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Langerhans cells (LC) are the principal dendritic cell (DC) population in the epidermis of
the skin. Owing to their prominent position at the environmental barrier, LC have long
been considered to be prototypic sentinel DC. More recently, the precise role of LC in the
initiation and control of cutaneous immune responses has become debatable. To elucidate
their contribution to immune regulation in the skin, our laboratories have generated
genetically modified mice in which LC can be followed in situ by expression of enhanced
green fluorescent protein and can be either inducibly or constitutively depleted in vivo.
This review highlights the similarities and differences between these mouse models,
discusses the discovery and functional significance of Langerin* dermal DC, and exam-
ines some recent data that help to shed light on LC function.

Key words: Contact hypersensitivity - Dendritic cell - Langerhans cell - Langerin -

a See accompanying mini-review by Cunningham et al.

The Langerhans cell paradigm

Langerhans cells (LC) were discovered by Paul Langerhans in
1868 [1], but it took more than 100 years before they were first
associated with the immune system and recognized as antigen-
presenting cells [2]. In particular, Ralph Steinman’s group [3]
dissected the functional characteristics of LC starting from the
seminal finding that murine epidermal LC mature into potent
immunostimulatory dendritic cells (DC) in vitro. The work that
followed shaped the concept of DC as professional inducers
of T-cell immune responses largely by studying LC, though the
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Skin immunity

term ‘LC paradigm’ was coined much later by Wilson and
Villadangos [4].

This concept assigned three key functions to LC/DC (reviewed
in [5]). First, immature LC that reside in the periphery in the
steady state are highly specialized in antigen uptake. LC form
a dense network in the epidermis where they constantly scan
the environment by extending and retracting their dendrites
and are ideally positioned to detect any pathogen breaching
the skin barrier [6]. Second, LC transport antigen to skin-
draining lymph nodes (LN), which is essential to ensure inter-
action with rare antigen-specific naive T cells. Stimulation
by a number of pathogen products in addition to pro-inflamma-
tory cytokines induces LC activation [7-9]. Activated LC down-
regulate expression of E-cadherin, which is thought to
maintain their position in the epidermis, and begin to express CC
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chemokine receptor 7, which guides the cells to the T-cell areas in
the LN.

Third, during migration the LC undergo a process
of maturation in which they process antigen acquired in the
skin and present it in the context of MHC class I/II. In addition,
they dramatically upregulate their surface expression of
co-stimulatory molecules and start to produce cytokines required
for proper Thl or Th2 instruction. Thus, by the time LC arrive
in the LN, they have acquired the surface phenotype of a
‘functionally’ mature DC capable of activating naive T cells and
thereby initiating an adaptive immune response specifically
tailored to fight off the invading cutaneous pathogen [5].

The LC paradigm has been expanded to include LC that
migrate to skin-draining LN in the steady state in the absence of
activating stimuli where they present self-peptides to T cells
[10-14]. This steady-state presentation of self-antigens has been
proposed to eliminate self-reactive T cells and provide a
mechanism of peripheral tolerance [15, 16]. Hemmi et al. [17]
showed that an epidermally restricted self-antigen is transported
to draining LN by TGF-B-dependent cells, presumably LC.
In addition, targeted delivery of antigen in the immunological
steady state, via the endocytic receptor CD205 expressed
on immature DC (including LC), failed to induce immunity
and instead established CD4 and CD8 T-cell tolerance
possibly through the induction of regulatory T cells [18-20].
Recent evidence suggests that disruption of E-cadherin interac-
tions used by LC to remain tethered in the epidermis
and associated [-catenin signaling may participate in this
process [21].

The first suggestion that the LC paradigm does not explain all
aspects of skin-adaptive immunity arose from work with herpes
simplex virus (HSV) infection models. During murine HSV2
infection of the vaginal epithelium, CD8a" CD45RA™~ CD11b"*
submucosal DC, thought to be the equivalent of dermal DC
(dDC), and not LC were responsible for the induction of a
protective CD4" Th1 response [22]. In addition, in a cutaneous
HSV1 infection, LC were incapable of priming CD8" T cells but
rather appeared to transfer their antigenic cargo to the priming
LN-resident CD8o* DC population. Importantly, the authors did
not exclude a role for antigen uptake and transport to the LN by
LC, only direct MHC class I-restricted antigen presentation and
CTL priming [23]. An important caveat, however, is that HSV
infection is lytic, known to induce DC apoptosis [24] and liber-
ates many apoptotic cell particles that may travel as free material
into the LN. Antigens from non-lytic viruses such as lentiviruses
are directly presented by skin-derived DC and not CD8o™
DC [25].

Generation of three LC-deficient mouse
models
A major obstacle to examining the functional requirement for

LC (and other DC) in skin immunity was the absence of mice with
a selective LC deficiency. Unlike T or B cells, where ablation of a
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single gene can lead to the absence of an entire cell
type, an equivalent gene for LC had not been identified.
Thus the discovery of Langerin, a C-type lectin expressed by LC
that is responsible for the generation of Birbeck granules, which
are the ultrastructural hallmark of LC, was met with great
excitement [26]. Although Langerin is dispensable for LC
development [27], the identification of a gene that is selectively
expressed by LC proved quite valuable and was exploited
by our three groups (B.C.: Dutch group; A.K.: French group;
D.K.: American group) to direct expression of either the
diphtheria toxin (DT) receptor (DTR) or subunit A of DT
itself (DTA) to LC in an effort to generate mice with a selective
deficit of LC.

