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Abstract

Langerhans cells and dermal dendritic cells migrate to the draining lymph nodes through dermal lymphatic vessels.
They do so in the steady-state and under inflammatory conditions. Peripheral T cell tolerance or T cell priming,
respectively, are the consequences of migration. The nature of dendritic cell-containing vessels was mostly defined by
electron microscopy or by their lack of blood endothelial markers. Selective markers for murine lymph endothelium
were hitherto rare or not available. Here, we utilised recently developed antibodies against the murine hyaluronan
receptor, LYVE-1, to study the lymph vessel network in mouse skin in more detail.

In hairless skin from the ears, lymph vessels were spread out in a horizontal plane. They formed anastomoses, and
they possessed frequent blind endings that were occasionally open. Lymph vessels were wider than blood vessels, which
were identified by their strong CD31 expression. In body wall skin LYVE-1 reactive vessels did not extend laterally but
they dived straight down into the deeper dermis. There, they are connected to each other and formed a network similar
to ear skin. The number and width of lymph vessels did not grossly change upon inflammatory stimuli such as skin
explant culture or tape stripping. There were also no marked changes in caliber in response to the TLR 7/8 ligand
Imiquimod.

Double-labelling experiments of cultured skin showed that most of the strongly cell surface MHC II-expressing (i.e.
activated) dendritic cells were confined to the lymph vessels. Langerin/CD207+ cells within this population appeared
later than dermal dendritic cells, i.e. langerin-negative cells. Comparable results were obtained after stimulating the
skin in vivo with the TLR 7/8 ligand Imiquimod or by tape stripping.

In untreated skin (i.e. steady state) a few MHC II+ and Langerin/CD207+ cells, presumably migrating skin
dendritic cells including epidermal Langerhans cells, were consistently observed within the lymph vessels. The novel
e front matter r 2008 Elsevier GmbH. All rights reserved.
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antibody reagents may serve as important tools to further study the dendritic cell traffic in the skin under physiological
conditions as well as in conditions of adoptive dendritic cell transfer in immunotherapy.
r 2008 Elsevier GmbH. All rights reserved.

Keywords: Dendritic cell migration; Inflammation; Lymphatic vessels; Steady-state migration
Introduction

Dendritic cells of the skin, i.e. epidermal Langerhans
cells and dermal dendritic cells (Valladeau and Saeland,
2005; Romani et al., 2008), initiate immune responses
against antigens/pathogens that enter the body through
the skin. Thus, they serve as sentinels of the immune
system. Only a few recent examples exist of innate
immune responses carried out by skin dendritic cells, in
particular Langerhans cells (De Witte et al., 2007). In
contrast, ample evidence exists about the ability of skin
dendritic cells to induce adaptive immune responses
(Romani et al., 2006), contact hypersensitivity being the
classical example for this (Streilein and Bergstresser,
1984). Several important questions are not yet answered,
though. First of all, as opposed to the well-defined
epidermal Langerhans cell, dermal dendritic cells are
still not unequivocally characterised. Subsets may exist
(Angel et al., 2006; Bursch et al., 2007; Ginhoux et al.,
2007; Poulin et al., 2007), and a transformation from
resident macrophages (Dupasquier et al., 2004; Zaba
et al., 2007) into dermal dendritic cells upon organ
culture or in vivo was recently observed (Dupasquier
et al., 2008). The relative contributions of Langerhans
cells versus dermal dendritic cells are just beginning to
be understood, thanks to the advent of mouse models
that selectively deplete Langerhans cells (Bennett et al.,
2005; Kaplan et al., 2005; Kissenpfennig et al., 2005).
Surprisingly, Langerhans cells may be less immungenic
in vivo, perhaps even down-regulatory (Kaplan et al.,
2005), as anticipated from some of the in vitro data.
Furthermore, it is not entirely clear as to how skin
dendritic cells contribute to the maintenance of periph-
eral tolerance (Mayerova et al., 2004; Shibaki et al.,
2004). Langerhans cells and/or dermal dendritic cells
can constitutively capture self-antigens from the skin
and carry them to the peripheral lymph nodes (Hemmi
et al., 2001). As long as this happens in the steady state,
peripheral tolerance is sustained (Steinman and Nus-
senzweig, 2002). The relative contributions of Langer-
hans cells and dermal dendritic cells in this process have
not yet been elucidated, though.

Irrespective of these uncertainties about the behaviour
of skin dendritic cells, there is one precondition that
needs to be fulfilled at any rate. Dendritic cells must
migrate from the skin to the draining lymph nodes, i.e.
those sites where primary immune reactions are
initiated, be they immunogenic or tolerogenic in nature.
Many conditions under which dendritic cell migration
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takes place have been described in the past. Migration is
regulated at the levels of adhesion, enzymatic digestion
of the extracellular matrix, chemotaxis to chemokines
(Romani et al., 2001; Randolph et al., 2005) and by
specialised conduit systems in the lymph nodes (Sixt
et al., 2005). The necessary signals are induced by
inflammatory cytokines and toll-like receptor (TLR)
ligands as well as physical stimuli. Various TLR ligands
have been described as potential modulators of the skin.
Ligation of TLRs induces the production of inflamma-
tory cytokines and chemokines as well as maturation
and migration of DC. Recent data from mouse models
strongly suggested that DC migration can be improved
by treating skin with proinflammatory cytokines or
TLR 7 ligand Imiquimod (Nair et al., 2003).

