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Skin vaccination aims at targeting epidermal and dermal
antigen-presenting cells (APCs), indeed many subsets of differ-
ent origin endowed with various functions populate the skin.
The idea that the skin could represent a particularly potent site
to induce adaptive and protective immune response emerged
after the success of vaccinia virus vaccination by skin scarifi-
cation. Recent advances have shown that multiple subsets of
APCs coexist in the skin and participate in immunity to infec-
tious diseases. Induction of an adaptive immune response
depends on the initial recognition and capture of antigens by
skin APCs and their transport to lymphoid organs. Innovative
strategies of vaccination have thus been developed to target
skin APCs for tailored immunity, hence this review will discuss
recent insights into skin APC subsets characterization and how
they can shape adaptive immune responses.

Introduction

Each year, vaccination programs across the world prevent
between 2 and 3 million needless deaths, protecting children
against deadly diseases such as measles, polio, diphtheria, tetanus
and pertussis with the ultimate aim to induce immune memory
for life-time protection and in all individuals.! Vaccine leaders
from around the world discuss critical issues surrounding the
development of effective—and affordable/acceptable—vaccines.
Intramuscular (IM) or subcutaneous (SC) routes, widely used
for vaccination, have proven to be successful in inducing sys-
temic humoral immunity toward several pathogens but gener-
ally failed to induce efficient and long-term cellular protection.
Vaccine development faces difficulties to manipulate the appro-
priate arms of the immune system in predictable ways for vac-
cine efficacy. The nature and intensity of the acquired immune
protection are variable depending of targeted pathogens and host
responses. After a period of abandon that have followed the suc-
cessful era of vaccinia virus vaccination and eradication of small-
pox, the skin routes of vaccination have regained interest during
the past two decades.
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Our increased understanding of the high immune potential
of skin resident and inflammatory cells, as well as the urgent
need to improve the immunogenicity of vaccines against infec-
tious diseases (HIV, HCV, influenza...) and cancers motivates
the development of innovative strategies targeting the cutane-
ous tissue. Numerous concepts for vaccine delivery to the skin
layers have been developed in the past decade. However, some
key mechanisms of vaccination remain to be elucidated in more
details: (1) the nature and function of antigen-presenting cells
(APCs) that can favor the initiation of immune response; (2) the
molecular and cellular networks involved in skin immunization.
These parameters are important to ensure optimal initiation of
both innate and adaptive immunity. The challenge today is to
understand how to manipulate skin APCs to increase vaccine
efficacy. We propose here an overview of our recent knowledge
on skin APC and inflammatory cells and their potential to mod-
ulate adaptive immunity for optimal development of vaccination
strategies.

Characterization and Functions of Epidermal
Antigen-Presenting Cells

Langerhans cells

The epidermis of mice and human is composed of strati-
fied layers of squamous and keratinized cells—keratinocytes—
that protect the integrity of the skin.*? As the epidermis is not
vascularized, nutrient supply is dependent on the dermis. The
solely professional APCs that populates the epidermis, namely
Langerhans cells (LCs), represent 1-5% of all epidermal cells.
LCs are located mainly at the suprabasal layer of the epidermis
and form a network around keratinocytes.” They can be identi-
fied by the constitutive expression of Langerin (CD207), and the
presence of unique intracytoplasmic organelles known as Birbeck
granules, which have a role in antigen uptake.’> CD207 is a type
IT C-type lectin receptor homogeneously expressed at the surface
of human and murine LCs that, when triggered by its ligands,
is internalized in Birbeck granules, a hallmark of maturation.®’
CD207 expression is not exclusive to LCs as other dermal DC
populations have been found to express it, as described below.
Human and mouse LCs also express E-cadherin, a molecule
that mediate adhesion to keratinocytes,® epithelial cell adhesion
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molecule (EpCAM), CD205 (DC-SIGN), and class-II major
histocompatibility complex (MHCII) molecules (Table 1). In
addition, human, but not mouse, LCs also express high levels of
the CD1a molecule which is able to present non-peptidic antigens
to T cells.’

LCs key features include radioresistance, longevity and immu-
nosurveillance of the skin.'® In sharp contrast with other DC
subsets, LC repopulation did not depend on transplanted bone-
marrow cells after lethal irradiation of mice but rather on skin
local precursors.”! Similarly, LCs from parabiotic mice, which
share a common blood circulation, failed to mix, thus supporting
the idea that they maintain themselves independently of circu-
lating precursors during steady-state."! Conversely, it was shown
that in inflammatory conditions, another type of LCs, named
short-term LCs, arise from Gr-1" monocytes soon after UV light-
induced depletion.'*® This subset is progressively replaced by
long-term LCs that arise from bone marrow precursors in steady-
state. A study by Nagao et al. further described this mechanism
and revealed that hair follicles act as entry portals for monocyte-
derivated LCs in a C-motif chemokine receptor (CCR) 2 and
CCRG6-dependent manner.

Consistent with their role in skin immunosurveillance, LCs
appear to be very motile even at steady-state. Indeed Kissenpfennig
et al. demonstrated that 2 to 3% of LCs circulate naturally from
the skin to the draining lymph nodes (DLN), passing through
the dermis where they can be identified as “en route” LCs.”
This process involves constitutive expression of chemotractants
such as C-motif chemokine ligand (CCL) 20 by lymphatic ves-
sel endothelial cells, hence providing constant source of antigen
from the cutaneous environment for the induction of tolerance.
Accordingly, migratory LCs have also been found in healthy
human skin DLNs.'¢

The differential expression of PRRs between APC subsets
probably account for the diversity of the immune responses they
can induce.” Following TLR engagement, reception of appropri-
ated signals, and capture of antigen, maturated, and differenti-
ated APCs migrate to the DLNs where they will promote clonal
expansion of antigen-specific naive T cells (Fig. 1). To do so, they

exhibit unique physical properties that allow them to migrate
through confined space such as lymphatics.’® Upon inflamma-
tion, resident LCs drastically change in morphology and motil-
ity and increase their expression of CCR7, which ligands CCL19
and CCL21 are constitutively expressed by endothelial cells of
the lymphatic vessels.”” This phenomenon, largely mediated by
cytokines of the IL-1 family and TNF-a produced by kerati-
nocytes, has to overcome the autocrine effect of tumor growth
factor (TGF)-B, which by upregulating E-cadherin and down-
regulating CCR7 promotes LC retention in the skin.?

The extensive use of Langerin-Diphteria Toxin Receptor
(Lang-DTR) transgenic mice, which can be conditionally
depleted of Langerin* cells, has unravelled multiple functions of
LCs in vivo."” Consistent with their role of “gatekeeper” of the
skin, LCs appear to have dual functions. First, and because the
skin in continuously challenged with non-pathogenic microor-
ganisms such as commensals and auto-antigens, LCs have unique
immunosuppressive and tolerogenic properties.?’ D Kaplan’s
group demonstrated that targeted depletion of LCs increased
antigen-specific T cell counts in a mice model of contact
hypersensitivity, showing that LCs act as regulator of immune
responses.’>? Accordingly, LCs have been shown to promote and
activate antigen-specific T regulatory cells (Treg) in the course
of Leishmania infection,? allergy contact dermatitis,” and after
targeting with myelin oligodendrocyte glycoprotein (MOG).*¢ In
humans, Seneschal et al. demonstrated that in absence of exoge-
nous antigen, LCs, but not dermal DCs, constitutively promoted
local proliferation and activation of skin resident memory CD4*
Treg.” However, after infection with C. albicans, the study also
demonstrated that LCs were capable to induce effector memory
non-regulatory T cells in situ.

The spatial localization of LCs within the skin makes them
the first APCs to encounter environmental antigens, and as so,
they must be able to induce potent and broad responses to foreign
antigens. Indeed several studies suggest that LCs can efficiently
prime naive T cells and induce their helper or cytotoxic func-
tions. Igyarto et al. elegantly demonstrated that LCs are neces-
sary and sufficient to induce immunity to yeast (C. albicans) and

Table 1. Mouse and human APC subsets and their associated markers in healthy skin

Mouse subsets Phenotype

Human subsets Phenotype

Langerhans cell CD11b™, CD207+, CD205* CD103-, CD172a*

Langerhans cell CD1a", CD1c*, EpCAM*

XCR1* DDC CD11b", XCR1*, CD207*, CD103*-, CLEC9A*, CD172a" CD141* DDC CD1a*-, CD14%-, CD1clowint
CD11b* DDC CD11b*, XCRT,, CD172a* CD1a* DDC CD1a™ CD1b*, CD1c*, CD14, CD208*
CD11b" DDC CD11b", XCR1-, CD172a* - -
Monocyte-derived DC CD11b", Ly6C*, CD64, MERTK o CD14*DDC CD1a, CD14*, CD1c*, CD163%, DC-SIGN*
Dermal Macrophage CD64", MERTK Ma[zf;;“;;ge CD14%, CD1a-, CDIc, FXlla*

Plasmacytoid DDC CD11br, B220*, PDCA1*

Plasmacytoid DDC CD123*,CD303*, CD304*

Four conventional DC subsets have been described in mice, which can be identified by their level of expression of a group of markers. In addition, murine
skin contains myeloid monocyte-derived DCs and dermal macrophages. Plasmacytoid DCs are almost absent in healthy skin. Human counterpart DCs are
identified based on the expression of CD1a, CD1¢, CD14, and CD141. High expression of the cellular marker is denoted by *, while intermediate, low, and lack

of expression are denoted by™,'", respectively. DDC, dermal dendritic cell.