DT is a heterodimeric protein. Binding of the B subunit to
heparin-binding EGF-like growth factor (HB-EGF) precursor on
the surface of mammalian cells facilitates entry of DTA into the
cell. Once inside the cell, DTA inhibits protein biosynthesis and
induces rapid cell death. The rodent homologue of HB-EGF
precursor does not bind to the B subunit of DT, which prevents
internalization of DTA and renders mice resistant to DT [28].
Transgenic expression of the high-affinity human HB-EGF
precursor, henceforth referred to as DTR, in a particular murine
cell type such as LC makes these cells sensitive to DT and enables
their inducible depletion in vivo after exogenous introduction
of DT.

To achieve inducible ablation of LC, two of our groups
generated knock-in mice of the human DTR into the langerin
locus (Langerin-DTR-EGFP). The Dutch group targeted a
DTR-EGFP cassette into the second exon of the langerin gene
[29]. The French group generated two separate lines in which
either an IRES-EGFP or an IRES-DTR-EGFP cassette was
knocked-in to the sixth exon, in the 3’-untranslated region of
langerin [30]. In F1 mice, LC were sensitive to DT and expressed
high levels of EGFP. In both the Dutch and French mice,
epidermal LC are efficiently depleted within 24-48 h following a
single systemic (i.p.) injection of DT. Repopulation of the
depleted epidermis is slow with patches of LC starting to reappear
only at 2-4 wk post-DT injection. Although langerin was thought
to be expressed only by epidermal LC, a subset of CD8a* DC
found throughout the secondary lymphoid tissues (LN, spleen
and thymus) also express Langerin and are ablated after DT
administration [30].

Our third (American) group used an alternative approach and
generated bacterial artificial chromosome (BAC)-transgenic mice
by inserting DTA (not DTR) into the 3’-untranslated region of the
langerin gene contained within a 70-kb fragment of human
genomic BAC DNA [31]. Since DTA is expressed coordinately
with Langerin, the resulting Langerin-DTA (American) mice
have a constitutive and durable absence of LC. Interestingly,
unlike in the Langerin-DTR-EGFP mice, only epidermal
LC and no other Langerin® DC are ablated in the DTA mice.
This presumably reflects altered regulation of expression of the
human langerin promoter compared with the endogenous
mouse promoter driving DTR expression in the Dutch and
French mice.
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Contact hypersensitivity in the absence of LC

Contact hypersensitivity (CHS) to epicutaneously applied hapten
is a classic assay for examining cutaneous adaptive immunity. In
this assay, mice are sensitized by the application of hapten on
shaved abdominal skin and are then challenged 5 days later by
painting the same hapten onto the ear (Fig. 1). The degree of
inflammation is quantified by the amount of ear swelling that
develops. The challenge measures the extent of anti-hapten
effector T-cell responses and not memory responses [32].
Prevailing views of LC function in CHS would predict that LC-
deficient mice would exhibit an absent or greatly diminished CHS
response [33, 34].

To determine the functional requirement for LC, each of our
three groups examined CHS responses in the absence of LC
(Table 1). When the French Langerin-DTR-EGFP mice were
sensitized and challenged using a standard dose of dinitro-
fluorobenzene (DNFB), there was no difference in ear swelling
between mice treated with DT 3 days prior to and 1 day after
sensitization and controls [30]. This suggested that LC are
dispensable for the induction of CHS responses. In contrast,
Dutch Langerin-DTR-EGFP mice treated with DT 3 days prior to
sensitization developed diminished but not absent CHS in
response to a standard dose of another hapten, trinitro-
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Figure 1. Schematic of the sensitization process.
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chlorobenzene, suggesting that LC are required for optimal
initiation of CHS responses [29]. Finally, the American Langerin—
DTA mice, constitutively lacking LC, developed enhanced CHS
responses compared with littermate controls to both DNFB and a
third hapten, oxazalone [31]. This was interpreted as showing
that LC have a regulatory role and limit CHS responses. The
altered CHS responses observed in the Dutch and American mice
were antigen-specific and required the absence of LC during the
sensitization and not challenge phases [30, 31, 35]. Thus, rather
than establishing a precise role for LC, there were divergent
results for CHS (no change, decreased and increased) in three
independent models of LC deficiency.

Since the French and Dutch mice were generated using an
almost identical strategy, it is particularly surprising that CHS
responses differ between the two. It is likely that rather than
intrinsic differences between the two mouse lines, differences in
CHS experimental technique account for the different results. The
choice of hapten does not seem to be critical since the Dutch mice
also have reduced CHS to oxazalone [35]. Rather, it appears that
the timing of DT administration can affect the outcome since
French mice treated with DT only on day —1 develop diminished
CHS responses similar to the Dutch mice [36, 37]. Thus, even
though the mice have not been compared side-by-side in the same
experiment and minor differences may still exist, it appears that
the two Langerin—-DTR lines behave similarly when examined
using a comparable protocol.

