
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applied. This enables “wipe and go” vaccination with easy self-administration 
[107].  

The EasyVaxTM device has been designed to insert coated microneedle 
arrays into the skin followed by electrical pulses to deliver DNA into the cells 
(Fig. 4j). Mice vaccinated with smallpox DNA vaccine induced neutralizing 
antibody titers greater than those elicited by the traditional live virus vaccine 
administered by scarification [108]. 

Some trends can be noticed after ten years study in this field: 

i) instead of piercing on dermatomed skin in vitro, recently more relevant 
and adequate experimental evaluations are being performed in vivo; 

ii) the length of the microneedle falls more often in the range of 200-500 �m, 
which allows effective piercing with less pain sensation; 

iii) an impact applicator or insertion device is often used, which enhances the 
uniformity of skin piercing with shorter needle length; 

iv) hollow microneedle arrays have gained more attention for its potential of 
precise dose control, while the device needs to be improved with respects 
to leakage-free injection and simplicity. 

4.1.3. Tape-stripping 

Tape-stripping and skin abrasion employs adhesive tape or emery paper to 
(partially) remove the stratum corneum. Glenn et al. have reported that mild 
abrasion by making 15 strokes on the skin surface results in the removal of 
approximately 29% of the stratum corneum, which can greatly enhance the 
passive diffusion of an antigen. This study confirmed that stratum corneum 
disruption before applying a vaccine patch (containing 50 �g heat-labile 
enterotoxin from E. coli, LT) results in robust immunity comparable to that 
obtained after active toxin infection and immunity induced by oral cholera 
vaccine [134]. For reproducible and easy-to-use tape-stripping, a skin 
preparation system (SPS) has been developed by Iomai (current Intercell). In 
the SPS device, an abrasive strip of fine-grit sandpaper is used to provide 
mild and controlled stratum corneum disruption by the length of the strip with 
only one stroke instead of 15 strokes. Following the same immunization 
protocol, comparable LT-specific antibody titers were obtained from the 
groups treated by trained physicians and a self-treated group [135]. 
Cyanoacrylate skin surface stripping (CSSS) facilitates more the follicular 
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penetration by removing cellular debris and sebum from the hair follicle 
openings, thereby enhancing vaccines to be delivered to the follicular LCs 
[136]. It is reported that topical application of modified vaccinia Ankara 
particles (~290 nm) after CSSS pretreatment induced protection against 
vaccinia virus challenge in mice [137]. 

4.1.4. Jet injection 

Powder jet injection employs the PMEDTM device to deliver vaccines (Fig. 4k, 
Pfizer), formulated as dry powder, mainly to the epidermis by releasing 
compressed helium at 40 bar pressure from a gas cylinder. This route of 
vaccination is referred to as epidermal powder immunization (EPI) in the 
following discussion. Liquid jet injection uses liquid vaccine formulations 
instead of the powder to puncture the skin and deliver vaccines without the 
use of needles (Fig. 4l). This technique was invented in the 1860s and the 
multi-use-nozzle jet injection was introduced in 1950s, developed by the U.S. 
military. Billions of vaccines doses have been administered by this method 
until in 1985, when it was related to a large hepatitis B outbreak [138]. This 
abandoned technique now resurrects with safer design, e.g. disposable 
cartridges prefilled with vaccines [139]. 

4.1.5. Ultrasound 

Tezel et al. applied low-frequency ultrasound to disrupt the skin barrier till the 
skin resistance decreased from 60 to below 5 k�/cm2 [140]. Functioning as a 
physical adjuvant, ultrasound enhanced the immune response induced by 
topical application of 100 �g TT in mice, probably by enhancing the antigen 
transport across the skin barrier and the activation of LCs. It generates a 
potent systemic immune response without using a toxin adjuvant or skin 
abrasion. 

4.1.6. Electroporation  

Electroporation of intact skin involves transmitting high-voltage electrical 
pulses to disrupt lipid structures, thereby creating transient pores in the lipid 
regions of the stratum corneum. It has been reported to enhance the 
permeation of highly-charged macromolecules (heparin) across the stratum 
corneum reaching therapeutic levels [141]. Electroporation was found to 
stimulate the exodus of LCs from the skin, which may be an additional 
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advantage for vaccination purposes. TCI of 130 �g OVA-peptide with 100 �g 
CpG oligo deoxynucleotides (CpG) as an adjuvant by electroporation into 
mouse skin was shown to generate a strong cytotoxic T-cell response 
comparable to that induced by i.d. injection of the antigen with Freund’s 
complete adjuvant [142]. Electroporation also permeabilizes the viable cells, 
thereby increasing the uptake of the antigen. However, with the formation of 
transient pores in the stratum corneum during electroporation, resistance can 
drop rapidly and dramatically. Therefore the electric field may distribute to the 
deeper tissues, causing pain and muscle contractions, especially at higher 
pulse voltages required for pore formation. Although this can partially be 
avoided by using closely spaced microelectrodes to constrain the electric field 
within the stratum corneum, the use of electroporation in TCI for human is 
limited by the complexity of device design [143]. 

4.1.7. Thermo-ablation 

Thermo-ablation makes tiny conduits by burning away small micrometer- 
sized areas of the stratum corneum. This can be obtained by pulsed laser 
[144], arc discharge [145] or short-duration resistive heating [146]. The latter 
is employed by the PassPortTM system, commercialized by Altea 
Therapeutics Corp (Fig. 4n). The use of this system creates 80 micropores 
within a 1-cm2 area with a filament attached to an applicator for the electrical 
current supply. This area is covered with a disposable liquid reservoir patch 
containing vaccine formulation. TCI using this system by application of 3 �g of 
recombinant H5 influenza hemagglutinin and 25 �g CpG three times with 4 
week intervals induced robust serum antibody responses in mice and 
provided protection against a lethal challenge with a highly pathogenic avian 
H5N1 influenza virus [146]. 

4.1.8. Chemical approaches 

Water is one of the most frequently used penetration enhancers. Occlusion 
and hydration of skin tissue progressively increases its permeability, as 
hydrated stratum corneum results in swelling of the corneocytes, pooling of 
fluid in the intercellular spaces and dramatic microscopic changes in its 
structure at very high hydration levels [147]. Consequently, methods such as 
occlusive patches or hydrophobic ointments (e.g. vaseline) also lead to 
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increased skin permeability. Occlusive patches have been successfully 
utilized and combined with various TCI approaches [148-150] (Fig. 4m). 

Other penetration enhancers act by diminishing the barrier of the skin. A great 
variety of chemicals are known to posses this capability as reviewed by 
Williams and Barry [151]. More recently, six hundred formulations of 
commonly used chemicals were screened for their potency in both 
transcutaneous permeation enhancement and adjuvanticity by Karande and 
his coworkers. Methodology described in this study provides a rational 
strategy for the design of TCI formulations by testing chemicals on both 
permeation-enhancing properties and adjuvanticity in vitro. OVA formulated 
with chemical or mixture of chemicals superior in both properties showed 
higher immunogenicity in vivo. Notably, chemicals with either high 
permeation-enhancement potency or high adjuvanticity alone did not 
guarantee high immunogenicity [152]. 

4.1.9. Deformable vesicular antigen delivery systems 

The vesicular antigen delivery systems, as a combined physical/chemical 
approach, have also been exploited to enhance the permeation of antigens in 
TCI. These vesicles are reported to pass through pores/tunnels smaller than 
their actual size, owing to their highly deformable bilayer [153]. They also 
have the potential advantages of boosting the immune response because of 
their similar size and structure to microorganisms, the natural pathogens 
which are actively sampled by the APCs [154]. 

Transfersomes® 

Transfersomes® are ultradeformable liposomes. Liposomes are closed 
spherical structures consisting of bilayers of hydrated amphiphilic lipids. 
Liposomes have first been identified as adjuvants in 1974 [155]. They may 
exert their adjuvanticity by providing a sustained antigen release, epitope 
multimerization and particulate antigen delivery to APCs. Liposomes, 
especially cationic liposomes, have been extensively explored as carriers for 
protein and DNA vaccines as they can carry both membrane-associated and 
water soluble antigens [156, 157]. 

The ultra deformability is generated by incorporation of an edge activator, 
often a surfactant, in the lipid bilayer [158, 159]. The original composition of 
Transfersomes® was soybean phosphatidyl choline (SPC) with sodium 
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cholate and small amount of ethanol [160]. Transfersomes® are applied in a 
non-occlusive manner as it has been suggested that the hydration gradient in 
the stratum corneum will drive the intact vesicles into the viable epidermis 
[161]. However, the claim has not yet been substantiated [153]. Structural 
changes in the stratum corneum have been identified and vesicle structures 
have been visualized within the stratum corneum lipid regions, but no intact 
vesicles have been ascertained in the viable tissues [153]. Nevertheless, 
several groups have reported that Transfersomes® substantially increase the 
transport of small molecules across the stratum corneum [158, 162-164]. 

