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SUMMARY

During the induction phase of skin sensitization, dendritic cells (DC), many of which bear high levels
of antigen, accumulate in lymph nodes draining the site of exposure. These DC derive from epidermal
Langerhans’ cells (LC) which are induced to migrate from the skin, via the afferent lymphatics, to
lymph nodes. We demonstrated previously that intradermal exposure of mice to homologous;, but not
human, recombinant tumour necrosis factor-a (TNF-a) also causes an accumulation of DC in
draining nodes, the implication being that the local production of this cytokine by epidermal cells
provides one stimulus for LC migration. In the present study we have examined the influence of
dermal TNF-a« on the frequency of LC within the epidermis. Intradermal injection of mice with 25 ng
or greater murine recombinant TNF-« caused a significant reduction in LC numbers within 30 min of
exposure. The same treatment did not influence the frequency of Thy-1+ epidermal DC. The density
of LC was unaffected by the same amount of human TNF-a of comparable specific activity or by
murine granulocyte-macrophage colony-stimulating factor (GM-CSF). These data provide addi-
tional evidence that TNF-a provides an important signal for the migration of LC from the epidermis.

INTRODUCTION

The induction phase of skin sensitization is accompanied by the
accumulation in draining lymph nodes of dendritic cells (DC),
many of which bear high levels of antigen.! Direct and indirect
evidence indicate that these DC derive from epidermal Ia*
Langerhans’ cells (LC).>%¢ While in transit from the skin, LC are
subject to both phenotypic and functional maturation, such that
by the time they reach the draining lymph nodes they have
acquired the characteristics of immunostimulatory DC.!7?
Studies in mice have revealed that such maturation is associated
with, and facilitated by, increased membrane expression of
several molecules required for effective antigen presentation,
including major histocompatibility complex (MHC) class II (Ia)
antigens,'® intercellular adhesion molecule-1 (ICAM-1)!! and
the costimulatory molecule B7/BBI, a ligand for CD28.!? By
analogy with in vitro studies, it is likely that some such changes
are effected by granulocyte-macrophage colony-stimulating
factor (GM-CSF), possibly acting in concert with interleukin-1
(IL-1)!*!4 and it is now known that the production or increased
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production of these and other cytokines by epidermal cells is
stimulated following topical exposure of mice to skin-sensitizing
chemicals.!>!6

Our recent studies have suggested that tumour necrosis
factor-a (TNF-a), a keratinocyte-derived cytokine, the ex-
pression of which is likewise up-regulated by skin sensitization,'®
may also have an important influence on LC function.!?
Intradermal injection of mice with homologous recombinant
TNF-a was shown to cause a time- and dose-dependent
accumulation of DC in draining lymph nodes and it was
proposed that this epidermal cytokine provides a stimulus for
LC migration from the skin.!’

In the present investigation we have examined the influence
of dermal TNF-a on the frequency of LC in the epidermis. There
is resident within murine epidermis a second population of bone
marrow-derived dendritic cells which lack Ia and which express
the membrane glycoprotein Thy-1 and the yé T-cell receptor.!®-20
Although the function of these Thy-1+* epidermal DC remains
unclear, it has been suggested that they exert a regulatory
influence on cutaneous immune responses.?'-2* In comparative
studies we have also examined the influence of TNF-« on the
frequency of Thy-1+ DC within the epidermis.

MATERIALS AND METHODS

Animals

Young adult (6- to 8-week-old) BALB/c strain mice were
obtained from Harlan Olac Ltd (Bicester, U.K.) and used
throughout these studies.
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Cytokines

Recombinant murine TNF-a (specific activity 4 x 10’ U/mg)
was obtained from NBS (Hatfield, U.K.). Recombinant human
TNF-a, of comparable specific activity,!” was a generous gift
from Dr S. J. Foster (Zeneca Pharmaceuticals, Alderley Park,
Macclesfield, U.K.). In one series of experiments recombinant
mouse GM-CSF (NBS; specific activity 10 U/mg) was used. All
preparations were supplied as sterile solutions in phosphate-
buffered saline (PBS) containing 0-1% bovine serum albumin
(BSA) as carrier protein.

Exposure

Mice received 30 ul intradermal injections of TNF-« (or in some
experiments GM-CSF) or an equivalent volume of carrier
protein (BSA) alone into both ear pinnae. Preparations were
diluted with sterile PBS containing 0-1% BSA and administered
using 1-ml syringes with 30-gauge stainless steel needles.
Additional control mice were untreated.

Preparation and analysis of epidermal sheets

To prepare intact epidermal sheets, ears were split with the aid of
forceps into dorsal and ventral halves. The dorsal halves were
incubated for 2 hr at 37° with 0-02 M ethylenediamine tetra-
acetic acid (EDTA; Sigma Chemical Co., St Louis, MO)
dissolved in PBS. The epidermis was separated from the dermis
using forceps and washed in PBS.