Unlike the French and Dutch mice, the American mice were
developed using a significantly different approach that could
explain the dissimilar CHS results. Owing to the constitutive
ablation of LC throughout ontogeny, enhanced CHS may result
from the chronic absence of LC, which may potentially affect the
development of peripheral tolerance as predicted by the LC
paradigm. Another difference is that only epidermal LC and not

Table 1. An overview of discordant CHS results published to date®

DT (day)® Mouse line LC®  Langerin® dDC®  Hapten CHS response
n.a. Langerin-DTA [31] - +++ DNFB Enhanced [31]
oxazalone
FITC
—4 and -1 Langerin-DTR-EGFP (F) [30] - - DNFB Reduced [36, 37]
—3and 1 Langerin-DTR-EGFP (F) [30] - + DNFB Normal [30, 37]
-3 Langerin-DTR-EGFP (NL) [29] - + Trinitrochlorobenzene Reduced [29, 35]
oxazalone, low dose
—14, -10 or -7 Langerin-DTR-EGFP (F) [30] - + DNFB Normal [36]
FITC Normal (C. Hauser,
unpublished data)
-28 Langerin-DTR-EGFP (NL) [29] + ++ Oxazalone, low dose Reduced [35]

3 The flanks of mice were sensitized to hapten at day 0 and challenged with hapten at day 5. CHS response (ear swelling)
was monitored 24-48h following challenge.

® Dutch (NL) and French (F) inducible ablation models were treated with DT at varying time points (days) prior to and
after sensitization. Langerin-DTA mice exhibit constitutive LC ablation and therefore do not require DT-induced
ablation; n.a., not administered.

) Number of cells at the time of sensitization.
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Table 2. Comparison of skin DC subset phenotypes and their ablation in Langerin-DTR (French and Dutch) mice and

Langerin-DTA (American) mice®

Epidermal LC

Langerin® dDC  Langerin- dDC  CD8" Langerin® DC

Tissue of residence

Langerin expression +++

CD8 -

CD103 -

CD11b +

Ep-Cam +

Origin in chimeras host
Depletion in Langerin-DTR mice yes
Duration of depletion in Langerin-DTR mice weeks
Depletion in Langerin-DTA mice yes
Duration of depletion in Langerin-DTA mice constitutive

skin, epidermis

skin, dermis skin, dermis LN, spleen, thymus

+++ — +

- - +

+ - n.d.

— + n.d.

- - n.d.
donor donor donor
yes no yes
days n.a. days
no no no
n.a. n.a. n.a.

2) See text for references; n.d., not determined; n.a., not affected.

other Langerin™ cells are ablated in the American mice, a finding
that is further discussed below.

Langerin is expressed by DC other than LC

Over the last 3 years it has become increasingly clear that
Langerin is not a specific marker for LC and that it is expressed by
other non-epidermal DC subsets. Utilizing Langerin—-EGFP knock-
in mice it became apparent that the majority of blood-derived
CD8" DC in the thymus, spleen, cutaneous LN (CLN) and
mesenteric LN also express lower levels of Langerin, depending
on the genetic background (Table 2) [30, 38, 39]. Langerin™
CD8™ (CD103*"CD11b") DC have also been described in the lung
specifically localized at the basal lamina of the bronchial epithelia
and arterioles of the lung [40].

Initial studies with the Dutch and French Langerin—
DTR-EGFP models demonstrated that DT treatment efficiently
ablated LC in the epidermis, as well as LC and blood-derived
CD8" Langerin DC in the CLN. Contrary to expectation
it was observed that the reconstitution of Langerin* DC popula-
tions in CLN preceded the reconstitution of LC in the epidermis
by a couple of weeks and reappeared with similar kinetics
to the blood-derived CD8" Langerin'® DC [30, 35]. This suggested
that either LC were capable of homing to CLN without trafficking
through the epidermis or that another Langerin* DC subset
existed. Although Langerin® MHC class II* DC in the dermis
had already been observed, they were always assumed to be
transitory LC migrating from the epidermis to the draining
LN [30, 35]. Utilizing the three available mouse models
(French, American and Dutch mice) and a variety of techniques,
three groups were able to demonstrate the presence of

subset, which
observation has

a radio-sensitive Langerin-expressing dDC
is independent of epidermal LC. This
important implications for the interpretation of previous
functional studies on LC using the Langerin-DTR-EGFP ablation
models.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Langerin” dermal DC