The use of Transfersomes® to formulate antigens in TCI has also been 
reported in a few studies. When using antigens such as HSA, gap junction 
protein (GJP) and TT, potent humoral immune responses were induced in 
murine models with antibody levels comparable to those obtained through s.c. 
injection of HSA, GJP in Transfersomes® and alum-adsorbed TT, respectively 
[165-167]. Transfersomes® (named elastic liposomes by Mishra et al.), 
prepared with SPC, Span 80 and ethanol, were loaded with hepatitis B 
surface antigen (HBsAg). Comparable IgG titers and much higher secretory 
IgA titers against HBsAg were induced when elastic liposomes loaded with 10 
�g HBsAg were applied onto intact mouse skin as compared to those 
obtained by i.m. injection of the same dose of alum-adsorbed HBsAg [168]. 

Other elastic vesicles 

A number of other types of elastic vesicle compositions have also been 
evaluated in TCI, e.g. with high percentage of ethanol being introduced into 
the vesicles, the ethosomes; or constructed from non-ionic surfactant and 
cholesterol, the niosomes. Ethosomal systems were shown to be much more 
efficient at delivering a fluorescent probe to the skin in terms of quantity and 
depth, than either conventional liposomes or a water/ethanol solution. TCI of 
HBsAg-loaded ethosomes has been reported to induce immune response 
comparable to i.m. injection of HBsAg-alum [169]. BSA-loaded niosomes, 
composed of sorbitan monostearate/sorbitan trioleate (Span 60/Span 85), 
cholesterol and stearylamine, were coated with a modified polysaccharide 
O-palmitoyl mannan (OPM) for targeted delivery to the LCs. This niosomal 
formulation elicited significantly higher serum IgG titers as compared with 
alum-adsorbed BSA and plain uncoated niosomes in TCI, but lower than 
those obtained after i.m. injection of BSA-alum [170]. 
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Van den Bergh et al. introduced a series of surfactant-based elastic vesicles, 
consisting of a bilayer-forming surfactant sucrose-laurate ester (L-595), an 
edge activator octaoxyethylene-laurate ester (PEG-8-L) and a charge inducer 
sodium bistridecyl sulfo succinate (TR-70) [171, 172]. It has been suggested 
that these elastic vesicles act as carrier systems to transport 
low-molecular-weight drugs into the stratum corneum [173-176]. Studies 
using freeze fracture electron microscopy have visualized channel-like 
regions together with vesicular structures in the deep layer of stratum 
corneum after non-occlusive treatment with elastic vesicles [172]. Therefore, 
there is a potential for antigen-loaded vesicles as effective formulations for 
TCI, although there is no evidence that vesicles diffuse intact into the viable 
epidermis.  
 

Table IV. New technologies targeting vaccine delivery into the skin 
 

a. Microneedle related approaches 

Technology Vaccine (development phase) Company or Ref 
Soluvia™, (prefilled 
microinjection) 

Trivalent inactivated seasonal 

influenza vaccine (clinical phase III) 

Cancer vaccine (clinical phase II) 

BD/Sanofi-Pasteur

 

BD/Oncovax 

Microneedle injection Anthrax vaccine (pre-clinical) BD, [177] 

Micro-TransTM, (solid 
microneedle array) 

DNA, OVA, influenza (pre-clinical) BD, 3M, 
Valeritas/biovalve, 
[121] 

OnVax® (coated, blunt-tipped 
microneedle array) 

Hepatitis B DNA vaccine (pre-clinical) BD, [107] 

Macroflux® (coated 
microneedle arrays) 

OVA (pre-clinical) Alza, 3M, Zosano, 
[124], [117] 

MicronJet® (hollow 
microneedle array) 

Influenza (clinical phase I) Debiotech, 3M, 

NanoPass, [106] 

EasyVax® (microneedle 
array with electro-poration) 

Smallpox DNA vaccine (pre-clinical) [108] 

VaxMat® (dissolvable 
microneedle vaccine array) 

Not available Theraject, [133] 
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b. Other physical and chemical approaches 

Technology Vaccine/(development phase) Company or Ref 
SPS (topical patch and skin 
abrasion) 

Trivalent inactivated seasonal influenza 
(clinical phase II) 

Heat-labile enterotoxin from E. coli (LT) 
for travelers’ diarrhea (clinical phase III) 

Influenza (clinical phase II) 

Anthrax (pre-clinical) 

DT (pre-clinical) 

Iomai/Intercell  

 
[135, 178] 

 
[179] 

[149] 

[180] 

CSSS Melanoma or HIV epitopes (clinical 
phase I) 

[181] 

Electroporation 

Inovion, MedPulser DNA 
delivery system 

OVA peptide (pre-clinical) 

DNA dengue (clinical phase I) 

[142] 

PassPortTM system (topical 
patch with thermo-ablation)  

Influenza & DNA (pre-clinical) Altea, [146] 

PMEDTM (powder jet 
injection) 

DNA HIV (preclincal) 

Herpes simplex virus (HSV) type 2 
(clinical phase I) 

DNA melanoma gp100 (clinical phase I)

Influenza DNA vaccine (clinical phase I) 
Hepatitis B DNA coated gold 
micro-particles (clinical phase II) 

Influenza (clinical phase I) 

[182] 

[183] 

 

[184] 

[185] 

[186] 

[187] 

Biojector® 2000 (liquid jet 
injection) 

Inactivated polio vaccine (IPV) (clinical 
phase II) 

DNA vaccines for cancer, HIV & 

Protein (clinical phase I) 

Bioject, [188] 

 

[189] 

[190] 

Low frequency (20KHz) 
ultrasound 

TT (pre-clinical) Sonics & 

Materials, [140] 
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The stages of development of the approaches mentioned are summarized in 
Table IV. The long list of strategies/devices developed to overcome the skin 
barrier and enable painless, needle-free TCI reflects a very competitive and 
fast developing field. 

4.2. Immune potentiators and modulators 

Adjuvants, immune potentiators and modulators, are substances that 
enhance the immunogenicity of an antigen. Due to the advances in 
understanding innate immunity, the range of adjuvant candidates is enlarging 
dramatically. In many established, as well as experimental vaccine 
formulations, ligands for PRRs, cytokines or messenger molecules involved in 
the signal transduction of PRRs are incorporated, as reviewed by Wilson et al. 
[10]. As the route of administration determines the targeted subgroup of APCs, 
the immune modulation effectuated by adjuvants may differ depending on the 
site of vaccination. For example, in general, mucosal administration of antigen 
and adjuvants induces secretory-IgA which provides mucosal protection. 
Some representative adjuvants and the biased antibody isotypes in lab 
animals are listed in Table V, corresponding to the route of administration and 
their basic mechanisms of action. Their immune modulation properties in TCI 
on microneedle-treated skin will be further studied in this thesis. 

4.2.1. Bacterial exotoxins 

Bacterial ADP-ribosylating exotoxins possess a high degree of 
immunogenicity and adjuvanticity. Among them, cholera toxin and LT are the 
ones most intensively studied [190]. 

CT is a protein molecule consisting of five nontoxic B subunits (CTB) 
surrounding a single, toxic A subunit (CTA). Both the CTB-mediated specific 
binding to the GM1-ganglioside receptor and the ADP-ribosyl transferase 
activity of CTA were reported to be of importance in the immune stimulatory 
properties of CT [191, 192]. CT is a predominantly Th2 biased immune 
modulator when co-administrated with antigens by the intravenous route, oral 
administration or co-cultured with human blood monocytes-derived DCs in 
vitro [192]. Although diarrhea associated with CTA has prevented its use as a 
mucosal adjuvant, topical application of a high dose of CT does not appear to 
result in toxic side effects [193]. 
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Table V. Antibody isotype bias induced in lab animals (mainly rodents) of selected adjuvants, 
the corresponding route of administration, and their basic mechanisms of action. 

 
Adjuvants Basic characteristics 

and target 
Delivery 
route 

Dominant 
isotype 

Ref 

Al(OH)3, AlPO4 Nalp3 inflammasome 
and uric acid, 
depot effect 

i.p.* 
s.c. 
EPI 

IgG1 & IgE 
IgG1 
IgG1 

[23] [24] 
[194] 
[195] 

QS21/QuilA Purified saponin i.m. 
Intranasal 
s.c. 
Oral 

IgG2a & IgE 
IgG2a & IgA 
IgG2a 
IgG1, IgG2a, 
& IgE 

[196] 
[196] 
[194] 
[197] 

Immune stimulatory 
complex (ISCOM) 

40 nm cage-like 
particles, depot effect 

Parenteral 
Intranasal 

IgG2a 
IgG1, IgG2a 
& IgA 

[198] 
[199, 200]

Monophosphoryl lipid A 
(MPL) & LPS analogs 

TLR4 Intranasal 
s.c. 