Comparably few data are available about the routes
of dendritic cell migration, mostly the lymph vessels of
the skin (reviewed in Angeli et al., 2006). Not least, this
was due to the fact that antibodies recognising lymph
vessels have not been available for long (Breiteneder-
Geleff et al., 1999; Gale et al., 2007). This prompted us
to study in more detail the lymph vessel network in
mouse skin and to better define dendritic cells travelling
inside these vessels. This was achieved by using an
antibody against lymphatic vessel endothelial hyalur-
onan receptor-1 (LYVE-1), exclusively expressed on
lymphatic endothelial cells in mouse dermis (Banerji
et al., 1999; Prevo et al., 2001). LYVE-1 is a receptor for
hyaluronan, a carbohydrate component of the cuta-
neous extracellular matrix, presumably involved in the
regulation of interstitial-lymphatic flow (Huang et al.,
2006), lymphangiogenesis (Chen et al., 2005), and
possibly also in innate immune functions (Böckle
et al., 2008).

We focused on the morphology and spatial orienta-
tion of lymphatic vessels in murine skin. Furthermore,
we investigated the occurrence and proportions of skin
dendritic cells within lymphatic vessels of inflamed and
steady-state skin, with the aim to gain more insights into
the regulation of dendritic cell migration.
Materials and methods

Mice and media

Mice of inbred strains C57BL/6 and BALB/c were
purchased from Charles River Laboratories (Sulzfeld,
ouse skin visualised with antibodies against the hyaluronan receptor
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Germany) and used at 2–8 months of age. All
experimental protocols were approved by the Austrian
Animal Ethics Committee and performed according to
institutional guidelines. The culture medium used for
explant cultures was RPMI-1640 supplemented
with 10% heat-inactivated FCS (Biochrom, Berlin,
Germany), 2-mM L-glutamine (Sigma Chemicals,
St. Louis, MO), 50-mg/ml gentamycin (PAA, Linz,
Austria), and 50-mM 2-mercapto-ethanol (Sigma).

Skin explant culture

This was based on established methods (Romani
et al., 1997). Ear skin from mice was split into dorsal
and ventral halves, and the dorsal (i.e. cartilage-free)
halves were cultured in 24-well tissue culture plates (one
ear per well) for 24–96 h.

In vivo treatment of skin

Tape stripping was performed as previously described
(Holzmann et al., 2004). Briefly, ears were stripped
10 times with ordinary adhesive tape (TIXOs, made in
USA; TransporeTM surgical tape, 3M Health Care,
St. Paul, MN). For each stripping a fresh piece of tape
was lightly pressed onto the ear and pulled off. TLR
ligand Imiquimod was used in its pharmaceutical form,
AldaraTM cream (5% Imiquimod; 3M Pharmaceuticals,
St. Paul, MN, USA) and applied topically to the ears.

Preparation of dermal sheets for

immunofluorescence analyses

After defined time points mice were sacrificed and
epidermal and dermal sheets prepared as described with
minor modifications (Juhlin and Shelley, 1977). In brief,
ears were cut off, dorsal halves were separated from the
cartilage-containing ventral ear halves and floated
epidermal side up on 0.5-M ammoniumthiocyanate
solution for 20min at 37 1C. Epidermis and dermis were
separated, cut into small pieces and fixed in acetone or
2% paraformaldehyde for 10–20min at room tempera-
ture. Samples were washed twice for 20min in PBS and
PBS/1% BSA and then used for fluorescent labelling.

