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Abstract

Background—To understand the behavioral biology of Langerhans cells (LCs), we recently
recorded time-lapse images of LCs in the knock-in mice expressing the I-Ap chain tagged with the
enhanced green fluorescence protein (EGFP). EGFP* LCs showed relatively limited motility in the
steady state, whereas topical application of dinitrofluorobenzene (DNFB) markedly augmented a
unique movement of dendrites characterized by rhythmic extension and retraction, termed
dSEARCH, and triggered amoeba-like lateral migration of cell bodies.

Objective—To define underlying mechanisms by which hapten treatment alters LC behaviors.

Methods—The I-AB-EGFP mice received subcutaneous (s.c.) injection of recombinant IL-1a or
TNFo (50 ng/animal) and dynamic behaviors of EGFP* LCs were recorded by time-lapse confocal
microscopy at several time points to measure their AISEARCH activities and lateral migration. In a
different sset of experiments, IL-1 receptor antagonist (IL-1Ra) or soluble TNF receptor-2 (STNFR2)
(0.5 pg/animal) was s.c. injected into the ear skin 30 minutes before topical application of DNFB,
and LC behaviors analyzed thirty hours later.

Results—Local injection of IL-1a or TNFa induced significant, albeit modest, augmentation of
both dSEARCH and lateral migration. Co-injection of TNFa and IL-1a further exacerbated motile
activities in a synergistic manner by similar magnitudes observed after DNFB application.
Conversely, DNFB-induced behavioral changes were inhibited completely by local injection of
IL-1Ra or STNFR2.

Conclusion—IL-1 and TNFa serve as equally important mediators of hapten-induced alteration
of LC behaviors. Motile activities of epidermal LCs are reprogrammed by selected cytokines known
to be produced by keratinocytes under pathological conditions.

1. Introduction

The outermost layer of skin, i.e., epidermis, serves as the first line of defense against a variety
of environmental insults. Terminally differentiated keratinocytes form the stratum corneum,

i.e., aphysical barrier. The epidermis also functions as an immunological barrier by producing
cytokines, antimicrobial peptides, and other mediators [1,2] and by hosting resident leukocytes,
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known as Langerhans cells (LCs), which represent an immature subset of the dendritic cell
(DC) family of antigen presenting cells [3,4,5]. It is generally believed that LCs play dual or
even counter-acting immuno-regulatory roles at this location depending on their states of
maturation [6]. In the steady state, immature LCs maintain peripheral immune tolerance against
self-antigens and innocuous environmental antigens. Upon sensing “danger” signals under
pathological conditions, however, they differentiate into fully mature DCs capable of initiating
T cell-mediated protective immunity against potentially harmful antigens. The allergic contact
hypersensitivity response (CHR) to reactive haptens has long been used as a standard model
for studying the above process of LC maturation and immuno-stimulatory function of mature
LCs [7]. This classic view of LC biology, however, fails to explain the most recent findings
that LCs are incapable of presenting microbial antigens to T cells directly [8,9,10] and that
allergic CHR is inducible even in the complete absence of epidermal LC networks [11,12,
13]. In other words, functional contributions of LCs to adaptive immunity still remain
somewhat controversial at present.

The immunobiology of epidermal LCs may be elucidated not only by studying their functional
properties, but also by monitoring their behaviors. Little information is available with regard
to the latter aspect, except for the accelerated trafficking of LCs from the epidermis to the
draining lymph nodes observed under pathological conditions, such as the sensitization phase
of allergic CHR [14,15,16,17]. Even this well-known matile behavior has been studied only
indirectly by examining the number, morphology, and phenotype of LCs in the epidermis,
underlying dermis, and lymph nodes in fixed tissue samples harvested from hapten-painted
animals at different time points. To directly visualize dynamic LC behaviors in living animals,
we recently developed an intravital confocal imaging system using I-AB-EGFP knock-in mice,
in which the endogenous major histocompatibility complex class Il I-Ap chain is replaced by
an EGFP-tagged version [18]. All EGFP* epidermal cells in the knock-in mice expressed
CD11c as well as Langerin (CD207) and both of these LC markers were detected only in an
EGFP™ subpopulation of epidermal cells, allowing us to identify epidermal LCs in the absence
of tissue fixation or staining [19,20]. In situ behaviors of EGFP* LCs were then visualized by
recording three-dimensional confocal images every two minutes in the ear skin of anesthetized
I-AB-EGFP knock-in mice. In the steady state, small numbers (5-10%) of EGFP* LCs
exhibited a unique behavior, termed the dendrite surveillance extension and retraction cycling
habitude (ASEARCH), characterized by rhythmic extension and retraction of their dendrites.
When monitored after topical application of dinitrofluorobenzene (DNFB), a majority of LCs
showed robust dASEARCH activity, as well as amoeba-like lateral displacement of their cell
bodies within the epidermal compartment [19]. These behavioral responses we observed after
hapten painting resemble the dynamic movement of LCs recorded by Kissenpfennig et al., in
the Langerin-EGFP knock-in mice after tape-stripping [12]. In the present study, we sought to
define underlying mechanisms by which epidermal LCs reprogram their motile activities under
pathological conditions.