IgG2a & IgA 
IgG2a 

[201] 
[202] 

Cholera toxin & B 
subunit of CT (CTB) 

GM1-ganglioside i.m. 
TCI 
Oral 
i.v.** 

IgG1 
IgG1 & IgG2a 
IgG1 & IgA 
IgG1 

[203] 
[204] 
[205] 
[205] 

CpG TLR9 i.m. 
s.c. 
TCI 
Intranasal 
EPI 

IgG2a 
IgG2a 
IgG2a 
IgG2a 
IgG2a 

[206] 
[207] 
[208] 
[209] 
[195] 

*i.p.:  Intraperitoneal injection 
**i.v.: intravenous 
 

LT shares 82% of amino acid homology with CT and both bind to the 
GM1-ganglioside receptors preferentially on the DCs in vivo [201, 210, 211]. 
LT induces a stronger Th1 response than CT [210]. An immune stimulatory 
patch containing LT has been shown to enhance the immune protection 
induced by i.m. injection of influenza vaccine in the elderly [179]. The clinical 
phase I trial of an LT patch has been shown to be effective in ameliorating the 
symptoms of traveler’s diarrhea [212]. 
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4.2.2. CpG 

Prokaryotic DNA contains unmethylated CpG dinucleotides within nucleic 
acid motifs that are recognized by the innate immune system of vertebrates 
[213]. These immune stimulatory motifs are the ligands for TLR9, found 
primarily in intracellular vesicles of phagocytic cells [213]. By signaling 
through TLR9, CpG induces production of reactive oxygen species and 
activation of NF-�B (nuclear factor �-light-chain-enhancer of activated B cells), 
followed by the secretion of pro-inflammatory cytokines such as IL-12, TNF-� 
and IFN-�, resulting in a Th1 biased response [207, 214]. CpG motifs are 
capable of stimulating secretion of immunoglobulins and modulating 
pre-existing immune responses [207, 215]. Therefore, synthetic CpG has 
been considered as candidate immune modulatory adjuvant. CpG has been 
included in many experimental vaccines and demonstrated enhanced 
protection against a variety of pathogens including Ebola virus, Bacillus 
anthracis, Francisella tularensis, L. monocytogenes, Cryptococcus 
neoformans, malarial antigens, anti-H. influenzae glycoconjugates and 
melanoma antigens [207, 216-220]. CpG has shown adjuvant activity in 
combination with dermally and mucosally delivered antigens as well [208, 
209]. 

4.2.3. LPS 

LPS, the major outer membrane constituent of Gram-negative bacteria, 
stimulates APCs through TLR4 [221]. LPS induces high level production of 
pro-inflammatory cytokines. A drawback of LPS is its toxicity and pyrogenicity 
in humans. Therefore, detoxified forms of LPS were developed, such as 
monophosphoryl lipid A (MPL), developed by removing a phosphate group, 
sugar moiety and an ester-linked fatty acid group; and lpxL1 LPS, containing 
penta- instead of hexa-acylated lipid A. These LPS derivates show less 
toxicity, while retaining their immune stimulatory properties [222, 223]. Similar 
to LPS, MPL interacts with TLR4 on APCs and induces strong, mixed 
Th1/Th2 responses with a bias to Th1, and cytotoxic T cell responses [224]. 
Since freshly isolated human LCs do not express detectable levels of TLR4 
and do not mature in response to its LPS ligands, LPS and its detoxified 
analogs are of research interest for studying antigen delivery and 
immunological mechanisms in TCI. 
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4.2.4. Virus-like particles 

Virus-like particles (VLPs) are viral proteins, such as capsid proteins, that 
spontaneously form particles resembling virions. They are relatively stable 
and inert particles. They do not contain encapsulated viral genes that could 
be potentially harmful. However, the constituent viral capsid proteins retain 
their native conformation and receptor-binding capacity and are therefore 
highly immunogenic [225]. Antigens delivered by VLPs have the potential to 
be presented via MHC II following endosomal processing, but endosomal 
escape into the cytosol will also allow for antigen presentation via the MHC I 
pathway [225]. This allows for induction of both humoral and cell-mediated 
immunity. Young et al. immunized mice on intact skin with VLPs in 
combination with CT and CpG. Antigen-specific IFN-� secretion and 
secretory-IgA on the mucosal surface were induced as well as systemic IgG1 
[226]. 

4.2.5. Quil A  

Quil A, a saponin-based adjuvant, is composed of immune stimulatory 
fractions extracted from the bark of the tree Quillaja saponaria. QS21 is a 
purified saponin fraction from Quil A [194]. Besides their immune stimulatory 
properties, saponins interact with lipids of cell membranes and cause cell lysis. 
The tissue-reactive toxic nature has plagued their development as adjuvants 
[227]. By mixing phospholipids and cholesterol with saponins under controlled 
conditions, 40 nm cage-like particles, referred to as ISCOMs, can be created. 
They were first described in 1984 by Morein et al. [198]. ISCOMs have been 
shown to promote both humoral and cellular immune responses with several 
different antigens. As TCI does not introduce direct contact between vaccine 
and adjuvants with the general blood circulation, Quil A, QS21 and ISCOMs 
might be safely combined with TCI for further formulation development. 

4.3. Combined approaches for improving TCI 

Approaches discussed so far can be combined for the sake of improving TCI 
and tuning the immune responses for specific preventive or therapeutic needs. 
Synergy between different families of immune potentiators and modulators 
has long been studied and widely used in vaccination practice. In AS04, an 
adjuvant system developed by GlaxoSmithKline, MPL was added and 
adsorbed onto aluminum hydroxide or aluminum phosphate, thereby skewing 
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the Th2 biased response induced by the alum towards the Th1 direction. It is 
now marketed in vaccines against viral infections, such as FENDrixTM 
(hepatitis B) and CervarixTM (human papillomavirus, HPV) [228]. Immune 
modulators may also be combined with antigen delivery systems. Schlosser 
et al. reported that co-encapsulation of CpG or PolyI:C with OVA into the 
same PLGA particles induced higher antigen-specific, cytotoxic T-cell 
responses than its addition in a soluble form, most likely by targeting antigen 
and adjuvant to the endosomes within the same cell [229]. In AS01, another 
adjuvant system from GlaxoSmithKline, MPL and QS21 was incorporated into 
liposomes with the aim to favor Th1 responses and improve the CD8+ cell 
mediated immunity. The AS01 formulation of RTS,S (recombinant fusion of 
circumsporozoite protein and HBsAg) is now being evaluated in a phase III 
field study against malaria [230, 231]. Antigen-adjuvant conjugates and 
antigen-adjuvant fusion constructs are also potential candidate formulations 
for TCI [232, 233]. With the advance in understanding the functional 
specialization of skin DC subsets, immune modulation by targeted delivery of 
antigen and adjuvant predominantly to one of these skin DC subsets is 
theoretically possible yet challenging. For instance, tape-stripping and 
microneedle arrays with very short needle lengths will expose mainly LCs to 
the antigens following TCI, whereas ligands binding to specific receptors may 
be utilized to home antigen to a single skin DC subset. 

4.4. Safety concerns 

Most of the skin barrier disruption approaches mentioned are simple and 
hygienic in practice as most of them employ disposable devices or cartridges 
for single application only. Disinfecting the site of application with 70% ethanol 
beforehand and covering with patches afterwards can provide sufficient 
protection against potential infections and cross contaminations. Notably, the 
conduits created by microneedle arrays are reported to be open for up to 72 h 
under occlusive conditions and close within several hours when not occluded 
[234, 235]. This provides an option for a controlled antigen delivery through 
the conduits and prevention of a pathogenic contamination. 

The newest and most promising vaccine developments employ a variety of 
strategies for immune stimulation that enhance the responses to specific 
antigens. However, the advantages of immune stimulation are inevitably 
accompanied by acute safety risks associated with systemic adverse 
reactions. A balance between potency and adverse reactions will need to be 
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achieved for widespread acceptance of human vaccines [215, 222]. The risk 
of different types of side reactions associated with vaccination depends on the 
level and Th1/Th2 balance of the immune response, as well as the 
administration technique [8, 236, 237]. Th1 responses are usually linked to 
inflammatory cellular responses. The production of IFN-� in particular, 
potentially favors type IV delayed type hypersensitive reactions (the Gell and 
Coombs classification), such as eczema and pruritus [238]. Th2 lymphocytes 
that contribute to IgE antibody responses, can favor immediate or late 
hypersensitivity reactions, involving mast cells and eosinophils, respectively 
[8].  

Cutaneous immunization avoids the general blood circulation while favoring 
lymphatic drainage of antigens. The risk of systemic shock is likely to be lower 
than observed for the i.m. or s.c. routes [8]. Therefore, cutaneous 
immunization is attractive for its potential for safe and potent immune 
stimulation. However, unlike injectable vaccines which have been 
administrated billions of times, the thorough safety profile of cutaneous 
immunization, including TCI, is yet to be established. 