Antibodies and immunofluorescence protocols

The following anti-LYVE-1 antibodies were used: a
polyclonal rabbit antiserum was produced by Lydia
Sorokin, Münster, Germany (then Lund, Sweden);
another polyclonal rabbit Ig anti-murine LYVE-1
(immunogen: amino acids 267–284) was purchased from
Upstate Biotechnology Inc. (Lake Placid, NY, USA). In
addition, rat anti-CD31mAb (clone MEC 13.3;
IgG2a; BD Biosciences, San Diego, CA, USA), rat
Please cite this article as: Tripp, C.H., et al., The lymph vessel network in m
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anti-I-Ad/I-Ed mAb (clone 2G9; IgG2a; FITC-conju-
gated, BD), rat anti-I-Ab,d (clone B21-2; IgG2b;
hybridoma supernatant), rat anti-CD86 (clone GL1;
IgG2a, BD), and anti-murine Langerin/CD207 (clone
929.F3; rat IgG1; Dendritics, Lyon, France) were
applied. Isotype-matched control immunoglobulins
were purchased from DAKO (Glostrup, Denmark).
Rat monoclonal antibodies were visualised by biotiny-
lated anti-rat Ig followed by Streptavidin-Texas Red
(both from Amersham Biosciences, Amersham, UK).
Counterstaining for MHC II was done with FITC-
conjugated anti-I-Ad/I-Ed after the preceding blocking
of residual free-binding sites with an excess of rat Ig
(100 mg/ml, 15min). Rabbit anti-LYVE-1 was detected
(i) by a biotinylated donkey anti-rabbit Ig followed by
Streptavidin-FITC (both from Amersham Biosciences)
or (ii) by an Alexa 488-conjugated cross-absorbed
(against rat Ig) goat anti-rabbit Ig antibody (Invitrogen,
Molecular Probes), or (iii) by an FITC-conjugated swine
anti-rabbit Ig (DAKO). This choice of green fluoro-
chromes allowed counterstaining with rat Ig anti-
Langerin followed by a chicken anti-rat IgG (H+L)
antibody conjugated to Alexa 594 (Invitrogen-Molecu-
lar Probes, Cat. No. A21471). Non-specific background
was minimised by using the Image iTTM reagent kit
from Invitrogen according to the manufacturer’s proto-
col. Specimens were viewed on a conventional Olympus
BX60 epifluorescence microscope equipped with a
digital camera (Olympus) for documentation. Selected
specimen were inspected with an AxioImager.Z1 epi-
fluorescence microscope (Zeiss, Oberkochen, Germany),
equipped with a high-resolution colour camera (Axio-
cam HRC, Zeiss). High-resolution overview pictures
(Fig. 1J) were automatically taken using Autofocus- and
MosaiX function of the AxioVision software (Zeiss).
Results

Organisation of the lymphatics in ear and body wall

skin

Dermal sheets were stained with rabbit Ig anti-LYVE-1
antibody. In the nearly hairless skin from ears the lymph
vessels were spread out in one horizontal plane (Fig. 1D
and J). They formed irregular anastomoses, and they
possessed frequent blind endings that were occasionally
open (Fig. 1E and F). Lymph vessels were consistently
wider than blood vessels that were clearly distinguished
by their CD31 expression (Fig. 1A–C). In contrast, in
body wall skin LYVE-1 reactive vessels did not extend
laterally but they were homogenously distributed and
dived vertically down into the deeper dermis (Fig. 1G
and H) where they connected to each other and formed
a horizontal network similar to that seen in ear skin
ouse skin visualised with antibodies against the hyaluronan receptor
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Fig. 1. Dermal lymphatic vessels in ear and body wall skin. Dermal sheets were stained with anti-CD31 or rabbit polyclonal anti-

LYVE-1 antibody as indicated. CD31 is expressed by blood vessels in ear (A) and body wall dermis (B, C). LYVE-1 is expressed by a

network of lymphatic vessels in ear skin (D–J) or in vertical endings of lymphatic vessels in body wall skin (G–I). Note the open

ending of a body wall vessel (E, arrow, and I). Original magnifications were 25� for pictures (A, B, D, G); 100� for (C, E, F, H)

and 250� for I. Pictures are representative for one out of four experiments. The bottom panel (J) of this figure represents a view of

an entire ear half, consisting of four individual sheets. The sheets were photographed with the confocal scanning microscope at high

power and subsequently assembled by computer software. Diameter of the ear is approximately 1 cm.
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(data not shown). Furthermore, high magnifications
confirmed that subepidermal endings of lymphatic
vessels of body wall dermis formed open funnels
(Fig. 1I).
Please cite this article as: Tripp, C.H., et al., The lymph vessel network in m
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In summary, the skin is drained by a tight vascular
network of subepidermal LYVE-1-positive vessels.
Importantly, however, our data show that the
three-dimensional layout and morphology of dermal
ouse skin visualised with antibodies against the hyaluronan receptor
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lymphatic vessels are not uniform across the body but
are strictly dependent on the skin site.
Dendritic cells migrate within LYVE-1-positive

vessels in the steady state

We wanted to evaluate whether cutaneous dendritic
cells do migrate via lymphatic vessels in the steady-state
environment of skin as implicated by recent findings
that melanin particles are constantly trafficked to lymph
nodes by skin dendritic cells (Hemmi et al., 2001;
Yoshino et al., 2006).