28 Human Vaccines & Immunotherapeutics

Volume 11 Issue 1

Do not distribute.

I0Science.

©2014 Landes B



extracellular bacteria (8. aureus) by promoting induction of Th17
cells.?® Evidences also suggest that LCs can mediate Th2-like cel-
lular responses after epicutaneous sensitization with protein anti-
gens.? Similarly, freshly isolated human LCs are endowed with
the capacity to stimulate allogeneic CD4* T cells toward a Th2
profile in vitro.'®

The ability of LCs to cross-prime foreign antigens and initi-
ate cytotoxic CD8* T cells responses has long been controversial.
Early studies either suggested that LCs were efficient in cross-
presentation®”! or that they were not involved.?> However, these
studies did not take into account the existence of the CD207*
CD103* dermal subset, as is was not identified at the time.
Later on, Henri et al. showed that CD207* CD103* were the
solely skin DC subset able to cross-present self-antigens using
a mouse model in which keratinocytes constitutively expressed

membrane-bound ovalbumin.** However, another study dem-
onstrated that LCs are involved in the acquisition of effector
functions by CD8* T cells that infiltrate the skin during TLR-
induced inflammation.* Thus, rather than being responsible for
cross-presentation of self-antigens during steady-state, LCs could
be able to interact closely with CD8* T cells during an inflamma-
tory response. Accordingly, Liard et al. showed that after intrader-
mal immunization of mice with a particulate antigen, LCs were
the main subset responsible for the generation of IFN-y-secreting
CD8* T cells in DLNs.* Interestingly, after intradermal delivery
of plasmid DNA, a second wave of LCs from epidermal precur-
sors—reminiscent of long-term LCs described in'*—was present
in DLNs two weeks after immunization and was essential for
CD8* T cell priming.*® Conversely, primary LCs residing in the
epidermis at the time of vaccination could not prime CD8* T
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Figure 1. Mouse skin APCs shape adaptive immune responses. APC populations of the epidermis and dermis have high propensity for modulation of
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cells. Of note, bone marrow-derived CD207* dermal DCs also
contributed to CD8* T cell priming.*® These findings fits nicely
with the view that steady-state, non-inflammatory LCs that are
used to encounter skin antigens are tolerogenic and thus enable to
efficiently prime naive CD8" T cells, whereas LCs that are newly
generated upon inflammation and entry of foreign antigen could
prime naive CD4* and CD8" T cells. However, a recent study on
skin scarification with Vaccinia Virus showed that LCs are not
involved in CD8-mediated immune responses.”’

The contribution of LCs to humoral immunity has not been
much studied. For instance, LCs were shown to induce protective
IgGl in serum after patch immunization with S. aureus-derived
toxin, which revealed LCs ability to project their dendrites
through tight junctions and sample antigens that have not yet
breached the epidermal barrier.?®

In humans, most studies have focused on the ability of LCs
to activate and induce differentiation of naive T cells in vitro.
Human LCs preferentially induce Th2,*% Th17,* Th22%* and
are able to cross-present antigens to CD8" T cells.**%

Overall, these findings suggest a high plasticity of LCs
according to the context. That is, the combination of signals
they receive from the environment during steady-state or when
encountering the antigen, as well as the nature of the antigen
itself and its location, would shape their functions toward immu-
nogenicity or tolerance.

Keratinocytes

Keratinocytes account for 80% of epidermal cells and although
acting as structural cells, they exert key innate immune func-
tions. Keratinocytes express various pattern recognition receptors
(PRRs) such as Nod-like receptors (NLRs) 1 and 2, Toll-like
receptors (TLRs) 3, 4, 5, and 9, and C-type lectins that recognize
pathogen-associated molecular patterns (PAMPs), which in turn
trigger activation of pro-inflammatory pathways. Recognition
of PAMPs by keratinocytes lead to production of various pro-
inflammatory signals such as CXC chemokine ligand (CXCL)
8,9, 10, 11, CCL2, CCL20, tumor necrosis factor o (TNF-a),
interleukin (IL) 1, 6, 10, 18, and 33.%% Sugita et al. demon-
strated that in mice, those innate signals where able to improve
Langerhans cell (LCs) presenting functions.” Furthermore, the
expression of MHC class II molecules on their surface make
them non-professional APCs able to present antigen to CD4* T
cells and stimulate their proliferation in certain conditions such

as skin disorders.®4

Characterization and Functions of Dermal Antigen-
Presenting Cells

The dermis, which is mainly composed of fibroblasts, repre-
sents the skin connective tissue layer. As blood and lymphatic
vessels are present throughout the dermis, it hosts multiple
immune cell populations that vary dramatically from steady-
state to inflammatory conditions. In mice, four conventional
dermal DC subsets can be distinguished based on surface expres-
sion markers (Table 1). Analysis of mice transgenic for CD207
(Langerin-EGFP) revealed that in addition to “en route” LC that
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transit through the dermis, at least two other dermal DC subsets
express CD207 and differ from LCs in origin and function.”>>
These subsets express low amounts of CD11b and can be fur-
ther characterized by expression of the marker CD103 (Table 1).
They develop from a blood-borne pre-DC progenitor and acquire
their phenotype and functions through the action of granulo-
cyte/macrophage colony-stimulating factor (GM-CSF)."*% It has
been recently proposed that these populations should be referred
to as a so-called XCR1* DC subset, based on the unique expres-
sion of this marker.’*

Other DC subsets include CD11b* DCs, lacking CD207,
CD103, and XCR1 expression and representing the majority
of dermal DCs,*** as well as a minor population of CD11b""
DCs.5¢ The CD11b* population was long considered as an het-
erogeneous population that overlapped with other subpopula-
tions that had not been - or poorly - characterized, including
conventional dermal DCs (¢cDCs), dermal macrophages, mono-
cytes, and monocyte-derived DCs (moDCs).*>5”5% The recent
benchmarking study by Tamoutounour et al. further subdivided
steady-state CD11b* dermal cells into distinct subsets of cDCs,
moDCs, macrophages, and monocytes, using c-mer proto-onco-
gene tyrosine kinase (MerT'’K), CD64, and CCR2 markers and
gene expression comparison.” In this study, blood Ly-6C" mono-
cytes were found to constitute a pool that continuously gener-
ated skin resident monocytes as well as moDCs at steady-state,
while ¢cDCs developed on a Fms-like tyrosine kinase 3 ligand
(Flt3L)-dependent and CCR2-independent manner.”” The ori-
gin of dermal macrophages appears less clear. While some resi-
dent dermal macrophages derive from monocytes, another pool
seems to seed the dermis before birth from yolk-sac progenitors.*’
Whether these differential origins can be linked to differential
functions has not yet been elucidated. At steady-state, resident
macrophage function is primarily to survey the skin and react
quickly after detection of foreign antigen. Upon inflammation,
blood monocytes can further differentiate into specialized mac-
rophage subset such as pro-inflammatory “M1”, regulatory “M2”
or wound-healing macrophages.® Healthy human dermal DC
subsets include “en route” LCs, CD14* DCs, CDla* DCs, and
CD141* DCs, which resemble murine LCs, mo-DCs, CD11b*
DCs, and XCR1* DCs respectively.®> Their associated markers
can be found in Table 1. The overall complexity to segregate der-
mal APCs by surface markers in line with the development of
systems biology approaches fostered the identification of tran-
scriptional signatures of cell subsets.®*® The use of transcription
factor-deficient mice unravelled developmental relationships and

functions of certain subsets.®®

However, the phenotyping of cells
based on intracellular markers requires permeabilization, which
unable cell sorting by flow cytometry for further uses.

Plasmacytoid DCs (pDCs) are absent from non-inflamed
skin and essentially act as contributors of skin wound healing
and TLR7-mediated skin inflammation.”” As members of the
innate immune system, their functions will not be further dis-
cussed here.

During pathogen- or vaccine-driven inflammation, immune
populations of the dermis vary dramatically, with rapid infil-
tration of inflammatory cells from blood capillaries under the
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influence of pro-inflammatory cytokines and chemokines, while
skin resident APCs sample foreign antigens and migrate to cuta-
neous DLNs where they prime naive T cells (Fig. 1).%®

Inflammatory DCs (infDCs) are a hallmark of inflamma-
tion induced cell recruitment. InfDCs arise from blood Ly-6C™
CCR2* monocytes and are thought to differentiate under influ-
ence of Macrophage-Colony Stimulating Factor (M-CSF).®
It is however not fully understood what are the cellular source
for M-CSF neither if other factors contribute to InfDCs differ-
entiation. One feature that differentiates InfDCs from steady-
state moDCs is the fact that they can upregulated CCR7 and
thus migrate to DLN and present antigens, thought in relatively
smaller number than CD11b* ¢cDCs.” InfDCs have been some-
times referred to as Tip-DCs (for TNF-at/inducible NO synthase
(iNOS)-producing-DCs), however monocytes and activated
macrophages can also express iNOS and TNF-a. In addition,
Tip-DCs were actually found not to express the DC-specific
zbtb46 transcription factor in Listeria-infected mice while
InfDCs expressed it.”®”' During inflammation, the massive
recruitment of monocytes also helps to repopulate the skin with
newly generated LCs'? as well as dermal DCs,”? which left the
skin to migrate to DLNs. In addition, neutrophils can be found
within an hour after skin injury and participate in the production
of cytokines and chemokine that help recruitment and activation
of monocytes.”

