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Preface

Intradermal Immunization: More than Just Skin-Deep

Vaccination is one of the most powerful interventions to effectively reduce mor-
tality and morbidity caused by infectious diseases. It originated in 1796 when
Jenner inoculated cowpox virus into the skin to render individuals resistant to
subsequent infection with the potentially lethal smallpox virus. Since then,
numerous vaccines have been developed against many bacteria and viruses,
leading to eradication (smallpox) or control of prevailing infectious diseases (such
as mumps, measles, rabies, yellow fever, influenza, and several others). Despite
the impressive success of current vaccine programs, there remains a need to
improve the effectiveness of current vaccines. A more powerful and longer lasting
immune response induced by smaller and fewer doses of vaccine is an exciting
challenge and necessary to reduce costs and to avoid vaccine shortages during
pandemic epidemics. Improvement of effectiveness also enables induction of
protective immunity in populations that respond poorly to vaccination, for
example elderly or immunocompromised individuals. Furthermore, for some
devastating infectious diseases (such as AIDS and malaria) effective vaccines have
not been successfully developed. The rapidly expanding knowledge on the cellular
and molecular mechanisms involved in and controlling protective immune
responses will ultimately lead to better vaccines. According to the generally
accepted dogma, dendritic cells have a crucial role in up taking antigens (e.g.
vaccine) and priming the required type of T cell response for protective immunity.
In addition, ample evidence proves that triggering pattern recognition receptors
(such as Toll-like receptors) on dendritic cells boosts the immunostimulatory
function of these cells.

Although the pioneering work of Jenner demonstrated that administration of
pathogens as a vaccine in the skin provided protection, nowadays the vast majority
of the vaccines are applied as subcutaneous and intramuscular injection. There is
no scientific evidence to show that these routes are optimal for vaccination. The
skin harbors a widespread network of dendritic cells and contains a well-developed
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immune system with a good connection to regional lymphatic tissues. Therefore,
the skin forms an attractive site for efficient immunization. It may very well be that
intradermal vaccination is superior to the conventional intramuscular or subcuta-
neous methods. The reviews in this volume of Current Topics in Microbiology and
Immunology cover diverse topics related to intradermal immunization. The vol-
ume starts with a basic overview of murine and human skin dendritic cell network,
respectively, and their role in immunity, as well as an extensive description of the
immunobiology of the skin. The next chapter describes the state-of-the-art on
delivery systems especially designed for intradermal vaccination. The remaining
chapters highlight the effectiveness of intradermal immunization in experimental
animal models or in clinical practice, all supporting the view that intradermal
immunization is at least as good as other immunization routes. Keeping in mind
that current vaccines are not specially designed for intradermal immunization, but
show comparable efficiency even at reduced dosages, this underlines the great
potential for the skin as a vaccination site and suggests that the efficacy can be
further improved. Hopefully, the overview in this volume will encourage vaccine
designers to focus on this promising immunization route, and in addition, to inspire
them to develop a cocktail of antigen, adjuvant and formulation that is especially
optimized for intradermal immunization.

Finally, I would like to thank Professor Richard W. Compans at Emory Uni-
versity School of Medicine (Atlanta, GA, USA) for inviting me to edit this vol-
ume, all the authors for their expert contributions, and Anne Clauss for her
patience and taking care of organizing the process of publication.

Amsterdam, The Netherlands Marcel B. M. Teunissen
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Understanding the Murine Cutaneous
Dendritic Cell Network to Improve
Intradermal Vaccination Strategies

F. Ginhoux, L. G. Ng and M. Merad

Abstract Dendritic cells (DCs) form a heterogeneous group of antigen presenting
cells that play different roles in tissue immunity. Recent studies have revealed the
presence of distinct DC populations in murine skin, highlighting the complexity of
the cutaneous DC network. In this review, we will define the major DC subsets that
populate the different layers of the skin, focusing on their origin and the mecha-
nisms controlling their homeostasis. We will also review recent evidence under-
lining the functional specialization of dermal DC subsets and its relevance in the
design of novel vaccine approaches.
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1 Introduction

Dendritic cells (DCs) are a heterogeneous population of rare hematopoietic cells
found in most tissues, including both lymphoid and non-lymphoid organs. The
main role of DCs is to induce specific immunity against invading pathogens while
maintaining tolerance to self-antigens (Banchereau et al. 2000; Steinman et al.
2003).

Several subsets of DCs have been described in mice and humans. Anatomically,
DCs can be divided into those that reside in lymphoid tissues and those present in
non-lymphoid tissues. Lymphoid tissue DCs are further categorized into two
groups: the plasmacytoid DCs (pDCs) and the conventional DCs (cDCs), the latter
including both CD8o" and CD8x~ DC populations (Shortman and Naik 2007).
Non-lymphoid organ DCs are found in all peripheral tissues in steady-state. DCs
that populate the outer epidermal layer of stratified epithelia are often called
Langerhans cells (LCs), while DCs in connective tissues such as the dermis or
lamina propria, are called interstitial DCs. These tissue-resident DCs are also
referred to as migratory DCs due to their ability to constitutively migrate to the
draining lymph node (LN) (Kelly et al. 1978; Drexhage et al. 1979; Hemmi et al.
2001), a process strongly increased under inflammatory conditions (reviewed in
(Randolph et al. 2008). Finally, in the inflamed tissue itself, two additional subsets
of DCs can be found: a DC population derived from blood monocytes (Leon and
Ardavin 2008) and pDCs (Liu 2005; Nestle et al. 2009).

As the first line of defense against a broad array of pathogens, the skin is
equipped with a sophisticated immune surveillance system involving a rich net-
work of DCs that are present throughout the different layers of the skin (Merad
et al. 2008). Owing to its accessibility and its abundance in DCs, the skin repre-
sents an ideal site for vaccine delivery, allowing the induction of strong immune
responses at much lower doses of antigen than intramuscular vaccines (Kenney
et al. 2004). Recently, several studies have highlighted the complexity and the
functional specialization of the cutaneous DC network, showing that as in the
lymphoid organs, multiple subsets of DCs coexist in the dermis, and that skin DC
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subsets exhibit specific immune functions. In this review, we will define the origin,
homeostasis, and functions of each cutaneous DC compartment and discuss the
potential implications of these studies in the development of novel vaccine
strategies.

2 The Skin Dendritic Cell Network

Phenotypically, the murine cutaneous DC population can be identified by the
constitutive expression of both the integrin CD11c and major histocompatibility
complex class II (MHCII) molecules. However, several studies have now estab-
lished that this definition is too broad and that this population in fact includes
several distinct DC subsets, each with a specific phenotype, origin, and function.

2.1 Langerhans Cells

Langerhans cells constitute the specific subset of DCs that populate the epidermal
layer of the skin. Through their extended dendrites, LCs form a continuous cellular
network that detects pathogens breaching the skin, thus providing the first
immunological barrier to the external environment. Epidermal LCs account for
3-5% of all nucleated cells in the murine epidermis, with approximately 700 LCs
per mm?, which are arranged in a network occupying the interstices between
neighboring keratinocytes (Merad et al. 2008). In addition to the hematopoietic
marker CD45, CD11c¢ and MHCII molecules, murine LCs constitutively express
the lectin receptor langerin (Takahara et al. 2002), the sialoglycoprotein CD24
(Stutte et al. 2008) and the adhesion molecules E-cadherin (Tang et al. 1993) and
epithelial-cell adhesion molecule (EpCAM or gp40) (Borkowski et al. 1996b),
which anchors LCs to neighboring keratinocytes. LCs also express the lectin
CD205 (DEC-205) implicated in antigen capture and antigen processing (Inaba
et al. 1995; Jiang et al. 1995) (Table 1). In addition, LCs express several mac-
rophage markers, including the integrin CD11b, the transmembrane protein F4/80
and the tyrosine-protein phosphatase non-receptor type substrate 1 SIRPx, but not
the fractalkine receptor CX3CR1 (Table 1) (Ginhoux et al. 2009).

2.2 Dermal DC Subsets in Steady-State

Dermal DCs have been much less studied than LCs due to the difficulty of iso-
lating these cells. DCs in the dermis include dermal resident DCs and migratory
LCs on their way to the LNs (Merad et al. 2008). Murine dermal resident DCs
were thought to form a homogenous population easily distinguishable from
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Table 1 Phenotype of the murine cutaneous DC subsets

Langerhans Dermal Dermal Dermal  Inflammatory Dermal

cells CD103* DC CDI11b* DC DN DC CD11b* DC macrophage
CD45 + + + + + +
CDllc  ++ ++ ++ + ++ —/+
MHCII + + + ++ + —/+
Langerin ++ + - - - -
CD103 - + — — — —
CD24 ++ ++ +H++ —/+ ND —/+
CDIlb  + - ++ — ++ ++
EpCAM  ++ —/+ — — ND —
F4/80 + - + —/+ + +
CX3CR1 — - + —/+ + —/+
SIRPo + — ++ + + +

migratory LCs based on their lack of langerin expression (Valladeau and Saeland
2005). However, recent studies in mice showed that dermal langerin® cells com-
prise both LCs and a novel population of DCs (Table 1) (Bursch et al. 2007;
Ginhoux et al. 2007; Poulin et al. 2007).

The classical langerin™ dermal DCs represent the majority (up to 70%) of the
dermal DC pool and express high levels of the integrin CD11b and several
macrophage markers such as F4/80, CX3CR1, and SIRP« (Ginhoux et al. 2009).
Interestingly, their expression of CD24 is heterogeneous, suggesting that dermal
langerin~ DCs might not represent a homogeneous subset of DCs, either in origin
or in maturation status (Table 1) (Henri et al. 2009). The recently identified
langerin® DC population represents 10-20% of the total dermal DC pool. In
contrast to LCs, dermal langerin® DCs express the integrin «Ef7 (CD103) (Cepek
et al. 1994), although not homogenously (Henri et al. 2009). Dermal langerin™ DCs
express the same high level of CD24 as LCs, but do not express CX3CR1, F4/80,
and SIRPa and express low levels of CD11b and EpCAM (Ginhoux et al. 2009)
(Table 1). Importantly, similar DC subsets expressing CD103 or CD11b have also
been identified in other non-lymphoid tissues, such as the lung (Sung et al. 2006),
the liver, the kidney, and the pancreatic islets (Ginhoux et al. 2009). The pheno-
type of these DC populations is similar to that of the dermal DC subsets, although
langerin expression is variable between tissues and totally absent from pancreatic
islet CD103* DCs (Ginhoux et al. 2009). Therefore, the two dermal resident DC
populations will be referred to as CD103* DCs and CD11b* DCs throughout this
review. Finally, besides these two DC subsets, a remaining MHCII*CD11c*
CD103 langerin CD11b~ subset has also been identified in the dermis (Shk-
lovskaya et al. 2008; Ginhoux et al. 2009; Henri et al. 2009). These cells express
low level of CD24 and EpCAM, but do express bimodal levels of F4/80, SIRPu,
and CX3CRI1 (Table 1), suggesting again that this cell population might not be
homogeneous, either in origin or in maturation status. Its further characterization is
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also hampered by the lack of a positive marker that clearly delineates it from the
other DC subsets.

2.3 Localization of Dermal DC Subsets

While a detailed phenotype of the various dermal DC subsets is available, much
less is known about their specific anatomical localization in the dermis. Confocal
analysis of frozen skin sections from the CX3CRI1-GFP mouse (Jung et al.
2000), combined with MHCII and CDI103 staining, allow the visualization
of both CD103* DCs (MHCII*CD103*CX3CR1-GFP~™) and CDI11b* DCs
(MHCII*CD103~CX3CR1-GFP™) in the dermis (Fig. 1). CD103" DCs are present
in the upper dermis in proximity to CD11b™ DCs, just under the epidermal-dermal
junction and are also associated with hair follicles (Bursch et al. 2007). Although it
remains to be established whether CD103" DCs represent the only perifollicular
DC subset, it is interesting to note that hair follicles constitute a point of entry in
the skin, as seen upon topical application of naked DNA to the skin surface
(Fan et al. 1999).

2.4 Inflammatory Dermal DC Subsets

Upon skin inflammation, the composition of the cutaneous DC population chan-
ges. Depending on the type and the degree of inflammation, tissue-resident DCs
are either absent or reduced from injured sites, due to their death or their migration
to the LNs and replaced by newly recruited blood-derived DCs. As mentioned
above, two additional DC subsets are found in the inflamed skin. These are the

Epidermis

Dermis

cx3CR1 GFP

DAPI o

Fig. 1 The dermal dendritic cell network. Back skin cross-section isolated from C57BL/6
CX3CRI1/EGFP (green) mouse was stained with anti-CD103 (red) and anti-MHCII (blue)
monoclonal antibodies. Nuclei were counterstained with DAPI (white). Bar, 50 pm. CD11b" DCs
(CX3CRI/GFP*, MHCII") appear in green, while CD103" DCs (CD103*, MHCII*) appear in
pink. Dermal T cells known to express CD103 appear in red. Image from Dr Michal Abel
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pDCs and blood monocytes-derived DCs (reviewed in (Helft et al. 2010)).
Monocyte-derived DCs arise from inflammatory Ly6C™ monocytes that are
recruited from the blood to the inflamed dermis (Leon and Ardavin 2008). Phe-
notypically, monocyte-derived DCs are very similar to steady-state resident
CD11b* DCs. Although Ly6C™ monocytes express Ly6C, once recruited and
differentiated into DCs in the inflamed tissue, they will downregulate Ly6C,
rendering them indistinguishable from the CD11b* DCs (Table 1).

3 Homeostasis of Cutaneous DCs

The homeostasis of lymphoid organs DC populations depends on a dynamic
balance between cell division, death, and replenishment by blood circulating
precursors (Liu et al. 2007, 2009). Homeostasis of cutaneous DCs will also depend
on their migratory ability since they constitutively sample antigens and migrate
through the afferent lymphatics to the T-cell areas of LNs (Randolph et al. 2008).
In addition, there is no evidence of any associated cutaneous DC death in situ in
steady-state. We will first review the different aspects of dermal DCs homeostasis
and then address the unique homeostasis of epidermal LCs.

3.1 Proliferation

Dendritic cells were thought to be terminally differentiated cells, with no prolif-
erative capacity. However, recent studies assessing BrdU labeling, cell cycle and
rate of DC replacement in bone marrow chimeric and parabiotic mice proved the
contrary, showing that in lymphoid organs DCs actively proliferate in the steady-
state (Kabashima et al. 2005; Liu et al. 2007). The mechanisms regulating DC
proliferation in the steady-state are yet to be fully elucidated but involve at least
lymphotoxin-f (for the CD11b*CD8™ subset) (Kabashima et al. 2005), as well as
the Fms-like tyrosine kinase 3 ligand (F1t3L) (Waskow et al. 2008). Although most
of this work concerns lymphoid tissue-resident DCs, recent studies have charac-
terized the turnover of DCs in the dermis and other non-lymphoid tissues (Ginhoux
et al. 2009; Henri et al. 2009). All dermal DC subsets proliferate, although CD103*
DCs do so at a higher rate than the CD11b" subset (Ginhoux et al. 2009; Henri
et al. 2009). It remains to be understood whether this reflects an intrinsic property
of the subsets, or is a result of contamination of the CD11b* subset with non-
proliferative monocytes or dermal macrophages, as their phenotypes may overlap
(Table 1).

3.2 Migration

The chemokine receptor CCR7 controls the constitutive migration of all cutaneous
DCs to the skin draining LNs (Forster et al. 1999; Ohl et al. 2004).
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Upon inflammation, tissue DC migration to the draining LNs markedly increases
(Jakubzick et al. 2008). Interestingly, cutaneous DC subsets differentially migrate
to the draining LNs in response to contact sensitizing agents. Migration of CD11b*
and CD103" dermal DCs peaked after 1 day, followed by LCs at 4 days post-skin
sensitization (Kissenpfennig et al. 2005; Shklovskaya et al. 2008). However, in a
herpes simplex virus (HSV) skin infection model, epidermal LCs emigrated from
the epidermis at earlier time points (Eidsmo et al. 2009). It is also important to note
that cutaneous DCs undergo phenotypic changes upon migration from the skin to
the LNs (Henri et al. 2009). Consequently, some markers used to identify them in
the skin are not available for their characterization in the LNs, for example, CD11b
or EpCAM (Henri et al. 2009).

3.3 Origin of Cutaneous DCs

In contrast to LCs (Merad et al. 2002), dermal DCs have a limited lifespan and are
continually replaced by circulating blood DC precursors (Liu et al. 2007). Indeed,
although all dermal DC subsets proliferate, their proliferation does not compensate
for their loss due to their migration to the LNs. This was clearly demonstrated by
the presence of DCs of dual origin in both lymphoid and non-lymphoid organs of
parabiotic mice (Bogunovic et al. 2006; Liu et al. 2007; Ginhoux et al. 2009),
which are surgically attached mice sharing the same blood circulation but separate
organs for long periods of time (Wright et al. 2001).

The identity of the circulating precursors that contribute to steady-state DC
replenishment has recently been elucidated, establishing the existence of a
DC-restricted lineage that originates from the bone marrow to give rise to all DCs
(for review, Geissmann et al. 2010). The circulating precursors of DCs, named pre-
DCs, migrate through the blood from the BM to the lymphoid (Liu et al. 2009) and
non-lymphoid (Ginhoux et al. 2009) organs, where they differentiate into DCs.
Upon adoptive transfer, pre-DCs were able to give rise to both CD103* and
CD11b" DC subsets in the liver and the kidney, while monocytes contributed only
to the CD11b* DC subset (Ginhoux et al. 2009). Unfortunately, it was not possible
to assess the presence of pre-DCs as well as pre-DCs-derived DCs in the dermis
upon adoptive transfer, owing to the low number of events, due to the low yield of
recovery of dermal cells. While there is no reason to expect that the dermis should
be different to the liver or kidney, a genetic tagging model of the pre-DC progeny
should help to prove this formally.

3.4 Differentiation Program of Cutaneous DC Subsets

The key cytokines shown to play a role in DC development in mice and humans
include FIt3L, granulocyte/macrophage colony stimulating factor (GM-CSF),
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macrophage colony stimulating factor (M-CSF), and transforming growth factor-
beta 1 (TGF-f1). Here, we review the evidence indicating that each cutaneous DC
subset is regulated by specific cytokines (Table 2), which control their prolifera-
tion, differentiation, and likely influence their immune functions.

FIt3L and its receptor (FIt3) play an instructive role in the commitment of
hematopoietic progenitors into the DC-restricted lineage and their development,
and also regulate the homeostasis of tissue CD103* DCs. Flt3L is ubiquitously
secreted by multiple tissue stromal and endothelial cells and by activated T cells
(Lyman et al. 1995; Lyman and Jacobsen 1998), while the expression of Flt3 is
restricted to the DC lineage. Mice that are deficient in FIt3 and FIt3L have reduced
numbers of pDCs and ¢DCs in lymphoid organs (McKenna et al. 2000; Waskow
et al. 2008). In the non-lymphoid tissues of mice lacking FIt3, CD103* DCs were
absent, and CD11b" DCs were partially reduced (Ginhoux et al. 2009). Intrigu-
ingly, DC defects are much more severe in mice that lack FIt3L compared to mice
lacking FIt3, suggesting the presence of an alternative FIt3L receptor (Waskow
et al. 2008; Ginhoux et al. 2009).

Granulocyte/macrophage colony stimulating factor is a key cytokine for the
differentiation of hematopoietic progenitors (Caux et al. 1992; Inaba et al. 1992)
and monocytes (Sallusto and Lanzavecchia 1994) into DCs in vitro in mice and
humans. Surprisingly, GM-CSF does not play a role in the development of DCs
in lymphoid organs in the steady-state, as mice lacking GM-CSF or its receptor
do not exhibit clear DC defects in lymphoid organs (Vremec et al. 1997). In
contrast, GM-CSF seems to fulfill a crucial role in the development of DCs in
lymphoid organs during inflammation (Naik et al. 2006). These observations led
to the suggestion that GM-CSF mainly controls the development of inflammatory
DCs, although this also remains to be clearly established. In the skin, the absence
of GM-CSF slightly compromises the development of dermal CD11b* DCs but
not CD11b™ DCs (Kingston et al. 2009). Interestingly, a lack of both Flt3L and
GM-CSF leads to an additional reduction in the dermal CD11b" DC subset
(Kingston et al. 2009), whereas the CD11b™ DC subset is primarily affected by
FIt3L deficiency (Ginhoux et al. 2009; Kingston et al. 2009). Altogether, these
results suggest that each of the dermal DC subsets has differential cytokine
requirements.

Macrophage colony stimulating factor is known as a key cytokine for mac-
rophage development. Mice deficient for M-CSF or its receptor M-CSFR lack

Table 2 Cytokine requirements of the murine cutaneous DC subsets

Langerhans Dermal Dermal Dermal Inflammatory Dermal
cells CD103* DC CD11b* DC DN DC CDI1b* DC macrophage
FI3L  — ++ + ND ND -
CSF-1 + - +/— ND ND +
GM- — — +/— ND ND ND
CSF
TGF- + — — ND ND ND

1
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several macrophage populations and develop osteopetrosis due to the absence of
osteoclasts (Yoshida et al. 1990; Dai et al. 2002). M-CSF is secreted by endo-
thelial, stromal cells, osteoblasts, and macrophages, and is detectable in serum in
the steady-state, and increases upon inflammation (Hamilton 2008). The
M-CSEFR is expressed by the different precursors of the DC lineage (Geissmann
et al. 2008). Using a reporter mouse model in which GFP is expressed under the
M-CSFR promoter, M-CSFR was also shown to be expressed by lymphoid organ
DCs (Macdonald et al. 2005). A more detailed analysis of M-CSFR expression
among DC subsets using a similar reporter mouse model (Burnett et al. 2004),
showed that only the CD11b* DC subset expresses GFP in lymphoid and non-
lymphoid organs, including the dermis (Ginhoux et al. 2009). However, the exact
correlation between GFP levels and protein expression in these mice remains
unclear. Although M-CSFR was initially thought to be dispensable for DC
development (Takahashi et al. 1993; Witmer-Pack et al. 1993), recent data from
our laboratory established that it regulates the development of CD103~CD11b*
DCs in several tissues including the dermis. Indeed, a partial reduction of this
DC subset is observed in M-CSFR KO mice and M-CSFR KO mixed chimeric
mice (Ginhoux et al. 2009). In contrast, M-CSFR is dispensable for the devel-
opment of CDI103" DCs in these tissues, correlating with the absence of
M-CSFR expression by CD103* DCs. The exact role of M-CSFR in DC
homeostasis remains to be fully appreciated. It is possible that, similar to
macrophages, M-CSFR controls the proliferation and survival of DCs in situ.
Alternatively, the reduction in CD11b™ DCs in M-CSFR KO mice could simply
reflect the role of M-CSFR in monocyte differentiation into DCs, since mono-
cytes contribute only to the CD11b* DC subset in non-lymphoid organs upon
adoptive transfer (Ginhoux et al. 2009).

3.5 The LC Exception

In contrast to most DCs, LCs maintain themselves throughout life locally and
independently of any input from blood circulating precursor in the steady-state
(Merad et al. 2002). The proliferative capacity of LCs was recognized over
20 years ago (for a complete review, see Merad et al. 2008). About 1-2% epi-
dermal LCs are actively proliferating at any given time, both in mice (Ginhoux
unpublished data) and humans (Haniffa et al. 2009), although LCs are not as
proliferative as their dermal DC counterparts which divide at the rate of 5%
(Liu et al. 2007; Ginhoux et al. 2009).

The steady-state mechanisms governing local LC homeostasis and differenti-
ation, as well as the precise nature of the LC progenitors, are yet to be fully
elucidated; however, it seems clear that LCs are regulated differently to the rest
of the DC lineage. Epidermal LCs develop normally in FIt3 and Flt3L-deficient
mice (Ginhoux et al. 2009), as well as in GM-CSF and GM-CSF receptor
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deficient mice, according to flow cytometric data from our own laboratory
(Ginhoux unpublished data). In contrast, Kingston et al. reported a slight decrease
of LC numbers in FIt3L or GM-CSF KO mice using immunofluorescence
microscopy (Kingston et al. 2009). In addition, as for dermal CDI11b* DCs,
M-CSFR is also required for the development of LCs, as mice that lack M-CSFR
lack epidermal LCs (Ginhoux et al. 2006). Again, in contrast to other dermal DCs
(Nagao et al. 2009), in vivo LC development is uniquely dependent on TGF-f1
(Borkowski et al. 1996a). In the skin, keratinocytes are a source of TGF-f1, and it
has been assumed that exogenous TGF-f1 was critical for LC development
(Borkowski et al. 1997). Recent data, however, have challenged this view, as mice
in which only LCs are TGF-f1 deficient, are devoid of LCs (Kaplan et al. 2007),
suggesting that an autocrine source of TGF-f1 controls LC development.

Langerhans cell homeostasis in inflamed skin depends on the type and strength
of inflammation. In severe inflammatory injuries, such as ultraviolet (UV) light
exposure (Merad et al. 2002) and cutaneous graft-versus-host disease (Merad et al.
2004), LCs are replaced by circulating blood precursors. These were shown to be
Gr-1" blood monocytes in the case of UV irradiation (Ginhoux et al. 2006). In
contrast, in the case of less severe injuries that lead to moderate LC loss, preserve
the epidermal-dermal barrier integrity and are not accompanied by the release of
the inflammatory chemokines that recruit blood monocytes, the remaining LCs
have the potential to repopulate themselves locally and achieve complete recovery
in 1-4 weeks following tissue injury. Local LC repopulation was first identified in
minor skin injuries induced by exposure to skin sensitizers and to X-ray irradiation
(Merad et al. 2002). Similar results were recently obtained in a mouse model of
atopic dermatitis, in which LC proliferation is controlled by keratinocyte-derived
signals (Chorro et al. 2009). Interestingly, LC loss in the absence of inflammation,
as in the case of diphtheria toxin (DT)-mediated ablation in langerin-DT receptor
(DTR) mice, leads to a much slower LC repopulation. This suggests that
inflammatory signals may control the dynamics of LC proliferation. Such exam-
ples represent extreme scenarios, and it is conceivable that during common skin
injuries, LC repopulation occurs from both local and blood-derived precursors.
This is supported by data from a mouse model of HSV skin infection, which
causes limited LC depletion in the infected dermatome and perhaps provides a
more physiological scenario for understanding LC repopulation (Eidsmo et al.
2009). Whether Gr-1" monocyte-derived LCs are equivalent to steady-state LCs,
in terms of homeostasis and function remains to be established.

Altogether, these data suggest that the development of each cutaneous DC
subset is regulated by specific cytokine requirements. The extent to which
ontogeny governs functional specialization is not precisely known, but a better
understanding of the homeostasis of each DC population will provide the means to
develop new vaccination approaches targeting the DC subsets most relevant for the
induction of a protective immune response. The implications for the development
of new vaccine strategies will be discussed later in the review.
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4 Functional Specialization of Cutaneous DC Subsets

As described in the previous section, DCs form a heterogeneous population of cells
that reside in both lymphoid and non-lymphoid tissues. Emerging evidence sug-
gests that each individual DC subset may be associated with distinct or potentially
overlapping functions in both tolerance and immunity. Several studies have
already established the functional diversity of DC populations in the spleen. CD4*
and CD8«" spleen DC subsets express different toll-like receptors, lectin receptors,
and phagocytic receptors (Edwards et al. 2003; Dudziak et al. 2007; Sancho et al.
2009) and possess distinct antigen processing and presentation machinery (Dud-
ziak et al. 2007; Bougneres et al. 2009; Sancho et al. 2009; Savina et al. 2009).
Spleen CD4" DCs interact preferentially with CD4* T cells, while CD8«* DCs are
specialized in the cross-presentation of cell-associated antigens to CD8" T cells
(den Haan et al. 2000; Iyoda et al. 2002). In contrast to lymphoid organ DCs, the
heterogeneity of DCs in non-lymphoid tissue has only been recently established.
More importantly, accumulating evidence suggests that similar to lymphoid organ
DCs, cutaneous DCs are functionally specialized and play different roles in skin
immunity. In this section, we will provide an overview of the current under-
standing of the functional role of cutaneous DC subsets.

4.1 Challenging the LC Paradigm

Owing to their prominent localization at the interface with the environment, epi-
dermal LCs were considered prototypic sentinel DCs and have long been thought
to play a major role in the induction of skin immunity. However, studies showing
that during HSV-1 infection of the skin, epidermal LCs are unable to present viral
antigens to CD8* T cells in the draining LNs (Allan et al. 2003), together with
studies showing that vaginal LCs do not induce CD4" T cell responses upon
vaginal HSV-2 infection (Zhao et al. 2003), have challenged this view. In the
HSV-1 study, only CD8x* DCs isolated from skin draining LNs but not skin
migratory DCs, were able to prime naive virus-specific TCR transgenic T cells in
an ex vivo DC/T-cell co-culture assay (Allan et al. 2003), leading to the hypothesis
that the main role of skin migratory DCs is to transport and deliver antigens to LN
CD8o" DCs. However, upon skin injection of a non-cytolytic lentiviral vector,
cutaneous migratory DCs are indeed able to present antigens to CD8" T cells
(He et al. 2006). Therefore, it has been proposed that the inability of LCs to present
HSV antigens could be due to the cytopathic properties of this virus.

4.2 Lessons from Animal Models

The development of mouse models expressing the Diphtheria toxin receptor
(DTR), under the control of the murine langerin promoter (langerin-DTR/EGFP)
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(Bennett et al. 2005; Kissenpfennig et al. 2005) have helped to address the role of
langerin™ DCs in skin immunity. In this model, administration of Diphtheria Toxin
(DT) leads to the swift elimination of all langerin-expressing cells (LCs and
CD103" DCs), without affecting the langerin™ DC compartment and without skin
or systemic toxicity (Bennett et al. 2005; Kissenpfennig et al. 2005). A model with
constitutive LC depletion was also created, consisting of a transgenic mouse
expressing the diphtheria toxin A under the control of the human langerin pro-
moter (Kaplan et al. 2005). In this model, LCs are absent from birth while dermal
CD103"langerin® DCs remain unaffected because the human langerin promoter is
not functional in these cells (Kaplan et al. unpublished data). Altogether, data
collected from these studies, notably in the model of hapten-induced contact
hypersensitivity responses, have provided evidence that the immunogenic potential
of LCs in vivo depends on the dose and localization of the antigen. Overall, it
seems that LCs are required to induce immune responses against epidermal anti-
gens while dermal DCs are required to induce immune responses against dermal
antigens (for review, Helft et al. 2010; Merad et al. 2008). Using a different
approach, consisting of a BM chimera model in which MHCII molecule IE is
either restricted to host LCs or donor derived dermal DCs and circulating DCs, it
was demonstrated that both migratory epidermal DCs and dermal DCs can
stimulate CD4" T-cell responses, although LCs were always less efficient
(Shklovskaya et al. 2008).

More recently, the role of cutaneous DC subsets was revisited again in a HSV-1
skin infection model. In contrast to previous findings emphasizing the small
contribution of cutaneous DCs to the presentation of viral antigens to CD8" T
cells, recent results from the same group revealed that migratory CD103* DCs
isolated from the skin draining LNs during the second wave of HSV-1 infection,
were the most potent DC subset for the presentation of viral antigens to CD8* T
cells (Bedoui et al. 2009b). The reasons for the discrepancy in the CD103* DC
involvement between the first and second wave of infection remains unclear, but
may be a reflection of the limitations of ex vivo co-culture assays that do not assess
the contribution of DCs to the induction of antigen-specific immune responses in
vivo. In contrast, all migratory DCs including LCs, dermal CD11b" DCs and
CD103" DCs were able to present viral antigens to CD4™ T cells in ex vivo culture
assays, although CD11b* DCs were the major activators (Bedoui et al. 2009b), as
shown previously (Zhao et al. 2003). These results suggest that although the three
cutaneous DC populations acquire viral antigens, only CD103" DCs are able to
present viral antigens to CD8" T cells. Whether CD103* DC interaction with CD8*
T cells ex vivo results from direct presentation of viral antigens or cross-presen-
tation of infected epithelial cells remains unclear.

In addition, dermal CD103" DCs were potent presenters of skin antigens in a
transgenic mouse model expressing the model antigen ovalbumin under the
keratinocyte K5 promoter (Bedoui et al. 2009b). This was confirmed in a later
study by Henri et al. (2009). The preferential ability of CD103" DCs to interact
with CD8" T cells was also observed in lung immunization models (del Rio et al.
2007; Kim and Braciale 2009), as well as in a model of cutaneous Leishmaniasis



Murine Cutaneous DC Network to Improve Intradermal Vaccination Strategies 13

(Brewig et al. 2009). In the latter study, depletion of langerin® DCs (including
dermal DCs and skin draining LN resident CD8o" DCs) in langerin-DTR trans-
genic mice impaired the priming of CD8" T cells, while the CD4" T-cell response
remained intact (Brewig et al. 2009). Similarly, Batf3~'~ mice, which lack lym-
phoid organ CD8«* DCs but not CD11b*CD4* DCs, are unable to mount efficient
anti-viral CD8"* T-cell responses during subcutaneous infection with West Nile
virus. This failure in response was attributed to the absence of lymphoid organ
CD8o* DCs (Hildner et al. 2008). However, dermal CD103* DCs are also absent
in these mice and their exact contribution (relative to the LN resident CD8x" DCs)
into the control of the infection remains to be examined. Altogether, these studies
suggest that CD103* DCs play a crucial role in the priming of CD8" T cells, but
the molecular mechanisms underlying this ability remain to be clearly established.

While the quest to identify the best cross-presenting dermal DC subset is the
major focus of investigation, little is known about the control of the skin humoral
response. A recent study from Udey’s group, using the langerin-DTR mice cou-
pled with gene gun immunizations, demonstrates that LCs and CD103* DCs have
distinct roles in humoral responses to antigens delivered in the skin. This study
showed that dermal langerin* DCs were required for optimal induction of humoral
responses and production of IgG2a/c and IgG2b, while LCs were required for
maximal IgG1 responses (Nagao et al. 2009).

In contrast to dermal CD103™ DCs, dermal CD11b™ DCs play a critical role in
the local expansion of effector and regulatory T cells (McLachlan et al. 2009).
Upon skin immunization with incomplete Freund’s adjuvant to mimic chronic skin
inflammation, dermal CD11b" DCs were shown to regulate cytokine production by
CD4" effector T cells and regulatory T cells that infiltrated the inflamed skin
(McLachlan et al. 2009). Whether these dermal CD11b* DCs derive from circu-
lating monocytes or are tissue-resident DCs that present antigens for prolonged
periods of time, as found in chronic inflamed lung (Julia et al. 2002) remains to be
examined. In line with the monocytic origin of CD11b* DCs during skin
inflammation, recent evidence suggests that CD11b* DCs recruited to the inflamed
tissue efficiently stimulate memory CD8* T cells, while migratory DCs are inef-
ficient in this respect (Wakim et al. 2008). In addition, these blood-derived DCs
that accumulate in the dermis upon inflammation participate in tissue immunity.
Monocyte-derived DCs were essential for the efficient priming of CD8* T cells
and their differentiation into cytolytic effectors after skin immunization
(Le Borgne et al. 2006; Leon et al. 2007), as well as the induction of protective T
helper 1 responses against Leishmania (Leon et al. 2007).

In conclusion, it appears that CD103" DCs are involved in the priming of CD8"
T cells, while CD11b™ DCs, whether resident or inflammatory, play a key role at
the site of the inflammation or infection. In addition, the role of LCs remains
controversial. A system allowing the ablation of each DC subset in vivo with high
specificity, but leaving the remaining subsets intact would help to establish the
exact contribution of each individual dermal DC subset as well as lymphoid organ
DCs in the induction of immune responses.
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5 Perspectives: Implications for Vaccination

The strength of the immune responses to vaccination depends essentially on the
vaccine type and dose, the use of adjuvant, and the route of administration.
Indeed, all these parameters directly affect the appropriate targeting of cutaneous
DCs and their activation, which in turn controls the initiation of an effective
immune response. In this last section, we will discuss these parameters with
regard to the recently appreciated complexity of the cutaneous DC network, as
described earlier.

5.1 Antigen Delivery

Antigen may be delivered topically by stripping or chemical modification,
transcutaneous immunization (TCI) or “vaccine patch,” gene gun technology and
intradermal injection, as reviewed extensively elsewhere in this special volume
on intradermal immunization (Kim et al. 2011). Epicutaneous immunization
primarily targets LCs although dermal DCs are also involved, while intradermal
immunization mainly reaches dermal DCs (Flacher et al. 2009). Upon intrader-
mal immunization with DNA-encoded antigens, dermal DCs were shown to be
required for T-cell priming in vivo, though epidermal LCs were dispensable
(Bedoui et al. 2009a). In addition, intradermal delivery of recombinant lentiviral
vectors also induced potent and durable primary and memory T-cell immunity
involving cutaneous migratory DCs (He et al. 2006). Interestingly, lentiviral
vectors are able to efficiently transduce non-dividing cells, including DCs
(He and Falo 2007), making them a potentially valuable tool. However, it is still
unknown if lentiviral vectors transduce preferentially one or another skin DC
subsets.

Gene gun delivery consists of plasmid DNA coated onto gold particles that are
“bombarded” under helium pressure, allowing transepidermal immunization
(Williams et al. 1991). Upon gene gun delivery, cutaneous DCs take up DNA-
coated beads and migrate within 24 h to the LNs to induce immunity (Condon
et al. 1996; Porgador et al. 1998). Using gene gun delivery combined with a
genetic tagging strategy (transfer of plasmid encoding CRE recombinase in a
loxP target mouse model), Garg et al. showed that the main population of skin
DCs targeted by gene gun expressed langerin and reasonably identified them as
LCs (Garg et al. 2003). However, dermal langerin"CD103" DCs were not
described at this time. A careful reevaluation of the skin DC subsets targeted by
gene gun and their contribution to the immune responses needs to be performed,
since in the langerin-DTR model, LCs were shown to be dispensable for
the humoral and cell-mediated immunity elicited by gene gun immunization
(Stoecklinger et al. 2007).
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Transcutaneous immunization is a novel immunization strategy by which
antigen and associated adjuvant are applied topically to intact and hydrated skin
(Glenn et al. 1998a, b). TCI induces potent systemic immune responses that are
protective against mucosal live virus challenge in mice (Glenn et al. 1998a, b;
Belyakov et al. 2004) and in humans (Glenn et al. 2000). It is assumed that the
cutaneously applied antigens are taken up by epidermal LCs but the precise nature
of the DC subset that carries the antigen to the LNs and subsequently initiates
adaptive immune responses remains elusive. Interestingly, in a murine model of
sublingual TCI, the induction of the immune response was dependent on DCs, but
independent of langerin® DCs, as depletion of langerin® cells did not abrogate the
immune priming (Song et al. 2009). Moreover, although migratory DCs carried the
antigen from the sublingual mucosa, both migratory DCs and resident CD8c" DCs
were required to prime CD4" T cells in the LNs (Song et al. 2009).

5.2 DC Targeting

The functional specialization of DC subsets argues that subset targeting holds the
key to the development of more effective intradermal immunization strategies. DC
subsets in lymphoid organs differentially express toll-like receptors, lectin
receptors, and endocytic/phagocytic receptors, which can be targeted to stimulate
efficient antigen presentation. Antigen targeting to DCs can be achieved using
chimeric monoclonal antibodies recognizing specific endocytic DC receptors, such
as DEC-205 or 33D1, fused to antigens of interest (Hawiger et al. 2001; Bonifaz
et al. 2002; Dudziak et al. 2007). Anti-DEC205-mediated antigen targeting allows
efficient antigen processing and presentation into the MHC class I and II com-
partments and the induction of more potent antigen-specific T-cell immune
responses (Hawiger et al. 2001; Bonifaz et al. 2002) compared to immunization
with antigens alone (Bonifaz et al. 2004). Consistently, the use of DEC-205
specific HIV gag fusion antibody vaccine led to protective CD4* T-cell immunity
in mice (Trumpfheller et al. 2006). Similarly, such strategy can improve the
efficacy of DNA vaccines, which are weak when delivered alone. Indeed, DNA
vaccines encoding antigens fused to single chain antibody fragment specific for
DEC-205 or CDll1c exhibit enhanced immunogenicity (Demangel et al. 2005;
Nchinda et al. 2008).

Much less is known regarding the endocytic receptors that could be used for DC
subset targeting in the dermis. However, since CD103* DCs appear to be devel-
opmentally and functionally related to CD8o" DCs (Bedoui et al. 2009b; Ginhoux
et al. 2009), it is possible that they share similar endocytic receptor patterns. LCs
and CD103" DCs express high DEC-205 levels and were more efficiently targeted
than CD11b" DCs upon epicutaneous immunization with DEC-205 antibody
(Flacher et al. 2009). This protocol required tape-stripping and so the preferential
targeting of CD103* DCs over CD11b* DCs may have been influenced by their
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proximity to the epidermis. When anti-DEC-205 antibody was delivered intra-
dermally, antigen was delivered to both dermal DCs and LCs (Flacher et al. 2010).

Other candidate receptors include the lectin CLEC9A, which is expressed by
splenic CD8¢;" but not CD4™ DCs and recently found to be required for the cross-
presentation of necrotic cell-associated antigens to CD8" T cells (Sancho et al.
2009). CLEC9A is specifically expressed on dermal CD103* DCs but not CD11b*
DCs (Helft et al. unpublished data) and could be potentially used to target this
population. Consistently, CLEC9A targeting appears to be a promising strategy to
enhance the efficiency of vaccines, even in the absence of adjuvant (Caminschi
et al. 2008). The C-type lectin CLEC12A shares a similar profile of expression in
lymphoid organs DCs and is also a candidate for targeting, although it has a greater
requirement for adjuvant than CLEC9A (Lahoud et al. 2009). The precise
expression profile of CLEC12A in dermal DC subsets is yet to be tested.

Finally, based on recent experimental data, it appears that migratory DC subsets
inefficiently stimulate memory CD8" T cells, while inflammatory DCs are crucial
for this process (Wakim et al. 2008). Therefore, optimization of vaccination
schedules might demand different targeting during the initial prime and subsequent
boost phases. Inflammatory DCs might play a specific role in promotion of durable
memory responses, although a specific molecular target for these inflammatory
DCs remains to be identified.

5.3 DC Poietins as Adjuvants

Adjuvants are used to potentiate the immune response and may function to gather
and slowly release antigen at or near the site of administration or to directly or
indirectly activate DCs to achieve effective antigen processing and/or presentation.
The cytokines involved in DC homeostasis can also be used as molecular adju-
vants as they influence the differentiation and maturation of specific DC subsets.
Injection of mice with FIt3L leads to massive expansion of cDCs in lymphoid and
non-lymphoid organs (Maraskovsky et al. 1996), including the dermis albeit at a
lower magnitude (Ginhoux unpublished data). Induction of CD8* immune
responses was significantly increased in mice pre-treated with FIt3L before
immunization with anti-DEC-205 targeted antigen (Bozzacco et al. 2010). Simi-
larly, Flt3L-treated mice developed significantly higher immune responses to a
model antigen following TCI (Baca-Estrada et al. 2002), supporting the use of
FIt3L to enhance vaccine efficacy in vivo.

Injection of GM-CSF is used in clinical studies to attract or generate DCs at
disease sites (Dranoff et al. 1993; Simons et al. 1999). Intramuscular adminis-
tration of a plasmid coding for GM-CSF, concomitantly to a plasmid coding for a
rabies virus glycoprotein, enhanced the antibody response to the viral antigen
(Xiang and Ertl 1995). This effect was observed only if both plasmids were
injected simultaneously, reflecting the localized activity of the cytokine on DCs.
Topical application of GM-CSF (as a protein adjuvant) can enhance TCI-mediated
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protective immunity in a model of genital and respiratory tract chlamydial
infections (Hickey et al. 2005), however, it remains unclear which DC subset
participates in the process.

5.4 Visualization of DC Function: A Systematic Approach
Jor Better Vaccines

Over the past few years, our knowledge about DC function has increased dra-
matically. However, there is still limited temporal resolution to our understanding
of the behavior of DC subsets during infections or after vaccination. Filling these
gaps will permit a better appreciation of the sequence of events that lead to
protective immunity in the natural in vivo microenvironment. Imaging of DCs by
multiphoton microscopy has much promise in this regard.

Using transgenic CD11c-YFP mice, in which enhanced yellow fluorescent pro-
tein expression is driven by CD11c promoter (Lindquist et al. 2004), it is possible to
perform intravital imaging of skin DCs over relatively long periods of time (>4 h)
(Ngetal. 2008; Roediger et al. 2008). Using this model of multiphoton microscopys, it
was shown that LCs are relatively sessile at resting state (Kissenpfennig et al. 2005;
Nishibu et al. 2006), but remain capable of elongating their dendrites directly into
epidermal tight junctions to sample external antigens (Kubo et al. 2009). In contrast,
dermal DCs are highly motile and crawl extensively through extracellular spaces
within the dermis, phagocytosing a prototypic skin pathogen, Leishmania major,
through extension of their pseudopods (Ng et al. 2008).

These data reveal the orchestration of immunity through a complex interplay of
specific DC functions. Notably, several novel features of LCs have been uncov-
ered, such as the ability to act as sensors of external antigens located at epidermal
tight junctions; to serve as reservoirs for concentrating external antigens and to
provide instructing signals for other DCs through secretion of soluble factors or
direct cell—cell interactions. Further insight into skin DC biology and new avenues
for vaccine development are likely to follow.

6 Conclusion

Better understanding of the generation of immunity through DC biology continues
to make an important impact in the field of vaccine science. Prominent among
recent achievements is the unraveling of DC ontogeny and the deepening appre-
ciation of DC functional specialization. The next challenge is to translate these
discoveries into improved human vaccine strategies. A key step in this direction is
to identify parallel DC subsets in human skin and to confirm as far as possible that
the functional predictions from mice can be extrapolated between species. This
will pave the way for the next generation of vaccines to induce directed immune
responses of high potency and specificity.
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1 Introduction
1.1 Skin as Defense Organ

The skin is the outermost peripheral tissue that covers the entire body surface. One
of its major functions is to protect the interior from all kinds of dangers from the
outside world. As these insults are highly diverse the skin is equipped with a
variety of functional mechanisms to maintain homeostasis. The continuous growth
and tightly-regulated differentiation of the epidermal layer of the skin establishes a
solid physical barrier which precludes invasion by pathogens and penetration by
chemical agents, but also avoids dehydration. The regeneration capacity maintains
tissue integrity and the presence of melanin and other photoreceptors reduce the
detrimental effects of ultraviolet radiation. The skin also harbors subtle systems
such as temperature control and tactile sense, which are essential to prevent
physical insults by excessive heat, cold, pressure, vibrations, electricity, etc.
Remarkably, despite having evolved into a barrier to protect from microbial
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assaults, the skin serves as a niche for the commensal skin flora, mainly consisting
of bacteria, thereby allowing close symbiosis of a myriad of potentially harmful
microbes.

All delicate and complex defense functions are concomitantly operational in
healthy skin and provide a permanent broad defense. However, the skin is vul-
nerable to damage as the protective barrier is easily disrupted by insults, like
incisions, insect bites, aggressive chemicals, and burns, which allow the entry of
hostile microbes. In order to resist the attack of an invading pathogen, the skin
possesses a highly sophisticated immune system; an initial, rapid, and robust
response in the form of pre-stored antimicrobials and inflammatory mediators
which is followed by the generation of long-term memory cells that provide
resistance to subsequent infection with that microbe. The latter situation can be
mimicked by vaccination, whereby attenuated or dead microbes or microbial
components are administered under controlled conditions.

1.2 Skin as Target for Vaccine Administration

The concept of using skin as a route for vaccination has been acknowledged for a
long time. Back in 1796, Edward Jenner established variolation, implying inocu-
lation of the related, but safer, vaccinia virus into the skin to generate protection
against the potentially lethal variola virus, the etiologic agent of smallpox (Eyler
2003). The term vaccination is referring to this milestone event in the history of
medicine. Variolation was based on Jenner’s observation that milkmaids who had
caught cowpox through contact with cowpox pustules became resistant to smallpox.
At the end of the 1960s the World Health Organisation successfully launched a
global program to extirpate smallpox and in 1980 the World Health Assembly
officially announced that the disease was eradicated worldwide (Alcami et al. 2010).
Variolation is performed by scarification with a special bifurcated needle, designed
to adsorb a tiny droplet of the vaccine and to superficially damage the skin through
firm scratching perpendicularly to the skin till traces of blood appear. Scarification as
a method of vaccinia-virus vaccination appears to be superior to subcutaneous and
intramuscular injection in the induction of vaccinia-virus-specific immune respon-
ses (McClain et al. 1997). Another important historical step was made in 1910 by
Charles Mantoux who reported cutaneous delivery of tuberculin as a diagnostic test
for tuberculosis. Mantoux (1910) introduced the technique for intradermal (ID)
injection using a small conventional needle. Keeping the bevel upward the needle is
pushed into the skin at a slight angle, almost parallel to the skin surface, till the bevel
is completely inserted. Then, slowly, the vaccine can be administered into the dermis
resulting in a local elevation of the skin, also referred to as wheal. To date this is still
the most widely used technique for ID delivery of vaccines.

Although the proof of principle for immunization via the skin had been
established more than two centuries ago, vaccine delivery via the skin has made
very little progress. Only rabies and Bacille Calmette-Guérin (BCG) vaccines are
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currently licensed to be delivered via the ID route. To date, the majority of the
vaccines are still administered by intramuscular injection, which is striking as
conclusive scientific evidence that muscles are optimal targets for vaccination is
lacking. Over the last few decades, significant advances in immunology have been
made. A major discovery is the critical role for dendritic cells (DCs) in the gen-
eration of immunity and that the skin harbors a widespread network of these cells.
Moreover the skin is an easily accessible organ and contains a well-developed
immune system with extensive connections to regional lymphatic tissues. For these
reasons the skin has gained recognition as an attractive target for immunization. In
order to utilize the full potential of ID vaccination, a thorough understanding of
cutaneous immunology, in particular the function of skin DCs is needed. To this
end we summarize current views on human skin DC subsets, and for a better grasp
of the subject, we first describe the basic organization and features of normal
human skin, all in the context of ID vaccination.

2 Immunobiology of Human Skin
2.1 Functional Anatomy

The skin forms the boundary between the body and the external environment and
encompasses three primary layers with different features and functions: epidermis,
dermis and hypodermis (Fuchs and Raghavan 2002; Segre 2006; Proksch et al.
2008). The epidermis, which is renewed every 4 weeks, is the thinnest and out-
ermost part consisting of stratified squamous epithelium and is devoid of blood and
lymph vessels (Fig. 1a, b). Its thickness varies between 50-150 pum depending on
the site of the body. The epidermis, comprised primarily of keratinocytes, is
subdivided into the layers stratum basale, stratum spinosum, stratum granulosum,
and stratum corneum, each corresponding to a distinct differentiation stage of a
keratinocyte (Fuchs and Raghavan 2002; Segre 2006; Proksch et al. 2008).
Progenitor keratinocytes (distinct to epidermal stem cells) present in the basal
layer have a high potential to multiply and divide symmetrically or asymmetri-
cally, the latter results in some daughter cells remaining proliferative while others
undergo terminal differentiation (Clayton et al. 2007). The progenitor-derived
keratinocytes are thought to be sufficient to renew the overlying epidermis under
normal homeostatic conditions, but if the epidermis is destroyed by injury, stem
cells from the hair follicle bulge may be recruited to reconstitute the tissue
(Clayton et al. 2007; Ito et al. 2005). Keratinocytes progressively differentiate
while slowly displacing outward. The stratum corneum (cornified layer) is the
most superficial layer of the epidermis and is formed by terminally differentiated,
flattened, dead keratinocytes (now called corneocytes) that have lost their nuclei
and cytoplasmic organelles (Fuchs and Raghavan 2002; Segre 2006; Proksch et al.
2008). The tightly packed corneocytes are interconnected by corneodesmosomes
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Fig. 1 a Transverse view of healthy human skin showing the squamous cornified layer, the
epidermal layer of compact clustered keratinocytes and the abundance of collagen and elastin
fibers in the dermis with potential space for ID vaccination. The basement membrane zone is
marked with a white dotted line. Scanning electron micrograph by courtesy of Kristian Pfaller and
Nikolaus Romani, Innsbruck Medical University. b Haematoxylin and eosin staining of normal
human skin showing relative thickness of the epidermis to the dermis, which is only partially
depicted. ¢ LCs in a skin section are visualized as red cells by immunoperoxidase staining using
anti-CDla antibodies. d DC-SIGN staining of human skin identifying (in red) DCs and
macrophages in the dermis

and surrounded by insoluble lipid bilayers, all together forming a virtually
impermeable, highly hydrophobic physical barrier. Another crucial barrier in the
epidermis is formed by the bicellular and tricellular tight junctions, which are
present in the lateral membranes of keratinocytes in the stratum granulosum,
composed of flattened living keratinocyte sheets (Brandner et al. 2002; Kubo et al.
2009). This tight junction-based intercellular sealing is indispensable to limit
desiccation and to prevent transit of small molecules. The cornified layer together
with the tight junctions make it hard for molecules larger than 500-600 Da to
penetrate the skin (Bos and Meinardi 2000). These features are essential for sur-
vival, but limit the applicability of topical medicines for therapy or the possibilities
of transdermal vaccination. In addition to keratinocytes, the living normal epi-
dermis contains low but significant numbers of langerhans cells (LCs) (Fig. 1c)
and melanin-producing melanocytes (only in the stratum basale). In contrast to the
epidermis in mice, the human epidermis is sparsely populated with T cells.
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The epidermis is firmly fixed to the basement membrane, which separates the
epidermis from the underlying connective tissue called the dermis (Fuchs and
Raghavan 2002; Segre 2006; Proksch et al. 2008). Because of the ridged shape of
the epidermis, the dermo-epidermal junction has an undulating appearance in
cross-sections of the skin (Fig. 1). The dermis varies in thickness (from 1 mm on
the face to 4 mm on the back) and is mainly composed of a mucopolysaccharide
gel held together by a collagen- and elastin- containing fibrous network rendering
the tissue tough and resilient. The dermis has a rich blood supply, excellent lymph
drainage, and also contains nerves and skin appendages like sweat glands, seba-
ceous glands, hair follicles, and arrector pili muscles that upon contraction cause
hairs to stand on end (goose bumps). In addition, the homeostatic dermis harbors
fibroblasts, mast cells, macrophages, DCs (Fig. 1d), natural killer (NK) cells,
natural killer T (NKT) cells, and mainly aff T cells (i.e. T cells bearing the
heterodimeric T-cell receptors (TCRs) consisting of an o and f chain), and rarely
70 T cells (TCRs consist of yd chain heterodimers) as residents, but the number
and composition of the cutaneous cell population substantially alter in pathologic
conditions such as inflammation (Nestle et al. 2009). During inflammation, the
phenotype and function of resident cells will change, a variety of new leukocytes
(e.g. granulocytes, monocytes, and additional DCs and T cells) will be recruited
via the capillaries which will be accompanied by an increase of cells emigrating
from the skin via the lymph vessels. The third primary layer of the skin is the
hypodermis, the subcutaneous adipose layer, which comprises connective tissue
interspersed with lobules of fat cells, called adipocytes, but also contains fibro-
blasts, macrophages, small blood vessels, and nerve tissue (Kanitakis 2002; Eto
et al. 2009). Remarkably, despite being the largest component of the skin, the
hypodermis has received scant immunological attention. Adipocytes supply fatty
acids to their microenvironment. The composition of fatty acids can alter during
inflammation, thereby affecting the function of immune cells within the skin
(e.g. DCs), which constantly sample lipids from their surrounding environment.
Cytokines released by adipocytes may also modulate the surrounding immune
cells. The role of adipocytes in modulating skin immune responses has been little
explored.