By double-labelling untreated dermis of ear skin for
LYVE-1 against MHC-II, CD86 and Langerin/CD207,
we were able to identify numerous, mostly single
travelling MHC-II+ cells within LYVE-1+ vessels
(Fig. 2, row B). It is noteworthy that we never detected
large clusters (‘‘cords’’) of stained cells in lymphatic
vessels of steady-state skin as compared to skin explant
cultures. Occasional groups of a few adjacent intravas-
cular MHC-II+ cells were found, however. They may
perhaps represent LC travelling in response to minute
inflammatory stimuli in the epidermis (e.g. minor
scratching stimulus). In comparison to MHC-II+ cells,
only rare Langerin+ (Fig. 2, row C) or CD86+ cells
(Fig. 2, row A) could be detected in lymphatic vessels.
Fig. 2. Migrating dendritic cells in lymphatic vessels of steady-stat

column, green) and MHC-II, CD86 and Langerin/CD207 (middle

depicted in the right column. A single CD86-positive cell, within a

shows two MHC-II+, the lower row a single CD207+ cell in a lym

experiments.
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MHC-II+ cells were at least two or three times as many
as Langerin+ or CD86+ cells (data not shown) within
LYVE-1+ lymphatic vessels of steady-state skin. Thus,
the frequency of Langerin+ or CD86+ cells was not
comparable to the frequency of MHC-II+ cells. This is
also underlined by the fact that intralymphatically
detected cells were heterogenously distributed in all
investigated skin samples.

From these findings we conclude that different
subtypes of cutaneous DC migrate intralymphatically
in a non-inflammatory skin milieu. Langerhans cells and
Langerin+ dermal dendritic cells represent a minor
proportion of these cells.
Dendritic cells migrate within LYVE-1-positive

vessels under inflammatory conditions

In the experiments described above we investigated
the migration of DC in lymphatic vessels of untreated
skin. Here, we compare those findings with DC
migration in a model of inflammatory skin environment.
Explants from ear skin were cultured for 2–3 days and
dermal sheets were then immunolabelled with antibodies
against LYVE-1 and MHC-II or, alternatively, Langer-
in/CD207 and CD86. As previously described (Larsen
et al., 1990; Stoitzner et al., 2003), many typical ‘‘cords’’,
e skin. Freshly prepared dermis was stained for LYVE-1 (left

column, red). Double exposures of both fluorochromes are

LYVE-1+ vessel, is shown in the upper row. The middle row

phatic vessel. Pictures are representative of one out of three

ouse skin visualised with antibodies against the hyaluronan receptor
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Fig. 3. Migrating dendritic cells in cultured skin explants. Dermal sheets from skin explants on d2 of culture were stained for LYVE-

1 (red fluorescence) and MHC II (green fluorescence) depicted in A–C and row D. Migrating dendritic cells express high levels of

MHC II. This becomes unequivocally evident in an optical traverse section through one Lyve-1+ lymph vessel from body wall skin

(C). Dermal sheets from skin explants on d2 of culture were stained for Langerin/CD207 (row E) and CD86 (row F) in red

fluorescence and for LYVE-1 in green fluorescence. Double exposures of both colours are depicted in the right columns of rows D–F.

Conventional fluorescence microscopy (A, B and rows D–F), confocal microscopy (C). Scale bar in (C) corresponds to 10 mm.

Pictures are representative of one out of three experiments.

C.H. Tripp et al. / Immunobiology ] (]]]]) ]]]–]]]6
i.e. accumulations of strongly MHC II+ cells in a string-
like fashion, were found. These cells were surrounded by
LYVE-1+ lymphatic vessels (Fig. 3A and row D). The
level of LYVE-1 expression as well as vessel morphology
was unchanged compared to steady-state dermis. Even
in conventional fluorescence microscopy it became
apparent that migrating dendritic cells displayed fea-
tures of maturity such as high expression of MHC II and
a distinct ‘‘veiled’’ or ‘‘hairy’’ morphology (Fig. 3B). By
focusing on vertical lymphatic vessels of body wall
dermis we could demonstrate that cells were within the
open lumen of LYVE-1+ vessels and MHC-II was
translocated to the cell surface (Fig. 3C, confocal
microscopy), suggesting that those migrating DC are,
at least partially, mature (Pierre et al., 1997). As
compared to steady-state dermis, more Langerin+

(Fig. 3, row E) and CD86+ cells (Fig. 3, row F) were
Please cite this article as: Tripp, C.H., et al., The lymph vessel network in m

LYVE-1. Immunobiology (2008), doi:10.1016/j.imbio.2008.07.025
found in the lumen of LYVE-1+ vessels as well as
dispersed in the dermal connective tissue (data not
shown). Like in untreated skin, blood endothelial cells
were never positive for LYVE-1 in inflamed skin
samples. This could be concluded from the observation
that LYVE-1 expression was never detected on vascular
structures with a typical thin blood vessel morphology
(see Fig. 1A–C).