XCR1* Dermal DCs

Dermal XCR1* DCs comprise two populations of CD11b""
CD207" cells that either express CD103 or not.>* As this nomen-
clature is relatively recent, these cell subsets were often referred
to as CD207* dermal DCs, irrespectively of their expression of
CD103. XCR1* dermal DCs resemble the XCR1* CD8a* DCs
found in lymphoid and non-lymphoid organs, which are par-
ticularly efficient in cross-presentation; therefore it was initially
assumed that their unique function was to cross-present skin-
derived and viral antigens.”*”> Accordingly, XCR1* dermal DCs
specifically express TLR3, which recognize double-stranded
RNA, and Clec9A, which bind to components of dead cells.*7®
CD207* dermal DCs reportedly induced CD8* T cell responses

37 and leishmaniasis

to self-antigen® and after vaccinia virus,
infection in mice.”” However, in contrast with CD8a DCs,
CD207* dermal DCs have been found to promote differentiation
and function of CD4* T helper effector cells. Induction of Thl
responses to bacteria®® and experimental autoimmune encephalo-
myelitis (EAE),” and Th17 responses upon skin infection with
herpes simplex virus have been noted in mice.”® Using a systems
biology approach, Haniffa et al. recently identified the human
homolog of mice XCR1* DCs, namely CD141* dermal DCs,
which also express XCR1 and Clec9A and efficiently cross-pres-
ent antigens to CD8*T cells in vitro.”” In addition, vitamin D3
was described as a potent inducer for the generation of CD141*
DCs-like DCs in vitro, which promoted Treg differentiation and
suppression of xeno-graft vs. host disease and tumor alloimmu-
nity in mouse model.*°

www.landesbioscience.com

CD11b* Dermal DCs

Multiple myeloid cell subsets of the dermis express CD11b.
The expression of the marker CD64 differentiates conventional
DCs (CD64-) from monocytes and moDCs (CD64low/*).”
Their function has been extensively studied in vivo in mice, how-
ever due to possible contamination with other CD11b* myeloid
cells, previous studies must be interpreted with care. Nevertheless,
under steady-state condition, CD11b* DCs found in skin and
associated DLNs produce retinoic-acid, which is involved in the
generation of Treg.®" This observation was surprising, as retinoic
acid production is largely mediated by CD103* DCs in other
organs such as the gastro-intestinal tract.*” What mechanisms
underlie this functional difference between the skin and the
mucosa are not known. Polarization of Th2 cell responses is also
a feature of CD11b* dermal DCs. The initiation and progression
of skin allergic inflammation involve a thymic stromal lympho-
poietin (TSLP)-responsive DC subset expressing high levels of
CD11b and able to drive differentiation of Th2 cells in mice.*
Whether their non-responsive counterpart form a distinct subset
with different functions remains to be elucidated. Accordingly,
conditional depletion of dermal CD301b* DCs, a population
of CDI11b* DCs that do not express CD207, impaired Th2 cell
development upon infection with N. brasiliensis or with others
well-known Th2 cell-inducing adjuvant in mice.* Not all CD11b*
DC express CD301b, therefore this subset may represent a specific
population dedicated to Th2 immunity. In humans, the corre-
sponding CDla* dermal DCs represent the major subset of the
dermis. They strongly express the CD1c (BDCA-1) marker and
low levels of CDla as compared with human LCs. Both CDla+
dermal DCs and LCs are found in T cell-rich areas of skin DLNs
and appear to have similar properties of antigen cross-presentation
to CD8* T cells, as well as capacity to promote differentiation of
CD4+ T cells into Th2 cells in vitro.*** For a comprehensive
review on human dermal DC functions, see ref. 62.

Monocyte-Derivated and Inflammatory DCs

In absence of inflammation, murine and human skins con-
tain low numbers of moDCs that develop from continuously
extravasating Ly-6C" or CD14* monocytes respectively.”* In
mice, steady-state moDCs express II-10 transcripts, suggest-
ing that these cells could exert immunosuppressive functions.
When pulsed with OVA protein, they induced proliferation and
IFN-vy production by OT-I CD8* T cells and OT-II CD4* T
cells in vitro, though to a minor extend than CD11b* dermal
DCs.” Sorted human CD14* dermal DCs produce IL-10 and
TGF-PB, and have been shown to inhibit cytotoxic T lymphocyte
responses and preferientially polarize pre-activated CD4* T cells
into T follicular helper cells and stimulate B cell isotype class-
switching.**®> Therefore, even in absence of strong inflammatory
signals, moDCs are able to present the antigen and stimulate pro-
liferation of naive T cells in vitro. However, wether these cells
exert specific function in vivo remains to be determined.
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The ability of inflammatory moDCs (InfDCs) to prime
T cell responses is less clear. Following hapten-induced skin
inflammation, only few numbers of newly differentiated InfDCs
can upregulate CCR7 and migrate to DLNs, and their T cell
stimulatory properties are very low.“**> In addition, InfDCs were
found to overexpress type-I IFN-related transcripts as compared
with steady-state moDCs.” Thus, under particular inflam-
matory conditions, InfDCs preferentially remain in the tissue,
where they produce pro-inflammatory signals that stimulate the
innate arm of immunity. Accordingly, dermal InfDCs have been
shown to activate skin natural killer (NK) cells and memory
CD8* T cells even in the absence of antigen, through secretion
of IL-15 and IL-18, after microbial infection.®” An heterogeneous
group of inflammatory cells producing large amounts of TNF-a
and iNOS has also been referred to as Tip-DCs. This popula-
tion appears to have direct microbicide functions but poor T cell
inductive properties, mirroring the phenotype of InfDCs that are
generated upon sterile inflammation.®

Lépez-Bravo et al. demonstrated that subcutaneous infec-
tion with leishmania induced efficient migration and induction
of Thl-biased cellular responses by infected InfDCs.* If this
infection model may not be representative of what occurs dur-
ing natural infection, it nonetheless reveals that InfDCs could
be able to migrate to DLN and initiate adaptive immunity in
the context of skin vaccination. In patients with psoriasis, sorted
InfDCs induced allogeneic T cell to differentiate into Thl and
Th17 cells.”® Likewise, Segura et al. demonstrated that InfDCs
isolated from patients suffering from rheumatoid arthritis or
untreated inflammatory tumors were able to induce Th17 cell
differentiation in vitro.”" Thus, it seems likely that these cells can
exert different functions according to the inflammatory context.
In regards to what happens in other tissues, InfDCs would pri-
marily act to stimulate antigen-experienced rather than naive T
cells.®

Targeting of Skin APCs by Vaccination

Intramuscular and subcutaneous vaccinations are the main
routes currently used for conventional vaccines. However, the
muscle and the subcutaneous tissue represent poor inductive site
as they contain few, if any, numbers of APCs.”* A tremendous
body of literature points out the critical role played by APCs in
initiating the adaptive immunity, that is required for protection
against pathogens.”” Recent advances in the understanding of
skin APC populations and functions, in line with development
of new devices make the skin particularly attractive for vaccina-
tion. Here we will briefly discuss how skin APCs can be targeted
by transcutaneous and intradermal routes of vaccination.

Spatial Targeting of Skin APCs

Several methods have been developed in the past few years,
which enable the targeting of skin immune actors at different
depths. Antigen can be directly delivered into the dermis by
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conventional intradermal needles, microneedles, or pressure-
injector (e.g. gene gun). Several clinical trials have compared
intramuscular and intradermal routes of vaccination for a wide
array of pathogens, including rabies, hepatitis B virus, and influ-
enza, showing similar or superior immune responses by intrader-
mal route with lower antigen dose.”” In mice, we showed that
intradermal immunization with HIV-p24 protein-loaded par-
ticles induced superior humoral and cellular responses in serum
and mucosa as compared with subcutaneous and intramuscular
routes.” This seems to be largely mediated by LCs, as their migra-
tion to the dermis and subsequent capture of the antigen was
shown to be responsible for CD8* T cell responses.? Injection of
vaccine into the dermis induces strong inflammatory responses
even in absence of adjuvant, however it also induces higher local
side effects and pain than conventional routes of vaccination.”
Passive transcutaneous vaccination consists in a topical appli-
cation of vaccine compounds. As only small molecules with high
lipophilicity can penetrate through intact epidermis,’ targeting
of epidermal LCs and other dermal DCs can be rendered possible
by transfollicular penetration through hair follicles.”* Hair fol-
licle opening allows large molecules and particles (less than 300
nm in diameter) to flow and penetrate the epidermis and the der-
mis.”” Recently, Vogt et al. described the penetration and uptake
of HIV-p24 protein-loaded particles after cyanoacrylate stripping
of human skin explants. More importantly, this process allowed
maturation and activation of epidermal LCs that efficiently
uptaked the particles.”® Accordingly, we have shown that trans-
cutaneous anti-influenza vaccination induced both CD4* and
CD8* T cell responses in humans, which were superior to that
obtained after intramuscular immunization.””*® Other methods
to target epidermal cells include microneedle and needle-free
patches. Standardized micron-scale needles (25 pm and 1 mm)
can be grouped in microarrays and enable large molecules to
enter the epidermis through microperforations.'! The use of dis-
solving polymer microneedle patches has been shown to induce
robust humoral responses to influenza in mice.'”" Also, antigens

such as bacterial toxins can be delivered directly onto the skin'®?

or deposed on needle-free patches'®

after disruption of the stra-
tum corneum, which allow their passive transport throughout
the epidermis and induce serum and mucosal humoral responses
in both mice and humans.!*>1%4

Thus, different methods exist that allow spatial targeting of
either or both epidermal and dermal APCs, which could be used

to potentiate vaccine responses.