A prerequisite for successful cutaneous delivery of vaccines is that the vaccine
antigens can reach the skin DCs, as these cells are essential to initiate immuni-
zation (Steinman and Banchereau 2007). The DCs in the epidermis are located just
above the stratum basale and are called LCs (Fig. 1c) (Teunissen 2005). For many
years LCs were designated as the major antigen-presenting cells in the skin. Now it
is clear that the dermal DCs (DDCs) are also important with some reports sug-
gesting that DDCs (Fig. 1d) are more important than LCs in immunity. The dermis
harbors several DC subsets and the complexity of all these subsets is just begin-
ning to be understood (Teunissen 2005). A detailed description of all DC subsets in
human skin will be provided in one of the following sections. Because the
cornified layer and tight junctions limit the penetration of molecules larger than
500-600 Da, vaccines cannot simply be applied onto the skin. Both barriers need
to be disrupted to enable vaccine antigens to enter the skin. Scratching with a
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bifurcated needle till bleeding is visible, as is done during variolation, is an old-
school and rather crude though effective method. However, only a very limited
volume of a vaccine (few pl) can be applied into this superficial wound and wound
healing processes may interfere with vaccination efficiency. Delivery of the vac-
cine with a small needle directly into the dermis, following the Mantoux tech-
nique, provides not only a more suitable way for reproducible accurate dosage
administration, it also permits administration of aliquots up to 200 pl into the
interstitial space between the loosely intertwined collagen and elastin fibers. New
technological developments in ID vaccination devices, such as micro-needles and
nano-needles, provide a subtler, minimally destructive, and less painful way to get
the vaccine into the skin. The drawback of this strategy is the small administrable
volume. New developments in technologies for vaccine delivery into the skin are
described in another review in this volume of current topics in microbiology and
immunology (Kim et al. 2011).

2.2 Skin-Associated Innate and Adaptive Immunology

In the mid 1980s the concepts of “skin-associated lymphoid tissue” and “skin
immune system” were launched, both describing the cutaneous content of immune
cells and molecules that are in dynamic equilibrium with the systemic immune
system. This equlibrium is maintained by a variety of immune cells, which cir-
culate through blood vessels and emigrate via lymph vessels to the draining lymph
nodes (Streilein 1983; Bos and Kapsenberg 1986). It is currently widely accepted
that the skin comprises a well-organized regional immune system, which is
responsible for the maintenance of tolerance and homeostasis in the steady state,
though at the same time alert to potential danger and capable of exerting and
regulating powerful defense responses. Both the innate and adaptive arms of the
immune system are represented in the skin. Provision of quick non-specific
resistance to pathogens is a hallmark of innate immunity. Mechanisms for this
prompt protection include phagocytosis and secretion of special molecules, such as
antimicrobial peptides, microbial-binding lectins, complement, and pro-
inflammatory cytokines and chemokines, which stimulate and attract other
immune cells. The principal phagocytes in the skin are the dermal-resident mac-
rophages and the non-resident neutrophilic granulocytes, which can be rapidly
recruited from the circulation. Both cell types can kill and degrade ingested
pathogens in the endosome/lysosome pathway. DDCs can also take up particles
like bacteria or parasites, although not as extensively as macrophages and gran-
ulocytes, whereas LCs have a limited phagocytic capacity. In response to infec-
tion, contact-allergens, ultraviolet radiation, or other kinds of perturbation of the
epidermal homeostasis, keratinocytes produce large amounts of antimicrobial
peptides, pro-inflammatory cytokines, and chemokines (Albanesi et al. 2005;
Keller et al. 2008; Glaser et al. 2009; Lai and Gallo 2009). As an innate defense
response DCs can produce large amounts of IL-12, TNF-o, and type I interferons
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(IFNs). In addition (Blanco et al. 2008), DCs can attract and activate other innate
lymphocytes, like NK cells NKT cells and yd T-cells (Degli-Esposti and Smyth
2005; Fujii et al. 2007). These innate lymphocytes then quickly release large
quantities of IFN-y and upregulate their cytotoxic activity towards cells that
express foreign antigen or cells that lack or have down-regulated self-identifying
MHC class I molecules, which are signatures induced by pathogens or transfor-
mation. IFN-y amplifies the cytokine production of DCs and potentiates the
intracellular killing of the phagocytes. The innate leukocytes present in normal
skin will not only respond to pathogens but also to ID administered vaccines.
Specificity and memory are the hallmarks of adaptive immunity, aiming to
protect the host from subsequent infections with the same microbe by means of
faster and stronger responses and especially tailored to the type of pathogen.
The key players in the adaptive immunity are a large variety of . T cells and the
immunoglobulin-producing B cells. T cells can be divided into two main sub-
groups, based on the expression of either CD4 or CDS8. The latter group, the
cytotoxic T cells, can kill infected or transformed target cells by production of
granzyme and perforin. CD4" T cells encompass the families of T helper (Th) cells
and regulatory T cells (Stockinger et al. 2006; Reiner et al. 2007; McGeachy and
Cua 2008). There are different lineages of Th cells that are specialized to secrete
distinct sets of cytokines to determine and enhance the effector functions of other
innate and adaptive immune cells. So far Thl, Th2, Th17, Th22 cells, and T
follicular helper cells (Tfh) have been described, but it is to be expected that more
types will be defined. Thl cells produce IFN-y that enhances clearance of viruses
and intracellular bacteria (Mosmann and Coffman 1989; Del Prete et al. 1991;
Ansel et al. 2003); Th2 cells are characterized by production of IL-4, IL-5, and
IL-13 that promote antibody-mediated immunity and clearance of extracellular
parasites (Mosmann and Coffman 1989; Del Prete et al. 1991; Ansel et al. 2003);
Th17 typically produce IL-17 (also known as IL-17A), often in combination with
IL-22, and play a role in immunity against several extracellular bacteria and fungi
(Harrington et al. 2005; Romagnani et al. 2009); Th22, which produce IL-22, but
neither IL-17 nor IFN-y, have only recently been described (Duhen et al. 2009;
Trifari et al. 2009) and have been suggested to have a critical role in the main-
tenance of normal barrier homeostasis (antimicrobial immunity and tissue repair)
(Sonnenberg et al. 2011); Tth, which home in the lymph nodal follicles, produce
IL-21 that is important not only in germinal center formation and induction of
immunoglobulin production in B cells, but also for the development of Tfh
themselves (King et al. 2008; Crotty 2011). All these types of Th, except for Tth
cells, can be observed in normal human skin. Of note, the distinction between
different Th types is not a strict black and white situation, as it is clear that there
are T-cell clones that simultaneously produce cytokines characteristic of two
different lineages, for example T cells producing both IL-4 and IFN-y (designated
as ThO) or both IL-17 and IFN-y (Sallusto and Lanzavecchia 2009). It may very
well be that T cells committed to a certain lineage maintain the memory of the
originally imprinted cytokine, but at the same time have the flexibility to acquire
expression of additional cytokines if stimulated under appropriate polarizing
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conditions. The group of CD4" regulatory T cells comprises the naturally occurring
Foxp3*CD25™&" regulatory T cells and inducible regulatory T cells
(Foxp3*CD25"£" or IL-10-producing Foxp3 CD25™¢4"“™)_ all of which are able to
suppress effector functions of other T cells via secretion of suppressive cytokines
TGF-f or IL-10 or by cell-cell contact in a cytokine-independent fashion
(Sakaguchi et al. 2010; Campbell and Koch 2011). Regulatory T cells are thought
to play a pivotal role in inhibiting autoimmune responses and preventing excessive
immune responses. Analysis of skin-derived T cells revealed that approximately
20% display the phenotype of regulatory T cells (CD4*CD25"€"CD69") with
functional regulatory activity (proliferation inhibition of CD25~ T cells) (Clark
et al. 2006). This figure is in line with immunohistochemical analysis of skin
sections showing approximately 25% of CD4"CD25"Foxp3™ cells within the
cutaneous T-cell network (de Boer et al. 2007).

Normal human skin is devoid of B cells but does contain considerable numbers
of T cells, usually around blood capillaries and skin appendages in the dermis and
the majority expressing CD4. In contrast, in homeostatic epidermis the presence of
T cells is rare and CD8" T cells outnumber CD4* T cells (Foster et al. 1990). It has
been estimated that the entire skin of a healthy adult individual harbors a
remarkable high number of approximately 2 x 10'® T cells, which is twice as
many as the total number of T cells in the blood circulation (Clark et al. 2006). The
TCR repertoire of skin-resident T cells is highly diverse and is only slightly less
than that of peripheral blood T cells. Almost all skin-homing T cells express
cutaneous lymphocyte-associated antigen (CLA), the chemokine receptors CCR4
and CCR6, and LFA-1 (CD11a/CD18), which are pivotal elements for selective
migration into the skin, where their respective ligands E-selectin, chemokines
CCL17 and CCL20, and ICAM-1 (CD54) are constitutively and inducibly
expressed by endothelial cells of the post-capillary venules in the skin (Campbell
et al. 2003; Schon et al. 2003; Kupper and Fuhlbrigge 2004). The migration of T
cells into the skin is further supported by CCL17 and CCL20 derived from
keratinocytes and dermal fibroblasts. Another important skin-homing element is
CCR10, which is expressed by a subset of CLA™ T cells only, and whose ligand
CCL27 is preferentially produced by basal keratinocytes. CCL27 may be
responsible for the retention of CCR10™ T cells in or near the epidermis and can
participate in (though is not required for) the extravasation of T cells from the
venules into the dermis (Homey et al. 2002). Inflammatory conditions increase the
production of these skin-homing-related chemokines causing enhancement of
T-cell infiltration into the skin. Subsequently, cytokines derived from
these recruited T cells can influence the local chemokine production. For example,
IFN-y can induce keratinocytes to produce CXCL9, CXCL10, and CXCL11 that
promote the recruitment of T cells and other cell types that express CXCR3, the
receptor for this chemokine triad. Skin-resident T cells universally express the
memory T-cell marker CD45RO and approximately 20% co-express both CCR7
and CD62L (L-selectin) which are typical for central memory T cells, implicating
that the majority of the T cells in the skin are effector memory T cells (Clark et al.
2006). The highly diverse population of T cells in the skin is thought to originate
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from a pool of naive T cells that reside in local lymphoid tissues that have been
activated, polarized, and instructed to migrate to the skin by skin-derived DCs.

3 DCs are Key Regulators of Immune Responses
3.1 Detection of Danger

Recognition of bacteria, viruses, fungi, and parasites by DCs is a paramount first
step in the induction of protective immune responses. DCs are equipped with an
array of so-called pattern recognition receptors (PRRs), which can detect
evolutionary-conserved pathogen-associated molecular patterns (PAMPs),
including proteins, lipids, carbohydrates and nucleic acids that are essential for
the life cycle of the pathogen, but are not expressed by the host (Medzhitov
and Janeway 1997; Palm and Medzhitov 2009; Takeuchi and Akira 2010). The
PRRs encompass the families of membrane-bound Toll-like receptors (TLRs)
and C-type lectin receptors (CLRs), which survey the extracellular space and the
endosomal/lysosomal compartments for signs of infection. The PRRs also
include the families of NOD-like receptors (NLRs), RIG-I-like receptors (RLRs),
and DNA receptors which scan the cytoplasm for danger. TLRs are considered
to be the primary sensors of pathogens and are the most widely studied PRRs.
Ten TLR family members have been identified in humans (Kawai and Akira
2010). TLR 1-6 are expressed on the cell surface and recognize extracellular
PAMPs derived from bacteria, fungi and protozoa, whereas TLR3, 7-9 are
expressed within endocytic compartments and primarily recognize nucleic acid
(Kawai and Akira 2010; Barbalat et al. 2011). For example, TLR3 recognizes the
viral replication intermediate dSRNA, TLR7 and TLRS8 sense ssRNA, and TLR9
senses bacterial/viral genomic DNA rich in unmethylated CpG. The heterodimers
TLR2/TLR1 and TLR2/TLR6 sense lipids and peptidoglycans, TLRS senses
bacterial flagellin, and TLR4 recognizes Lipid A of LPS, the major cell wall
component of Gram-negative bacteria. TLRs signal via their cytoplasmic TIR
domain and recruit adaptor molecules. All TLRs, except for TLR3, initiate
MyD88-dependent signaling to activate NF-xB and MAP kinases to induce pro-
inflammatory cytokines (Palm and Medzhitov 2009; Kawai and Akira 2010).
TLR3 and TLR4 initiate TRIF-dependent signaling to activate NF-xB and IRF3
to induce production of pro-inflammatory cytokines and type I IFNs. TLR7/8 and
TLRY induce MyD88-dependent type I IFN production through activation of
IRF7. The different DC subsets show differential TLR expression indicating that
there may be specialization of different DC subsets to particular pathogens.
The CLRs have one or more domains that recognize mannose, fucose, and/or
glucan carbohydrate structures present on most classes of human pathogens
(Geijtenbeek et al. 2004). CLRs can be divided into two groups: group I CLRs
belong to the mannose receptor family and group II CLRs belong to the asialogly-
coprotein receptor family. Following pathogen binding, CLRs trigger distinct
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signaling pathways via ITAM-containing adaptor molecules or via activation of
protein kinases or phosphatases and induce the expression of specific cytokines
which influences the fate of T cell responses. Recognition by CLRs facilitates the
internalization of the pathogen and affects its degradation and subsequent antigen
presentation. The signaling of several CLRs is TLR-independent, but there is
crosstalk between some of the CLR and TLR signaling pathways (Underhill 2007;
Geijtenbeek and Gringhuis 2009; Kawai and Akira 2011). Some CLRs synergize
with TLRs and co-stimulate the production of pro-inflammatory cytokines, whereas
other CLRs antagonize TLR signaling. All human DC subsets have a
diverse expression of multiple CLRs showing a broad distribution for some CLRs,
whereas some CLRs are uniquely expressed by a single DC subset, as will be
discussed in more detail below. NOD1 and NOD?2 of the NLR family of cytoplasmic
pathogen sensors recognize peptidoglycans, essential major components of Gram-
positive bacteria, and activate NF-kB or MAP kinases to induce the production of
inflammatory cytokines (Martinon and Tschopp 2005). As some TLRs also recog-
nize these components, synergistic activation and pro-inflammatory cytokine pro-
duction may occur. The NLR family also encompasses multiprotein-complexes,
called inflammasomes, that sense a wide range of ligands within the cytoplasm of
cells, including not only microbial PAMPs but also endogeneous host molecules and
even environmental pollutants, such as silica and asbestos (Martinon et al. 2009).
The NLRP3 inflammasome is the most widely studied inflammasome. Stimulation
of DCs with microbial PAMPs initiates the assembly of the inflammasome protein
complex, which converts procaspase-1 into active caspase-1, which, in turn, cleaves
pro-forms of IL-1, IL-18 and IL-33 thereby generating the bio-active forms of these
key pro-inflammatory cytokines. Other members of the PRR family are the RLR
family (RIG-I, MDA-5, and LGP2, recognizing the RNA from RNA viruses in
the cytoplasm) and the cytosolic DNA sensors DAI and AIM2, all of which activate
NF-«B and IRF3/IRF7 leading to the production of inflammatory cytokines and type
I IFNs (Kawai and Akira 2010; Barbalat et al. 2011). Detailed information about
differential expression of NLR, RLR, and cytoplasmic DNA sensors by distinct DC
subsets is lacking.

Most studies on PAMP-induced activation of TLRs and other PRRs have been
performed with single ligands and often using mouse models. However, these
studies may not reflect the true picture of host—pathogen interactions in the context
of human disease. Pathogens consist of manifold PAMPs that simultaneously
activate multiple PRRs and various interconnected signaling pathways, resulting in
complicated innate immune responses. The use of clinical isolates of pathogens
instead of pure ligands may provide better insight into host—pathogen interaction.
To extend our knowledge on the composite net result of innate responses against
whole pathogens by DCs and how this determines T cell-polarization fates, will be
helpful to enable the selection of an appropriate PRR-agonist combination to set
the adaptive immune response for a required outcome. This knowledge may
ultimately lead to improved potency and T-cell-polarization features of
PAMP-based adjuvants. The usefulness of TLR agonists as an adjuvant is clearly
established and some TLR agonists have even found their way to the clinic, for
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example the hepatitis B vaccine Fendrix that contains the TLR4 agonist MPL as an
adjuvant (Mbow et al. 2010). It may also be worth exploring the usefulness of
non-TLR agonist as candidate adjuvant.

Another issue that should be included in future studies is the contribution of
the tissue-specific factors on the outcome of any immune response (Matzinger
2007; Matzinger and Kamala 2011). Although the direct effects of PAMPs on DC
functions are of paramount importance in shaping adaptive immune responses, we
know that pathogens also affect the local tissue microenvironment surrounding
the DCs. In the skin for example, keratinocytes can respond to danger by
releasing IL-1 and TNF-a, both important triggers for the emigration of LCs
from the epidermis. Furthermore, tissue damage induced by microbial infection
results in the release of intracellular molecules (e.g. heat shock proteins,
S100 proteins and self-DNA) or extracellular matrix molecules (e.g. hyaluronic
acid, which is broken down into oligosaccharides) that can act as damage or
danger signals to which inflammatory responses are mounted (Rubartelli and
Lotze 2007; Manfredi et al. 2009). These damage or danger signals are often
referred to as damage-associated molecular patterns or danger-associated
molecular patterns, or in short DAMPs, and activate a profile of cytokines and
inflammatory responses analogous to that induced by PAMPs. DAMP receptors
have not been thoroughly defined, but may include CD91, CD36, CD40, CD14,
and some of the TLRs and inflammasomes (Chen and Nunez 2010). It is inevi-
table that administration of any vaccine in the dermis will cause local damage and
induce the release of DAMPs. As DAMPs directly affect the function of DCs and
modify the PAMP-induced activation of DCs, it is important to learn if and how
much skin-derived DAMPs contribute to skin DC-mediated immune response and
to utilize this knowledge in ID vaccination.

3.2 Uptake and Processing of Antigen

Extracellular antigens need to be internalized and processed into small fragments
before they can be presented to T cells. Several types of endocytosis can be
distinguished based on the cargo size and uptake mechanisms: phagocytosis for
the uptake of particulate antigens such as pathogens, (macro)pinocytosis for the
uptake of soluble antigens, receptor-mediated uptake (e.g. Fc receptors, CLRs,
complement receptors, scavenger receptors, and many others), and clathrin-
dependent or caveolin-dependent antigen internalization (Trombetta and Mell-
man 2005). Extracellular cargo is encapsulated by the plasma membrane during
uptake, forming an intracellular vacuole termed phagosome or endosome and
subsequently both undergo a series of regulated changes, such as progressive
acidification and fusion with organelles containing proteolytic enzymes, in par-
ticular lysosomes. Early endosomes are not just one pool of common organelles,
but comprise of distinct populations of early endosomes with different
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maturation kinetics: some show rapid transformation into late endosomes,
whereas others are more stable (Lakadamyali et al. 2006). In late endosomes/
lysosomes the antigenic peptides are loaded onto MHC class II molecules, upon
HLA-DM catalyzed removal of CLIP from the peptide-binding groove, followed
by transport of the complexes to the cell surface for presentation to CD4™ T cells
(Trombetta and Mellman 2005; Burgdorf and Kurts 2008). Exogenous antigens
can also be presented by MHC class I molecules to CD8" T cells, a process
referred to as cross-presentation to discriminate it from the conventional MHC
class I-restricted presentation of endogenous cytosolic-derived proteins. Cross-
presentation is essential for priming (in this case called cross-priming) naive
CD8* T-cell responses to tumor cells and virus-infected cells (Lin et al. 2008).
DC subsets differ in their ability to cross-present exogenous antigens. Mouse
splenic CD8* DCs and their putative human equivalents, peripheral blood
CD141" DCs are the most powerful cross-presenting cells (Jongbloed et al.
2010; Poulin et al. 2010; Bachem et al. 2010; Crozat et al. 2010a). The MHC
class I-related pathway to process exogenous antigens is not entirely clear, but
active alkalization of the phagosome is required to rescue internalized particulate
antigen from rapid degradation (Savina et al. 2006). In addition, the phagocy-
tosed exogenous antigens need to be degraded by proteasomes and therefore
need to be translocated from the phagosome lumen into the cytoplasm, after
which the peptide fragments are shuttled back into the lumen of probably the
same phagosome by a TAP-dependent mechanism where the peptides are loaded
onto MHC class I molecules (Guermonprez et al. 2003). The alkalization of
phagosomes is transient however, permitting further degradation into peptides
that can be loaded onto MHC class II molecules. This enables MHC class
I-restricted and MHC class Il-restricted processing of particulate antigens to
occur sequentially (Burgdorf and Kurts 2008; Burgdorf et al. 2008).

Interestingly, some cell-surface receptors can route soluble antigen to different
endosomal pathways thereby favoring MHC class I-restricted or MHC class
II-restricted antigen presentation. For example, the mannose receptor (CD206)
routes antigen to the mildly acidic stable early endosomes for exclusive presen-
tation by MHC class I, whereas soluble antigen taken up by the scavenger receptor
is directed rapidly toward lysosomes to be processed only for MHC class II pre-
sentation (Burgdorf et al. 2007). On the other hand, DEC-205 and Fc receptors can
target antigens to both MHC class I and II loading. Heat shock proteins, which are
capable of interacting with a broad range of peptides and act as molecular
chaperones, have been shown to facilitate efficient CD8" T-cell responses by
cross-presentation (Oura et al. 2011). Knowledge on receptor-controlled selection
of the antigen-processing pathway can for instance be considered in vaccination
strategies aimed at improving CD8" T-cell responses, like targeting antigen to the
mannose receptor or heat shock protein in order to promote cross-presentation
(Oura et al. 2011; Singh et al. 2011).

In addition to the mechanisms to process/present proteins via MHC class
I and I molecules, DCs possess pathways to process exogenous and endogenous



38 M. B. M. Teunissen et al.

non-protein antigens (such as lipids, glycolipids, and lipopeptides), which are
subsequently loaded into the binding groove of CD1 molecules (Cohen et al.
2009). Similar to the polymorphic transmembrane heavy chain of MHC class
I molecules that are non-covalently associated with f2-microglobulin, non-
polymorphic CDI1 heavy chains also form heterodimeric complexes with
f2-microglobulin. Based on sequence homology, the CD1 family has been
classified into three groups: group 1 contains CDla, CD1b, and CDlc, group 2
contains CD1d, and CDle belongs to group 3. The human genome encodes for
all five CD1 molecules, but mice only express CD1d. Newly synthesized CD1
molecules traffic to the cell surface first, and upon internalization they reach the
endosomal compartments to get loaded. The different CD1 molecules are loaded
with lipids or glycolipids in distinct compartments of the endocytic pathway and
after recycling they appear on the cell surface again, enabling display of lipidic
antigens to T cells (Cohen et al. 2009; Moody and Porcelli 2003). The different
CDI1 molecules are variably expressed on DC subsets. Human LCs appear to
express high levels of CDIa, moderate levels of CDlc, but typically lack CD1b
and CDI1d; DDCs express CDla, b, ¢, and d (Gerlini et al. 2001; Ochoa et al.
2008), whereas plasmacytoid DCs lack expression of CD1 molecules (Liu 2005).
Differences in expression patterns of CDla, b, ¢, and d may reflect functional
differences between DC subsets.

Human T cells restricted to CDI1d define a population of T cells known as
NKT cells, which can be divided into a well-studied category that expresses a
semi-invariant TCR consisting of Va24 Jx18 with V11 and a poorly charac-
terized category with a much more diverse TCR repertoire. Upon activation,
NKT cells may orchestrate immune responses through their rapid and diverse
secretion of large quantities of both Thl- and Th2-type cytokines and they can
influence the maturation process of DCs (Cohen et al. 2009; Bendelac et al.
2007). NKT cells have been considered to be innate-like lymphocytes based on
the limited TCR diversity and the promptness of their response. They participate
in immunity against a wide range of pathogens including bacteria, fungi, para-
sites, and viruses. The CDl1a, b, and c-restricted T cells appear to be functionally
like MHC-restricted adaptive Thl T cells and CTL, but with specificity for
recognition of lipids antigens rather than proteins (Cohen et al. 2009). CDla-
restricted blood T cells express skin-homing markers CLA, CCR6, CCR4, and
CCRI10, they can be isolated from the skin, and remarkably, they show a sub-
stantially enhanced production of IL-22, but no upregulation of either IFN-y or
IL-17, in response to the presentation of CDla-lipid complexes by epidermal
LCs (de Jong et al. 2010). The concept that T-cell reactivity is limited to
peptides that bind MHC molecules is now considered obsolete. There is over-
whelming evidence that T cell-mediated lipid antigen recognition is important in
detection and clearance of pathogens as well. Therefore, future studies aimed at
understanding the function and therapeutic potential of these unconventional
CDl-restricted T-cell populations are warranted and may reveal new CD1-based
vaccine strategies.
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3.3 Translation of Sensed Danger to Adequate
T-cell Responses

In peripheral tissues, such as skin, there is a permanent risk of pathogen entry and
DCs continuously scan their microenvironment for invading pathogens. The lit-
erature often mentions that DCs in peripheral tissues are immature, a term
reflecting their incapability to activate naive T cells. At this stage of their life cycle
when the immature DCs reside in the peripheral tissues they are highly active at all
forms of endocytosis to capture encountered pathogens or self antigens. The DCs
are well-equipped with a variety of PRRs to recognize a myriad of PAMPs (as
described above) and, in addition they express numerous cell-surface receptors that
mediate or support the internalization of antigens. Recognition and uptake of
pathogens, as well as activatory signals from the surrounding cells (such as TNF-«
and IL-1p), initiate the exit of DCs from the tissue and trigger a program of DC
maturation, leading to a dramatic phenotype and functional metamorphose to
become potent effector DCs capable of activating naive T cells (Cella et al. 1997;
Banchereau and Steinman 1998). The exodus of antigen-loaded DCs coincides
with the downregulation of homing receptors (for example E-cadherin on LCs) and
at the same time CCR?7 is upregulated, making the DCs responsive to chemokines
CCL19 and CCL21 that are selectively co-expressed in the T-cell zones in lym-
phoid organs, predominantly by the stromal cells (Luther et al. 2000). CCL19 and
CCL21 attract CCR7* DCs to the T-cell zones in the local lymph nodes, guiding
the DCs to come in close contact with naive T cells for the initiation of immune
responses (Sallusto et al. 1998). On their way to the lymph node, DCs decrease
endocytic activity, enhance antigen-processing and presentation, increase cell-
surface expression of MHC class I and II molecules that are loaded with microbial-
derived peptides and co-stimulatory molecules such as CD40, CD80, and CD86 on
the plasma membrane. Upon arrival in the lymph node migratory DCs are mature
and endowed with the unique capacity to initiate antigen-specific activation of
naive T cells (Cella et al. 1997; Banchereau and Steinman 1998). Thus, in short,
peripheral tissue DCs are dedicated to capture soluble and particulate antigens and
transport this cargo to the lymph node in order to display small fragments of
antigen on their surface as MHC—peptide complexes or CD1-lipid complexes for
presentation to naive T cells.

When a naive T-cell receptor recognizes the corresponding MHC—peptide
complex on a DC (signal 1) it will only become activated if also simultaneously
receives co-stimulatory triggers (signal 2) from the mature DC (Kalinski et al.
1999; Kapsenberg 2003). This leads to naive T-cell proliferation and differentia-
tion into effector memory T-cells (CD45RO*CCR7~CD62L ™) which are capable
of cytokine production and cytolysis or become long-lived central memory T cells
(CD45RO"CCR7*CD62L*) capable of providing rapid protective responses upon
reinfection (Sallusto et al. 2004). Most importantly, mature DCs have the unique
potential to orchestrate the development of distinct lineages of antigen-specific
effector Th cells (Fig. 2), which is essential to combat the different classes of
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pathogens (e.g. Th1 cells for the clearance of intracellular pathogens and Th2 cells
for the clearance of extracellular parasites). Mature DCs acquire this polarizing-
imprinting potential during their immature stage and subsequent maturation
program (Kapsenberg 2003; Lanzavecchia and Sallusto 2001). When immature
DCs encounter and internalize microbes they receive a variety of signals via their
PRRs (different types of pathogens provide different kinds of stimuli) and addi-
tional signals from surrounding tissue that also respond to the danger. During
maturation, DCs integrate this pandemonium of information into relevant
instructions for naive T cells to direct the development of the required effector T-
cell type. This polarizing imprinting is regarded as the third signal that is delivered
to naive T cells (Kalinski et al. 1999). For example, viruses programme DCs to
express (among others) IL-12, a well-known factor to promote Thl development.
Intriguingly, some pathogens interfere with MHC class I antigen-presentation
pathway or have adapted to abuse the polarizing mechanism to induce regulatory T
cells and tolerance to evade eradication by the immune system (Sacks and Sher
2002; Engering et al. 2002; Hansen and Bouvier 2009). Furthermore, as a fourth
signal, the mature DCs provide homing instructions to activated T cells in order to
navigate the T cells to the tissue where the DCs originated from and where the
infection is going on. The exact mechanism of this fourth signal is not clear, but
upregulation of skin-targeting receptors CLA and CCR10 or gut-targeting recep-
tors a4f7 and CCR9 will endow T cells with specific tissue homing properties. It
has been shown that DCs posses the enzymes to metabolize sunlight-induced
vitamin D3 into the active form 1,25-dihydroxyvitamin D3, which induces CCR10
on T cells and concomitantly suppress gut-homing receptors o47 and CCR9
(Sigmundsdottir et al. 2007). This linkage between ultraviolet B-induced vitamin
in the outer layers of the skin and subsequent induction of epidermotropism in
activated T cells is an example of how DCs interpret local circumstances and
direct T cells to target tissues. In the context of ID vaccination the paradigm that
DCs provide homing cues as a fourth signal to naive T cells poses a conundrum: if
T cells are instructed go to the site of DC origin, how can ID vaccination be
successful for immunization against non-skin pathogens? ID vaccination against
for example influenza has already been proven successful, so instructions for
T-cell homing is more complex than currently known.

From the moment immature DCs sense pathogens or urgent changes in the
tissue homeostasis till the moment mature DCs provide a combination of
instructions to naive T cells, a highly complex cascade of molecular remodeling
takes place in the DCs that ultimately lead to an appropriate T-cell response for
protective immunity or tolerance. It is clear that DC function and subsequent
T-cell responses are modulated by the pathogen type. Understanding the mecha-
nism how pathogens can manipulate the flavor and magnitude of the immune
response, or even evade the immune system, is of crucial importance in the design
of effective vaccines or microbial-based adjuvants, which for instance, offers the
choice to induce either protective immunity or tolerance. Understanding the
mechanism that regulates the MHC class Il-related antigen-processing and
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presentation machinery can also innovate vaccine design because this can lead to
improvement of the stability of MHC—peptide complexes and prolongation of the
half-life of the MHC—peptide complexes on the DC surface.

One important element that has not been dealt with so far, although is critical in
determining the outcome of T-cell responses is the heterogeneity of DC subsets.
Human non-lymphoid tissue contains distinct DC subsets with different pheno-
types and functions, and as a consequence, they differ in their ability to generate
specific T cell responses. The forthcoming paragraphs will highlight the different
human DC subsets, in particular the DC subsets in the human skin. There are
differences between DC subsets in humans and mice. For a more in-depth review
about murine DC subsets the reader is referred to a companion article by Ginhoux
et al. (2010).

4 Human DC Subsets
4.1 Surface Markers

DCs were originally described in the murine lymphoid tissue based on morpho-
logical criteria (Steinman and Cohn 1973) and the ability to prime naive T-cell
proliferation with approximately 100-fold greater efficiency than other ‘accessory’
populations such as adherent macrophages (Steinman and Cohn 1974). Subse-
quently, a universal definition of DCs included high expression of MHC class II
together with lack of defined lineage markers to exclude monocytes (CD14),
B cells (CD19), T cells (CD3), NK cells (CD56), and stem cells (CD34). In more
recent years a number of DC-restricted positive markers have proven to be useful.
The expression of integrin CD11c together with co-stimulatory molecules such as
CD40, CD80, CD86, and CD83 has been widely used in mouse and human
immunology. In addition, expression of the CD1 antigens has been very useful in
humans and defines DC subsets in a number of tissues. The Blood Dendritic Cell
Antigens (BDCA) that characterize human blood DCs include: CD1c (BDCA-1):
CD303/CLEC4C (BDCA-2); CD141/thrombomodulin (BDCA-3) and CD304/
neuropilin-1 (BDCA-4) (Dzionek et al. 2000; MacDonald et al. 2002). In recent
years, lectins such as Langerin (CD207), DEC-205 (CD205), DC-SIGN (CD209),
DCIR2 (33D1 antigen in mice), and CLEC9A have been shown to mark specific
DC subsets (Bonifaz et al. 2004; Huysamen et al. 2008). The potential to target
different DC subsets through antibodies to specific lectins is currently of great
interest (Badiee et al. 2007; Kato et al. 2007). In human histopathology, stains for
S100A, clotting factor XIIla (FXIIIa), fascin, and ATPase are still routinely
employed to identify DC populations, although these markers are also shared by
macrophages. Furthermore, it has not always been clear how intracellular antigen
staining relates to surface marker expression.
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Fig. 2 DCs control the development of distinct T-cell responses. After internalization of
environmental antigens, cutaneous DCs migrate to the skin-draining lymph node while
undergoing a process of maturation to acquire the unique capacity to prime naive T cells (Tn).
The different DC subsets in homeostatic skin and additional DC subsets in inflammatory
conditions are indicated on the left site. The original antigenic stimulus and the local mediators
from the neighboring cells at the site of infection are integrated by the DC into four signals
(indicated in the blue boxes) that direct the development of the required type of effector T cell.
A more extensive description is provided in Sect. 3.3

4.2 Human Blood DC Subsets

The MHC class 1I positive lineage negative (HLA-DR™ lin™) subset of human
mononuclear cells has been intensively studied but different definitions based on
flow cytometry gating strategies abound. HLA-DR™ cells in human blood include:
DCs, monocytes, CD34™" precursors, B cells, activated T cells, and activated NK
cells. Lineage marking with CD34, CD19/CD20, CD3, and CD56 will exclude the
precursors and lymphoid cells, leaving DCs and monocytes. The separation of
monocytes from DCs is a source of some confusion. CD14 and CD16 expression
marks subsets of monocytes, but staining for both antigens is a smear (Passlick
et al. 1989). Within CD16™ cells there is a subset of 6-sulfo LacNAc (slan)* cells
(Siedlar et al. 2000) thought to be a distinct population of DCs by some authors
and called slanDCs (Schakel et al. 2002, 2006). Prior to the availability of anti-
bodies for slan it was not possible to make proper distinction between slanDCs and
CD16*CD14"" monocytes. CD16" cells were variously referred to as either DCs
(MacDonald et al. 2002; Lindstedt et al. 2005; Piccioli et al. 2007) or monocytes
(Geissmann et al. 2003; Gordon and Taylor 2005; Ingersoll et al. 2010). Both
CD14" monocytes and CD16" slan® DCs are CD11c*. When CD14* and CD16*
cells are both excluded, this leaves a population of HLA-DR" cells that contain the
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classical CD123" plasmacytoid DCs (PDCs) and CD11c¢* myeloid blood DCs. The
PDC is CD11c™ and co-expresses CD303 (BDCA-2) and CD304 (BDCA-4), while
the CD11c* myeloid DCs expresses low levels of CD123 and may be further split
into CD1c (BDCA-1) positive CD141 (BDCA-3)"*" and CDIc negative CD141""
fractions (Dzionek et al. 2000; MacDonald et al. 2002). The latter also expresses
CLEC9Y9A (Huysamen et al. 2008), CLEC12A (Lahoud et al. 2009), and Nectin-like
protein 2 (cell adhesion molecule 1: CADMI1). A variety of phenotypic and
functional observations and genomic comparison link human blood CD141
(BDCA-3)* cells with CD8" lymph node DCs in mice (Jongbloed et al. 2010;
Poulin et al. 2010; Bachem et al. 2010; Crozat et al. 2010a; Robbins et al. 2008)
and is reviewed by Shortman and Heath (2010) and Crozat et al. (2010b).

4.3 Human Lymphoid Tissue DC Subsets

Progress in the identification of human lymphoid DC subsets is much more limited
than in the murine system. In human tonsil, it is possible to find a number of
HLA-DR" lin~ populations, including CD11c* and CD123" fractions (Summers
et al. 2001). An early study of superficial lymph nodes described CD1a* and
CDla~ subpopulations (Takahashi et al. 1998). The population of CD123* PDCs
is easier to understand in terms of functional correlates and has been studied in
various pathological states including HIV, malignancy, and autoimmune disease
(Farkas et al. 2001; Cox et al. 2005; Vermi et al. 2005; Sakuraba et al. 2009;
Hochrein et al. 2001; Tanis et al. 2004; Faith et al. 2007; Nishikawa et al. 2009;
Dillon et al. 2008).

DC subsets identified in tonsil and blood DCs by BDCA expression were
compared by expression profiling and found to be reasonably parallel (Lindstedt
et al. 2005). A further study identified two main groups of lymph node antigen-
presenting cells by immunofluorescence staining that were either
CD147CD206"CD209" or CD207"CD208" (Angel et al. 2009). By their location
and phenotype these bear some correlation to the traditional categories of sub-
capsular or medullary macrophages and paracortical interdigitating cells, respec-
tively. Further functional insights were gleaned from studies of lymph node
draining inflamed skin, in which expansion of a particular subset of CD1a*CD207*
immature DCs was revealed, presumed to be LC-derived (Geissmann et al. 2002)
and documentation of the distribution of DC-SIGN (CD209) in normal and
reactive nodes (Engering et al. 2004).

In human spleen CD11c¢* and CD11¢™ DCs may be found principally in the
marginal zones, white pulp and peri-arteriolar sheath (Mcllroy et al. 2001). Further
clarification of their phenotype and localization was more recently achieved using
antibodies to lectins (Pack et al. 2008) and BDCA molecules (Velasquez-Lopera
et al. 2008). Phenotypically similar DC subsets in the human spleen and blood
have been recently identified (Mittag et al. 2011).
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5 DC Subsets in Human Skin
5.1 Epidermal Langerhans cells

There is reasonable consensus over the content of normal human skin DCs, being
more accessible than lymph node populations, through the analysis of skin
removed during plastic surgery (Valladeau and Saeland 2005). The outer epider-
mal layer of keratinocytes contains the most renown of all DCs, the LC, first
described by Langerhans in 1868. This archetypical DC was subsequently shown
to be a bone marrow-derived cell (Volc-Platzer et al. 1984) bearing Fc and
complement receptors (Stingl et al. 1977) and MHC class II antigens (Stingl et al.
1980) and containing cytoplasmic Birbeck granules, which are rod-shaped struc-
tures with a zipper-like appearance at ultrastructural level, comprising CD1a and
Langerin and presumed to be involved in antigen processing (Birbeck et al. 1961;
Valladeau et al. 2000). The dendritic shape of LCs is best appreciated in epidermal
sheet preparations, giving the impression that these cells form a regular, almost
interconnected network with their protrusions forming a network (Fig. 3a).
Multiple studies have focused on the quantification of epidermal LCs yielding a
remarkable variety in results, reviewed in (Teunissen 2005). The following can be
concluded from these studies (i) LCs constitute approximately 2% of the total
epidermal cell population in normal healthy skin; (if) a wide interindividual var-
iation exists for the number of LCs per mm?, likely due to the variation in
thickness of the epidermis; (iii) on the average there are 1000—1200 LCs per mm”
in normal adult human skin, and (iv) the density of LCs may vary at different
anatomical regions, being the highest in the face and neck and the lowest in the
foot sole. Given that an average adult (70 kg, 170 cm) has approximately 1.8 m?
of skin surface area, according to the formula of Dubois (Burton 2008), it can be
estimated that an average individual has 1.8-2.2 x 10° epidermal LCs. High
accurate three-dimensional quantification revealed a remarkable constant ratio of
one LCs to 53 other epidermal cells and that one LC can cover an area of as much
as 554-1096 pmz thanks to their dendrites (Bauer et al. 2001).

LCs are in some way locked up by the surrounding keratinocytes that are tightly
packed and firmly connected by desmosomal and tight junctions. Epidermal LCs
are connected to the keratinocytes through homophilic adhesive interactions
between E-cadherin molecules expressed on both cell types (Udey 1997). Taking
into account that the different epidermal layers are continuously displacing out-
ward slowly—because of the epidermal turnover by which new cells are generated
at the base of the epidermis while the outermost surface flakes off at the same
rate—LCs have to move slowly in the opposite direction to keep their position just
above the basal layer of the epidermis. It is commonly assumed that it is impos-
sible for microbes or molecules from the external environment to penetrate the
skin without being noticed by the strategically positioned extensive network of
LCs that are busy sampling antigens in the epidermis. However, it is hard for
microbes or molecules to pass the cornified layer (stratum corneum) and tight
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Fig. 3 a Epidermal sheet from normal human skin showing a tight network of LCs (in red) that
are visualized by fluorescent-labeled anti-CDla antibody. b Pseudo-colored scanning electron
micrograph shows the intimate contact between a LC (taupe-colored) and a naive CD8* T-cell
(blue). ¢ Scanning electron micrograph of a 2-day cultured dermal sheet showing a DDC (black
arrow) and a T-cell (white arrow) that emigrated from the tissue. Note the numerous collagen and
elastin fibers of the dermis displayed in the background. d Population of cells that crawled-out of
the human dermis after 2 days of culture. DDCs can be recognized by their dendritic morphology

junctions in the stratum granulosum to reach the LCs. Recent observations indicate
that upon activation, LCs can elongate their dendrites beyond the tight junction
barrier and sample antigens in the region between the most distal region of the
stratum granulosum and proximal region of the cornified layer, a space that can be
considered as an air-liquid interface (Kubo et al. 2009). While performing this
astonishing action, LCs have to penetrate tight junction contacts between kerati-
nocytes and to form new tight junctions between themselves and keratinocytes in
order to maintain tight junction integrity. Internalized antigens co-localize with
Langerin and Birbeck granules at the tip of the penetrated dendrites (Kubo et al.
2009). The elongated dendrites of LCs that reach out into the cornified layer may
even have direct contact with the microbiome of the skin. In this respect it should
be noted that LCs do not express TLR2, TLR4, and TLRS on their cell surface and,
as a consequence, have limited responsiveness to extracellular bacteria in terms
of up-regulation of co-stimulatory molecules and production of inflammatory
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cytokines (van der Aar et al. 2007). The ability of LCs to stretch their dendrites
beyond the surface barrier system resembles the feature of lamina propria DCs in
the intestinal mucosa that are able to elongate their dendrites directly into gut
lumen to sample bacteria (Rescigno et al. 2001).

Analysis of skin-draining lymphatic vessels revealed that LCs exit continuously
from the epidermis under steady-state conditions at a low rate and that local
inflammation markedly upregulates their emigration (Brand et al. 1999). Appar-
ently there is a constant turnover of LCs even in the absence of inflammatory
signals (Jakob et al. 2001). The LC population is maintained by local radio-
resistant precursors under steady-state conditions (at least in mice), but LCs are
replaced by circulating precursors during major inflammatory skin conditions
(Merad et al. 2002). TNF-« and IL-1§ are crucial signals to activate and amplify
emigration of LCs (Cumberbatch et al. 1997), among others by inducing down-
regulation of E-cadherin expression, which enables LCs to dissociate from
surrounding keratinocytes (Jakob et al. 2001).

Migration of LCs in vitro and their subsequent differentiation into typical veiled
cells of the afferent lymph set the paradigm for all migratory myeloid DCs, as was
first discovered in mice (Schuler and Steinman 1985) and later confirmed in man
(Romani et al. 1989; Teunissen et al. 1990). Although the contribution of LCs to
immune responses in vivo has recently been questioned in murine models
(reviewed by Romani et al. 2010), the derivation of Langerin® DCs in vitro with
potent cytotoxic T lymphocyte-priming capacity (Fig. 3b) continues to fuel
interest in these cells as agents of immunotherapy (Mohamadzadeh et al. 2001;
Ratzinger et al. 2004; Klechevsky et al. 2008; Anguille et al. 2009) reviewed by
Ueno et al. (2010).

5.2 Dermal DCs

Electron microscopic and immunohistochemical studies first recognized the
presence of DDCs, described variously as indeterminate cells (Murphy et al. 1983)
or dermal dendrocytes (Cerio et al. 1989), but isolation and characterization of
these cells were not properly achieved until 1993 (Nestle et al. 1993; Meunier et al.
1993; Lenz et al. 1993). From these early studies, primarily using spontaneously
migrating cells (Fig. 3c, d), it was apparent that DDCs comprised two subsets of
CDIla" and CDI14" cells (Table 1). Most investigators suggested that they were
distinct to LCs by virtue of their lower or absent CD1a expression and later, lack of
Langerin. Although the alternative view that dermal CDla* DCs were simply
migrating LCs that had down-regulated these markers generated confusion for a
number of years, the expression of LC-restricted molecules such as E-cadherin
(CD324) and EpCAM (CD326) has aided this distinction (Lukas et al. 1996; Angel
et al. 2006, 2007a, b; Nagao et al. 2009). In flow cytometry and in situ studies, a
small population approximately 1-2% of DDCs retain high expression of CDla
and Langerin and are presumed to represent migrating LCs.
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Table 1 Phenotype of LCs, DDC subsets and macrophages in normal human skin

CD number Alias LC CDla* DDC CDI14* DDC Macrophage
CDla + + - -
CDI1b - + - nd
CDlc BDCA-1 + + + -
CD1d - + - nd
CDlla LFA-1, integrin alpha-L - + + +
CDl11b C3bi R, integrin alpha-M - + + +
CDllc Integrin alpha-X + + + -
CD14 - - + +
CD18 f-chain of CDl11a, b and ¢ + + + +
CD32 FeyR 1T + + + +
CD36 - - —/+ +
CD40 + + + nd
CD45 Common leukocyte antigen + + + +
CD54 ICAM-1 + + + -
CD68 - + + +
CD80 B7-1, CD28 ligand 1 + + + nd
CD83 + + - -
CD86 B7-2, CD28 ligand 2 + + + nd
CD141 BDCA-3 - - + nd
CD197 CCR7 + + —/+ -
CD163 Hemoglobin scavenger receptor — - —I+ +
CD205 DEC-205 + + + -
CD206 Macrophage mannose receptor ~ — + + +
CD207 Langerin + - - -
CD208 DC-LAMP + + - -
CD209 DC-SIGN - + + +
CD303 BDCA-2 - - - -
CD304 BDCA-4, neuropilin - - + -
CD324 E-cadherin + - - -
- DCIR, CLEC4A + + + nd
- FXIIIa (clotting factor) - + + +

This table is compiled from various studies as indicated in the text of this review. Arbitrary units:
— absent, + present, nd not determined

Analogues of CD1a* and CD14" DCs have been generated in vitro from CD34*
stem cells using GM-CSF and TNF-« (Klechevsky et al. 2008; Caux et al. 1997)
and from monocytes, using GM-CSF, IL-4 and TGF-f (Geissmann et al. 1998;
Gogolak et al. 2007). The universal assumption is that CD1a™ DCs made in this
way are ‘Langerhans cell-like’ although the use of TGF-f gives much higher
CDla, Langerin, EpCAM and E-cadherin expression than TNF-o (Allam et al.
2003; Haniffa and Collin, unpublished). TNF-« added secondarily to monocyte-
derived Langerin™ cells further increases Langerin expression, although by itself is
unable to generate Langerin™ cells from monocytes (Geissmann et al. 2002). It is
therefore possible that cells derived with TGF-f have a closer relationship with
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LCs than those derived with TNF-o alone, although both are referred to as
‘Langerhans cell-like’ (Bechetoille et al. 2006).

At the time Langerin (CD207) was discovered (Valladeau et al. 1999), just
before the millennium change, it was believed that this C-type lectin is unique to
LCs and that antibodies against Langerin can be used to identify LCs. The small
numbers of Langerin™ cells that can be observed in the dermis were assumed to be
epidermal LCs in transit to the lymph nodes. In 2007 however, three independent
groups (Bursch et al. 2007; Ginhoux et al. 2007; Poulin et al. 2007) demonstrated
that part of the Langerin® cells in the dermis in mice represent a novel population
of DCs that are unrelated to LCs and they were simply called “dermal Langerin®
DCs”. These dermal Langerin® DCs represent the minority of the DDC pool,
reaching 10-20% of total dermal Langerin® cells and 10% of total DDCs (Ginhoux
et al. 2007; Poulin et al. 2007). In contrast, only very few Langerin® DCs are
present in human dermis, as assessed by immunohistochemistry or flow cytometry
(Ebner et al. 2004; Furio et al. 2005). In mice the dermal Langerin® DCs can be
discriminated from Langerin® LCs and the dermal Langerin~ DCs by the expres-
sion of CD103 (Bursch et al. 2007), but in humans CD103 is not a positive marker
that clearly delineates this minor population from the other DC subsets. Recent
studies in mice suggest that the CD207"CD103* DDC is the most important DC
subset to cross-present viral antigens or self antigens regardless of the presence of
LCs (Bedoui et al. 2009; Henri et al. 2010). The high-sophisticated experimental
methodologies used in mice to proof the existence of dermal Langerin™ DCs are
not feasible in humans. The search for the human equivalent of the murine dermal
Langerin® DCs is still topic of investigation and to date it is not clear whether the
human dermal Langerin® DCs really exists. Microarray analysis of the global
mRNA transcription profile of highly purified mouse dermal Langerin® DCs may
yield specific markers that are useful to detect this cell type in humans.

5.3 Dermal Macrophages

The distinction between DDCs and macrophages in humans has only recently been
made clear through careful immunohistological studies (Ochoa et al. 2008; Zaba
et al. 2007) and flow cytometry of collagenase-digested cells (Haniffa et al. 2009).
Essentially, the problem of identifying the different lineages arose when two
populations of migratory DCs, defined by CD14 and CD1a, were mapped to the
dermis by in situ staining, without regard for a large population of dermal
macrophages, which shared a number of markers with CD14" DDCs (Table 1).
The most troublesome was FXIlIla, the histological marker of ‘dermal dendro-
cytes’, an ill-defined population of leukocytes with dendritic morphology (Cerio
et al. 1989). When DDCs were first isolated by migration, FXIIla was demon-
strated by flow cytometry, particularly in the CD14™ DCs (Klechevsky et al. 2008;
Nestle et al. 1993) and these were surmised to represent the cells observed in situ.
However, Zaba et al. (2007) clearly showed that FXIIla was principally expressed
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by CD163" macrophages, as had been previously argued (Torocsik et al. 2005).
These cells do not migrate, but can be released by collagenase digestion. The
solution to identifying them by flow cytometry was revealed to be massive
autofluorescence created by melanin ingestion (Haniffa et al. 2009). A further
surprise emerged that macrophages were also the target of CD209 (DC-SIGN)
staining in human dermis (Ochoa et al. 2008). Although sessile, non-proliferating
and very slowly replaced by bone marrow-derived cells after hematopoietic stem
cell transplantation, isolated dermal macrophages secrete inflammatory cytokines
and are capable of stimulating memory T cells (Haniffa et al. 2009).

5.4 DC Subsets in Inflamed Skin

Under inflammatory or pathological conditions (infection, UVB-exposure, injury,
skin diseases such as psoriasis, atopic dermatitis, lichen planus, etc.) the number,
composition, and maturation status of the skin DC population changes dramati-
cally. The skin-resident DC subsets may acquire an activated more mature phe-
notype, as shown by the expression of CD80, CD83, CD86, and lysosomal marker
DC-LAMP (CD208). In addition, the amount of DCs will increase as cohorts of
newly recruited (presumably blood-derived) distinct inflammatory DC subsets will
infiltrate depending on the level of inflammation and type of condition.
Inflammatory DCs are also expected to infiltrate the skin upon ID administration of
a vaccine as the injection and vaccine will provoke local inflammation. So in this
context it is relevant to discuss some of the DC subsets that are recruited in injured
or diseased skin.

5.4.1 Plasmacytoid DCs

PDCs are a rare population of circulating cells that are present in the blood stream
and secondary lymphoid organs under steady-state conditions. PDCs (named that
way because of their plasma cell-like morphology) have a key role in the defense
to viral infections through their ability to produce huge amounts of type I IFNs
(IFN-¢/f) in response to viral recognition (Siegal et al. 1999; Cella et al. 1999),
and in addition, PDCs also link innate and adaptive immunity by controlling the
function of myeloid DCs, T cells, B cells, and NK cells (Gilliet et al. 2008).
Human PDCs express MHC class 1'%, CD4, CD36, CD68, CD123"" (IL-3
receptor o), and BDCA-4 (CD304), but lack the common lineage markers CD3,
CD19, CD11b and CDl1c, CD14, and CD33 (Liu 2005), whereas BDCA-2
(CD303) and ILT7 (CD85g) are specific markers for PDCs (Dzionek et al. 2001;
Cao et al. 2006). Following viral stimulation immature PDCs differentiate into
mature PDCs that promote the development of antigen-specific IFN-y and IL-10-
producing CD4 cells. The capacity of human PDCs to prime naive CD4" T cells to
produce IFN-y is dependent on type I I[FNs and independent of IL-12, which is not
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expressed by PDCs but rather a typical product of activated myeloid DCs
(Liu 2005). Unlike human PDCs, their counterparts in mice do express CD11c and
have the capacity to produce both IFN-o and IL-12 (Asselin-Paturel et al. 2001;
Boonstra et al. 2003). IFNs promote myeloid DCs to produce IL-12, IL-15, IL-18,
and IL-23 (thereby favoring Thl development) and also increase the ability of
myeloid DCs to cross-present antigens to CD8 T cells (Santini et al. 2000; Le Bon
et al. 2003). Human PDCs themselves also have the capacity to cross-present viral
antigens to CD8 T cells (Di Pucchio et al. 2008). In addition, PDCs can prime
naive CD4* T cells to differentiate into IL-10-producing regulatory T cells (Trl
subset) (Kuwana et al. 2001).