Recently, three groups described the existence of a novel
Langerin® DC subset in the dermis that is independent of
‘classical’ LC of the epidermis [36, 41, 42]. Bone marrow (BM)
reconstitution studies with either congenic strains (CD45.1 BM
into CD45.2 recipients or CD45.1 BM into Langerin-DTR-EGFP
recipients) demonstrated that a Langerin ™ skin-derived DC subset
is capable of reconstituting both the dermis and CLN of host mice
while the epidermal LC remain of recipient origin [36, 41, 42].
This suggests that Langerin® dDC and LC originate from two
distinct developmental pathways. Furthermore, DT ablation
studies in Langerin—-DTR-EGFP versus CD45.1 parabiotics demon-
strated that 18 days following DT administration, the epidermis
of parabiotized Langerin-DTR-EGFP mice remained LC-free but
both the dermis and CLN of Langerin-DTR-EGFP mice contained
Langerin® dDC [41]. Bursch et al. [36] took advantage of the
Langerin—-DTA model, which displays constitutive ablation of LC
in the epidermis and CLN from birth but exhibits normal numbers
of other Langerin® DC subsets. By crossing the Langerin-DTA
with the Langerin—-EGFP model they unequivocally demonstrate
that Langerin® CD8~ DC can be found in both the skin dermis
and CLN in a LC-free background. Together these studies
demonstrate the true existence of a Langerin™ dDC subset.

During steady state, Langerin® dDC originate from a radio-
sensitive blood-derived precursor that is recruited to the dermis
and can migrate to CLN independently of LC. Parallel analysis of
skin and CLN of DT-treated BM chimeras (Langerin-DTR-EGFP
BM into CD45.1 recipients) found that Langerin® dDC reappear
in the skin 4 days following DT treatment and with a slight lag in
the CLN, as would be expected, demonstrating that this novel DC
subset is capable of replenishing their tissue ‘niche’ significantly
faster than LC of the epidermis [36,42]. Furthermore, Langerin*
dDC and Langerin~ dDC exhibit significantly accelerated BrdU
incorporation (50% have divided during the 7 days of BrdU
administration) compared with significantly lower incorporation
of BrdU in LC [42].

www.eji-journal.eu
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Although Langerin ™ dDC are phenotypically very similar to LC
in expression levels of maturation and co-stimulatory molecules,
they can be distinguished from LC using CD103 (integrin-oIEL
chain), CD11b (integrin-oM) and the adhesion molecule Ep-CAM
(gp40) (Table 2) [36]. Langerin* dDC are CD11b', CD103",
Ep-CAMY, while LC are CD11b™ CD103", Ep-CAM™. Both
cell types maintain their phenotype in the skin and CLN.
Interestingly, Langerin® dDC are phenotypically very similar to
Langerin© DC populations found in the lung, and it is yet unclear
whether these two populations are mutually exclusive or together
constitute a Langerin® interstitial DC subset [36, 40]. Recent
experiments demonstrate that clearance of influenza virus from
the lung depends on this migratory Langerin® DC subset [43].

Function of Langerin™ dermal DC versus LC
in CHS

Langerin® dDC can capture, process and present antigen to
effector cells in the CLN. OVA peptide-pulsed Langerin™ dDC are
capable of presenting antigen peptide and stimulating T-cell
proliferation [36]. Ginhoux et al. [41] took advantage of the YAe
monoclonal antibody, which recognizes an MHC class II I-E-
derived peptide presented in the context of MHC class II I-AP.
They generated chimeras using F1 (C57BL/6 I-A>/~ x BALB/c
I-EY*) mice reconstituted with C57BL/6 I-A>™/* BM; thus only
donor cells and not LC would be capable of presenting I-E¢-
derived peptide. LC in the skin did not stain for YAe, whereas
both Langerin* dDC and Langerin~ dDC, and only donor-derived
Langerin® DC in the CLN stained positive for YAe.

As already mentioned, Langerin® dDC- and CD8" DC-expres-
sing Langerin are deleted after DT administration into Langer-
in—-DTR-EGFP mice. However, unlike epidermal LC, which do not
repopulate the epidermis until at least several weeks after DT
administration, these other Langerin™ DC begin to return within a
few days and reach approximately 50% of their steady-state levels
by 2wk. This provided a time window in which to assess their
relative roles in CHS. Using a standard dose of hapten, CHS
responses are greatly diminished in Langerin-DTR-EGFP mice
when DT is administered on day —1 before sensitization with
DNFB. However, when mice are sensitized 7 or 13 days after DT
treatment, at a time when only the epidermal LC remain absent,
CHS responses have returned to normal [36]. CHS experiments
using a standard dose of FITC as a hapten give a similar result
(Conrad Hauser, unpublished observations). From these studies, it
appears that Langerin™ dDC but not LC are critical for the devel-
opment of efficient CHS responses (Table 2).

These observations are apparently inconsistent with a study
showing that the Dutch Langerin~-DTR-EGFP mice sensitized with
a low dose of oxazalone 4wk after DT, when most LC are still
absent but all other Langerin® DC populations have largely
recovered from the toxin treatment, exhibit reduced CHS respon-
ses [35]. The most likely explanation to reconcile these deviating
observations with the two inducible Langerin-DTR models is that
the dose of hapten is important. At standard doses of hapten

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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sensitization, antigen is delivered to both the LC in the epidermis
as well as DC in the dermis. When both DC populations acquire the
antigen, presentation by LC is redundant for the development of a
response. However, when antigen is limiting and preferentially
acquired by LC, then their absence leads to diminished CHS.