Physical Targeting of Skin APCs

Several classes of vaccines based on micro or nanoparticles
could be used to aim vaccine compounds specifically at skin
immune cells. Interesting candidates include virus-like particles
(VLPs), DNA and attenuated viral vectors, as well as a family of
polymeric biodegradable nanoparticles, such as poly-D L-lactide-
co-glycolide and poly-D, L-co-glycolic acid (PLGA), poly-D,
L-lactic acid (PLA), and others, that can carry proteins, peptides
or DNA. It is clear that the nature and size of the antigen have
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an impact on its uptake by APCs. Particles of 20 to 200 nm in
diameter can be internalized by professional APCs in a clathrin-
dependent manner, whereas larger particles (0.5 and 5 pm) are
taken up by phagocytosis (or macropinocytosis) by macrophages.
Using antigen-loaded poly(lactide-co-glycolide) (PLGA) par-
ticles of different sizes ranging from 300 nm to 17 pm, Joshi
et al. elegantly demonstrated that maximal uptake and activa-
tion by DCs were reached with the smallest particles in vitro.'®
This is in accordance with our observation that 40 nm particles
are found in greater numbers than 200 nm or modified vaccinia
Ankara (MVA) particles in DLNs of transcutaneously immu-
nized mice.” Therefore, nanoparticles represent an efficient anti-
gen delivery system for optimized targeting of skin APCs.

Specific Targeting of Skin APCs

There are several ways by which the interaction between anti-
gen and APCs can be improved for vaccination. For example,
because DCs express high levels of mannose receptors, man-
nosylation of the antigen-delivery system has been proposed to
improve the targeting and activation of APCs."” Another strat-
egy to improve the efficiency of nanoparticle-based vaccines is
endocytic pathway targeting, by using C-type lectin receptors.
Cruz et al. demonstrated that targeting the DC-SIGN improved
antigen processing by human DCs and thus resulted in increased
antigen-specific T-cell activation with reduced antigen concen-
trations 10 to 100-fold.'” Similarly, several TLR and NOD
ligands have been incorporated into PLGA nanoparticles, such
as TLR-4 ligand (7-acyl lipid A),'*® TLR-9 ligand (CpG),'” and
NOD 1 and NOD 2 ligands (CL235 and CL365, respectively)'’
which enhances the immunogenicity of particle-based vaccines
by increasing APC activation.

More specifically, vaccine-induced immunity could also be
tailored by targeting selected APC populations by using antigens
that are coupled with antibody specific for surface molecules."!
For instance, targeting of the XCR1* DC-specific C-type lectin
receptor Clec9A (also known as DNGR-1) with antibody coupled
to antigen induced efficient cross-presentation and induction of

References

1. Rappuoli R, Miller HI, Falkow S. The Intangible
Value of Vaccination. Science 2009; 9:937-9;
PMID:12169712; http://dx.doi.org/10.1126/
science.1075173 6.

2. Callard RE, Harper JI. The skin barrier, atopic
dermatitis and allergy: a role for Langerhans cells?
Trends Immunol 2007; 28:294-8; PMID:17544846;
hetp://dx.doi.org/10.1016/j.it.2007.05.003

3. Proksch E, Brandner JM, Jensen JM. The skin:
an indispensable barrier. Exp Dermatol 2008;
17:1063-72; PMID:19043850; heep://dx.doi. 7.
org/10.1111/j.1600-0625.2008.00786.x

4. Mulholland W], Arbuthnott EA, Bellhouse BJ,
Cornhill JF, Austyn JM, Kendall MA, Cui Z,
Tirlapur UK. Multiphoton high-resolution 3D imag-
ing of Langerhans cells and keratinocytes in the
mouse skin model adopted for epidermal powdered
immunization. ] Invest Dermatol 2006; 126:1541- g,
8; PMID:16645596;  http://dx.doi.org/10.1038/
5.jid.5700290

cells and more:

234:120-41;

www.landesbioscience.com

5. Romani N, Clausen BE, Stoitzner P. Langerhans 9.
langerin-expressing  dendritic
cell subsets in the skin. Immunol Rev 2010;
PMID:20193016;
org/10.1111/j.0105-2896.2009.00886.x
Valladeau J, Ravel O, Dezutter-Dambuyant C, Moore 8;
K, Kleijmeer M, Liu Y, Duvert-Frances V, Vincent C,
Schmitt D, Davoust J, et al. Langerin, a novel C-type 10.
lectin specific to Langerhans cells, is an endocytic
receptor that induces the formation of Birbeck gran-

ules. Immunity 2000; 12:71-81; PMID:10661407;
htep://dx.doi.org/10.1016/51074-7613(00)80160-0
Valladeau J, Clair-Moninot V, Dezutter-Dambuyant 11.
C, Pin J], Kissenpfennig A, Mattéi MG, Ait-Yahia S,

Bates EE, Malissen B, Koch F, et al. Identification

of mouse langerin/CD207 in Langerhans cells and

some dendritic cells of lymphoid tissues. ] Immunol

2002; 168:782-92; PMID:11777972; http://dx.doi.
0rg/10.4049/jimmunol.168.2.782 12.
Tang A, Amagai M, Granger LG, Stanley JR, Udey

MC. Adhesion of epidermal Langerhans cells to
keratinocytes mediated by E-cadherin. Nature

1993; 361:82-5; PMID:8421498; http://dx.doi.
org/10.1038/361082a0

CD8* T cells.""*!"> When anti-Clec9A antibody was coupled with
a tumor-expressed peptide, development of B16 melanoma lung
pseudometastases was prevented, and eradication of tumor cells
enhanced."? Likewise, targeting of antigen to CD205, which is
expressed on the surface of LCs and some dermal DCs, resulted
in induction of tolerance." Thus, targeting of CD205* skin DCs
could induce deletion of pathogenic CD8* T cells and improve
prognosis of skin allergic inflammatory diseases such as psoriasis
and atopic dermatitis, as demonstrated in a murine model of type
I diabetes."® These few examples clearly illustrate how vaccines
could be designed to specifically target distinct subsets of skin
APCs, thus tailoring adaptive immunity.

Conclusion

Skin routes of vaccination have proven high efficacy and effi-
ciency. For instance, intradermal vaccination has achieved pro-
tective humoral immunity against major pathogens using lower
dose of antigens as compared with conventional intramuscular
and subcutaneous routes. It is now clear that this has to do with
skin unique and rich immune network, which by its diversity
and propensity for modulation can tailor the adaptive arms of
immunity. The future of skin vaccination will benefit from our
increased knowledge of APC functions and interactions, not only
allowing the improvement of immune response intensity, but also
its quality, polyfunctionality and persistency. By spatially, physi-
cally, and specifically targeting specialized APC subsets, future
vaccines might be able to tailor immune responses against infec-
tious diseases and tend toward a personalized medicine that is
adapted to the individual.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

This work was supported by EU-FP7 health program
CUT’HIVAC “Cutaneous and Mucosal HIV Vaccination” and
Fondation pour la Recherche Médicale (FRM).

Hunger RE, Sieling PA, Ochoa MT, Sugaya M,
Burdick AE, Rea TH, Brennan PJ, Belisle JT,
Blauvelt A, Porcelli SA, et al. Langerhans cells utilize
CD1a and langerin to efficiently present nonpeptide
antigens to T cells. J Clin Invest 2004; 113:701-
PMID:14991068;  http://dx.doi.org/10.1172/
JCI200419655

Merad M, Ginhoux F, Collin M. Origin, homeo-
stasis and function of Langerhans cells and other
langerin-expressing dendritic cells. Nat Rev Immunol
2008; 8:935-47; PMID:19029989; http://dx.doi.
org/10.1038/nri2455

Merad M, Manz MG, Karsunky H, Wagers A, Peters
W, Charo I, Weissman IL, Cyster JG, Engleman
EG. Langerhans cells renew in the skin throughout
life under steady-state conditions. Nat Immunol
2002; 3:1135-41; PMID:12415265; http://dx.doi.
org/10.1038/ni852

Ginhoux F, Tacke F, Angeli V, Bogunovic M, Loubeau
M, Dai XM, Stanley ER, Randolph GJ, Merad M.
Langerhans cells arise from monocytes in vivo. Nat
Immunol 2006; 7:265-73; PMID:16444257; http://
dx.doi.org/10.1038/ni1307

heep://dx.doi.

Human Vaccines & Immunotherapeutics 33

Do not distribute.

I0Science.

©2014 Landes B



20.