To monitor the expression by epidermal cells of Ia (LC) and
Thy-1 (Thy-1* DC) determinants, epidermal sheets were fixed
in acetone for 20 min at —20°. Following fixation, epidermal
sheets were washed for a total of 30 min in PBS and then
incubated at room temperature for 30 min with either anti-
mouse I-A¢ (mouse 1gG2a; Becton Dickinson, Mountain View,
CA) or anti-mouse Thy-1.2 (rat IgG2b; Becton Dickinson) both
diluted 1:100 in PBS. Sheets were then washed in three changes
of PBS prior to incubation for a further 30 min with the
appropriate fluorescein isothiocyanate (FITC)-conjugated
second antibody, either an F(ab’), sheep anti-mouse IgG
(Sigma) or an F(ab’), rabbit anti-rat IgG (Serotec, Kidlington,
U.K.), both diluted 1:100in PBS. Finally, sheets were washed in
three changes of PBS and mounted on microscope slides in
Citifluor (Citifluor Ltd, London, U.K.) and sealed with nail
varnish. Concurrent experiments were performed using appro-
priate isotype-matched control antibodies in place of the
primary antibody, either mouse anti-H-2¢ (mouse IgG2a;
Becton Dickinson) or rat anti-HLA class I (rat IgG2b; Serotec).

In one series of experiments epidermal sheets were exam-
ined, using the same methods, for the expression of intercellular
adhesion molecule-1 (ICAM-1) using an anti-mouse ICAM-1
antibody (rat IgG2b, clone YN-11.7.4 from the European
Collection of Animal Cell Cultures, Salisbury, U.K.). Control
experiments were performed using rat IgG2b anti-HLA class I
in place of the primary antibody, as already described.

Samples were examined by fluorescence microscopy and the
frequency of stained cells measured using an eyepiece with a
calibrated grid (0-265x0-175 at x40 magnification). Four
epidermal sheets were prepared from each experimental group
and for each sample 10 random fields were examined. In no
instance was any fluorescence detected following treatment of
epidermal sheets with isotype-matched control antibodies.

The statistical significance of differences between experi-
mental groups was calculated using the Student’s #-test.

RESULTS

Influence of TNF-a« on the frequency of epidermal LC and
Thy-1+ DC

During the course of these investigations it was established that
the frequency of LC and Thy-1* DC within epidermal sheets
prepared from the dorsum of the ears of untreated BALB/c mice
varied between approximately 800 and 1100 LC/mm? and
between 50 and 150 Thy-1*+ DC/mm?. These values are in broad
agreement with results reported previously by other investiga-
tors who have examined epidermal dendritic cells in BALB/c
mice,'>?? and confirm that in this strain the frequency of LC
within the epidermis is considerably higher than that of Thy-1+
DC. In preliminary experiments the influence of intradermal
injection per se on the frequency of LC and Thy-1+ DC was
examined. Mice received a single intradermal injection of 30 ul
of PBS or of PBS containing 0-1% BSA. Epidermal sheets were
prepared 2 hr later. In repeated independent experiments neither
treatment was found to induce any change in the frequency of
LC or Thy-1* DC. Thus, in a single representative experiment
the frequencies of Ia+ LC/mm? (mean + SE) in epidermal sheets
prepared from untreated mice, or mice which had received PBS
alone or PBS containing 0-1% BSA were, respectively,
830-7+62-7, 867-5+51-1 and 838:3 +-44-5. In the same experi-
ment the frequencies of Thy-1* DC in the same groups were
89-1+8-0, 92-1+22-8 and 102-2+21-7, respectively.
Epidermal sheets were then examined in the same way
following intradermal administration of 50 ng of murine
recombinant TNF-a; an amount of this cytokine shown pre-
viously to cause a marked accumulation of DC in draining
lymph nodes.!” As demonstrated by the representative experi-
ment illustrated in Fig. 1, mouse TNF-a resulted in a significant
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Figure 1. Influence of murine TNF-a on the frequency of Ia* LC and
Thy-1* DC in the epidermis. Groups of mice (r#=6) received 30 ul
intradermal injections into both ear pinnae of either 50 ng murine TNF-
ain 0-1% BSA (®) or 0-1% BSA alone (O). Ears were removed 2 hr later
and epidermal sheets prepared. The frequencies of la* LC and Thy-1*
DC were measured by indirect immunofluorescence. Results are
expressed as the mean number of cellsymm? (+SE) derived from
examination of 10 fields per sample for each of four samples.
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(P <0-01) reduction in the frequency of Ia*+ LC. Thus, com-
pared with mice which had received 0-1% BSA alone, there was
an approximately 30% reduction in LC numbers. No change in
the frequency of Thy-1* DC was observed (Fig. 1).