To further extend these findings, we tried to assess the
proportions of Langerhans cells (i.e. Langerin+/MHCII+)
and dermal dendritic cells (i.e. Langerin�/MHCII+

cells) within the lymph vessels in skin explant cultures
after 24, 48, 72 and 96 h of culture. This was done in a
semi-quantitative way by simply counting the different
cell types in Langerin and MHC-II double-labelled
dermal sheets. In this case, lymph vessels were not
identified by their LYVE-1 expression but simply on the
ouse skin visualised with antibodies against the hyaluronan receptor
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Fig. 4. Proportions of Langerhans cells and dermal dendritic cells in dermal lymphatic vessels. Dermal sheets of skin explants,

cultured for 24, 48, 72 and 96 h, were double labelled for Langerin/CD207 (red fluorescence, left column) and MHC-II (green

fluorescence, middle column). Double exposures of both fluorochromes are depicted in the right columns. The fraction of CD207+/

MHC-II+ Langerhans cells within vessels reaches a maximum at 48 h of culture. Pictures are representative of one out of three

experiments. Sixteen epidermal sheets were analysed per time point.
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basis of the unequivocal shape of these strings (cords) of
brightly fluorescing cells (Fig. 4) (Stoitzner et al., 2003).
As previously described, at time points 48 and 72 h
(Fig. 4, middle rows) (i.e. the peak of cord formation in
performed explant cultures) the proportions varied from
cord to cord from a majority of dermal DC to a majority
of Langerhans cells. Overall, similar numbers of both
types of dendritic cells migrated within the cords at these
time points. Of note, increasing numbers of interstitial,
non-cord-associated, Langerhans cells could be seen at
48 h of culture. At the early time point of 24 h, however,
there was a clear preponderance of dermal dendritic cells
(Fig. 4, upper row). In the few cords that could be
detected at this time point, clusters of MHC-II+/
Langerin-negative cells were observed. Only sporadi-
cally could Langerin+/MHC-II+ cells be spotted.
Interestingly, the proportion of Langerhans cells de-
creased again at the 96-h time point, and so did the
frequency of observed cords (Fig. 4, lower row).
Please cite this article as: Tripp, C.H., et al., The lymph vessel network in m
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These results underline and extend recent findings that
cutaneous DC populations concentrate and migrate
within dermal lymphatic vessels of inflamed skin.

Accordingly, MHC-II+ dermal dendritic cells migrate
mostly in the first 24 h of culture followed by a
temporally delayed population of Langerin+/MHC-II+

dendritic cells. We could observe that the maximum of
dermal, intralymphatic DC migration takes place
between 48 and 72 h of culture.
Dermal lymphatics do not grossly change upon

strong inflammatory stimuli

Next, we were wondering whether the number or the
structure of dermal lymphatics would change in an
inflammatory milieu elicited differently from the above-
mentioned skin explant cultures. We applied tape
stripping, a mechanical stimulus that does not involve
ouse skin visualised with antibodies against the hyaluronan receptor
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an exogenous TLR ligand. For comparison, we inflamed
the skin by the topical application of Imiquimod cream,
a ligand for TLR7/8. Forty-eight hours after the
application of these stimuli, dermal sheets were stained.
Epidermal sheets served as a positive control. In
response to either treatment, the numbers of Langer-
hans cells in the epidermis dropped and the remaining
Langerhans cells appeared activated, as described
(Suzuki et al., 2000; Holzmann et al., 2004; Heib
et al., 2007). This assured that the inflammatory
stimulus was indeed effective (data not shown). The
appearance of the lymphatic network did not grossly
change in response to the inflammation stimuli. Num-
bers of lymph vessels were similar and their calibers were
Fig. 5. Morphology of dermal lymphatics does not change upon in

(green fluorescence) 48 h after topical treatment of skin with Imiquim

cells (row A). Expression of LYVE-1 is reduced after tape stripping.

(red fluorescence) is depicted for Imiquimod (panel B) and tape stripp

depicted in the right columns of panels B and C. Pictures are repre
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also unchanged (Fig. 5, row A). As previously described
(Johnson et al., 2006, 2007), we also observed some
reduction in the intensity of LYVE-1 staining upon
these treatments, in particular in response to tape
stripping (Fig. 5, row A). This was not uniform, though.
There were always distinct areas with apparently
unchanged staining intensity (data not shown).

To further elucidate whether those inflammatory
stimuli could have an impact on intralymphatic
DC migration, we double-labelled dermal sheets for
LYVE-1 and MHC-II or Langerin/CD207. There were
clearly more MHC-II+ cells visible in lymphatic vessels
of tape-stripped skin (Fig. 5, panel C) compared to
Imiquimod-treated (Fig. 5, panel B) or untreated skin
flammatory stimuli. Dermal sheets were stained for LYVE-1

od or tape stripping. Red double-labelling identifies MHC-II+

Additional double labelling for MHC-II and Langerin/CD207

ing (panel C) treatment. Double exposures of both colours are

sentative of one out of two experiments.

ouse skin visualised with antibodies against the hyaluronan receptor
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(see Fig. 2). Remarkably, in contrast to skin explant
culture, only a small proportion of the MHC-II+ cells
appeared positive for Langerin 48 h after application of
the inflammatory stimulus.