21.

22.

23.

24.

34

Seré K, Baek J-H, Ober-Blsbaum J, Miiller-Newen
G, Tacke F, Yokota Y, Zenke M, Hieronymus T. Two
distinct types of Langerhans cells populate the skin
during steady state and inflammation. Immunity
2012; 37:905-16; PMID:23159228; http://dx.doi.
0rg/10.1016/}.immuni.2012.07.019

Nagao K, Kobayashi T, Moro K, Ohyama M, Adachi
T, Kitashima DY, Ueha S, Horiuchi K, Tanizaki H,
Kabashima K, et al. Stress-induced production of
chemokines by hair follicles regulates the trafficking
of dendritic cells in skin. Nat Immunol 2012; 13:744-
52; PMID:22729248; http://dx.doi.org/10.1038/
ni.2353

Kissenpfennig A, Henri S, Dubois B, Laplace-Builhé
C, Perrin P, Romani N, Tripp CH, Douillard P,
Leserman L, Kaiserlian D, et al. Dynamics and func-
tion of Langerhans cells in vivo: dermal dendritic
cells colonize lymph node areas distinct from slower
migrating Langerhans cells. Immunity 2005; 22:643-
54; PMID:15894281; http://dx.doi.org/10.1016/j.
immuni.2005.04.004

Segura E, Valladeau-Guilemond ], Donnadieu
M-H, Sastre-Garau X, Soumelis V, Amigorena S.
Characterization of resident and migratory den-
dritic cells in human lymph nodes. ] Exp Med 2012;
209:653-60; PMID:22430490; heep://dx.doi.
org/10.1084/jem. 20111457

Segura E, Kapp E, Gupta N, Wong J, Lim J, Ji H,
Heath WR, Simpson R, Villadangos JA. Differential
expression  of  pathogen-recognition
between dendritic cell subsets revealed by plasma
membrane proteomic analysis. Mol Immunol
20105 47:1765-73; PMID:20347150; http://dx.doi.
org/10.1016/j.molimm.2010.02.028

Heuzé ML, Vargas P, Chabaud M, Le Berre M, Liu
Y-J, Collin O, Solanes P, Voituriez R, Piel M, Lennon-
Duménil AM. Migration of dendritic cells: physical
principles, molecular mechanisms, and functional
implications. Immunol Rev 2013; 256:240-54;
PMID:24117825

Ohl L, Mohaupt M, Czeloth N, Hintzen G, Kiafard
Z, Zwirner J, Blankenstein T, Henning G, Forster R.
CCR?7 governs skin dendritic cell migration under
inflammatory and steady-state conditions. Immunity
2004; 21:279-88; PMID:15308107; http://dx.doi.
0rg/10.1016/j.immuni.2004.06.014

Kel JM, Girard-Madoux MJH, Reizis B, Clausen BE.
TGF-beta is required to maintain the pool of imma-
ture Langerhans cells in the epidermis. J Immunol
2010; 185:3248-55; PMID:20713882; http://dx.doi.
org/10.4049/jimmunol. 1000981

Shklovskaya E, O’Sullivan BJ, Ng LG, Roediger B,
Thomas R, Weninger W, Fazekas de St Groth B.
Langerhans cells are precommitted to immune tol-
erance induction. Proc Natl Acad Sci U S A 2011;
108:18049-54;  PMID:22006331;  hetp://dx.doi.
org/10.1073/pnas.1110076108

Igyarto BZ, Jenison MC, Dudda JC, Roers A, Miiller
W, Koni PA, Campbell DJ, Shlomchik MJ, Kaplan
DH. Langerhans cells suppress contact hypersen-
sitivity responses via cognate CD4 interaction and
langerhans cell-derived IL-10. J Immunol 2009;
183:5085-93;  PMID:19801524;  http://dx.doi.
org/10.4049/jimmunol.0901884

Bobr A, Olvera-Gomez I, Igyarto BZ, Haley KM,
Hogquist KA, Kaplan DH. Acute ablation of
Langerhans cells enhances skin immune responses.
J Immunol 2010; 185:4724-8; PMID:20855870;
http://dx.doi.org/10.4049/jimmunol.1001802
Kautz-Neu K, Noordegraaf M, Dinges S, Bennett
CL, John D, Clausen BE, von Stebut E. Langerhans
cells are negative regulators of the anti-Leish-
mania response. ] Exp Med 2011; 208:885-91;
PMID:21536741; http://dx.doi.org/10.1084/
jem.20102318

molecules

25.

26.

27.

28.

30.

31.

32.

33.

34.

35.

36.

Gomez de Agiiero M, Vocanson M, Hacini-Rachinel
F, Taillardet M, Sparwasser T, Kissenpfennig A,
Malissen B, Kaiserlian D, Dubois B. Langerhans
cells protect from allergic contact dermatitis in mice
by tolerizing CD8(+) T cells and activating Foxp3(+)
regulatory T cells. J Clin Invest 2012; 122:1700-
11;  PMID:22523067; http://dx.doi.org/10.1172/
JCI59725

Idoyaga J, Fiorese C, Zbytnuik L, Lubkin A, Miller
J, Malissen B, Mucida D, Merad M, Steinman RM.
Specialized role of migratory dendritic cells in periph-
eral tolerance induction. J Clin Invest 2013; 123:844-
54; PMID:23298832

Seneschal J, Clark RA, Gehad A, Baecher-Allan
CM, Kupper TS. Human epidermal Langerhans
cells maintain immune homeostasis in skin by acti-
vating skin resident regulatory T cells. Immunity
2012; 36:873-84; PMID:22560445; http://dx.doi.
org/10.1016/j.immuni.2012.03.018

Igydrté BZ, Haley K, Ortner D, Bobr A, Gerami-
Nejad M, Edelson BT, Zurawski SM, Malissen B,
Zurawski G, Berman J, et al. Skin-resident murine
dendritic cell subsets promote distinct and opposing
antigen-specific T helper cell responses. Immunity
2011; 35:260-72; PMID:21782478; http://dx.doi.
org/10.1016/j.immuni.2011.06.005

. Nakajima S, Igydrté BZ, Honda T, Egawa G, Otsuka
A, Hara-Chikuma M, et al. Langerhans cells are criti-
cal in epicutancous sensitization with protein antigen
via thymic stromal lymphopoietin receptor signaling.
J Allergy Clin Immunol 2012; 129:1048-1055.¢6.
Stoitzner P, Tripp CH, Eberhart A, Price KM, JungJY,
Bursch L, Ronchese F, Romani N. Langerhans cells
cross-present antigen derived from skin. Proc Natl
Acad Sci U S A 2006; 103:7783-8; PMID:16672373;
http://dx.doi.org/10.1073/pnas.0509307103
Waithman J, Allan RS, Kosaka H, Azukizawa H,
Shortman K, Lutz MB, Heath WR, Carbone FR,
Belz GT. Skin-derived dendritic cells can medi-
ate deletional tolerance of class I-restricted self-
reactive T cells. J Immunol 2007; 179:4535-41;
PMID:17878350; http://dx.doi.org/10.4049/
jimmunol.179.7.4535

Bedoui S, Whitney PG, Waithman J, Eidsmo L,
Wakim L, Caminschi I, Allan RS, Wojtasiak M,
Shortman K, Carbone FR, et al. Cross-presentation
of viral and self antigens by skin-derived CD103+
dendritic cells. Nat Immunol 2009; 10:488-95;
PMID:19349986; http://dx.doi.org/10.1038/ni.1724
Henri S, Poulin LF, Tamoutounour S, Ardouin
L, Guilliams M, de Bovis B, Devilard E, Viret C,
Azukizawa H, Kissenpfennig A, et al. CD207+
CD103+ dermal dendritic cells cross-present kerati-
nocyte-derived antigens irrespective of the presence
of Langerhans cells. ] Exp Med 2010; 207:189-
206; PMID:20038600; http://dx.doi.org/10.1084/
jem.20091964

Bennett CL, Fallah-Arani F, Conlan T, Trouillet C,
Goold H, Chorro L, Flutter B, Means TK, Geissmann
F, Chakraverty R. Langerhans cells regulate cutane-
ous injury by licensing CD8 effector cells recruited to
the skin. Blood 2011; 117:7063-9; PMID:21566096;
heep://dx.doi.org/10.1182/blood-2011-01-329185
Liard C, Munier S, Joulin-Giet A, Bonduelle O,
Hadam S, Duffy D, Vogt A, Verrier B, Combadic¢re
B. Intradermal immunization triggers epidermal
Langerhans cell mobilization required for CD8 T-cell
immune responses. ] Invest Dermatol 2012; 132:615-
25; PMID:22170490; http://dx.doi.org/10.1038/
jid.2011.346

Elnekave M, Furmanov K, Shaul Y, Capucha T,
Eli-Berchoer L, Zelentsova K, Clausen BE, Hovav
AH. Second-generation Langerhans cells originat-
ing from epidermal precursors are essential for
CD8+ T cell priming. J Immunol 2014; 192:1395-
403; PMID:24420922; http://dx.doi.org/10.4049/
jimmunol.1301143