4.5. Concluding remarks 

TCI provides effective, easy-to-use, painless, and needle-free vaccination 
with fewer side effects and safer handling than the conventional injections. 
The main challenges are to ensure reliable and accurate delivery of antigens 
into the epidermal and/or dermal skin tissue and to formulate antigens with 
adjuvants and/or particulate carrier systems for selective activation of the 
proper PRRs existing in the skin DC subsets. Joint efforts from immunologists, 
vaccinologists, pharmaceutical scientists, and (fine) mechanical engineers 
should ensure further improvement of TCI and essentially revolutionize the 
current vaccination practice. 



Transcutaneous immunization 

 35

References 

1. Pashine, A, et al., (2005): Targeting the innate immune response with improved 
vaccine adjuvants. Nat Med 11, S63-8. 

2. Slutter, B, et al., (2008): Rational design of nasal vaccines. J Drug Target 16, 1-17. 
3. Mikszta, JA and Laurent, PE, (2008): Cutaneous delivery of prophylactic and 

therapeutic vaccines: historical perspective and future outlook. Expert Rev Vaccines 
7, 1329-39. 

4. Simerska, P, et al., (2009): Oral vaccine delivery--new strategies and technologies. 
Curr Drug Deliv 6, 347-58. 

5. Giudice, EL and Campbell, JD, (2006): Needle-free vaccine delivery. Adv Drug 
Deliv Rev 58, 68-89. 

6. Henderson, DA, et al., Smallpox and vaccinia, in Vaccines, S.A. Plotkin, W.A. 
Orenstein, and P.A. Offit, Editors. 2008, Elsevier: Amsterdam. p. 773-803. 

7. Kupper, TS and Fuhlbrigge, RC, (2004): Immune surveillance in the skin: 
mechanisms and clinical consequences. Nat Rev Immunol 4, 211-22. 

8. Ponvert, C and Scheinmann, P, (2003): Vaccine allergy and pseudo-allergy. Eur J 
Dermatol 13, 10-5. 

9. Steinman, RM, (2008): Dendritic cells in vivo: a key target for a new vaccine 
science. Immunity 29, 319-24. 

10. Wilson-Welder, JH, et al., (2008): Vaccine adjuvants: Current challenges and future 
approaches. J Pharm Sci. 

11. Janeway, CA, et al., The immune system in health and disease. 5th ed. 
Immunobiology, ed. M.J. Shlomchik. 2001, New York: Garland Publishing. 

12. Zinkernagel, RM, Immunological memory and vaccines against acute cytopathic 
and noncytopathic infections. 1st ed. The vaccine book, ed. B.R. Bloom and P.H. 
Lambert. 2003, San Diego: Academic Press. 149-164. 

13. Robbins, JB, et al., Hypothesis: How licensed vaccines confer protective immunity. 
Novel strategies in design and production of vaccines, ed. S. Cohen and A. 
Shafferman. 1996. 

14. Ebensen, T, et al., Classical bacterial vaccines. Novel vaccination strategies, ed. S.H. 
Kaufmann. 2004, Weinheim: Wiley-VCH. 

15. Vogel, FR and Powell, MF, A compendium of vaccine adjuvants and excipients. 1st 
ed. Vaccine design-The subunit and adjuvant approach, ed. M.F. Powell and M.J. 
Newman. 1995, New York: Plenum Press. 

16. Cox, E, et al., (2006): Adjuvants modulating mucosal immune responses or directing 
systemic responses towards the mucosa. Vet Res 37, 511-39. 



Chapter 1 

 36

17. Trujillo-Vargas, CM, et al., (2005): Vaccinations with T-helper type 1 directing 
adjuvants have different suppressive effects on the development of allergen-induced 
T-helper type 2 responses. Clin Exp Allergy 35, 1003-13. 

18. Lutsiak, ME, et al., (2006): Biodegradable nanoparticle delivery of a Th2-biased 
peptide for induction of Th1 immune responses. J Pharm Pharmacol 58, 739-47. 

19. Petrovsky, N, (2006): Novel human polysaccharide adjuvants with dual Th1 and Th2 
potentiating activity. Vaccine 24 Suppl 2, S2-26-9. 

20. Chiba, M, et al., (1997): Controlled protein delivery from biodegradable 
tyrosine-containing poly(anhydride-co-imide) microspheres. Biomaterials 18, 
893-901. 

21. Gupta, RK and Siber, GR, (1994): Comparison of adjuvant activities of aluminium 
phosphate, calcium phosphate and stearyl tyrosine for tetanus toxoid. Biologicals 22, 
53-63. 

22. Martinon, F, et al., (2001): The pyrin domain: a possible member of the death 
domain-fold family implicated in apoptosis and inflammation. Curr Biol 11, 
R118-20. 

23. Eisenbarth, SC, et al., (2008): Crucial role for the Nalp3 inflammasome in the 
immunostimulatory properties of aluminium adjuvants. Nature 453, 1122-6. 

24. Lambrecht, BN, et al., (2009): Mechanism of action of clinically approved adjuvants. 
Curr Opin Immunol 21, 23-9. 

25. Brewer, JM and Pollock, KG, Adjuvant-induced Th2 and Th1 dominated immune 
responses. 1st ed. Novel vaccination strategies, ed. S.H. Kaufmann. 2004, Weinheim: 
Wiley-VCH Verlag GmbH & Co. . 

26. Bos, JD and Meinardi, MM, (2000): The 500 Dalton rule for the skin penetration of 
chemical compounds and drugs. Exp Dermatol 9, 165-9. 

27. Watt, FM, (1989): Terminal differentiation of epidermal keratinocytes. Curr Opin 
Cell Biol 1, 1107-15. 

28. Schaefer, H and Redelmeier, TE, Skin Barrier: Principles of Percutaneous 
Absorption 1996, Basel: Karger. 

29. Barry, BW, Dermatological formulations: percutaneous absorption. 1983, New 
York: Marcel Dekker Inc. 

30. Demento, SL, et al., (2009): Inflammasome-activating nanoparticles as modular 
systems for optimizing vaccine efficacy. Vaccine 27, 3013-21. 

31. Streilein, JW, (1983): Skin-associated lymphoid tissues (SALT): origins and 
functions. J Invest Dermatol 80 Suppl, 12s-16s. 

32. Yamamura, M, et al., (1991): Defining protective responses to pathogens: cytokine 
profiles in leprosy lesions. Science 254, 277-9. 

33. Nestle, FO, et al., (2009): Skin immune sentinels in health and disease. Nat Rev 
Immunol 9, 679-91. 



Transcutaneous immunization 

 37

34. Teunissen, MB, et al., Langerhans cells and related skin dendritic cells. In: Skin 
immune system. 2nd ed. 1997: CRC Press LLC. 

35. Valladeau, J and Saeland, S, (2005): Cutaneous dendritic cells. Semin Immunol 17, 
273-83. 

36. Nestle, FO, et al., (1994): Characterization of dermal dendritic cells in psoriasis. 
Autostimulation of T lymphocytes and induction of Th1 type cytokines. J Clin Invest 
94, 202-9. 

37. Bedoui, S, et al., (2009): Cross-presentation of viral and self antigens by 
skin-derived CD103+ dendritic cells. Nat Immunol 10, 488-95. 

38. Banchereau, J, et al., (2009): Harnessing human dendritic cell subsets to design 
novel vaccines. Ann N Y Acad Sci 1174, 24-32. 

39. Banchereau, J and Steinman, RM, (1998): Dendritic cells and the control of 
immunity. Nature 392, 245-52. 

40. Matzinger, P, (2002): The danger model: a renewed sense of self. Science 296, 
301-5. 

41. Akira, S, et al., (2006): Pathogen recognition and innate immunity. Cell 124, 
783-801. 

42. Eriksson, AU and Singh, RR, (2008): Cutting edge: migration of langerhans 
dendritic cells is impaired in autoimmune dermatitis. J Immunol 181, 7468-72. 

43. Asahina, A and Tamaki, K, (2006): Role of Langerhans cells in cutaneous protective 
immunity: is the reappraisal necessary? J Dermatol Sci 44, 1-9. 

44. Partidos, CD and Muller, S, (2005): Decision-making at the surface of the intact or 
barrier disrupted skin: potential applications for vaccination or therapy. Cell Mol 
Life Sci 62, 1418-24. 

45. Kissenpfennig, A and Malissen, B, (2006): Langerhans cells--revisiting the 
paradigm using genetically engineered mice. Trends Immunol 27, 132-9. 

46. Sugita, K, et al., (2006): Eosinophilic pustular folliculitis successfully treated with 
sequential therapy of interferon-gamma and ciclosporin. Clin Exp Dermatol 31, 
709-10. 

47. Ludwig, IS, et al., (2006): Two way communication between neutrophils and 
dendritic cells. Curr Opin Pharmacol 6, 408-13. 