The robust production of IFN-o/f by PDCs is linked to their unique expression
of TLR7 and TLRY, which sense viral nucleic acids (single-stranded RNA and
DNA, respectively) within the endosomes (Gilliet et al. 2008). In human periph-
eral blood, PDCs selectively express TLR7 and TLR9, but not other TLRs,
whereas in contrast, myeloid DCs express TLR1 through TLR6 and TLRS
(Jarrossay et al. 2001). Of note, myeloid DCs in mice do express TLR9 and
respond to TLRO triggering (Boonstra et al. 2003). Host-derived (self) nucleic
acids do not activate PDCs. However, the human antimicrobial peptide LL37 can
form a complex with self-RNA and self-DNA and thereby convert these otherwise
inert nucleic acids into potent agonists for TLR7 and TLRY (Lande et al. 2007;
Ganguly et al. 2009). LL37 is absent in healthy skin, but skin injury induces
transient LL37 expression in keratinocytes (Dorschner et al. 2001) as well as the
release of self-RNA and self-DNA from damaged cells. PDCs rapidly infiltrate
skin wounds and can be triggered by the injury-induced LL37/self-nucleic acid
complexes to produce type I IFNs, a process that appears to be critical for the
induction of early inflammatory responses and re-epithelization of injured skin
(Gregorio et al. 2010).

Synthetic oligodeoxynucleotides (ODNs) containing repeating sequences of
cytosine phosphoguanosine (CpG) dinucleotides—based on bacterial unmethy-
lated CpG dinucleotide motifs—are well-known ligands for TLR9 and potent
stimulators of PDCs to produce type I IFNs. However it is important to note that
some CpG-containing ODNs do not stimulate type I IFN production. CpG-con-
taining ODNs are classified into three main groups: A-type strongly stimulates
IFN-« secretion by PDCs and cytokine production by NK cells; B-type stimulates
PDCs to produce IL-6 and TNF-« (but not IFN-«) and B cells to proliferate and
produce antibodies; C-type combines the immune effects of A- and B-types
(Gilliet et al. 2008; Vollmer et al. 2004). CpG-containing ODNs are currently
being evaluated as an adjuvant to vaccines in several clinical trials (Mbow et al.
2010), including trials in which the adjuvant is administered by ID injection
(Molenkamp et al. 2007).

PDCs are absent in normal human skin (Zaba et al. 2007; Wollenberg et al.
2002a), but their presence in skin is quite common under pathologic conditions
such as injury, infection, some inflammatory skin diseases, cancer, and autoim-
munity (Farkas et al. 2001; Wollenberg et al. 2002a; de Vries et al. 2006; Gerlini
et al. 2006; Vermi et al. 2003; Bangert et al. 2003). Remarkably, atopic dermatitis
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lesions lack PDCs which may clarify the susceptibility of atopic dermatitis patients
to viral infections (Wollenberg et al. 2002a). Human PDCs selectively express
chemokine receptor CMKLR1, which guides the cells to its attractant chemerin
(Zabel et al. 2005). Inactive precursor chemerin is constitutively produced by
dermal endothelial cells and fibroblasts and is cleaved into the active peptide by
serine proteases released during blood coagulation that can happen upon skin
damage (Zabel et al. 2005). In line with the abundant presence of PDCs in lesional
skin, increased chemerin expression has been reported in psoriasis (Albanesi et al.
2009), lupus erythematosus (Vermi et al. 2005), and lichen planus (Parolini et al.
2007). Chemokine receptors CXCR3 and CXCR4 are both expressed by human
PDCs and also involved in the tissue-infiltration. Intriguingly, PDCs do not
respond efficiently to CXCR3-ligands CXCL9, CXCL10, and CXCL11 despite
high expression of CXCR3, but presence of the CXCR3-ligands dramatically
increase the responsiveness to CXCR4-ligand CXCL12, suggesting that the
inflammation-induced CXCR3-ligands regulate the responsiveness of PDCs to
CXCL12, which is constitutively expressed by dermal endothelial cells (Van-
bervliet et al. 2003). In addition, human PDCs also express the skin-homing
receptor CLA (Bangert et al. 2003; Vanbervliet et al. 2003). Injury in the dermis
due to vaccine administration may also elicit bioactive chemerin and induce
expression of CXCR3-ligands causing rapid PDC recruitment. This assumption is
supported by recent findings that skin injury induces an early and short-lived
infiltration of PDCs that release type I IFNs (Gregorio et al. 2010).

5.4.2 IDECs

In addition to the classical LCs (CDlahigh, Langerin®, Birbeck granule®, CD11b~,
CD367), inflamed epidermis contains a second distinct DC subset (CDIalOW,
Langerin~, Birbeck granule”, CD11b*, CD36") called inflammatory dendritic
epidermal cell or in short IDEC (Wollenberg et al. 1996, 2002a; Gros et al. 2009).
The influx of IDECs seems to be driven by the expression of chemokine receptors
CCRS5 and CCR6 (Gros et al. 2009). The IDECs constitute a diverse (dependent on
the pathologic condition) though substantial percentage of the entire CD1a* cell
population and varies from 50% in allergic contact dermatitis to 66% in atopic
dermatitis (Wollenberg et al. 1999). While under diverse inflamed conditions both
epidermal DC subsets show upregulated expression of FcyRII (CD32), the
expressions of the high-affinity IgE receptor FceRI, and co-stimulatory molecules
CD80 and CD86 were more pronounced on IDECs (Wollenberg et al. 1996;
Schuller et al. 2001). IDECs with activated FceRI (via binding and cross-linking of
IgE) have been shown to drive naive T-cell development into IFN-y-producing T
cells by release of IL-12 and IL-18 (Novak et al. 2004). A cardinal role in the
pathogenesis of atopic dermatitis has been assumed for the IDECs because of their
high expression of FceRI that enable the highly efficient uptake and presentation of
IgE-bound allergens, and notably, these cells disappear after successful topical
treatment of the skin (Wollenberg et al. 2001; Bieber et al. 2010). In contrast to
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LCs, IDECs express the mannose receptor CD206 that is important for the uptake
of bacteria- and fungi-derived mannosylated antigens (Wollenberg et al. 2002b).
The CDla CD1c CD11b"CD11c*CD36*FcyRII* antigen-presenting cells that
infiltrate the epidermis after exposure to high-dose ultraviolet B radiation (Meunier
et al. 1995) bear close phenotypic resemblance to IDECs.

5.4.3 SlanDCs

CD16*CD14~ slanDCs lack the skin-homing receptor CLA, which is a carbohydrate
modification of P-selectin glycoprotein ligand-1 (PSGL-1) (Fuhlbrigge et al. 1997).
Instead, slanDCs express the cell type-specific slan epitope (6-sulfo LacNAc), as an
alternative carbohydrate modification of PSGL-1 and as a consequence they fail to
bind P- and E-selectin (Schakel et al. 2002). To enter areas of inflammation, slanDCs
can take advantage of their receptors for the chemotaxins C3a and C5a, which are
known to mediate rapid recruitment of cells into inflamed tissue (Schakel et al.
2002). SlanDCs are present in the skin lesions of psoriasis and chronic atopic der-
matitis (Schakel et al. 2006; Gschwandtner et al. 2011). Upon stimulation with LPS,
slanDCs produce TNF-« in large amount, far more than other types of blood DCs
(Schakel et al. 2002). In addition, LPS-triggered slanDCs can quickly produce high
levels of IL-12, a feature which is inhibited in blood through the interaction of CD47
on erythrocytes and the corresponding ligand SIRPo on slanDC. This inhibitory
mechanism is released when slanDCs leave the bloodstream and infiltrate inflamed
tissue (Schakel et al. 2006). SlanDCs can efficiently induce neoantigen-specific
CD4" T cells and tumor-reactive CD8" T cells (Schakel et al. 1998, 2002).
Furthermore, LPS-activated slanDCs efficiently enhance IFN-y secretion by NK
cells and NK cell-mediated tumor-directed cytotoxicity, whereas in return NK cells
strongly enhance the secretion of IL-12, thereby improving slanDC-mediated
generation of CD4* Th1 cells (Wehner et al. 2009). Activated neutrophils directly
interact with and potentiate the function of both slanDCs and NK cells, and more-
over, colocalization of neutrophils, NK cells, and slanDCs, as well as of IL-12 and
IFNy, in inflamed tissues of for instance psoriasis is strongly indicative of direct
reciprocal interactions and positive amplification loops (Costantini et al. 2011).
It was recently demonstrated that the slan epitope can be used for targeting antigens
to slanDCs and that antigens bound to the slan epitope can be taken up by slanDCs,
processed and presented to T cells (Bippes et al. 2011). A multivalent anti-slanDC
modular scaffold system has been developed for specific delivery of antigens to
slanDCs and may be useful for human vaccines (Bippes et al. 2011).

5.4.4 Tip-DCs

Tip-DCs were originally described in mice as a distinct CD11¢*CD14~ DC subset
that appears during L. monocytogenes infection and is essential for the clearance of
primary bacterial infection. These DCs have high levels of co-stimulatory molecules
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and MHC class II, efficiently prime naive T cells, and express enormous amounts of
TNF-o and inducible nitric oxide synthase (iNOS), hence their name TNF-« and
iNOS-producing DCs or in short Tip-DCs (Serbina et al. 2003). In humans, the
presence of Tip-DCs was shown in the papillary dermis and dermoepidermal
junction of psoriatic lesional skin (Lowes et al. 2005). In addition to high expression
of TNF-o and iNOS, the infiltrated Tip-DCs also express IL-12, IL-20, and IL-23 and
can be discriminated from the resident CD11c* DCs by the lack of CD1c and the
expression of TRAIL (Zaba et al. 2009a, 2010). Both resident CD11¢*CD1c* DDCs
and CD11¢*CDI1c™ Tip-DCs can polarize T cells to become Thl or Th17 cells, but
only Tip-DCs can induce a population of activated T cells that simultaneously
coproduce IFN-y and IL-17 (Zaba et al. 2009b). Human Tip-DCs are distinct from
LCs and IDECs as they lack Langerin and CD1a expression, and in addition, they
lack FXIIIa, which was previously used to identify DDCs but more recently shown
to be a marker of dermal macrophages (Lowes et al. 2005). It is not clear how Tip-
DCs and slanDCs are related to each others as both have many characteristics in
common. Perhaps CD16 is a good marker to distinguish these cells from each other.
SlanDCs are CD16" and already exist in blood whereas Tip-DCs are described as
being differentiated from mouse Ly6C"CCR2* monocytes that correspond to the
human classical CD14*CD16~ monocyte subset (Serbina et al. 2003). In connection
to this, CD8* T cells can be recruited rapidly into the skin (Akiba et al. 2002)
contributing to the rapid development of human monocytes into Tip-DCs that
express high levels of TNF-« and iNOS (Chong et al. 2011).

6 Relationship Between DC Subsets
6.1 Ontogeny of Human DCs

Extensive modeling in the mouse has recently established not only the cellular
identity of committed DC progenitors, but also the control of DC differentiation by
a number of transcription factors and growth factor receptor pathways (reviewed
by Merad and Manz (2009) and Geissmann et al. (2010)). The homologues of
monocyte/DC precursor cells, common DC precursors, and circulating precursors
for classical DCs are not known in humans. Overall, the large array of data
generated with monocyte-derived DCs has not hastened acceptance of a dedicated
human DC precursor. Although the prevailing view is that monocytes give rise to
inflammatory DCs that are not equivalent to the authentic DC lineage, few human
studies have made the comparison between monocyte-derived DCs and primary
blood or tissue DCs (van der Aar et al. 2007; Osugi et al. 2002; Peiser et al. 2004;
Burster et al. 2005; Schnurr et al. 2005). In addition there are no compartments of
human mononuclear cells that could contain an undiscovered circulating DC
precursor. The most likely candidate for the circulating precursor of the classical
DC is the CD1c¢* blood DC itself (which perhaps tellingly, has no counterpart in
mouse). The CD34" progenitor cells might also give rise to tissue DCs although its
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potential is not restricted to DCs. Both cells are FLT3" and MHC class II*,
whereas murine precursors for classical DCs are MHC class II". Investigators
looking for human precursors for classical DCs in the MHC class II”
multi-lineage™ compartment of human blood will find mainly CD123* basophils,
although there are also scattered CD34" cells that might have DC progenitor
capacity (Bigley and Collin, unpublished).

The two principal subsets of DDCs identified by CD14 and CD1a have evident
similarities with monocytes and CD1c" blood DCs, respectively. This includes
parallel expression of macrophage colony-stimulating factor receptor (MCSFR),
CD163, CD209 in the CD14* subset and FLT3, CDlc, and CD83 in the CDla*
subset. Monocytes and CD14" DCs are not proliferating in contrast to CD1c* blood
DCs and CDla™ DDCs (Haniffa et al. 2009; Bigley and Collin, unpublished).
Adoptive transfer into immunodeficient mice may be able to test these relationships.

LCs in humans are clearly able to proliferate in situ (Czernielewski et al. 1985;
Czernielewski and Demarchez 1987) but whether this is sufficient for lifelong
homeostasis is currently unknown. MHC-matched transplantation in the absence
of graft versus host disease results in high levels of donor LC engraftment,
although admittedly this is slower than for DDC subsets and a small number of
recipient LCs survive long-term (Haniffa et al. 2009; Collin et al. 2006). Donor LC
survival for a number of years after limb transplantation has been described
(Kanitakis et al. 2004). Dermatitis increases the rate of LC proliferation (Chorro
et al. 2009) and given the ease with which monocytes can be induced to express
Langerin, they remain good precursor candidates following severe inflammation
(Geissmann et al. 1998). In addition, it has also been suggested that LCs may
develop from dermal-resident CD14" cells (Larregina et al. 2001), and according
to another study, the hair follicle may be a critical reservoir of LCs that re-populate
epidermis depleted of LCs by a single high-dose of ultraviolet B (Gilliam et al.
1998). The observation that patients with autosomal recessive deficiency of
transcription factor IRF8 lack CD1a* and CD14" DDCs, but concurrently have a
normal density of LCs, is indicative for the improbability that LCs develop directly
from DDCs or, alternatively, underlines the potential for local selfrenewal of LCs
(Hambleton et al. 2011).

6.2 Functional Specialization of Cutaneous DCs in Humans

Several studies have attempted to compare the function of LCs and different DDC
subsets from human skin. These comparisons relied not only upon skin-derived
DCs but also on in vitro equivalents derived from CD34" stem cells or CD14*
peripheral blood monocytes. The CD14* DCs are more phagocytic, more adherent
and express lower CD80, CD86, CD83, and CCR7 than the CDla* DCs
(Angel et al. 2006, 2007a; Haniffa et al. 2009; de Gruijl et al. 2006). The
T-cell-stimulatory capacity of CD14" DDCs is much lower than the other DC
subsets in the skin (Morelli et al. 2005). A specific role for CD14" cells in
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instructing IL-21-producing Tth cells has been recently demonstrated (Klechevsky
et al. 2008, 2009; Schmitt et al. 2009). This induction of human Tth is dependent
on IL-12 and transcription factor STAT4, in contrast to murine Tfh that are
developing in an IL-6 and STAT3-dependent fashion (Schmitt et al. 2009). CD1a*
DCs derived from CD34" cells are more potent stimulators of naive T cells, have
higher cross-presenting capacity and also preferentially induce the differentiation
of CD4" T cells secreting Th2 cell cytokines (Klechevsky et al. 2008; Cao et al.
2007; Duraisingham et al. 2009). One study showed that LCs migrated from skin
possess a higher capacity than migrated CD1¢*CD14~ DDCs to stimulate allo-
geneic naive CD4" T-cell proliferation and to promote the development of both
Th1 and Th2 cells (Furio et al. 2010), whereas in another study (using non-purified
cells) the stimulatory capacities of LCs and DDCs are comparable (Pena-Cruz
et al. 2010). Nevertheless, both studies demonstrated that migrated mature LCs
and DDCs have high upregulated expression of PD-L1 and PD-L2 (both involved
in negative regulation of T-cell activation and induction of peripheral tolerance)
and that blockade of PD-L1 and/or PD-L2 markedly enhanced T-cell activation.

DDCs have a broad TLR expression profile (TLR1 through TLRS), whereas
LCs have a selective impaired expression of bacteria-sensing TLR2, TLR4
and TLRS. As a consequence LCs weakly respond to Gram-positive and
Gram-negative bacteria, but their responsiveness to viruses is comparable to DDCs
(van der Aar et al. 2007). The TLR profiles of monocyte-derived LCs and
authentic LCs closely match (van der Aar et al. 2007), but the TLR pattern of
CD34" stem cell-derived LC-like cells is dissimilar (Renn et al. 2006;
Duraisingham et al. 2010), and therefore, the validity of CD34" stem cell-derived
LC-like cells as a model of LCs may be questioned. LCs show deficiency in
processing and MHC-II-restricted presentation of bacterial antigens and as a
consequence, poorly restimulate antibacterial memory CD4™ T cells and ineffi-
ciently induce bacteria-specific effector CD4" T cells from naive T cells, but rather
initiate the development of regulatory Foxp3*CD4* T cells (AMG van der Aar, EC
de Jong, and MBM Teunissen, unpublished). These features of human LCs render
the epidermis as a site of tolerance for the commensal bacteria of the skin, whereas
the DDCs ensure immunity against bacteria that have penetrated into the dermis.
Despite their inferior capacity to raise antibacterial immunity, LCs appear to be
superior to DDCs for the initiation of antiviral immunity, as they efficiently
stimulate naive CD8" T cells to differentiate into effector cells that express IFN-7,
TNF-c, granzyme B, and high cytotoxic activity (van der Aar et al. 2011a). This
superiority of LCs is causally related to viral-induced high levels of CD70
expression, but not to IL-12 production. The high potential of LCs to activate
CD8™ T cells has also been reported in a recent study in which a comparison was
made between LCs versus CD14" DDCs (Klechevsky et al. 2009). Vitamin D3 has
immunosuppressive potential which may be exerted via modulation of DC
function and leading to the induction of regulatory T cells. Remarkably, vitamin
D3-exposed LCs generated CD25"CD127'°Foxp3* T cells (matching the features
of classical inducible regulatory T cells), whereas vitamin D3-exposed DDCs
favored the development of regulatory T cells that were Foxp3™ and expressing
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IL-10 (corresponding to the subtype Trl) (van der Aar et al. 2011b). In addition,
the LC-derived TGF-f and DDC-derived IL-10 appeared to the key factors in the
induction of Foxp3™ regulatory T cells and IL-10* Trl cells, respectively.

LCs, migrated from cultured skin, have been shown to be the main skin DC subset
capable of inducing Th17 responses dependent on the combined effects of [L-15 and
IL-6 (Mathers et al. 2009). DDCs cannot synthesize IL-15 and are unable to bias
Th17 responses, unless the cultures are supplemented with IL-15 and IL-6 (Mathers
et al. 2009). In contrast however, in another study it is demonstrated that
CD11¢*CDI1c* DDCs are able to polarize T cells to become Th17 cells (Zaba et al.
2009b). Of note, purified CD207* LCs and CD11¢*CD1¢*DDCs can induce 1L-22-
producing CD4* and CD8" T cells from allogeneic peripheral blood T cells (Fujita
et al. 2009). The LCs are more powerful inducers of IL-22-producing T cells than
DDCs and this holds also true for monocyte-derived LCs versus monocyte-derived
DCs. Surprisingly, the majority of the IL-22-producing T cells induced by LCs and
DDCs lacked the expression of IL-17, IFN-v, and IL-4 (Fujita et al. 2009).

Itis very hard to compare the published data on functional analysis of human LCs
and DDC subsets because there is considerable variation in the origin of the cells and
the isolation methods used to obtain the distinct DC subsets. To name some of the
differences: the DC subsets are either derived from skin or derived from CD14*
monocytes or CD34" stem cells; the skin-derived DCs are either freshly isolated via
enzymatic digestion of skin or have spontaneously crawled out the skin during in
vitro culture for 1-3 days (e.g. DCs mature progressively during culture whereas
CD1a expression decreases); the crawl-out DCs are derived from cultured full skin
(epidermis and dermis not separated) or from epidermis and dermis that have been
separated first and then cultured; the tests are performed with crude cell suspensions
or the LCs and DDC subsets are purified; the purification is done by either positive or
negative selection using different selection markers (for example CDla, CDlc,
or CD207 to isolate LCs); the purification is performed with either fluorescence- or
magnetic-based cell-separation technologies, such as FACS, MACS, or EasySep.
All these basic differences certainly lead to major differences in maturation status
and functional behavior of the DCs. So, the question whether LCs and DDCs have
functional specialization in certain immune responses against bacteria, viruses,
fungi, or tumors still remains controversial.

7 Intradermal Vaccination and Skin DCs

7.1 Which Skin DC Subset is Important?

Functional specialization of DC subsets has been shown in mice (Ginhoux et al.
2010), but definitive evidence for similar functional specialization in man has not
been provided yet, as explained in the previous section for LCs and DDC subsets
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Fig. 4 Intradermal vaccination and relevant skin DC subsets. Intradermal administered vaccine
can be captured by steady-state cutaneous DCs (namely LCs, CD1a* DDCs and CD14* DDCs) or
by recruited inflammatory DCs (such as IDECs, slanDCs, Tip-DCs, and PDCs) and transported to
the paracortical areas in the skin-draining lymph node where these DCs give rise to CD4" and
CDS8" effector T-cells and immunoglobulin-producing B cells for long-term protective immunity.
The vaccine can also drain via the lymph vessels to the local lymph node, captured by DC subsets
that reside in the lymph node, and presented to lymphocytes in a skin DC-independent fashion.
A detailed description of the different DC subsets is provided in Sects. 4 and 5

that reside in normal human skin. Furthermore, ID-delivered vaccines give an
impulse for inflammation, but it is not clear which of the aforementioned
inflammatory DC types will be recruited into the injected skin site and participate
in the process of immunization. Moreover, upon ID administration the vaccine
rapidly diffuses into the surrounding tissue and is drained via the lymph vessels
reaching the skin-draining lymph nodes thus directly affecting the DC subsets that
reside in the lymph node. It is unknown for how long and how much of the vaccine
will remain in the skin. The viscosity of the injected substance or the size of
particle-based vaccines (e.g. nanoparticles, liposomes) will largely determine the
time that the vaccine is stuck in the skin. In addition, the particle size can
determine which DC subset is targeted and influence the Th1/Th2 cytokine bal-
ance, antibody responses, and cross-presentation (Combadiere and Mahe 2008).
The physical, biochemical, and immunomodulating properties of the vaccine and
adjuvant may affect the migration, phenotype, function of the skin DC subsets in
different ways. So, the question as to which skin DC subset is most relevant for ID
vaccination cannot simply be answered and is tightly related to the nature of the
vaccine and the aim of the vaccination (for example, immunization versus toler-
ization). Finally, it cannot be excluded that more than one DC subset is required
for optimal vaccination outcome (Fig. 4).
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7.2 Improvement of Intradermal Vaccination

7.2.1 Targeting Vaccines to DC Subsets

Targeting of antigens to DCs facilitates antigen uptake and thereby enhances CD4*
and CD8" T-cell responses. Targeting vaccine antigens to DCs can be achieved in
various ways, for example by coupling antigens to antibodies that are specific for
DCs or a certain DC subset (generally antibodies against C-type lectins) or are
specific for surface molecules that are highly expressed by (activated) DCs
(e.g. CD40-targeted vaccine), see companion reviews by Romani et al. and
Oosterhoff et al. in this volume of Current Topics in Microbiology and Immu-
nology (Romani et al. 2011; Oosterhoff et al. 2011). Lectin DEC-205 has been
tested in multiple studies in mice and appears to be an attractive candidate for
antigen targeting to DCs. All human skin DC subsets express this lectin. Flacher
et al. demonstrated that ID-administered fluorescent-labeled anti-DEC-205 and
anti-Langerin antibodies in murine or human skin are efficiently captured by LCs,
but not DDCs, within minutes after ID injection and that targeted DCs carry the
antibodies when leaving the skin (Flacher et al. 2010). Apparently, even large
immunoglobulins (150 kDa) can easily diffuse from the dermis through the
basement membrane into the epidermis and gain access to LCs. This result also
proves that LCs are not by-passed when an immunizing antigen is administered in
the dermis. The targeting antibody persists on LCs for several days, implying that
targeted LCs can be exploited throughout an extended period (Flacher et al. 2010).
LCs are able to present antigen to T cells when the antigen is coupled to
anti-DEC-205, but not when the antigen is coupled to anti-Langerin (Flacher et al.
2010). Interestingly, targeting antigens to DCs through DEC-205 in the absence of
DC activation results in tolerance induction, but if the antigen-targeting is per-
formed with concurrent DC activation generation of immunity will occur instead
(Bonifaz et al. 2004; Kretschmer et al. 2005). A similar feature has been found
when antigens are targeted to CLEC9A: antigen linked to anti-CLEC9A promotes
the development of antigen-specific CD4*Foxp3* regulatory T cells in the steady
state but co-administration of adjuvants prevents tolerance induction and promotes
immunity (Joffre et al. 2010).

A recent study shows that targeting antigens to human DCs through DCIR-
(CLEC4A) enhanced antigen-specific CD8* T-cell-immunity by all human DC
subsets including in vitro-generated DCs, skin-derived LCs, and blood myeloid
DCs and PDCs, which is quite remarkable as DCIR contains an immunoreceptor
tyrosine-based inhibitory motif (Klechevsky et al. 2010). DCIR triggering inhibits
TLRY-induced IFN-a production by PDCs while leaving up-regulation of
co-stimulatory molecule expression unaffected (Meyer-Wentrup et al. 2008).
Targeting PDCs through BDCA-2 may be tricky, as BDCA-2-induced signaling in
PDCs diminishes the ability of activated PDCs to process and present antigens to
T cells (Jahn et al. 2010). Other C-type lectins such as CLEC9A and CLEC12 are
additional interesting candidates for targeting, but the expression of these lectins
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on skin DCs has not yet been investigated (Caminschi et al. 2009). Instead of
linking antibodies to soluble antigens or vectors, antibodies can also be used to
decorate antigenic particles, but in this case the particle size is crucial (Cruz et al.
2010). Alternatively, vaccine targeting to DCs, in particular to the lectin receptors
of these cells, can also be achieved by glycan modification of the antigen (Singh
et al. 2009).

7.2.2 Harnessing and Fine-Tuning DC Function with Adjuvants

Vaccine adjuvants are used to improve the potency of the immune response,
enhance immunological memory and reduce the number of doses. Different classes
of compounds display adjuvant activity in preclinical models; among them,
bacterial products, mineral salts, emulsions, nanoparticles, nucleic acids, small
molecules, saponins, and liposomes. However, very few have been licensed for
human use as the vast majority have an unacceptable safety profile (Mbow et al.
2010; Tritto et al. 2009). Mineral salts aluminium oxyhydroxide and aluminum
hydroxyphosphate (commonly referred to as alum) are still the most widely used
adjuvants in vaccines and known to promote type 2 immune responses and
enhance antibody production. Despite many decades of use, very little is known
about the mechanism of action of alum. One proposed mechanism includes the
formation of a depot from which the antigen is slowly released. Another expla-
nation is that alum directly triggers the NLRP3 inflammasome, which leads to the
production of the pro-inflammatory cytokines IL-1p, IL-18, and IL-33 (Eisenbarth
et al. 2008; Hornung et al. 2008). Alternatively, due to its cytotoxicity alum causes
cell death in the injection site with subsequent release of uric acid, which also
activates the NLRP3 inflammasome, and in addition, attracts monocytes that
differentiate into inflammatory DCs (Kool et al. 2008). Similarly to alum, the
oil-in-water emulsion adjuvant MF59 increases recruitment of immune cells into
the injection site, enhance monocyte differentiation into DCs, augment Ag uptake,
and facilitate migration of DCs into tissue-draining lymph nodes to prime adaptive
immune responses (Seubert et al. 2008; Mosca et al. 2008). It can be questioned
whether these kind of adjuvants are suitable for ID vaccines, as they provoke
visible inflammation in the skin for several days which may not be cosmetically
acceptable.

The classical adjuvants are based on empirical knowledge, but the new
generation of adjuvants is rationally designed, for example TLR9-ligand CpG and
TLR4-ligand MPL have been engineered and demonstrated to be useful adjuvants.
However, it is not certain whether these two adjuvants will be optimal adjuvants
for ID vaccination, as DDCs lack TLR9 and LCs lack both TLR4 and TLRO.
It may be that other TLR ligands are more suitable as adjuvants for immunization
via the skin, for example the TLR7 agonist imiquimod, which is already licensed
for topical use and potentiates immune responses in the skin. To enhance
efficiency, combining TLR stimuli may be one strategy as has recently be shown in
immunization experiments in mice: triggering both TLR4 and TLR7 by MPL
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and imiquimod causing a synergistic increase in antigen-specific, neutralizing
antibodies (Kasturi et al. 2011). Application of certain adjuvants can also be used
to manipulate DCs to induce distinct CD4" T-cell responses: the TLR3 agonist
poly I:C induces strong IL-12-independent Thl responses, whereas the Dectin-1
agonist curdlan primes for Th17 cell development (Joffre et al. 2010). It is
increasingly clear that DC functions are strongly influenced by crosstalk with
neighboring cells like keratinocytes that are a rich source of immunomodulatory
cytokines. Vaccination via the skin offers the possibility to manipulate keratino-
cytes to secrete a certain cytokine (profile) that instruct DCs to promote the
required type of T-cell response, for example keratinocytes can be induced to
produce the cytokine TSLP which instruct DCs to promote Th2 cell development
(Bogiatzi et al. 2007; Liu et al. 2007). Of course it is also possible to co-administer
the desired cytokine as an adjuvant.

Local cell death and inflammation at the vaccination site occurs with the
classical adjuvant alum, but this collateral damage is limited by targeting PAMP-
based adjuvants to DCs. It is not clear to what extent the alum-induced triggering
of the NLRP3 inflammasome contributes to the success of the immunization.
It may very well be that activation of this inflammasome is an important aspect of
the mechanism of action of the adjuvant alum. If so, it may be worth to include
inflammasome-targeting adjuvants in vaccines.

8 Concluding Remarks and Perspectives

There are two successful and widely practiced ID vaccination strategies: (1) ID
rabies vaccination has been shown to be 100% effective as pre- and post-exposure
prophylaxis against human rabies encephalitis (Warrell 2011). (2) BCG vaccine;
WHO recommends the ID route for the administration of the BCG vaccine against
tuberculosis (World Health Organization 2004). It is clear that ID immunization is
effective in humans, but the acceptance for this vaccination route is slow. Dose-
sparing is one of the benefits of using ID delivery by reducing the costs of purchase,
distribution and storage of vaccines, and by increasing vaccine availability in times
of pandemics when vaccines may be scarce. In clinical trials it has been demon-
strated that ID administration of a reduced dose of standard influenza vaccine
elicited immunogenicity that was at least equal to intramuscular full dose admin-
istration (Kenney et al. 2004; Kunzi et al. 2009) and similarly, ID administration of
yellow fever vaccine at a reduced dose induced protective immunity similar to
conventional subcutaneous vaccination (Roukens et al. 2008). Keeping in mind that
the vaccines used in these clinical trials were not specially designed for ID use but
show comparable efficiency even at reduced dosages, this underlines the great
potential for the skin as a vaccination site and suggests that the efficacy of ID
vaccination can be further improved.

To take optimal advantage of the ID route of vaccine administration, vacci-
nologists should rationally design the antigen, adjuvant(s) and formulate for this
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purpose. The information in this review about the human skin-associated immune
system and the immunobiology of the skin DC subsets may encourage vaccine
engineers to create highly effective ID vaccines. The antigen should ideally target
the resident and/or recruited skin DCs and via the addition of one or more adju-
vants the DC-specific functions can be exploited to generate the required type of
T-cell response. Of course there are more aspects that need to be improved to make
ID vaccination feasible, such as the development of special devices to make the
administration reliable and easy, and last but not least, the administration of the
vaccine must be as painless as possible, the induration and local inflammation
must be limited and scar formation negligible. The ultimate aim will be the
development of excellent ID vaccines, each specifically designed to induce
protective immunity against a particular pathogen, and superior to the current
classical vaccines.
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Delivery Systems for Intradermal
Vaccination

Y. C. Kim, C. Jarrahian, D. Zehrung, S. Mitragotri and M. R. Prausnitz

Abstract Intradermal (ID) vaccination can offer improved immunity and simpler
logistics of delivery, but its use in medicine is limited by the need for simple,
reliable methods of ID delivery. ID injection by the Mantoux technique requires
special training and may not reliably target skin, but is nonetheless used currently
for BCG and rabies vaccination. Scarification using a bifurcated needle was
extensively used for smallpox eradication, but provides variable and inefficient
delivery into the skin. Recently, ID vaccination has been simplified by introduction
of a simple-to-use hollow microneedle that has been approved for ID injection of
influenza vaccine in Europe. Various designs of hollow microneedles have been
studied preclinically and in humans. Vaccines can also be injected into skin using
needle-free devices, such as jet injection, which is receiving renewed clinical
attention for ID vaccination. Projectile delivery using powder and gold particles
(i.e., gene gun) have also been used clinically for ID vaccination. Building off the
scarification approach, a number of preclinical studies have examined solid
microneedle patches for use with vaccine coated onto metal microneedles,
encapsulated within dissolving microneedles or added topically to skin after
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microneedle pretreatment, as well as adapting tattoo guns for ID vaccination.
Finally, technologies designed to increase skin permeability in combination with a
vaccine patch have been studied through the use of skin abrasion, ultrasound,
electroporation, chemical enhancers, and thermal ablation. The prospects for
bringing ID vaccination into more widespread clinical practice are encouraging,
given the large number of technologies for ID delivery under development.
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1 Introduction
1.1 Immunologic Motivation for Intradermal Delivery

The skin contains high concentrations of antigen-presenting cells, and is thus a
site capable of inducing potent immune responses. The skin is composed of
multiple layers, each with characteristic resident and transient immune cell
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subsets. Outermost is the thin layer of the epidermis (0.05-0.2 mm), which is
primarily made up of epithelial cells as well as Langerhans cells, melanocytes,
and Merkel cells. Beneath the epidermis, the dermis is a thicker layer
(1.5-3 mm) consisting of a network of collagen fibers. Cells of the adaptive
and innate system reside in or circulate through the dermis, including
macrophages, mast cells, Langerhans cells, and dermal dendritic cells. Antigen-
presenting cells in the skin perform an essential role in processing incoming
antigens, resulting in immune system activation or immune tolerance of self or
harmless antigens (Nicolas and Guy 2008). For these reasons, it is possible that
delivery of vaccines to the epidermis or dermis may result in superior immune
responses compared to other anatomical sites (Glenn and Kenney 2006;
Lambert and Laurent 2008; Nicolas and Guy 2008). Alternatively, an
equivalent immune response could be stimulated by delivery of a smaller
quantity of vaccine antigen to the skin. Either of these mechanisms could be
beneficial for developing vaccines against new disease targets, improving
immune responses in hard-to-treat groups, or lowering the cost of vaccine
antigens, and may be particularly valuable for improving access to vaccines in
low-resource settings.

While a substantial number of clinical studies evaluating intradermal (ID)
delivery of vaccines have been performed, the majority of studies have not been
designed to evaluate whether ID delivery is immunologically superior to other
routes. In most cases, to simplify administration, a reduced dose (10 or 20%)
delivered ID was compared to the full dose delivered either subcutaneously (SC)
or intramuscularly (IM). Only a few studies have compared delivery of the same
dose of vaccine ID and SC/IM. Further research will be needed to establish
whether the potential for dose-sparing is unique to ID delivery (PATH 2009).
However, some ID delivery devices in development offer additional desirable
features such as needle-free delivery or improved ease of administration, which
may be drivers for further adoption of ID vaccine delivery even if there is no net
immunologic benefit.

1.2 Current Intradermal Vaccines

1.2.1 Smallpox

Vaccines for smallpox have been delivered to the skin dating back to Edward
Jenner’s first experiments in 1796 demonstrating that exposure to cowpox could
protect against smallpox infection. A variety of scarification techniques and
devices have been used to allow virus introduction, including knives, needles,
scalpels, and rotary lancets. During the global smallpox eradication campaign,
both multi-dose nozzle jet injectors and bifurcated needles were used for ID
vaccinia virus inoculation (Henderson et al. 2008).
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1.2.2 BCG

Bacille Calmette-Guérin (BCG) vaccine for tuberculosis is globally the most
widely delivered ID vaccine. ID injection by needle and syringe is the most
commonly used method, but in some areas BCG is also delivered to the skin using
a multipuncture device. New versions of BCG are under development in an effort
to improve immune protection, and are also delivered ID (Hoft et al. 2008).

1.2.3 Rabies

Rabies vaccines are conventionally delivered IM, but due to the high cost of cell-
culture-derived vaccines and the pressing need for affordable vaccination regimens
in endemic regions, ID delivery has been extensively studied. Both post-exposure
prophylaxis and pre-exposure prophylaxis ID regimens induce protective titers,
and WHO has recommended ID delivery of reduced doses of rabies vaccines since
1991 (WHO 2005; 2007). Given equivalent doses of antigen, delivery to the
dermis appears to be either superior or equivalent to IM/SC (Bernard et al. 1982;
Bernard et al. 1987; Fishbein et al. 1987; Phanuphak et al. 1990). A detailed
review on ID rabies vaccination can be found elsewhere in this special volume on
ID immunization (Warrell 2011).

1.3 Clinical Studies on other Intradermal Vaccines

1.3.1 Influenza

Multiple studies of reduced-dose delivery of influenza vaccines have been con-
ducted, providing some of the most informative clinical data on the potential for
dose-sparing through ID delivery. One study found that ID delivery of 6 pg HA per
influenza strain was comparably immunogenic as the standard IM dose of 15 pg
HA per strain (Belshe et al. 2004). A later comparison of 3, 6, and 9 pg delivered
both ID and IM found equivalent responses for the two delivery routes for each dose
(Belshe et al. 2007). Trials have also been conducted with influenza using novel
microneedle devices to aid accurate ID delivery, as discussed in Sect. 3.2.

1.3.2 Hepatitis B

ID delivery of reduced doses of hepatitis B vaccine has been evaluated in healthy
infant, child, and adult populations as well as in immuno-compromised patient
groups. Meta-analyses have concluded that seroconversion rates are lower than
full-dose IM delivery, although responses are higher in children and females (Chen
and Gluud 2005; Sangare et al. 2009). When the same dose of hepatitis B antigen
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has been delivered ID and IM, immune responses were equivalent for both routes
(Ayoola 1984; Milne et al. 1986; Heijtink et al. 1989; Coberly et al. 1994; Rahman
et al. 2000).

1.3.3 Hepatitis A

Hepatitis A vaccines have also been proposed as a possible target for reduced-dose
ID delivery. Two studies found that reduced doses delivered ID produced com-
parable immune responses to IM delivery, while a third indicated that the ID route
was inferior (Brindle et al. 1994; Carlsson et al. 1996; Pancharoen et al. 2005).
Local reactogenicity was observed for alum-adjuvanted formulations.

1.3.4 Polio

In a few countries, ID was originally the standard route of delivery for inactivated
poliovirus vaccine, but injection depth was later shifted to IM (Weniger and
Papania 2008). Studies have found that ID delivery of reduced doses is capable of
inducing seroconversion, which may help make this vaccine more affordable for
use in developing countries (Samuel et al. 1991; Samuel et al. 1992; Nirmal et al.
1998). More recently, the WHO Global Polio Eradication Initiative has worked to
determine the potential for this mode of delivery to be used in post-eradication
settings after phase-out of oral polio vaccine.

1.3.5 Measles

Several studies have been conducted evaluating ID delivery of measles vaccine,
with mixed results (Burland 1969; Kok et al. 1983; Whittle et al. 1984; de Moraes
et al. 1994). However, the vaccine dose and method used to deliver the vaccine
varied, and it is possible that trials using older generation delivery technology did
not deliver vaccine reliably to the dermis (PATH 2009). Transcutaneous immu-
nization of measles vaccine on a coated patch has also been attempted. Although a
salivary sIgA response was observed, the key marker of immunity, an increase in
neutralizing serum IgG, was not detected (Etchart et al. 2007).

1.3.6 Yellow Fever

Studies were conducted delivering the 17D attenuated yellow fever virus vaccine
by scarification, but this delivery mode was abandoned as efficacy was low. More
recently, a clinical trial compared full dose SC delivery of a 17D vaccine to 1/5
dose delivered ID by Mantoux injection, which found equivalent seroprotection
between the two routes (Roukens et al. 2008). A more extensive description on ID
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vaccination against yellow fever is provided elsewhere in this special volume on
ID immunization (Roukens et al. 2011).

1.3.7 Others

A number of other vaccines have been considered for ID delivery. Research has
shown that a reduced ID dose of vaccines for diphtheria-tetanus-pertussis, tetanus
toxoid, and tick-borne encephalitis can generate a comparable immune response to
the standard dose and way of injection (Stanfield et al. 1972; Zoulek et al. 1984;
Zoulek et al. 1986; Dimache et al. 1990). ID delivery is also under investigation
for a number of vaccines in development, including vaccines for tuberculosis,
enterotoxigenic E. coli, and pandemic influenza, as well as DNA vaccines.

1.4 Difficulties to Make Intradermal Delivery More Widespread

The traditional methods used for ID delivery of vaccines have limitations which may
hinder adoption of ID delivery. Bifurcated needles and multipuncture devices have
been used successfully for delivery of smallpox and BCG vaccines, but do not deliver
reproducible quantities of vaccine antigen to the dermis and are therefore unlikely to
be appropriate delivery devices for new vaccines (Lambert and Laurent 2008). The
Mantoux method of inserting a needle at a shallow angle into the skin can also be
inconsistent, and requires additional training and skill to perform correctly (Flynn
et al. 1994). The perceived difficulty of performing an ID injection using this method
may prevent development of vaccines for ID delivery. New generations of devices,
such as those discussed in the rest of this article, may improve the reliability of ID
delivery and enable adoption of the ID route for more vaccines.

2 Injecting into the Skin

Most vaccines are administered IM or SC using a hypodermic needle. To achieve ID
vaccination, conventional hypodermic needles can be used by employing the
Mantoux technique to inject into the skin. Simpler and more reliable ID injection is
being pursued through adaptations of hypodermic needle technology, as well as novel
hollow microneedle devices produced by microfabrication (Prausnitz et al. 2009).

2.1 Hypodermic Needles: Mantoux Intradermal Injection

The Mantoux technique is an ID injection method characterized by a needle
inserted at a 5—15 degree angle, approximately 1 mm deep into the dermis, to
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a b

Fig. 1 Needles used for ID vaccination. a 32 gauge hypodermic needle with ID bevel used for
Mantoux technique injections. b Bifurcated needles used for smallpox vaccination by
scarification. ¢ Hollow microneedle developed for reliable ID injection, currently used for ID
influenza vaccination (Courtesy of BD). d Mag-11 tattoo needle. e Microneedle injection system,
consisting of a single-use syringe coupled to a microneedle shown in part ¢ (Courtesy of BD).
f Microneedle injection system containing of a row of four microneedles (Courtesy of NanoPass
Technologies)

inject a vaccine or drug (Fig. 1a). This method was developed by Charles Mantoux
in the early 20th century, and it has been used to identify tuberculosis infection by
the ID injection of tuberculin (Mantoux 1909). However, this technique requires
training and is often considered an inconsistent delivery method, thus preventing
vaccine makers or medical practitioners from using ID injection as a common
immunization method (Lambert and Laurent 2008). Also, age or elasticity-related
skin conditions have a significant effect on adequate placement of the needle in the
dermis for the traditional ID injection technique (Dean et al. 2005; Laurent et al.
2007), thus leading to inadequate vaccination. Other disadvantages of Mantoux
technique injection include inaccurately delivered dosage of vaccine, vaccine
wastage in dead space of the needle, and variable injection success when using
different gauge needles (Flynn et al. 1994). Moreover, success rate of ID injection
by untrained personnel was found to be 80-90% (Howard et al. 1997). In an effort
to reduce training requirements and to improve the reliability of the Mantoux
injection technique, an intradermal adapter is under development by PATH
(Seattle, WA, USA), a nonprofit, international health agency that develops and
advances health technologies for low resource settings, and SID Technologies.
This device fits over a conventional hypodermic needle and syringe and limits the
angle and depth of penetration of the needle into the skin in order to facilitate
delivery to the dermis.
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2.2 Single Hollow Microneedles

To overcome these limitations of conventional ID injection, Becton—-Dickinson
(BD) has developed a micro-sized needle that can be inserted into skin vertically,
unlike the angled injection of the Mantoux method. This novel microneedle device
has been studied in animals and human subjects, and is currently used in approved
influenza vaccines (INTANZA® and IDﬂu®). BD’s microneedle device (called
Soluvia™) uses a 30 gauge microneedle that extends 1.5 mm beyond an insertion
depth-limiting tip, which is connected to a prefilled syringe (Figs. 1c and le). The
microneedle system was evaluated versus the conventional Mantoux technique to
compare delivery efficiency and safety in human subjects. Using ultrasound
echography analysis, the distribution of fluid delivered by the microneedle was
seen to be larger than the Mantoux injection control. In addition, the microneedle
system had a high ID administration success rate (95%) and, in a study of patient
compliance and safety, the microneedle device showed promising results. This
system also caused fewer occurrences of injuries to the papillary dermis, lesser
pain than Mantoux injection and was administered easily by untrained personnel
(Laurent et al. 2007).

2.2.1 Preclinical Studies

An earlier prototype of the BD microneedle using a 1 mm, 34 gauge needle has
been tested in rats for delivery of influenza vaccines which showed dose sparing
effects compared to an IM control. ID microneedle administration of a low dose
(0.01 pg) of inactivated virus vaccine induced similar serum antibody response as
IM injection of a dose 100 times larger (1 pg). Additionally, using microneedles
for ID immunization with split-viron vaccine (seasonal HIN1 strain) showed
approximately ten-fold dose-sparing compared to IM immunization. In the same
study, ID immunization using plasmid DNA vaccine encoding the hemagglutinin
protein of influenza A virus showed similar dose-sparing effects after multiple
immunizations (Alarcon et al. 2007). The BD microneedle was also used to deliver
a live attenuated vaccine against Japanese encephalitis (ChimeriVax V-JE) in
non-human primates. In this study, ID microneedle injection was compared to SC
injection and transcutaneous microabrasion (see Sect. 6.1). The microneedle ID
injection provided the best and most consistent immune responses (i.e., neutral-
izing antibodies) of the three types of immunizations (Dean et al. 2005).

A further study compared anthrax vaccine delivery using ID microneedle
immunization, IM injection, intranasal delivery, and epidermal delivery by
microabrasion (Mikszta et al. 2005) into mice (10 pg dose) and rabbits (50 pg
dose). Microneedle ID vaccination showed slightly better response in the murine
model than the other routes used, while all treatments in the rabbit had similar
responses. A follow-up ID immunization was performed to compare ID injection
with IM injection over a range of doses in a rabbit model: 10, 0.2, and 0.08 pg of
anthrax vaccine (Mikszta et al. 2006). After prime immunization, ID injection
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showed significantly higher immunogenicity than IM injection when using 10 and
0.2 pg dosages. Interestingly, ID injection with 0.2 pg showed a statistically
equivalent response to IM administration of the 10 pg dose. After administration
of a booster immunization, this dose-sparing phenomenon continued. Furthermore,
an aerosol lethal challenge with anthrax spores showed that a 10 pg ID injection
completely protected the immunized rabbits, whereas IM injection of the same
dose protected only 71% of the rabbits.

2.2.2 Clinical Trials

An early prototype of the BD microneedle system was first tested in a clinical
study examining influenza vaccine delivery in healthy adults (18-60 yrs) and
elderly adults (>60 yrs) (Belshe et al. 2004). In this study, 6 pg of hemagglutinin
was delivered by ID injection and compared to a full dose (15 pg) delivered by IM
immunization. It was found that in younger participants, ID immunization was not
significantly different from immunization by IM, as shown by geometric mean
hemagglutination inhibition (HAI) titers. However, ID administration showed
lower HALI titers than IM in elderly patients. Further evaluation of ID microneedle
vaccination against influenza was performed in clinical studies of healthy adults
(18-57 yrs) (Leroux-Roels et al. 2008; Beran et al. 2009) and elderly persons
(>60 yrs) (Holland et al. 2008; Arnou et al. 2009). For healthy adults, 9 pg of
hemagglutinin (H1, H3, and B strains) was delivered by ID injection and was
compared to a 15 pg IM immunization. This study confirmed previous results that
reduced-dose ID injection was equally immunogenic as full-dose IM injection
(Leroux-Roels et al. 2008).

In a Phase II clinical trial, the effects of lower dose ID immunization was
investigated using 3, 6, and 9 pg of hemagglutinin (ID) and 15 pug of hemagglu-
tinin (IM). ID immunization using 3 and 6 pg of hemagglutinin induced inferior
immune response as shown by HALI titer, but a dose of 9 pug showed comparable
response compared to full-dose (15 pg) IM vaccination (Beran et al. 2009). For
elderly subjects (>60 years old), a booster vaccine (15 pg) was administered due
to the inferior immune system generally found in the elderly compared to younger
adults (Goodwin et al. 2006). Therefore, 15 pg of hemagglutinin was administered
twice by either ID or IM routes in elderly subjects. In this phase II clinical trial, ID
immunization showed significantly better immune response as determined by post-
immunization GMT (geometric mean titer), seroprotection (% participants with
HAI titers >40), GMTR (geometric mean ratio of post-immunization titer to
pre-immunization titer), and rate of seroconversion (post-immunization titer in
participants with a pre-immunization titer <10). Therefore, ID microneedle
vaccination provided superior immunogenicity in a high priority population for
protection from influenza due to high vulnerability (Holland et al. 2008). These
findings were further confirmed in a phase III clinical trial for elderly persons
(>60 years old), where ID immunization showed superior seroprotection, GMTR,
and rate of seroconversion compared to IM after prime immunization.
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After administration of two booster immunizations, ID immunization induced
consistently higher seroprotection rates than IM immunization (Arnou et al. 2009).

As a final note, ID immunization caused more local inflammatory-like reactions
than IM immunization. It is possible that because ID delivery occurs in the skin,
inflammatory or immunologic reactions are more easily visible than those that may
occur after IM immunization, which presents the antigen deep into the muscle layer
where an inflammatory reaction would not be visible to the eye (Belshe et al. 2004;
Holland et al. 2008; Arnou et al. 2009; Beran et al. 2009; Van Damme et al. 2009).

2.3 Arrays of Hollow Microneedles

Hollow microneedles have also been developed as multi-needle arrays, which have
involved shorter needles (<<l mm) produced by novel microfabrication tech-
niques, including laser micromachining (Davis et al. 2005), silicon-based MEMS
technique using deep reactive-ion etching (Gardeniers et al. 2003; Roxhed et al.
2007), integrated lithographic molding technique (Luttge et al. 2007), deep X-ray
photolithography (Perennes et al. 2006), photolithography with micromolding
technique (Wang et al. 2009), drawing lithography with viscoelastic polymer (Lee
et al. 2010) and others. In addition, glass hollow microneedles have been fabri-
cated by drawn glass micropipette techniques (Wang et al. 2006). A recently
developed hollow microneedle array (MicronJet from NanoPass Technologies)
was used in a human clinical trial involving healthy adults (Van Damme et al.
2009). This device consists of a row of four hollow silicon microneedles that are
450 pm in length (Fig. 1f). In this study, ID injection with the array using 20 and
40% of the IM dose (15 pg) induced similar immune response as measured by
GMT increase, seroconversion rate, and seroprotection rate.

3 Shooting into the Skin

ID delivery can also be achieved via jet injection or particle injection routes, which
are needle-free methods of vaccine and drug delivery. There have been decades of
clinical experience with jet injection, and more recent studies are being conducted
with newer innovations in this technology.

3.1 Jet Injector

Needle-free jet injectors create a fine stream of pressurized liquid that penetrates
the skin. The depth of delivery—ID, SC, or IM—is largely determined by design
variables such as the injection stream coherence, quality, and pressure; orifice size,
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skin and tissue thickness, and the angle of the injection relative to the skin
(Schramm-Baxter and Mitragotri 2004; Weniger and Papania 2008). Vaccines that
have been shown to achieve immunity when administered via jet injection to
conventional depths (i.e., ID, SC, or IM, depending on the vaccine) include typhoid,
cholera, BCG, tetanus-diphtheria for adults, whole cell diphtheria-tetanus-pertussis
(DTP), measles, meningococcal A and C, smallpox, yellow fever, hepatitis A,
hepatitis B, influenza, plague, polio, and tetanus (Weniger and Papania 2008).

3.1.1 History

Historically, multi-use nozzle jet injector (MUNIJI) devices with reusable nozzles
were used successfully worldwide in the latter half of the 20th century to deliver
countless millions, or by some estimates billions of doses of vaccines to both
adults and children over the course of several decades (Weniger and Papania
2008). In response to the risks of disease transmission due to cross contamination
from reuse of injection devices, a new generation of jet injector designs were
developed starting in the late 1980s to address this safety concern. These new jet
injectors utilize a sterile, disposable cartridge or syringe for each patient injection
and a reusable hand-piece that relies on a power source, such as a manually
powered spring or gas canister. A number of disposable-syringe jet injectors
(DSJIs) have been developed and approved by national regulatory authorities for a
variety of applications and uses, including vaccine delivery. Some of these are
low-cost, manually powered DSJI technologies, developed specifically for appli-
cation to developing countries’ immunization requirements and needs, which
include design features to prevent reuse (‘auto-disable’) of the needle-free syrin-
ges. DSJIs in clinical development for ID delivery include the Biojector®™ 2000 and
Zetajet® (Bioject), and PharmaJet® (Pharmalet Inc.).

There is a long history of ID delivery via the jet injector route through the use of
modified syringe orifice nozzles that can either have direct contact to the skin or can
involve a setback feature or ‘spacer’ intended to introduce a gap between the nozzle
orifice and the injection site, thereby weakening the injection stream and limiting
deposition to the dermal space (Weniger and Papania 2008) (Figs. 2a, b). MUNIJI
devices provided millions of ID smallpox doses during the implementation of the
smallpox eradication program (Millar and Foege 1969; Weniger and Papania 2008).
Jet injectors have also been utilized historically for ID vaccination of rabies (Bernard
et al. 1982; Bernard et al. 1987), hepatitis A (Williams et al. 2000), BCG (Paul et al.
1978; Parker 1984), DTP combination vaccine (Stanfield et al. 1972), measles
(Burland 1969; Kok et al. 1983), and influenza vaccine (Weniger and Papania 2008).

3.1.2 Recent Intradermal Vaccination Clinical Studies

A number of studies have been or will soon be implemented to address the
application of DSJI ID delivery to vaccines of importance to global public health.
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Fig. 2 Liquid jet and solid a
projectile injectors. a Jet

injector (Biojector 2000) with

ID spacer (white portion at siorerter
end of syringe), used for
investigational use only
(Courtesy of BioJect). b Jet
injector applied to the skin for
injection (Courtesy of
PharmalJet). ¢ Epidermal
powder immunization device
for ID projectile injection
(Courtesy of PowderMed)

For example, the US Centers for Disease Control and Prevention is leading a study
on seasonal influenza vaccine delivered ID via a DSJI technology in children of
6—24 months of age. This study compares full and fractional dose IM with ID
vaccination. Results-to-date indicate that injections were generally tolerable with
few study-related adverse events. Initial blinded assay results demonstrate
comparable immune response rates. Final study results and analysis can be found
in Gomez et al. (2010).