Kinetics of TNF-o-induced changes in epidermal LC frequency

Intradermal injection of murine TNF-a was found to cause a
rapid reduction in the frequency of Ia+ LC. A representative
experiment is shown in Fig. 2. A significant (P <0-01) reduction
in LC numbers (to approximately 75% of control values in the
experiment illustrated-in Fig. 2) was observed when epidermal
sheets were prepared 30 min following administration of TNF-
o. A reduction in LC frequency was found also 1 and 2 hr after
treatment (Fig. 2). In no instance was the number of epidermal
Thy-1* DC affected by exposure to TNF-« and treatment with
0-1% BSA alone failed to affect the frequency of either Ia* LC
or Thy-1+ DC (data not presented).

In one series of experiments the frequency of epidermal
dendritic cells was examined following intradermal administra-
tion of GM-CSF, a cytokine known to promote the functional
maturation of LC in vitro.'>!* Mice were injected intradermally
with 10 ng GM-CSF/ear, a concentration comparable with that
used in in vitro studies'>'* and which in previous investigations
was found not to cause an accumulation of DC in draining
lymph nodes.!” Epidermal sheets were prepared at various
periods following exposure but in no instance did GM-CSF
influence the density of either Ia* LC or Thy-1* DC. Some
morphological changes were observed, however. Within 1 hr of
treatment with GM-CSF epidermal LC displayed a more
dendritic appearance compared with BSA-exposed controls
(data not presented).
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Figure 2. Kinetics of induced changes in epidermal Ia* LC frequency.
Groups of mice (n=3) received 30 ul intradermal injections of 50 ng
murine TNF-«. Control mice received 0-1% BSA. Ears were removed
immediately after treatment and at various times thereafter and
epidermal sheets prepared. The frequency of Iat LC was measured by
indirect immunofluorescence. Results are expressed as the mean number
of cells/mms? (+ SE) derived from examination of 10 fields per sample
for each of four samples.

The rapid loss of LC from the epidermis within 30 min of
intradermal exposure to murine TNF-o was confirmed in a
separate series of experiments recorded in Table 1. In six
independent experiments the frequency of Ia* LC in epidermal
sheets prepared 30 min following treatment with the cytokine
was found to vary between 73-4% and 85-2% of that observed in
sheets obtained from control mice exposed to BSA alone.

Reduction of Ia* LC frequency in the epidermis. Influence of
TNF-a concentration

We have reported previously that intradermal exposure of mice
to TNF-a results in a dose-dependent increase in the number of
DC found within draining lymph nodes.'” In those studies
maximal or near maximal responses were observed with 50 ng
TNF-a/ear, a concentration of the cytokine shown in the
experiments reported here to cause a loss of Ia* LC from the
epidermis. However, lower concentrations of intradermal TNF-
a can also induce DC accumulation in draining nodes,'” and we
therefore examined the dose dependency of alterations in
epidermal LC density resulting from exposure to this cytokine.
As the representative experiment illustrated in Fig. 3 demon-
strates, treatment of mice with 25 ng or greater TNF-a caused a
significant (P <0-01) reduction in the density of LC. Exposure to
12-5 ng TNF-a had a small, but statistically insignificant effect
on LC frequency (Fig. 3).

Comparison of murine and human TNF-x

We have shown previously that unlike murine TNF-«, the
recombinant human cytokine fails to induce in mice an
accumulation of DC in draining lymph nodes.!” Similar com-
parisons were therefore performed in the present investigations.
Groups of mice were treated with 50 ng of murine TNF-a or
with an identical amount of human TNF-a of comparable
specific activity (as judged by cytotoxicity in vitro for 1.929
cells'”). Control mice received 0-1% BSA alone. Murine TNF-a
caused a significant (P < 0-01) reduction in the frequency of Ia*

Table 1. Frequency of epidermal Ia* LC 30 min after intradermal
exposure to murine TNF-a

% reduction in
LC frequency

Cells/mm? (mean + SE)

Experiment BSA TNF-« induced by TNF-«
1 832:6+26-1 669-0 +20-3** 197
2 77724356 604-4 +21-4** 222
3 828-8+34-9 706-5+16-3* 14-8
4 941-34+399 691-3+42-7** 266
5 989-0 4+ 56-7 792-8 £:43-7* 19-8
6 817-44+23-1 600-0 +26-4** 26-6

Groups of mice (n=3) received 30 ul intradermal injections into
both ear pinnae of either 50 ng murine TNF-a or 0-1% BSA alone. Ears
were removed 30 min later and epidermal sheets prepared. The
frequency of Ia* LC was measured by indirect immunofluorescence.
Results derive from examination of 10 fields per sample for each of four
samples. * P<0-05, ** P<0-01.