48. Malaviya, R, et al., (1996): Mast cell modulation of neutrophil influx and bacterial 
clearance at sites of infection through TNF-alpha. Nature 381, 77-80. 

49. Piqueras, B, et al., (2006): Upon viral exposure, myeloid and plasmacytoid dendritic 
cells produce 3 waves of distinct chemokines to recruit immune effectors. Blood 107, 
2613-8. 

50. Renn, CN, et al., (2006): TLR activation of Langerhans cell-like dendritic cells 
triggers an antiviral immune response. J Immunol 177, 298-305. 

51. Medzhitov, R and Janeway, C, Jr., (2000): Innate immunity. N Engl J Med 343, 
338-44. 



Chapter 1 

 38

52. Medzhitov, R, (2001): Toll-like receptors and innate immunity. Nat Rev Immunol 1, 
135-45. 

53. Medzhitov, R and Janeway, CA, Jr., (1997): Innate immunity: impact on the 
adaptive immune response. Curr Opin Immunol 9, 4-9. 

54. Gay, NJ and Keith, FJ, (1991): Drosophila Toll and IL-1 receptor. Nature 351, 
355-6. 

55. Lauw, FN, et al., (2005): Of mice and man: TLR11 (finally) finds profilin. Trends 
Immunol 26, 509-11. 

56. Heil, F, et al., (2003): The Toll-like receptor 7 (TLR7)-specific stimulus loxoribine 
uncovers a strong relationship within the TLR7, 8 and 9 subfamily. Eur J Immunol 
33, 2987-97. 

57. Matsumoto, M, et al., (2003): Subcellular localization of Toll-like receptor 3 in 
human dendritic cells. J Immunol 171, 3154-62. 

58. van Duin, D, et al., (2006): Triggering TLR signaling in vaccination. Trends 
Immunol 27, 49-55. 

59. Srivastava, PK and Maki, RG, (1991): Stress-induced proteins in immune response 
to cancer. Curr Top Microbiol Immunol 167, 109-23. 

60. Okamura, Y, et al., (2001): The extra domain A of fibronectin activates Toll-like 
receptor 4. J Biol Chem 276, 10229-33. 

61. Smiley, ST, et al., (2001): Fibrinogen stimulates macrophage chemokine secretion 
through toll-like receptor 4. J Immunol 167, 2887-94. 

62. Termeer, C, et al., (2002): Oligosaccharides of Hyaluronan activate dendritic cells 
via toll-like receptor 4. J Exp Med 195, 99-111. 

63. Biragyn, A, et al., (2002): Toll-like receptor 4-dependent activation of dendritic cells 
by beta-defensin 2. Science 298, 1025-9. 

64. van der Aar, AM, et al., (2007): Loss of TLR2, TLR4, and TLR5 on Langerhans cells 
abolishes bacterial recognition. J Immunol 178, 1986-90. 

65. von Bernuth, H, et al., (2008): Pyogenic bacterial infections in humans with MyD88 
deficiency. Science 321, 691-6. 

66. Valiante, N, et al., (2008): Toll-free immunity? Nat Med 14, 1318-1319. 
67. Ting, JP and Davis, BK, (2005): Caterpiller: a novel gene family important in 

immunity, cell death, and diseases. Annu Rev Immunol 23, 387-414. 
68. Martinon, F and Tschopp, J, (2005): NLRs join TLRs as innate sensors of pathogens. 

Trends Immunol 26, 447-54. 
69. Figdor, CG, et al., (2002): C-type lectin receptors on dendritic cells and Langerhans 

cells. Nat Rev Immunol 2, 77-84. 
70. Geijtenbeek, TB, et al., (2004): Self- and nonself-recognition by C-type lectins on 

dendritic cells. Annu Rev Immunol 22, 33-54. 
71. Miller, LS and Modlin, RL, (2007): Toll-like receptors in the skin. Semin 

Immunopathol 29, 15-26. 



Transcutaneous immunization 

 39

72. Ueno, H, et al., (2007): Dendritic cell subsets in health and disease. Immunol Rev 
219, 118-42. 

73. Sumikawa, Y, et al., (2006): Induction of beta-defensin 3 in keratinocytes stimulated 
by bacterial lipopeptides through toll-like receptor 2. Microbes Infect 8, 1513-21. 

74. Sugita, K, et al., (2007): Innate immunity mediated by epidermal keratinocytes 
promotes acquired immunity involving Langerhans cells and T cells in the skin. Clin 
Exp Immunol 147, 176-83. 

75. Welte, T, et al., (2009): Toll-like receptor 7-induced immune response to cutaneous 
West Nile virus infection. J Gen Virol 90, 2660-8. 

76. Mitsui, H, et al., (2004): Differential expression and function of Toll-like receptors 
in Langerhans cells: comparison with splenic dendritic cells. J Invest Dermatol 122, 
95-102. 

77. Waibler, Z, et al., (2007): TLR-ligand stimulated interleukin-23 subunit expression 
and assembly is regulated differentially in murine plasmacytoid and myeloid 
dendritic cells. Mol Immunol 44, 1483-9. 

78. Kelsall, BL, et al., (2002): Dendritic cells at the host-pathogen interface. Nat 
Immunol 3, 699-702. 

79. Boonstra, A, et al., (2006): Macrophages and myeloid dendritic cells, but not 
plasmacytoid dendritic cells, produce IL-10 in response to MyD88- and 
TRIF-dependent TLR signals, and TLR-independent signals. J Immunol 177, 7551-8. 

80. Bachmann, MF, et al., (1993): The influence of antigen organization on B cell 
responsiveness. Science 262, 1448-51. 

81. Kapsenberg, ML, (2003): Dendritic-cell control of pathogen-driven T-cell 
polarization. Nat Rev Immunol 3, 984-93. 

82. Langenkamp, A, et al., (2000): Kinetics of dendritic cell activation: impact on 
priming of TH1, TH2 and nonpolarized T cells. Nat Immunol 1, 311-6. 

83. Janeway, CA, Jr. and Medzhitov, R, (2002): Innate immune recognition. Annu Rev 
Immunol 20, 197-216. 

84. Agnello, D, et al., (2003): Cytokines and transcription factors that regulate T helper 
cell differentiation: new players and new insights. J Clin Immunol 23, 147-61. 

85. Mahon, BP, et al., (1995): Poliovirus-specific CD4+ Th1 clones with both cytotoxic 
and helper activity mediate protective humoral immunity against a lethal poliovirus 
infection in transgenic mice expressing the human poliovirus receptor. J Exp Med 
181, 1285-92. 

86. Kelsoe, G, (2000): Studies of the humoral immune response. Immunol Res 22, 
199-210. 

87. Steinman, L, (2007): A brief history of T(H)17, the first major revision in the 
T(H)1/T(H)2 hypothesis of T cell-mediated tissue damage. Nat Med 13, 139-45. 

88. Schoenberger, SP, et al., (1998): T-cell help for cytotoxic T lymphocytes is mediated 
by CD40-CD40L interactions. Nature 393, 480-3. 



Chapter 1 

 40

89. Stevenson, PG, et al., (1999): A gamma-herpesvirus sneaks through a CD8(+) T cell 
response primed to a lytic-phase epitope. Proc Natl Acad Sci U S A 96, 9281-6. 

90. Sallusto, F and Lanzavecchia, A, (2009): Heterogeneity of CD4+ memory T cells: 
functional modules for tailored immunity. Eur J Immunol 39, 2076-82. 

91. Caux, C, et al., (1997): CD34+ hematopoietic progenitors from human cord blood 
differentiate along two independent dendritic cell pathways in response to 
granulocyte-macrophage colony-stimulating factor plus tumor necrosis factor alpha: 
II. Functional analysis. Blood 90, 1458-70. 

92. Dubois, B, et al., (1998): Critical role of IL-12 in dendritic cell-induced 
differentiation of naive B lymphocytes. J Immunol 161, 2223-31. 

93. Itano, AA, et al., (2003): Distinct dendritic cell populations sequentially present 
antigen to CD4 T cells and stimulate different aspects of cell-mediated immunity. 
Immunity 19, 47-57. 

94. Kissenpfennig, A, et al., (2005): Dynamics and function of Langerhans cells in vivo: 
dermal dendritic cells colonize lymph node areas distinct from slower migrating 
Langerhans cells. Immunity 22, 643-54. 

95. Munz, C, et al., (2005): Mature myeloid dendritic cell subsets have distinct roles for 
activation and viability of circulating human natural killer cells. Blood 105, 266-73. 

96. Lucas, M, et al., (2007): Dendritic cells prime natural killer cells by 
trans-presenting interleukin 15. Immunity 26, 503-17. 

97. Fujii, S, et al., (2002): Prolonged IFN-gamma-producing NKT response induced 
with alpha-galactosylceramide-loaded DCs. Nat Immunol 3, 867-74. 