The WHO Global Polio Eradication Initiative has worked to determine the
potential for DSJI ID delivery of inactivated poliovirus vaccine (IPV) to be used in
post-eradication settings after phasing out the use of oral polio vaccine. Studies
have been conducted in Oman, Cuba, and India to evaluate reduced (‘fractional’)
dose of IPV delivered with two different DSJI devices. Compared to IM, inferior
seroconversion rates were found when ID doses were delivered at 6, 10, and
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14 weeks of age, but non-inferior rates of protection (>95%) were seen using a
later 2, 4, and 6 month schedule. When IPV was used as a booster to oral polio
vaccine, inferior seroconversion rates were observed for ID compared to IM
delivery (Sutter 2009; Mohammed et al. 2010; Resik et al. 2010).

DSIJI technology has also been used for the delivery of DNA vaccines for
malaria in young adults (Epstein et al. 2002; Wang et al. 2006) and an HIV-vaccine
candidate (PATH 2009). A pilot study assessment of human papillomavirus vaccine
has also recently occurred (PATH 2009). PATH is also working to implement a
new study of purified Vero cell rabies vaccine for ID post-exposure prophylaxis
using a DSJI technology in India. Results of this study are anticipated in 2012.
Other vaccine trials of ID vaccine delivery are planned for other applications
including BCG, IPV, varicella zoster virus, HIN1 and yellow fever (PATH 2009).

3.2 Projectile Delivery

Epidermal powder immunization (EPI) and particle-mediated epidermal delivery
(PMED) utilize helium gas to deliver powdered proteins, polysaccharides,
inactivated pathogens, or DNA-coated particles into the epidermis at supersonic
speeds (Weniger and Papania 2008) (Fig. 2c). Companies involved in developing
this technology include Powderject, PowderMed (acquired by Pfizer in 2006),
and Iaculor Injection. It is not known if this device technology class is still in
active development (PATH 2009). Conventional protein antigens must be spe-
cially formulated for delivery by EPI, and are spray dried into powders of
suitable density and size (20-70 pm). A clinical trial has been conducted
evaluating delivery of a powdered inactivated influenza vaccine by EPI injection,
which found that immunogenicity was comparable to standard delivery by IM
needle and syringe (Dean and Chen 2004). EPI has also shown efficacy in
preclinical studies with hepatitis B and HIV vaccines (Chen et al. 2002; Osorio
et al. 2003).

In PMED, gold beads 1-3 pum in diameter are coated with vaccine and deliv-
ered by needle-free jet injection into the epidermis. This approach may be par-
ticularly suited to DNA vaccines, as deposition of coated particles into the stratum
corneum and epidermis may encourage DNA uptake and expression by resident
antigen-presenting cells. DNA vaccines for hepatitis B delivered by PMED have
induced protective antibodies (Roy et al. 2000; Roberts et al. 2005). Clinical
studies have also been conducted with DNA vaccines for seasonal influenza to
evaluate the feasibility of this approach. Results have been promising, but immune
responses are not yet equivalent to standard vaccine delivery methods (Drape et al.
2006; Jones et al. 2009). EPI and PMED delivery of DNA vaccines for a variety of
other diseases have also shown immunogenicity preclinically, including malaria,
avian influenza, herpes simplex virus, HIV, non-small cell lung cancer, Eurasian
encephalitic viruses, hantaviruses, SARS coronavirus, and smallpox (Weniger and
Papania 2008).
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4 Piercing into the Skin

For more than 200 years, various sharp instruments have been used for vaccination
by creating small holes in the skin that allow vaccine to penetrate into the body
(Weniger and Papania 2008). Although most vaccine administration is currently
performed by hypodermic needle injection, sharp tools such as bifurcated needles
have historically been used for smallpox (Frey et al. 2002) and BCG (Darmanger
et al. 1977) vaccination and remain in use to this day. Over the past decade, new
skin piercing technologies for ID drug transport have been developed, and include
techniques such as microneedles (Prausnitz 2004) and tattooing (Bins et al. 2005).
Recently these methods, especially microneedles, have shown promise for deliv-
ering vaccines to the skin, thereby enabling improved immunogenicity and simpler
patient administration.

4.1 Bifurcated Needles

The bifurcated needle (Fig. 1b) was invented by Benjamin Rubin in 1961 for
smallpox vaccination. It consists of two sharp prongs which hold vaccine fluid by
capillary action between the two tines. The use of this device is simple and does
not require trained personnel (Baxby 2002; Weniger and Papania 2008). The
needles are dipped into vaccine and then punctured perpendicularly into skin
repeatedly over an area of about 5 mm diameter by a process called scarification
(WHO 2010). Although this method was effective for the smallpox eradication
program, poorly controlled dosing, inefficient use of vaccine and needle-stick
injuries were significant shortcomings that have limited the use of bifurcated
needles for other vaccines.

4.2 Solid Microneedles

In addition to hollow microneedles discussed in Sect. 2, solid microneedles can be
used to pierce the skin and thereby deposit vaccine in the epidermal and/or dermal
space (Prausnitz et al. 2009). Techniques for vaccination using solid microneedles
include the use of microneedles that penetrate the skin to make a hole through
which vaccine can be transported. Vaccine formulations may be placed on the skin
after microneedle penetration, coated onto microneedles or embedded within
microneedles and released into the skin after insertion. Solid microneedles can be
prepared as patches that can be easily applied to the skin, perhaps by self
administration.



Delivery Systems for Intradermal Vaccination 91
4.2.1 Coated Microneedles

Coated microneedles have been the most extensively studied technique for ID
microneedle vaccination (Figs. 3a, b). Using this approach, vaccine forms a solid-
state coating on the surface of solid microneedles that dissolves off within the skin
upon application. Typically, this method provides a bolus delivery of a sub-mil-
ligram dose of antigen within minutes of application, which is often suitable for
delivery of vaccines. An effective microneedle coating process typically involves
dip-coating metal microneedles in a coating solution containing the vaccine, a
surfactant to promote wetting of the microneedle surface, and a viscosity enhancer
to increase coating thickness (Gill and Prausnitz 2007b; Gill and Prausnitz 2007a).
Using this technique, compounds over a large range of sizes including small
molecules, proteins, DNA, and virus particles have been coated onto microneedles.
Novel coated microneedle designs for improved delivery have been demonstrated,
such as the three-dimensional grooves-embedded microneedle (Han et al. 2009)
and the pocketed microneedle (Gill and Prausnitz 2008). The first ID vaccination
using coated microneedles delivered ovalbumin as a model protein antigen to

Fig. 3 Solid microneedle patches. a Arrays of solid silicon microneedles coated with gold.
(Courtesy of University of Queensland). b Array of solid stainless steel microneedles coated with
yellow dye. Each 12 mm by 12 mm device contains 50 microneedles measuring 700 pm tall.
Inset shows magnified view of two coated microneedles (Courtesy of Georgia Institute of
Technology). ¢ Dissolving microneedles shown intact before insertion into skin, partially
dissolved 1 min after insertion into skin and fully dissolved 5 min after insertion into skin
(Reproduced from (Sullivan et al. 2010); Courtesy of Georgia Institute of Technology)
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hairless guinea pigs (Matriano et al. 2002; Widera et al. 2006). In these studies, ID
microneedle vaccination showed a better immune response than an equivalent SC
or IM injection at low dose. The investigators also found that immune response by
microneedle vaccination was dose-dependent.

Among the various vaccine candidates, influenza vaccine has received the most
attention by ID immunization using small arrays of coated microneedles mea-
suring approximately 700 pm in length (Zhu et al. 2009). Microneedles coated
with 10 pg of seasonal influenza HINT1 inactivated virus vaccine induced complete
protection against lethal virus infection in mice. However, subsequent studies
showed that influenza vaccine lost more than 95% of its antigenicity during the
coating process (Kim et al. 2010b). In order to maintain antigenicity, the disac-
charide trehalose was added to the coating formulation to serve as a stabilizer. This
enabled successful immunizations requiring smaller doses of vaccine (0.4 pg) as
compared to immunizations with similar immune responses by conventional IM
immunization (Kim et al. 2009; Kim et al. 2011). Coated microneedles also
showed improved thermal stability of vaccine compared to the liquid form of
vaccine (Kim et al. 2010b). More detailed studies showed that coated microneedle
vaccination with inactivated influence virus vaccine induced similar antibody IgG
response, HAI titer, and neutralizing activity as conventional IM immunization in
mice (Kim et al. 2009; Kim et al. 2010b). To account for antigenic changes to the
vaccine during the coating process, vaccine coated on microneedles was dissolved
off the needles and then delivered IM by injection. In this case, vaccination using
microneedles showed a better primary immune response than corresponding IM
immunization using the same antigen formulation (Quan et al. 2009).

Vaccination by coated microneedles induced robust immunity to influenza after
challenge in a mouse model (Kim et al. 2011). Notably, microneedle-immunized
mice were shown to have undetectable levels of influenza virus titer in their lungs
after challenge, unlike IM immunized mice, which had virus titers at least 100-fold
higher. Additional assays for immune response from corresponding lung samples
such as lung cytokine and lung IgG also consistently showed microneedle
immunization to be superior to IM. As evidence for microneedle-enhanced
immune system memory response, the microneedle immunized group was found to
have significantly higher levels of total IgG and isotypes IgG1 and IgG2a post-
challenge than pre-challenge, but antibody levels in IM immunized mice were
lower post-challenge than pre-challenge (Kim et al. 2011). In addition to improved
humoral immunity, coated microneedles also induced cellular recall response such
as MHC II-associated CD4* T helper cell response (Kim et al. 2009). Finally,
microneedle immunization performed using a different strain of influenza (H3N2)
virus vaccine induced similar complete protection against lethal challenge
(Koutsonanos et al. 2009). Studies using virus-like particle (VLP) vaccine coated
on microneedles were also performed. The VLP dose was controlled using a
coating formulation including antigen concentration and a number of coating dips
(Kim et al. 2010a). When a 0.35 pg dose of VLP was delivered, microneedle
vaccination induced a stronger immune response than IM, as measured by IgG,
IgG subtype (IgGl, 1gG2a, IgG2b), HAI, neutralizing activity, lung IgG, lung
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cytokine, and more suppression of lung virus infection. Microneedle immunization
by VLP showed complete protection from a lethal viral challenge without major
body weight loss, unlike IM after the same dose, which partially protected mice
from lethal viral infection (40%) and caused significant body weight loss
(Quan et al. 2010).

A novel approach to coated microneedles involved the use of polyphosphazene
(PCPP), which served as both an effective coating excipient and an immune
adjuvant (Andrianov et al. 2009). ID microneedle immunization with hepatitis B
surface antigen (HBsAg) in pigs using the PCPP coating formulation was superior
in inducing antigen-specific IgG compared to ID injection by hypodermic needle
with or without PCPP. Another study demonstrated effective generation of cellular
immune responses to a hepatitis C DNA vaccine administered to mice using coated
microneedles (Gill et al. 2010). Other studies have sought to specifically target
delivery to antigen-presenting Langerhans cells using extremely short (~ 100 pm)
needles that penetrate only into the epidermis. These short needles were coated
using a novel coating process involving gas-jet drying (Chen et al. 2009). In an
initial study, vaccination with ovalbumin-coated needles induced similar immune
response to IM immunization. In a follow-up study, microneedles coated with a
low dose of hemagglutinin-based influenza vaccine generated a similar immune
response as IM vaccination at a 100-times larger dose. The authors proposed that
these short, densely packed microneedles could deliver more than half of the
antigen directly to antigen-presenting cells such as epidermal Langerhans cells and
dermal dendritic cells (Fernando et al. 2010).

Methods for long-term vaccine storage without significant immunogenicity
loss, especially without refrigeration, are important for vaccination campaigns.
Microneedles are coated with vaccine in the solid state, which is expected to
confer thermal stability. In a stability study of microneedles coated with inacti-
vated influenza vaccine, mice immunized with coated microneedles stored at room
temperature for 1 month produced similar IgG responses to those of mice
immunized by microneedles stored for 1 day. Furthermore, both groups were
completely protected from lethal challenge after viral infection. In vitro assay of
the microneedles, however, showed a decrease in antigenicity by about 80%
(Kim et al. 2010c).

4.2.2 Dissolving Microneedles

As an improvement over coated microneedles, dissolving microneedles have been
developed in order to eliminate sharp, biohazardous waste after vaccination
(Fig. 3c). Unlike non-dissolving (e.g., metal) microneedles coated with a vaccine
formulation, dissolving microneedles are made solely of material such as polymers
or sugars that will safely dissolve in the skin after insertion, which leaves behind
only the microneedle patch backing. Typically, the vaccine is incorporated into the
matrix of the microneedle and is released into the skin upon microneedle disso-
lution. Dissolving microneedles have been made using a number of different
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materials, including polyvinylpyrrolidone (Sullivan et al. 2008), maltose (Kolli
and Banga 2008), carboxymethylcellulose (Lee et al. 2008), polylactic and/or
polyglycolic acid (Park et al. 2005; Park et al. 2006) and dextrin (Ito et al. 2006).
In a recent study, dissolving microneedles were prepared by encapsulating inac-
tivated influenza vaccine in a polyvinylpyrrolidone matrix and used to immunize
mice. The vaccine was gently encapsulated without significant damage to
immunogenicity and was shown to generate similar antibody and cellular immune
responses compared to IM injection of the same dose and provided complete
protection against lethal challenge. Compared to IM injection, dissolving micro-
needle vaccination resulted in more efficient lung virus clearance and enhanced
cellular recall responses after challenge (Sullivan et al. 2010). TheraJect has also
developed biodegradable microneedles using carboxymethylcellulose containing
various biomolecules including influenza vaccine (Oh et al. 2006).

4.2.3 Pretreatment with Solid Microneedles

As a simpler, albeit probably less efficient, method, microneedles can be used to
pierce the skin to make it more permeable and thereby enable entry of topically
applied vaccines. This method is attractive because the micro-scale pores made by
microneedle insertion are generally too small for penetration of microorganisms
(Donnelly et al. 2009), yet large enough for delivery of sub-unit and possibly viral
vaccines. After insertion and removal of the microneedles, vaccine can be applied
using a patch or other topical formulation for slow delivery by diffusion through
long-lived pores (Kalluri and Banga 2011). This approach was investigated for
transcutaneous vaccination using diphtheria toxoid and influenza vaccine (Ding
et al. 2009a; Ding et al. 2009b). When diphtheria toxoid was applied to micro-
needle-pretreated skin in combination with cholera toxin adjuvant, a similar
immune response was induced compared to SC injection. However, microneedle
pretreatment did not enhance immune response for influenza vaccine. This vac-
cination approach has also been studied in an ex vivo human skin model to
investigate skin immune cell responses (Ng et al. 2009). Using a related approach,
blunt-tipped microneedles were used to scrape the skin, thereby making micro-
troughs in the skin through which a DNA vaccine encoding HBsAg was admin-
istered (Mikszta et al. 2002). This approach generated stronger humoral and cel-
lular immune responses than IM or ID injection.

4.3 Tattoo Vaccination

Tattoo guns use high-frequency oscillating needles to make thousands of punctures
in the skin, which is conventionally used to deposit tattoo ink in the dermis, but has
been adapted to deliver ID vaccines (Fig. 1d). In one study, hemagglutinin-
expressing DNA vaccine was administered to pigs and derived humoral and
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protective immunity as shown by methods including HAI titer and improved virus
clearance from nasal swabbing (Eriksson et al. 1998). To overcome the slow
processing of an immune response induced by DNA vaccination, DNA tattooing
was suggested for short-interval DNA vaccination (Bins et al. 2005). In this study,
it was shown that short-interval ID DNA tattoo immunization generated fast and
stable T cell responses to human papillomavirus and complete protection from
influenza virus challenge. When compared to the IM route, DNA tattoo vaccina-
tion elicited much stronger and quicker humoral and cellular immune responses. In
addition, studies indicated that even IM immunization with adjuvant was inferior
to DNA tattoo immunization (Pokorna et al. 2009). To determine the effect of the
tattooing process on DNA vaccine stability, the DNA topology change was
evaluated, including critical factors for antigen expression and immune response
(Quaak et al. 2009). It was found that the DNA tattooing tool had negligible effect
on DNA structure and activity. Other vaccines including an adenoviral vector
vaccine against respiratory syncytial virus (Potthoff et al. 2009) and a peptide
vaccine against human papillomavirus (Pokorna et al. 2009) were administrated by
ID tattooing. In the case of the adenoviral vector vaccine, tattooing showed similar
performance to ID injection. Tattooing of the peptide vaccine with CpG motifs
adjuvant showed better response than IM vaccination with adjuvant.

DNA tattooing was evaluated in non-human primates, which have previously
shown poor DNA vaccine immunization effect, but showed remarkable enhance-
ment of immune response by this method administering an HIV vaccine
(Verstrepen et al. 2008). In order to advance this technique to human clinical trials,
a human ex vivo skin model was tested, which showed that DNA concentration
was the most critical factor for effective DNA vaccination by tattooing (van den
Berg et al. 2009). A human clinical trial for treating melanoma is planned (Quaak
et al. 2008). A comprehensive review on DNA tattooing can be found in one of the
accompanying papers in this special volume on ID immunization (Oosterhuis et al.
2010).

5 Permeabilizing the Skin

Most of the ID vaccination methods described so far involve minimally invasive
needle-based methods or non-invasive jet-based methods that actively deposit
vaccine within the skin. Another set of approaches involve mostly non-invasive
methods that increase skin permeability to enable vaccine transport into the skin in
a transiently permeabilized state. The key to success using these approaches is
disruption of skin’s outer layer, called stratum corneum. Although the stratum
corneum is only 10-20 pm thick, it provides a highly effective barrier to the
permeation of xenogens, including topically applied vaccine formulations
(Scheuplein and Blank 1971). A number of methods to increase skin permeability
have been developed, largely for drug delivery applications, many of which have
been tested for vaccination (Mitragotri 2005; Prausnitz and Langer 2008).
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5.1 Abrasion

A number of studies have demonstrated that the skin barrier can be broken by
abrasion. A variety of abrasion methods including rough surfaces (Frerichs et al.
2008), tape-stripping (Takigawa et al. 2001; Peachman et al. 2003; Inoue and
Aramaki 2007; Vandermeulen et al. 2009), and microdermabrasion devices (Gill
et al. 2009) have been shown to induce adequate removal of the stratum corneum.
Repeated peeling by tape (for example, Scotch® tape) effectively removes the
stratum corneum. Application of tumor epitope peptides on tape-stripped mouse
skin primed tumor-specific cytotoxic T cells in the lymph nodes and the spleen,
protected mice against a subsequent challenge with the corresponding tumor cells,
and also suppressed the growth of established tumors (Takigawa et al. 2001). Skin
abrasion using a razor and a toothbrush followed by application of adenoviral
vectors has yielded promising results in humans (Van Kampen et al. 2005).

Skin abrasion using an abrasive paper is perhaps the most commonly used
method of disrupting the stratum corneum for immunization. For example, abrasion
with emery paper, after skin hydration, has been shown to induce adequate pene-
tration of anthrax vaccine (Matyas et al. 2004) and influenza virus vaccine (Guebre-
Xabier et al. 2003), among others. This has led to the development of a Skin Prep
System (SPS) to provide a controlled method of stratum corneum disruption for
transcutaneous immunization currently under development by Intercell (Frerichs
et al. 2008) (Fig. 4a). This technique has been shown to be effective in humans.
Specifically, the skin was prepared by use of two mild strokes with the skin prep-
aration device containing a mild abrasive affixed to a pressure-controlled device.
The device was a single-use, disposable system and was discarded immediately after
use. Following skin preparation, the patch containing vaccine against traveler’s
diarrhea (LT patch) was applied within the marked area and worn for 6 h at each
vaccination, then removed and discarded by the participant. 59 LT-patch recipients
were protected against moderate-to-severe diarrhea (protective efficacy of 75%) and
severe diarrhea (protective efficacy of 84%). LT-patch recipients who became ill had
shorter episodes of diarrhea (0.5 vs 2.1 days) with fewer loose stools than placebo
(Frech et al. 2008). In another study, a similar technique was used to boost response
against influenza vaccine. In this case, prior to application, the patch area was lightly
abraded with ECG-grade emery paper on skin wetted with 10% glycerol/70%
alcohol to disrupt the stratum corneum. In weeks following vaccination, hemag-
glutination inhibition (HAI) responses in LT immunostimulatory patch recipients
showed improvement over those receiving vaccine alone (Frech et al. 2005).

Microdermabrasion is a common cosmetic procedure that has been adapted to
remove superficial skin layers by sandblasting and thereby enable selective
removal of the stratum corneum barrier. This approach has been shown to increase
skin permeability and thereby enable topical application of live attenuated vaccinia
virus on microdermabraded skin to generate virus-specific antibodies in the blood
(Gill et al. 2009). As mentioned in Sect. 4.2.3, a microneedle-based abrasion
method has also been successfully used for vaccination.
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Fig. 4 Skin permeabilization methods. a Skin abrasion device, in which a sandpaper device is
placed on the skin (1), scraped across the skin in a controlled fashion (2) and then a vaccine patch
is applied to the abraded skin (3) (Courtesy of Intecell). b Hand-held skin electroporation device,
which uses microneedles as electrodes to cause highly localized electroporation in the skin to
facilitate DNA vaccine delivery into skin cells (Courtesy of Cyto Pulse Sciences). ¢ Heat-based
device for thermal ablation of the skin. The microheater array (left side of inset) is used to ablate
the skin and then a vaccine patch (right side of inset) is applied to the ablated skin (Courtesy of
Altea Therapeutics)

5.2 Ultrasound

Ultrasound, especially at low frequencies, is very effective in permeabilizing the
skin (Tezel et al. 2001). It is now understood that acoustic cavitation, which is
formation, pulsation, and collapse of gaseous bubbles under the oscillating pressure
field of ultrasound, is the principal mediator for ultrasound-induced enhanced skin
permeability. Several studies have shown that during ultrasound exposure, transient
cavitation is predominantly induced in the coupling medium (the liquid present
between the ultrasound transducer and the skin) and is primarily responsible for skin
permeabilization (Tang et al. 2002; Tezel et al. 2002; Tezel and Mitragotri 2003).
An estimated 10 bubble collapses/s’icm® in the form of symmetric collapses
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(generating shock waves) or asymmetric collapses (producing microjets) near the
surface of the skin are sufficient to explain the experimentally-observed skin per-
meability enhancements by ultrasound-induced skin permeabilization. Ultrasound has
been shown to enhance the delivery of vaccines into skin (Tezel et al. 2005). Studies
performed in mice have shown that the immune response generated by ultrasonically
delivered vaccine was about 10-fold greater compared with SC injection per unit dose
of the vaccine that entered the skin (about 1% of the topically applied dose entered the
skin) (Tezel et al. 2005). Compared to simple topical administration, ultrasound
pretreatment showed increased vaccine delivery, thereby enabling sufficient vaccine
to enter the skin to activate the immune response. Furthermore, application of
ultrasound resulted in activation of Langerhans cells, the reasons behind which are not
clear. In another study, it was shown that application of tetanus toxoid to skin pre-
treated with ultrasound generated anti-tetanus toxoid IgG and neutralizing antibody
titers (Dahlan et al. 2009). Several parameters, including concentration of co-applied
sodium dodecyl sulfate and ultrasound duty cycle, impacted the magnitude of anti-
body titers. The authors concluded that the main mechanism of ultrasound-assisted
skin immunization involved factors in addition to enhancement of skin permeability
to topically applied antigen.

5.3 Electroporation

Electroporation involves the application of high-voltage, short-duration electric
pulses to transiently disrupt lipid barriers in the body. For vaccination, electro-
poration has been used to increase stratum corneum permeability and thereby
enable vaccine entry into the skin. Electroporation has also been used to per-
meabilize cells within the skin and thereby drive, for example, DNA vaccines into
epidermal and dermal cells (Fig. 4b). Electroporation has been well established as
a tool for delivering molecules across the stratum corneum (Prausnitz et al. 1993)
or across the cell membranes (Bilitewski et al. 2003). Many studies have focused
on the use of electroporation for DNA vaccination. This is not surprising given the
long history of use of electroporation for delivery of DNA into cells in vitro.
However, many electroporation studies involve insertion of electrode needles into
the skin. Some studies have demonstrated the use of electroporation for topical
vaccine delivery (Zhao et al. 2006). In one study, electroporation has been found to
stimulate the exodus of Langerhans cells from the skin, which is likely to have an
adjuvant-like effect (Zhao et al. 2006). In this study, the efficacy of peptide
delivery was found to be comparable to that of ID injected with Freund’s complete
adjuvant. Further, the peptide-specific CTL response to the vaccine delivered by
electroporation was equivalent to that delivered by ID injection.

Electroporation has been shown to induce an effective immune response after
delivery of DNA vaccines (Peachman et al. 2003; Foldvari et al. 2006; Medi and
Singh 2008; Vandermeulen et al. 2009). For example, studies in pigs have shown the
ability of electroporation to deliver HBsAg gene using a single-needle or a six-needle
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electrode (Babiuk et al. 2002). Studies have demonstrated that in vivo skin elec-
troporation may be used to increase transgene expression relative to naked DNA
injection (Drabick et al. 2001). Transfected cells were principally located in dermis
and included adipocytes, fibroblasts, endothelial cells, and numerous mononuclear
cells with dendritic processes in a porcine model. Transfected cells were also observed
in lymph nodes draining electropermeabilized sites. A HBsAg-coding plasmid was
used to test skin electroporation-mediated nucleic acid vaccination in a murine model.
Applications for these findings include modulation of immune responses to pathogens,
allergens, and tumor-associated antigens and the modification of tolerance. In another
study, in vivo electroporation has shown protection against avian influenza in non-
human primates (Laddy et al. 2009). A number of human clinical trials testing vac-
cination enhanced by electroporation are currently under way.

5.4 Chemical Enhancers

Several chemicals are known to interact with the skin and disrupt the highly ordered
lipid bilayer structure in the stratum corneum. This observation led to the study of
chemical agents to enhance transport across skin. More than 300 chemicals have
been studied for their ability to increase skin permeability (Karande et al. 2004).
Chemical permeation enhancers are relatively inexpensive and easy to formulate,
they offer flexibility in their design, are simple in application and allow the freedom
of self-administration to the patient. Chemical enhancers comprise a wide variety of
different chemical functional groups and facilitate drug transport across the skin by
a variety of complex mechanisms. They can directly exert their effect on skin
structure by acting on intercellular lipids or corneocytes. Chemical enhancers can
extract lipids from the skin thereby creating diffusion pathways for transdermal
permeation. Alternatively, they can partition themselves into the lipid bilayers
thereby disrupting the highly ordered lipid lamellae and causing their fluidization.
Chemical enhancers can also significantly increase skin transport of a drug by
enhancing its thermodynamic activity in the formulation (Karande et al. 2005).
Recently, chemical enhancers have been shown to possess the ability to deliver
antigens and generate immune responses. This was achieved by designing for-
mulations that possess the ability to enhance skin permeability as well as exhibit
high adjuvanticity. The rational design of such multi-functional formulations from
first principles requires in-depth knowledge of interactions between chemical
enhancers and skin, which exist for a very limited pool of chemicals. Hence,
combinatorial libraries of chemical mixtures were screened. Studies have shown
that in a randomly selected population of chemical formulations, certain binary
mixtures of chemicals are far more potent in permeabilizing the skin as compared
to single chemicals (Karande et al. 2004). In vaccination studies, a third chemical
was added with the goal of enhancing the ability to offer adjuvanticity. The lead
chemical formulations were tested in mice using the model antigen ovalbumin.
The formulations that exhibited high permeation and adjuvanticity potential in
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in vitro screening also induced high IgG titers in mice (Karande et al. 2009). In
another study, penetration enhancers and immunomodulators oleic acid and reti-
noic acid were used to enhance transcutaneous immunization with inactivated
influenza virus across tape-stripped skin (Skountzou et al. 2006). Pretreatment of
mouse skin with oleic acid elicited increased levels of influenza virus-specific
binding and neutralizing antibodies to levels equivalent to those induced by intra-
nasal immunization with inactivated influenza virus. Oleic acid and retinoic acid
treatments differentially affected the pattern of cytokine production upon stimu-
lation with influenza viral antigen and provided enhanced protection.

5.5 Thermal Ablation

Thermal poration of skin has been used to deliver vaccines into skin. Micropo-
ration systems are designed to porate the skin and are being developed by a
number of companies. In this method, an array of micropores is created in the skin
by removal of stratum corneum by the application of focused thermal energy based
on resistive heating via the contact of electrically heated small-diameter wires to
the skin surface (Bramson et al. 2003) (Fig. 4c) or other methods based on
radiofrequency or laser-based approaches. In this study, the microporation tip was
comprised of a set of 80 um diameter tungsten wires with control circuitry
allowing for precise control of the electrical current pulses that were passed
through each wire. The software user interface was designed to enable the control
of various microporation parameters including micropore density, resistive ele-
ment temperature, current pulse width, number of pulses, pulses pacing, and
contact pressure. The temperature of the tip that was placed in contact with the
skin was calibrated by an optical calibrator device. The study showed that mi-
croporation significantly increased the penetration of topically delivered vaccine.
Microporation enhanced expression of luciferase upon placement of adenovirus
vectors by 100-300-fold. The same procedure led to increased CTL response and
increased IFN-y secreting cells. In a related study, the same technology has been
shown to deliver influenza vaccine into mouse skin. Eighty micropores were
created in 1 cm? area and the vaccine was placed on the porated skin. This pro-
cedure generated adequate protective response in mice (Garg et al. 2007).

6 Discussion
6.1 Immunologic Advantages of Intradermal Vaccination

ID vaccination offers potential immunologic advantages to public health. The skin
is known to be a site rich in antigen-presenting cells, some of which are specific
to the skin, including epidermal Langerhans cells and dermal dendritic cells
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(Glenn and Kenney 2006). In addition, antigen may be taken up directly by
lymphatic vessels for transport to antigen-presenting cells in the lymph nodes. At a
minimum, the ID route of vaccination appears to follow different pathways to
immunity compared to IM or SC routes. However, there is evidence that the ID
route is not only different, but is also beneficial (Glenn and Kenney 2006; Lambert
and Laurent 2008; Nicolas and Guy 2008).

The possibility of dose sparing enabled by ID vaccination has been suggested
by previous preclinical and clinical studies; however, the successful application of
this approach has yet to be definitively confirmed for many vaccines (Glenn and
Kenney 2006; Lambert and Laurent 2008; Nicolas and Guy 2008). Although the
conclusions vary between different studies and different vaccines, there is an
indication that dose sparing may be possible. However, it is not currently clear
under what conditions the skin’s unique immune environment can be harnessed for
optimal effect. In addition to dose sparing, there is preclinical study evidence of
other beneficial differences of ID vaccination. Studies with microneedles showed
improved influenza virus clearance from the lungs and enhanced memory
responses compared to IM vaccination (Kim et al. 2011). Studies with EPI
showed a specific role for Langerhans cells to generate robust antibody responses
(Chen et al. 2004). Studies with ultrasound-mediated vaccination suggested an
adjuvant effect on the skin (Dahlan et al. 2009).

6.2 Logistical Advantages of Intradermal Vaccination

ID vaccination offers potential value to public health also in terms of possible
logistical advantages. For comparison, IM and SC vaccination can only be carried
out by hypodermic needle injection with few other options beside jet injection.
ID vaccination opens the door to many other technologies because the skin is
readily accessible at the surface of the body. As a result, ID injection may enable
vaccination methods that generate no biohazardous sharp waste, can be adminis-
tered by personnel with minimal training, and simplify transportation and storage
logistics (Table 1).

Mantoux technique injection requires specialized training by clinical personnel.
Microneedle systems and patch-based delivery (accompanied by skin permeabi-
lization technologies) offer the promise of simplified vaccination methods that
require minimal training and may permit self-vaccination by patients in certain
scenarios. This not only benefits routine vaccination scenarios, but is especially
important to mass vaccination campaigns associated with disease eradication
programs or pandemic emergencies. In contrast, some of the novel ID delivery
methods, such as projectile delivery and tattoo guns, introduce new, sophisticated
devices that require additional training of clinical personnel. Assuming the injec-
tion is done properly, the Mantoux technique can administer essentially all of the
vaccine into the skin. Hollow microneedles and projectile delivery can be similarly
efficient. However, solid microneedles typically retain some vaccine on the device
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Table 1 Capabilities of intradermal vaccination systems

ID delivery Ease  Vaccine Biohazardous Technology = Vaccine Device

method of use® utilization® sharp waste®  development® reformulation® cost’

Mantoux ++ +++ + +++ ++ +++
injection

Single hollow ++ +++ ++ ++ ++ ++
microneedle

Array of hollow ++ +++ ++ ++ ++ ++
microneedles

Jet injection + +++ +++ +++ ++ +

Powder/gene gun + +++ +++ ++ + +

Bifurcated +++ + + +4++ ++ o+
needle

Coated +++ ++ ++ + + s
microneedles

Dissolving +++ +++ + + ++
microneedles

Pretreatment +++ ++ + + ++
with
microneedles

Tattoo gun + + + + ++ +

Skin abrasion +++ + +++ ++ + +++

Ultrasound + + +++ + + +

Electroporation  + + +++ + + +

Chemical ++ + +++ + + +++
enhancer

Thermal ablation +++ + +++ + + ++

# +++ requires little or no personnel training, ++ requires personnel training, + requires personnel

training and maintenance of a dedicated device
® 44+ almost 100% in skin, ++ >50% in skin, + <50% in skin

+++ no biohazardous sharp waste, ++ microscopic biohazardous sharp waste, + macroscopic
biohazardous sharp waste
4 44+ in widespread clinical practice, ++ published vaccination data in humans, + preclinical
+++ no reformulation required, ++ possible new liquid formulation required, + reformulation
required to produce solid-state vaccine
" +++ inexpensive disposable device, ++ specialty disposable device, + reusable device. Per-
injection cost of reusable devices will depend on the number of times the device can be used and
the cost of any disposable components

€

and patch-based skin permeabilization methods are extremely inefficient, such that
most vaccine typically remains on the skin surface. The efficiency of vaccine
utilization will be of critical importance for new, costly vaccines, as well as in
developing countries where vaccine cost can be a significant barrier to access.
Eliminating the hypodermic needle from vaccination is a major objective of
public health, given that close to one million people die each year from disease
transmission from contaminated needles (Miller and Pisani 1999; Kermode 2004).
Microneedles are a step in the right direction, but still generate biohazardous sharp
waste, with the exception of dissolving microneedles. Projectile delivery and patch-
based methods eliminate needles and therefore offer an improved safety profile.
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However, some ID delivery methods can cause added tissue trauma to the skin
(Bremseth and Pass 2001). Most of the new methods of ID vaccination require
significant technology development. While jet injection is already in widespread
clinical use, many other technologies are only in the preclinical stage of develop-
ment for vaccination. That being said, many of those technologies are in much later
stage of development or use for non-vaccine applications, which will facilitate their
adaptation to ID vaccination.

Most of the new ID vaccination technologies also require vaccine reformulation.
Hollow microneedle, jet and tattoo-based methods may use standard, currently
available liquid formulation, but in some cases will need to be concentrated or
otherwise modified. The other methods mostly use a solid-state vaccine formula-
tion, which offers likely advantages in terms of vaccine stability during storage,
but, however, requires significant reformulation, with associated research, regula-
tory, and manufacturing hurdles. Finally, device cost is a significant consideration,
given that a hypodermic needle and syringe are extremely inexpensive, disposable
devices. Microneedle systems and some of the patch-based methods are expected to
have low manufacturing cost in mass production. However, many of the other
technologies require multiple device components, which may be engineered into
disposable devices with added cost or reusable devices with disposable components
that require an initial investment that can be amortized over many patients.

6.3 Future Outlook

ID vaccination has already made significant impact on public health as the primary
means of immunization during smallpox eradication and continues to play a role in
BCG and rabies vaccination in current clinical practice (Plotkin et al. 2008). However,
as discussed in this article, there are many more opportunities for ID vaccination to
potentially improve immunogenicity and simplify logistics of the administration of
other vaccines. A number of new ID vaccination technologies have been successful in
human clinical trials. ID vaccination using the BD hollow microneedle was approved
in Europe in 2009 for ID administration of the Sanofi Pasteur seasonal influenza
vaccine and was introduced in Australia and New Zealand during the 2010 influenza
season (Holland et al. 2008; Beran et al. 2009). This microneedle device may be
adapted for use to administer other vaccines as well. Jet injectors have a long history
of use for vaccination and are receiving renewed attention for ID delivery of vaccines
in clinical trials, especially to address developing countries’ needs, through support
from WHO and US Centers for Disease Control and Prevention (see Sect. 3.1.2.). Skin
abrasion as a pretreatment before applying a vaccine patch is also in clinical trials for
prevention of influenza and traveler’s diarrhea (Frech et al. 2005; Frech et al. 2008).
Projectile based delivery by EPI and PMED have been studied in a number of human
clinical trials for both DNA and protein-based vaccines (Dean and Chen 2004; Jones
et al. 2009), although it is unclear as to what extent this technology is under continued
commercial development.
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Other ID delivery devices are under advanced preclinical study. Solid coated
microneedles have been the subject of numerous vaccination studies in mice and
larger animals to administer influenza and other vaccines (see Sect. 5.2), and have
been used in a Phase II clinical trial of a drug, parathyroid hormone (Cosman et al.
2009). Likewise, skin electroporation, in some cases in combination with micro-
needles, has been studied in animals for skin vaccination. As evidence for clinical
feasibility, electroporation of skin for targeted delivery of chemotherapeutic agents
to skin tumors is approved and used in Europe (Gehl 2008). Tattooing is of course
in widespread human use, and its application to vaccination has been studied
preclinically. Other methods to increase skin permeability, such as ultrasound,
chemical enhancers and heat, are also in clinical use or trials for transdermal drug
delivery applications (Prausnitz and Langer 2008), which compliment preclinical
studies of their use for vaccination. Given the large number of technologies for ID
vaccination under development, and the advanced clinical status of many of them,
the future outlook for bringing ID vaccination into more widespread clinical
practice appears encouraging. The optimal delivery method will depend on the
specific application and other factors, such as immunologic response, logistical
needs, and financial constraints.
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Targeting Skin Dendritic Cells to Improve
Intradermal Vaccination

N. Romani, V. Flacher, C. H. Tripp, F. Sparber, S. Ebner and P. Stoitzner

Abstract Vaccinations in medicine are typically administered into the muscle
beneath the skin or into the subcutaneous fat. As a consequence, the vaccine is
immunologically processed by antigen-presenting cells of the skin or the muscle.
Recent evidence suggests that the clinically seldom used intradermal route is
effective and possibly even superior to the conventional subcutaneous or intra-
muscular route. Several types of professional antigen-presenting cells inhabit the
healthy skin. Epidermal Langerhans cells (CD207/langerin®), dermal langerin"°,
and dermal langerin* dendritic cells (DC) have been described, the latter subset so
far only in mouse skin. In human skin langerin®® dermal DC can be further
classified based on their reciprocal expression of CDla and CD14. The relative
contributions of these subsets to the generation of immunity or tolerance are still
unclear. Yet, specializations of these different populations have become apparent.
Langerhans cells in human skin appear to be specialized for induction of cytotoxic
T lymphocytes; human CD14" dermal DC can promote antibody production by
B cells. It is currently attempted to rationally devise and improve vaccines by
harnessing such specific properties of skin DC. This could be achieved by spe-
cifically targeting functionally diverse skin DC subsets. We discuss here advances
in our knowledge on the immunological properties of skin DC and strategies to
significantly improve the outcome of vaccinations by applying this knowledge.
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1 Modern Vaccine Science—Devising Rational Vaccines

Vaccinations in medicine are a success story. They are well established and well
investigated. The traditional vaccines induce robust immunity against bacterial and
viral microbes, thereby preventing the outbreak of infectious diseases. The com-
monly applied vaccines, which are used worldwide, were developed by microbi-
ologists. Louis Pasteur discovered that distinct microbes cause diseases and that
attenuated microbes can induce long-lived protection against a subsequent infec-
tion by the pathogenic, i.e., non-attenuated form of that organism. This was long
before there was any clear understanding of cellular, let alone molecular mecha-
nisms of vaccine immunity, such as the decisive role that dendritic cells (DC) have
in this process (Steinman 2008b). The twentieth century brought major advances
in our knowledge and understanding of the immune system. This initiated a new
period of vaccine research that is based on our understanding and exploitation of
key immune principles rather than on the empirical approach.

A vaccine can be defined as a formulation that induces specific, non-toxic, and
long-lasting immune responses to prevent or treat disease (Steinman 2008b).
Typically, this was, and still is, an infectious disease. Present vaccine research
attempts to widen the spectrum of antigens, against which one could vaccinate, and
include antigens specific for cancer, autoimmunity, or allergy (Pulendran and
Ahmed 2006). Thus, in the future vaccines will not only serve to enhance immunity
in the classical sense, but hopefully also to regulate or dampen it or even induce
immunological tolerance in patients, as it would be desired in autoimmune diseases.
DC are the prime inducers and regulators of immunity and tolerance. They are
critical in designing of modern vaccines and are, therefore, being increasingly
recognized in this context (Banchereau et al. 2009; Steinman 2008a; Steinman and
Banchereau 2007). It is important to study these cells in vivo in order to move
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beyond traditional approaches and devise vaccines that directly take advantage of
the specialized properties of DC to control immunity (Steinman 2008b). Thus,
current vaccinology is characterized by the continuing use of the established and
undisputed classical vaccines and by a wide open field of research that aims at
rationally utilizing immunological knowledge to make vaccines helpful in a much
wider spectrum of diseases than today.

2 Skin Dendritic Cells are Recipients of Intradermal Vaccines

Vaccines are commonly administered into the skin by injection. Most vaccines in
humans, however, are deposited into the subcutaneous fat or into the muscle
beneath the skin. Relatively few vaccines chose the route into the dermis (Nicolas
and Guy, 2008). This comes a bit as a surprise to the dermato-immunologist, who
has been studying for many years the prominent, though not completely under-
stood, network of DC in the dermis and epidermis. These two layers of the skin are
densely inhabited by different subsets of DC. In contrast, SC fat and muscle tissue
(Casares et al. 1997; Dupuis et al. 1998; Hart and Fabre 1981) contain relatively
few, not well-investigated DC. This conceptual discrepancy reflects the above-
described fields of vaccinology, namely, the traditional, empirical approach and
the modern, rational approach. A recent example for an intradermal (ID) vaccine is
a newly developed influenza vaccine that is administered into the dermis and that
was shown to elicit good immune responses (Arnou et al. 2009). Less well-
characterized and hardly applied clinically is the topical route, often called
transcutaneous (Frech et al. 2008; Warger et al. 2007) or epicutaneous. Each of
these routes of application (intramuscular, subcutaneous, ID, and epicutaneous)
requires the presence of DC in the tissue that take up the vaccine, process it,
transport it, and present it to T lymphocytes in the draining lymphoid organs.
Different subsets of skin DC have been described over the years, starting from
epidermal Langerhans cells already in the nineteenth century (Langerhans, 1868)
to dermal langerin® DC only few years ago (Bursch et al. 2007; Ginhoux et al.
2007; Poulin et al. 2007). For more in-depth reviews about skin DC, in particular
Langerhans cells, the reader is referred to companion articles by Ginhoux et al.
(2010) and Teunissen et al. (2011) in this issue of Current Topics in Microbiology
and Immunology, to a few recent reviews (Dupasquier et al. 2008; Merad et al.
2008; Romani et al. 2008, 2010a; Zaba et al. 2009), and to an entire issue of
Immunology and Cell Biology (Special Feature: Understanding the biology and
function of Langerhans cells; volume 88 issue 4, 2010).

2.1 Langerhans Cells

The classical skin DC is the Langerhans cell (LC) of the epidermis (Romani et al.
2010a). This cell type has long been known and it is well characterized. LC form a
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merge

Isotype Langerin DEC-205 DEC-205

Fig. 1 In the upper row, LC are visualized within epidermal sheets from murine skin by
immunolabeling with anti-langerin antibody (red fluorescence). Dendritic epidermal T cells are
identified by anti-CD3 antibodies (green fluorescence). The bottom row demonstrates how well
murine LC can be targeted with antibodies injected into the dermis of the ear (anti-langerin, anti-
DEC-205, isotype control). Epidermal sheets were prepared 4 days after the injection and stained
with a fluorochrome-coupled anti-rat Ig antibody. Note that an unrelated antibody (isotype) does
not bind to the LC whereas anti-langerin and anti-DEC-205 antibodies readily find their way into
the epidermis and are taken up by LC. The picture to the far right is a higher magnification of
DEC-205-targeted LC in situ. Intracellular vesicles containing the targeting antibody can be
appreciated

network that spans our entire body (Fig. 1). They occur also in mucosae (Iwasaki
2007), including the oral/buccal (Cutler and Jotwani 2006) and nasal (Allam et al.
2006) mucosae, which occasionally serve as a site for vaccination. Examples are
the well-known oral vaccination against polio or the less established intranasal
vaccination against influenza (aerosol or powder administration) (Deans et al.
2010; Hickey and Garmise 2009). It is obvious that in these non-cornified epithelia
LC most likely get in contact with the vaccine. Indeed, skin DC in the mouse,
possibly including LC express CD155, the receptor for polio virus and CD155
knock-out mice, mount reduced IgG and IgA responses (Maier et al. 2007). This
suggests that LC may play an important role in oral vaccination.

2.2 Dermal Langerin™**™¢ Dendritic Cells

Healthy human and murine skin harbors dermal DC that do not express langerin/
CD207 (Dupasquier et al. 2008). They were first unequivocally identified by
studying human and murine skin explant cultures, a method to obtain mature skin
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DC, developed by the group of Jonathan Austyn 20 years ago (Larsen et al. 1990).
Conspicuous cells emigrated from the explants over a culture period of 2—4 days.
Their typical morphology (thin cytoplasmic processes, “veils”, see Fig. 2), their
strong T cell stimulatory capacity in allogeneic mixed leukocyte reactions, and the
absence of macrophage markers such as CD14, CD68, or F4/80 (in the mouse)
proved their DC nature (Ebner et al. 1998; Lenz et al. 1993; Nestle et al. 1993).
This clear picture contrasts with the much more complex situation in situ. There
was, and still is, quite some uncertainty as to the relative proportions of DC and
macrophages in the dermis. Important studies by the groups of Michelle Lowes in
human skin (Zaba et al. 2007; Zaba et al. 2009) and Pieter Leenen in murine skin
(Dupasquier et al. 2004, 2008) clarified the issue to a large extent. This work
showed and emphasized that the healthy dermis generally contains more macro-
phages than DC. In human skin, macrophages were identified by virtue of their
expression of CD163, a scavenger receptor (Zaba et al. 2007). CD163* dermal
cells did not co-express the DC-specific molecules CD1c or CD11c. High levels of

Fig. 2 Human dermal DC obtained by emigration from dermal explants. This means that
epidermis and dermis were separated from each other before the onset of culture. Phase contrast
photographs of cells that migrated out of the explants into the culture medium over a period of
3 days. Note the typical morphology of mature DC with thin cytoplasmic processes (“veils”),
best visible in the two inserts. The processes are motile as can be seen in the bottom row of
photographs that were taken about 15 s apart from each other. Please note the shape change of
one exemplary “veil” under the white asterisk



118 N. Romani et al.

autofluorescence are also useful to discriminate dermal macrophages from dermal
DC (Haniffa et al. 2009). Macrophages in mouse dermis were characterized by
expression of CD301, a galactose-/N-acetylgalactosamine-specific C-type lectin
receptor (Dupasquier et al. 2004). Haniffa et al. have recently unraveled an
important role for these dermal macrophages in sustaining graft-versus-host
disease in human transplant patients (Haniffa et al. 2009). Phenotypical markers
such as DC-SIGN/CD209, which were previously thought to be specific for
(dermal) DC, are also expressed on macrophages (Granelli-Piperno et al. 2005;
Zaba et al. 2007) and, therefore, confounded analyses for some time.

In spite of this progress the relationship between macrophages and DC in the
dermis is still not entirely clear. As mentioned, there are distinct phenotypical
differences between DC and macrophages in situ. In skin explant cultures, however,
the population of migrated dermal DC appears relatively homogenous. The majority
of these mature human DC express high levels of MHC class II, CD86, CD80,
CD40, CD83, CD205, and CD208/DC-LAMP but no CD14 (Ebner et al. 2004).
There is only a small subset of CD14™ cells that is negative for CD205 and DC-
LAMP. These are probably macrophages. With regard to CD14 and CDla
expression, these observations in skin explant cultures are similar to what was found
in populations that had been directly isolated from human dermal tissue by enzy-
matic treatment. Dermal DC could be further subdivided into a quantitatively minor
population expressing CD14 but not CD1a and a major population characterized by
strong CD1a but not CD14 expression (Angel et al. 2007, 2009). In essence, this was
already anticipated by Nestle et al. (1993). Whereas macrophages outnumber DC in
the dermis of the mouse (Dupasquier et al. 2004) or are at least present in almost
equal numbers in human dermis (Zaba et al. 2007) in situ, cells with a clear DC
phenotype and morphology are more numerous in the migrant (“crawl-out™) pop-
ulations. Thus, these proportions become inverted. This raises the question whether
macrophages may be more firmly anchored in the dermal connective tissue and stay
behind, as indicated in a recent study by Haniffa et al. (2009). Alternatively, intrinsic
differences in molecules involved in migration [chemokine receptors, matrix
metalloproteinases (Ratzinger et al. 2002), etc.] could account for the discrepancy
between in vivo and ex vivo proportions of macrophages and DC. Finally, the strong
inflammatory milieu in these explant cultures may make some or many macro-
phages transform into DC. Such a transformation might happen as macrophages
migrate across endothelial borders into lymph vessels, as it was shown for skin DC
(Randolph et al. 2008; Romani et al. 2001). Transmigration across endothelial
barriers of blood vessels can indeed mediate transformation of monocytes into DC
in vitro (Randolph et al. 1998) and in vivo (Randolph et al. 1999). Very recent
evidence further supports the transition from monocytes to DC in vivo: DC-SIGN/
CD209-expressing DCs arise in mouse lymph nodes in response to LPS. They were
shown to derive from monocytes (Cheong et al. 2010). What stands against the
validity of this notion in the context of skin, at least at first glance, is the observation
by Forster’s team, that in skin explant cultures many DC probably migrate into the
culture medium without ever entering lymph vessels. This was inferred from
skin explant cultures in CCR7 knock-out mice where no DC-filled lymph
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Fig. 3 Human skin before (left) and after a 3-day skin explant culture (right). Dermal
macrophages were visualized with an immunoperoxidase technique using antibodies against
Factor XIIIa, a marker for these cells (Zaba et al. 2007). Positive cells can be identified by the
brown reaction product (few examples marked with an asterisk). Note that after 3 days of culture
the numbers of dermal macrophages are markedly reduced

vessels [“cords” (Larsen et al. 1990; Lukas et al. 1996; Weinlich et al. 1998)] could
be found but yet, many more DC migrated into the culture medium (Ohl et al. 2004).
However, these authors also noted that in the CCR7 knock-out mice migration of LC
into the draining lymph nodes was severely inhibited indicating that in the intact
organism the majority of cells migrate indeed via lymph vessels, and therefore, such
a transformation could theoretically take place. In support of this hypothesis are
unpublished observations from our lab. We found that cells expressing typical
macrophage markers such as FXIIIa (Zaba et al. 2007) or CD68 became less in
numbers during an explant culture indicating that they physically leave the dermis
(Fig. 3). In conclusion, the interrelationship of macrophages and DC in the dermis is
not yet resolved and clearly needs more study.

2.3 Dermal Langerin® Dendritic Cells

Few scattered langerin® cells have been observed in healthy human skin ever
since antibodies against langerin were available, i.e., the antibody against the “lag”
antigen (Kashihara et al. 1986), and antibodies against langerin/CD207 (Valladeau
et al. 1999). Little attention was payed to these cells, mainly because they were so
very few in numbers as compared to LC, but also because it seemed clear that they
were epidermal LC in transit to the lymph nodes. Only recently this issue was
revisited using modern methodologies such as bone marrow chimeric mice (Merad
et al. 2008), LC ablation models (Kaplan et al. 2008), and langerin-EGFP transgenic
mice (Kissenpfennig et al. 2005). It turned out that these langerin® cells in the dermis
were, at least in part, a dermis-resident population, unrelated to LC and named
“dermal langerin® DC” (Bursch et al. 2007; Ginhoux et al. 2007; Poulin et al. 2007).
As opposed to the scarcity of dermal langerin® DC in situ, they can be readily
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detected in the migrated populations from skin explant cultures or, even more so, in
the draining lymphoid organs. Their frequency in the dermis of mice is much lower
than the frequency of langerin"®® dermal DC. The human counterpart for this very
rare population is currently being investigated; there are hints that human dermis
also harbors such a subset (reported in ref (Romani et al. 2010a) and discussed in a
companion article by Teunissen et al. (2011).

2.4 Which Subset of Skin Dendritic Cells is the Major Recipient
of an Intradermal Vaccine?

At first glance it would seem logical that dermal DC would pick up most of the ID
injected antigen. It should be mentioned up front that this issue has not been
studied systematically. Especially little is known in this regard about human skin.
Nevertheless, some interesting pieces of knowledge have emerged from old and
recent studies. Using an antibody (against MHC class II) as a protein antigen,
Aberer et al. (1986) noted, somewhat surprisingly, that after intraperitoneal
injection of the protein even epidermal LC had captured the protein. They detected
this by simply labeling epidermal sheets from such treated mice with a fluores-
cently labeled secondary antibody. This underscored that a vaccine can easily
reach LC “from within”. Recently, Flacher et al. (2010) addressed this question in
an experimental setting that was more realistic with regard to clinical vaccinations.
A protein antigen (again an antibody directed to an endocytic receptor on the
surface of LC), which was injected into the dermis of mice (into the ear pinna),
was readily taken up by epidermal LC, again emphasizing that LC are most likely
involved in ID vaccination, even though the vaccine is not placed directly into the
habitat of these cells. Similarly, this antigen also reached human LC when placed
into a skin explant culture (Flacher et al. 2010). The mechanism by which protein
antigen crosses the basement membrane between the dermis and the epidermis was
not studied. Presumably it is diffusion. However, an active mechanism whereby
LC “reach out” into the dermis in order to fetch the antigen cannot be ruled out.
This was shown for gut DC that extend their “arms” into the lumen of the gut to
grab bacteria (Rescigno et al. 2001). It was also observed with LC that reach “up”
into the horny layer (stratum corneum) of the epidermis where they might sample
and take up microbes (Kubo et al. 2009). As expected, ID-injected protein antigen
is readily taken up by both langerin"°® and langerin® dermal DC (Flacher et al. 2010).
Thus, it seems that in ID vaccination all subsets of skin DC gain access to the
antigen and, therefore, contribute to the response.