The identification of a novel population of dDC that are
eliminated in Langerin-DTR-EGFP mice but not in Langerin-DTA
mice most likely explains why Langerin—-DTA mice do not develop
decreased CHS responses and partially reconciles the discordant
findings between the LC-deficient models. However, Langerin—
DTR-EGFP mice treated with DT 7 or 13 days (or 4wk) before
sensitization when they still lack all or most epidermal LC do not
display the enhanced CHS observed in Langerin—-DTA mice. If LC
are regulatory, then their selective absence should lead to
enhanced CHS similar to that observed in the Langerin-DTA
mice. One interpretation is that the still reduced levels of dDC
and/or CD8" Langerin® DC prevented what otherwise would
have been an enhanced response in the absence of LC.
Alternatively, the steady-state absence of epidermal LC in
Langerin—-DTA mice could inhibit the development of regulatory
mechanisms such as the development of regulatory T cells and
result in enhanced CHS.

Recently, it was shown in a minor-mismatch skin transplan-
tation model using Langerin-DTA mice that the presence of LC in
the donor skin is required for long-term graft acceptance [44].
This supports the notion that LC are regulatory cells and is
consistent with the observed enhancement of CHS responses in
these mice. It is interesting to note that in this model, the regu-
latory capacity of LC can be transferred with the skin and is not
dependent on cells in lymphoid tissue where regulatory T cells
would be expected to reside.

Conclusions

The generation of three independently derived mouse strains that
target LC has enabled the first functional examination of a discrete
DC subset in vivo and led to a wealth of new insights. The
availability of multiple LC-deficient models has enabled us to
examine the role of LC from slightly different angles (Fig. 2,
Table 1). From work with the two Langerin-DTR-EGFP mouse
strains in the setting of an acute depletion of LC, it appears that
when antigen is targeted preferentially to LC such as with low-dose
hapten, then LC appear to be stimulatory and their absence leads to
diminished CHS responses. However, when antigen is simulta-
neously targeted to LC and dDC such as in the setting of normal
hapten doses, then LC appear largely redundant and CHS responses
are mediated by dDC. This is consistent with a model in which all
skin DC have similar function and the number that migrate to the
CLN carrying antigen determines the ultimate outcome.

In contrast, Langerin-DTA mice have a constitutive absence of
only epidermal LC and not other Langerin* DC. CHS responses and
skin graft rejection are exaggerated in these mice. In this setting,
dDC are presumably sufficient to mediate CHS/graft rejection but
the absence of LC leads to a loss of regulation and an exaggerated

www.eji-journal.eu
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Figure 2. Absence of specific skin-resident DC subsets explains CHS responses in LC ablation models. (Left) In WT mice, all three populations of
skin-resident DC (LC, Langerin* dDC and Langerin™®® dDC) are present and CHS responses to standard hapten doses are normal (see also Table 1).
(Middle) When Langerin-DTR mice are treated with DT, LC, Langerin® dDC and LN-resident Langerin* DC (not depicted) are rapidly and efficiently
eliminated, resulting in diminished CHS responses compared with WT mice irrespective of the hapten dose. Langerin™ dDC begin to repopulate
the dermis 4 days after DT treatment and reach 50% of their steady-state level after 2wk. (Right) Thus, when mice are sensitized 1-4 wk after DT
administration, only LC will still be mostly absent, while Langerin® dDC will have largely recovered. These mice develop normal CHS responses to
standard hapten doses, indicating that LC are not required for CHS responses. Langerin™ dDC (and possibly Langerin~ dDC as well) are required
and presumably transport haptenated antigen to skin-draining LN where naive hapten-specific T cells can be activated. Unlike responses to
standard hapten doses, CHS after sensitization with low hapten doses (not shown in this figure) are reduced at both early and late time points after
DT administration. Thus, in situations of limited antigen, LC are required for efficient T-cell priming, probably due to reduced dissemination of
antigen into the dermis. On the other hand, Langerin-DTA mice lack LC and have normal numbers of Langerin® dDC analogous to Langerin-DTR
mice 1-4 wk after DT administration. However, Langerin—-DTA mice develop enhanced CHS responses. This discordance may result from the still
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somewhat reduced number of Langerin® dDC in Langerin-DTR mice or from the constitutive absence of LC in Langerin-DTA mice.

response. These data are more consistent with a model in which LC
have a unique function distinct from other skin DC. A central
unresolved issue is whether it is the constitutive absence of LC and/
or the selective absence of LC in the Langerin-DTA mice that leads
to enhanced immune responses.

In an effort to sort out these functions, we are actively
examining how LC might mediate their effects. We are in the
process of systematically comparing CHS using high- and low-
dose hapten in both Langerin-DTR and Langerin-DTA mice
within the same laboratory to ensure consistent experimental
technique. Generation of Langerin—-DTA x Langerin—-DTR-EGFP
F1 animals will allow us to compare CHS responses after acute L.C
depletion with steady-state LC depletion within the same
experiment. In addition, we have already generated BAC-trans-
genic mice with LC-specific expression of Cre recombinase [45].
We are breeding them to a number of mice with ‘floxed’ genes of
interest and plan to use them to elucidate which genes participate
in LC-mediated immune regulation. To complement this model,
we are also in the process of generating mice in which Cre is
‘knocked-in’ to the murine langerin locus, which we expect to
result in Cre expression in all Langerin® DC subsets. We antici-
pate that these new efforts will provide further insight into the
functional role of LC in cutaneous immunity.