Our observations support the recent findings that
inflammatory stimuli, such as tape stripping, could
reduce the levels of LYVE-1 expression on dermal
lymphatic vessels. Additionally, tape stripping of the
skin appeared to be more potent in activating DC
migration compared to the application of the TLR
ligand Imiquimod.
Discussion

In this study, we describe the expression of LYVE-1
on dermal lymphatic vessels of mouse skin. Firstly, we
observed conspicuous differences in the lymph vessel
network between body wall skin and ear skin. Secondly,
we observed a down-regulation of LYVE-1 expression
in the dermis of inflamed skin. Thirdly, we demonstrate
migratory dendritic cells within lymphatic structures in
an inflammatory and non-inflammatory (steady state)
skin environment. Few dendritic cells travelled through
the lymph vessels in the steady state whereas under
inflammatory conditions we observed numerous, intra-
lymphatic, mainly mature dendritic cells. The fraction of
Langerhans cells peaked at a delayed time period as
compared to dermal dendritic cells. Finally, we could
not detect marked changes in the quantity and
morphology of dermal lymph vessels in response to
inflammatory stimuli.
Anatomical differences in the structure of the

lymphatics

The present data confirm and extend recent findings
that in the skin, murine LYVE-1 is uniquely expressed
on lymphatic endothelial cells and absent from blood
endothelial cells as well as from non-vascularised tissues,
such as epidermis (Banerji et al., 1999; Prevo et al., 2001;
Cueni and Detmar, 2006). The function of the hyalur-
onan receptor LYVE-1 is still disputed: LYVE-1 was
suggested to mediate the transport of hyaluronan out of
skin and govern the contact and transport of dendritic
cells into and through lymphatic vessels (Jackson,
2004; Chen et al., 2005). However, recent studies with
LYVE-1 knockout mice revealed that hyaluronan
transport and dendritic cell traffic is independent of
LYVE-1 (Huang et al., 2006; Gale et al., 2007). Most
recently, Johnson et al. (2007) found that LYVE-1 is
reversibly down-regulated under inflammatory condi-
tions, suggesting a function for cellular traffic upon
infections and chronic skin disease.
Please cite this article as: Tripp, C.H., et al., The lymph vessel network in m
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Our experiments revealed that ear and body wall skin
appeared to be differently drained by the lymphatics.
One can only speculate about a possible biological
relevance of this finding. Body wall skin carries a thick
fur, whereas ear skin is almost hairless and lacks a
pronounced fat droplet-filled subcutis that could pro-
vide space for collecting deep-dermal lymphatic ducts.
Therefore, we suppose that mouse body wall skin
reflects the lymphatic architecture in human skin better
than ear skin. In addition, hairless skin, such as ear skin,
is certainly more exposed to pathogenic threats as well
as mechanical irritation and it may therefore require a
denser and more efficient system of draining lymphatics
as opposed to body wall skin that can fend off intruders
by the dense hair coat. The experimental model of skin
explant cultures seems to support this assumption.
Migratory dendritic cells (so-called ‘‘crawl-out’’ dendri-
tic cells) can best be obtained from explants of ear skin.
All attempts to reach comparable numbers of migrant
dendritic cells from whole-skin explants of murine body
wall skin failed; only very rare cells emigrate from these
explants (Ortner et al., 1996).

The here-observed differences in the lymphatics may
be an explanation for this phenomenon. In this regard it
would be interesting to compare the cutaneous lympha-
tics of hairless (i.e. ‘‘normal’’) versus hairy (i.e. scalp)
human skin.
Dendritic cell populations of the dermis

The main DC population are Langerin-negative
dermal dendritic cells (Lenz et al., 1993). There is also
a minor fraction of Langerin+ cells in the dermis. These
cells were generally assumed to be epidermal Langer-
hans cells in transit through the dermis. Three recent
publications changed the picture. A novel population of
non-epidermis-derived, radio-sensitive ‘‘Langerin+

dermal DC’’ was found and characterised (Bursch
et al., 2007; Ginhoux et al., 2007; Poulin et al., 2007).
We would like to emphasise that in our manuscript, for
the sake of simplicity, the term ‘‘Langerhans cells’’ in the
context of dermis and dermal vessels comprises both
epidermis-derived Langerhans cells in transit and the
novel Langerin+ population. To date, it is not possible
to unequivocally distinguish these populations from
each other in situ by immunofluorescence. In dermal cell
suspensions, CD103 expression, as determined by flow
cytometry, appears to be a useful marker for the novel
population (Bursch et al., 2007).
Dermal lymphatics under steady-state conditions

Our observations demonstrate that subtypes of
skin dendritic cells migrate within dermal lymphatic
vessels from non-inflammatory, i.e. steady state, skin.
ouse skin visualised with antibodies against the hyaluronan receptor
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Lymphatic vessels from unaffected skin contained
numerous MHC-II+ cells. MHC-II/Langerin double-
positive Langerhans cells or phenotypically mature
MHC-II+/CD86+ dendritic cells reflected a small
fraction of migrating cells.