There is one important caveat, though, to this conclusion. The experiments
described above were performed with antibodies recognizing cell surface mole-
cules on LC, i.e., MHC class II and the endocytic C-type lectin receptors DEC-
205/CD205 and langerin/CD207. Control antibodies that did not have a binding
partner on the surface of the LC, e.g., anti-langerin antibody 929F3, which
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recognizes only the intracellular domain of langerin, did not reach LC in detect-
able quantities (Flacher et al. 2010). On the one hand, this highlights the potential
of targeting antigens selectively to receptors on skin DC [as discussed below and
reviewed in ref. (Romani et al. 2010c)]. On the other hand, it leaves the question
open, how LC would contribute when a conventional protein antigen, which is not
a LC-binding antibody, is injected into the skin. Again, it would be expected that
dermal DC take up this antigen. However, in a skin explant model where the
fluorescently conjugated model protein ovalbumin (OVA) was offered in the
culture medium, we could expectedly show uptake into langerin® as well as
langerin"*® dermal DC. But also LC in situ took up readily detectable quantities of
OVA (Sparber et al. 2010). Compared to antigen conjugated to surface receptors
on LC, however, at least 100-times more native protein needed to be given
(Flacher et al. 2010). Also when injected ID did epidermal LC capture the protein
antigen and carry it to the lymph node (Sparber et al. 2010).

Taken together, the evidence points to an involvement of all subsets of skin DC,
including LC, in ID vaccination. The relative contributions of the different subsets,
in particular of LC, may critically depend on the quantity of ID-injected antigen
but also on the expression of receptors involved in internalization (see below).

3 Functional Repertoire of Skin Dendritic Cells

About a decade ago there was no doubt in the field that LC and dermal DC were
always immunogenic in vivo. This conclusion was based on the manifold evidence
that they are strongly immunostimulatory in in vitro experimental settings
(Romani et al. 1989; Schuler and Steinman 1985; Stingl et al. 1980). LC were
regarded as prototype DC that served as the “role model” for all other DC. This
concept was frequently called the “Langerhans cell paradigm” (Girolomoni et al.
2002; Wilson and Villadangos 2004). This paradigm needed to be revisited in
response to two important findings. (1) It was recognized that DC not only induce
immunity but also serve to establish and maintain tolerance (Steinman et al. 2003;
Steinman and Nussenzweig 2002). This occurs when they present antigen in the
steady state, i.e., in the absence of full maturation. (2) Furthermore, herpes virus
infection models and transgenic antigen expression models in mice showed that
LC do not under all circumstances present antigens that they have acquired in the
skin in the draining lymph nodes in vivo; other DC including dermal langerin® DC
can do the (cross-) presentation (Allan et al. 2003; Bedoui et al. 2009; Heath and
Carbone 2009; Henri et al. 2010). Research into the in vivo functions of LC is
presently in full bloom (Romani et al. 2010b), taking advantage of modern
methodology, foremost of mouse models where langerin®* cells can be selectively
depleted from the living mouse [reviewed in (Kaplan et al. 2008)].

Early investigations of LC-like (CDla and langerin-expressing) and non-
LC-like (CD14-expressing, interstitial type, dermal type) DC grown from human
CD34" hematopoietic stem cells highlighted possible functional differences
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between the different types of skin DC for the first time. LC-like DC take up less
endocytic tracers such as fluorescein isothiocyanate dextran or peroxidase.
Another difference is the failure of LC-like DC to induce naive B cells to
differentiate into IgM-secreting cells, in response to CD40 triggering and inter-
leukin-2 (IL-2), as opposed to interstitial type DC (Caux et al. 1997). This was
essentially verified with LC and CD14" dermal DC directly isolated from human
skin. The former subset was superior in cross-priming CD8" T cells, and the latter
subset was specialized to prime CD4" helper T cells that in turn induced B cells to
become antibody producing cells (Klechevsky et al. 2008). As pointed out above,
the CD14" subset of dermal DC comprises only about a tenth of all langerin"°®
dermal DC (Banchereau et al. 2009). The majority of langerin™® dermal DC, i.e.,
CD14"°#/CD1a" cells, appear to be functionally in between LC and the CD14*
subset (Klechevsky et al. 2008). It remains unclear at this point how this could
relate to ID vaccination, notably because the means of antigen uptake by DC in
situ or by DC cultured ex vivo are likely to differ fundamentally. Nevertheless,
these in vitro data correspond to in vivo observations in mice, where skin-derived
dermal DC localized close to the B cell follicles in the outer paracortex of the
lymph node. LC, in contrast, arrived and settled in the inner paracortex, inter-
mingled with lymph node-resident langerin® cells (Kissenpfennig et al. 2005). It is
not known, however, whether these dermal DC correspond to the human dermal
DC subset that promotes the humoral response, i.e., the CD14" subpopulation. Yet,
these findings highlight that a “division of labor” may indeed be operative in vivo.

At present, virtually all clinical trials that attempt to harness the immunogenic
potential of DC are vaccination studies against cancer. They aim primarily at
generating powerful cytotoxic T lymphocytes. Some recent observations are of
importance in this regard. Several groups could show that LC, as opposed to
dermal DC, are especially capable of inducing cytotoxic T lymphocytes. This was
first shown with human LC-like DC derived from CD34" stem cells (Ratzinger
et al. 2004). Importantly, these data were recently confirmed using human LC
isolated from the epidermis; LC were indeed more potent to induce CD8" T cells
that contained increased levels of lytic molecules (perforin, granzymes) and that
efficiently killed tumor cell lines. LC-derived IL-15 appeared to be a critical factor
(Klechevsky et al. 2008; Ueno et al. 2010). Of note, we found mature human LC,
obtained by migration from cultured epidermal sheets, to induce substantial levels
of IFN-y secretion in naive allogeneic CD4" helper T cells (Ebner et al. 2007),
surprisingly without detectable secretion of bioactive IL-12 p70 (Ebner et al. 2001).
Also murine epidermal LC clearly have the capacity to elicit IFN-y producing
T cells (Koch et al. unpublished data; Table 1) in spite of making almost no
bioactive IL-12 (Heufler et al. 1996). Studies in a mouse tumor model confirmed
and emphasized that LC (and possibly also dermal langerin® DC) are essential for
anti-tumor immunity in vivo. Protection from an experimental tumor (B16 mel-
anoma) was lost when LC and dermal langerin® DC had been ablated (Stoitzner
et al. 2008) by means of the diphtheria toxin receptor knock-in technology (Kaplan
et al. 2008).
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Table 1 Induction of a Thl cytokine secretion pattern in T lymphocytes by murine Langerhans
cells

10,000 3,000 1,000 300 LC/well
15,900 10,900 7,130 4,450 IFNy (pg/ml)
Anti-IL-12 1,060 940 800 390 IFNy (pg/ml)
55 61 40 45 IL-4 (pg/ml)
Anti-IL-12 81 62 55 55 IL-4 (pg/ml)

Resting T lymphocytes of C57BL/6 mice were stimulated by graded doses of mature epidermal
Langerhans cells (LC) from BALB/c mice in an allogeneic mixed leukocyte reaction. Resulting T
cell blasts were restimulated for three additional rounds with fresh batches of mature LC.
Supernatants of the forth allogeneic mixed leukocyte reaction were tested for the presence of
secreted T cell cytokines by ELISA. Note that LC induced strong secretion of IFN-y but virtually
no IL-4. IFN-y production was inhibited when anti-IL-12 antibodies were continuously present in
the cultures (Koch et al. unpublished data)

In conclusion, it is important and promising to rationally address DC subsets of
the skin, especially LC, for purposes of vaccination (Ueno et al. 2010). Depending
on the subset that contributes most, the response will be dominated by cytotoxic
T cells, and thus be useful for vaccinating against cancer, or by a humoral response
and thus be beneficial for vaccination against infectious agents. LC appear to be
responsible for the development of cytotoxicity, and CD14* dermal DC for the
generation of an antibody response. Clearly, in reality the picture is not as simple
as that. Yet, these data form a good basis to further explore the relative roles of
skin DC in ID vaccination. One elegant approach to address this issue in vivo is to
target antigens to one subset or another (see Sect. 4.1.5).

4 Harnessing the Distinct Properties of Skin Dendritic Cells
for Intradermal Vaccination

4.1 Augment Lymphocyte Responses by Targeting Vaccine
to Specific Antigen Uptake Receptors on Skin Dendritic Cells

4.1.1 What is “Antigen Targeting”?

DC are equipped with a wide range of receptors that facilitate the uptake of
pathogens, including the so-called “C-type lectin receptors”. They recognize
pathogen-associated molecular patterns (Figdor et al. 2002). Important examples
are DEC-205/CD205, langerin/CD207 (Fig. 1), DC-SIGN/CD209, Dectin, and
DCIR2. Groundbreaking studies from the groups of Steinman and Nussenzweig at
Rockefeller University labs has revealed that immune responses can be dramati-
cally enhanced when an antigen is delivered (“targeted”) directly and selectively
to DC rather than being “only” injected into the dermis or under the skin (sub-
cutaneously or intramuscular, as in conventional vaccinations or in footpad
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injections in mice). In other words, the vaccine obtains an “address tag” in the
form of a specific antibody against a C-type lectin receptor. Thereby, the antigen
or vaccine is guided directly and exclusively to the DC that expresses the
respective C-type lectin receptor on its surface. This is achieved by coupling
protein or peptide antigens to monoclonal antibodies against C-type lectin
receptors. Researchers employ chemical conjugation methods or, preferrably, the
genetic engineering approach. Antibodies to different C-type lectin receptors for
conjugation are used as whole antibodies (Idoyaga et al. 2008) or as single chain
fragments (Birkholz et al. 2010; Nchinda et al. 2008). This strategy is currently
being extended beyond the widely used model antigen OVA to other antigens like
hen egg lysozyme/HEL (Hawiger et al. 2001), or keyhole limpet hemocyanin/KLH
(Tacken et al. 2005). Data from the OVA model must always be judged with
caution, and premature generalizations must be avoided. OVA peptide-specific
TCR transgenic T cells, in particular the CD8" T cells (“OT-I cells”) are extre-
mely sensitive to TCR stimulation in an unphysiological manner: they already
respond to tiny amounts of antigen in the picomolar range (Choi et al. 2009).
Therefore, the supplementation of the experimental OVA model with other models
is an indispensable goal, even though the OVA model has yielded and is still
yielding important insights. Importantly, a number of antigens relevant for clinical
studies have now been successfully used in this approach, including HIV gag
(Nchinda et al. 2008; Trumpfheller et al. 2008), a mouse melanoma tumor antigen
(Mahnke et al. 2005) or the human tumor antigens mesothelin (Wang et al. 2009)
and MAGE-A3 (Birkholz et al. 2010).

The first hints for the potential to enhance immune responses by addressing
C-type lectin receptors came from the initial studies of the cell biology of antigen
uptake into DC via such receptors (Mahnke et al. 2000). Mahnke et al. investigated
the fate of immunoglobulin (Ig) binding to chimeric Fc receptors where the
cytosolic domain of the Fc receptor was replaced by the cytosolic portion of two
different C-type lectin receptors. When Ig was given to DC expressing the cyto-
solic part of the DEC-205 receptor, its uptake was strongly enhanced. Moreover, in
contrast to targeting via the macrophage mannose receptor, antigens were spe-
cifically routed to late endosomes or lysosomes that contained abundantly MHC
class II molecules. This resulted in a markedly (up to 100-fold) augmented T cell
response in vitro (Mahnke et al. 2000). These seminal observations led to the series
of in vivo studies described below.

4.1.2 Targeting Dendritic Cells in the Steady State

Immunization of mice with anti-DEC-205 antigen conjugates (OVA or hen egg
lysozyme) in the absence of DC maturation stimuli (such as CD40 ligation or
poly(I:C)), i.e., in the steady state, led to T cell unresponsiveness in both the CD4*
(Hawiger et al. 2001) and the CD8" (Bonifaz et al. 2002) T cell compartment.
Injection of the conjugates into the footpads under these experimental conditions
induced an initial wave of T cell division. Importantly, proliferation was orders of
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magnitude greater than the proliferation in response to the free, unconjugated
antigen. However, this proliferation was not sustained but, rather, T cell numbers
dropped, and the remaining T cells did not respond any longer to a standard
immunization protocol using complete Freund’s adjuvant. This indicated that
peripheral tolerance had developed in response to the steady-state administration
of the antigen—antibody conjugate (Steinman et al. 2003). These findings were
validated in a mouse model for type I autoimmune diabetes where both onset and
progression of the disease could be inhibited by treatment with anti-DEC-205-
conjugated antigen (Bruder et al. 2005; Mukhopadhaya et al. 2008). The under-
lying mechanism for tolerance induction appears to be not only deletion and
anergy, as shown in the original study (Bonifaz et al. 2002; Hawiger et al. 2001),
but also induction of regulatory T cells (Yamazaki et al. 2008).

4.1.3 Targeting Dendritic Cells Under Inflammatory/Immunogenic
Conditions

In the above-described studies the outcome in terms of T cell responses changed
dramatically when DC maturation stimuli were added at the time of immunization
together with the anti-DEC-205-antigen conjugate. Again, T cell proliferation in
vivo increased several orders of magnitude as compared with immunization with
the same amount of unconjugated antigen, be it a peptide (Hawiger et al. 2001) or
the whole antigenic protein (Bonifaz et al. 2002). Importantly, the augmented
massive T cell proliferation translated into markedly improved anti-tumor immunity
in an experimental model in vivo. The very infrequent naive antigen-specific
T cells, which exist in a non-immune mouse, could only be primed if the sub-
cutaneously (footpad) injected antigen was coupled to an anti-DEC-205 antibody
and a strong DC maturation stimulus (CD40 ligation) was co-administered.
Uncoupled antigen plus/minus CD40 ligation, as well as immunization with
antigen-pulsed cultured DC, did not lead to efficient priming of naive T cells in this
setting (Bonifaz et al. 2004). Alternatively, DC maturation and subsequent
responses could be achieved by TLR agonists, such as poly(I:C) (Trumptheller
et al. 2008). This further highlights the potential of antigen targeting also for
vaccinations in humans where vaccine-specific T cells would be equally scarce and
difficult to be activated in sufficient numbers, enough to obtain clinical effects. Not
unexpectedly, the increased stimulation of helper T cells by the anti-DEC-205-
antigen conjugates led to amplified antibody responses in mice (Boscardin et al.
2006). These data emphasize that it is also feasible to harness antigen targeting for
improving humoral immune responses in vaccinations.

4.1.4 Targeting Different Receptors on the Surface of Dendritic Cells

Conceptually, two scenarios have to be considered. (1) A given subset of DC
expresses simultaneously different targetable endocytic receptors. Immune responses
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may be influenced depending on which of these receptors is targeted. Examples are
described below. (2) Subsets of DC often express different, non-overlapping tar-
getable receptors. Immune responses may be influenced depending on which DC
subset receives the antigen. This will be illustrated in Sect. 4.1.5.

The type of targeted endocytic receptor can influence the quantity and quality of
resulting immune responses. This became evident in the original studies by
Mahnke et al. (2000) who used mouse bone marrow-derived DC that expressed
both DEC-205 and macrophage mannose receptor on their surfaces. Yet, antigen
targeted to either of these two receptors was taken up differently, routed differ-
ently, and enhanced T cell responses were only observed with DEC-205-targeted
antigen. A more recent, similar example was provided by Bozzacco et al.
(Bozzacco et al. 2007) who compared targeting an HIV antigen (p24 gag) to
human DC with anti-DEC-205 vis-a-vis anti-DC-SIGN antibodies. Both receptors
are expressed on the same DC at similar levels (Ebner et al. 2004). Yet, the anti-
DEC-205-conjugated antigen was more effectively cross-presented than anti-
DC-SIGN-conjugated antigen, indicating different intracellular processing.

With special regard to the skin, we found pronounced differences in the handling
of the model antigen OVA depending on whether it was offered to epidermal LC
by ID injection as an anti-DEC-205/0VA conjugate or an anti-langerin/OVA
conjugate. Both receptors are expressed on the surface of murine LC (Cheong et al.
2007; Inaba et al. 1995) and both receptors can be successfully targeted by the
respective antibodies (Flacher et al. 2010)(Fig. 1). Idoyaga et al. observed previ-
ously that CD4" and CD8" T cells proliferated in vivo in the draining lymph nodes
following targeting of DEC-205 or langerin receptors by SC injection of the
antigen conjugates into the footpads of mice (Idoyaga et al. 2008). On the other
hand, when we “loaded” LC in vivo with antigen via DEC-205 or langerin by ID
injection into the ear, CD4" and CD8" T cell proliferation in vitro was only
induced by LC that had taken up the antigen via the DEC-205 receptor. Targeting
the antigen to the langerin receptor did not result in CD4* and CD8* T cell
division. This unexpected discrepancy probably reflects the importance of other
langerin® DC subsets present in the dermis or in lymph nodes draining the
immunization site (see below). These other subsets were not present in these
experimental settings (Flacher et al. 2010).

4.1.5 Delivering the Vaccine to Selected Dendritic Cell Subsets
by Targeting Differentially Expressed Surface Receptors

As discussed above, antigen targeting allows to manipulate the antigen processing
and presentation capacity of a given DC such that resulting T cell responses can
differ in quantitative and qualitative terms. In the context of most vaccination
schemes, including ID vaccination, the injected antigen can be sequestered by
different subsets of DC. In the case of skin these are LC and langerin"® and
langerin® dermal DC. Here, antigen targeting allows to address the vaccine to
defined subsets of DCs. For instance, ID targeting via langerin would bring the
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antigen to LC and langerin®™ dermal DC but leave out langerin™® DC (Flacher et al.
2010). Targeting to a putative C-type lectin receptor expressed exclusively by
langerin"*® dermal DC could be an alternative. Unfortunately, such a molecule has
not been found yet. Future research will teach us about pros and cons for one or the
other approach.

The importance of delivering vaccine antigens to defined DC subsets was
highlighted in the first thorough side-by-side comparison of different targeting
strategies by Dudziak et al. (2007). They looked at immune responses induced by
immunization with antigens conjugated to antibodies against DEC-205 versus
DCIR2 (dendritic cell inhibitory receptor-2; “33D1 antigen”) that are expressed
by CD8" and CD8"# DC in the spleen of mice, respectively. Immunization via
DEC-205 favored CD8" T cell responses whereas DCIR?2 targeting preferentially
induced CD4* T cell responses. Gene expression analyses indeed showed that
CD8*/DEC-205" DC expressed more genes associated with processing for the
MHC class I pathway (TAP, calreticulin, etc.) and CD8"*¥/DCIR2* DC expressed
more genes associated with processing for the MHC class II pathway (cathepsins, etc.)
(Dudziak et al. 2007). At another level, it was shown that the selective delivery of
antigen to the CD8*/DEC-205" and CD8"**/DCIR2" DC subsets of spleen DC by
means of the respective antigen—antibody conjugates in the absence of DC mat-
uration signal, led to the de novo induction of FoxP3" regulatory T cells and to the
expansion of preexisting FoxP3* regulatory T cells, respectively (Yamazaki et al.
2008; Yamazaki and Steinman 2009).

Finally, the development of monoclonal antibodies recognizing the extracellular
domain of the langerin (CD207 (Valladeau et al. 2000)) molecule (Cheong et al.
2007) opened the way to study antigen targeting to this molecule expressed on
important skin DC, particularly on LC. Given the pronounced properties of LC in
the induction of cytotoxic responses (see above), targeting this receptor is of high
interest. Initial analyses revealed many similarities in targeting properties to DEC-
205 and only subtle differences between DEC-205 and langerin targeting (Idoyaga
et al. 2008). The SC route (footpad) of immunization was used in these experi-
ments, rather than the ID one. The splenic CD8x* DC subset, which is the key
subset responsible for cross-presentation in vivo (Heath et al. 2004), specifically
co-expresses the langerin receptor (Douillard et al. 2005; Idoyaga et al. 2009;
McLellan et al. 2002). It will be interesting to study antigen targeting to this
important population of DC. Recent data suggest that, indeed, cross-presenting
activity is restricted to that CD8a*/langerin® DC population in mouse spleen
(Farrand et al. 2009).

4.1.6 Targeting Antigens Specifically on Skin Dendritic Cells

Which endocytic receptors on skin DC could be of importance for antigen tar-
geting? For this it is important to determine in detail the expression patterns of the
various endocytic receptors on skin DC. These patterns are still incompletely
known.
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Langerhans cells. They are phenotypically well characterized both in mouse
and human skin, and their identifying receptor langerin and the prototype targeting
receptor DEC-205 have been dealt with above. Both are expressed on the cell
surface of LC (Cheong et al. 2007; Ebner et al. 2004; Inaba et al. 1995; Zaba et al.
2007) (Fig. 1). In addition, they express Dectin-1 (Ariizumi et al. 2000b) and
Dectin-2 (Ariizumi et al. 2000a). Antigen targeting to both molecules was shown
to elicit stronger responses than immunization with equal amounts of free antigen
(Carter et al. 2006a, 2006b). The DCIR2 molecule is absent from murine LC
(Witmer-Pack et al. 1987). For human LC this has not yet been determined.

Dermal DC. Most phenotypical data in the dermis do not (yet) take into account
the newly described subsets of dermal DC. The “classical”, langerin"*® dermal DC
express DEC-205 both in human (Ebner et al. 2004; Zaba et al. 2007) and in
mouse skin (Henri et al. 2001; Lenz et al. 1993; Nagao et al. 2009). Interestingly,
however, unequivocal cell surface expression on immature murine dermal DC has
not been demonstrated, not least due to the trypsin sensitivity of this molecule
(Inaba et al. 1995). Yet, two features became clear from these studies. DEC-205 is
up-regulated on dermal DC, but even then, surface expression is lower than on LC.
Finally, the ability to target dermal langerin"*® DC with anti-DEC-205 antibodies
strongly argues for a functional level of surface expression (Flacher et al. 2010).
The other subset of dermal DC, namely, langerin* dermal DC expresses DEC-205
at levels similar to LC and can readily be targeted with anti-DEC-205 [Flacher
et al. unpublished observations and (Flacher et al. 2010)]. DC-SIGN, which was
initially regarded as a marker for dermal DC (Ebner et al. 2004), occurs more
abundantly on macrophages in the dermis as identified by CD14 (Klechevsky et al.
2008; Turville et al. 2002) or CD163 (Zaba et al. 2007) expression. Thinking of
vaccinations that aim at generating robust antibody responses, one could envisage
to target antigen to dermal DC, namely, the CD14" subset, in order to exploit the
capacity of that subset to promote immunoglobulin production (Banchereau et al.
2009). CD36, the thrombospondin receptor and a scavenger receptor might be a
candidate since this molecule is specifically expressed on dermal DC (Lenz et al.
1993), and there is evidence that targeting CD36 may also improve immune
responses (Tagliani et al. 2008).

The expression on skin DC of additional interesting candidates for targeting
such as Clec9 (Caminschi et al. 2008), Clec12 (Lahoud et al. 2009), Lox (Delneste
et al. 2002), and others (reviewed recently by Caminschi et al. 2009) has not yet
been investigated. Molecules beyond the field of C-type lectin receptors may also
be interesting candidates. For instance, improved immune responses have been
reported for antigens that were more broadly targeted to MHC molecules (by
means of a novel construct based on an MHC-binding superantigen, not with
antibodies) (Dickgreber et al. 2009).

In closing, it should be emphasized once more that virtually all studies hitherto
used the subcutaneous route of immunization rather than the ID one. Given the
likely differences in DC subset composition between the subcutis and the dermis, it
will be necessary to study in detail targeting the various endocytic receptors in ID
vaccination.
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4.2 Augment and Broaden Responses by Including Innate
Lymphocyte Responses

Antigen targeting via endocytic receptors on DC aims at improving CD4" and
CD8" T cell responses. Cytotoxic T lymphocytes are undoubtedly the immune
system’s strongest weapon against cancer. However, there are other important
innate lymphocytes that are also critically involved in immune defense reactions
and that should also take part in vaccine-induced immune responses. NKT cells
are important in two ways. First, they can serve as potent cytotoxic effector
cells (Cerundolo et al. 2009; Godfrey et al. 2010; Neparidze and Dhodapkar 2009).
Second, the mutual cross-talk between NKT cells and DC leads to activation and
full maturation of both cells types. The glycolipid alpha-galactosylceramide
(alpha-GalCer) is the molecular link between the two cell types. It is presented by
DC on their CD1d molecules and thereby mediates the activation and numerical
expansion of NKT cells (Fujii et al. 2002). These activated NKT cells, in turn,
bring about full maturation of DC (Fujii et al. 2003). These cellular interactions are
the likely basis for the observed clinical benefit when using alpha-GalCer as an
adjuvant in the treatment of cancer (Chang et al. 2005; Neparidze and Dhodapkar
2009). This approach appears so promising that in a recent review article Fujji and
Steinman “urge development of the DC-NKT axis to provide innate and adaptive
immunity to human cancers (Fujii et al. 2007)”.

How can ID vaccination harness the potential of NKT cells? We have recently
studied this question in some detail in the mouse (Tripp et al. 2009). The initial
observation was that cutaneous DC express and upregulate CD1d on their surface
in situ and ex vivo. At least half of the LC and dermal DC (including dermal
langerin® DC) express CD1d on their surface upon emigration from skin explants.
In the skin-draining lymph nodes nearly all DC derived from the skin were
positive for CD1d besides all lymph node-resident DC subsets. Corresponding to
this finding, skin and lymph node-derived DC were able to present the synthetic
glycolipid alpha-GalCer to an NKT cell hybridoma in vitro. Moreover, ID-
injected alpha-GalCer was incorporated and presented by migratory DC. The
adjuvant effect of ID-injected alpha-GalCer was not via a migration stimulus or
the induction of maturation markers on lymph node DC, but rather led to an
enhancement of CD40 expression on distant, more immature spleen DC. Fur-
thermore, alpha-GalCer activated B and T cells in lymph node and spleen to
upregulate CD69. The effects observed in the spleen indicate that ID-injected
alpha-GalCer exerts its effect systemically, at least in the small body of a mouse.
However, the stimulation of antigen-specific CD8* T cells happened in a locally
restricted way. ID immunization activated cytotoxic T cells only in the lymph
nodes, in contrast to the intravenous route which mainly provoked T cell
responses in the spleen. Most importantly, ID treatment of mice demonstrated
that the combination of a protein antigen plus alpha-GalCer can improve the
survival of mice bearing B16 melanoma tumors. Thus, alpha-GalCer proved to be
a promising adjuvant not just for intravenous immunization but also for the ID
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route. A surprising finding of this study was that migratory skin DC are not
mandatory to mediate the effect of ID immunization with protein antigen plus
alpha-GalCer. When we prevented the participation of migratory skin DC by
depletion of langerin™ DC subsets (using the diphtheria toxin ablation technique
(Kaplan et al. 2008)) or by removal of the immunization site within 4 h, acti-
vation of cytotoxic T cells was still induced. This indicates that most of the ID-
injected antigen and adjuvant diffused through lymph and blood to lymphatic
organs where resident DC could stimulate cytotoxic T cell responses. In an
attempt to increase T cell responses even more, we compared side-by-side
unconjugated and anti-DEC-205-conjugated antigen in combination with alpha-
GalCer. We observed that 1,000-times less of the conjugated antigen was suffi-
cient to achieve equivalent anti-tumor responses in the B16 model (Tripp,
unpublished observations). This is of importance in regard to the immense costs
of producing antigens in good-manufacturing practice (GMP) quality (Ueno et al.
2010). With regard to ID vaccination in man, it is important that dermal DC in
human skin express CD1d and could, therefore, be targeted with alpha-GalCer
expressed on dermal dendritic DC (Gerlini et al. 2001). In conclusion, the syn-
thetic glycolipid alpha-GalCer proved to be a potent adjuvant for ID immuni-
zation with protein antigen and might be a promising adjuvant for targeted
immunotherapies.

5 Concluding Remarks

ID injection of an antigen is an old technique as illustrated by the classical
tuberculin test. Novel influenza vaccines that are ID injected have only recently
been introduced on the market (Deans et al. 2010). They were developed in the
classical way, mainly based on empirical knowledge. Researchers are now trying
to improve ID vaccination rationally by harnessing the specific properties of skin
DC as they become known bit by bit. Targeting of antigens to defined, functionally
distinct subsets of skin DC and addressing innate lymphocytes as additional,
powerful effector cells are two promising strategies to further establish this route
of immunization and, in the more distant future, also tolerization. This should
ultimately lead to more effective protective as well as therapeutic vaccines.
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Intradermal Rabies Vaccination:
The Evolution and Future
of Pre- and Post-exposure Prophylaxis

M. J. Warrell

Abstract Inactivated rabies vaccines have been used to pioneer the immuno-
logical and economical advantages of intradermal (ID) administration over
35 years. Vaccine shortages or its prohibitive cost stimulated studies of various
doses, frequency and sites of injection. An economical regimen for pre-exposure
prophylaxis requires one-tenth of an intramuscular dose, but the early popularity of
the method has been stifled by pharmaceutical regulations. There has also been
reluctance to use multiple-site post-exposure ID regimens, except in a very few
Asian counties. A new four-site ID regimen could overcome many of the problems
encountered to date. The time is ripe to make dramatic progress towards efficient
use of the current excellent vaccines globally, wherever there is a shortage of
vaccine or funds.
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1 Introduction

Prophylaxis against human rabies encephalitis can be 100% effective; no failures
of combined pre- and post-exposure treatment have been reported. Therefore, the
many thousands of agonising deaths a year are all due to a failure to provide
adequate prophylaxis. In developing countries, surveillance is poor or non-exis-
tent, especially in most of Africa. The much quoted estimate of 55,270 (90% CI
24,000-93,000) annual human rabies deaths in Asia and Africa is based on
assumptions and extrapolation. Probably only 3% of cases are recorded by
authorities (Knobel et al. 2005). The dominant reservoir species of this zoonosis is
the domestic dog, and dog rabies virus strains are responsible for >99% of human
disease (WHO 2007). Worldwide, ten million people are estimated to receive post-
exposure prophylaxis annually.

There are seven Lyssavirus genotypes. Genotype 1, rabies, is found in dogs and
other terrestrial mammal reservoir species, and in the Americas only, also in bats.
Genotypes 2—6 are rabies-related Lyssaviruses whose reservoir hosts are some bats
in Europe, Africa and Asia (with the exception of the rare genotype 3, Mokola
virus, in rodents in Africa).

The success of prophylaxis is related to the unique pathogenesis of rabies.
When the virus is inoculated under the skin during an animal bite, it may infect
cells and replicate locally before entering a neuron. The virus hijacks the retro-
grade axonal transport mechanism, travels up the nerve, replicates, crosses a
synapse and progresses thus towards the brain (Schnell et al. 2010; Ugolini 2010).
Here intraneuronal replication and viral spread result in encephalitis and inevitable
death. Only two patients infected by American bat rabies, one 40 and the other
5 years ago, are reported to have survived rabies encephalitis without severe
neurological impairment. Dog virus infection is a more aggressive and intractable
disease.
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The immunological response which correlates best with protection following
rabies challenge in animals is neutralising antibody, which is induced only by the
glycoprotein epitopes on the surface of the virion. This association is not perfect,
viral nucleoprotein is also immunogenic and cell-mediated immunity is also
induced variably by vaccines, but their roles are unknown. In experimental
encephalitis, however, the development of a cytotoxic T lymphocyte response
correlated with survival (Wiktor et al. 1977). During infection by virulent virus,
immune CD3* T cells migrate into the CNS, but are destroyed by apoptosis on
contact with infected neurons (Lafon 2005).

There is an opportunity to prevent infection after a bite by killing or neutralising
the virus in the wound. Once inside a neuron, the virus is assumed to be protected
from immune attack. The first-aid treatment is thorough wound washing with
copious soap and water. The lipid in the viral coat is sensitive to detergent. Rapid
provision of local neutralising antibody seems to be crucial to survival. Ideally,
previous pre-exposure rabies immunisation will have induced circulating antibody
and primed T lymphocytes which now respond to an immediate booster dose of
rabies vaccine by increasing the titre. Alternatively, in unvaccinated patients,
passive immunisation with rabies immunoglobulin (RIG) is injected into and
around the wound, because it will take about a week before the primary vaccine
course induces antibody.

Since the untreated mortality from proven rabid dog bites is 15-45%, modern
post-exposure treatment is remarkably effective. No deaths have been reported in
anyone who had pre-exposure vaccination and booster doses after exposure. There
are fewer than ten known cases of death despite optimal primary post-exposure
treatment started on the day of the bite, in otherwise healthy recipients. Apparent
‘failure of treatment’ is due to failure to deliver the recommended wound cleaning
and active and passive immunisation promptly, or failure of the patients’ immune
response.

The quality of rabies vaccines has improved slowly over the 120 years since
Pasteur’s first treatment with desiccated rabbit spinal cord vaccine (Turner 1969).
Vaccine homogenates of animal brain contain minute amounts of viral antigen
compared with the vast quantity of nervous tissue. However, Semple and Fermi
sheep brain vaccines, and also suckling mouse brain vaccine, are still used as daily
injections in several countries, although condemned by the WHO. Avian embryo
vaccines were an advance, relatively free of neurological reactions, and a purified
duck embryo vaccine is now produced in India (after transfer of technology from
Switzerland). Higher potency vaccines of tissue culture origin have been used
increasingly since the 1970s (Turner 1984). Three of these currently meet the
WHO criteria: human diploid cell vaccine (HDCV), purified chick embryo cell
vaccine (PCECV) and purified VeRO cell vaccine (PVRV). Other vaccines are
made in India, Russia, China and Brazil, but their immunogenicity is uncertain.
The standard post-exposure course is five intramuscular (IM) doses over 4 weeks
(on days 0, 3, 7, 14 and 28). An alternative shorter four-dose IM regimen has 2
doses on the first day, with single doses on days 7 and 21. The pre-exposure
regimen is three doses over 4 weeks (Table 1).
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Table 1 ID rabies vaccine regimens compared with standard IM

Vaccine regimen & route Vaccine administration timeline Number Total
of visits ampoules

Day of injection (Number of sites injected)

Pre-exposure

M 0 T 28 3 3
D 0.1 m® ' 28 3 <1
Post-exposure (+ RIG day 0)
M 0 3 T 14 28 5 5
2 =site 1D 0(x2) 3(x2) 7(x2) 28 (x2) 4 <2
4 -site IDP 0 (x4) 7(x2) 28 3 <3¢

Post-exposure if previous

vaccine course
M 0 3
1] 0 (x4) 1 1 (or<1)

(%]
=]

# ID doses are all 0.1 ml/site of injection

° ID doses are 0.1 ml/site for PVRV vaccine (0.5 ml/ampoule) or the equivalent dose 0.2 ml per
site of injection for PCECV vaccine (1.0 ml/ampoule). See text in Sect. 4.8 for explanation and
alternative dose 0.1 ml per site with PCECV

¢ If no sharing of vaccine maximum of three ampoules used

4 Whole ampoule used, alternatively 0.1 ml/site if sharing 1 ml vaccine. See text in Sect. 5.1 for

details
The red colour is the main subject of the article, intradermal injections, and the bold to differ-

entiate sites of injection from days of treatment.

2 The Beginning of ID Use of Rabies Vaccine

Rabies vaccine was first used ID in 1960 to reduce the amount of potential allergens
inoculated during a pre-exposure course of duck embryo vaccine. Three doses of
0.2 ml ID proved immunogenic in 75% of 49 students (Anderson et al. 1960).

2.1 Site of Injection

Injecting duck embryo vaccine ID on the medial surface of the forearm caused
more local side effects than inoculating ID over the deltoid, but the forearm
injections induced higher antibody titres (Schnurrenberger et al. 1965). Using the
same arm for IM injections was more immunogenic than if vaccine was given into
alternating arms (Peck and Kohlstaedt 1964). These results may not be applicable
to modern potent rabies vaccines because the vaccine tested was a relatively weak
antigen. However, in case the site of injection is important, future vaccine trials
could record the details, and perhaps investigate immunogenicity at different sites.

2.2 Experiments with Tissue Culture Vaccines ID
Jor Pre-exposure Use

Human diploid cell vaccine, licensed in 1974, was the first tissue culture vaccine to be
injected ID for reasons of economy rather than safety by taking advantage of the
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protective immunological mechanisms which have evolved in the skin. The presence
of antigen-presenting dendritic and Langerhans cells at the site of antigen inoculation
facilitates transfer to local lymph nodes. T cells are then activated more efficiently
and rapidly than after IM inoculation (Nicolas and Guy 2008; Teunissen et al. 2011).
One tenth, 0.1 ml, of the dose of HDCV given ID (2 injections a month apart) was as
immunogenic as the usual IM dose and induced much higher antibody levels than the
then standard duck embryo vaccine (Aoki et al. 1975).

Pre-exposure immunisation aims to induce a prolonged presence of neutralising
antibody in 100% of vaccines using the minimum amount of vaccine. A study of
194 volunteers for 3 years showed that higher and more durable antibody titres
were induced by 3 doses (days 0, 28 and 56) rather than 2, whether ID or IM.
Although the titres were adequate with ID injections, they were higher in the IM
groups. The rapid and marked serological response to a booster dose was not
influenced by the route of injection of the primary course, although the titres were
higher with deep subcutaneous (SC) injection than via the ID route. After boosting,
the antibody response began at 48 h and peaked at 8—16 days (Turner et al. 1982).
The results of this early study have proved to be the principle features of ID
immunisation, borne out by many subsequent reports over 30 years.

To test the immunogenicity of the same dose given ID and IM, a three-dose pre-
exposure course of 0.1 ml of vaccine ID was compared with an identical dose IM.
Significantly higher titres were induced by the ID route, and all exceeded the
WHO minimum level (Fishbein et al. 1987). Similarly a whole dose divided
between multiple ID sites was more immunogenic than the same dose IM
(Phanuphak et al. 1987; Khawplod et al. 2002b).

2.3 Varying ID Doses and Side Effects

Meanwhile in Germany, between 2 and 4 ID doses of 0.2 ml of HDCV given over
28 days proved immunogenic (vaccine potency only 1.2 IU/ml, half the current
minimum of 2.5 TU/ml) (Cox and Schneider 1976). The investigators’ concern that
ID injection might cause sensitisation proved unfounded. In France, dividing a
0.1 ml ID HDCV dose into two 0.05 ml ID doses gave similar antibody levels.
The ID regimens gave good seroconversion but the titres were lower than two SC
doses of 1 ml (Ajjan et al. 1980).

Local reactions at ID injection sites were greater during primary than booster
inoculation (Nicholson et al. 1978). Studies over 30 years show that the systemic
side effects after ID treatment are similar to those of IM doses but that local
reactions, usually erythema and irritation, are more frequent.

2.4 The Effects of Incorrect ID Injection Technique

Injecting ID vaccine below the dermis is assumed to impair immunogenicity.
When a 0.1 ml ID vaccine dose was erroneously deposited SC, the antibody
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response was significantly diminished. Although all volunteers seroconverted, not
all the SC recipients’ results reached 0.5 IU/ml (Bernard et al. 1982). Increasing
the SC dose to 0.25 ml was as immunogenic as the 0.1 ml ID route. To investigate
the effect of failing to inject the correct amount of vaccine, dilutions of vaccine
were given in 0.1 ml doses, both IM and ID, with a full IM dose control. The
lowest doses, IM (3% of the full dose) and ID (1% of an IM dose), still induced
antibody above the CDC minimum titre (1:5) in all, but some were <0.5 IU/ml.
Overall, the dose response curve for the ID route was parallel to, but higher than
that for the IM route (Fishbein et al. 1987). The number of subjects in these two
studies was about 25 per group, and the potency of the vaccine was 3.8 IU/ml.
Phanuphak et al. (1990) simulated erroneous ID injection in two sites and found
adequate antibody on day 14, even if one or both injections were SC. The potency
of this particular vaccine was high at >10 IU/dose. However, another study
compared 0.2 ml of HDCV SC in four sites with the same regimen of 0.1 ml ID
per site. The SC gave poor results on day 7 and lower titres throughout (Warrell
et al. 1984). The depth of SC injection may be important.

In conclusion: failing to deliver the complete ID dose, or unintended SC or IM
injection, could result in lower antibody levels in some cases. For pre-exposure
immunisation, this is unlikely to occur with all three inoculations, so the course
would still be immunogenic, resulting in an accelerated secondary response to a
subsequent post-exposure booster dose. Hence occasional faulty technique is not a
cause of concern for 0.1 ml ID pre-exposure prophylaxis.

3 Pre-exposure Immunisation
3.1 The Introduction of ID Pre-exposure Vaccination

At first, the pre-exposure regimens varied in different countries (Roumiantzeff et al.
1988), but three IM doses on days 0, 7 and 28 became accepted as the standard (WHO
1992) (Table 1). The immunogenicity of ID immunisation was proven in several
trials in Europe and the USA (Roumiantzeff et al. 1988). In 1984 the WHO first
recommended pre-exposure vaccination with an ID dose of 0.1 ml as alternative to
IM 1 ml (WHO 1984), and it was recommended for use in the UK (Immunisation
against infectious disease 1984). ID treatment was officially recognised as acceptable
in the USA in 1982 (CDC 1982). As the vaccine contained no preservative and was
not registered as a multi-dose vial, it could not be approved by the FDA, and in 1984 it
was recommended for ID use if the whole ampoule was used immediately (CDC
1984). A new packaging containing 1/10th of the IM dose was then sanctioned by the
FDA in the USA (Dreesen et al. 1984). However, the 0.1 ml HDCV preparation was
expensive to produce, proved uneconomical and was withdrawn.

Peace Corps workers and others immunised in developing counties were found to
have lower antibody titres after ID immunisation. A thorough investigation (Bernard
etal. 1985) concluded that multiple factors, including the immunosuppressive effect
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of concomitant chloroquine malaria prophylaxis (Pappaioanou et al. 1986), were
responsible. As a result, the CDC ruled that ID immunisation should be completed
before departure to a rabies endemic area. Otherwise, and for anyone taking chlo-
roquine, the vaccine should be given IM (CDC 1986). It was considered unnecessary
to confirm seroconversion after ID vaccination.

The VeRO cell vaccine, PVRV, was licensed in 1985, with an IM dose of
0.5 ml. The ID dose remained at 0.1 ml for pre-exposure immunisation because it
is the smallest volume practicable, although double the amount of antigen is given.

3.2 Current Practice of ID Pre-exposure Rabies Prophylaxis

ID pre-exposure immunisation has now been recommended by the WHO for
25 years.

Serological testing after vaccination is recommended only if immunosuppres-
sion is suspected (WHO 2005). Nevertheless, there has been concern over low
antibody levels (Lau and Sisson 2002). ELISA serological tests are not considered
as accurate as the rapid fluorescent focus inhibition neutralising antibody test,
especially at low levels. Checking titres after ID pre-exposure immunisation is,
therefore, recommended in some places (Australian Immunisation Handbook
2008; Canada Communicable Disease Report 2005). However, the importance of
maintaining a detectable antibody level is unknown. The immune response to
booster doses is predictable even if the antibody level was low previously (Turner
et al. 1982; Horman et al. 1987; Fishbein et al. 1986). Vaccine is not always
available promptly after an exposure, and so a booster dose might be advisable
before travel to remote areas. Alternatively serological testing is recommended as
another dose is unnecessary if antibody is detectable. There is one report of rabies
following pre-exposure prophylaxis with a tissue culture vaccine: that of a Peace
Corps worker who received ID immunisation was bitten by a dog in Kenya but had
no post-exposure treatment (Bernard et al. 1985). Her death is attributed to failure
to give vaccine after exposure.

The ID route is not currently recommended in the USA (Manning et al. 2008) or
in the UK (Dept of Health 2006). The main reason is that the vaccines contain no
preservative, and so sharing ampoules for ID use does not comply with pharma-
ceutical regulations for multi-dose vaccines, and is considered ‘off label’ use in
many countries, although ID immunisation may be given on the responsibility of
the doctor. There is unsubstantiated concern over the ability of staff to inject ID,
but if an ID injection fails to raise a characteristic bleb, another dose can be given
immediately at an adjacent site. No problems have been reported by users. Once
opened, an ampoule of vaccine can be shared between several people who can be
immunised on the same day. A new syringe and needle must be used for each
patient. The opened vial is kept in the fridge and discarded after § h (WHO 2005).

Pre-exposure immunisation is often considered prohibitively expensive, espe-
cially in the USA (Trevejo 2000). About 26% of travellers to rabies endemic areas,
who refused vaccination, considered it unaffordable (Altmann et al. 2009).
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However, reliance on having post-exposure prophylaxis abroad if exposed to
rabies is unwise, as correct treatment was provided locally in only 24% cases (Hatz
et al. 1995). Sharing an ampoule within a group reduces the cost and is suitable for
use in travel clinics also for families, students, veterinarians, international aid
workers, military personnel and most important, for residents of dog rabies
endemic areas. Doctors should not be afraid to comply with the WHO guidelines
and give vaccine ID to people who would otherwise have none. If there is no time
for the complete pre-exposure course, give one or two doses and warn the recipient
that they should have full post-exposure prophylaxis if exposed to rabies.
The immunisation can be completed or restarted later. Having had any previous
vaccine is an immunological advantage if exposed to rabies.

4 Post-exposure Immunisation

4.1 Rabies Tissue Culture Vaccines ID for Post-exposure
Prophylaxis

Rabies vaccines are unique because they are usually used in an emergency to
induce rapid immunity following exposure to a rabid animal. The criteria
required for rabies post-exposure vaccination are, therefore: the speed of antibody
induction; to be consistently immunogenic throughout the population; to be easy
to use and to be acceptable to patients and staff, and affordable. In Africa the cost
of the five-dose post-exposure IM course is US$39, which is prohibitive since
half the Sub-Saharan population subsists on less than US$1.25 a day. In Asia,
stopping the production of nervous tissue vaccines, usually provided free of
charge, has recently increased the need for tissue culture vaccines, for which
patients often have to pay. For the past 25 years, attempts have been made to
reduce the cost by: decreasing the dose of vaccine; changing the route of
injection; the number of sites of application; the timing of the doses and adding
adjuvants or immunostimulants.

Multiple-site injection was first suggested by Dr David Tyrrell as emergency
prophylaxis for staff caring for two rabies patients in London hospitals, with a
limited amount of available vaccine. Four ID injections of 0.1 ml HDCV, one into
each limb on day 0, induced detectable rabies neutralising antibody significantly
more rapidly (by day 7) than if 0.1 ml of vaccine was given ID as 4 daily doses on
days 0, 3, 7 and 14 (Turner et al. 1976). The principle of giving multiple ID doses
on the first day was pursued and eight ID 0.1 ml doses were given on a single day
anecdotally, including to two people resulting in very much higher antibody levels
than the standard IM regimen by day 7 (Nicholson et al. 1979, 1981). Rabbits were
protected against viral challenge by four ID doses, at least as effectively as an IM
dose of HDCV (Nicholson et al. 1981). For further data on the relationship
between ID vaccine dose and immunogenicity see Sect. 4.5.
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The initial cell-mediated immune response induced by multiple-site ID HDCV
injection was significantly higher than twice the dose by the IM route, according
to a lymphocyte transformation test (Ratanavongsiri et al. 1985). Doubling or
tripling the initial IM dose of vaccine was explored (Anderson et al. 1981;
Suntharasamai et al. 1987a, b), and although the results were encouraging, it was
not economical.

4.2 The Evolution of the First Economical Multi-Site ID
Post-exposure Regimen

The rate and quality of the immune response to nine different economical candi-
date post-exposure vaccine regimens were compared with the standard regimens of
IM HDCV and Semple vaccine (Warrell et al. 1983, 1984). The most rapid,
consistently high level of neutralising antibody occurred after a regimen of: a
whole ampoule of HDCV divided between eight sites ID on day 0, 0.1 ml ID at
four sites on day 7 and 0.1 ml ID at single sites on days 28 and 91. Giving a low
dose of antigen risks immunosuppression by concomitant RIG treatment, but
adequate antibody was still induced despite an inadvertent double dose of human
RIG on day 0 (Warrell et al. 1984). The serological results were still adequate if
the first day’s dose was changed to only four ID injections (Suntharasamai et al.
1987a), which provides reassurance if the accuracy of the ID injection technique is
uncertain. The method uses less than 40% of the vaccine of the IM regimen, and
has fewer clinic visits. The eight sites chosen for injection were the deltoid, thigh,
suprascapular and lower anterior abdominal wall areas, which all drain to different
groups of potentially responsive lymph nodes.

4.3 Eight-Site ID Regimen

This eight-site regimen was then tested clinically in 155 patients bitten by proven
rabid animals in a randomised comparative trial of the eight-site ID HDCV reg-
imen or with the Semple vaccine used at that time (Warrell et al. 1985). Patients
with severe bites also had ERIG. On day 7, 88% of patients given ID HDCYV alone
had detectable antibody, and in 33% it was >0.5 IU/ml. All in the HDCV groups
had antibody >0.5 IU/ml from day 14 to 1 year, and RIG did not significantly
suppress the immune response to this reduced dose of antigen. The antibody
response to Semple vaccine was much lower. After 2 years no deaths from rabies
have been detected amongst the vaccinees. The immunogenicity of the eight-
site regimen using PCECV has been confirmed (Suntharasamai et al. 1987a;
Madhusudana et al. 2001), including in 32 patients with proven exposure to rabies
with or without RIG (Madhusudana et al. 2002). The eight-site regimen meets all
the WHO requirements for post-exposure use.
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4.4 Two-Site ID Regimen

The new PVRYV was licensed with an IM dose of only 0.5 ml, making it unsuitable
for use with the eight-site regimen. Hence, in 1990 the Thai Red Cross Institute
devised an economical ID regimen for PVRV. Two ID 0.1 ml doses were given
over the deltoids on days 0, 3 and 7, with single site ID doses on days 28 and 90.
The immunogenicity of this two-site regimen was equivalent to that of the IM 5
dose treatment, and it was chosen for use, despite the fact that double the dose
gave higher antibody levels during the crucial early weeks (Phanuphak et al.
1987). In a post-exposure trial, 100 patients bitten by proven rabid animals were
given the two-site PVRV regimen with RIG. 19 had severe bites. Serology on only
ten patients showed antibody >0.5 IU/ml from day 14 to 1 year, and no rabies
deaths occurred (Chutivongse et al. 1990).

The ID dose with PVRV was 0.1 ml, and the equivalent dose with PCECV
(1 ml per ampoule) was 0.2 ml/site. The two-site method used the same total
amount of vaccine as the eight-site, and the only difference between them is that
the large first dose of the eight-site regimen is divided between days 0 and 3 in the
two-site regimen, which therefore needs an extra clinic visit. The eight-site method
induced higher levels of neutralising antibody than the two-site regimen, from day
7 to a year later (Madhusudana et al. 2001, WHO 2005). These two economical
regimens were recommended by the WHO for use where insufficient vaccine was
available for the IM regimen (WHO 1997).

Subsequently, half the original dose of PCECV, 0.1 ml per ID site, with the
two-site regimen was shown to induce adequate antibody levels (Suntharasamai
et al. 1994, Madhusudana et al. 2004). After post-exposure studies (Briggs et al.
2000; Quiambao et al. 2005; Madhusudana et al. 2006) the WHO recommended
0.1 ml as a standard ID dose for either vaccine in 2005. Hence the current two-site
regimen with PCECV needs half the amount of antigen than is used for PVRV.
The method has been used for several years in parts of Thailand, and also four
other Asian countries, where RIG is usually available for severe cases. Unpub-
lished studies gave rise to concern about the immunogenicity of this lower dose
two-site regimen, and higher potency PCECV was demanded in Thailand and
other countries (Dodet 2007). This should no longer be necessary as an alternative
regimen is available. An option was also introduced to omit the day 90 dose and to
double the dose on day 28 (WHO 2005, 2007) (Table 1).

4.5 The Relationship Between ID Vaccine Dose
and Immunogenicity

To design an economical regimen, the relationship between the amount of vaccine
injected and the antibody titre induced is crucial. An increasing antibody response
correlated with the number of 0.1 ml ID injections of HDCV (1, 2, 4 or 8 ID doses)



Intradermal Rabies Vaccination 149

given on a single day (Téduber et al. 1986). Diluting PCECV given by a multiple-site
ID regimen clearly confirmed that the antibody response rises with the ID antigen
dose (Beran et al. 2006). Unfortunately these data failed to reveal an inevitable upper
threshold of antigen, above which the antibody levels reach a plateau. Further
studies showed that doubling the ID dose of PVRV from approximately half to a
whole ampoule of vaccine on days 0 and 3 (Phanuphak et al. 1987) or from one to
two ampoules ID on day 0 (Quiambao et al. 2008) gave higher antibody levels on day
7 (p < 0.0005, p < 0.001, respectively). Another study agreed with the results of
Phanuphak, and also showed that two ampoules ID on day 0 showed no immuno-
logical advantage over one ampoule on days 0 and 3 (Khawplod et al. 2002b). The
same dose IM was less immunogenic in all the studies.

The conclusions are that a whole ampoule on days 0 and 3 gives better results
than half that dose and there is no clear further benefit from two ampoules
on day 0. Limitations of the data published restrict further interpretation.
The minimum antigen threshold giving maximum immunogenicity is at least one
ampoule on the first day.

4.6 Problems with ID Post-exposure Vaccine Regimens

The eight-site and the two-site regimens have been recommended by the WHO for
13 years (WHO 1997). They can be economical (Goswami et al. 2005), but their
widespread implementation has been hindered by: lack of confidence in low dose
regimens against this fatal disease; confusing dosages; the need for more than one
patient to be treated the same day; pharmaceutical restrictions over multi-dose
vials; the eight-site is inconvenient to use and is not economical with PVRV
(0.5 ml per vial) and because they have not been promoted. As a result ID vaccine
regimens are used in a few places in Asia, mainly in big clinics, but this approach
is practically unknown in Africa. Radical changes are necessary to introduce
economical prophylaxis into more counties and especially into rural areas, where
most rabies deaths occur.

4.7 Four-Site ID Regimen

The sharing of ampoules of vaccine and number of clinic visits would be reduced
by modifying the eight-site regimen to four-site one to give the same antigen dose
but in half the number of ID sites, so that it can be used with any vaccine. The
four-site ID regimen using PVRV (0.5 ml/ampoule) consists of:

Day 0: 4 x 0.1 ml (approximately) ID injections over the deltoid and thigh.
Day 7: 2 x 0.1 ml ID injections over the deltoid.
Day 28: one dose ID over the deltoid (Table 1).
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The timing of this dose may be adjusted to enable economy by sharing vials.
For example a clinic might assign just 2 or 3 days a week for the final treatment.
This simplified ID regimen was tested in a randomised controlled comparison with
the eight-site and the two-site ID regimens and the standard IM regimen. The
results demonstrated that the four-site ID regimen is at least as immunogenic as the
IM ‘gold standard’ (Warrell et al. 2008). The method meets the WHO criteria of
immunogenicity, and supersedes the eight-site regimen.

Four-site injections of PVRYV in this trial used a whole ampoule of vaccine on
day 0, but if PCECV (1 ml/ampoule) is used, 0.4 ml is half an ampoule in practice.
Ambrozaitis et al. (2006) tested the four-site regimen with these two vaccines,
without any comparison with a standard regimen. They found that an ID dose of
0.1 ml/site of both vaccines gave similar antibody levels. They injected deltoid
and suprascapular sites, which gives an alternative method which might be helpful
in cultures where there is reluctance to expose the thighs.