We would like to thank our laboratory
members for their continuous support and hard work and wish to

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

apologize to any colleagues whose important contributions we
were unable to cite due to space limitations. D. H. K. is supported
by the Al Zelickson professorship in dermatology and by NIH
grant KO8 AR651092. B. E. C. is a fellow of the Landsteiner
Foundation for Blood Transfusion Research (LSBR, grant 0414F)
and a VIDI fellow of The Netherlands Organization for Scientific
Research (NWO, grant 917-76-365). A. K. is supported by a
Lectureship at QUB and the CCRCB, and the discussed work was
funded by INSERM, CNRS, Fondation pour la Recherche
Medicale (Defis de la Recherche en Allergie), ARC, and the
European Communities (MUGEN Network of Excellence).

The authors declare no financial or
commercial conflict of interest.

References

1 Langerhans, P., Uber die Nerven der menschlichen Haut. Virchows Arch.
1868. 44: 325-327.

2 Stingl, G., Katz, S. I, Clement, L., Green, I. and Shevach, E. M,,
Immunologic functions of Ia-bearing epidermal Langerhans cells.
J. Immunol. 1978. 121: 2005-2013.

3 Schuler, G. and Steinman, R. M., Murine epidermal Langerhans cells
mature into potent immunostimulatory dendritic cells in vitro. J. Exp. Med.
1985. 161: 526-546.

4 Wilson, N. S. and Villadangos, J. A., Lymphoid organ dendritic cells:
beyond the Langerhans cells paradigm. Immunol. Cell Biol. 2004. 82: 91-98.

www.eji-journal.eu



Eur. J. Immunol. 2008. 38: 2369-2376

1%}

o

~N

(o]

o]

10

11

12

13

14

15

16

17

18

19

20

21

Romani, N., Holzmann, S., Tripp, C. H., Koch, F. and Stoitzner, P,
Langerhans cells — dendritic cells of the epidermis. APMIS 2003. 111:
725-740.

Nishibu, A., Ward, B. R., Jester, ]J. V., Ploegh, H. L., Boes, M. and
Takashima, A., Behavioral responses of epidermal Langerhans cells in
situ to local pathological stimuli. J. Invest. Dermatol. 2006. 126: 787-796.

Flacher, V., Bouschbacher, M., Verronese, E., Massacrier, C., Sisirak, V.,
Berthier-Vergnes, O., de Saint-Vis, B. et al., Human Langerhans cells
express a specific TLR profile and differentially respond to viruses and
Gram-positive bacteria. J. Immunol. 2006. 177: 7959-7967.

Cumberbatch, M., Dearman, R. ]. and Kimber, I., Langerhans cells require
signals from both tumour necrosis factor-alpha and interleukin-1 beta for
migration. Immunology 1997. 92: 388-395.

Randolph, G. J.,, Ochando, J. and Partida-Sanchez, S., Migration of
dendritic cell subsets and their precursors. Annu. Rev. Immunol. 2008. 26:
293-316.

Geissmann, F., Dieu-Nosjean, M. C., Dezutter, C., Valladeau, J., Kayal, S.,
Leborgne, M., Brousse, N. et al., Accumulation of immature Langerhans
cells in human lymph nodes draining chronically inflamed skin. J. Exp.
Med. 2002. 196: 417-430.

Mayerova, D., Parke, E. A., Bursch, L. S.,, Odumade, O. A. and
Hogquist, K. A., Langerhans cells activate naive self-antigen-specific
CD8 T cells in the steady state. Immunity 2004. 21: 391-400.

Waithman, J., Allan, R. S., Kosaka, H., Azukizawa, H., Shortman, K.,
Lutz, M. B., Heath, W. R. et al., Skin-derived dendritic cells can mediate
deletional tolerance of class I-restricted self-reactive T cells. J. Immunol.
2007. 179: 4535-4541.

Shibaki, A., Sato, A., Vogel, J. C., Miyagawa, F. and Katz, S. I., Induction of
GVHD-like skin disease by passively transferred CD8(+) T-cell receptor
transgenic T cells into keratin 14-ovalbumin transgenic mice. J. Invest.
Dermatol. 2004. 123: 109-115.

Azukizawa, H., Kosaka, H., Sano, S., Heath, W. R., Takahashi, I.,
Gao, X. H., Sumikawa, Y. et al., Induction of T-cell-mediated skin disease
specific for antigen transgenically expressed in keratinocytes. Eur. J.
Immunol. 2003. 33: 1879-1888.

Steinman, R. M., Hawiger, D. and Nussenzweig, M. C., Tolerogenic
dendritic cells. Annu. Rev. Immunol. 2003. 21: 685-711.