2. Materials and Methods

2.1. Animals

Construction and characteristic features of I-AB-EGFP mice are described elsewhere [18]. All
animal experiments were approved by the Institutional Animal Care and Use Committee at UT
Southwestern Medical Center and carried out according to the NIH guidelines.

2.2. Treatment with DNFB, recombinant cytokines, or cytokine antagonists

Three days after hair removal from the ear skin, the I-AB-EGFP mice received topical
application of 0.5% DNFB or subcutaneous (s.c.) injection (50 ng/animal) of recombinant
murine IL-1a or TNFa (both purchased from R&D Systems, Minneapolis, MN). Control mice
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received topical application of vehicle alone (acetone/olive oil) or s.c. injection of PBS alone.
In some experiments, recombinant murine IL-1 receptor antagonist (IL-1Ra) (0.5 pg/animal,
R&D Systems), recombinant human soluble TNF receptor-2 (STNFR2) (0.5 pg/animal,
Etanercept, Amgen, Thousand Oaks, CA), or PBS alone was s.c. injected into the ear skin 30
minutes before topical application of 0.5% DNFB.

2.3. Intravital confocal imaging

Intravital imaging experiments were performed with 8-10 week-old I-AB-EGFP mice as
described previously [19]. Briefly, anesthetized 1-AB-EGFP mice were placed on the stage of
a Zeiss LSM 510 META 2P confocal microscope with the tip of the ear mounted so as to record
three-dimensional image stacks (20 sequential x-y planes separated by 1.0 um) of EGFP* LCs
every 2 minutes (up to 1 hour). Maximum intensity projections of the x-y planes for each image
stack were then generated using the MetaMorph (Universal Imaging) and ImageJ (NIH)
software programs. Dendrite length was measured from the tip of the dendrite to the cell body
using the Measure function of the ImageJ software. The dSSEARCH index was then calculated
for each EGFP* LC by adding the absolute values of the changes in dendrite length for all
dendrites recorded over the previous 6 minutes period. The x-y positions of the center of a cell
body were tracked at different time points using the Manual Tracking function of the ImageJ
software. The total traveled distance was then calculated by adding the linear distances in the
X-y plane measured between adjacent frames throughout the observation period expressed as
micrometers per hour [19].

2.4, Statistical analyses

3. Results

The statistical significance of the difference observed in the dSSEARCH index or total traveled
distance values was assessed by the Mann-Whitney U-test. Potential synergy between IL-1a
and TNFa was examined using a two-factor analysis of variance (ANOVA) by comparing the
outcome of combined IL-1a plus TNFa with the effects of individual cytokines.

3.1. Static demonstration of motile activities of LCs

Cellular movement is best demonstrated by recording the location and shape of a target cell at
given intervals and showing the resulting time-lapse images as a video. However, cellular
motility has been displayed in a static manner by pseudo-coloring the images of a target cell
recorded at different time points in different colors [12]. To test the latter approach, we acquired
images of EGFP* LCs every 2 minutes in the ear skin of 1-AB-EGFP knock-in mice after local
application of vehicle alone or 0.5% DNFB. In complete agreement with our previous
observations [19], time-lapse videos showed only modest LC motility in the control skin (see
Supplemental Movie S1) and markedly exacerbated LC movement in the DNFB-painted skin
(Movie S2). After pseudo-coloring the images recorded at time 0 (green), 30 minutes (red),
and 60 minutes (blue), we overlaid them to generate a superimposed picture in the three-color
scheme. EGFP* LCs in the vehicle-painted skin were mostly seen in “white” due to the lack
of significant lateral displacement of their cell bodies, whereas some of the dendritic processes
appeared in different colors, representing the dSSEARCH motion (Fig. 1a). By marked contrast,
LCs in DNFB-painted skin appeared remarkably colorful, reflecting amplified <ISEARCH
activity and lateral migration. By comparing the static three-color displays versus the videos
generated from the same datasets, we concluded that both approaches would be equally
effective for illustrating motile activities of LCs.
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3.2. Impacts of locally injected IL-1a and TNFa on LC behaviors