Quiambao et al. (2008) also confirmed the immunogenicity of the four-site
regimen in comparison to the IM and the two-site regimens.

4.8 Practical Aspects of the Four-Site ID Regimen

Only three visits to the clinic are needed with the four-site regimen, on the same
days as the routine pre-exposure course (0, 7 and 28), but it uses less vaccine
(Table 1). This regimen is economical if two or more patients are treated toge-
ther, and there still is a saving of vaccine if only one patient is treated (using
three vials instead of five doses IM). Any vaccine that is left over can be used as
ID pre-exposure vaccination for others, but with a new syringe and needle for
each patient, and remaining vaccine must be kept cool and discarded at the end of
the day.

With PCECV (1 ml ampoule), a standard 0.1 ml dose per ID site may be
suitable for use in clinics treating more than one person on the same day with
limited resources. Otherwise and if only one patient is treated on the first day, the
dose equivalent to that for PVRV is used: on day 0, a whole 1 ml ampoule is
divided between four sites ID over the deltoid and thigh/suprascapular areas.
On day 7, two 0.2 ml ID injections over the deltoid, and on day 28 a single 0.2 ml
dose ID. Any difficulty in injecting 0.2 ml ID is solved by withdrawing the needle
and injecting the remainder in an adjacent area (Chi et al. 2010). This prevents
wastage of vaccine on the first day and provides a large immune stimulus
immediately, increasing the chance of survival for patients who fail to complete
the vaccine course. Accidental SC instead of ID injection should not impair the
immunogenicity because a whole ampoule is used and half the ID dose is ade-
quately immunogenic (Ambrozaitis et al. 2006). This gives a wide margin of
safety, an essential requirement as it is likely to be used by inexperienced staff
especially in developing countries with a high prevalence of HIV infection.



Intradermal Rabies Vaccination 151

5 Post-exposure Vaccination in Previously Immunised
Patients

5.1 A New Single-Day ID Regimen

For those who have already had a complete pre- or post-exposure course of
vaccine, no RIG is needed and a shorter course of two IM booster doses of vaccine
are given, on days 0 and 3. An alternative single-day treatment is to inject 0.1 ml
of vaccine ID at four sites on the deltoid and thigh or suprascapular regions
(Table 1). This has proved at least as immunogenic as the IM method
(Tantawichien et al. 1999; Khawplod et al. 2002a); it has been used in thousands
of patients in Thailand and has been approved by the WHO. In practice using
PVRYV, the whole (0.5 ml) ampoule of vaccine is divided between 4 ID injections.
With PCECV, 0.1 ml x 4 is about half a 1 ml ampoule, giving half the dose.
When used in clinics with more than one patient a day, sharing ampoules would be
economical, but if only one person is treated, vaccine wastage should be avoided.
It is then more practical, and safer in inexperienced hands, to recommend using a
whole ampoule of any vaccine divided between four ID sites.

6 The Future?

Inactivated rabies vaccines have been used to pioneer the immunological and
economical advantages of ID vaccine administration over 35 years. Recent events
have created an opportunity to make dramatic progress towards efficient use of the
current excellent vaccines globally, wherever there is a shortage of vaccine or
funds.

Changes in pharmaceutical regulations have been precipitated by the hurried
registration of 2009 pandemic HINI influenza vaccines without any preservative
in multi-dose vials. If these rules were applied to rabies vaccines, the avoidable
risk of cross-contamination could be rationally balanced against the risk of death
from rabies.

6.1 In Developing Countries

Primary vaccination alone may not prevent rabies after severe exposure, but RIG is
often not available in many countries in dog rabies enzootic areas, and the patient
usually has to bear the cost (Dodet 2006, 2009b). This is unlikely to change even
when new rabies monoclonal antibody products are introduced in several years’
time, but the need for RIG treatment could be avoided if children were routinely
vaccinated. ID pre-exposure vaccination proved immunogenic with a regimen
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suitable for inclusion in routine immunisation schedules (Vien et al. 2008;
Kamoltham et al. 2007), and ID rabies vaccination of school children has begun in the
Philippines (Dodet 2009a). This is probably too expensive for widespread use, but it
may be economical in areas with a high incidence of potentially rabid dog bites.

The reasons for the dismal uptake of post-exposure ID vaccine regimens in
developing counties have been discussed, but the advent of a simplified more
practical four-site regimen provides an opportunity to increase confidence in using
vaccine ID in the rural areas of Africa and Asia where it is most needed.
Co-ordinated activity of professional networks including the Southern and Eastern
African Rabies Group, the Africa Rabies Expert Bureau and the Asian Rabies
Expert Bureau, provides a means of introducing appropriate improvements in
human prophylaxis and dog rabies control.

6.2 In Developed Countries

The importance of economy in rabies vaccine use has resulted from intermittent
shortages and the prohibitive cost to governments, patients and to travellers who
cannot afford immunisation. A lack of supplies recently caused the CDC
temporarily to withhold pre-exposure vaccination in the USA (Bourhy et al.
2009). The reintroduction of pre-exposure ID treatment with current vaccine is
being considered (Recuenco et al. 2009) to help overcome future vaccine
shortages. In some developed countries ID pre-exposure vaccination may be
given on the doctors’ responsibility. Since there has been no recorded failure of
this treatment if a booster dose is given after exposure to rabies, doctors should
not be afraid to implement the WHO guidelines (WHO 1984, 2007) to reduce
the costs by sharing vaccine vials, especially for those who would otherwise
remain unvaccinated.

Novel devices for delivering antigen ID (Kim et al. 2011) are being evaluated
for influenza (Falsey 2010) and other antigens including rabies (Laurent et al.
2010). Although more convenient and less prone to error or contamination, the
same amount of antigen has been used as with the usual Mantoux syringe. There
has been no comparison of the immunogenicity of the old and new ID injection
methods. A microneedle or other delivery system might be useful for the relatively
small market of pre-exposure prophylaxis in developed countries, but they are
unlikely to be practical in the foreseeable future where rabies vaccine is most
needed, as post-exposure prophylaxis in Africa and Asia.

The five-dose post-exposure IM regimen can be reduced to a three dose, four-
site ID regimen without contravening any pharmaceutical regulations, although
vaccine is wasted. Global rabies prophylaxis in the twenty-first century could
become predominantly ID until new vaccines, for example a live genetically
engineered virus product (Cenna et al. 2009), prove effective and practicable to
implement.
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Intradermal Vaccination to Protect
Against Yellow Fever and Influenza

A. H. E. Roukens, L. B. S. Gelinck and L. G. Visser

Abstract The viral infections yellow fever and influenza can lead to large epi-
demics, which may deplete limited vaccine supplies. The intradermal vaccination
route of yellow fever and influenza vaccines has received renewed attention,
because it allows dose reduction without loss of efficacy. In this chapter, we review
these two vaccines, the history of vaccine development, correlates of protection,
immune response to vaccination and current knowledge concerning intradermal
vaccination, including the immunological background, both in healthy subjects

and immunocompromized individuals.
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1 Introduction

Intradermal (ID) vaccination has recently entered the main arena for several
commercially available vaccines. The driving force behind ID vaccination with
reduced vaccine doses are cost reduction and increased coverage of vaccination
programs despite limited vaccine supplies. In addition, the proven immunological
superiority has sparked the development of easy to use ID vaccination devices.
Still many practical obstacles to ID vaccination remain.

In this review, we discuss two different viral infections, yellow fever and
influenza. The history of vaccine development and the current state of affairs con-
cerning ID vaccination, including the immunological background, both in healthy
subjects and immunocompromized individuals are discussed for these two viruses.

2 Clinical Consequences of Infection
2.1 Yellow Fever

The yellow fever virus is a small (40—60 nm) positive-sense, single-stranded RNA
virus, belonging to the flavivirus family, which also include viruses such as
Dengue virus, West Nile virus, Japanese encephalitis virus and Tick Borne
Encephalitis virus. The genome of the yellow fever virus consists of a single open
reading frame which encodes three structural proteins (capsid, premembrane, and
envelope proteins), and eight non-structural proteins which are involved in the
replication of the virus (Monath 2008a).

Infection with yellow fever virus causes yellow fever, a mosquito-borne
hemorrhagic fever that occurs mostly in sub-Saharan Africa (90% of cases
worldwide) and tropical regions of South America. Approximately 200,000 cases
of yellow fever occur annually (Monath 2008a). It is a major public health threat to
hundreds of millions of people living in endemic regions, and for millions of
travelers to yellow fever endemic areas (WHO 2003). Infection with yellow fever
virus can give rise to a wide spectrum of clinical manifestations, from subclinical
infection in 75% of those infected, to a life-threatening disease with multi-organ
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failure, jaundice, and hemorrhage. The classical illness is characterized by three
stages. The first stage is marked by non-specific symptoms such as malaise, fever,
headache, myalgia, anorexia, and nausea. After 3 to 4 days, a period of remission
occurs that can last up to 48 h. Many patients recover at this stage, but 25% enter
the intoxication phase that is characterized by hepatic, renal and myocardial
dysfunction, and hemorrhage. Fifty percent of those who enter the intoxication
phase die (Monath 2008a). Antivirals such as ribavirin, and immune modulators
such as interferon alpha, are effective when administered within 2 days after
yellow fever infection (when symptoms are indistinguishable from many other
viral infections), but ineffective when given after the infection is established
(Monath 2008b), rendering vaccination the only real protection against the disease.

2.2 Influenza

Influenza viruses belong to the family of Orthomyxoviridae. These enveloped
viruses have a spherical or filamentous form (80-120 nm) and contain a seg-
mented genome of negative-sense single-stranded RNA. Three distinct influenza
types are recognized: influenza A, influenza B, and influenza C virus. Influenza A
viruses are subtyped according to their major surface antigens: hemagglutinin (H)
and neuraminidase (N). Although at least 16 different H and 9N antigens have
been found (of which most exclusively in birds), only few H-N combinations have
been found to efficiently infect humans. Influenza A/H3N2, A/HINI and influenza
B have been the dominant viruses infecting the human population during the last
decades. Smaller, more contained, epidemics with influenza A/H5N1 and A/H7N7
have occurred (Treanor 2009).

Influenza viruses display a high degree of gradual adaptation by antigenic
alterations over time. Furthermore, they have a more efficient global spread than any
other known infectious agent. For these reasons official influenza nomenclature also
includes place of initial isolation, strain designation and year of isolation. In mod-
erate climates, influenza activity typically peaks during the winter months. Influenza
viruses escape existing immunity of the human population by (minor) antigenic
changes called antigenic drift. Typically some cross-reactive immunity against these
viruses exists that helps to contain the extent of the epidemic. When larger antigenic
adaptations occur (antigenic shift) the entire human population may become sus-
ceptible to such a virus, possibly leading to a pandemic. The 2009 influenza A/HIN1
strain was a new antigen for the younger population but not for the elderly who had
been infected with the 1918 influenza A/HINI virus or related viruses. This pre-
existing immunity has dampened the impact of the influenza pandemic for those who
are classically the most vulnerable to this virus (Kelly and Grant 2009).

The clinical manifestations of influenza range from asymptomatic to a severe
disease with pneumonia, myocarditis, or encephalitis. Typical manifestations of
influenza are a sudden onset of (high) fever with chills and malaise (including
headache and myalgia), mostly accompanied by respiratory symptoms of the
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upper airways. The disease typically has a self-limiting character, with fever
subsiding after 3-5 days. Morbidity and mortality are higher in the elderly, in
cardiovascular or pulmonary compromized patients, and in those with impaired
immunity. Annually, influenza is a major cause of morbidity and mortality, and
has major economical consequences through missed working days. Several anti-
viral drugs are available for influenza. Antiviral treatment should be initiated
promptly in order to affect the course of the disease. Especially in immuno-
compromized patients, who fail to clear the virus, resistance associated with
treatment failure has been documented. Resistant strains can cause epidemics.
In the US, over 90% of all tested circulating influenza A/HINI1 strains were
oseltamivir resistant; the subsequent 2009 influenza A/HINI strain was innately
amantadin resistant (Centers for Disease Control and Prevention (CDC) 2009).

3 History of Vaccination
3.1 Yellow Fever Vaccine Development

In the 1920s, the yellow fever virus was isolated by English-American researchers
from a Ghanaian patient, called Asibi, who suffered from yellow fever. The virus
was inoculated into a monkey to use as a model for yellow fever infection (Stokes
et al. 2001). Concurrently, French researchers isolated the virus from a patient in
Dakar. This virus was used to develop a mouse model of yellow fever infection,
which was employed to demonstrate protection against yellow fever infection by
serum antibodies. In the following years, both research groups attenuated the wild-
type yellow fever virus with the aim of inducing protective immunity in humans,
without causing disease. The French researchers developed the French Neurotropic
Virus (FNV), derived from the Dakar-strain (Sellards 1931). After intramuscular
inoculation, FNV induced severe neurological symptoms, but these were dimin-
ished after vaccine delivery by scarification. The English-American group prop-
agated the Asibi-strain on mouse embryo tissue. To abate the neurotropism that
was observed with the attenuated Dakar-strain, the Asibi-virus was passaged on
mouse embryo tissue stripped of nervous tissue. In the later and final stages, the
virus was attenuated by repeated passage on chicken embryo tissue, of which
the nervous tissue had been removed, and after 227 and 229 passages, this led to
the development of an immunogenic and safe Yellow Fever-17D (YF-17D)
vaccine strain (Theiler and Smith 1937).

The FNV and YF-17D strains were used concurrently for immunization against
yellow fever, until in 1965, when a vaccination campaign in Senegal with FNV
resulted in an epidemic of vaccine-related encephalitis in children mostly between 2
and 11 years (children <2 years were excluded from vaccination) (Mar et al. 1967).
After the restriction of vaccinating with FNV under the age of 14, the French vaccine
lost its popularity and production was discontinued in 1980. Since then, YF-17D has
been the only available vaccine strain for yellow fever vaccination. Two different
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substrains derived from the 17D yellow fever strain, called 17DD and 17D-204, are
used for the manufacturing of yellow fever vaccines today (Fig. 1). The 17DD
substrain is used in Brazil and the 17D-204 substrain in all other countries where
yellow fever vaccine is manufactured (Monath 2005).

3.2 Yellow Fever Vaccine: Correlates of Protection

Protection against yellow fever is determined by the development of neutralizing
antibodies (NA). A protective antibody titer is defined as a log 0.7 (=80%)
reduction of viral infectivity by minimally diluted (1:10) serum of the vaccinee,
measured by the plaque reduction neutralization test. This assay measures the
reduction of cell clusters (plaques) of cells infected by YF-17D in the presence of
serum containing NA. A log 0.7 plaque reduction has been shown to correlate to
protection in monkeys, when challenged with 10° mouse lethal doseso adminis-
tered subcutaneously 20 weeks after vaccination (Mason et al. 1973). The plaque
reduction neutralization test is considered the most sensitive and specific test to
measure yellow fever NA (Niedrig et al. 1999). Recently, the role of cellular
immunity in yellow fever vaccination has been investigated. Although these
studies provide a very interesting insight into the development of the response
against the yellow fever vaccine, the NA titer has historically proved useful as a
correlate of protection, since no reports on yellow fever infection have been
published in individuals with protective NA titers.

3.3 Influenza Vaccine Development

Although influenza epidemics have been recognized since the sixteenth century,
influenza virus was first isolated in 1933 by Wilson Smith and colleagues
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(Smith et al. 1933). Before the isolation of the virus, the disease was faultily
attributed to Haemophilus influenzae, which was often isolated from patients suf-
fering from influenza. Attempts to use this micro-organism to vaccinate against
influenza, obviously failed. In his 1933 paper, Wilson Smith also refuted the role of
Haemophilus spp. as a causative agent of influenza (in ferrets). The recognition of
the viral etiology immediately boosted vaccination research. Commercial influenza
vaccines were approved for clinical use in 1945 in the United States. The earliest
influenza vaccination trials already explored the possibility of ID vaccination.
Numerous studies published between 1947 and 1958 explore this vaccination route,
because of a reduced risk of serious side effects, while saving antigen and achieving
equal post-vaccination titers (Appleby et al. 1951; McCarroll and Kilbourne 1958).

The need to annually update the influenza vaccine, in response to the antigenic
adaptations of the virus, has created a highly efficient vaccine development and
production industry. The epidemiology of influenza viruses is constantly monitored
across the globe. The isolation of a new antigenic influenza A/HIN1 variant by the
US Centers for Disease Control and Prevention in April of 2009, led to the cloning
and distribution of an appropriate vaccine strain within 30 days. The typical vaccine
strain is a construct of gene segments encoding for the hemagglutinin, neuramini-
dase, and a polymerase from a current strain combined with the remaining genes
taken from a 1934 ‘backbone’ influenza virus. Several vaccine manufacturers then
started the process of mass production, in which embryonated eggs are inoculated to
grow these viruses in larger amounts, so that clinical studies could be conducted in
July 2009. The first results of these studies were published in September, less than
6 months after isolation of this new strain (Greenberg et al. 2009).

The classical influenza vaccine is a split or subunit vaccine, which only con-
tains the immunogenic antigens (primarily the hemaglutinin, but also the neu-
ramidase). For several decades, the development of live-attenuated influenza
viruses has been investigated. Similar to the live-attenuated yellow fever vaccine
virus, these live vaccine strains have to be attenuated so that they will still generate
immunity, without causing fever or disease and without the risk of transmission or
reversion to the wild type virus. Several techniques of attenuation of these influ-
enza strains have been tested. The currently registered live-attenuated influenza
virus strains have been attenuated by cold adaptation.

3.4 Influenza Vaccine: Correlates of Protection

Inactivated vaccines contain a controlled minimal amount of haemagglutin per
strain (usually 15 pg), and also contain other antigens. Virus strain-specific anti-
bodies directed against the major viral surface glycoproteins are the main outcome
of vaccination with inactivated viruses. The most commonly used test to assess the
immunogenicity of influenza vaccination is the haemagglutination inhibition (HI)
assay. This test relies on the ability of the virus specific antibodies to inhibit
haemagglutination caused by the viral haemagglutin. This test correlates well with
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other quantitative measurements that determine neutralizing antibodies. HI titers
are correlated with clinical protection against influenza in healthy adults. On the
basis of data derived from 12 publications concerning healthy adults, it was
estimated that a median HI titer of 28 protected 50% of the vaccinees against the
virus (Beyer et al. 2004; de Jong et al. 2003; Plotkin 2008). A titer of >40 is
usually considered to be protective. The primary outcome of vaccination trials is
mostly determined by the geometric mean titer of anti-influenza antibodies. The
large differences in post-vaccination geometric mean titers, between different
strains (within one year and over longer periods) make this outcome measurement
less suitable to compare results from different studies over time. Other outcome
measurements are derived from the antibody titer. The protection rate (the per-
centage of a population with a post-vaccination titer >40) is considered to be a
clinically relevant outcome, although this percentage is influenced by the pro-
portion that already had a titer >40 before vaccination. Other vaccination out-
comes, such as the response rate, try to correct for this effect by including a
response criterion (such as a fourfold titer increase). In clinical practice, protection
rate, response rate, and other outcomes are clearly correlated.

Cold-adapted, live-attenuated influenza viruses have been shown to be effective
especially in children; adults show relatively poor serological response measured
by HI, although there was good clinical protection. This is suggestive of a different
route of immunological protection when live adapted viruses are used. Local
mucosal immunity and cellular responses might even represent more relevant
outcomes of vaccination than serum anti-influenza antibody titers. Subunit vac-
cines only transiently enhance cytotoxic T lymphocyte responses (McMichael
et al. 1981).

4 Immune Response Against Yellow Fever Vaccine
and Influenza Vaccine

4.1 Response Against Yellow Fever Vaccine
in Immunocompetent Persons

The YF-17D vaccine virus strain induces a viraemia that can be detected in 50% of
vaccinees and generally occurs from day 3 to day 7 with a peak on the fifth day
after vaccination (Monath 2005). After local replication, that probably occurs in
cells of the innate immune system, such as dendritic cells and macrophages of the
skin or subcutaneous tissue, the virus is carried to the draining lymph nodes, from
where it reaches other organs via the bloodstream and lymphatic system. NA have
been found to recognize epitopes on the envelope protein that is essential for virus
entry into the cell (Gould et al. 1986; Pincus et al. 1992). By opsonising the virus
shortly after infection, NA could hamper viral replication by blocking cell entry.
Ten days after vaccination, 95% of vaccinees showed protective NA levels, and
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after 30 days, 99% are protected. NA declined gradually with time after
vaccination (Niedrig et al. 1999), but have been shown to circulate in vivo up to
30-35 years after a single vaccination (Poland, Bull World Health Organ, 1981).
Among revaccinated healthy subjects, the vaccine boosted NA levels (Roukens
et al. 2008), indicating a good memory response; although some have reported that
the height of pre-existing NA may inversely affect the height of the booster
response (Hepburn et al. 2006).

Until recently, the cellular immune response after YF-17D vaccination was a
black box. The reason why it was hardly investigated is probably the fact that the
vaccine is very effective and that the correlate of protection by NA is sufficient in
daily practice. With the development of new research techniques and increased
interest in the mechanism of this effective vaccine response, interesting results
concerning the cellular immune response against YF-17D have been published
recently. The peak of proliferation of natural killer cells was demonstrated on day
7 after vaccination, and T cell proliferation (CD4* and CD8") was most profound
14 days after vaccination. In addition, yellow fever vaccination induces a robust
memory response shown by highly proliferative CD4* and CD8" T cells that were
drawn from vaccinees 60-90 days after vaccination (Akondy et al. 2009; Gaucher
et al. 2008). A mixed CD4" T helper cell type 1 (Thl) and T helper cell type 2
(Th2) response was found, measured by proliferation and cytokine production,
with a variable Th1/Th2 balance per individual (Gaucher et al. 2008). The
development of a mixed Thl and Th2 response had been suggested previously,
since YF-17D activates multiple Toll-like receptors (TLRs), including TLRs 2, 7,
8, and 9, that induce diverse types of adaptive immune responses (Querec et al.
2006).

4.2 Response Against Yellow Fever Vaccine
in Immunocompromized Persons

The yellow fever vaccine virus is a live-attenuated virus that replicates after
inoculation, in order to induce a protective immune response. Immunocomprom-
ized persons have always been excluded from vaccination because of the risk of
inducing unrestricted replication of the vaccine virus and thereby causing a yellow
fever-like illness. Serious adverse events following YF-17D vaccination, known as
yellow fever-associated viscerotropic or neurotropic disease (YEL-AVD or YEL-
AND), could result from such an unrestricted viral replication due to the failing
immune response to YF-17D. YEL-AVD has been reported more frequently after
primary yellow fever vaccination in individuals older than 60 years of age,
although young and apparently immunocompetent individuals have also been
reported to develop these serious adverse events. In general, the immune response
to vaccines can be impaired in elderly (Weinberger et al. 2008), and this may
subsequently increase the susceptibility to acquire infectious diseases. In the case
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of yellow fever vaccination, the development of YEL-AVD or YEL-AND by
vaccination is a more important concern than an impaired response to the vaccine.
Although the early humoral immune response is be hampered in the elderly
(Roukens, unpublished results), NA titers are comparable to that of younger
vaccinees at 30 days post-vaccination (Monath et al. 2005).

The fact that impaired immunity can indeed be a risk factor for YEL-AVD is
shown by case reports of this fatal condition in immunocompromized persons. For
example, a human immunodeficiency virus (HIV) infected patient with a CD4 cell
count of 108 cells/smm? who died shortly after yellow fever vaccination
(Kengsakul et al. 2002), and the development of YEL-AVD in patients who
underwent thymectomy prior to vaccination (Barwick 2004). Recently, a retro-
spective study of HIV infected patients with a mean CD4 cell count of 537 cells/
mm® at the time of vaccination, included six patients with a CD4 cell count
<200 cells/mm® who did not develop serious adverse events following YF
vaccination. A significantly larger proportion of first-time vaccinated HIV-infected
patients (19%) did not show a protective neutralizing antibody (NA) response in
reaction to vaccination, compared to non-infected controls, in whom 3% of the
individuals did not show seroprotection. Out of all the HIV-infected participants,
83% developed protective NA titers in the first year after vaccination, compared to
93% of the controls. HIV-infected patients had significantly lower NA than
non-infected individuals, both within the first year after vaccination and thereafter.
The CD4 cell count was found to be a predictor of the development of the NA titer
(Veit et al. 2009). Of the six participants with a CD4 cell count <200 cells/mm”,
two did not develop a protective NA titer. None of these six patients developed
serious adverse events following yellow fever vaccination.

The response against yellow fever vaccination in patients who take immu-
nosuppressive medication (e.g. transplant recipients, patients with rheumatoid
arthritis or inflammatory bowel disease) has not been investigated. However,
immune suppression by cyclophosphamide in hamsters showed 50% mortality
due to neurological disease after YF-17D vaccination compared to no mortality
in the mock-treated animals (Mateo et al. 2007). In the daily practice, this means
that severely immunocompromized individuals (HIV infected with CD4 cell
counts <200/ml; patients using immunosuppressive medication, because of solid
organ transplantation, rheumatologic or inflammatory bowel disease; patients
with a history of thymectomy) are advised to avoid endemic and transitional
areas of yellow fever. Mildly immunocompromized, including elderly, are vac-
cinated if they visit yellow fever endemic or transitional regions, and advised to
use anti-mosquito bite protection if traveling to low-risk regions (Roukens and
Visser 2008). Recent research by Gaspard et al. showed that the subcutaneous
injection of inactivated YF-17D into mice induced an immune response that
protected against intracerebral inoculation of a lethal dose of YF-17D immune
response, although with lower NA titers than live-attenuated vaccine (Gaspar
et al. 2008). ID injection of inactivated YF-17D is not potentially harmful to
immunocompromized persons, and should be investigated in order to induce a
better response.
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4.3 Response against Influenza Vaccine
in Immunocompetent Persons

In healthy adults, peak antibody levels reach values of 2—10 times the protection
threshold (>40), giving rise to post-vaccination protection rates that are generally
>90%. Anti-influenza titers wane rather rapidly, leaving the majority with a HI
titer of <40 one year after vaccination. Clinical protection from illness however
has been shown to persist for several years after vaccination in a decreasing
proportion of the vaccinated population. Waning titers and drifting antigens do
however necessitate annual vaccination (Russell et al. 2008).

Additional determinants of the immune response are amongst others, age and
previous exposure. Overall the antibody response diminishes with increasing age.
The absolute number of na (CD4 and CD45RA positive) T cells is inversely
correlated with age. The decreasing numbers of na T cells secondary to a
diminishing thymus size are the result of a physiological aging process and affect
the immune response in the elderly (Bains et al. 2009; Lynch et al. 2009). This
explains also why the immune recovery after starting combined anti-retroviral
therapy in HIV-infected individuals is better at a younger age (Cohen Stuart et al.
2002; Douek et al. 1998). Many other factors have been described that might be
correlated with this so-called immunosenescence (Pfister and Savino 2008). Age
effects should be reported in every influenza vaccination study.

Previous exposure to the vaccine antigen is also relevant in all vaccination
trials. Pre-vaccination titers are generally higher in patients who have been vac-
cinated before. Furthermore, relatively high anti-influenza titers may persist for a
long time after developing influenza, even if the disease course was mild and not
recognized as ‘flu’ by the individual. We found that up to 70% of the healthy
previously unvaccinated controls had antibodies against the influenza A/H3N2
vaccine strain. Previous influenza vaccination or previous exposure to the virus
can act as an important confounding factor in determining vaccination outcomes
and should be addressed in every influenza vaccination study. In some, but not all
studies, we found lower post-vaccination titers in subjects with a history of pre-
vious vaccination, even when that vaccine antigen was identical to the one
administered the year before. This counter intuitive outcome has been described
before and was named ‘the Hoskins’ paradox’ after the author of several influenza
vaccination studies in the early 1970s (Beyer et al. 1998; Hoskins et al. 1979;
Smith et al. 1999). Two processes might play a role in the paradoxal lower post-
vaccination titers in previously vaccinated subjects: (1) neutralization of vaccine
antigen (or the forming of immune complexes) by circulating antibodies and (2) a
phenomenon know as the ‘original antigenic sin’: a related antigen (drift variant)
will boost the response to the original antigen, instead of to the newly administered
antigen, if there is enough resemblance.

Gender has been reported in some vaccination studies as a relevant factor for
which adjustment was necessary. Both male and female gender have been corre-
lated with better outcomes in different studies, however in influenza vaccination
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trials gender does not seem to play an important role (Overton et al. 2007; de
Vries-Sluijs et al. 2008). Many other factors have been implied as variables that
influence the outcome upon vaccination: among them the site of vaccine admin-
istration (e.g. deltoid vs. gluteal muscle), body weight and smoking (Chlibek et al.
2007; Mackenzie and Fimmel 1978).

4.4 Response against Influenza Vaccine
in Immunocompromized Persons

Influenza vaccination can be applied as a tool to measure the severity of the
immunodeficiency by determining the height of post-vaccination titers in several
patient groups with different forms of immunodeficiency, using a similar vacci-
nation protocol. We could find a clear hierarchy between different groups (Gelinck
et al. 2009). In patients infected with HIV, there is a correlation between post-
vaccination geometric mean titers and the number of CD4" T lymphocytes.
Individuals with a CD4 count below 200/mm? clearly show impaired serological
responses. Patients on successful suppressive anti-retroviral therapy still show
impaired responses, although the percentage with a protective titer 4 weeks after
vaccination is not dramatically lower than in healthy volunteers. The efficacy of
influenza vaccination in HIV-infected individuals has been confirmed in placebo-
controlled trials (Madhi and al 2009; Tasker et al. 1999).

Most groups of immunocompromized patients (solid organ transplant patients;
patients treated with immunosuppressive agents such as anti-TNF-o. or metho-
trexate because of auto-immune diseases; haemodialysis patients) show clear
trends towards an impaired response upon influenza vaccination in antibody
response, cellular response and even in clinical protection (Kunisaki and Janoff
2009). Post-vaccination antibody titers upon influenza vaccination are clearly
lower in haematological stem cell transplantation patients and patients treated with
anti-CD20 (rituximab). Rituximab depletes CD20" B cells which are the pro-
genitors of antibody-producing plasma cells, and thus inhibits the final common
pathway of both T cell-dependent and -independent humoral immune responses
(van Assen et al. 2010; Gelinck et al. 2007; van der Kolk et al. 2002; Oren et al.
2008; Takata et al. 2009). This B cell depletion typically lasts more than 6 months.

5 Increased Vaccine Coverage by Reduced-Dose
Intradermal Vaccination
5.1 Intradermal Administration of Yellow Fever Vaccine

ID vaccination is a recently rediscovered possibility of dose reduction through
augmented immune stimulation and has received much attention from vaccinologists
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(Glenn and Kenney 2006; Lambert and Laurent 2008; Nicolas and Guy 2008). By
reducing the vaccine dose needed for immunization, costs per vaccine dose decrease
and vaccine stockpiles last longer, possibly leading to higher vaccine coverage.
ID administration of reduced amounts of both yellow fever and influenza vaccines—
1/5th of the yellow fever vaccine or 1/5th of the influenza vaccine—elicited
protective immune responses (Belshe et al. 2004; Gelinck et al. 2009; Kenney et al.
2004). We have shown that in case of yellow fever, the reduced dose injected ID is
non-inferior to the subcutaneous dose, but we have not demonstrated the superiority
of ID immunization per se since no comparison was made between ID and con-
ventional immunization route of the reduced vaccine dose (Roukens et al. 2008).
In support of the superiority of the ID route, Cubas et al. recently showed that
ID injection of virus-like particles (VLPs) of simian-HIV in mice induced
enhanced immune responses compared to intramuscular, intraperitoneal, and
subcutaneous inoculation routes with the same dose. By optical imaging, the
trafficking of the VLPs after immunization was directly visualized, thereby
showing that ID immunization led to the highest level of lymph node involvement
for the longest period of time, which correlated with the strongest humoral and
cellular immune responses (Cubas et al. 2009). These findings should now be
investigated with respect to other antigenic formulations. The immune response
following ID immunization is depicted in Fig. 2. In response to the injected
antigen, with or without adjuvant, immature dendritic cells (DCs) residing at the
site of vaccination (Langerhans cells or dermal DCs) undergo a maturation process
that is characterized by expression of costimulatory molecules and inflammatory
cytokines (Pulendran and Ahmed 2006). With respect to yellow fever, the in vivo
sites of replication of YF-17D have been determined in cynomolgus macaques
(Monath 2005). After subcutaneous inoculation, small amounts of 17D virus were
found in the skin at the site of inoculation, in the draining lymph nodes and
mesenteric lymph nodes at the peak of viraemia (day 3 for these primates). By
day 7, liver, spleen, bone marrow, thymus, and adrenal glands were found to
harbor YF-17D. The spleen and lymph nodes remained positive for the virus up to
14 days after inoculation, and by day 46 the virus was undetectable. These data
indicate that the attenuated vaccine virus has a tissue tropism similar to that of
wild-type YF, and that the initial process of immune activation occurs between the
site of inoculation and the draining lymph nodes, similar to inactivated vaccine
antigens. In support of the hypothesis of the response being initiated at the site of
inoculation, recent data showed that YF-17D replicates in DCs and is then rapidly
processed (Palmer et al. 2007). The predilection of YF-17D for DCs of the skin
would not be unexpected, given the natural route of infection via mosquito bites.

5.2 Intradermal Administration of Influenza Vaccine

ID influenza vaccination received most attention in times of vaccine shortage
caused by pandemics (e.g. the 1957 influenza A/H2N2 pandemic) or in case of
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Fig. 2 Schematic representation of ID immunization and subsequent initiation of adaptive
immune response. Figure is based on a figure by Nicolas and Guy (2008). DC = dendritic cell

manufacturing problems such as in 1973 and 2004 (Belshe et al. 2004; Kenney
et al. 2004). These studies concentrated on the immune responses of healthy
subjects (Kenney et al. 2004). These studies show that it is feasible to use reduced
dose ID influenza vaccination, as compared to routine intramuscular vaccination,
with similar outcomes in the parameters reported in these studies. Several studies
confirm the true immunological superiority of a reduced influenza vaccine dose
administered ID versus an equal dose administered intramuscular in risk groups
such as the elderly (Arnou et al. 2009; Holland et al. 2008). This serves as proof of
a more efficient immune response upon ID vaccine delivery. Besides the immu-
nologic benefit of ID vaccination, there is an obvious economic advantage in
saving up to 80% of vaccine required for protection, allowing for full vaccination
coverage even in times of vaccine shortages (MIV Study Group 2005; Roukens
et al. 2008).

There are however also some inherent practical disadvantages to ID vaccina-
tion, especially relevant in mass vaccination campaigns, such as the annual
influenza vaccination campaigns or in the response to a pandemic influenza out-
break. The vaccination technique itself is more difficult and time consuming than
intramuscular vaccination. Recently developed ID vaccination devices will bring
an end to these practical complications. Furthermore, local side effects in healthy
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subjects are more severe and frequent upon ID vaccination when compared to
intramuscular vaccination, a factor known to negatively impact vaccine uptake
(Ryan et al. 2006; Smedley et al. 2007).

Only little information is available on ID influenza vaccination in immuno-
compromized patients (Gelinck et al. 2009; Jo et al. 2009; Khanlou et al. 2006;
Manuel et al. 2007). We reported on dose sparing ID influenza vaccination as a
feasible alternative for the routine practice of intramuscular vaccination in several
groups of immunocompromized subjects, including patients treated with anti-
TNF-a, HIV-infected patients and hematopoietic stem cell transplantation patients
(Gelinck et al. 2009). An interesting finding of this study was that the presence of a
local skin reaction correlated with the magnitude of the antibody response to at
least one out of the three vaccine antigens. The absence of a local skin reaction
within the first 48 h following vaccination, identified patients who did not develop
an adequate response at day 28 after vaccination. The skin reaction was interpreted
as a delayed-type hypersensitivity reaction, which could be directed at either one
of the three hemagglutinin or neuraminidase antigens or even at traces of chicken
egg or preservatives contained in the vaccine.

5.3 Immunological Background of Intradermal Immunization

Both primary and secondary immune responses take place in lymphoid tissue and
the physiology of this response upon vaccination is reasonably well described in
healthy subjects (Siegrist 2008). B cell activation upon antigen binding will
upregulate CCR7, a molecule that will drive antigen-specific B cells to the outer
T-cell zone of lymphoid tissues. Antigen-specific B cells are captured and retained
by follicular dendritic cells that, in cooperation with follicular T cells, facilitate
massive clonal proliferation. The class switch from IgM to IgG, IgA or IgE
secreting plasma cells and affinity maturation will take place in the germinal
centers that are formed upon this proliferation. In a high turnover state the B cell
with the highest affinity for the vaccine antigen will bind that antigen from the
follicular dendritic cells, and undergo subsequent T cell help for proliferation.
Cells with lower affinity antigen binding will not survive this process. This pro-
cess, also known as the somatic hypermutation process, drives the response
towards the most specific antibody producing cells. In healthy subjects, the
forming of a germinal center reaction takes about 2 weeks, negative feedback
starts within 3—6 weeks, thus peak IgG levels can be found 4-6 weeks after pri-
mary vaccination.

Until today, the precise role of distinct DC subsets such as Langerhans cells,
dermal DCs, and plasmacytoid DCs in the immunology of ID immunization
remains largely unknown. Besides, the involvement of skin resident DCs in the
initial antigen—antigen-presenting cell contact, circulating DC precursors can be
recruited into the dermis upon ID vaccination with a soluble protein, via enhanced
expression of chemokine receptor/ligand CCR6/CCL20 (Le Borgne et al. 2006).
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After the uptake and processing of antigens, the maturing DCs migrate to the T cell
rich areas of the draining lymph nodes, where they express as a mature phenotype
(Pulendran and Ahmed 2006).

The role of migratory DCs in the induction of CD8" T cell responses upon viral
inoculation in the skin with different viruses is not uniform, as shown by the
following mouse experiments. For example, in response to Herpes Simplex virus
migratory DCs merely ferry viral antigens to the lymph node and immediately
transfer the Herpes Simplex virus-antigens to CD8" DCs residing in the lymph
node for cross-presentation (Allan et al. 2006). In contrast, He et al. (2006) showed
that migratory skin DCs did directly present lentivirus derived ovalbumin (OVA)
to lymph node CD8* T cells, without cross-presentation to lymph node resident
DCs (Hepburn et al. 2006). Nonetheless, Allan et al. demonstrated that inhibition
of migration of skin DCs, impaired the cytotoxic T lymphocyte response in the
induction of immunity against Herpes Simplex virus (Allan et al. 2006), thereby
implicating the importance of migratory skin DCs. Besides the trafficking of
antigens through migrating DCs, recent research has highlighted the additional
role of direct lymphatic drainage of free soluble antigen within hours after inoc-
ulation. This free antigen flows through afferent lymphatics into the subcapsular
sinuses of the draining lymph node and is taken up and processed by lymph node
resident DCs. After 24 h, a second antigen wave is delivered to the lymph node by
influx of dermal DCs (not Langerhans cells) (Itano et al. 2003). Even though the
lymph node resident DCs were responsible for the initial T cell activation, the DCs
that acquired antigen at the injection site and migrated to the lymph node were
needed to sustain the expression of the IL-2 receptor on the T cells.

Several hypotheses have been postulated to explain the relative success of ID
vaccination. Firstly, a more direct antigen—antigen-presenting cell contact could
lead to a smaller ‘loss’ of antigen in subcutaneous tissue or blood circulation
where possibly less antigen-presenting cells are present. This hypothesis is par-
ticularly attractive in the case of live-attenuated viruses, which need to replicate
intracellularly in order to induce a potent immune response. For soluble protein
antigens, direct flow via the afferent lymphatic vessels could also contribute to the
response (Itano et al. 2003; Pape et al. 2007). Interestingly, it has been shown
recently that locally activated mast cells can, via enhanced DC migration, aug-
ment the immune response to several vaccine antigens, such as protein antigens
and vaccinia, a live viral antigen (McLachlan et al. 2008). We described the
protective antibody response to YF-17D in chicken egg allergic individuals who
received the reduced dose yellow fever vaccine ID and developed strong local
urticarial reactions (Roukens et al. 2009). In the presence of this hypersensitivity
reaction, these individuals developed sufficient neutralizing antibodies. Unfortu-
nately, whether their antibody response was enhanced compared to non-allergic
individuals could not be verified, as their response could not be measured at set
time points.

Secondly, ID immunization can trigger the activation and migration of dermal
DCs, thereby amplifying the immune response (Itano et al. 2003). In contrast,
intramuscular immunization enhances, via the bloodstream, the activation of
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plasmacytoid DCs which enter the lymph node via high endothelial venules, similar
to B and T cells (Liu 2005). Plasmacytoid DCs are activated through TLR7 and TLR9
signaling, leading to type-1 IFN secretion. Their functional capacity in terms of
vaccination (i.e. antigen presentation and T cell priming) remains to be investigated.

Finally, suggested by the findings of Cubas et al. (2009) the greater number of
lymph nodes engaged upon ID immunization might be attributed to the lymphatic
structure in the intradermal zone. In the skin, lymphatic vessels form two plexuses
(Skobe and Detmar 2000). The superficial plexus contain branches that drain
vertically into larger lymphatic vessels located in the lower dermis and the
superficial zone of the subcutaneous tissue. These deep lymphatic vessels contain
numerous valves through which antigen can be taken up. In addition, the limited
space in the dermis and relatively large volume inoculated, could affect the per-
meability of the lymph vessels and thereby increase antigen uptake (Nicolas and
Guy 2008). This argument of the volume of inoculation influencing the immune
response has been suggested by Fox et al. (1943) and should be considered when
designing new trials studying the ID immunization route.

The growing interest in ID immunization by vaccinologists has led to the
development of many different technologies to accurately administer vaccine
doses into the dermis. These techniques include fine-gauge needles and micro-
needle arrays, as well as various types of needle-free devices such as jet injectors
and patches. Novel technologies for ID delivery may simplify the logistics of
vaccine administration, avoid the dangers of needles and overcome other draw-
backs facilitating vaccination mass campaigns (Glenn and Kenney 2006; Lambert
and Laurent 2008; Nicolas and Guy 2008).

6 State-of the-Art: Future Perspectives

Antivirals have no value in the combat against yellow fever, and only a limited
value in the combat against influenza epidemics, due to the rapid emergence and
efficient spread of resistant strains. The unpredictable nature of influenza epide-
miology calls for flexible vaccination policies. The global monitoring of influenza
viruses, even before they enter the human reservoir, might be the most relevant
action in containing viral spread. It might give health authorities a head start to
prevent pandemic spread, even when the antigenic characteristics of a virus have
altered enough to escape from pre-existing immunity. Using cell lines instead of
embryonated eggs, will certainly help in making influenza vaccine production
more flexible. In the production of yellow fever vaccine, an alternative to the
production on embryonated chicken eggs is necessary to increase vaccine dose
availability. Until then vaccine shortage is prone, and ID vaccination provides a
relative solution to this shortage.

The two goals that will drive vaccination campaigns are the protection of those
most vulnerable for morbidity and mortality and the interruption of spread
by vaccination of transmission chains in nursery homes and (pre-)schools.
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Vaccines with a higher immunogenicity have an added value for the elderly and
immunocompromized hosts, who tend to have worse responses as compared to
younger healthy controls. ID vaccination has been proved to be a feasible approach
in times of vaccine shortage, especially for those with compromized immunity.
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The Dermis as a Portal for Dendritic
Cell-Targeted Immunotherapy
of Cutaneous Melanoma

D. Oosterhoff, B. J. R. Sluijter, B. N. Hangalapura and T. D. de Gruijl

Abstract Complete surgical excision at an early stage remains the only curative
treatment for cutaneous melanoma with few available adjuvant therapy options.
Nevertheless, melanoma is a relatively immunogenic tumor type and particularly
amenable to immunotherapeutic approaches. A dense network of cutaneous den-
dritic cells (DC) may account for the reported efficacy of vaccination through the
skin and provide an attractive target for the immunotherapy of melanoma. Several
phenotypically distinct DC subsets are discernable in the skin, among others,
epidermal Langerhans cells and dermal DC. Upon appropriate activation both
subsets can efficiently migrate to melanoma-draining lymph nodes (LN) to prime T
cell-mediated responses. Unfortunately, from an early stage, melanoma develop-
ment is characterized by strong immune suppression, facilitating unchecked tumor
growth and spread. Particularly the primary tumor site and the first-line tumor-
draining LN, the so-called sentinel LN, bear the brunt of this melanoma-induced
immune suppression—and these are exactly the sites where anti-melanoma
effector T cell responses should be primed by DC in order to prevent early
metastasis. Through local immunopotentiation or through DC-targeted vaccina-
tion, the dermis may be utilized as a portal to activate DC and kick-start or boost
effective T cell-mediated anti-melanoma immunity, even in the face of this
immune suppression.
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1 Introduction

Malignant and invasive growth of melanocytes, which are normally located in the
basal layer of the epidermis, is termed melanoma cutis or cutaneous melanoma.
Although it represents only 4% of all diagnosed cases of skin cancer, melanoma of
the skin is one of the most aggressive types of cancer with a high invasive and
metastasizing potential. As yet, the only curative treatment option remains exci-
sion of the primary tumor at early stages of the disease, before it penetrates into the
dermis where it can access lymphatic and blood vessels for metastatic spread. The
classification of the different stages of melanoma by the American Joint Com-
mittee on Cancer is provided in Box 1 (Balch et al. 2001, 2009b; Cecchi et al.
2007; Starz and Balda 2007). Once metastases are present, therapeutic options are
limited and most patients do not survive for more than 6 months after being
diagnosed with advanced disease. Although cutaneous melanoma is not sensitive
to traditional chemo- and radiotherapy, it is highly immunogenic. Case reports of
spontaneous regressions have been documented and are suggestive of immune-
mediated tumor rejection. In addition, melanoma-specific T cells can be found
early on in the blood and tumor-draining lymph nodes (TDLN) of most patients
(Banchereau et al. 2001; Romero et al. 1998, 2006). This knowledge has led to
extensive research of immunotherapeutic approaches aimed at controlling local
melanoma growth and eliminating distant metastasis. The immunomodulatory
drugs IL-2 and IFN-o have both been FDA approved for the treatment of mela-
noma patients. However, treatment will only follow after diagnosis of local or
distant metastases, although Stage Il melanoma (Box 1) is already considered to be
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of intermediate risk for local recurrence or distant metastasis. Adjuvant therapy
could be of value to these patients since 5-year survival rates for Stages IIA-IIC
range from 53 to 80% (Balch et al. 2009b). The same applies to patients with Stage
IIT melanoma: these tumors spread to regional lymph nodes (LN) without evidence
of distant metastasis (Box 1). Even with treatment, Stage III disease is considered
to be of intermediate to high-risk for local recurrence or distant metastasis and
5-year survival rates for Stage IIIC drop as low as 27% (Balch et al. 2001).
Clearly, patients in early stages of melanoma might benefit from adjuvant
immunotherapy, aiming to control tumor growth and spread at the primary tumor
site and the TDLN. Possible treatment approaches for these patients are local
immunomodulation or vaccination. Local management of the disease has the
advantage that it is less likely to cause severe systemic side effects. Moreover,
there is evidence that local immune activation may lead to systemic immune
protection (Molenkamp et al. 2008; Ridolfi et al. 2001). The dermis provides an
ideal portal for the delivery of immunopotentiating agents or vaccines. It contains
a variety of different immune effector cell populations and provides ready access to
skin-draining LN through a network of afferent lymphatic vessels. By boosting
local innate and adaptive immune responses in the dermis, the growth and local
spread of melanoma may be contained in the early stages of its development.
Dendritic cells (DC) are the central initiators and orchestrators of the immune
response with a unique ability to prime and skew T cell responses (Banchereau
et al. 2000). During their activation they receive environmental input that deter-
mines their cytokine release patterns, which in turn direct the type of T cell
responses that are elicited (Macagno et al. 2007). They are prime candidates to
target with local immunomodulation. Here, we will discuss how developing
melanomas influence their microenvironment to effectively suppress the local
immune system and we will propose ways in which DC or T cells in the dermis
and draining LN may be targeted and modulated to overcome this immune sup-
pression in aid of melanoma immunotherapy.

Box 1: Staging of Melanoma Cutis According
to the American Joint Committee on Cancer and Eligibility
for Immunopotentiation in the Adjuvant Setting

Stage 0 melanoma: When the epidermis, but not the underlying dermis is
tumor involved, this is called Stage 0 melanoma or melanoma in situ. There
is no invasion of surrounding tissues, lymph nodes, or distant sites. After
radical excision Stage 0 is considered very low risk for disease recurrence, or
for tumor spread to lymph nodes or distant sites. Five-year survival is >97%.

Stage I melanoma: Stage I melanomas are tumors with a Breslow
thickness of < 2.0 mm without ulceration or < 1.0 mm with ulceration, that
have not spread to nearby lymph nodes or distant sites. Timely resection of
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these lesions results in low risk for recurrence and metastasis. Ten year
survival rates for Stage IA—IB range from 85 to 99%.

Stage Il melanoma: Stage Il melanomas are tumors with a Breslow
thickness of >2.0 mm without ulceration or >1.0 mm with ulceration that
have not spread to nearby lymph nodes or distant sites. Even with treatment,
Stage II disease is considered to be intermediate risk for local recurrence or
distant metastasis: 16% develop a recurrence, which is associated with a
significant decrease in survival. Five-year survival rates for Stages IIA-IIC
are 53-80%.

Stage 11l melanoma: Stage III melanomas are tumors that have spread to
regional lymph nodes without evidence of distant metastasis. With treat-
ment, Stage III disease is considered to be intermediate to high-risk for local
recurrence or distant metastasis. The S5-year survival rates for Stages
IITA-IIIC range from 40 to 78%.

Stage IV melanoma: Stage IV melanomas are associated with metastasis
to distant sites in the body. Five-year survival rates range from 10 to 28%
depending on the anatomical location of the metastases; median survival
after the onset of distant metastases is usually only 6-9 months.

NB: Patients with Stages I-III melanoma might benefit from adjuvant
local immunopotentiation. (Source Balch et al. 2001, 2009b)

2 The Challenges of Generating Anti-Melanoma Immunity

In cutaneous melanoma, skin-resident DC take up and transport melanoma-
associated antigens (MAA) to TDLN (Banchereau et al. 2000; Toriyama et al.
1993). The relatively large number of identified MAA underlines the immuno-
genicity of this tumor. Different types of MAA are discerned, among others
cancer/testis antigens (e.g. MAGE, NY-ESO, and PRAME) and melanocyte differ-
entiation antigens (e.g. tyrosinase, tyrosinase-related proteins-1 and -2 (TRP-1/-2),
MART-1/Melan-A, and gp100) (Dranoft 2009). In order to activate T cells specifi-
cally recognizing these MAA, the skin-emigrated DC need to become activated, i.e.
express high levels of co-stimulatory molecules as well as appropriate chemokine
receptors to migrate to the paracortical T cell areas of the TDLN (Macagno et al.
2007). In the T cell areas of the TDLN the MAA-presenting DC bind and specifically
activate recirculating naive and memory T-helper (Th) cells and cytotoxic T lym-
phocytes (CTL) (Schoenberger et al. 1998). Activated effector CTL leave the LN via
efferent vessels and home to tumor sites in order to eradicate melanoma cells.
Although tumor-infiltrating lymphocytes (TIL) specifically recognizing MAA can be
readily found in primary tumors, TDLN, and metastases, they obviously cannot
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prevent ultimate melanoma growth and spread (Romero et al. 2006). Nevertheless,
important clinical studies, in which autologous TIL were adoptively transferred to
advanced melanoma patients, have clearly demonstrated the powerful intrinsic
ability of these TIL to eliminate bulky melanoma metastases (reviewed by
Rosenberg and Dudley 2009). In order for this approach to be effective, the TIL
need to be extricated from the immunosuppressive tumor environment and
expanded in vitro. Moreover, patients receive lymphodepleting chemotherapy to
eliminate suppressor cells and other effector cells that may compete for growth
factors with the adoptively transferred TIL, prior to infusion of billions of
expanded TIL. By eliminating the suppressive microenvironment of the tumor and
systemically “resetting” the immune system of the patient through lymphode-
pleting chemotherapy, adoptive T cell transfer has proven effective, achieving
objective regression of melanoma metastases in up to 70% of treated patients
(Rosenberg and Dudley 2009). These studies serve as an impressive demonstration
of the immune system’s capacity to eradicate melanoma tumors. One of the
challenges in the adjuvant setting, where distant metastases have not yet devel-
oped, is to curb the melanoma’s immunosuppressive traits and kick-start a pro-
tective anti-tumor immune response in order to prevent metastatic spread. Central
to the premise of local immunopotentiation in melanoma is the enhancement or
restoration of anti-tumor DC and T cell functions in the tumor and its draining LN,
even in the face of immunosuppressive conditions imposed by the tumor (Cochran
et al. 2006; Molenkamp et al. 2006; Rabinovich et al. 2007). The elimination of
these suppressive conditions is also a prerequisite for any MAA-based vaccine to
be effective.

3 The Immune Microenvironment and Dendritic Cell Subsets
of the Skin

As the first and main physical barrier between the body and the outside world, the
skin can be regarded as the largest immune organ of the body. It consists of a large
number of epidermis- and dermis-resident immune effector cells that under steady
state conditions maintain homeostasis and tolerance, but in case of infection or
inflammation can prime specific immune responses (Nestle and Nickoloff 2007).
Besides DC, skin-resident leukocytes include macrophages, T cells, NKT cells,
mast cells, and granulocytes (review by Nestle et al. 2009). Moreover, non-
immune cells in the epidermis and dermis, such as keratinocytes and fibroblasts,
should not be regarded as immunologically inactive. Keratinocytes express a wide
range of Toll-like receptors (TLR) and can sense microbial infection through
binding of TLR-ligands (Lebre et al. 2007). Upon their TLR-mediated activation
keratinocytes release protective antimicrobial peptides, but also a variety of
cytokines (among others IL-1, -6, -10, -18, and TNF-«) that in turn can activate DC
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and condition dermal fibroblasts to secrete chemokines that attract DC and further
recruit immune effector cells (Ouwehand et al. 2008, 2010). Besides microbial
recognition, keratinocytes are also endowed with the ability to sense tissue damage
and stress (e.g. induced by toxins, irritants, ultraviolet radiation, or tumor growth)
through so-called nucleotide-binding domain, leucin-rich repeat (NLR) containing
proteins, linking to the inflammasome complex and inducing the cleavage of IL-1f
and/or IL-18 from their pro-cytokines. This will start a cascade of events, resulting
in immune activation (Nestle et al. 2009).

