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Characteristics and functions of murine cutaneous
dendritic cells: a synopsis of recent developments

MC Udey' and K Nagao!>

Cutaneous accessory cells include dendritic cells (DCs) and macrophages. Heterogeneity, plasticity, and
responsiveness to local environmental cues are hallmarks of both types of cells. Until recently, results of studies of cells
that had been extracted from tissues or propagated in vitro provided the foundation for most conceptual frameworks.
The availability of a variety of spontaneously occurring and genetically engineered mice has facilitated in vivo studies
that have provided new insights into the developmental and functional aspects of DCs in skin and other tissues. In
several instances, results of these in vivo studies have been very surprising. Existing paradigms have been modified or
debunked, and new hypotheses have been generated. We can anticipate that detailed understanding of the biology of
individual cutaneous accessory cells and their relationships with each other will continue to accumulate as these types

of studies are actively pursued.

INTRODUCTION
Skin is perhaps the most extensively studied interface organ.
Immunologists have shown interest in skin for decades and
many prominent investigative dermatologists have been, and
are, immunologists. Observational studies in patients and
normal individuals have been complemented by experimen-
tal studies, initially in guinea-pigs and more recently in mice.
Reductionist approaches that, by necessity, focused on cells that
were extracted from tissues or that were propagated in the labo-
ratory have provided much of the information on which our
understanding of cutaneous immunophysiology is based.
Dendritic cells (DCs) and macrophages comprise the bulk of
accessory cells in both normal and inflamed skin. The former
function as sentinels linking innate and adaptive immunity
whereas the latter act as scavengers of apoptotic cells and
microbes, and participate actively in reparative processes as
well. Both types of cells are infrequently represented, especially
in normal skin, and isolation is not trivial or necessarily atrau-
matic. Increasingly, it is also recognized that both DCs and
macrophages are heterogenous, even in a single tissue such as
the skin, and that their properties are influenced by their local
environments. Thus, ex vivo studies of skin-derived DCs and
macrophages are laborious and results of experiments with these
cells need to be carefully interpreted. Studies of cells that have
been propagated from skin-associated or bone marrow-derived
precursors represent an alternative to studies of cells that are

extracted from the skin, but this approach also has limitations.
The fact that one cannot easily reconstitute a bona fide “skin
environment” in tissue culture is compounded by incomplete
knowledge of characteristics of the cells that one is trying to
recapitulate.

Recently, it has become possible to test basic tenets of cuta-
neous accessory cell biology by studying carefully selected (or
generated) mouse mutants and experimental model systems.
Results of some of these experiments have been paradigm shift-
ing. This brief review will highlight some recent work in mice
that has reinforced results of previous studies, reshaped existing
concepts, and, in some cases, led to entirely new hypotheses. The
focus will be on DCs rather than macrophages because much of
the new information relates to this leukocyte population. The
reader is referred to several recent reviews for more detailed
information.!-

DEFINED SUBSETS OF CUTANEOUS DENDRITIC CELLS

Paul Langerhans, an Austrian medical student, identified rare
cells with an unexplained affinity for gold salts and a dendritic
morphology in the epidermis of human skin more than 100
years ago. Descriptive studies emphasizing morphological and
histochemical characteristics suggested that Langerhans cells
(LCs) were related to neurons or melanocytes. That LCs were
leukocytes was definitively demonstrated in bone marrow trans-
plantation studies,> and their ability to function as accessory
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cells was subsequently characterized extensively in in vitro stud-
ies and in studies in which isolated LCs were adoptively trans-
ferred after a variety of manipulations. Working with Steinman®,
Schuler showed that LC represented the epidermal contingent of
the DC lineage,a subset of cells that Steinman and co-workers’
had identified and characterized in lymphoid tissues, including
lymph nodes and spleen. This observation heralded the begin-
ning of a new era of LC biology.