98. Wood, LC, et al., (1992): Cutaneous barrier perturbation stimulates cytokine 
production in the epidermis of mice. J Clin Invest 90, 482-7. 

99. Cumberbatch, M, et al., (1997): Langerhans cells require signals from both tumour 
necrosis factor-alpha and interleukin-1 beta for migration. Immunology 92, 388-95. 

100. Mulholland, WJ, et al., (2006): Multiphoton high-resolution 3D imaging of 
Langerhans cells and keratinocytes in the mouse skin model adopted for epidermal 
powdered immunization. J Invest Dermatol 126, 1541-8. 

101. Friedmann, PS, (1981): Disappearance of epidermal Langerhans cells during PUVA 
therapy. Br J Dermatol 105, 219-21. 

102. Falstie-Jensen, N, et al., (1988): The influence of epidermal thickness on 
transcutaneous oxygen pressure measurements in normal persons. Scand J Clin Lab 
Invest 48, 519-23. 

103. BD Soluvia™ prefillable microinjection system. Cited Oct 26th, 2009. Available 
from: http://www.bd.com/pharmaceuticals/products/microinjection.asp. 

104. Rosslyn. Painless needles and ultrasound drug delivery. Cited Oct 26th, 2009. 
Available from: http://bmes.seas.wustl.edu/WhitakerArchives/news/prausnitz.html. 



Transcutaneous immunization 

 41

105. Luttge, R, et al., (2003): Silicon micromachined hollow microneedles for 
transdermal liquid transport. Journal of microelectromechanical systems 12, 
855-862. 

106. Van Damme, P, et al., (2009): Safety and efficacy of a novel microneedle device for 
dose sparing intradermal influenza vaccination in healthy adults. Vaccine 27, 454-9. 

107. Mikszta, JA, et al., (2002): Improved genetic immunization via micromechanical 
disruption of skin-barrier function and targeted epidermal delivery. Nat Med 8, 
415-9. 

108. Hooper, JW, et al., (2007): Smallpox DNA vaccine delivered by novel skin 
electroporation device protects mice against intranasal poxvirus challenge. Vaccine 
25, 1814-23. 

109. How does PMED™ work? Cited Oct 26th, 2009. Available from: 
http://web.archive.org/web/20061118180018/www.powdermed.com/developmentP
med.htm. 

110. Five New Needle-Free Delivery Devices. Cited Oct 26th, 2009. Available from: 
http://www.onemedplace.com/blog/archives/362. 

111. Mckeough, T. Intercell's needle-free patches. Cited Oct 26th, 2009. Available from: 
http://www.fastcompany.com/magazine/130/intercell.html. 

112. Hansen, K and Haldin, B. A solid microstructured transdermal system for systemic 
delivery of salts and proteins. Cited Oct 26th, 2009. Available from: 
http://solutions.3m.com/3MContentRetrievalAPI/BlobServlet?locale=en_WW&lmd
=1222973267000&assetId=1180605262476&assetType=MMM_Image&blobAttrib
ute=ImageFile. 

113. Weniger, BG and Papania, MJ, Vaccines. 5th ed. Alternative vaccine delivery 
methods., ed. S.A. Plotkin, W.A. Orenstein, and P.A. Offit. 2008, Amsterdam: 
Elsevier. 

114. Laurent, PE, et al., (2007): Evaluation of the clinical performance of a new 
intradermal vaccine administration technique and associated delivery system. 
Vaccine 25, 8833-42. 

115. Haut, RC, Biomechanics of soft tissue. 2nd ed. 2002, New York: Springer. 
116. Reihsner, R, et al., (1995): Two-dimensional elastic properties of human skin in 

terms of an incremental model at the in vivo configuration. Med Eng Phys 17, 
304-13. 

117. Widera, G, et al., (2006): Effect of delivery parameters on immunization to 
ovalbumin following intracutaneous administration by a coated microneedle array 
patch system. Vaccine 24, 1653-64. 

118. Gerstel, MS and Place, VA, Drug delivery device. 1976: US. 
119. Prausnitz, MR and Langer, R, (2008): Transdermal drug delivery. Nat Biotechnol 26, 

1261-8. 



Chapter 1 

 42

120. Prausnitz, MR, et al., (2009): Microneedle-based vaccines. Curr Top Microbiol 
Immunol 333, 369-93. 

121. Henry, S, et al., (1998): Microfabricated microneedles: A novel approach to 
transdermal drug delivery. J Pharm Sci 87, 922-5. 

122. Banks, SL, et al., (2008): Flux across microneedle-treated skin is increased by 
increasing charge of naltrexone and naltrexol in vitro. Pharm Res 25, 1677-85. 

123. Verbaan, FJ, et al., (2008): Improved piercing of microneedle arrays in dermatomed 
human skin by an impact insertion method. J Control Release 128, 80-8. 

124. Matriano, JA, et al., (2002): Macroflux microprojection array patch technology: a 
new and efficient approach for intracutaneous immunization. Pharm Res 19, 63-70. 

125. Gill, HS and Prausnitz, MR, (2007): Coating formulations for microneedles. Pharm 
Res 24, 1369-80. 

126. Gill, HS and Prausnitz, MR, (2007): Coated microneedles for transdermal delivery. 
J Control Release 117, 227-37. 

127. Chen, X, et al., (2009): Dry-coated microprojection array patches for targeted 
delivery of immunotherapeutics to the skin. J Control Release 139, 212-20. 

128. Martanto, W, et al., (2006): Mechanism of fluid infusion during microneedle 
insertion and retraction. J Control Release 112, 357-61. 

129. McAllsiter, DV, et al., Three-dimensional hollow microneedles and microtube 
arrays, in Transducers'99. The 10th Int. Conf. on Solid-state Sensors and Actuators. 
1999: Sendai, Japan. p. 1098-1101. 

130. Fischel-Ghodsian, F, et al., (1988): Enzymatically controlled drug delivery. Proc 
Natl Acad Sci U S A 85, 2403-6. 

131. Hafeli, UO, et al., (2009): In vivo evaluation of a microneedle-based miniature 
syringe for intradermal drug delivery. Biomed Microdevices. 

132. Kolli, CS and Banga, AK, (2008): Characterization of solid maltose microneedles 
and their use for transdermal delivery. Pharm Res 25, 104-13. 

133. McCann, D. Emerging microneedles: Manufacturers race to be first to market with 
microneedle transdermal patches. Cited Aug. 1st, 2009, 2009. Available from: 
http://www.micromanufacturing.com/showthread.php?p=555. 

134. Glenn, GM, et al., (2007): Safety and immunogenicity of an enterotoxigenic 
Escherichia coli vaccine patch containing heat-labile toxin: use of skin pretreatment 
to disrupt the stratum corneum. Infect Immun 75, 2163-70. 

135. Glenn, GM, et al., (2007): Transcutaneous immunization with heat-labile 
enterotoxin: development of a needle-free vaccine patch. Expert Rev Vaccines 6, 
809-19. 

136. Lademann, J, et al., (2005): Follicular penetration and targeting. J Investig 
Dermatol Symp Proc 10, 301-3. 



Transcutaneous immunization 

 43

137. Mahe, B, et al., (2009): Nanoparticle-based targeting of vaccine compounds to skin 
antigen-presenting cells by hair follicles and their transport in mice. J Invest 
Dermatol 129, 1156-64. 

138. Canter, J, et al., (1990): An outbreak of hepatitis B associated with jet injections in a 
weight reduction clinic. Arch Intern Med 150, 1923-7. 

139. Mitragotri, S, (2005): Immunization without needles. Nat Rev Immunol 5, 905-16. 
140. Tezel, A, et al., (2005): Low-frequency ultrasound as a transcutaneous 

immunization adjuvant. Vaccine 23, 3800-7. 
141. Prausnitz, MR, et al., (1995): Transdermal delivery of heparin by skin 

electroporation. Biotechnology (N Y) 13, 1205-9. 
142. Zhao, YL, et al., (2006): Induction of cytotoxic T-lymphocytes by 

electroporation-enhanced needle-free skin immunization. Vaccine 24, 1282-90. 
143. Pliquett, U and Weaver, JC, (2007): Feasibility of an electrode-reservoir device for 

transdermal drug delivery by noninvasive skin electroporation. IEEE Trans Biomed 
Eng 54, 536-8. 

144. Alora, MB and Dover, JS, (2000): Spontaneous bullae over laser resurfaced skin. J 
Am Acad Dermatol 42, 288-90. 

145. Gadiraju, PD, et al., Micro-ablation of skin by arc-discharge jet ejection for 
transdermal drug delivery, in Transducers'07 the 14th Int. Conf. on Solid-state 
Sensors, Actuators and Microsystems. 2007: Lyon, France. p. 1947-50. 

146. Garg, S, et al., (2007): Needle-free skin patch delivery of a vaccine for a potentially 
pandemic influenza virus provides protection against lethal challenge in mice. Clin 
Vaccine Immunol 14, 926-8. 