Steinman, R. M. and Nussenzweig, M. C., Avoiding horror autotoxicus:
the importance of dendritic cells in peripheral T cell tolerance. Proc. Natl.
Acad. Sci. USA 2002. 99: 351-358.

Hemmi, H., Yoshino, M., Yamazaki, H., Naito, M., Iyoda, T., Omatsu, Y.,
Shimoyama, S. et al., Skin antigens in the steady state are trafficked to
regional lymph nodes by transforming growth factor-betal-dependent
cells. Int. Immunol. 2001. 13: 695-704.

Hawiger, D., Inaba, K., Dorsett, Y., Guo, M., Mahnke, K., Rivera, M.,
Ravetch, J. V. et al., Dendritic cells induce peripheral T cell unrespon-
siveness under steady state conditions in vivo. J. Exp. Med. 2001. 194:
769-779.

Bonifaz, L., Bonnyay, D., Mahnke, K., Rivera, M., Nussenzweig, M. C. and
Steinman, R. M., 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. J. Exp. Med. 2002. 196: 1627-1638.

Yamazaki, S., Iyoda, T., Tarbell, K., Olson, K., Velinzon, K., Inaba, K. and
Steinman, R. M., Direct expansion of functional CD25" CD4" regulatory
T cells by antigen-processing dendritic cells. J. Exp. Med. 2003. 198: 235-247.

Jiang, A., Bloom, O., Ono, S., Cui, W., Unternaehrer, J., Jiang, S.,
Whitney, J. A. et al., Disruption of E-cadherin-mediated adhesion induces

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

22

2

w

24

25

26

27

28

29

30

31

32

3

w

34

3

[l

36

37

38

HIGHLIGHTS

a functionally distinct pathway of dendritic cell maturation. Immunity
2007. 27: 610-624.

Zhao, X., Deak, E., Soderberg, K., Linehan, M., Spezzano, D., Zhu, J.,
Knipe, D. M. and Iwasaki, A., Vaginal submucosal dendritic cells, but not
Langerhans cells, induce protective Th1l responses to herpes simplex
virus-2. J. Exp. Med. 2003. 197: 153-162.

Allan, R. S., Smith, C. M., Belz, G. T., van Lint, A. L., Wakim, L. M.,
Heath, W. R. and Carbone, F. R., Epidermal viral immunity induced by
CD8alpha™ dendritic cells but not by Langerhans cells. Science 2003. 301:
1925-1928.

Bosnjak, L., Miranda-Saksena, M., Koelle, D. M., Boadle, R. A, Jones, C. A.
and Cunningham, A. L., Herpes simplex virus infection of human
dendritic cells induces apoptosis and allows cross-presentation via
uninfected dendritic cells. J. Immunol. 2005. 174: 2220-2227.

He, Y., Zhang, J., Donahue, C. and Falo Jr L. D., Skin-derived dendritic
cells induce potent CD8(+) T cell immunity in recombinant lentivector-
mediated genetic immunization. Immunity 2006. 24: 643-656.

Valladeau, ]J., Ravel, O., Dezutter-Dambuyant, C., Moore, K.,
Kleijmeer, M., Liu, Y., Duvert-Frances, V. et al., Langerin, a novel C-type
lectin specific to Langerhans cells, is an endocytic receptor that induces
the formation of Birbeck granules. Immunity 2000. 12: 71-81.

Kissenpfennig, A., Ait-Yahia, S., Clair-Moninot, V., Stossel, H., Badell, E.,
Bordat, Y., Pooley, J. L. et al.,, Disruption of the langerin/CD207 gene
abolishes Birbeck granules without a marked loss of Langerhans cell
function. Mol. Cell. Biol. 2005. 25: 88-99.

Saito, M., Iwawaki, T., Taya, C., Yonekawa, H., Noda, M., Inui, Y.,
Mekada, E. et al., Diphtheria toxin receptor-mediated conditional and
targeted cell ablation in transgenic mice. Nat. Biotechnol. 2001. 19: 746-750.

Bennett, C. L., van Rijn, E. Jung, S., Inaba, K., Steinman, R. M.,
Kapsenberg, M. L. and Clausen, B. E., Inducible ablation of mouse
Langerhans cells diminishes but fails to abrogate contact hypersensitiv-
ity. J. Cell Biol. 2005. 169: 569-576.

Kissenpfennig, A., Henri, S., Dubois, B., Laplace-Builhe, C., Perrin, P,
Romani, N., Tripp, C. H. et al., Dynamics and function of Langerhans cells
in vivo: Dermal dendritic cells colonize lymph node areas distinct from
slower migrating Langerhans cells. Immunity 2005. 22: 643-654.

Kaplan, D. H., Jenison, M. C., Saeland, S., Shlomchik, W. D. and
Shlomchik, M. J., Epidermal Langerhans cell-deficient mice develop
enhanced contact hypersensitivity. Immunity 2005. 23: 611-620.

Grabbe, S. and Schwarz, T., Inmunoregulatory mechanisms involved in
elicitation of allergic contact hypersensitivity. Immunol. Today 1998. 19:
37-44.

Silberberg-Sinakin, I. and Thorbecke, G. J., Contact hypersensitivity and
Langerhans cells. J. Invest. Dermatol. 1980. 75: 61-67.