Dendritic cells critically contribute to the induction
and maintenance of specific peripheral tolerance
(Steinman and Nussenzweig, 2002). For this purpose,
dendritic cells were supposed to constitutively migrate in
a rather immature state from peripheral tissues to
draining lymph nodes, presenting self-antigen (Steinman
and Nussenzweig, 2002). Indeed, skin dendritic cells, in
particular Langerhans cells, were previously shown
to capture self-antigen in the steady-state skin and to
transport it to the draining nodes (Hemmi et al., 2001;
Yoshino et al., 2006). These Langerhans cells trafficking
from steady-state epidermis are uniquely replenished by
slowly self-renewing precursors within the epidermis
(Merad et al., 2002). Whether it is those migrating and
self-antigen-carrying skin dendritic cells that directly
induce peripheral tolerance by T cell deletion or
induction of regulatory T cells (Hawiger et al., 2001;
Methe et al., 2007) is not clear.

Regarding the question of how dendritic cell migra-
tion and presentation is managed during steady state, it
became recently evident that migrating dendritic cells in
the steady state, i.e. lacking inflammatory stimulation,
are not immature. They express some phenotypical signs
of maturity such as CD40 and CD86 when analysed in
lymph nodes (Ohl et al., 2004; Stoitzner et al., 2005;
Waithman et al., 2007). Wilson et al. (2008) observed
that even in germ-free mice the lymph node population
of migratory dendritic cells is as mature by phenotypical
criteria as in normal mice. This suggests an indepen-
dence of steady-state dendritic cell traffic from patho-
gen-triggered TLR signalling, although a mechanically
induced inflammation of skin areas may not be excluded
in this regard. In support of this, Ohl et al. (2004)
described that the expression of chemokine receptor
CCR7, decisive for dendritic cells to enter lymphatic
vessels, is essential for the steady-state migration
of Langerhans cells to lymph nodes. Moreover, the
CCR7 ligand CCL21 was shown to be expressed by
nonstimulated lymphatic endothelial cells in vitro

(Kriehuber et al., 2001) and lymph vessels of unaffected,
healthy human (Eberhard et al., 2004) and murine
(Saeki et al., 1999) skin. Therefore, considering
the rather poorly defined phenotype of steady-state
trafficking dendritic cells (and the fraction of
CD86+ dendritic cells thereof that we observed
in our study) we have to concede that it cannot be
unequivocally determined whether these cells were
forced into migration by locally small ‘‘microinflamma-
tory’’ stimuli or whether they were indeed those
continually trafficking dendritic cells inducing periph-
eral tolerance.
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From our observations we conclude that subtypes of
cutaneous dendritic cells migrate intralymphatically in
the steady state, presumably utilising similar mechan-
isms as migrating dendritic cells do under inflammatory
conditions. The proportions, detailed phenotypes and
potentially variable functions of those ‘‘steady-state’’
dendritic cell subtypes remain to be clarified.
Dermal lymphatics under inflammatory conditions

Larsen et al. (1990) were the first to describe the
conspicuous accumulation of migrating skin dendritic
cells in the so-called ‘‘cords’’. These structures were later
characterised as lymphatic vessels by electron micro-
scopy (Weinlich et al., 1998; Stoitzner et al., 2002). Here,
we extend these findings by ascertaining that these
lymph vessels express the LYVE-1 receptor.

Our observation that in the early phase of skin
explant cultures (i.e. day 1) most migrating cells within
the lymph vessels were dermal dendritic cells, rather
than Langerhans cells, fits well with observations by
Kissenpfennig et al. (2005) who observed in vivo that
dermal dendritic cells arrived in the draining lymph
nodes earlier than Langerhans cells.

In a second set of experiments we treated ear skin with
TLR 7/8 ligand Imiquimod or with tape stripping. Very
recent reports proved that topically applied Imiquimod
induced migration of skin-resident DC via mast cells
(Heib et al., 2007). Mechanical stress applied to skin,
such as tape stripping, induced significant enhancement
of DC migration (Holzmann et al., 2004). Accordingly,
we were able to detect numerous migrating dendritic
cells in the lymphatic vessels subsequent to the above-
mentioned in vivo skin stimulation. Activated, phenoty-
pically mature skin dendritic cells express CCR7 (Ohl
et al., 2004) and hence respond to its ligand CCL21,
which is expressed by lymphatic endothelial cells (Saeki
et al., 1999; Eberhard et al., 2004). Furthermore, the
expressions of CXCR4 on cutaneous dendritic cells
and of the adequate ligand CXCL12 on lymphatic
vessels are pivotal for dendritic cell migration
(Kabashima et al., 2007). The leucocyte adhesion
receptors intercellular adhesion molecule 1 (ICAM-1)
and vascular cell adhesion molecule 1 (VCAM-1) were
also shown to be induced in lymph vessels of inflamed
skin and regulate dendritic cell traffic as well (Johnson
et al., 2007).