Langerhans cells came to be regarded as the prototypic “imma-
ture” tissue DCs and, for many years, investigators focused on
these cells to the relative exclusion of other accessory cells in
the skin. LC in epidermis (actually LC studied ex vivo immedi-
ately after isolation) exhibited phagocytic and vigorous pinoc-
ytic activities, efficiently processed protein antigens, expressed
low levels of major histocompatibility complex antigens and
costimulatory molecules, and were poor stimulators of naive T
cells. LC that had been induced to migrate to draining lymph
nodes (actually LC that had been cultured in vitro in granulocyte
monocyte colony-stimulating factor-containing media or LC
that migrated out of skin explants ex vivo) exhibited decreased
antigen acquisition and processing activity and increased antigen
presentation function coincident with increased surface expres-
sion of major histocompatibility complex antigens (especially,
major histocompatibility complex class II) and costimulatory
molecules (especially CD40 and CD86).

On the basis of these types of studies, it was hypothesized that
LCs captured exogenous antigens, were activated by microbe-
associated constituents or proinflammatory cytokines, and
migrated to lymph nodes where they initiated effector T-cell
responses. Results of a variety of adoptive transfer and other
in vivo experiments were consistent with this paradigm. It was
hypothesized that similar trafficking of LC occurred in the
absence of an inflammatory stimulus and that in this instance
peripheral tolerance could result because of induction of T-cell
anergy or selective stimulation of regulatory T cells.®

As information about LCs and other DCs has accumulated, it
has become clear that LCs are distinct in several ways. They are
uniquely dependent on transforming growth factor (TGF)f1
for development, localization, and survival and they persist in
unperturbed or minimally perturbed epidermis for long peri-
ods of time (weeks to months). They also express Langerin, a
C-type lectin that localizes to an endocytic vesicle with a dis-
tinctive morphology and that induces the formation of these
structures (termed Birbeck granules) after expression in fibrob-
lasts. Although the significance of Langerin expression by LC
is not fully appreciated,’ selective expression of Langerin by
LC has been exploited to develop mice that have been of great
utility. These include transgenic mice that express the diphtheria
toxin A subunit (DTA) or the recombinase cre downstream of a
regulatory region derived from the human Langerin promoter,'?
as well as knock-in mice in which cDNAs encoding the diph-
theria toxin receptor (DTR) have been inserted into the endog-
enous Langerin locus.!"12 LCs are not found in the epidermis
of Langerin-DTA mice and they can be conditionally deleted in
Langerin-DTR mice after administration of a singe dose of DT.
By analogy, cre is selectively expressed in the LC of Langerin-
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cre mice allowing for lineage-selective deletion of genes that are
flanked with lox p sites. Recently, it has been recognized that,
in mice, Langerin expression is not restricted to LC. In addition
to LC, Langerin is readily detected in CD8a-expressing lymph
node DC (in some strains) and a population of dermal DC as
well.13-15

EpCAM (epithelial cell adhesion molecule) represents another
protein that, among murine DCs, is selectively expressed by
LC.!® Recent studies indicate that EpCAM is not expressed
by Langerin + dermal DC,'* allowing skin-derived epidermal
LC and Langerin-expressing dermal DC to be readily distin-
guished. As EpCAM is expressed by LCs that have migrated to
lymph nodes, the argument that Langerin + dermal DCs rep-
resent LCs that are in transit from epidermis to lymph node
does not seem to be tenable (see below). As some dermal DCs
express neither Langerin nor EpCAM, there appear to be at
least three definable CD11c-expressing DC subsets in normal
murine skin: Langerin + EpCAM + epidermal LC, Langerin +
EpCAM - dermal DC, and Langerin— EpCAM - dermal DC.
In addition to these cells, migratory Langerin + EpCAM + LC
can be identified in the dermis. It seems likely that additional
DC sub-populations will be identified as new surface mark-
ers of interest that are identified and studied. The existence of
additional and perhaps novel DC sub-populations in inflamed
mouse skin, analogous to FcR-g-expressing inflammatory DC
and tumor necrosis factor- and inducible nitric oxide synthase-
producing DCs that have been identified in human atopic and
psoriatic skin for example, is also very likely.