147. Bouwstra, JA, et al., (2003): Water distribution and related morphology in human 
stratum corneum at different hydration levels. J Invest Dermatol 120, 750-8. 

148. Glenn, GM, et al., (2000): Transcutaneous immunization: a human vaccine delivery 
strategy using a patch. Nat Med 6, 1403-6. 

149. Matyas, GR, et al., (2004): Needle-free skin patch vaccination method for anthrax. 
Infect Immun 72, 1181-3. 

150. Etchart, N, et al., (2007): Safety and efficacy of transcutaneous vaccination using a 
patch with the live-attenuated measles vaccine in humans. Vaccine 25, 6891-9. 

151. Williams, AC and Barry, BW, (2004): Penetration enhancers. Adv Drug Deliv Rev 
56, 603-18. 

152. Karande, P, et al., (2009): Transcutaneous immunization using common chemicals. J 
Control Release 138, 134-40. 

153. Benson, HA, (2006): Transfersomes for transdermal drug delivery. Expert Opin 
Drug Deliv 3, 727-37. 

154. Perrie, Y, et al., (2008): Vaccine adjuvant systems: enhancing the efficacy of 
sub-unit protein antigens. Int J Pharm 364, 272-80. 



Chapter 1 

 44

155. Allison, AG and Gregoriadis, G, (1974): Liposomes as immunological adjuvants. 
Nature 252, 252. 

156. Korsholm, KS, et al., (2007): The adjuvant mechanism of cationic 
dimethyldioctadecylammonium liposomes. Immunology 121, 216-26. 

157. Yan, W, et al., (2007): Mechanism of adjuvant activity of cationic liposome: 
phosphorylation of a MAP kinase, ERK and induction of chemokines. Mol Immunol 
44, 3672-81. 

158. El Maghraby, GM, et al., (2004): Interactions of surfactants (edge activators) and 
skin penetration enhancers with liposomes. Int J Pharm 276, 143-61. 

159. Cevc, G, et al., Ultra-high efficiency of drug and peptide transfer through the intact 
skin by means of novel drug-carriers, transfersomes., in Prediction of Percutaneous 
Penetration, 3rd International Conference K.R. Brain, V.A. James, and K.A. 
Walters, Editors. 1993, STS Publishing. p. 226-236. 

160. Cevc, G and Blume, G, (1992): Lipid vesicles penetrate into intact skin owing to the 
transdermal osmotic gradients and hydration force. Biochim Biophys Acta 1104, 
226-32. 

161. Cevc, G and Gebauer, D, (2003): Hydration-driven transport of deformable lipid 
vesicles through fine pores and the skin barrier. Biophys J 84, 1010-24. 

162. El Maghraby, GM, et al., (1999): Skin delivery of oestradiol from deformable and 
traditional liposomes: mechanistic studies. J Pharm Pharmacol 51, 1123-34. 

163. Jain, S, et al., (2003): Transfersomes--a novel vesicular carrier for enhanced 
transdermal delivery: development, characterization, and performance evaluation. 
Drug Dev Ind Pharm 29, 1013-26. 

164. El Maghraby, GM, et al., (2001): Skin delivery of 5-fluorouracil from 
ultradeformable and standard liposomes in-vitro. J Pharm Pharmacol 53, 1069-77. 

165. Paul, A, et al., (1995): Transdermal immunization with large proteins by means of 
ultradeformable drug carriers. Eur J Immunol 25, 3521-4. 

166. Paul, A, et al., (1998): Transdermal immunisation with an integral membrane 
component, gap junction protein, by means of ultradeformable drug carriers, 
transfersomes. Vaccine 16, 188-95. 

167. Gupta, PN, et al., (2005): Tetanus toxoid-loaded transfersomes for topical 
immunization. J Pharm Pharmacol 57, 295-301. 

168. Mishra, D, et al., (2006): Elastic liposomes mediated transcutaneous immunization 
against Hepatitis B. Vaccine 24, 4847-4855. 

169. Mishra, D, et al., (2008): Systemic and mucosal immune response induced by 
transcutaneous immunization using Hepatitis B surface antigen-loaded modified 
liposomes. Eur J Pharm Sci 33, 424-33. 

170. Jain, S and Vyas, SP, (2005): Mannosylated niosomes as carrier adjuvant system for 
topical immunization. J Pharm Pharmacol 57, 1177-84. 



Transcutaneous immunization 

 45

171. B.A.I. van den Bergh, PMf, P.H.H. Bomans, H.E. Junginger, J.A. Bouwstra, Elastic 
liquid state vesicles as a tool for topical drug delivery, in Division of Pharmceutical 
Technology. 1999, Leiden University: The Netherlands. p. 49-63. 

172. Bouwstra, JA, et al., (2003): Structure of the skin barrier and its modulation by 
vesicular formulations. Prog Lipid Res 42, 1-36. 

173. Honeywell-Nguyen, PL and Bouwstra, JA, (2003): The in vitro transport of 
pergolide from surfactant-based elastic vesicles through human skin: a suggested 
mechanism of action. J Control Release 86, 145-56. 

174. Honeywell-Nguyen, PL, et al., (2003): Skin penetration and mechanisms of action in 
the delivery of the D2-agonist rotigotine from surfactant-based elastic vesicle 
formulations. Pharm Res 20, 1619-25. 

175. Honeywell-Nguyen, PL, et al., (2002): The effect of surfactant-based elastic and 
rigid vesicles on the penetration of lidocaine across human skin. STP Pharma 12, 
257-62. 

176. Honeywell-Nguyen, PL, et al., (2004): Quantitative assessment of the transport of 
elastic and rigid vesicle components and a model drug from these vesicle 
formulations into human skin in vivo. J Invest Dermatol 123, 902-10. 

177. Mikszta, JA, et al., (2006): Microneedle-based intradermal delivery of the anthrax 
recombinant protective antigen vaccine. Infect Immun 74, 6806-10. 

178. Travelers' diarrhea vaccine patch. Cited Oct 26th, 2009. Available from: 
http://www.intercell.com/main/forbeginners/news/not-in-menu/news-full/back_to/tra
velers-diarrhea-vaccine-patch/article/intercell-provides-update-on-phase-iii-trial-for-
travelers-diarrhea-vaccine-patch/. 

179. Frech, SA, et al., (2005): Improved immune responses to influenza vaccination in the 
elderly using an immunostimulant patch. Vaccine 23, 946-50. 

180. Scharton-Kersten, T, et al., (2000): Transcutaneous immunization with bacterial 
ADP-ribosylating exotoxins, subunits, and unrelated adjuvants. Infect Immun 68, 
5306-13. 

181. Yagi, H, et al., (2006): Induction of therapeutically relevant cytotoxic T lymphocytes 
in humans by percutaneous peptide immunization. Cancer Res 66, 10136-44. 

182. Dincer, Z, et al., (2006): Preclinical safety assessment of a DNA vaccine using 
particle-mediated epidermal delivery in domestic pig, minipig and mouse. Exp 
Toxicol Pathol 57, 351-7. 

183. Braun, RP, et al., (2008): Multi-antigenic DNA immunization using herpes simplex 
virus type 2 genomic fragments. Hum Vaccin 4, 36-43. 

184. Cassaday, RD, et al., (2007): A phase I study of immunization using 
particle-mediated epidermal delivery of genes for gp100 and GM-CSF into 
uninvolved skin of melanoma patients. Clin Cancer Res 13, 540-9. 

185. Drape, RJ, et al., (2006): Epidermal DNA vaccine for influenza is immunogenic in 
humans. Vaccine 24, 4475-81. 



Chapter 1 

 46

186. Roberts, LK, et al., (2005): Clinical safety and efficacy of a powdered Hepatitis B 
nucleic acid vaccine delivered to the epidermis by a commercial prototype device. 
Vaccine 23, 4867-78. 

187. Jones, S, et al., (2009): DNA vaccination protects against an influenza challenge in 
a double-blind randomised placebo-controlled phase 1b clinical trial. Vaccine 27, 
2506-12. 

188. Mumper, RJ and Cui, Z, (2003): Genetic immunization by jet injection of targeted 
pDNA-coated nanoparticles. Methods 31, 255-62. 

189. Bioject Advances in Vaccine Delivery with Biojector® 2000. Cited Aug 1st, 2009. 
Available from: http://news.thomasnet.com/companystory/496014. 

190. Williams, J, et al., (2000): Hepatitis A vaccine administration: comparison between 
jet-injector and needle injection. Vaccine 18, 1939-43. 

191. Agren, LC, et al., (1997): Genetically engineered nontoxic vaccine adjuvant that 
combines B cell targeting with immunomodulation by cholera toxin A1 subunit. J 
Immunol 158, 3936-46. 

192. Connell, TD, (2007): Cholera toxin, LT-I, LT-IIa and LT-IIb: the critical role of 
ganglioside binding in immunomodulation by type I and type II heat-labile 
enterotoxins. Expert Rev Vaccines 6, 821-34. 