Human Vaccines & Immunotherapeutics

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Seneschal J, Jiang X, Kupper TS. Langerin&plus;
Dermal DC, but Not Langerhans Cells, Are Required
for Effective CD8-Mediated Immune Responses
after Skin Scarification with Vaccinia Virus. ] Invest
Dermatol [Internet] 2013 [cited 2014 May 13];
Available from: http://www.nature.com/jid/journal/
vaop/ncurrent/full/jid2013418a.html

Ouchi T, Kubo A, Yokouchi M, Adachi T, Kobayashi
T, Kitashima DY, Fujii H, Clausen BE, Koyasu
S, Amagai M, et al. Langerhans cell antigen cap-
ture through tight junctions confers preemptive
immunity in experimental staphylococcal scalded
skin syndrome. J Exp Med 2011; 208:2607-13;
PMID:22143886; http://dx.doi.org/10.1084/
jem.20111718

Furio L, Briotet I, Journeaux A, Billard H, Péguet-
Navarro J. Human langerhans cells are more effi-
cient than CDI14(-)CDIlc(+) dermal dendritic cells
at priming naive CD4(+) T cells. J Invest Dermatol
20105 130:1345-54; PMID:20107482; http://dx.doi.
org/10.1038/jid.2009.424

Klechevsky E, Morita R, Liu M, Cao Y, Coquery
S, Thompson-Snipes L, Briere F, Chaussabel D,
Zurawski G, Palucka AK, et al. Functional special-
izations of human epidermal Langerhans cells and
CD14+ dermal dendritic cells. Immunity 2008;
29:497-510; PMID:18789730; htep://dx.doi.
org/10.1016/j.immuni.2008.07.013

Mathers AR, Janelsins BM, Rubin JP, Tkacheva OA,
Shufesky WJ, Watkins SC, Morelli AE, Larregina AT.
Differential capability of human cutaneous dendritic
cell subsets to initiate Th17 responses. J Immunol
2009; 182:921-33; PMID:19124735; http://dx.doi.
org/10.4049/jimmunol.182.2.921

Fujita H, Nograles KE, Kikuchi T, Gonzalez ],
Carucci JA, Krueger JG. Human Langerhans cells
induce distinct IL-22-producing CD4+ T cells lack-
ing IL-17 production. Proc Natl Acad Sci U S A 2009;
106:21795-800; PMID:19996179;  http://dx.doi.
org/10.1073/pnas.0911472106

Banchereau J, Thompson-Snipes L, Zurawski S,
Blanck J-P, Cao Y, Clayton S, Gorvel JP, Zurawski
G, Klechevsky E. The differential production of
cytokines by human Langerhans cells and der-
mal CD14(+) DCs controls CTL priming. Blood
2012; 119:5742-9; PMID:22535664; http://dx.doi.
org/10.1182/blood-2011-08-371245

Lebre MC, van der Aar AM, van Baarsen L, van
Capel TM, Schuitemaker JH, Kapsenberg ML, de
Jong EC. Human keratinocytes express functional
Toll-like receptor 3, 4, 5, and 9. J Invest Dermatol
2007; 127:331-41; PMID:17068485; http://dx.doi.
org/10.1038/s].jid.5700530

Di Meglio P, Perera GK, Nestle FO. The multitask-
ing organ: recent insights into skin immune func-
tion. Immunity 2011; 35:857-69; PMID:22195743;
http://dx.doi.org/10.1016/j.immuni.2011.12.003
Heath WR, Carbone FR. The skin-resident and
migratory immune system in steady state and mem-
ory: innate lymphocytes, dendritic cells and T cells.
Nat Immunol 2013; 14:978-85; PMID:24048119;
http://dx.doi.org/10.1038/ni.2680

Sugita K, Kabashima K, Atarashi K, Shimauchi
T, Kobayashi M, Tokura Y. Innate immunity
mediated by epidermal keratinocytes promotes
acquired immunity involving Langerhans cells
and T cells in the skin. Clin Exp Immunol 2007;
147:176-83; PMID:17177977; htep://dx.doi.
org/10.1111/j.1365-2249.2006.03258.x

Nickoloff BJ, Turka LA. Immunological func-
tions of non-professional  antigen-presenting
cells: new insights from studies of T-cell interac-
tions with keratinocytes. Immunol Today 1994;
15:464-9; PMID:7945770; hetp://dx.doi.
0rg/10.1016/0167-5699 (94)90190-2

Nestle FO, Di Meglio P, Qin J-Z, Nickoloff BJ. Skin
immune sentinels in health and disease. Nat Rev
Immunol 2009; 9:679-91; PMID:19763149

Volume 11 Issue 1

Do not distribute.

I0Science.

©2014 Landes B



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Poulin LF, Henri S, de Bovis B, Devilard E,
Kissenpfennig A, Malissen B. The dermis contains
langerin+ dendritic cells that develop and function
independently of epidermal Langerhans cells. J Exp
Med 2007; 204:3119-31; PMID:18086861; http://
dx.doi.org/10.1084/jem.20071724

Ginhoux F, Collin MP, Bogunovic M, Abel M,
Leboeuf M, Helft J, Ochando ], Kissenpfennig
A, Malissen B, Grisotto M, et al. Blood-derived
dermal langerin+ dendritic cells survey the skin
in the steady state. ] Exp Med 2007; 204:3133-
46; PMID:18086862; http://dx.doi.org/10.1084/
jem.20071733

Nagao K, Ginhoux F, Leitner WW, Motegi S,
Bennett CL, Clausen BE, Merad M, Udey MC.
Murine epidermal Langerhans cells and langerin-
expressing dermal dendritic cells are unrelated and
exhibit distinct functions. Proc Natl Acad Sci U S A
2009; 106:3312-7; PMID:19218433; http://dx.doi.
org/10.1073/pnas.0807126106

King IL, Kroenke MA, Segal BM. GM-CSF-
dependent, CD103+ dermal dendritic cells play a
critical role in Th effector cell differentiation after
subcutaneous immunization. J Exp Med 2010;
207:953-61; PMID:20421390; heep://dx.doi.
0rg/10.1084/jem.20091844

Malissen B, Tamoutounour S, Henri S. The origins
and functions of dendritic cells and macrophages
in the skin. Nat Rev Immunol 2014; 14:417-28;
PMID:24854591; hetp://dx.doi.org/10.1038/
nri3683

Malissen B, Tamoutounour S, Henri S. The origins
and functions of dendritic cells and macrophages
in the skin. Nat Rev Immunol 2014; 14:417-28;
PMID:24854591; http://dx.doi.org/10.1038/
nri3683

Mollah SA, Dobrin JS, Feder RE, Tse S-W, Matos
IG, Cheong C, Steinman RM, Anandasabapathy N.
Flt3L dependence helps define an uncharacterized
subset of murine cutaneous dendritic cells. ] Invest
Dermatol 2014; 134:1265-75; PMID:24288007;
htep://dx.doi.org/10.1038/jid.2013.515
Denda-Nagai K, Aida S, Saba K, Suzuki K,
Moriyama S, Oo-Puthinan S, Tsuiji M, Morikawa
A, Kumamoto Y, Sugiura D, et al. Distribution and
function of macrophage galactose-type C-type lectin
2 (MGL2/CD301b): efficient uptake and presenta-
tion of glycosylated antigens by dendritic cells. J
Biol Chem 2010; 285:19193-204; PMID:20304916;
htep://dx.doi.org/10.1074/jbc.M110.113613
Hashimoto D, Miller J, Merad M. Dendritic cell
and macrophage heterogeneity in vivo. Immunity
2011; 35:323-35; PMID:21943488; http://dx.doi.
01g/10.1016/j.immuni.2011.09.007

Tamoutounour S, Guilliams M, Montanana Sanchis
F, Liu H, Terhorst D, Malosse C, Pollet E, Ardouin
L, Luche H, Sanchez C, et al. Origins and functional
specialization of macrophages and of conventional
and monocyte-derived dendritic cells in mouse skin.
Immunity 2013; 39:925-38; PMID:24184057;
http://dx.doi.org/10.1016/j.immuni.2013.10.004
Geissmann F, Manz MG, Jung S, Sieweke MH,
Merad M, Ley K. Development of monocytes, mac-
rophages, and dendritic cells. Science 2010; 327:656-
61; PMID:20133564; http://dx.doi.org/10.1126/
science.1178331

Mosser DM, Edwards JP. Exploring the full spec-
trum of macrophage activation. Nat Rev Immunol
2008; 8:958-69; PMID:19029990; http://dx.doi.
org/10.1038/nri2448

Boltjes A, van Wijk F. Human Dendritic Cell
Functional = Specialization in Steady-State and
Inflammation. Front Immunol 2014; 5.

www.landesbioscience.com

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Miller JC, Brown BD, Shay T, Gautier EL, Jojic V,
Cohain A, Pandey G, Leboeuf M, Elpek KG, Helft
J, et al; Immunological Genome Consortium.
Deciphering the transcriptional network of the
dendritic cell lineage. Nat Immunol 2012; 13:888-
99; PMID:22797772; http://dx.doi.org/10.1038/
ni.2370

Pandey G, Cohain A, Miller J, Merad M. Decoding
dendritic cell function through module and net-
work analysis. ] Immunol Methods 2013; 387:71-
80; PMID:23098840; http://dx.doi.org/10.1016/j.
jim.2012.09.012