Besides this crosstalk between immune and non-immune cells in support of
immune surveillance, the dermis also contains a dense network of blood and
lymph vessels, facilitating both the rapid recruitment of immune effector cells
from blood and ready access to skin-draining LN, where adaptive B and T cell
responses can be primed or boosted (Mathers and Larregina 2006). These features
have made the skin a favored site for delivery of vaccines and immunomodulatory
agents (Mikszta and Laurent 2008; Stoitzner et al. 2010b). Vaccination through the
skin has been shown to result in effective anti-tumor immunity (Mikszta and
Laurent 2008; Mitsui et al. 2010; Stoitzner et al. 2008). Particularly for melanoma,
being a skin-derived tumor, skin-based immunization approaches may be very
effective (Stoitzner et al. 2010a). This is in part attributable to the fact that effector-
memory T cells primed in skin-draining LN efficiently and preferentially home to
the skin through the expression of skin-homing molecules such as cutaneous
lymphocyte-associated antigen (CLA). This is a process referred to as imprinting
and involves skin-derived DC (Edele et al. 2008; Mora et al. 2005).

A dense network of readily accessible and differentially specialized DC subsets
lines the skin and upon any sign of danger can rapidly initiate immune activation.
Nevertheless, which of the thus-far identified subsets should be targeted for
optimal CTL induction remains unclear. Indeed, all DC subsets may be targetable
for potentiation of the anti-melanoma immune response (Sparber et al. 2010).
Figure 1 shows a FACS dot plot of human skin explant-emigrated CD11c*
myeloid cells stained for CD1a and CD14. This plot illustrates the diversity of DC
subsets in the human skin environment; at least five populations can be discerned:
(1) CD1a"CD14~ Langerhans cells (LC) that also express the C-type lectin
Langerin at their cell surface and are mature based on CD83 expression; (2)
CD1a*CD14~ dermal DC (DDC) that do not express surface Langerin or DC-
SIGN but are mature (i.e. express CD83) and can express intracellular DC-SIGN
upon IL-4 modulation (Fig. 2); (3) CD1a*CD14* DDC that over time can convert
into (4) CD1a~CD14" DDC; and (5) CDla~CD14~ DDC, a fraction of which can
express DC-SIGN at their surface (de Gruijl et al. 2006). It is important to realize
that in many cases it is not absolutely clear if these are actual distinct subsets, or
merely DC from the same subset with different phenotypes, dictated by micro-
environmental factors. Study of this matter is ongoing, but complicated by the
extremely low numbers in which DC are present in vivo. Moreover, care should be
taken in extrapolation to the human situation of murine findings, since a variety of
murine DC subsets in skin, LN, and spleen have been identified, but the equiva-
lents have not (yet) been found in humans (Romani et al. 2010). Below, a brief
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overview is given of DC and other antigen-presenting cell subsets in skin and skin-
draining LN. Of note, all these subsets can be targeted by intradermal (ID) delivery
of immunomodulatory agents or vaccines.

3.1 Langerhans Cells

LC are the DC of the epidermis and were the first DC to be described. In the steady
state LC are derived from precursor cells residing in the skin, whereas under
inflammatory conditions they can also develop from monocytes recruited from the
blood (Geissmann et al. 2010; Merad et al. 2008). They express high levels of
CDla and Langerin at their cell surface, as well as the epithelial adhesion mole-
cule EpCAM. There is evidence to suggest that upon their activation and migration
to LN, LC preferentially bind and activate T cells (Klechevsky et al. 2009). In
keeping with this, LC-like cells generated from monocytes or CD34" precursors
were shown to be superior CTL activators (Klechevsky et al. 2008, 2009). As cell-
mediated immunity is generally believed to be crucial in tumor eradication, it may
therefore be beneficial to specifically target LC and their precursors for tumor
immunotherapy. However, in contrast with these claims, our own studies with
human skin-emigrated LC and DDC have shown DDC to be even more efficient
CTL primers than LC ex vivo (Santegoets et al. 2008a). In conclusion, both
subsets remain viable targets for melanoma immunotherapy strategies.

While DDC may easily be targeted through ID injection, LC targeting usually
involves transcutaneous approaches (Stoitzner et al. 2008, 2010a, b). However,
there are ways to attract LC to the dermis, where they can also be targeted for
immunization purposes. Moreover, a recent study showed that ID injected anti-
bodies were able to pass the basal membrane and bind LC in the epidermis
(Flacher et al. 2010), suggesting that even ID delivery of large proteins can result
in targeting of epidermal LC.
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Melanoma-conditioned microenvironment

GM-CSF, IL4, TLR-ligand | | IL-10

CD14-DC CD14* DC

mature phenotype immature phenotype
LN migration no LN migration

T cell stimulation poor T cell stimulation

Fig. 2 The balance between dendritic cell maturation-inducing factors (TLR-ligands, cytokines)
and IL-10 in the dermal microenvironment of invading melanomas will determine the phenotypic
activation state and functionality of skin-emigrating DC. IL-10 induces a phenotypic switch in
migrating DC from a mature T cell-stimulatory to an immature macrophage-like phenotype,
resulting in possible immunological silence. DC-activating cytokines and TLR-ligands can
induce a stable DC maturation that is resistant to the suppressive effects of IL-10 (de Gruijl et al.
2006). Photographic inserts: human skin-explant emigrated DC stained for DC-SIGN, 7 days
after start of explant culture. Explants were ID injected on day 0 with 100 ng GM-CSF and
1000 IU IL-4 (left panel) or 10 ng IL-10 (right panel); magnification 400x

3.2 CDIla* Dermal Dendritic Cells

In contrast to LC, CD1a* DDC do not express Langerin and only intermediate to
low levels of CDla. Instead, DDC can express an alternative set of lectins,
including the mannose receptor (MR) and DC-SIGN, as well as Factor XIlla
(Mathers and Larregina 2006). The differential expression pattern of antigen-
capture receptors between LC and DDC should enable the specific targeting of
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each subset for vaccination purposes. DDC have been shown to produce IL-10 and
to be able to direct the generation of type-2 humoral responses, vital to the ini-
tiation of humoral immunity (Mathers and Larregina 2006; Sen et al. 2010).
However, the T cell skewing abilities of interstitial DC/DDC are not fixed,
but rather dictated by a balance of factors in the microenvironment, their number,
and activation state, resulting in differential Th1, Th2, or Th17 profiles (Mathers
and Larregina 2006; Mathers et al. 2009; Morelli et al. 2005). The ability to
modulate this balance may be of crucial importance for successful immunotherapy
of cancer.

Recently, Langerin® and CD103* DDC were identified in murine studies as a
major migratory DC subset from skin with the ability to cross-present proteins from
the skin environment (Bedoui et al. 2009; Farrand et al. 2009; Ginhoux et al. 2007).
It has been suggested that CD1a* DDC may be the human equivalent of this subset
(Klechevsky et al. 2009), but evidence to back up this claim is lacking. We have
performed a genome-wide transcriptional profiling analysis of freshly isolated
human CD1a* DDC versus LC and found DDC to express a far wider range of
adhesion and co-stimulatory molecules, chemokines, and cytokines (and at higher
levels), pointing to a putatively superior migratory and T cell stimulatory ability
over LC (Santegoets et al. 2008b). Indeed, our own comparative ex vivo study of
the ability of these subsets to prime CD8" effector T cells against a MART-1
epitope, are in keeping with these transcriptional analyses (Santegoets et al. 2008a).

3.3 CD14" Dermal Dendritic Cells and Dermal Macrophages

Several reports have pointed to the existence of another CDla~CD14" DDC
subset in human skin under steady state conditions with an immature macro-
phage-like phenotype and lacking T cell priming ability (Fig. 1) (Angel et al.
2007; de Gruijl et al. 2006; Klechevsky et al. 2008, 2009; Nestle and Nickoloff
2007; Zaba et al. 2009). Our own unpublished studies have shown that they are
the most prevalent DDC subset migrating from full-thickness skin explants taken
from skin overlying breast tumors (in contrast to healthy skin where CDla*
DDC are the most frequent subset among migrating DDC, Lindenberg et al.
manuscript in preparation). These CD14* DC appeared immunologically silent
(i.e. lacking co-stimulatory signals and the LN-homing chemokine receptor
CCR7) and were further characterized by expression of the C-type lectin BDCA3
(de Gruijl et al. 2006).

Besides CD14" DDC, also CD14™ resident macrophages were found in the
steady state dermis. These macrophages were strongly positive for the macrophage
markers CD68 and CD163 (Zaba et al. 2007), but surprisingly have also been
reported to express the DC-associated C-type lectin DC-SIGN (Ochoa et al. 2008).
CD14* dermal macrophages can be discerned from CD14* DDC through their lack
of CD1b or CDlc (Zaba et al. 2007, 2009). While, like CD14* DDC, dermal
macrophages display a poor ability to induce T cell proliferation, they may
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nevertheless contribute to T cell activation through their release of inflammatory
cytokines (Zaba et al. 2007).

3.4 Plasmacytoid Dendritic Cells

In contrast to the above described peripheral conventional DC (cDC) subsets,
immature plasmacytoid DC (pDC) with a plasma cell-like appearance and a more
lymphoid phenotype, preferentially seed LN straight from the blood through
L-selectin-mediated homing (Yoneyama et al. 2004). In the steady state they
reside in LN rather than in skin, constantly screening the surroundings for signs of
infection. However, under pathological or inflammatory conditions (e.g. psoriasis)
pDC may also be recruited from the blood to the reticular dermis, likely in a
CXCR3-mediated fashion (Asselin-Paturel et al. 2005; Skrzeczynska-Moncznik
et al. 2009). Differential TLR expression (Jarrossay et al. 2001) or specific
expression of C-type lectins [e.g. BDCA2 or DCIR (Dzionek et al. 2001; Fanning
et al. 2006; Meyer-Wentrup et al. 2008; Riboldi et al. 2009)] may allow for the
specific targeting of pDC for immunotherapy. However, caution is warranted as
DCIR or BDCA2 engagement can interfere in the pDC’s cytotoxic and stimula-
tory abilities, possibly resulting in tumor escape and/or tolerisation. To avoid this,
pDC targeting through specific C-type lectins may have to be combined with
activating stimuli.

3.5 Dendritic Cell Subsets in Skin-Draining LN

As ID delivered substances will also rapidly diffuse to skin-draining LN, DC
subsets residing in these LN may be directly modulated and/or targeted. In contrast
to mice, very little is known about cDC subsets present in human LN that drain the
skin. From our own melanoma sentinel LN (SLN) studies we can discern at least
three different cDC populations, besides a pDC population (Molenkamp et al.
2007; Vuylsteke et al. 2004).

1. CDla" DC: These DC express high levels of co-stimulatory molecules, CD83,
and CCR7. ID administration of granulocyte-macrophage colony-stimulating
factor (GM-CSF) leads to further upregulation of their co-stimulatory
machinery and CD83 and to increased numbers of these DC in the paracortical
LN areas (Vuylsteke et al. 2004). A high and significant correlation was found
between densities of CDla*™ DC in the papillary dermis and matching SLN,
strongly suggesting the CD1a™ DC subset in the SLN to derive from dermis-
emigrating CD1a™ LC and/or DDC (Molenkamp et al. 2005, 2007). Frequencies
of these mature CDla® DC in the SLN also correlated significantly with
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melanoma-specific CD8" effector T cells, indicative of the validity of this DC
subset for tumor vaccine targeting (Vuylsteke et al. 2006).

2. CD11cMCD14™ DC: These DC do not express CD1a, but do express CD83 and
co-stimulatory molecules on their surface, albeit at lower levels than the CD1a*
DC (Molenkamp et al. 2007). We found the frequencies of this DC subset to be
up-regulated in melanoma SLN upon CpG administration (Molenkamp et al.
2007). The most likely explanation for this is the recruitment and/or differen-
tiation of LN-resident or blood-derived monocytes or other DC precursors
under the influence of pDC-derived IFN-a. The functional abilities of this novel
subset remain to be established, although expression of TRAIL on their surface
suggests a direct cytolytic ability. Expression of the C-type lectin BDCA3/
CD141 on at least part of these DC (Sluijter et al., submitted) suggests that the
BDCA3" ¢DC subset in peripheral blood may be their direct precursor, but this
remains to be established. Interestingly, a recent genome-wide transcriptional
profiling study suggested BDCA3" DC to be the human equivalent of the
CD8u* DC subset in murine spleen, which is known to be the subset with cross-
priming and powerful CTL priming abilities (Robbins et al. 2008). Indeed,
recent in vitro studies provided evidence for the cross-priming abilities of
human BDCA3* DC and thus confirmed this hypothesis (Bachem et al. 2010;
Crozat et al. 2010; Jongbloed et al. 2010; Poulin et al. 2010).

3. CD11c™CD14" DC: Although at least part of these cells most likely represent
monocytes or macrophages, low CD83 expression on a subpopulation seems to
suggest a semi-mature DC phenotype (Sluijter et al. submitted). These might
derive from migratory CD14" DDC, but this is not consistent with our obser-
vations from skin explant studies that migratory CD14" DDC are immature and
do not express CD83 (de Gruijl et al. 2006). Thus, their origins and function for
the moment remain obscure.

Both DC-SIGN and Langerin expression is apparent by immunohisto-
chemistry on DC-like cells in the LN paracortex (Engering et al. 2004;
Geissmann et al. 2002). However, neither DC-SIGN nor Langerin surface
expression is discernable by flow cytometry on any of the above listed cDC
subsets, leaving their relation to skin subsets obscure for the moment. Of note,
the strongest expression of DC-SIGN is found in marginal zone and sinus
macrophages (Granelli-Piperno et al. 2005 and own unpublished observation),
leaving its relevance for selective DC targeting in doubt.

4. BDCA2/CD303"CD123" pDC: In the steady state pDC reside in LN in low
numbers (which rise in melanoma-draining LN) and can bind microbial prod-
ucts through receptors such as TLR9 (Gerlini et al. 2007, 2010). TLR9 binds
bacterial DNA-derived unmethylated CpG oligodinucleotide-containing motifs
and activates pDC, which then release IFN-o. In turn IFN-« can boost CTL and
NK cell responses (Liu et al. 2008; Salio et al. 2003) as well as promote the
differentiation and maturation of bystander cDC and their precursors (Gursel
et al. 2002; Molenkamp et al. 2007). In addition, pDC can also directly (cross-)
present MAA-derived epitopes and thus prime melanoma-specific CTL
(Liu et al. 2008; Mouries et al. 2008; Villadangos and Young 2008).
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4 Subverting the Immune Response: Melanoma-Induced
Dendritic Cell Suppression

The very reason that melanoma is such an attractive target for immunotherapy, i.e.
its intrinsically high immunogenicity, is most likely also why it is a powerful
immunosuppressive tumor type and refractory to conventional tumor vaccination
approaches. In order to survive the host immune response and enable tumor out-
growth and spread, it had to develop ingenious ways through which to subvert and
escape the anti-tumor immune response (Mellor and Munn 2008). The main
challenge for tumor immunotherapists is to identify these suppressive mechanisms
and devise novel strategies to overcome them.

An obvious target of this tumor-induced immunosuppression is the central
immune orchestrator, the DC. Hampered DC differentiation and activation has
been reported in many tumors and decreased tumor infiltration by mature DC is
generally recognized as a poor prognostic factor (Ishigami et al. 2010; Iwamoto
et al. 2003; Ladanyi et al. 2007). Immature DC with ready access to MAA, derived
from primary or metastatic tumor sites, can induce specific tolerance through
inappropriate or abortive T cell activation (Hawiger et al. 2001; Jonuleit et al.
2001). Indeed, immature cDC isolated from melanoma metastases were reported to
induce T cell tolerance (Enk et al. 1997; Gerlini et al. 2004), while cDC in TDLN
were similarly reported to display immature characteristics (Cochran et al. 2001,
2006; Huang et al. 2000). cDC development and activation can both be frustrated
by inhibitory factors commonly associated with melanoma, such as VEGF, TGF-3,
IL-10, or gangliosides (Cochran et al. 2006; Enk et al. 1997; Gerlini et al. 2004;
Peguet-Navarro et al. 2003). Over the past years it has become clear that many of
these tumor-derived suppressive factors exert their suppressive effects on cDC
through activation (i.e. phosphorylation) of signal transducer and activator of
transcription-3 (STAT3) (Yu et al. 2009). STAT3 activation during later stages of
DC development may block DC differentiation and instead favor the development
of macrophages and immature myeloid-derived suppressor cells. Rather than by
mature DC, tumors will be infiltrated by alternatively activated, tumor-associated
macrophages, and myeloid-derived suppressor cells, which release immunosup-
pressive arginase, inducible nitric-oxide synthase, reactive oxygen species, and
TGF-f (Nagaraj et al. 2009; Yu et al. 2009).

pDC also infiltrate melanomas and their draining LN (Gerlini et al. 2007, 2010;
Vermi et al. 2003) and are recruited by stromal cell-derived factor-1 (SDF-1/
CXCL12) and CCL20, both of which are expressed by melanomas (Mohty et al.
2004; Salio et al. 2003; Zou et al. 2001). Tumor-associated pDC have been shown
to induce immunosuppressive IL-10-producing T cells (Zou et al. 2001), to express
low levels of TLR9 and to harbor a diminished capacity for IFN-a production
(Hartmann et al. 2003). Moreover, although virtually absent from normal LN,
indoleamine 2,3-dioxygenase (IDO)-expressing pDC were found in abundant
numbers in melanoma TDLN (Gerlini et al. 2007; Lee et al. 2003; Vermi et al.
2003). IDO is a tryptophan-catabolizing enzyme, which can induce tryptophan
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depletion from the tumor-conditioned micro-environment, which in turn hampers
T cell proliferation and reduces specific T cell responses in vivo (Munn and Mellor
2007). A high content of IDO* pDC in TDLN from patients with early stage
melanoma (without detectable metastases) correlated significantly with reduced
overall survival (Munn et al. 2004a; Munn and Mellor 2007). Suppressive
CD4*CD25™FoxP3* regulatory T cells (Tregs) are found at increased frequencies
in the blood, tumors, and TDLN of melanoma patients (Cesana et al. 2006; Tuve
et al. 2007) and have been reported to enhance IDO expression by DC through a
CTL antigen-4 (CTLA-4)-dependent mechanism (Munn et al. 2004b). Excessive
IDO expression in turn leads to abortive effector T cell activation and facilitates
the further recruitment and activation of Tregs (Brody et al. 2009; Sharma et al.
2007, 2009), which in melanoma LN metastases was shown to be associated with
decreased survival (Brody et al. 2009). These activated Tregs express high levels
of CTLA-4 and may thus perpetuate this vicious cycle by in turn enhancing IDO
expression by DC (Munn and Mellor 2006).

The degree of immunosuppression in TDLN was found to be directly related to
their distance from the primary tumor (Cochran et al. 2006), indicating the
causative agents to be tumor-derived. The first LN to directly drain the primary
tumor, the SLN, is a preferential site of early lymph-borne metastasis (Bostick
et al. 1999; Gershenwald et al. 1999; Statius Muller et al. 2000) and shows the
most pronounced immunosuppression, even at the earliest stages of melanoma
development (Cochran et al. 2001, 2006): the density of activated cDC in the
paracortical T cell areas of SLN is often reduced and most ¢cDC present in mel-
anoma SLN lack dendritic morphology and display lower expression levels of
co-stimulatory molecules as compared to ¢cDC in more downstream draining LN
(Cochran et al. 2001; Essner and Kojima 2002). These profoundly suppressive
conditions imposed by tumors have led to the concept to consider the TDLN as an
immune-privileged site (Munn and Mellor 2006). Local immunomodulation aimed
at potentiating DC and T cell functions at the site of the primary melanoma and its
draining LN (and the SLN in particular), may therefore offer a valuable therapy
option in the adjuvant setting to prevent both local and systemic metastases.

5 Dendritic Cell Suppression in the Skin: Lessons
from Human Skin Explant Studies

As primary melanomas grow and invade the dermis, immunosuppressive factors
will condition the dermis to become permissive for tumor growth. To study the
effects of tumor-induced suppression we have injected various melanoma-
associated suppressive cytokines into the dermis of healthy human skin ex vivo
and studied their effects on skin-emigrating DC. To this end 6-mm diameter
explants were taken from the ID injection spots and cultured for 2 days while
floating in medium with the epidermal side up. Emigrating DC were collected over
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the next 2 days and immediately analysed or cultured for an additional 5 days in
the explant-conditioned medium. Of all the tested suppressive factors, we only
observed suppressive effects for IL-10 (de Gruijl et al. 2006). Dermal conditioning
by IL-10 resulted in a shift from mature CD83*CDla” ¢DC to immature
CD837CD14" DC with more macrophage-like qualities. During the additional
5 day culture period, virtually all CD1a* DC converted to CD14" cells, passing
through a CDI1a*CD14" stage (Fig. 1). Interestingly, CDla*CD14~ and
CD1a*CD14* DC, as well as CDla”CDI14" cells, are commonly found in the
afferent lymph from normal human skin (Brand et al. 1999). The observed post-
migrational phenotypic switch also occurred in medium-injected control explants,
but was accelerated and reinforced by IL-10 (de Gruijl et al. 2006). Importantly, it
was preventable by co-injection of the DC-activating cytokines GM-CSF and/or
IL-4. Experiments with separated epidermal and dermal sheets showed these
events to occur both in LC and DDC, but for full conversion to a CD14* mac-
rophage-like state to occur, the dermis microenvironment was required. Our own
recent observations suggest a role for dermal fibroblasts in this process (Ouwehand
et al. submitted). IL-10-conditioned skin DC acquired a macrophage-like granular
appearance and lost expression of CD83, CDla, Langerin, and DC-SIGN, while
GM-CSF/IL-4-conditioned skin DC maintained their dendritic morphology and
phenotype (Fig. 2). Further, IL-10-conditioned DC display up-regulated expres-
sion of the macrophage markers CD14 and CD68, down-regulated expression of
maturation and co-stimulatory markers, lacked expression of the LN-homing
receptor CCR7, were unable to prime allogeneic T cells, and secreted higher levels
of IL-10 (de Gruijl et al. 2006). IL-10 is secreted in the epidermis by melanocytes
and possibly keratinocytes in response to environmental stress (Enk and Katz
1992; Nickoloff et al. 1994; Rivas and Ullrich 1992; Teunissen et al. 1997) and in
the dermis by activated macrophages (Chung et al. 2007; Randow et al. 1995).
The CDla-to-CD14 switch, observed upon migration of LC and DDC in the
absence of strong maturation-inducing signals, could thus be a mechanism to
maintain tolerance in the face of tissue damage and avoid the induction of col-
lateral autoimmunity.

In conclusion, the post-migrational CDla-to-CD14 conversion of dermis-
emigrating DC may serve to maintain immunological ignorance under steady state
conditions, but reinforced by melanoma-secreted IL-10, it will interfere with the
generation of effective anti-tumor immunity. Indeed, high IL-10 levels in mela-
noma metastases have been linked to a disturbed DC phenotype with high levels of
CD14 (Gerlini et al. 2004). So, immunopotentiation of the melanoma-infiltrated
dermis might result in normalized DC activation supporting the induction of
protective immunity (Fig. 2). Two approaches can be applied, both targeting the
microenvironment of the dermis and its draining LN: (1) local immunopotentiation
of DC and T cell functions, and (2) DC-targeted vaccination. Ultimately, both
approaches may be combined for an immunostimulatory therapy that can be
generally applied to all patients as off-the-shelf formulations. Both approaches will
be discussed in the following paragraphs.
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6 Local Immunopotentiation of the Primary Melanoma Site
and the Skin-Draining LN

By ID delivery of immunostimulatory agents, both the primary melanoma site and
TDLN may be conditioned to permit re-activation of primed melanoma-specific
CDS8* T cells. A staggering 20 billion T cells are estimated to be present in normal,
healthy skin (Nestle et al. 2009). Many of these are effector-memory T cells
that can persist locally for years and provide rapid protection upon rechallenge
(Clark 2010). Thus, previously primed tumor-specific effector T cells at primary
melanoma site and in the draining LN may be re-activated by immune modulation,
even without further antigenic exposure. We have indeed found evidence for this
in SLN upon ID administration of GM-CSF or CpG (Molenkamp et al. 2008;
Vuylsteke et al. 2006). Such local immune modulation strategies may afford local
and systemic T cell-mediated control of metastatic outgrowth and prove of con-
siderable value as adjuvant therapy. Lymphatic mapping and selective SLN
excision is a minimally invasive procedure, which allows for the identification of
patients at risk of LN metastasis who should undergo a full therapeutic LN dis-
section. The SLN procedure in melanoma has proven a useful prognostic tool for
the assessment of melanoma relapse and mortality risk (Morton et al. 2008). In
addition, the routine SLN procedure, as carried out in early stage melanoma
patients, provides an ideal platform to test options for local pre-operative
strengthening of SLN immune effector functions, i.e. through ID applied immu-
nostimulatory compounds around the primary tumor excision site.

Growing knowledge of the complexity of DC maturation, migration, and T cell
activation, as well as of immune escape mechanisms employed by tumors, has led
to the identification of a substantial number of druggable targets to influence these
processes in favor of generating anti-tumor immunity. Recently, a panel of experts
composed a ranked list of immune response modifiers that should be made
available for expedited clinical development (Cheever 2008). These include DC
activators and growth factors, vaccine adjuvants, T cell stimulators and growth
factors, immune-checkpoint inhibitors and neutralizing agents for suppressive
cells, cytokines, and enzymes. There is consensus that only combinations of agents
from these different classes of modifiers will ultimately yield optimal anti-tumor
efficacy. Examples of these immune modulatory therapeutic agents that show
promise for local immunopotentiation and that have either already entered or are
about to enter the clinical testing phase, will be discussed below.

6.1 Dendritic Cell-Stimulatory Cytokines

Cytokines employed in (experimental) melanoma therapies target either DC
(GM-CSF and IFN-a), effector T cells or NK cells (IL-2 and IFN-«), in an attempt
to harness anti-tumor immune responses. Below, a brief overview is given of
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clinical experience with the administration of the DC-modulatory cytokines GM-
CSF and IFN-o and how they may be applied locally in aid of anti-tumor
immunity.

Granulocyte—-macrophage colony-stimulating factor: GM-CSF stimulates pro-
liferation and differentiation of progenitor cells of myeloid lineages, among others,
neutrophilic and eosinophilic granulocytes and monocytes. Additionally, GM-CSF
has immunological effects on macrophages, fibroblasts, and DC. It was found to
promote the proliferation, survival, maturation, and migration of DC and its pre-
cursors, to induce their cytokine production, to up-regulate MHC class II and
co-stimulatory molecules, all of which are vital to the induction of a T cell
response. As a result, GM-CSF has become a prime candidate for use in immu-
notherapeutic strategies (Waller 2007). Vectors carrying the GM-CSF gene have
been used to transduce tumor cells and DC for adoptive transfer, but have also
been directly injected in vivo (Dranoff 2003). All these approaches resulted in
effective T cell-mediated anti-tumor immunity in murine models (Dranoff 2003;
Kass et al. 2001; Sun et al. 2002). In clinical studies with melanoma
patients, evidence has been found for enhanced anti-tumor T cell responses and
increased autoimmunity in the form of vitiligo upon systemic administration of
GM-CSF, but clinical responses have usually been modest with some reports of
stabilized disease.

Local administration of low-dose GM-CSF may prove effective without
unwanted side effects. Indeed, local release of GM-CSF has been reported to result
in enhanced recruitment of activated DC to draining LN in a murine model (Kass
et al. 2001) and GM-CSF has been used as an adjuvant in tumor-vaccination
protocols (Clive et al. 2010). These features make GM-CSF a good candidate to
test its local immunomodulatory effects on melanoma in a clinical setting. In a first
pilot study, 16 melanoma patients with advanced disease received intralesional
GM-CSF followed by subcutaneous IL-2 injections (Ridolfi et al. 2001). Partial
responses (n = 2), minimal responses (n = 2), and stable disease (n = 9) were
observed. Interestingly, responses were also observed in non-treated lesions,
indicative of the enhancement of systemic immunity. A likely explanation for this
may be the induction or re-activation of melanoma-specific T cells through the
activation of DC at the tumor site or in the tumor-draining LN. Indeed, this was
also observed in a small single-blinded phase II study, carried out by us, in which
12 Stage I melanoma patients were included to receive four daily ID injections of
GM-CSF (at 3 pg/kg) or saline around the primary tumor excision site (Vuylsteke
et al. 2004, 2006). On the day of the last GM-CSF administration, the patients
underwent an SLN excision procedure. We have developed a method whereby the
SLN can be sampled for live immune effector cells without interference in sub-
sequent diagnostic procedures (Vuylsteke et al. 2002). We employed this tech-
nique to monitor the phenotype of DC in the SLN through flow cytometry and to
assess the frequency and functionality of CD8* T cells responding to specific
melanoma-derived peptides in an IFN-y Elispot assay. The GM-CSF-receiving
patients showed a significant increase in the number and maturation state of CD1a*
cDC, which was associated with a more robust melanoma-specific CD8" T
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cell response in the SLN, as compared to saline injected patients. Of note,
melanoma-specific T cell rates correlated directly to mature CD83"CD1a* DC
frequencies in the SLN, confirming the importance of properly activated DC in the
induction of an anti-melanoma immune response. These data are in keeping with
findings by Lee et al. who showed that peritumoral administration of GM-CSF
resulted in a type-1 cytokine profile consistent with enhanced cell-mediated
immunity (Lee et al. 2005).

Recently, GM-CSF has received some bad press. Filipazzi et al. (2007) reported
increased frequencies of a CD14"HLA-DR'" subset of myeloid-derived suppressor
cells in Stage IV melanoma patients upon subcutaneous vaccination with an HSP-
peptide complex combined with GM-CSF. In addition, two groups separately
reported that repeated administration of GM-CSF, added as adjuvant to peptide or
tumor cell-based vaccines, to Stage II-IV melanoma patients over a prolonged
period of time, resulted in lower anti-vaccine T cell responses (Slingluff et al.
2009) and decreased overall survival rates (Faries et al. 2009). A mouse study
accompanying these two reports suggested that these findings might be attributable
to GM-CSF-induced increases in Treg rates and/or activation status (Lacelle et al.
2009). Indeed, GM-CSF was previously shown to lead to the production by
antigen-presenting cells of milk fat globule EGF 8, which attenuated the vaccina-
tion efficacy of GM-CSF-transduced melanoma cells through induction of Tregs in
a mouse model (Jinushi et al. 2007). The latter mouse studies thus provide a ratio-
nale for combining GM-CSF administration with strategies aimed at eliminating
Tregs or other T cell-mediated suppressive mechanisms (e.g. anti-CD25-conjugated
toxins or anti-CTLA-4) (Eggermont 2009). Single low-dose administration of
GM-CSF acting in a strictly localized fashion may not have the detrimental effects
described in the above discussed papers, but this remains to be established.

Interferon-o: IFN-0 has anti-angiogenic, cytotoxic, and cytostatic effects on
tumors and also stimulates T and NK cells. Systemic administration of IFN-« has
been extensively evaluated in (adjuvant) therapy trials with melanoma patients
(Ascierto and Kirkwood 2008; Pfeffer et al. 1998). Meta-analyses of randomized
trials on the adjuvant treatment with IFN-« in Stages II and III melanoma patients
showed increased recurrence-free, but not overall survival for IFN-o treatment
(Ascierto and Kirkwood 2008). Current and planned trials with IFN-o are now
aimed at identification of subgroups of Stages II/IIl melanoma patients that will
benefit most from treatment.

Emerging evidence on the immunological effects of IFN-o argues in favor of
exploring its use as a local immunomodulator (Glaspy et al. 2009). Gogas et al.
(2006) described an association between improved recurrence-free and overall
survival and serological and clinical autoimmune parameters in melanoma patients
receiving high-dose IFN-«. This is reminiscent of observations for other immu-
nomodulators, e.g. anti-CTLA-4, where such autoimmune events correlate with
anti-tumor responses. This observation remains to be confirmed by other studies
(Bouwhuis et al. 2009), but raises the possibility that IFN-o exerts its anti-tumor
effects, at least in part, through immunopotentiation. Wang et al. observed
decreased activation (i.e. phosphorylation) of the signaling protein STAT3 in SLN
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upon administration of high-dose IFN-o to Stage IIIB melanoma patients.
Decreased levels of phosphorylated STAT3 (pSTAT?3) and increases in pSTAT1/
pSTATS3 ratios following high-dose IFN-« treatment suggest its efficacy in sup-
pressing melanoma-induced immune suppression (Wang et al. 2007), in which
STAT3 activation has been identified as a key regulator (Yu et al. 2009). In
addition, IFN-a-exposed monocytes quickly differentiate into mature
CD83*CD14" antigen-presenting cells with the ability to boost memory T cells
(Gerlini et al. 2008); this characteristic may contribute to an anti-melanoma
response through re-activation of in vivo primed anti-tumor CTL. Combined, these
findings indicate that local conditioning of melanoma tumors and their draining
LN by IFN-o may well contribute to reversal of immunosuppression and thus to
immune potentiation of the anti-tumor immune response.

6.2 TLR-Ligands

TLR expressed on DC or assessory cells constitute attractive targets for immu-
nopotentiation. So far, ten TLR have been identified in humans each able to detect
their own class of pathogen-derived molecules. For example, TLR1, -2, and -4 are
present on the cell surface and can bind bacterial glycoproteins and endotoxins,
while TLR3, -7, -8, and -9 are intracellular receptors that bind viral or bacterial
RNA or DNA (Palm and Medzhitov 2009). Of note, LC and DDC express a
distinct TLR-expression pattern (van der Aar et al. 2007). With the exception of
TLR3, all TLR elicit a response via MyD88 signaling, eventually leading to
nuclear translocation of NF-xB and transcriptional activation of pro-inflammatory
mediators (Palm and Medzhitov 2009). Ample evidence from an ever growing
number of mouse studies shows that TLR-ligands are instrumental in inducing
pro-inflammatory cytokine release from antigen-presenting cells in support of
long-term effector T cell-mediated immunity (Palm and Medzhitov 2009). This
characteristic has also sparked interest for their implementation in anti-tumor
immunotherapies, alone or in combination with vaccines or other immune mod-
ulators. Below, a brief outline is given of experience with clinically explored
options in the local treatment of melanoma.

Imiquimod and Resiquimod: TLR7 and -8 agonists (i.e. sSSRNA analogues) have
shown powerful anti-tumor effects in preclinical studies, mainly through induction
of the release of type-1 skewing immune mediators, but also through the induction
of DC with direct anti-tumor activity (Schon and Schon 2008). Imiquimod (for-
mulated as Aldara cream for topical application) is a synthetic agonist for TLR7
and -8. It has been FDA approved for treatment of basal cell carcinoma (BCC),
actinic keratosis, and human papillomavirus-induced warts. TLR7 is present on
cDC, pDC, and B cells (Hornung et al. 2002; Mancuso et al. 2009). Triggering of
TLR7 leads to the release of high amounts of IFN-«, and also of TNF-« and IL-1,
-6, -8 and -12 (Hornung et al. 2002; Stanley 2002). These cytokines in turn activate
¢DC, monocytes and macrophages, NK, Thl cells, and CTL (Hornung et al. 2002;



The Dermis as a Portal for Dendritic Cell-Targeted Immunotherapy 199

Wenzel et al. 2008). This activation of a type-1 cell-mediated immunity is con-
sistent with the anti-viral properties of imiquimod and also suggests anti-tumor
efficacy.

Two groups reported 100% clearance of Stage O (i.e. epidermal) melanoma
lesions with imiquimod (Ray et al. 2005; Wolf et al. 2005, 2007). Biopsies before,
during, and after treatment revealed an increase in Th cells and granzyme-B* CTL
in the affected area during treatment (Wolf et al. 2007). Two other papers also
described the use of imiquimod for the treatment of (sub)cutaneous metastases of
melanoma with promising results (Bong et al. 2002; Green et al. 2007), i.e.
histopathologically confirmed reductions of in-transit metastases after imiquimod
application only and a restored Th1/Th2 balance upon additional intralesional IL-2
injections (Green et al. 2008). Overall, a clinical response rate of 50.5% was seen,
with 91% of the complete regressions appearing in patients with cutaneous lesions.
Of note, pre-conditioning of cutaneous vaccination sites with imiquimod was well
tolerated and resulted in the efficient induction of both humoral and cell-mediated
immune responses against an NY-ESO-based vaccine in Stages II/III melanoma
patients (Adams et al. 2008). These results clearly warrant the further development
of imiquimod as the local immunomodulator and adjuvant constituent of cutane-
ously applied melanoma vaccines.

R848 (or resiquimod), a TLR7 and -8 agonist, topically applied in combination
with subcutaneous administration of ovalbumin, was reported to generate robust
antigen-specific CTL with anti-melanoma activity (Chang et al. 2009). Interest-
ingly, R848 also induced TRAIL-mediated tumor-cytolytic activity of pDC
(Chaperot et al. 2006). An ID delivered gp100/MAGE-A3 melanoma vaccine with
or without an R848-based adjuvant is about to enter clinical testing and should
provide further insight into the clinical efficacy of R848 (Anon 2010).

CpG oligodeoxynucleotides: Adjuvants based on bacterial unmethylated CpG
dinucleotide sequences have strong immunogenic properties (Krieg 2002). All
classes of CpG oligodeoxynucleotides (CpG ODN) bind to TLR9 (Krieg 2001,
2002) leading to DC and B cell activation and maturation and subsequent
Thl-skewing of cytokine production (IL-12, IFN-x) resulting in both antigen-
specific memory and na CD8" T cell induction (Jakob et al. 1998; Krieg 2008;
Warren et al. 2000). Interestingly, CpG-mediated TLR9 activation was shown to
be attenuated by STAT3 activation, leading to immune suppression (Kortylewski
et al. 2009a). This was prevented by conjugating CpG ODN to STAT3 siRNA
prior to delivery (Kortylewski et al. 2009b). These findings argue in favor of
combining CpG ODN with newly developed small-molecule JAK2/STAT3
inhibitors (Hedvat et al. 2009).

PF-3512676, formerly known as CpG 7909, is a B-type CpG ODN that has
been tested extensively in humans. It has a strong effect on the activation of
B cells, but a modest effect on IFN-« production by pDC, in contrast to A- and
C-class ODN, which strongly induce IFN-a secretion (Krieg 2001). In a phase II
study conducted by us, 23 Stages I/Il melanoma patients received one ID injection
of either 8 mg PF-3512676 or saline. Patients receiving PF-3512676 showed a
clear enhancement of both pDC and CD1a* ¢DC maturation and activation in the
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SLN by flow-cytometric analyses (Molenkamp et al. 2007). Also, a significant
decrease in Treg frequencies and significantly higher CD8" T cell response rates to
MAA-derived epitopes in blood and the SLN were detected (Molenkamp et al.
2008). Moreover, a significant and direct correlation was found between pDC
activation in the SLN (by CD86 and CD40 expression levels) and the aggregate
increase in frequencies of MAA peptide-reactive CD8" T cells in post-treatment
peripheral blood. This indicates a direct role for the locally CpG-modulated pDC in
the SLN in the generation of the observed systemic anti-melanoma CD8" T cell
response. In the same trial we observed infiltrates of activated cDC, pDC, and T cells
in the dermis upon ID injection of CpG (van den Hout et al. manuscript in prepa-
ration). This was also recently reported for combined GM-CSF and CpG adminis-
tration (Haining et al. 2008) and hints at a possible utility of local CpG ODN
administration to recruit lymphocytic effector infiltrates to tumor sites. In keeping
with this notion, in another Phase I trial the effects were studied of intralesional
treatment with PF-3512676 in five patients with Basal Cell Carcinoma (BCC) and
five patients with (sub)cutaneous melanoma metastases (Hofmann et al. 2008).
Patients received doses of up to 10 mg intralesional CpG every 14 days. Two
complete regressions were observed (in one BCC and one melanoma patient) and
four partial regressions in BCC patients. Moderate to abundant cellular infiltrates of
lymphocytes were found post-treatment in most biopsies.

Systemic and prolonged administration of PF-3512676 has been studied in
combination with chemotherapy in large randomized Phase III trials in patients
with non-small cell lung cancer. A few years back these trials were prematurely
terminated due to disappointing clinical results in interim analyses (Schmidt
2007). This caused a major setback in the development of CpG ODN as anti-
cancer therapeutics, although it offered the possibility to re-evaluate the most
viable opportunities for clinical application of CpG ODN, such as local admin-
istration, possibly combined with other TLR-ligands and/or viral or tumor vaccines
(Krieg 2008). The above described clinical studies in melanoma patients dem-
onstrate that local CpG-mediated activation of the immune system can lead to a
systemically detectable anti-tumor response with the possibility of recognition and
elimination of metastatic tumor cells by circulating T cells.

6.3 Immunomodulatory Antibodies

Various antibodies targeting tumor-associated markers are now part of the
oncologist’s arsenal of therapeutics and many more are in clinical development,
some of which have entered the clinical testing phase. A few examples with
possible relevance to local immunopotentiation are discussed below.

Anti-CD40: In numerous preclinical studies CD40-mediated activation of DC
was identified as a key event in the generation of long-term CTL-mediated
immunity (Koschella et al. 2004; Melief et al. 2002; Rieger and Kipps 2003;
Schoenberger et al. 1998; Toka et al. 2005). CD40 stimulation also results in the
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reversal of T cell tolerance (Ichikawa et al. 2002), renders DC resistant to the
suppressive effects of IL-10 (Haenssle et al. 2008), and releases them from the
control of Tregs (Serra et al. 2003). Findings from a Phase I trial of a single
systemic administration of the anti-CD40 monoclonal antibody CP-870,893
(Vonderheide et al. 2007) established the maximum-tolerated dose at 0.2 mg/kg.
Most side effects were attributable to a transient cytokine release syndrome on the
day of administration. Encouragingly, four patients with melanoma (i.e. 27% of
enrolled melanoma patients) showed objective partial responses, demonstrating the
possible utility of CP-870,893 in the immunotherapy of melanoma. The applica-
tion of agonistic anti-CD40 may also lead to immunopotentiation of TDLN. In a
recent paper CP-870,893 was shown to induce DC maturation in vitro and to
enhance anti-tumor reactivity in autologous co-cultures of tumor cells and TDLN
suspensions ex vivo (Hunter et al. 2007). By local administration of CP-870,893,
powerful activation of DC subsets may thus be achieved in the melanoma SLN,
releasing them from immunosuppressive conditions.

Anti-CTLA-4 and anti-PD-1: Besides suppression at the DC level, suppression
of T cell reactivity is another possible obstacle in the effective triggering of an
anti-melanoma immune response. The CTLA-4 and programmed death-1 (PD-1)
receptors represent crucial checkpoints in the control of T cell reactivity (Zang and
Allison 2007). CTLA-4 is expressed on activated T cells and binds to CD80 and
CD86 on DC with higher avidity than its competitor ligand CD28. In contrast to
CD28, CTLA-4 provides inhibitory signals to the T cell and blocks activating
signals originating from CD28 to CD86/CDS80 interactions. The importance of this
negative feedback loop is evidenced by the observation that CTLA-4-deficient
mice die by 3—4 weeks of age from lymphoproliferative disease with lymphocytic
infiltration in multiple organs (Waterhouse et al. 1995). CTLA-4 blockade also
breaks through inhibitory feedback loops in tumor-specific T cells and may lead to
preferential expansion of high-avidity effector CTL (Egen et al. 2002). Besides
these processes at the intrinsic effector T cell level, it has also been suggested that
CTLA-4 blockade might abrogate suppressive functions of Tregs (Munn and
Mellor 2006).

Pre-clinical and clinical studies have clearly indicated enhanced anti-tumor
efficacy upon blocking of CTLA-4 and strongly support further implementation of
anti-CTLA-4 in immunotherapeutic approaches to the treatment of melanoma
(Egen et al. 2002; Hodi et al. 2003; Phan et al. 2003). Clinical responses and
prolonged survival have been observed upon systemic treatment of melanoma
patients with the anti-CTLA-4 monoclonal antibodies ipilimumab or treme-
limumab (Hodi et al. 2010; Kirkwood et al. 2010; Sarnaik and Weber 2009).
Clinical responses coincided with Thl7-associated autoimmune-breakthrough
events (ABE) that could generally be controlled with immunosuppressive drugs
(without interfering with the anti-tumor response), but that in some cases were
quite severe (Sarnaik and Weber 2009). The close correlation observed between
these ABE and clinical anti-tumor efficacy in patients with advanced melanoma
(Attia et al. 2005; Phan et al. 2003) raises the question whether the anti-tumor
effects may be achievable without collateral autoimmunity. In all these trials
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anti-CTLA-4 was administered systemically at high-dose levels (3—-10 mg/kg)
over long periods of time (monthly for up to 6 months). A single local adminis-
tration of anti-CTLA-4 aimed at conditioning of the primary melanoma site and
the SLN in an adjuvant setting should allow for the use of relatively low anti-
CTLA-4 dosages without excess risk of autoimmune effects. Indeed, even upon
systemic administration of high doses, autoimmune effects were mostly observed
upon repeated administration (Attia et al. 2005; Sarnaik and Weber 2009). In
support of localized low-dose application of anti-CTLA-4, Simmons et al. recently
reported favorable results obtained in the B16 melanoma model with vaccination
with GM-CSF- and anti-CTLA-4-secreting tumor cells. Equivalent anti-tumor
activity to systemic administration of high-dose anti-CTLA-4 was observed at
significantly lower anti-CTLA-4 serum levels and with serological evidence of
reduced systemic autoimmunity (Simmons et al. 2008). In a similar vein, Tuve
et al. showed that tumor-localized expression of anti-CTLA-4 resulted in signifi-
cantly delayed tumor outgrowth, mediated by CD8" effector cells (Tuve et al.
2007). Of note, anti-CTLA-4 treatment has been reported to be more effective
when combined with booster vaccinations than with primary vaccinations (Gregor
et al. 2004). This may be explained by up-regulation of CTLA-4 upon activation of
T cells and its absence from naive, unstimulated T cells (Egen et al. 2002). Since
the MAA-specific CD8" T cells detected in our previous SLN trials most likely
represent re-activated T cells that were previously primed in vivo (Molenkamp
et al. 2008; Vuylsteke et al. 2006), anti-CTLA-4 may prove particularly effective
in releasing any anti-CTLA-4-mediated inhibitory effects on these T cells.

PD-1, like CTLA-4, forms a checkpoint for T cell activation. It becomes
up-regulated upon T cell activation and binds B7-H1 (PD-L1) and B7-DC (PD-L2)
(Chen 2004). Upon binding of PD-1, T cells become inactivated and enter a
reversible state of anergy (Barber et al. 2006; Freeman et al. 2000). PD-1 knock-
out mice developed autoimmune glomerulonephritis and arthritis (Barber et al.
2006; Keir et al. 2008). PD-1 has been implicated in clonal exhaustion of T cells
and high levels of PD-1 are found on tumor-infiltrating T cells and on chronically
stimulated T cells (Barber et al. 2006; Chen 2004). Its ligand B7-H1 is often
expressed on tumors and may thus interfere with activation of tumor-infiltrating T
cells (Ghebeh et al. 2006; Iwai et al. 2002; Ohigashi et al. 2005). In a melanoma
mouse model anti-PD-1 was shown to enhance the anti-tumor efficacy of a cell-
based vaccine (Li et al. 2009). PD-1 blockade was also shown to facilitate the
expansion and eliminate the suppression of MAA-specific CTL, possibly through
inhibition of Treg activity (Fourcade et al. 2009; Wang et al. 2009). A first Phase 1
clinical trial has been conducted to study the effects of intravenous anti-PD-1
(MDX-1106) administration in 39 patients, including nine melanoma patients
(Brahmer et al. 2010). Results were encouraging with signs of clinical anti-tumor
efficacy, CD8"* T cell infiltration at tumor sites and relatively mild autoimmune
symptoms. This first clinical trial has now opened the possibility to also test
anti-PD-1 as a locally applied immunostimulant.
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7 Dendritic Cell-Targeted Vaccines in the Skin
Microenvironment

Numerous clinical trials are underway studying the effect of DC-based vaccination
with specific MAA. A common strategy is the ex vivo generation of autologous
DC from blood-derived DC precursors, which are then loaded with MAA proteins
or MAA-derived peptides, carrying known CTL and/or Th epitopes, and subse-
quently re-administered to the patient. Alternatively, MAA-encoding genes can be
transferred to DC. A genetic MAA vaccine provides a long-lived continuous
source of antigen and will lead to relatively protracted presentation of MAA by the
transduced DC. In addition, endogenous MAA expression resulting from gene
transfer ensures access to the MHC class I processing pathway for subsequent
activation of specific CTL. With the wide array of molecular recombinant tech-
niques at our disposal and a rapidly growing knowledge of DC biology, it has now
become possible to genetically modify vaccines to specifically target them to DC
in vivo and at the same time achieve DC activation. Direct in vivo administration
of vectors carrying the genetic code of MAA may present a more attractive and
standardized alternative to classic DC-based melanoma vaccination, obviating the
need for costly, time-consuming, and laborious approaches involving the gener-
ation and loading of autologous DC ex vivo.

Vaccines based on the targeting and triggering of tissue-resident DC should be
designed in such a way that they exploit the natural physiological processes that
facilitate DC activation, migration, LN-homing, and subsequent T cell activation.
The presence of different DC subsets in skin allows for the targeting of a range of
DC subsets that have been demonstrated to hold potent immunostimulatory
capacities, facilitating both CD4" and CD8" T cell responses. In mouse studies, in
vivo immunotargeting of protein antigens to DC-restricted markers, such as
CDllc, CLEC9A, or DEC-205, was shown to induce immune responses
(Bonifaz et al. 2004; Mahnke et al. 2005; Sancho et al. 2008; van Broekhoven
et al. 2004). However, targeting of a model antigen to the DEC-205 receptor on
murine DC led to specific T cell unresponsiveness within 7 days after immuni-
zation. This unresponsiveness was only overcome after the co-injection of a CD40
agonistic antibody (Bonifaz et al. 2002). Similarly, CD11c- or DEC-205-targeted
cancer vaccines were only effective when DC-activating reagents such as anti-
CD40 or TLR-ligands were co-administered (Johnson et al. 2008; Mahnke et al.
2005; Wei et al. 2009).

The choice of molecules to target for DC-specific gene transfer is closely
related to the subset, the maturation state, and the anatomical location of the DC in
question. The different skin DC subsets are targetable through different surface
molecules. The most attractive targets should be only expressed on DC, be rapidly
internalized upon binding, and induce DC maturation and migration upon binding,
to allow for optimal CTL activation. Pattern recognition receptors (like TLR)
and antigen-capture receptors (like C-type lectins) are attractive targets, because
it is their natural function to internalize antigens and mediate their routing to
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antigen-processing pathways in order to start a T cell response. In addition, their
differential expression on the LC and DDC subsets may allow for subset-specific
targeting; e.g. Langerin on LC and MR, DEC205, and DC-SIGN on DDC
(Teunissen et al. 2011).

Depending on their size ID injected vaccine vehicles will either remain (“get
stuck”) in the dermis (>100 nm, e.g. liposomes) or rapidly drain to the LN
(<50 nm, e.g. nanoparticles) (Combadiere and Mahe 2008). This will clearly be a
determining factor in what DC subsets will be targeted and should therefore be
taken into account. With our current knowledge it is hard to oversee all the
consequences of targeting specific skin-associated DC subsets. However, a com-
mon trait of any DC-targeted vaccine formulation should be that the targeted DC
become properly activated in order to kick-start a T cell-mediated immune
response. Based on our current knowledge, CDla* DDC (and their CDla*
equivalents in skin-draining LN) may be the most attractive subsets for vaccine
targeting purposes because of their high intrinsic activation state, T cell activation
capacity, and easy accessibility (de Gruijl et al. 2002; Santegoets et al. 2008a;
Sparber et al. 2010).

8 CD40-Targeted Adenovirus: a Dendritic Cell-Targeting
Vaccine Delivered to the Dermis

The use of viral vectors for gene delivery to DC has some major advantages
(de Gruijl et al. 2004). (1) Many viruses exhibit a natural tropism for DC (e.g.
lentiviruses) that may be utilized for DC-targeted vaccination; (2) viruses have a
natural ability to infect target cells and to be efficiently endocytosed by DC; (3)
viruses have developed mechanisms to efficiently transfer their genetic cargo to the
host cytoplasm and/or nucleus in order to take over the host replication and/or
transcription machinery and ensure high-level expression of the transgenes they
carry. These characteristics make viruses extremely attractive vaccine vehicles.
Non-viral vehicles (e.g. liposomes and nanoparticles) often need to be chemically
altered and optimized to achieve the above listed advantageous traits for
DC-targeted vaccination that viruses naturally possess (Altin and Parish 2006;
Reddy et al. 2006; Tacken et al. 2007). One of the most commonly used gene
transfer vectors for DC is the adenovirus (Ad). Advantages of replication-deficient
Ad over other delivery vehicles are that Ad can efficiently infect both dividing and
non-dividing cells at high efficiencies, so that they can be produced at high titers
and are safe, as they do not integrate into the host cell genome (de Gruijl et al.
2004; Timares et al. 2004). Various studies have demonstrated that adenoviral
transduction of DC in vitro results in high expression of the tumor antigen and
efficient activation of immune responses directed to the tumor upon injection of
the transduced DC (de Gruijl et al. 2004; Timares et al. 2004). Unfortunately,
direct ID administration of Ad as a vaccine is hampered by the fact that DC exhibit
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(a) (c)

Fig. 3 Melanoma-draining lymph node suspensions were incubated with CD40-targeted
adenoviruses encoding enhanced green fluorescent protein for 24 h and then examined under a
fluorescence microscope. Photographs show a transduction of DC and b their binding of
lymphocytes: a sign of their activated state. Photographs taken with a dark field microscopy,
b conventional microscopy and ¢ an overlay of both; magnification 400 x

limited expression levels of the Ad-docking receptor coxsackie and adenovirus
receptor (CAR), whereas CAR is abundantly expressed on other residential cell
types in the dermis, e.g. on fibroblasts (de Gruijl et al. 2004). A logical approach to
circumvent inefficient CAR-mediated Ad5 transduction of DC in vivo is redi-
recting AdS entry (i.e. retargeting) via alternative cell surface molecules abun-
dantly expressed on DC (Timares et al. 2004).