LINEAGE RELATIONSHIPS BETWEEN CUTANEOUS
DENDRITIC CELLS

As indicated above, LCs have several characteristics that distin-
guish them from other DCs. Recently, considerable effort has
been focused on defining lineage relationships between LCs and
other DCs in skin and in other tissues, and identifying immedi-
ate precursors of LC. A variety of in vivo approaches employing
carefully selected mutant mice have been informative.

The initial bone marrow transplantation studies that demon-
strated that LCs were leukocytes involved donor and recipient
mice that were mismatched at a number of histocompatibil-
ity loci as a result of parent into F1 reconstitutions.* In these
experiments, population of recipient epidermis by donor-
derived LC occurred over a period of weeks. The issue of turno-
ver of LC in the steady state was subsequently readdressed by
creating congenic bone marrow chimeras and parabiotic mice.!”
In these experiments, recipient LC persisted in epidermis for
more than 1 year. Recently, analogous experiments have been
performed using donors and recipients that differed at major
and minor loci and T cell-depleted bone marrow as a source
of hematopoetic stem cells.!8 In this setting, recipient LC per-
sisted in the epidermis of chimeric mice for months, and popula-
tion of epidermis with donor-derived LC was correspondingly
delayed. Interestingly, deliberate induction of graft vs. host dis-
ease (GVHD) in recipients (by administering small numbers of
donor T cells) or treatment of chimeric mice with ultraviolet
radiation led to rapid accumulation of donor-derived LC in the
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epidermis. In retrospect, it seems likely that subclinical GYHD
occurred in the initial bone marrow transplantation studies and
that this facilitated rapid population of recipient skin with LC
from the donors. Thus, although the initial studies were flawed,
they led to the conclusion that LCs were of bone marrow origin.
It is interesting to think about what conclusion would have been
drawn if LC had appeared to be radioresistant in the initial stud-
ies. Most likely, it would have been incorrectly concluded that
LCs were not leukocytes.

The demonstration that LCs were absent from the skin of
TGFPBI1 knockout mice also provided insight into an important
aspect of LC development.' Follow-up bone marrow transplan-
tation studies involving TGFB1-deficient donors and wild-type
recipients indicated that TGFB1 from recipient cells (presum-
ably keratinocytes) could support LC development.?® As the
TGFP1-deficient mice that were available at the time were on a
mixed C57BL/6 and 129Sv background, it is likely that subclini-
cal GvHD also occurred in these experiments. The involvement
of TGFP1 in LC development has recently been revisited using
newly generated mice in experiments that allow more straight-
forward interpretations.?! In these experiments, the Langerin
promoter was used to drive the expression of the recombinase
cre selectively in LC. Crossing Langerin-cre mice with mice with
a floxed TGFPRII allele gave rise to mice that were LC defi-
cient. This result is consistent with the concept that LC must be
TGFp1 responsive to develop, localize in, and/or survive in the
epidermis. This result was expected in the sense that it is entirely
consistent with earlier results, but these studies do rigorously
exclude a secondary effect of TGFP1 deficiency (e.g., the sys-
temic inflammatory reaction that develops in TGFB1-deficient
mice) as a cause of LC deficiency. An analogous approach was
used to re-examine the question of the relevance of LC-extrinsic
TGFB1 in LC development.?! Langerin-cre mice were crossed
with mice with a floxed TGFp1 allele. Interestingly, these mice
were also LC deficient—a result that is discordant with the previ-
ous bone marrow transplant experiment?” and is perhaps related
to subclinical GVHD that may have been present in chimeric
animals.