Satpathy AT, Wu X, Albring JC, Murphy KM.
Re(de)fining the dendritic cell lineage. Nat Immunol
2012; 13:1145-54; PMID:23160217; http://dx.doi.
org/10.1038/ni.2467

Mildner A, Jung S. Development and function of
dendritic cell subsets. Immunity 2014; 40:642-
56; PMID:24837101; http://dx.doi.org/10.1016/j.
immuni.2014.04.016

Gregorio J, Meller S, Conrad C, Di Nardo A, Homey
B, Lauerma A, Arai N, Gallo RL, Digiovanni J, Gilliet
M. Plasmacytoid dendritic cells sense skin injury and
promote wound healing through type I interferons.
J Exp Med 2010; 207:2921-30; PMID:21115688;
http://dx.doi.org/10.1084/jem.20101102

Randolph GJ, Ochando J, Partida-Sdnchez S.
Migration of dendritic cell subsets and their pre-
cursors. Annu Rev Immunol 2008; 26:293-316;
PMID:18045026; http://dx.doi.org/10.1146/
annurev.immunol.26.021607.090254

Segura E, Amigorena S. Inflammatory dendritic cells
in mice and humans. Trends Immunol 2013; 34:440-
5, PMID:23831267; hutp://dx.doi.org/10.1016/j.
it.2013.06.001

Satpathy AT, Kc W, Albring JC, Edelson BT, Kretzer
NM, Bhattacharya D, Murphy TL, Murphy KM.
Zbtb46 expression distinguishes classical dendritic
cells and their committed progenitors from other
immune lineages. ] Exp Med 2012; 209:1135-
52; PMID:22615127; http://dx.doi.org/10.1084/
jem.20120030

Zigmond E, Varol C, Farache J, Elmaliah E, Satpathy
AT, Friedlander G, Mack M, Shpigel N, Boneca
IG, Murphy KM, et al. Ly6C hi monocytes in the
inflamed colon give rise to proinflammatory effec-
tor cells and migratory antigen-presenting cells.
Immunity 2012; 37:1076-90; PMID:23219392;
http://dx.doi.org/10.1016/j.immuni.2012.08.026
Bogunovic M, Ginhoux F, Wagers A, Loubeau
M, Isola LM, Lubrano L, Najfeld V, Phelps RG,
Grosskreutz C, Scigliano E, et al. Identification of a
radio-resistant and cycling dermal dendritic cell pop-
ulation in mice and men. ] Exp Med 2006; 203:2627-
38; PMID:17116734; http://dx.doi.org/10.1084/
jem. 20060667

Nathan C. Neutrophils and immunity: challenges
and opportunities. Nat Rev Immunol 2006; 6:173-
82; PMID:16498448; http://dx.doi.org/10.1038/
nril785

Crozat K, Tamoutounour S, Vu Manh T-P, Fossum
E, Luche H, Ardouin L, Guilliams M, Azukizawa
H, Bogen B, Malissen B, et al. Cutting edge: expres-
sion of XCR1 defines mouse lymphoid-tissue resident
and migratory dendritic cells of the CD8a+ type.
J Immunol 2011; 187:4411-5; PMID:21948982;
htep://dx.doi.org/10.4049/jimmunol.1101717
Bachem A, Hartung E, Giittler S, Mora A, Zhou
X, Hegemann A, et al. Expression of XCRI1
Batf3-Dependent  Lineage
of Dendritic Cells Capable of Antigen Cross-
Presentation. Front Immunol [Internet] 2012 [cited
2014 Jun 3]; 3. Available from: http://www.frontier-
sin.org/Journal/10.3389/fimmu.2012.00214/full

Characterizes  the

Human Vaccines & Immunotherapeutics

76.

77.

78.

79.

80.

81.

82.

83.

85.

86.

87.

Zhang J-G, Czabotar PE, Policheni AN, Caminschi
I, Wan SS, Kitsoulis S, Tullett KM, Robin AY,
Brammananth R, van Delft MF, et al. The den-
dritic cell receptor Clec9A binds damaged cells via
exposed actin filaments. Immunity 2012; 36:646-
57; PMID:22483802; http://dx.doi.org/10.1016/).
immuni.2012.03.009

Brewig N, Kissenpfennig A, Malissen B, Veit A,
Bickert T, Fleischer B, Mostbock S, Ritter U. Priming
of CD8+and CD4+ T cells in experimental leishman-
iasis is initiated by different dendritic cell subtypes.
J Immunol 2009; 182:774-83; PMID:19124720;
http://dx.doi.org/10.4049/jimmunol.182.2.774

Jiao Z, Bedoui S, Brady JL, Walter A, Chopin M,
Carrington EM, Sutherland RM, Nutt SL, Zhang Y,
Ko HJ, et al. The closely related CD103+ dendritic
cells (DCs) and lymphoid-resident CD8+ DCs dif-
fer in their inflammatory functions. PLoS One
2014; 9:¢91126; PMID:24637385; http://dx.doi.
org/10.1371/journal.pone.0091126

Haniffa M, Shin A, Bigley V, McGovern N, Teo P,
See P, Wasan PS, Wang XN, Malinarich F, Malleret
B, et al. Human tissues contain CD141hi cross-
presenting dendritic cells with functional homol-
ogy to mouse CD103+ nonlymphoid dendritic cells.
Immunity 2012; 37:60-73; PMID:22795876; http://
dx.doi.org/10.1016/j.immuni.2012.04.012

Chu C-C, Ali N, Karagiannis P, Di Meglio P,
Skowera A, Napolitano L, Barinaga G, Grys K,
Sharif-Paghalech E, Karagiannis SN, et al. Resident
CD141 (BDCA3)+ dendritic cells in human skin
produce IL-10 and induce regulatory T cells that sup-
press skin inflammation. ] Exp Med 20125 209:935-
45; PMID:22547651; http://dx.doi.org/10.1084/
jem.20112583

Guilliams M, Crozat K, Henri S, Tamoutounour S,
Grenot P, Devilard E, de Bovis B, Alexopoulou L,
Dalod M, Malissen B. Skin-draining lymph nodes
contain dermis-derived CD103(-) dendritic cells
that constitutively produce retinoic acid and induce
Foxp3(+) regulatory T cells. Blood 2010; 115:1958-
68; PMID:20068222; http://dx.doi.org/10.1182/
blood-2009-09-245274

Coombes JL, Siddiqui KRR, Arancibia-C4rcamo CV,
Hall J, Sun C-M, Belkaid Y, Powrie F. A function-
ally specialized population of mucosal CD103+ DCs
induces Foxp3+ regulatory T cells via a TGF-beta
and retinoic acid-dependent mechanism. J Exp Med
2007; 204:1757-64; PMID:17620361; http://dx.doi.
org/10.1084/jem.20070590

Kitajima M, Ziegler SF. Cutting edge: identifica-
tion of the thymic stromal lymphopoietin-responsive
dendritic cell subset critical for initiation of type 2
contact hypersensitivity. ] Immunol 2013; 191:4903-
7;  PMID:24123684;  http://dx.doi.org/10.4049/
jimmunol.1302175

. Kumamoto et al. - 2013 - CD301b+ Dermal Dendritic
Cells Drive T Helper 2 Ce.pdf.

Banchereau ], Thompson-Snipes L, Zurawski S,
Blanck J-P, Cao Y, Clayton S, Gorvel JP, Zurawski
G, Klechevsky E. The differential production of
cytokines by human Langerhans cells and der-
mal CDI14(+) DCs controls CTL priming. Blood
2012; 119:5742-9; PMID:22535664; http://dx.doi.
org/10.1182/blood-2011-08-371245

Segura E, Valladeau-Guilemond ], Donnadieu
M-H, Sastre-Garau X, Soumelis V, Amigorena S.
Characterization of resident and migratory den-
dritic cells in human lymph nodes. ] Exp Med 2012;
209:653-60; PMID:22430490; http://dx.doi.
org/10.1084/jem.20111457

Soudja SM, Ruiz AL, Marie JC, Lauvau G.
Inflammatory monocytes activate memory CD8(+)
T and innate NK lymphocytes independent of cog-
nate antigen during microbial pathogen invasion.
Immunity 2012; 37:549-62; PMID:22940097;
http://dx.doi.org/10.1016/j.immuni.2012.05.029

35

Do not distribute.

I0Science.