Topical application of a reactive hapten is known to trigger expression of IL-10. and TNFa
mRNA by keratinocytes [21,22,23]. Additionally, IL-1o and TNFa have been reported to
mediate hapten-induced LC mobilization from the epidermis to the lymph nodes [14]. Thus,
we sought to examine the potential contributions of these two proinflammatory cytokines to
the observed behavioral responses of LCs to topically applied haptens. In the first set of
experiments, we locally injected IL-1a or TNFa s.c. into the ear skin and recorded LC
movement for 60 minutes at the early (1-3 hours), intermediate (68 hours), or late phase (24—
26 hours). It should be noted that local injection of PBS alone caused no significant changes
in the number, morphology, or motility of EGFP* LCs (Fig. 1b and Movie S3). Locally injected
IL-1a (50 ng/animal) augmented both dSEARCH activity and lateral migration of LCs with
the most apparent changes observed during the intermediate phase (Fig. 1b and Movie S4).
Local injection of TNFa (50 ng/animal) also elicited similar motile responses (Fig. 1b and
Movie S5). Although the magnitude of such responses induced by individual cytokines was
relatively modest, co-injection of IL-1a and TNFa produced robust ASSEARCH and remarkable
cellular migration (Fig. 1b and Movie S6).

3.3. Magnitudes and time-kinetics of cytokine-induced LC behavioral changes

To examine the dendrite movement in a more quantitative manner, we measured the
“dSEARCH index”, representing the cumulative distances of dendrite extension and retraction
observed for individual LCs [19]. Likewise, the extent of lateral migration of LCs was assessed
by tracking their X-Y plane locations at different time points and calculating the “total traveled
distance” during the 60-minute observation period [19]. Local injection of either IL-1a or
TNFa elevated both parameters significantly above the control values observed after PBS
injection (Fig. 2). Motile activities of LCs were further augmented by the combination of
IL-1a and TNFa. Statistically significant synergy between the two cytokines was observed for
dSEARCH index during the early and intermediate phases, as well as for total traveled distance
during the intermediate and late phases.

Although the overall magnitude of motile activities of LCs induced by local injection of
IL-1a plus TNFo was comparable to that observed after DNFB painting, the two stimuli caused
such changes with different time-kinetics. Treatment with IL-1a plus TNFa augmented both
dSEARCH index and total traveled distance rapidly with significant increases detectable within
1-3 hours and the peak responses observed at 6-8 hours. By contrast, DNFB-induced
behavioral responses were most evident during a later period (24-30 hours). This delay may
reflect the interval required for cytokine production because marked increases in IL-1a mMRNA
and TNFo mRNA expression were generally detected in the skin 2—12 hours after hapten
application [21,22,23].

3.4. Inhibition of hapten-induced LC behavioral responses by cytokine antagonists

Having been able to duplicate hapten-induced behavioral responses of LCs by locally injecting
IL-1a plus TNFa, we next determined whether one could prevent LC responses to hapten
treatment with antagonists of the same two cytokines. For this purpose, we locally injected
either recombinant IL-1Ra or STNFR2 into the ear skin, applied 0.5% DNFB over the same
skin site 30 min later, and recorded LC movement 30 hours after DNFB painting. In the control
panel receiving PBS injection, EGFP* LCs exhibited robust dSSEARCH activity and lateral
migration in response to DNFB application (Fig. 3a). By marked contrast, DNFB-induced
behavioral responses were not noticeable in the panels receiving local injection of IL-1Ra or
STNFR2. This visual assessment was confirmed by measuring the two motile parameters;
IL-1Ra and sTNFR2 both completely inhibited DNFB-induced increases in ASEARCH index
and total traveled distance (Fig. 3b). These observations demonstrate that both IL-1 and
TNFa are required for the observed motile responses of LCs to hapten treatment.
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4. Discussion

The main objective of the present study was to define mechanisms by which pathological
stimuli exacerbate LC movement. Our results indicate that both IL-1a and TNFa are required
and sufficient for amplifying dSSEARCH and triggering amoeba-like lateral migration of cell
bodies. The same two cytokines have been postulated to mediate LC emigration from the
epidermis under inflammatory conditions. This notion, however, is derived from the purely
static observations that hapten-induced reduction in LC surface density was prevented by
administrating selected antagonists of either IL-1 or TNFa and that LC density was diminished
in the absence of hapten painting by injecting recombinant IL-1 or TNFa [14,24,25,26]. Our
results now provide more direct evidence for the in vivo pharmacological activity of IL-1 and
TNFo to reprogram LC motility and support the notion that the two cytokines play equally
important roles in regulating LC behaviors in an interdependent fashion. It is likely that LC
behaviors are controlled in a more complex manner by additional factors, including other
cytokines, chemokines, Toll-like receptor ligands, and adhesion molecules [27]. The
experimental approaches developed in the present study should be applicable to future studies
for unveiling multiple layers of events that control in situ behaviors of LCs.