The studies described above, in conjunction with others, lead
credence to the concept that the lineage derivations and/or the
nature of precursors of LC, and perhaps other DC, is context
dependent. Under steady-state conditions, LCs appear to derive
from radioresistant cells that slowly proliferate within the skin.??
The precise nature of these precursors has yet to be defined,
but the observation that M-CSFR-deficient mice are also LC
deficient is consistent with the hypothesis that steady-state
LC could be derived from monocytes.?? The characteristics of
LC precursors in the setting of GVHD and/or ultraviolet-induced
LC depletion and inflammation are better defined. In these situ-
ations, it appears that Grl + monocytes serve as precursors and
that the actions of CCR2 and CCR6 ligands are required for
recruitment.!”!8 This conclusion is consistent with the results
that indicate that cells with LC characteristics can develop from
human CD14 + dermal cells.>* One possible caveat to the inter-
pretation of these studies is that some were performed before
the existence of Langerin + cells in the skin that are not LC was
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known. Thus, it is formally possible that some of these conclu-
sions relate to recently described Langerin + dermal DC rather
than LC.13-15

Discovery of expression of Langerin (previously the Lag
antigen) by human LC preceded the description of the corre-
sponding protein in murine LC, and the generation of useful
antibodies for studies in mice lagged considerably. Development
of antibodies reactive with mouse Langerin has allowed the het-
erogeneity of skin DC to be additionally explored,?* and three
distinct subsets have been defined (see above). All DCs that are
present in uninflamed epidermis are LCs, and no heterogene-
ity has been identified in this population. In the dermis, the
existence of two DC populations has been confirmed (CD11c+
Langerin+ EpCAM - dermal DC and CD11c+ Langerin — der-
mal DC) and a third population (CD11c+ Langerin+ EpCAM +
DC that represent LCs that are in transit from epidermis to
lymph node) is likely to be present. On the basis of repopula-
tion kinetics in chimeric mice and studies in parabiotic mice,
it appears that LCs and Langerin + dermal DCs are not lineage
related, but it is difficult to exclude this possibility with certainty.
The possible lineage relationships between CD11c+ Langerin +
dermal DC and CD11c+ Langerin— dermal DC are yet to be
explored.

NEW INSIGHTS INTO FUNCTIONAL ASPECTS OF
CUTANEOUS ACCESSORY CELLS

The recognition that skin DCs are diverse based on surface phe-
notypic and lineage characteristics has prompted a re-evalua-
tion of their functional activities. The availability of mice that
are, or that can be induced to become, deficient in selected DC
sub-populations has allowed for functional studies that were
heretofore impossible. Studies to date have focused on Langerin-
expressing DCs because it is these cells that have been selectively
targeted.

The results of the studies that utilize Langerin-DTA mice!
are easiest to interpret. These mice are devoid of epidermal
LC, but for reasons that are unclear have normal contingents
of Langerin + dermal DC and CD8o+ Langerin + lymph node
DC. Langerin-DTA mice are indistinguishable from normal
animals in the absence of provocation. In contact sensitivity
experiments, Langerin-DTA mice exhibited enhanced respon-
siveness.!? These results indicate that LCs are not required for
sensitization or elicitation phases of these CD8 T cell-depend-
ent immune responses to epicutaneously applied antigens and
that they may have a suppressive function instead. Interestingly,
Langerin-DTA mice on an FVB/N genetic background have also
been shown to be resistant to dimethyl benzanthracene/tetra-
decanoylphorbol-13-acetate induced skin tumorigenesis, sug-
gesting that LCs may also have an immunosuppressive function
in this setting.2®

Langerin-DTA mice have also been used to assess the role of
LC in skin graft rejection responses.?” C57BL/6 mice reject full-
thickness FVB/N skin grafts independent of whether FVB/N
skin grafts have LC. Female C57BL/6 mice also reject male
C57BL/6 skin grafts from both Langerin-DTA and control mice.
In analogy to the contact sensitivity experiments, the results
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of these skin-grafting experiments suggest that LCs are not
required for the development of antigraft responses or expres-
sion of antigraft reactivity. Results were rather different when
male FVB/N skin was grafted onto female FVB/N recipients. In
this strain, the expected result was that female mice would not
reject male skin grafts. This result was replicated when LCs were
present in the grafts, but male FVB/N skin grafts were rejected
when they were obtained from LC-deficient mice. The mecha-
nism that is responsible for this surprising result has not yet
been elucidated.