©2014 Landes B



88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

36

Dominguez PM, Ardavin C. Differentiation and
function of mouse monocyte-derived dendritic cells
in steady state and inflammation. Immunol Rev
2010; 234:90-104; PMID:20193014; htep://dx.doi.
org/10.1111/j.0105-2896.2009.00876.x
Lépez-Bravo M, Ardavin C. In vivo induction
of immune responses to pathogens by conven-
tional dendritic cells. Immunity 2008; 29:343-51;
PMID:18799142; http://dx.doi.org/10.1016/j.
immuni.2008.08.008

Zaba LC, Fuentes-Duculan J, Eungdamrong NJ,
Abello MV, Novitskaya I, Pierson KC, Gonzalez J,
Krueger JG, Lowes MA. Psoriasis is characterized
by accumulation of immunostimulatory and Thl1/
Th17 cell-polarizing myeloid dendritic cells. J Invest
Dermatol  2009; 129:79-88; PMID:18633443;
http://dx.doi.org/10.1038/jid.2008.194

Segura E, Touzot M, Bohineust A, Cappuccio A,
Chiocchia G, Hosmalin A, Dalod M, Soumelis
V, Amigorena S. Human inflammatory dendritic
cells induce Th17 cell differentiation. Immunity
2013; 38:336-48; PMID:23352235; http://dx.doi.
org/10.1016/j.immuni.2012.10.018

Combadiere B, Liard C. Transcutaneous and intra-
dermal vaccination. Hum Vaccin 2011; 7:811-
27; PMID:21817854;  http://dx.doi.org/10.4161/
hv.7.8.16274

Steinman RM. Decisions about dendritic cells: past,
present, and future. Annu Rev Immunol 2012; 30:1-
22; PMID:22136168; http://dx.doi.org/10.1146/
annurev-immunol-100311-102839

Liard C, Munier S, Arias M, Joulin-Giet A, Bonduelle
O, Duffy D, Shattock R]J, Verrier B, Combaditre
B. Targeting of HIV-p24 particle-based vaccine
into differential skin layers induces distinct arms
of the immune responses. Vaccine 2011; 29:6379-
91; PMID:21554912; http://dx.doi.org/10.1016/j.
vaccine.2011.04.080

Belshe RB, Newman FK, Cannon J, Duane C,
Treanor J, Van Hoecke C, Howe BJ, Dubin G. Serum
antibody responses after intradermal vaccination
against influenza. N Engl ] Med 2004; 351:2286-
94; PMID:15525713;  http://dx.doi.org/10.1056/
NEJMoa043555
Bos]D,MeinardiMM. The 500 Dalton rule for theskin
penetration of chemical compounds and drugs. Exp
Dermatol 2000; 9:165-9; PMID:10839713; http://
dx.doi.org/10.1034/j.1600-0625.2000.009003165.x
Mahe B, Vogt A, Liard C, Duffy D, Abadie V,
Bonduelle O, Boissonnas A, Sterry W, Verrier B,
Blume-Peytavi U, et al. Nanoparticle-based targeting
of vaccine compounds to skin antigen-presenting cells
by hair follicles and their transport in mice. J Invest
Dermatol 2009; 129:1156-64; PMID:19052565;
http://dx.doi.org/10.1038/jid.2008.356

Rancan F, Amselgruber S, Hadam S, Munier S,
Pavot V, Verrier B, Hackbarth S, Combadiere B,
Blume-Peytavi U, Vogt A. Particle-based transcuta-
neous administration of HIV-1 p24 protein to human
skin explants and targeting of epidermal antigen
presenting cells. J Control Release 2014; 176:115-
22; PMID:24384300; http://dx.doi.org/10.1016/j.
jeonrel.2013.12.022

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Vogt A, Mahé B, Costagliola D, Bonduelle O, Hadam
S, Schaefer G, Schaefer H, Katlama C, Sterry W,
Autran B, et al. Transcutaneous anti-influenza vacci-
nation promotes both CD4 and CD8 T cell immune
responses in humans. ] Immunol 2008; 180:1482-
9;  PMID:18209043; http://dx.doi.org/10.4049/
jimmunol.180.3.1482

Combaditre B, Vogt A, Mahé B, Costagliola D,
Hadam S, Bonduelle O, Sterry W, Staszewski S,
Schaefer H, van der Werf S, et al. Preferential ampli-
fication of CD8 effector-T cells after transcutaneous
application of an inactivated influenza vaccine: a
randomized phase I trial. PLoS One 2010; 5:¢10818;
PMID:20520820;  http://dx.doi.org/10.1371/jour-
nal.pone.0010818

Sullivan SP, Koutsonanos DG, Del Pilar Martin M,
Lee JW, Zarnitsyn V, Choi S-O, Murthy N, Compans
RW, Skountzou I, Prausnitz MR. Dissolving polymer
microneedle patches for influenza vaccination. Nat
Med 2010; 16:915-20; PMID:20639891; http://
dx.doi.org/10.1038/nm.2182

Glenn GM, Scharton-Kersten T, Vassell R, Mallett
CP, Hale TL, Alving CR. Transcutaneous immuniza-
tion with cholera toxin protects mice against lethal
mucosal toxin challenge. J Immunol 1998; 161:3211-
4; PMID:9759833

Glenn GM, Taylor DN, Li X, Frankel S,
Montemarano A, Alving CR. Transcutaneous immu-
nization: a human vaccine delivery strategy using a
patch. Nat Med 2000; 6:1403-6; PMID:11100128;
htep://dx.doi.org/10.1038/82225

Behrens RH, Cramer JP, Jelinek T, Shaw H, von
Sonnenburg F, Wilbraham D, et al. Efficacy and
safety of a patch vaccine containing heat-labile
toxin from< i> Escherichia coli</i> against travel-
lers’ diarrhoea: a phase 3, randomised, double-blind,
placebo-controlled field trial in travellers from
Europe to Mexico and Guatemala. Lancet Infect Dis
[Internet] 2013 [cited 2014 Jun 11]; Available from:
http://www.sciencedirect.com/science/article/pii/
$1473309913702974

Joshi VB, Geary SM, Salem AK. Biodegradable par-
ticles as vaccine delivery systems: size matters. AAPS
J 2013; 15:85-94; PMID:23054976; http://dx.doi.
org/10.1208/512248-012-9418-6

Ghotbi Z, Haddadi A, Hamdy S, Hung RW, Samuel
J, Lavasanifar A. Active targeting of dendritic cells
with mannan-decorated PLGA nanoparticles. ] Drug
Target 2011; 19:281-92; PMID:20590403; http://
dx.doi.org/10.3109/1061186X.2010.499463

Cruz LJ, Tacken PJ, Fokkink R, Figdor CG. The
influence of PEG chain length and targeting moiety
on antibody-mediated delivery of nanoparticle vac-
cines to human dendritic cells. Biomaterials 2011;
32:6791-803;  PMID:21724247;  htep://dx.doi.
org/10.1016/j.biomaterials.2011.04.082

Hamdy S, Molavi O, Ma Z, Haddadi A, Alshamsan
A, Gobti Z, Elhasi S, Samuel ], Lavasanifar A.
Co-delivery of cancer-associated antigen and Toll-
like receptor 4 ligand in PLGA nanoparticles induces
potent CD8+ T cell-mediated anti-tumor immu-
nity. Vaccine 2008; 26:5046-57; PMID:18680779;
htep://dx.doi.org/10.1016/j.vaccine.2008.07.035

Human Vaccines & Immunotherapeutics

109.

110.

111.

112.

113.

114.

115.

Fischer S, Schlosser E, Mueller M, Csaba N,
Merkle HP, Groettrup M, Gander B. Concomitant
delivery of a CTL-restricted peptide antigen and
CpG ODN by PLGA microparticles induces cel-
lular immune response. ] Drug Target 2009;
17:652-61; PMID:19622019; hetp://dx.doi.
0rg/10.1080/10611860903119656

Pavot V, Rochereau N, Primard C, Genin C, Perouzel
E, Lioux T, Paul S, Verrier B. Encapsulation of Nod1
and Nod2 receptor ligands into poly(lactic acid)
nanoparticles potentiates their immune properties. J
Control Release 2013; 167:60-7; PMID:23352911;
http://dx.doi.org/10.1016/j.jconrel.2013.01.015
Caminschi I, Shortman K. Boosting antibody
responses by targeting antigens to dendritic cells.
Trends Immunol 2012; 33:71-7; PMID:22153931;
http://dx.doi.org/10.1016/j.it.2011.10.007

Sancho D, Mourio-S4 D, Joffre OP, Schulz O,
Rogers NC, Pennington DJ, Carlyle JR, Reis e Sousa
C. Tumor therapy in mice via antigen targeting to
a novel, DC-restricted C-type lectin. J Clin Invest
2008; 118:2098-110; PMID:18497879; http://
dx.doi.org/10.1172/JCI134584

Caminschi I, Proietto AI, Ahmet F, Kitsoulis S,
Shin Teh ], Lo JCY, Rizzitelli A, Wu L, Vremec
D, van Dommelen SL, et al. The dendritic cell
subtype-restricted C-type lectin Clec9A is a target
for vaccine enhancement. Blood 2008; 112:3264-
73; PMID:18669894; http://dx.doi.org/10.1182/
blood-2008-05-155176

Bonifaz L, Bonnyay D, Mahnke K, Rivera M,
Nussenzweig MC, Steinman RM. Efficient targeting
of protein antigen to the dendritic cell receptor DEC-
205 in the steady state leads to antigen presentation
on major histocompatibility complex class I products
and peripheral CD8+ T cell tolerance. ] Exp Med
2002; 196:1627-38; PMID:12486105; http://dx.doi.
org/10.1084/jem. 20021598

Mukherjee G, Geliebter A, Babad ], Santamaria
P, Serreze DV, Freeman GJ, Tarbell KV, Sharpe A,
DiLorenzo TP. DEC-205-mediated antigen tar-
geting to steady-state dendritic cells induces dele-
tion of diabetogenic CD8* T cells independently
of PD-1 and PD-L1. Int Immunol 2013; 25:651-
60; PMID:24021877; http://dx.doi.org/10.1093/
intimm/dxt031

Volume 11 Issue 1

Do not distribute.

I0Science.

©2014 Landes B