Although the basic mechanisms for the migration of
mature dendritic cells seem to be understood, there is
some dissonance on how the congruent signals find each
other via the afferent lymphatics. Since there is a
continuous lymph flow from skin to the lymph node
(making the hypothesis of simple chemokine gradients
somewhat implausible), it remains unclear as to how
activated dendritic cells can follow a signal that exists
ouse skin visualised with antibodies against the hyaluronan receptor
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within the lymph vessel or node (Randolph et al., 2005;
Angeli et al., 2006). On the other hand, chemokine
gradients created by interstitial flow may help migrating
skin dendritic cells to find their way into lymph vessels.
This novel concept was termed ‘‘autologous chemo-
taxis’’ by M. Swartz (Reddy et al., 2007; Shields
et al., 2007). It implies that chemokines such as
CCL19/MIP-3ß, which can indeed be made by mature
(migrating) dendritic cells (Hofer et al., 2004), get
‘‘sucked away’’ from the producing cells towards the
lymph vessels by interstitial flow. This creates a gradient
that can be sensed and followed by CCR7 on the same
migrating dendritic cells (reviewed in Lämmermann and
Sixt, 2008). The efficiency of dendritic cell migration is
furthermore increased by the recently discovered fact
that it occurs independent of (possibly slowing) interac-
tions with the integrins of the extracellular matrix
(Lämmermann et al., 2008).

Nevertheless, most of the above-mentioned signals,
which were first observed in inflammatory skin, are also
present in steady-state skin, albeit at low levels. In fact,
the expression of CCR7 (Ohl et al., 2004), CCL21
(Kriehuber et al., 2001; Eberhard et al., 2004) and
CXCL12 (Kabashima et al., 2007) was shown for
untreated skin. Our data evidence that dendritic cells,
starting from inflammatory or non-inflammatory skin,
migrate via the same afferent lymphatic path.
Biological relevance

The in vivo function of LYVE-1 is still disputed;
presumably it regulates lymphatic cellular traffic under
inflammatory conditions (Johnson et al., 2007). Expres-
sion of LYVE-1 on lymphatic vessels was extensively
investigated in association with tumour-dependent
lymphangiogenesis and metastasis. In the case of
malignant melanoma, several groups published that
melanoma cells induce new lymphatic vessels in or
around tumours and subsequently metastasise through
them. Yet, it appeared not feasible to use LYVE-1
expression as a prognostic factor (Straume et al., 2003;
Giorgadze et al., 2004; Dadras et al., 2005; Sahni et al.,
2005).

Dendritic cells ‘‘loaded’’ with tumour antigens have
been widely applied in clinical trials, e.g. for the
immunotherapy of mostly malignant melanoma. In this
case, the preferred pathway of administration is the
skin. In most cases, dendritic cells are injected intrader-
mally. It is expected that as many injected cells as
possible enter the lymphatics and travel to the draining
nodes in order to induce immunity against the tumour.
It has repeatedly been shown that this is indeed the case
(Banchereau and Palucka, 2005; Enk et al., 2006;
Gilboa, 2007). On the other hand, however, it has also
been shown that the migration of dendritic cells placed
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into the dermis is very inefficient. Only small percen-
tages of injected cells make it all the way into the lymph
nodes (Nair et al., 2003). This was shown in mice and
also in human volunteers by means of radioactively
marked cells (Morse et al., 1999; Blocklet et al., 2003; De
Vries et al., 2003; Nair et al., 2003). Therefore, it is
desirable to improve dendritic cell migration (Adema
et al., 2005). ‘‘Preconditioning’’ of the skin with
pre-injected dendritic cells has been suggested (Martı́n-
Fontecha et al., 2003). It has not proven feasible yet in
the clinical context, though. The application of inflam-
matory mediators, including TLR ligands, to the skin
may offer more practical alternatives. Our own ongoing
experiments in mouse models do not yet show a marked
improvement of migration (unpublished observations)
and the data presented here do not show an influence of
(admittedly only three) inflammatory stimuli on num-
bers and calibers of dermal lymph vessels.

Based on the findings described here we propose to
further monitor the behaviour of the lymph vessel
network in response to inflammatory stimuli as an
additional screen for finding optimal conditions for
dendritic cell migration, but just as well to obviate
metastatic spread. Remarkably, recent studies suggest
that lymphatic endothelial cells express various TLRs
(Kuroshima et al., 2004; Fitzner et al., 2008), thus
adding a new participator to cutaneous pathogen
responses. It became obvious that both phenotypically
immature (Geissmann et al., 2002) and mature (at least
by phenotypical criteria) dendritic cells migrate via
lymphatics. These studies, however, did not address
whether immunity or tolerance was induced. Therefore,
one may assume that only certain combinations of
inflammatory stimuli do induce immunity. Notably,
Jiang et al. (2007) showed very recently that dendritic
cells, matured by mechanical agitation only, exhibited
migratory capacity without producing inflammatory
cytokines or efficient T cell responses. It remains to be
seen whether in ‘‘real life’’ mechanical strain of the skin
may be a trigger for steady-state dendritic cell migration
from skin.
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