The involvement of Langerin-expressing DC in skin-centered
immune responses has also been studied in Langerin-DTR mice.
These mice have normal numbers of LC and are indistinguisha-
ble from wild-type littermates until they are treated with DT.!1-12
A single systemic treatment with DT results in virtually com-
plete loss of LC within 24-48 h. In these mice, DT treatment also
leads to the depletion of Langerin + dermal DC and Langerin +
CD8a+ lymph node DC.!3-1° LC depletion is sustained in DT-
treated Langerin-DTR mice, and significant numbers of LC do
not appear in the epidermis for weeks. In contrast, Langerin +
dermal and lymph node DCs repopulate their relative com-
partments within a few days after DT administration. Thus, the
differential repopulation kinetics of LC and Langerin + dermal
DC must be taken into account when using these mice to try to
elucidate the functions of either population in in vivo studies.
Careful studies of appropriate models may provide insights into
the functions of both sub-populations.

The earliest functional studies carried out with Langerin-
DTR mice were performed before Langerin + dermal DCs were
described.! 122830 Ag a result, the experimental design of some
studies was not optimal and some conclusions may be incorrect.
More recent studies that take Langerin + dermal DC into account
have failed to document a function for LC in the priming of effec-
tor T cells that react with contact allergens or epicutaneously
administered proteins.!*3! In contrast, these studies suggest that
Langerin + dermal DC may be required for optimal responses.
Interestingly, augmented immune responses analogous to those
that have been seen in response to contact allergens in Langerin-
DTA mice have not been described in Langerin-DTR mice under
any circumstances. One possible explanation for this is that LC
may play an unappreciated role in immune homeostasis and
that mice that are constitutively LC deficient are predisposed to
develop augmented T-cell responses on that basis. However, to
date, there is no evidence for perturbed immune homeostasis in
Langerin-DTA mice, and a mechanism that might promote such
an effect has not been identified.

CONCLUSION AND FUTURE PROSPECTS

The in vivo mouse studies that we have briefly summarized have
clearly provided new insights into skin DC biology. It is interest-
ing to note that, to date, the results of these studies have intro-
duced complexities into the picture more often than they have
brought clarity. As the studies reported thus far have empha-
sized the steady-state condition and defined acute inflammatory
stimuli, it can be anticipated that additional complexities will
become apparent as chronic infections and/or chronic inflam-
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matory conditions are studied in mice and in man. It seems
likely that approaches that target additional skin accessory cell
populations in mice as they are defined will also be fruitful.

Experience with CD11c-DTR mice? suggests that future
studies may be challenging, however, and it is possible that the
successes with Langerin-DTA and Langerin-DTR mice may not
be predictive. As all murine DCs express the B2 integrin CD11c,
it was anticipated that DC in CD11c-DTR mice would selec-
tively be depleted by administering DT. In initial experiments,
it was determined that although DT killed most DCs, some
CD11c+ sub-populations (including LC) were resistant. In addi-
tion, DCs that were depleted reappeared within a few days and
repeated DT treatment was lethal. In these mice, DC function
could only be assessed in very acute experiments. Subsequent
experiments involving bone marrow chimeras revealed that the
lethality resulted from effects of DT on nonhematopoetic cells in
CD11c-DTR mice. Leukocytes expressing CD11c could be suc-
cessfully depleted from chimeric mice (CD11c-DTR bone mar-
row into wild-type recipients) with DT, but depletion of some
populations is incomplete and CD11c is also expressed by some
non-DC. All of these confounding findings have limited the
utility of CD11c-DTR mice to some extent. Thus, although the
approach is powerful, the degree to which future experiments
are informative will hinge on identification of proteins and genes
that are selectively expressed at relatively high levels by the sub-
populations that are to be targeted. This kind of information will
come from observational studies that continue to delve into skin
accessory cell heterogeneity. The field is moving ahead at a rapid
pace, but many mysteries remain to be solved.
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