Enk, A. H. and Katz, S. 1., Early events in the induction phase of contact
sensitivity. J. Invest. Dermatol. 1992. 99: 39S-41S.

Bursch, L. S.,, Wang, L., Igyarto, B., Kissenpfennig, A., Malissen, B.,
Kaplan, D. H. and Hogquist, K. A., Identification of a novel population of
Langerin® dendritic cells. J. Exp. Med. 2007. 204: 3147-3156.

Wang, L., Bursch, L. S., Kissenpfennig, A., Malissen, B., Jameson, S. C.
and Hogquist, K. A., Langerin expressing cells promote skin immune
responses under defined conditions. J. Immunol. 2008. 180: 4722-4727.

Bennett, C. L., Noordegraaf, M., Martina, C. A. and Clausen, B. E.,
Langerhans cells are required for efficient presentation of topically
applied hapten to T cells. J. Immunol. 2007. 179: 6830-6835.

Douillard, P., Stoitzner, P., Tripp, C. H., Clair-Moninot, V., Ait-Yahia, S.,
McLellan, A. D., Eggert, A. et al., Mouse lymphoid tissue contains distinct
subsets of langerin/CD207 dendritic cells, only one of which represents

www.eji-journal.eu

2375 &8



i 2376

Daniel H. Kaplan et al.

epidermal-derived Langerhans cells. J. Invest. Dermatol. 2005. 125:
983-994.

39 Flacher, V., Douillard, P., Ait-Yahia, S., Stoitzner, P., Clair-Moninot, V.,
Romani, N. and Saeland, S., Expression of langerin/CD207 reveals
dendritic cell heterogeneity between inbred mouse strains. Immunology
2008. 123: 339-347.

40 Sung, S. S., Fu, S. M,, Rose Jr C. E., Gaskin, F, Ju, S. T. and Beaty, S. R,,
A major lung CD103 (alphaE)-beta7 integrin-positive epithelial dendritic
cell population expressing Langerin and tight junction proteins.
J. Immunol. 2006. 176: 2161-2172.

41 Ginhoux, F., Collin, M. P.,, Bogunovic, M., Abel, M., Leboeuf, M., Helft, ]J.,
Ochando, J. et al., Blood-derived dermal langerin® dendritic cells survey
the skin in the steady state. J. Exp. Med. 2007. 204: 3133-3146.

42 Poulin, L. F.,, Henri, S., de Bovis, B., Devilard, E., Kissenpfennig, A. and
Malissen, B., The dermis contains langerin® dendritic cells that develop
and function independently of epidermal Langerhans cells. J. Exp. Med.
2007. 204: 3119-3131.

43 Geurts van Kessell, C. H., Willart, M. A. M., van Rijt, L. S., Muskens, F,,
Kool, M., Baas, C., Thielemans, K. et al., Clearance of influenza virus from
the lung depends on migratory langerin+ CD11b+ but not plasmacytoid
dendritic cells. J. Exp. Med. 2008. In press.

44 Obhrai, J. S., Oberbarnscheidt, M., Zhang, N., Mueller, D. L.,
Shlomchik, W. D., Lakkis, F. G., Shlomchik, M. J. and Kaplan, D. H.,
Langerhans cells are not required for efficient skin graft rejection.
J. Invest. Dermatol. 2008. 128: 1950-1955.

45 Kaplan, D. H., Li, M. O,, Jenison, M. C., Shlomchik, W. D., Flavell, R. A. and
Shlomchik, M. J., Autocrine/paracrine TGFB1 is required for the develop-
ment of epidermal Langerhans cells. J. Exp. Med. 2007. 204: 2545-2552.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Immunol. 2008. 38: 2369-2376

BAG: bacterial artificial chromosome - CHS: contact
hypersensitivity - CLN: cutaneous LN - dDC: dermal DC - DNFB:
dinitrofluorobenzene - DT: diphtheria toxin - DTA: diphtheria toxin
subunit A - DTR: diphtheria toxin receptor - HB-EGF: heparin-binding
EGF-like growth factor - LC: Langerhans cell

Daniel Kalpan, Department of Dermatology and
Center for Immunology, University of Minnesota, NHH 6-118, 312
Church Street SE, Minneapolis, MN 55455, USA
Fax: +1-612-625-2199
e-mail: DanKaplan@umn.edu

Adrien Kissenpfennig, Infection and
Immunity Division, Centre for Cancer Research and Cell Biology,
School of Biomedical Sciences, Queens University, Belfast, Northern
Ireland
Fax: +44-28-9032-5839
e-mail: a.kissenpfennig@qub.ac.uk

Bjérn Clausen, Department of Cell Biology and Histology, Academic
Medical Center, University of Amsterdam, 1105 AZ Amsterdam,
The Netherlands

Fax: +31-20-697-4156

e-mail: b.e.clausen@amc.uva.nl

See accompanying mini-review:
http://dx.doi.org/10.1002/€ji.200838521

Received: 7/4/08
Revised: 2/6/08
Accepted: 1/7/08

www.eji-journal.eu