We previously reported the successful retargeting of Ad vectors to DC through
CDA40, resulting in enhanced and selective transduction and simultaneous matu-
ration induction both of in vitro generated monocyte-derived DC and of human
skin DC in situ (Brandao et al. 2003; de Gruijl et al. 2002; Hangalapura et al. 2010;
Tillman et al. 1999). This CD40-mediated retargeting was achieved either through
the use of bispecific conjugates, binding and neutralizing the Ad fiber knob on the
one hand and agonistically binding CD40 on the other, or through genetic incor-
poration of the active TNF-like domain of CD40L into the Ad viral knob (Brandao
et al. 2003; de Gruijl et al. 2002; Korokhov et al. 2005; Tillman et al. 1999). In the
skin environment, high expression levels of CD40 are mainly restricted to DDC or
migrating LC in the dermis (de Gruijl et al. 2002). Migrated DC in a human skin
explant model were shown to be transduced at a higher efficiency, to express
higher levels of the transgene, display enhanced phenotypic maturation, and
maintain the ability to specifically activate CTL over longer periods of time, after
ID transduction by CD40-targeted Ad rather than untargeted Ad (de Gruijl et al.
2002). CD40-targeted Ad vectors thus appear to ensure both DC-specific trans-
duction and appropriate DC activation in the context of the skin microenvironment
for the effective subsequent priming of anti-tumor immunity. Besides transduction
of mature cDC in the dermis, CD40-retargeted Ad vectors can also selectively
transduce DC in cutaneous melanoma-draining LN suspensions (Fig. 3) (Han-
galapura et al. 2010). This may well be very relevant as the size of Ad vectors
(£80 nm) will also allow for their direct lymphatic drainage to skin-draining LN
and in situ transduction of DC subsets residing in the LN. CD40-Ad-transduced
DC vaccines were shown to afford superior CD8" T cell-dependent tumor pro-
tection in murine tumor models (Kim et al. 2010; Tillman et al. 2000) and ID
injection of CD40-targeted Ad resulted in a Thl-skewed immune response in an
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infectious mouse model (Huang et al. 2008). Similarly, stronger T cell and IgG2
antibody responses (indicative of Thl skewing) were observed against the tumor
antigen CEA upon ID delivery of a CD40-targeted Ad vaccine in a canine model
(Thacker et al. 2009). We recently reported that CD40-targeting of Ad5/MART-1
results in enhanced induction of high-avidity CTL, both from human peripheral
blood mononuclear cells and in melanoma SLN (Hangalapura et al. 2010). In
addition, we have now obtained evidence that ID delivered and CD40-retargeted
Ad-gpl100 can slow melanoma growth in the B16 mouse model in a therapeutic
setting (Hangalapura et al. submitted). There is thus abundant in vitro and in vivo
evidence for the enhanced efficacy of ID delivered Ad vaccines encoding full-
length MAA genes when they are targeted to CD40 on DC in skin and skin-
draining LN. We now aim to translate this approach to the clinic. The envisioned
methodology entails local recruitment of a dense and activated LC and DDC
infiltrate in the dermis (e.g. through ID injection of GM-CSF) and ID delivery of a
CD40-targeted and MAA encoding Ad vector.

9 Summary and Conclusions

There is urgent need for an effective adjuvant therapy for melanoma. Before
distant metastasis occurs, local immunopotentiation of the primary tumor site and
its draining LN may be a valid strategy to (re-)establish local immune control.
Novel and powerful immunomodulatory agents with proven clinical activity and/
or efficacy are becoming available to combat melanoma-imposed immune sup-
pression on both DC and T cells. The dermis provides an ideal site for delivery of
these compounds. A network of DDC and effector-memory T cells in the dermis
are available for re-activation and subsequent generation of an effector immune
response. Moreover, the dermis provides ready access to draining LN, where the
respective memory and naive T cell responses can be further boosted or primed.
Such approaches may be combined with DC-targeted vaccines, delivered to the
dermis, for further MAA-specific T cell activation. Prior conditioning of the ID
vaccination site can be employed to activate and mobilize both DDC and LC.
Combined targeting of both subsets, provided that appropriate maturation-inducing
signals are applied, will ensure a broad immune reactivity involving both the
cellular and the humoral arm of the adaptive immune system. CD40-targeted Ad
vectors may provide a very useful tool to achieve this. Moreover, the employed Ad
vectors can be modified to encode immunomodulatory sequences besides the
targeted MAA, e.g. short hairpin RNA (e.g. for STAT3 or IDO) or single-chain Fv
fragments (e.g. anti-CD40 or anti-CTLA-4). Exciting new developments in the
treatment of melanoma include the use of targeted therapeutics to modulate
aberrantly activated signaling cascades in melanoma, e.g. in patients carrying
activating b-raf mutations (Smalley 2010). As many of these signaling cascades
also affect immune functions, it will be interesting to see how these new thera-
peutics influence the patient’s immune status and how they may be combined with
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immunotherapeutic approaches. Importantly, the dermis-targeted and localized
immunomodulatory strategies discussed in this paper may not only provide pro-
tection against local tumor spread but the activated effector T cells can also
recirculate and home to distant metastatic sites. Thus, also patients in later stages
of melanoma may experience benefit from these approaches. It now seems of
utmost importance to establish the most optimal combinations of immunothera-
peutic agents. Rather than testing the clinical efficacy of monotherapies in large-
scale Phase III trials, it might be more prudent to first study combination therapies
in multiple small-scale and carefully designed Phase II trials with biological read-
outs. This would allow for the more rational design of multi-targeted therapies
with a better chance of attaining improved clinical efficacy in randomized Phase
III trials.
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DNA Vaccines and Intradermal
Vaccination by DNA Tattooing
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Abstract Over the past two decades, DNA vaccination has been developed as a
method for the induction of immune responses. However, in spite of high
expectations based on their efficacy in preclinical models, immunogenicity of first
generation DNA vaccines in clinical trials was shown to be poor, and no DNA
vaccines have yet been licensed for human use. In recent years significant progress
has been made in the development of second generation DNA vaccines and DNA
vaccine delivery methods. Here we review the key characteristics of DNA vac-
cines as compared to other vaccine platforms, and recent insights into the pre-
requisites for induction of immune responses by DNA vaccines will be discussed.
We illustrate the development of second generation DNA vaccines with the
description of DNA tattooing as a novel DNA delivery method. This technique has
shown great promise both in a small animal model and in non-human primates and
is currently under clinical evaluation.
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1 An Introduction on Two Decades of DNA Vaccination

It is now two decades ago since it was first demonstrated that injection of naked
plasmid DNA into mouse muscle results in expression of the encoded protein
(Wolff et al. 1990). Soon thereafter it was demonstrated that both cellular and
humoral immune responses can be elicited against DNA vaccine-encoded proteins,
when applied intradermally using a ‘gene gun’ (Tang et al. 1992) or upon intra-
muscular (IM) injection (Wang et al. 1993; Ulmer et al. 1993). Furthermore, these
DNA vaccination-induced immune responses were shown to confer protection in
various preclinical disease models, including models of viral, bacterial, and par-
asitic diseases and various tumor models [reviewed by Donnelly et al. (1997),
Gurunathan et al. (2000)]. Based on these encouraging preclinical data and a
number of perceived advantages of DNA-based vaccines (see below), a series of
clinical trials was initiated during the late 1990s that evaluated the efficacy of
DNA vaccines in the induction of immune responses against pathogen- (HIV,
malaria, hepatitis B) and cancer-associated antigens (Donnelly et al. 2003; Liu and
Ulmer 2005; Lu et al. 2008). While these trials provided overwhelming evidence
for the overall safety of DNA vaccines (Donnelly et al. 2003; Liu and Ulmer
2005), immunogenicity of this first generation DNA vaccines was at best modest.

Following the observation of low immunogenicity of DNA vaccines in the early
human trials, the field has taken two directions. (1) It has been argued that while
DNA vaccines may not induce high-level immune responses as a single modality,
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these vaccines would nevertheless be valuable to provide low-level priming. Such
low-level immune responses can then subsequently be amplified by administration
of a virus-based vaccine (McConkey et al. 2003; Lu et al. 2008). Such DNA-prime
viral vector-boost regimens can reduce the issue of vector-specific immune
responses that are a common problem in viral vector-based vaccines. (2) As a
second and more ambitious goal, a large effort has been made to develop (what we
here will loosely call) “second generation DNA vaccines” that should be able to
induce robust immune responses without a requirement for booster vaccination by
virus-based vaccines. In these vaccines, optimization has either focused on (i)
improvement of the expression vectors, (ii) improvement of the vaccine formula-
tion, (iii) enhancement of the immunogenicity of the vaccine-encoded antigen, or
(iv) the provision of molecular adjuvants in order to boost immunogenicity. A
selected set of examples of such optimizations will be provided. Furthermore a
large effort has been made to develop novel physical delivery methods that aim to
increase DNA vaccine efficiency, of which intradermal (ID) DNA tattooing forms
an example.

Is it plausible that DNA vaccines will become available for human use in the
foreseeable future? The licensing of three different DNA vaccines in the field of
veterinary medicine (against West Nile virus in horses, against infectious hae-
matopoietic necrosis virus in salmon and for treatment of melanoma in dogs)
(Redding and Weiner 2009), and a recent report showing DNA vaccination-
mediated protection of human subjects against influenza challenge (Jones et al.
2009), both illustrate the therapeutic potential of DNA vaccines as single
modalities. Owing to this, there is presently renewed optimism that DNA vaccines
may within the next years be approved for applications in humans (Lu et al. 2008;
Kutzler and Weiner 2008).

2 Advantages of DNA Vaccination Compared to Conventional
Vaccine Platforms

DNA vaccines have a number of attractive properties that contribute to the strong
interest in their development. Among these properties are the ease and speed of
vaccine production, the ability to induce both cellular and humoral immunity and
the favorable safety profile as compared to other gene-based vaccine platforms that
are able to induce strong cellular immunity. These aspects are discussed in more
detail below.

2.1 Ease and Speed of Production

Plasmid DNA is relatively easy to produce in small to large quantities in a generic
way, with little if any need for adaptation of the production process for different
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individual plasmids. This is in sharp contrast to in particular protein-based vac-
cines, for which the production process needs to be specifically designed for each
new vaccine. Moreover, since DNA vaccine-encoded proteins are synthesized by
the host cells upon delivery, difficulties associated with recombinant protein-based
vaccine production, such as protein folding and post translational modifications
(e.g., glycosylation) are circumvented (Abdulhaqq and Weiner 2008; Jechlinger
2006). Another important advantage of DNA vaccines is the excellent stability of
DNA as compared to other vaccine modalities, thereby likely circumventing the
need for a ‘cold chain’ for vaccine distribution.

2.2 Ability to Induce Cellular Immunity

While direct experimental evidence is limited, there is some reason to assume that
DNA vaccines are more suitable for the induction of CD8" (‘cytotoxic’) T cell
immunity than recombinant peptide or protein vaccines (Gurunathan et al. 2000;
Rice et al. 2008; Nagata et al. 2004; Liu 1997). Due to the fact that by definition,
vaccination-induced antigen expression takes place by host cells, there is ample
opportunity for the transfected cells to present peptide fragments of the antigen in
MHC-class I molecules at the cell surface. In contrast, in many other vaccine
formats such as protein, peptide, or inactivated pathogen-based vaccines, antigen
is offered within the extracellular space. As extracellular antigens are mainly
presented via MHC-class II molecules, induction of CD4" (‘helper’) T cell and
antibody responses can be expected to predominate (Liu 1997). This discussion is
somewhat complicated by the observation that induction of T cell responses upon
DNA vaccination occurs at least in part by cross-priming rather than direct
interaction between naive CD8" T cells and transfected skin or muscle cells (see
below). However, as cross-priming is also more efficient for cell-associated than
for soluble antigens (Li et al. 2001), the advantage of vaccine formats that induce
intracellular antigen expression remains.

2.3 Lack of Vector-Specific Inmune Responses

While the presumed advantage of DNA vaccines in the induction of CD8" T cell
responses is shared with live attenuated viral vaccines or viral vector-based vac-
cines, the latter modalities bear greater risks in terms of production and safety
(Draper and Heeney 2010; Robert-Guroff 2007). Furthermore, viral vector-based
vaccines such as recombinant adenovirus or vaccinia virus can suffer from pre-
existing immunity toward the vector or can induce vector-directed immunoge-
nicity, thereby preventing repeated administration of these vectors (Limbach and
Richie 2009). In the case of DNA vaccines the only immunogenic structure pro-
duced is the antigen itself, thereby allowing repeated administration.
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2.4 Favorable Safety Profile

For the large-scale use of new vaccine formats in the general population their
safety profile obviously needs to be well-established (Wilson and Marcuse 2001;
O’Hagan and Rappuoli 2004). Because of their non-infectious and non-replicating
nature, DNA vaccines are considered safer than live attenuated viruses or
recombinant viral vectors. Furthermore, DNA vaccines have proven to be well
tolerated and non-toxic in both preclinical- and clinical studies (Lu et al. 2008;
Kutzler and Weiner 2008; Schalk et al. 2006; Parker et al. 2001; Parker et al.
1999). However, a few safety issues unique to plasmid DNA vaccines may
potentially hamper their widespread use.

The main safety concern associated with DNA vaccines is the risk of genomic
integration into the host genome. Genomic integration could potentially lead to
activation of oncogenes, inactivation of tumor suppressor genes, or, when inte-
grated into the chromosomal DNA of germ line cells, to vertical transmission.
Several studies have examined the frequency of integration upon DNA vaccina-
tion. Collectively, these studies indicate that integration can occur but with a
frequency that is manifold (around three orders of magnitude, depending on the
system) lower than the spontaneous gene-inactivating mutation frequency of the
genome. (Schalk et al. 2006; Ledwith et al. 2000; Wang et al. 2004). Vertical
transmission due to genomic integration in germ line cells has been observed after
direct injection of DNA into the gonads (Gao et al. 2009). However, genomic
integration into germ line cells has not been observed after DNA vaccination at
sites distant from the gonads (Parker et al. 1999; Manam et al. 2000). In con-
clusion, because of the low frequency of genomic integrations at the vaccination
site and the absence of integrations in germ line cells, the risks associated with
genomic integration upon DNA vaccination are at present considered negligible.
An important exception to this is formed by DNA vaccines that encode proteins
with known or suspected transforming activity (e.g., the HPV E6 and E7 onco-
proteins). Proteins with transforming activity are attractive targets for vaccination
as they can serve as unique tumor associated antigens. However, for such DNA
vaccines, the survival advantage of cells that express the encoded proteins could
conceivably lead to outgrowth of those (extremely) few cells in which genomic
integration has occurred (Jeon et al. 1995). Because of this concern, the use of
engineering strategies that abolish the transforming properties of the vaccine-
encoded antigen should be considered essential.

A second potential safety concern in the use of DNA-based vaccines is the
induction of anti-DNA antibodies and the subsequent development of auto-
immune disease. This concern is increased by the fact that the bacterial derived
DNA contains unmethylated phosphodiester-linked cytosine and guanine (CpG)
motifs in the plasmid backbone that have an immunostimulatory activity via
triggering of Toll-like receptor 9 (TLR9) (Krieg 2002), see also below. Anti-DNA
antibodies are considered a hallmark of certain autoimmune diseases such as
systemic lupus erythematosus (SLE), as most (but not all) patients manifest this
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characteristic of disease (Donnelly et al. 1997; Isenberg et al. 2007). Although
induction of anti-DNA antibodies has been observed in some animal models after
injection of plasmid DNA, thus far no evidence has been found that these anti-
bodies are associated with the development of systemic autoimmune diseases,
either in healthy animals or in animals that are at risk for the development of
autoimmune disease [reviewed by Schalk et al. (2006), Smith and Klinman
(2001)]. Furthermore, in human DNA vaccination trials no statistically significant
increase in the presence of antinuclear antibodies and anti-DNA antibodies among
vaccinees has been detected (Schalk et al. 2006).

In conclusion, all preclinical and clinical studies that have aimed to evaluate
potential safety concerns of DNA vaccines have not provided any compelling
evidence for substantial risks associated with the use of DNA vaccines. Because of
this, we currently see no major obstacles for the application of DNA vaccines for
therapeutic purposes, or for prophylaxis against high-risk disease. It is noted,
however, that the potential toxicities of DNA vaccines would primarily concern
long-term effects that may be difficult to address in the studies discussed above.
Because of this, it would seem prudent to await the long-term outcome of clinical
trials for high-risk indications before widespread application of DNA vaccination
for low-risk disease is considered.

3 Mechanism of T cell Priming upon DNA Vaccination

At first glance, the general mechanism by which plasmid DNA vaccines induce
immunity seems straightforward. Upon administration the plasmid DNA is taken
up by host cells, leading to production of the antigen by these cells and to the
release of ‘danger’ signals as dictated by the danger model. However, there is still
substantial uncertainty about the antigen-presentation pathway that leads to the
display of antigen-derived epitopes to naive T cells and also by which molecular
mechanisms ‘danger’ is perceived upon DNA vaccination. Importantly, a better
understanding of both of these factors is likely to result in more efficient DNA
vaccine formats.

3.1 Direct- Versus Cross-priming

Through the use of bone marrow chimeras it has been demonstrated that the
induction of cellular and humoral immune responses upon DNA vaccination is
absolutely dependent on antigen presentation by bone marrow-derived profes-
sional antigen-presenting cells (APCs) (Iwasaki et al. 1997). On the other hand, for
various routes of administration it has been demonstrated that antigen expression
upon DNA vaccination primarily results in antigen expression in non-immune
cells in peripheral tissues, such as myocytes in the muscle and keratinocytes in the
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skin (Dupuis et al. 2000; Porgador et al. 1998). An important question, therefore, is
whether immune activation primarily occurs by the action of a small number of
APCs that have become directly transfected, or whether antigen produced by the
much larger number of non-immune cells serves as a source of antigen that is
handed over to APCs that subsequently present the antigen (a process termed
cross-presentation in the case of CD8" T cell activation). This issue is of more than
academic interest as it has previously been demonstrated that the efficiency with
which antigens are cross-presented can vary markedly depending on the context in
which an epitope is provided (see also below) (Norbury et al. 2004; Wolkers et al.
2004).

Most DNA vaccination studies performed to address this question have used
gene gun or IM needle injection as a delivery platform. From these studies there is
clear evidence that both direct presentation of antigen by transfected APCs
(Porgador et al. 1998; Condon et al. 1996; Chattergoon et al. 1998; Torres et al.
1997) and cross-presentation of antigen acquired from non-immune cells (Wolff
et al. 1990; Cho et al. 2001; Ulmer et al. 1996) can occur in vivo after DNA
vaccination. The design of most of these studies, however, does not allow a
conclusion on the relative contribution of these two processes to CD8" T cell
activation in vivo. An exception to this is formed by a study in which a DNA
vaccine encoding the influenza A nucleoprotein (NP) under control of either the
keratinocyte-specific K14 promoter or the APC-specific CD11b promoter was
applied via gene gun (Cho et al. 2001). This study revealed that keratinocyte-
directed transgene expression induced both higher cellular and humoral immune
responses than APC-directed transgene expression, thus providing strong evidence
for a dominant role for cross-presentation in CD8* T cell priming upon gene gun
immunization. These data are in apparent contrast to a second study that—again
using gene gun application—provided evidence for a dominant role for directly
transfected APCs in CD8" T cell activation (Porgador et al. 1998). In this study,
co-transfection, but not co-immunization of plasmids encoding co-stimulatory
molecules was shown to restore the immunogenicity of an otherwise non-immu-
nogenic nuclear protein (NP) variant. This observation seems most consistent with
antigen presentation by directly transfected APCs, as cross-presentation would not
be expected to result in cell surface expression of the vaccine-encoded costimu-
latory molecules on the APC. It is noted however, that the NP variant used in the
latter study may form a poor substrate for cross-presentation, as the mutations
within this antigen may prevent proper folding and thereby reduce antigen accu-
mulation within the donor cell or by other means disrupt the transfer of antigen
from the antigen-producing cells to specialized APCs (see below) (Iwasaki et al.
1997).

Taken together, to date no definitive answer exists regarding the exact mech-
anism of T cell priming upon DNA vaccination (Shedlock and Weiner 2000;
Laddy and Weiner 2006), and it is plausible that the mechanism of immune
induction will differ between different methods of immunization (Torres et al.
1997; Heath and Carbone 2001), between target tissues (e.g., skin vs. muscle)
(Torres et al. 1997), and between different DNA vaccine designs.
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3.2 Influencing Antigen Properties

Several strategies have been developed in which an antigen of interest is geneti-
cally fused to a ‘carrier’ protein. Carrier proteins that have been shown to
(sometimes strongly) increase the immunogenicity of the fused antigen include
tetanus toxin fragment C (TTFC), heat shock protein 70 (HSP 70), MHC-class 11
invariant chain (Ii), calreticulin (CRT), herpes simplex virus viral protein 22 (HSV
VP 22) and E. coli f-glucuronidase (Table 1). The exact mechanism(s) by which
these carrier proteins enhance the immunogenicity of the fused antigen remain
largely unclear and may vary between different carrier molecules. However, based
on our current understanding of DNA vaccines, two broad categories are likely to
play dominant roles.

Provision of CD4™ T cell help: There is abundant evidence that CD8* T cell
responses induced by DNA vaccination are dependent on CD4" T cell help
(Maecker et al. 1998). However, CD4" T cell responses are likely to be weak or
lacking when using DNA vaccines that either encode self proteins or single CD8"
T cell epitopes. In such cases, the provision of CD4* T cell help via carrier
encoded helper epitopes is likely to be an important factor in the immune-enhanc-
ing effect of foreign carrier molecules, like TTFC and E. coli f-glucoronidase
(Stevenson et al. 2004; Smahel et al. 2004).

Enhancement of antigen presentation: There is strong evidence that improve-
ment of antigen stability enhances DNA vaccine immunogenicity. First, many of
the above-mentioned fusions result in increased steady state antigen levels (Brulet
et al. 2007; Smabhel et al. 2004; Michel et al. 2002). Second, formal evidence for
the notion that the stability of DNA vaccine-encoded antigens in the transfected
cell contributes to vaccine immunogenicity has been provided using a set of
engineered luciferase variants with a variable in vivo half-life (Bins et al. 2007).
For this set of variants, immunogenicity was directly correlated to antigen sta-
bility. Also the observation that covalent linkage of an epitope toward a carrier
protein, but not the simultaneous expression of the epitope and the carrier using a
bicistronic vector, improves vaccine immunogenicity is consistent with the notion
that carrier proteins can influence vaccine immunogenicity by increasing antigen
half-life (Wolkers et al. 2002). At present, the most straightforward explanation for
the observed effect of antigen stability on vaccine immunogenicity is that it would
enhance cross-presentation, although a direct analysis of epitope density on APCs
would be required to provide formal evidence for this model. Genetic fusion to
carrier proteins may also influence antigen presentation through other mechanisms.
For VP-22 it has been proposed that it enhances antigen spreading to neighboring
cells (Michel et al. 2002). For HSP-70 it has been proposed that it increases uptake
of the antigen by APCs via a HSP specific receptor (Wu 2007). Finally, some
carrier molecules such as Ii (Brulet et al. 2007) and calreticulin (Cheng et al.
2001) alter the subcellular localization of an antigen and might thereby
improve the immunogenicity of the DNA encoded antigen. This is in line with
the finding that the sole addition of signals influencing subcellular localization
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(such as ER targeting signals) to DNA vaccine-encoded antigens can improve their
immunogenicity (Michel et al. 2002; Boyle et al. 1997; Kim et al. 2006; Rice et al.
1999). Also in this case, enhanced immunogenicity may be due to increased cross-
presentation, but again, formal evidence is lacking. Clearly, improved insight into
the mechanisms by which different carrier influence vaccine immunogenicity will
enable more rational DNA vaccine optimization and should be an important area
of future research.

4 Origin of the “Danger Signal” in DNA Vaccines

Although the addition of various adjuvants (Table 1) can enhance their immu-
nogenicity, DNA vaccines are also able to induce strong immune responses in
animal models without the addition of adjuvants that provide inflammatory sig-
nals. As the induction of adaptive immune responses requires not only the pres-
ence of antigen, but also the presence of signals that induce APC activation
(something often referred to as the danger model) (Heath and Carbone 2001;
Matzinger 2002; Pulendran and Ahmed 2006), this implies that either DNA vac-
cines themselves or the DNA vaccination procedure provides elements that result
in a sense of danger.

4.1 Danger in ‘Naked’ DNA

For many years it has been assumed that unmethylated CpG motifs were the
primary source of danger in DNA vaccine preparations. Unmethylated CpG motifs
form one of the so called ‘pathogen-associated molecular patterns’ (PAMP) that
are recognized by pattern recognition receptors (PRR), in the case of CpG the
TLRO. TLRY is expressed in the endocytic pathway, providing endocytosing cells
with the ability to detect CpG motifs within ingested material. Triggering of TLR9
initiates a cascade of signaling events that leads to NF-xB and activator protein 1
(AP-1) activation, and the subsequent induction of a pro-inflammatory response
characterized by the release of cytokines and chemokines, e.g., type I interferons
(IFNs), interleukin (IL)-6, IL-12 and tumor necrosis factor (TNF)-« (Tang and
Pietersz 2009). In early work, the inclusion of additional CpG motifs within the
plasmid backbone was shown to improve DNA vaccine efficiency after ID vac-
cination in a murine melanoma model (Schneeberger et al. 2004). As TLR9 is
differentially expressed between mice (all dendritic cell subsets) and men (only
plasmacytoid dendritic cells) (Iwasaki and Medzhitov 2004), it has been suggested
that a reduced ability to initiate a CpG-dependent danger response could explain
the poor track record of DNA vaccines in humans. However, several studies have
shown that both the induction of cellular as well as humoral immune responses is
unaffected in TLR9-deficient mice (Babiuk et al. 2004; Spies et al. 2003).
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Assuming that TLR9 forms the sole receptor for CpG, these data suggest that
danger in DNA vaccination must (also) be sensed by other means.

Recently, evidence has been provided indicating that double stranded DNA
(dsDNA) in the B form (right-handed helical structure) functions as an intrinsic
adjuvant in DNA vaccines [reviewed by Tang and Pietersz (2009), Coban et al.
(2008)]. Two dsDNA sensors have been identified thus far, namely DAI (DNA-
dependent activator of IFN-regulatory factors) and AIM 2 (absent in melanoma-2).
Contrary to TLRY, these dsDNA sensors are expressed within the cytosol, pro-
viding transfected cells with the ability to detect incoming DNA. DAl-induced
immune activation is mediated through the activation of IFN-regulatory factor 3
(IRF3) and NF-kB and results in the production of type I IFNs (Takaoka et al.
2007). AIM 2 has recently been described as the cytosolic DNA sensor that is
responsible for activation of the inflammasome, thereby resulting in the production
of active IL-1f, IL-18 and IL-33 (Schroder et al. 2009). However, as optimal DNA
vaccine immunogenicity requires type I IFNs (Ishii et al. 2008) and AIM?2 is not
required for type I IFN production, it is considered to have a secondary role in the
DNA-induced adjuvant response (Tang and Pietersz 2009). An important study by
Ishii et al. has demonstrated a pivotal role for TANK-binding kinase 1 (TBK-1), a
non-canonical IxB kinase, in mediating the adjuvant effect of DNA vaccines. In
the presence of dsSDNA, TBK-1 activates IRF3 and IRF7, leading to the production
of type I IFNs. Notably, TBK-1 deficient mice were unable to generate antigen-
specific humoral and cellular immune responses upon vaccination with a DNA
vaccine delivered by IM injection followed by electroporation (Ishii et al. 2008).
In contrast, DNA vaccine-induced immune responses were not affected by DAI
deficiency and from this observation it was concluded that TBK-1 but not DAI is
essential to the DNA vaccine mediated adjuvant response. Recently evidence was
provided for the involvement of another signaling component named stimulator of
IFN genes (STING) in TBK-1 mediated dsDNA sensing (Ishikawa et al. 2009).
STING assembles with TBK-1 after dsSDNA stimulation (Saitoh et al. 2009) and
TBK-1 trafficking is blocked in the absence of STING (Ishikawa et al. 2009).
Morever STING is essential for intracellular DNA-mediated type I IFN production
and STING deficient mice showed an almost complete inhibition of both humoral
and cellular immune responses upon DNA vaccination. Notably, despite the
increasing knowledge on the signaling route that controls cellular responses upon
cytosolic DNA encounter, the critical element recognizing dsDNA in this pathway
still needs to be identified. Our current knowledge on intracellular DNA sensors is
summarized in Table 2.

4.2 Administration-Induced Danger

While recognition of the introduced DNA forms one route through which DNA
vaccination results in a danger response, the physical damage induced by the
administration procedure itself is likely to be a second factor. Sensing of physical
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Table 2 Cellular DNA sensing elements and their importance in DNA vaccination-induced
immune responses

Pattern DNA Signaling Mediators Relevance Reference
recognized recognizing components released for DNA
element involved vaccination
CpG TLR9 MyDS88 IL-6, IL-12, Little/ Krieg (2002), Babiuk
motifs TNF-«, moderate et al. (2004), Spies
type 1 et al. (2003)
IFN
dsDNA AIM2 Inflammasome IL-1pf, IL-18, Little Schroder et al. (2009)
1L-33
DAI TBK-1/IRF3  Type 1 IFN  Little Takaoka et al. (2007)
Unknown TBK-1/ Type 1 IFN  High Ishii et al. (2008),
STING/ Ishikawa et al.
IRF3 (2009)

damage seems likely to be of particular importance for ID delivered DNA vac-
cines, as the skin has an important barrier function in host defense and is densely
populated with immune cells. Therefore, administration procedure-induced local
skin injury is likely to result in an inflammatory response that can boost vaccine
immunogenicity (Nestle et al. 2009). This notion is supported by a recent report
demonstrating that epidermal injury during poxvirus immunization is crucial for
the generation of protective T cell mediated immunity (Liu et al. 2010). Fur-
thermore, delivery-induced damage has also been suggested to play a role fol-
lowing electroporation-mediated IM delivery (Chiarella et al. 2008; Peng et al.
2007) and even following simple IM injection in mice, as the injection volume
used (usually about 50 pl) exceeds the fluid capacity of the muscle resulting in
local tissue damage (Rice et al. 2008; Dupuis et al. 2000).

What are the molecular mediators of the inflammatory response that is induced
by physical damage? First, cell death that occurs during vaccination may lead to
the release of intracellular molecules (with high-mobility group protein Bl
(HMGB-1) as a prototype) that can be recognized by neighboring cells, or can
result in the formation of uric acid crystals. This class of endogenous indicators of
danger, sometimes referred to as alarmins [reviewed by Matzinger (2002),
Pulendran (2004)] is likely to grow further in coming years, and it seems plausible
that the role of individual alarmins as indicators of danger will depend on the
strategy used for DNA vaccine delivery. In the case of ID DNA vaccine delivery,
the vaccination-induced damage may also result in a danger response through an
indirect mechanism. Specifically, the disruption of the skin barrier will create
opportunities for pathogens/skin-resident microorganisms to locally invade the
epidermal or dermal layer. As a consequence, immune activation can be expected
to occur via the sensing of one of the many identified PAMPs, such as LPS,
peptidoglycans, flagellin, etc. (Pulendran and Ahmed 2006).

While there is increasing interest in the role of adjuvant signals provided by the
DNA itself, little attention has thus far been given to the contribution of the DNA
vaccination procedure-induced damage to vaccine immunogenicity. Furthermore,
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our understanding of the contribution of different danger signals (be they either
DNA- or damage-induced) to different types of adaptive immune responses
(humoral, Th1, Th2, Th17, cytotoxic) is still limited.

5 Optimizing DNA Vaccination by Intradermal Tattooing

Given the poor performance of DNA vaccines (mostly IM delivered) in non-
human primates and early clinical trials we set out to develop an improved strategy
for DNA vaccine delivery. First, we postulated that a strategy in which DNA
vaccines are introduced into the skin by a multitude of needle injections rather than
a single injection would be superior. This method, in which DNA is delivered to
the epidermal skin layer by many thousands of injections using a permanent make-
up or tattoo device has been named DNA tattooing (Bins et al. 2005). Secondly, by
measuring DNA vaccination-induced antigen expression in vivo using a firefly
luciferase-encoding DNA, the kinetics of antigen expression could be followed.
Notably, despite the fact that antigen expression after ID tattoo was approximately
10- to 100-fold lower and of much shorter duration than after IM injection, pre-
sentation of the vaccine-encoded epitope to CD8" T cells was shown to be
markedly better. Based on the observation that DNA tattoo-induced antigen
expression was restricted to approximately 96 h, a vaccination schedule was
developed in which DNA is applied three times with 2 day intervals. Using this
short-interval ID DNA delivery schedule, robust CD8* T cell responses that can
readily be measured directly ex vivo could be induced within 2 weeks. In contrast,
IM vaccination with this short-interval regimen did not lead to detectable T cell
responses. Furthermore, in comparison to IM DNA vaccination, DNA tattooing
was shown to mediate substantially better protection in mouse models of influenza
A infection and HPV 16-associated cancer. A likely explanation for the higher
immunogenicity of DNA tattoo vaccination is that skin is a better equipped for the
induction of immune responses. In contrast to muscle, skin is rich in APCs (Zaba
et al. 2009) and is the body’s first line of defense against many pathogens (Nestle
et al. 2009). Also, since the tattoo procedure inflicts thousands of skin perforations
it is likely to result in the release of many more danger signals than simple IM or
ID injection, thereby serving as a potent adjuvant (see below).

Interestingly, ID tattoo vaccination has also been applied to other vaccine
modalities. For peptide-based vaccines it was shown that ID tattooing was more
efficient than a subcutaneous (SC) injection (Pokorna et al. 2009). Also adenoviral
vectors have been administered via ID tattoo in a side-by-side comparison with SC
injection. In contrast to the results obtained with DNA vaccines, delivery of
adenovirus via ID tattoo immunization did not provide any obvious advantage over
delivery via ID injection (Potthoff et al. 2009). A possible explanation for this lack
of superiority of ID tattoo vaccination is that the uptake of the adenovirus into host
cells is much more efficient obviating the need for a more sophisticated delivery
procedure and/or that viral particles themselves serve as a strong adjuvant, thereby
making the tattoo procedure redundant.
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6 Mechanism of Immune Induction upon DNA Tattooing
6.1 Antigen Expression and Priming

How does ID DNA tattooing induce CD8" T cell responses? Upon ID DNA tattoo
vaccination, antigen expression is largely confined to cells within the epidermal
layer, as revealed by beta-Gal staining (Bins et al. 2005). Furthermore, by flow
cytometric analysis of single cell suspensions of tattooed ex vivo human skin (see
below for more details on this model) it was shown that the vast majority of
transfected cells consists of keratinocytes. Sporadic transfection of Langerhans
cells (LCs) in the epidermis could also be observed (approximately 1% of trans-
fected cells, more or less proportional to their frequency in human skin cell
preparations) (van den Berg et al. 2009). Notably, the fact that only few antigen-
expressing LCs could be recovered from human skin could not be explained by
rapid migration of these cells after DNA administration. Does the fact that antigen
expression upon DNA tattoo is largely restricted to keratinocytes indicate a
dominant role for this cell type in the induction of immune responses? When
vaccination-induced antigen expression is restricted to keratinocytes by the use of
the K14 promoter, CD8" T cell responses could still be induced by this strategy for
DNA vaccination in a murine model (Bins et al. 2007). As there is no evidence for
migration of keratinocytes to the skin-draining lymph nodes, nor for na T cell
priming at the site of vaccination, these data strongly suggest that the induction of
a vaccine-specific CD8" T cell response upon DNA tattooing is at least partially
due to cross-priming. A schematic representation of the different possibilities that
lead to CD8" T cell priming upon DNA tattooing is provided in Fig. 1.

6.2 Provision of Danger Signals

As discussed above, recognition of danger signals upon DNA vaccination may
either involve the direct recognition of the introduced DNA, or the detection of
physical damage caused by DNA introduction. Thus far, only the role of TLR9 in
sensing unmethylated CpG motifs upon DNA tattoo has been evaluated. Consis-
tent with data from studies that have evaluated the role of TLRY in other DNA
vaccination modalities, the magnitude of CD8" T cell responses induced by DNA
tattoo in wild type and in TLR9 ™'~ mice were identical, demonstrating that—at
least in mice—TLR9 mediated signaling is not essential for the induction of
immune responses by DNA tattoo vaccination (Bins et al. 2005). Evidence for or
against a role for different cytosolic dsDNA sensing systems in DNA tattoo
vaccination-induced immunity is at present lacking. However, as this DNA vac-
cination strategy relies on the generation of thousands of skin perforations, a
contribution of vaccination-induced skin damage to the immunogenicity of DNA
tattooing, therefore, seems plausible. Support for the notion that inflammatory
signals inflicted by tissue damage contribute to the immunogenicity of DNA tattoo
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Fig. 1 Possible routes for the priming of CD8+ cytotoxic T cells upon ID DNA tattoo
vaccination. Upon DNA tattooing mainly keratinocytes are transfected and produce antigen that
is acquired by professional APCs, leading to cross-presentation to CD8+ cytotoxic T cells. As an
alternative, APCs can become directly transfected, leading to direct priming of CD8+cytotoxic
T cells. Based on available evidence, cross-presentation is considered the predominant route
(see text)

is provided by a study in which we measured serum IL-6 levels upon tattoo
application of either DNA or water-for-injections (WFI). Notably, systemic IL-6
levels were increased to the same extent in both groups of mice and exceeded
those seen upon intraperitoneal delivery of 100 IU of LPS [a known inducer of
IL-6 (Harden et al. 2006)]. These data suggest that administration-induced danger
signals form a major factor in the immunogenicity of DNA tattoo (van den Berg
et al. 2010c). A schematic representation of the different routes by which danger
can be sensed upon DNA tattooing is provided in Fig. 2.

7 DNA Tattoo Versus Other DNA Delivery Techniques

To date, a large number of different delivery methods for DNA vaccines have been
developed. In the following section a selection of these methods is discussed and
their pros and cons relative to DNA tattooing are evaluated.
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Fig. 2 Routes by which danger can be sensed upon intradermal DNA tattoo vaccination. Danger
can be sensed via detection of dsSDNA by cytosolic DNA sensors and signaling via TBK-1/
STING, or via detection of CpG motifs by endosomal TLRY (although the latter route is not
critical). On the other hand, the tattoo procedure can induce damage to the skin leading to the
release of PAMPs and alarmins. The thus released mediators can activate skin-resident APCs and
attract/activate other immune cells. The fact that tattooing without any DNA already results in
strong immune activation as measured by serum IL-6 levels (see text) suggests that damage-
induced danger signals may play a dominant role

7.1 Intramuscular Injection

IM injection is one of the first routes of administration used for the delivery of
naked plasmid DNA (Wolff et al. 1990) and the ease and simplicity of the method
are particularly attractive for large-scale use. Although the method has proven
effective in small animal models, the results obtained in studies in non-human
primates and clinical trials have been disappointing even when doses up to 5 mg
plasmid were used (Lu et al. 2008; Dean et al. 2003; Johnston et al. 2002). This
translational block has been referred to as the “simian barrier” (Johnston et al.
2002) and is possibly explained by the impossibility to scale-up the injection
volume used in mice (50 pl) to non-human primates and humans. Based on the
difference in body weight (20 g vs. 80 kg) an injection volume of about 200 ml
would be needed for a linear scale-up. Inability to perform such scale-up may be a
particularly important factor as it has been suggested that the tissue damage
inflicted by injection of a large volume of DNA relative to the volume of the
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injection site contributes to the immunogenicity of IM DNA vaccination in mice
(Rice et al. 2008; Dupuis et al. 2000).

As described above we have performed an extensive comparison of the effi-
ciency of ID tattoo vaccination and classical IM DNA vaccination in murine
models. These data demonstrated that DNA tattoo outperformed IM DNA vacci-
nation both with respect to the speed of CD8" T cell induction and with respect to
the magnitude of this immune response. The superiority of DNA tattoo in mice has
since then been confirmed in a study by Pokorna et al., in which previously
described strategies to enhance the potency of IM DNA vaccination (cardiotoxin
pretreatment or GM-CSF DNA co-delivery) were also included. In this study, ID
DNA tattooing elicited significantly higher L1 specific humoral and cellular
immune responses as compared to all IM conditions evaluated, even if the number
of IM injections exceeded the number of tattoo administrations (Pokorna et al.
2008).

Having demonstrated the superiority of DNA tattoo in small animal models we
set out to determine if the translational block described for IM delivery would also
apply to DNA tattoo. To this end we performed a study in rhesus macaques, in
which we delivered an HIV clade C DNA vaccine via ID DNA tattooing and
compared the results with a prior study using exactly the same vaccine and vaccine
dose but delivered by IM injection. This study demonstrated a 10- to 100-fold
increase in the magnitude of vaccine-specific T cell responses in peripheral blood
from rhesus macaques vaccinated by DNA tattoo, as compared to T cell responses
in animals immunized via the IM route. Furthermore an increase in the fraction of
animals responding to the immunogens was also observed. In conclusion, DNA
tattoo outperforms IM DNA vaccination in both small and large animal models,
warranting its further testing in humans (Verstrepen et al. 2008).

7.2 Particle-Mediated Epidermal Delivery

Particle-mediated epidermal delivery (PMED) comprises the bombardment of the
skin with gold particles coated with DNA and is often referred to as ‘gene gun’
vaccination. Gene gun-mediated gene transfer is the first method that was suc-
cessfully used for DNA vaccination in murine models (Tang et al. 1992). The
method, which was originally developed for the transfection of cells in vitro, has
been extensively studied in human subjects. Within these studies, both cellular and
humoral vaccine-specific responses have been demonstrated and—even though a
side-by-side comparison has to our knowledge not been performed in clinical
trials—the method is generally considered more efficient than IM injection (Dean
et al. 2003; Dean et al. 2005). A comparison of the efficiency of gene gun and ID
tattoo vaccination (using the same short-interval administration schedule) has
demonstrated that the two methods are equipotent in CD8" T cell activation in a
murine model.
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The doses of DNA required to induce immune responses by gene gun admin-
istration are surprisingly low, about 1 pg/dose, being approximately 100-1,000
fold lower than that used for IM injection, and this holds true for both murine and
larger animal models (Dean et al. 2003; Dean et al. 2005). Moreover, also in
human clinical trials, immune responses have been detected with doses below
10 pg (Dean et al. 2005). A possible explanation for this high efficiency is that
gene gun is believed to directly deliver the DNA into the intracellular environ-
ment, in contrast to any other DNA delivery method (Dean et al. 2003). However,
as the capacity of the current delivery devices is also low (1-2 pg of DNA per
‘shot’) the scaling of gun vaccination from mice to human application may still
form an issue (Jechlinger 2006; Dean et al. 2005). Specifically, taking into account
the difference in body surface (0.0075 vs. 1.85 m?), approximately 250 vaccina-
tions would be required to achieve the same dose per body surface. A second
drawback is that the costs per immunization may be substantial (in particular when
such scaling is performed), because of the need for formulating the DNA onto gold
particles (Jechlinger 2006).

7.3 Electroporation-Mediated Gene Transfer

Electroporation (EP) is successfully used as a strategy for the transfection of cells
in vitro (Bodles-Brakhop et al. 2009). EP uses short electrical pulses to destabilize
cell membranes. While the precise mechanism is unclear, EP is thought to promote
cellular uptake of DNA through permeabilizing cell membranes and driving DNA
entry via an electrophoretic process (Mir 2008). As it is believed that the poor
performance of DNA vaccines in larger animals and humans can at least in part be
explained by the low transfection efficiency upon needle mediated delivery of
naked DNA (Babiuk et al. 2002; Nishikawa and Huang 2001), EP has been
extensively evaluated for its potential to increase in vivo transfection. Several
devices for EP-assisted DNA vaccination have been developed and EP has been
shown to result in an increase in antigen expression and vaccine immunogenicity
in murine models when combined with either IM (Dupuis et al. 2000; Widera et al.
2000) or ID DNA injection (Roos et al. 2006; Roos et al. 2009). In a direct
comparison, the combination of IM injection and EP was shown to be more
efficient than gene gun-mediated DNA administration (Best et al. 2009). EP
mediated DNA vaccination has also been shown to increase antigen expression
levels and vaccine immunogenicity in large animals (Babiuk et al. 2002; Hirao
et al. 2008). Based on these highly promising preclinical data EP is now also being
evaluated in clinical trials [reviewed by Bodles-Brakhop et al. (2009)].

A slight complication of this technique is that there are many variables such as
pulse duration, pulse strength and the number of pulses that need to be optimized.
It has been demonstrated that EP settings that result in high expression levels are
not necessarily those that induce the highest immune responses (Roos et al. 2006).
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Furthermore, the optimal settings may also differ depending on the array used and
the targeted tissue (Mir 2008; Rabussay 2008).

A safety concern that has been associated with the improved transfection
efficiency upon EP is a possible increase of the number of chromosomal inte-
grations (Schalk et al. 2006; Smith and Klinman 2001). In one study by Wang
et al. (2004), it was observed that EP markedly increased the amount of plasmid
associated with high molecular weight (i.e., genomic) DNA. Furthermore, using a
newly developed PCR method, four independent integration events were detected
in electroporated muscle, providing direct proof for genomic integration upon
DNA vaccination. However, other studies have shown no increase in the amount
of plasmid DNA associated with high-molecular-weight DNA after EP in com-
bination with IM delivery (Luckay et al. 2007). More importantly, it seems
plausible that the risk of genomic integration will scale proportionally with any
improvement in DNA vaccine delivery strategies and this risk is, therefore, unli-
kely to be unique to EP.

7.4 Jet Injection

Jet injection is a needle-free technique in which fluid is injected under high
pressure and this technique is suitable for both IM and ID administration. Jet
injectors have successfully been used for immunizing humans with live attenuated
vaccines against measles and smallpox, as well as inactivated life vaccines against
cholera, hepatitis B, influenza and polio (Mitragotri 2005). Advantages of the
method are that it avoids the use of sharps and its compatibility with existing
vaccine formulations that have been developed for needle-based administration.
Disadvantages of the method include higher levels of pain and more frequent side
reactions than observed with needle-based vaccine delivery (Mitragotri 2005). In a
report by Trimble et al., CD8" T cell responses and antitumor effects generated by
a DNA vaccine administered ID via gene gun or Biojector® (a jet injector suitable
for ID delivery) and IM via needle injection were directly compared in a murine
model (Trimble et al. 2003). In this comparison, gene gun vaccination formed the
most potent method of immunization. Furthermore, in non-human primates IM jet
injection with the Biojector® or Mini-Ject™ was not more efficient than simple
IM injection with respect to the induction of both cellular and humoral immune
responses (Rao et al. 2006). Based on these data it can be concluded that jet
injection does not significantly improve the immunogenicity of IM administered
DNA vaccines.

7.5 Microneedle-Assisted Gene Transfer

Microneedles are small needles with a size between 200 and 400 um that have
been designed to deliver drugs to the epidermal layer of the skin, without
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stimulating the pain receptors that populate the underlying dermis (Birchall et al.
2005). Microneedles have been shown to be useful for the delivery of protein-
based vaccines in clinical trials as delivery of the seasonal influenza vaccine via
microneedles has been shown to be more effective than simple IM delivery (Arnou
et al. 2009; Van Damme et al. 2009). A recent study by Zhou et al. demonstrated
that microneedle-based delivery of a hepatitis B virus DNA vaccine in mice
resulted in higher levels of humoral and cellular immune responses when com-
pared to IM injection with the same DNA construct (Zhou et al. 2010). However,
protein expression levels upon DNA application with microneedles are also
reported to be unpredictable and difficult to control, and because of this, further
optimization is likely to be required for the future development of this strategy into
a robust DNA vaccination platform (Birchall et al. 2005).

7.6 Concluding Remarks on the Different DNA Vaccine Delivery
Methods

Compared to the above-mentioned administration techniques (summarized in
Table 3), DNA tattoo stands out by its simplicity. There is no need for formulation
of the DNA as is the case for PMED. As compared to jet injection, EP and PMED,
the required equipment is relatively simple and cheap. More importantly, linear
scale-up from mice to man can simply be done by vaccination of larger skin areas.
This notion is supported by the promising results of DNA tattoo in non-human
primates (Verstrepen et al. 2008). Furthermore, as the tattoo procedure causes
substantial damage to the skin requirement for the inclusion of adjuvants may not
be needed, making clinical translation relatively straightforward. By the same
token, it is noted, however, that the invasiveness of the method and also the
requirement for repeated administration are likely to limit the current DNA tattoo
strategy to high-risk diseases.

8 Clinical Translation of Intradermal DNA Tattooing
8.1 Ex Vivo Human Skin Model

On the basis of the promising preclinical data both in mice and in non-human
primates an effort has been made to translate DNA tattoo vaccination into clinical
application. However, before initiation of studies in humans it was important to
determine the optimal settings for DNA tattoo in human skin, in particular because
the physiology of human skin has obvious differences compared to that of furred
murine and non-human primate skin (Godin and Touitou 2007). To address this
issue we have analyzed the parameters that result in optimal expression of
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Table 3 Advantages and limitations of different DNA delivery methods

Gene transfer
method

Advantages

Limitations

Ref.

Ease of the method, low
costs of equipment

IM injection

PMED (‘gene
gun’)

High potency in relation
to dose, extensive
preclinical and clinical
experience

Electroporation Extensive preclinical and
clinical experience,
can be combined with
other delivery methods

Needle-free method,
ability to work with
existing formulations,
and success with many

Jet injection

Poor track record in

larger animals and
human subjects

Complex gold particle-

based formulation/
high cost of the
equipment, dose
limitation to
microgram range

High cost of the

equipment

High cost of the device,
higher levels of pain

than with needles
No evidence for

Wolff et al. (1990),
Johnston et al. (2002),
Verstrepen et al.
(2008), McCluskie
et al. (1999)

Jechlinger (2006),

Dean et al. (2005),
Mitragotri (2005)

Wang et al. (2004),
Bodles-Brakhop et al.
(2009)

Mitragotri (2005),
Ren et al. (2002)

forms of vaccines superior
performance relative
to IM DNA
vaccination
Microneedle-  Favorable patient Limited experience in  Birchall et al. (2005)
based acceptability, DNA vaccination,
application possibility for self low protein
administration expression levels
DNA tattoo Linear scale-up from mice Invasiveness of the Bins et al. (2005),

to men possible,
relatively cheap/
portable instrument

method may limit
patient acceptability

Verstrepen et al.
(2008)

vaccine-encoded antigens applied to human skin by DNA tattoo (van den Berg et al.
2009). For this purpose, we have developed an ex vivo human skin, in which DNA
vaccines encoding reporter proteins are applied via ID tattoo. These studies
revealed that gene expression upon ID DNA tattoo of human skin is almost
exclusively restricted to the epidermal layer. Furthermore, consistent with the data
obtained in mice, the vast majority of transfected cells consisted of keratinocytes. In
order to optimize variables that we considered likely to influence the efficiency of
DNA vaccination we have tattooed a total of 428 skin areas with luciferase-
encoding DNA, thereby examining the effect of variations in (1) DNA concen-
tration, (2) the duration of tattooing, (3) needle depth and (4) the type of tattoo
machine. From these experiments, analyzed in a linear mixed effects model, it was
concluded that DNA concentration is the most important factor influencing antigen
expression in human skin. Furthermore, it was shown that also tattoo time and
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tattoo depth had significant effects on antigen expression. These data have been
instrumental for the design of the first clinical trial of DNA tattoo and we speculate
that this in vitro model will also be of value for the preclinical optimization of other
DNA vaccine delivery strategies.

8.2 Ongoing and Planned Clinical Trials

Currently a first phase I clinical trial is ongoing to evaluate the safety and toler-
ability of ID DNA tattoo for the treatment of HLA-A2 positive advanced stage
melanoma patients. Melanoma forms an interesting target for therapeutic vacci-
nation as there is evidence to suggest that cellular immune responses contribute to
the spontaneous regressions that are sporadically observed (van Oijen et al. 2004).
Furthermore, a large number of melanoma-associated antigens (such as MART-1,
tyrosinase, and gp100) have been identified and a substantial number of cytotoxic
T cell epitopes from these antigens have been mapped. The DNA vaccine that is
being used within this first trial encodes a modified (affinity-enhanced) MART-1
epitope fused to tetanus toxin fragment C. The plasmid DNA for this trial was
manufactured in our in-house GMP production facility (Quaak et al. 2008),
illustrating that clinical translation of DNA vaccines is relatively straightforward
as compared to most other vaccine formats. Thus far, the tattoo procedure is well
tolerated and no obvious toxicity has been observed. MART-1-specific T cell
immunity will be assayed in peripheral blood samples and on skin biopsies from
the vaccination site, using both MHC-tetramer staining and IFN-y ELISPOT.
Furthermore, serum antitetanus toxin antibody titers will be measured in order to
monitor the induction of humoral immune responses by the vaccine.

In the near future we will also initiate a phase I clinical trial to evaluate DNA
tattoo for the treatment of HPV-16 positive penile- and cervical cancer. HPV-
induced malignancies form an excellent target for immunotherapy as the trans-
formed cells express viral proteins, thereby enabling recognition of malignant cells
without the danger of targeting healthy cells (Frazer 2004). For this trial we have
developed two DNA vaccines directed against the HPV 16 E6 and E7 oncogenes
and clinical grade production of these plasmids is currently ongoing.

9 Opinion on Usefulness of Intradermal DNA Vaccination,
Large-Scale Use of DNA Tattoo, and Future Perspectives

As mentioned above, disadvantages of DNA tattoo are the invasiveness of the
method, the fact that the tattoo procedure is more time-consuming than simple
injection and that multiple administrations are required in order to induce high-
level immune responses. Owing to this we consider the method currently well
suitable for the development of therapeutic vaccines for high-risk diseases, but not
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for (prophylactic) mass vaccination. However, when tattoo time can be shortened
and/or the number of administrations can be reduced, for example, by improving
transfection efficiency and construct immunogenicity, the method may become
more suitable for large-scale application. One of the strategies to further improve
the efficiency of DNA tattoo vaccination, which is currently under evaluation, is
briefly discussed below.

Thus far, most of our studies have focused on the use of naked DNA. However,
from studies in the ex vivo human skin model, it has been calculated that the
transfection efficiency of naked DNA upon tattooing is extremely low: estimated
between 1 outof 1 x 107%to 1 x 107° copies applied (van den Berg et al. 2009).
Therefore, there is ample room for improving the transfection efficiency of DNA
vaccines applied by DNA tattoo. In a recent study we have evaluated the use of
cationic nanoparticles as synthetic delivery vehicles for DNA vaccines (van den
Berg et al. 2010a). Interestingly, these studies revealed that the positive charge of
such particles that dramatically enhances transfection efficiency in cell culture
systems essentially prevents transfection in human skin. Only when the cationic
surface charge of these particles was shielded with polyethylene glycol (PEG),
transfection in human skin was apparent. Delivery of a model vaccine using these
PEGylated nanoparticles resulted in an increase in transfection efficiency as
compared to naked DNA both in ex vivo human skin and in mice (in the latter
about two- to fivefold depending on the type of nanoparticle). Unfortunately, for
this first variant DNA formulation that we have analyzed, no significant increase in
immunogenicity was observed in spite of these higher expression levels. These
data do, however, illustrate the value of the combined use of these two models for
preclinical DNA vaccine delivery optimization. First, the human skin model
allows one to rapidly identify vaccine formulations that yield substantial antigen
expression (going from the reasonable assumption that in the absence of sub-
stantial antigen expression immunogenicity will be poor). Second, those selected
formulations that yield substantial antigen expression in human skin can subse-
quently be analyzed for immunogenicity within the murine model. As an example,
skin electroporation-mediated DNA delivery has shown great promise in
both small and large animal models (Roos et al. 2009), and the combined use of
DNA tattoo and electroporation may well be evaluated by combining these two
models.

10 Conclusion

DNA tattoo has progressed from the first preclinical evaluation to clinical testing
in a period of approximately 5 years, and based on its preclinical track record ID
DNA tattoo can be considered a promising strategy for DNA vaccination. At
present the two main priorities will be to evaluate the current strategy for DNA
tattoo in clinical trials, while at the same time developing optimized strategies in
preclinical models that can be evaluated in follow-up trials.
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