193. Levine, MM, et al., (1983): New knowledge on pathogenesis of bacterial enteric 
infections as applied to vaccine development. Microbiol Rev 47, 510-50. 

194. Ghochikyan, A, et al., (2006): Prototype Alzheimer's disease epitope vaccine 
induced strong Th2-type anti-Abeta antibody response with Alum to Quil A adjuvant 
switch. Vaccine 24, 2275-82. 

195. Chen, D, et al., (2001): Adjuvantation of epidermal powder immunization. Vaccine 
19, 2908-17. 

196. Sasaki, S, et al., (1998): Induction of systemic and mucosal immune responses to 
human immunodeficiency virus type 1 by a DNA vaccine formulated with QS-21 
saponin adjuvant via intramuscular and intranasal routes. J Virol 72, 4931-9. 

197. Huber, M, et al., (2002): Modulation of the Th1/Th2 bias by lipopeptide and saponin 
adjuvants in orally immunized mice. Immunobiology 205, 61-73. 

198. Pearse, MJ and Drane, D, (2005): ISCOMATRIX adjuvant for antigen delivery. Adv 
Drug Deliv Rev 57, 465-74. 

199. Helgeby, A, et al., (2006): The combined CTA1-DD/ISCOM adjuvant vector 
promotes priming of mucosal and systemic immunity to incorporated antigens by 
specific targeting of B cells. J Immunol 176, 3697-706. 

200. Sjolander, S, et al., (2001): Intranasal immunisation with influenza-ISCOM induces 
strong mucosal as well as systemic antibody and cytotoxic T-lymphocyte responses. 
Vaccine 19, 4072-80. 

201. McNeela, EA and Mills, KH, (2001): Manipulating the immune system: humoral 
versus cell-mediated immunity. Adv Drug Deliv Rev 51, 43-54. 



Transcutaneous immunization 

 47

202. Wheeler, AW, et al., (2001): A Th1-inducing adjuvant, MPL, enhances antibody 
profiles in experimental animals suggesting it has the potential to improve the 
efficacy of allergy vaccines. Int Arch Allergy Immunol 126, 135-9. 

203. Chen, D, et al., (2000): Induction of systemic immune responses in sheep by topical 
application of cholera toxin to skin. Vet Immunol Immunopathol 77, 191-9. 

204. El-Ghorr, AA, et al., (2000): Transcutaneous immunisation with herpes simplex 
virus stimulates immunity in mice. FEMS Immunol Med Microbiol 29, 255-61. 

205. Xu-Amano, J, et al., (1994): Helper Th1 and Th2 cell responses following mucosal 
or systemic immunization with cholera toxin. Vaccine 12, 903-11. 

206. Wack, A, et al., (2008): Combination adjuvants for the induction of potent, 
long-lasting antibody and T-cell responses to influenza vaccine in mice. Vaccine 26, 
552-61. 

207. Diwan, M, et al., (2002): Enhancement of immune responses by co-delivery of a 
CpG oligodeoxynucleotide and tetanus toxoid in biodegradable nanospheres. J 
Control Release 85, 247-62. 

208. Inoue, J and Aramaki, Y, (2007): Toll-like receptor-9 expression induced by 
tape-stripping triggers on effective immune response with 
CpG-oligodeoxynucleotides. Vaccine 25, 1007-13. 

209. Tafaghodi, M, et al., (2006): Induction of systemic and mucosal immune responses 
by intranasal administration of alginate microspheres encapsulated with tetanus 
toxoid and CpG-ODN. Int J Pharm 319, 37-43. 

210. Snider, DP, (1995): The mucosal adjuvant activities of ADP-ribosylating bacterial 
enterotoxins. Crit Rev Immunol 15, 317-48. 

211. Lycke, N, (2004): From toxin to adjuvant: the rational design of a vaccine adjuvant 
vector, CTA1-DD/ISCOM. Cell Microbiol 6, 23-32. 

212. Frech, SA, et al., (2008): Use of a patch containing heat-labile toxin from 
Escherichia coli against travellers' diarrhoea: A phase II, randomised, double-blind, 
placebo-controlled field trial. Lancet 371, 2019-2025. 

213. Verthelyi, D and Zeuner, RA, (2003): Differential signaling by CpG DNA in DCs 
and B cells: not just TLR9. Trends Immunol 24, 519-22. 

214. Hemmi, H, et al., (2000): A Toll-like receptor recognizes bacterial DNA. Nature 408, 
740-5. 

215. Singh, M and O'Hagan, D, (1999): Advances in vaccine adjuvants. Nat Biotechnol 
17, 1075-81. 

216. Ishii, KJ and Akira, S, (2007): Toll or toll-free adjuvant path toward the optimal 
vaccine development. J Clin Immunol 27, 363-71. 

217. Elkins, KL, et al., (1999): Bacterial DNA containing CpG motifs stimulates 
lymphocyte-dependent protection of mice against lethal infection with intracellular 
bacteria. J Immunol 162, 2291-8. 



Chapter 1 

 48

218. Ishii, KJ, et al., (2005): CpG-activated Thy1.2+ dendritic cells protect against lethal 
Listeria monocytogenes infection. Eur J Immunol 35, 2397-405. 

219. Miyagi, K, et al., (2005): CpG oligodeoxynucleotides promote the host protective 
response against infection with Cryptococcus neoformans through induction of 
interferon-gamma production by CD4+ T cells. Clin Exp Immunol 140, 220-9. 

220. Williamson, ED, et al., (2002): Co-immunisation with a plasmid DNA cocktail 
primes mice against anthrax and plague. Vaccine 20, 2933-41. 

221. Hoshino, K, et al., (1999): Cutting edge: Toll-like receptor 4 (TLR4)-deficient mice 
are hyporesponsive to lipopolysaccharide: evidence for TLR4 as the Lps gene 
product. J Immunol 162, 3749-52. 

222. Johansson, J, et al., (2004): Identification of adjuvants that enhance the therapeutic 
antibody response to host IgE. Vaccine 22, 2873-80. 

223. Arigita, C, et al., (2005): Well-defined and potent liposomal meningococcal B 
vaccines adjuvanted with LPS derivatives. Vaccine 23, 5091-8. 

224. Moingeon, P, et al., (2001): Towards the rational design of Th1 adjuvants. Vaccine 
19, 4363-72. 

225. Daemen, T, et al., (2005): Virosomes for antigen and DNA delivery. Adv Drug Deliv 
Rev 57, 451-63. 

226. Young, SL, et al., (2006): Transcutaneous vaccination with virus-like particles. 
Vaccine 24, 5406-12. 

227. Cox, JC, et al., (1998): ISCOMs and other saponin based adjuvants. Adv Drug 
Deliv Rev 32, 247-271. 

228. Garcon, N, et al., (2007): GlaxoSmithKline Adjuvant Systems in vaccines: concepts, 
achievements and perspectives. Expert Rev Vaccines 6, 723-39. 

229. Schlosser, E, et al., (2008): TLR ligands and antigen need to be coencapsulated into 
the same biodegradable microsphere for the generation of potent cytotoxic T 
lymphocyte responses. Vaccine 26, 1626-37. 

230. Pinder, M, et al., (2004): Cellular immunity induced by the recombinant 
Plasmodium falciparum malaria vaccine, RTS,S/AS02, in semi-immune adults in The 
Gambia. Clin Exp Immunol 135, 286-93. 

231. Poland, D. World's most clinically advanced malaria vaccine candidate enters 
Phase III testing. Cited Oct 26th, 2009. Available from: 
http://www.malariavaccine.org/Fromthefield_RTSS-P3-Launch-May09.php. 

232. Wu, Y, et al., (2006): Sustained high-titer antibody responses induced by 
conjugating a malarial vaccine candidate to outer-membrane protein complex. Proc 
Natl Acad Sci U S A 103, 18243-8. 

233. McCormick, AA, et al., (2006): Chemical conjugate TMV-peptide bivalent fusion 
vaccines improve cellular immunity and tumor protection. Bioconjug Chem 17, 
1330-8. 



Transcutaneous immunization 

 49

234. Banga, AK, (2009): Microporation applications for enhancing drug delivery. Expert 
Opin Drug Deliv 6, 343-54. 

235. Bal, SM, et al., (2008): In vivo assessment of safety of microneedle arrays in human 
skin. Eur J Pharm Sci 35, 193-202. 

236. Belshe, RB, et al., (2007): Comparative immunogenicity of trivalent influenza 
vaccine administered by intradermal or intramuscular route in healthy adults. 
Vaccine 25, 6755-63. 

237. Vial, T and Descotes, J, (2004): Autoimmune diseases and vaccinations. Eur J 
Dermatol 14, 86-90. 

238. Britton, W, Type IV hypersensitivity, in Immunology, D. Male, et al., Editors. 2006, 
Elsevier: Oxford. 

 
 