It is important to state major limitations of our present imaging study. First, although we
visualized and measured dSEARCH motion of dendrites, it remains to be determined how (or
even whether) this movement facilitates any immunological function of LCs. Two-color
imaging experiments are in progress in our laboratory to study the spatial and temporal
relationship between the extension and retraction movement of dendrites and the uptake of
fluorescently labeled particles by LCs. Secondly, our confocal imaging system, which was
optimized to maximize the X-Y plane resolution, is not most suitable for studying the process
for vertical LC migration. Although EGFP* LCs occasionally disappeared from the epidermal
compartment during the 60 minutes imaging period after IL-1a plus TNFa treatment, no
quantitative measurements could be made due to small sample numbers. This technical
limitation must be overcome by improving the Z-axis resolution as well as the Z-axis depth
for image acquisition. In other words, our findings should not be regarded to fully represent
all the dynamic, three-dimensional motile activities of LCs.

In summary, we have demonstrated the roles of IL-1 and TNFa in hapten-induced
augmentation of LC maotility. Not only do our findings improve our understanding of the
behavioral biology of LCs and the pathophysiology of allergic contact dermatitis, they also
suggest a previously unrecognized mechanism of action for STNFR2, Etanercept, which is now
being administered successfully to patients with psoriasis [28,29].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation list

CHR

contact hypersensitivity response
DNFB

dinitrofluorobenzene
DC

dendritic cell
dSEARCH

dendrite surveillance extension and retraction cycling habitude
EGFP

enhanced green fluorescent protein
IL-1Ra

IL-1 receptor antagonist
LC

Langerhans cell
s.C.

subcutaneous
STNFR

soluble TNF receptor
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Vehicle

b PBS IL-Tar

Fig. 1. Combined IL-1a plus TNFa mimics the effect of hapten treatment on LC behaviors
Dynamic behaviors of EGFP* LCs were recorded in anesthetized I-AB-EGFP mice 30 hours
after topical application of 0.5% DNFB or vehicle alone (a) or 6-8 hours after s.c. injection of
a combination of IL-1a (50 ng/animal) and TNFa. (50 ng/animal) or PBS alone (b). Each panel
displays an overlay of three fluorescent images recorded at time O (pseudo-colored in green),
time 30 minutes (red), and time 60 minutes (blue). Scale bar = 50 um. The data are
representative of at least three independent imaging experiments. Time-lapse images of LC
behaviors produced from the same datasets can be viewed in Supplemental Movie S1 (vehicle
painting), Movie S2 (DNFB painting), Movie S3 (PBS injection), Movie S4 (IL-1a injection),
Movie S5 (TNFa injection), and Movie S6 (IL-1a + TNFa injection).
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Fig. 2. Magnitudes and time-kinetics of LC behavioral responses to IL-1e and/or TNFa

At the indicated time points after local cytokine injection, dynamic behaviors of EGFP* LCs
were recorded and the dSSEARCH index (a) and the total traveled distance (b) values were
measured. The dots represent the individual mean values measured for different EGFP* LCs,
whereas the bar represents the mean value over the entire panel. The P values indicate the level
of statistically significant differences observed between the indicated panels as assessed by the
Mann-Whitney U-test. Two-factor ANOVA revealed significant synergy between IL-1a and
TNFa for SSEARCH index at 6-8 hours (P = 1073) and 24-26 hours (P < 107°) and for total
travel distance at 1-3 hours (P < 10~9) and 6-8 hours (P < 1078). Supplemental Material
includes time-lapse images of LC behaviors recorded 6-8 hours after s.c. injection of PBS
alone (Movie S3), IL-1a (Movie S4), TNFa (Movie S5), or IL-1a + TNFo (Movie S6).
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Fig. 3. Prevention of hapten-induced LC behavioral changes by local administration of a cytokine
antagonist

I-AB-EGFP mice received local injection of IL-1Ra (0.5 pg/animal), STNFR2 (0.5 pg/animal),
or PBS alone into the ear skin and, 30 minutes later, topical application of 0.5% DNFB on the
same skin sites. Dynamic behaviors of EGFP* LCs were recorded 30 hours after DNFB
painting. (a) Each panel displays an overlay of confocal images recorded at time 0 (pseudo-
colored in green), time 30 minutes (red), and time 60 minutes (blue). Scale bar = 50 pm. (b)
The data were processed to calculate the dASEARCH index (left panel) and the total traveled
distance (right panel). The dots represent the individual mean values measured for different
EGFP™* LCs, whereas the bar represents the mean value of the entire panel. The P values
indicate the statistical significance of the differences observed between the indicated panels as
assessed by the Mann-Whitney U-test.

J Dermatol Sci. Author manuscript; available in PMC 2007 April 10.