398 M. Cumberbatch, I. Fielding & I. Kimber

LC/mm2 (x 1072)
»
2 2

o 1 1 1 II!I 1
o] 25 50
TNF-a (ng)

Figure 3. Influence of concentration on murine TNF-a-induced reduc-
tion in the density of epidermal Ia* LC. Groups of mice (n=3) received
30 pl intradermal injections of various concentrations of murine TNF-a
into both ear pinnae. Control mice received 0-1% BSA alone. Ears were
removed after 30 min and epidermal sheets prepared. The frequency of
Ia*t LC was measured by indirect immunofluorescence. Results are
expressed as the mean number of cellsymm? (+SE) derived from
examination of 10 fields per sample for each of four samples.

LC. Human TNF-a did not influence LC number (Fig. 4).
Under these conditions of exposure human TNF-a was not
without effect in the mouse epidermis, however. The induction
of ICAM-1 expression by keratinocytes was examined 24 hr
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Figure 4. Induced changes in epidermal Ia* LC frequency. A compari-
son of murine and human TNF-«. Groups of mice (n=3) received 30 ul
intradermal injections of 50 ng of either murine (®) or human (W) TNF-
. Control mice received 0-1% BSA alone (O). Ears were removed after
30 min and epidermal sheets prepared. The frequency of Ia* LC was
measured by indirect immunofluorescence. Results are expressed as the
mean number of cells/mm? derived from examination of 10 fields per
sample for each of four samples.

after intradermal exposure of mice to 50 ng of either murine or
human TNF-a, or following exposure to an equal volume of
0-1% BSA alone. Keratinocytes from untreated mice fail to
express ICAM-1 and expression was not induced by treatment
with BSA alone. In contrast, both mouse and human TNF-«
induced detectable levels of ICAM-1, the response to the former
being more vigorous (Fig. 5).

DISCUSSION

In previous studies we have found that intradermal exposure of
mice to homologous TNF-a causes a time- and dose-dependent
increase in the frequency of DC in draining lymph nodes.!” The
available evidence indicates that the DC which accumulate in
lymph nodes local to the site of TNF-a administration are
unlikely to derive from peripheral blood. It has been found that
DC introduced into the blood of rats and mice do not migrate to
the peripheral nodes.?*?> Moreover, it is clear from studies in
mice that the DC which arrive in draining lymph nodes
following skin sensitization derive from epidermal LC which
traffic from the skin via the afferent lymphatics.2>¢ We pro-
posed, therefore, that the local production, or increased produc-
tion, of TNF-a by epidermal cells in response to contact
sensitization, or other forms of cutaneous trauma, might
provide an important signal for LC migration from the skin.!”
The data presented here are consistent with that hypothesis
insofar as TNF-a has been shown to cause a rapid and dose-
dependent loss of LC from the epidermis. The tempo of changes
in the density of epidermal LC is compatible with the accumu-
lation of DC in draining lymph nodes following cutaneous
exposure to TNF-a. A significant reduction in the frequency of
LC resident within the epidermis was apparent within 30 min of
treatment and increased numbers of lymph node DC were, in
previous studies, first detectable 2 hr following exposure and
maximal by 4 hr.!” That the two phenomena are related is also
suggested by the equivalence of dose-response relationships.
Although the accumulation of DC in draining lymph nodes was
maximal or near maximal with 50 ng TNF-a, less marked
changes were observed following treatment with 25 and 12:5 ng
of the cytokine.!” Similarly, a rapid loss of Ia* LC from the
epidermis was induced with 50 ng of TNF-a and, to a lesser
extent, with 25 ng. It is relevant also that GM-CSF, a cytokine
known to influence LC function in vitro failed to induce changes
in the frequency of DC in draining nodes,!” and, at the same
concentration, did not influence the density of Ia*+ LC in the
epidermis.

An interesting feature of these investigations is the species
specificity of changes induced by TNF-«. An equal amount of
human TNF-« of comparable activity was without influence on
LC density. Similarly, we have shown previously that intrader-
mal administration of human TNF-« failed to induce in mice an
accumulation of DC in draining lymph nodes.!” A precedent for
species selectivity in the interaction of TNF-a with LC exists.
Koch er al.?¢ demonstrated that culture with homologous TNF-
o maintained the viability of murine LC in the absence of
functional maturation. In those experiments it was found that
human TNF-a was inactive.? We propose that these observa-
tions reflect the selective expression by LC of membrane
receptors for TNF-a. Two distinct receptors for this cytokine
have now been recognized in both mouse and man; a 55,000
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Figure 5. Induced expression of ICAM-1 by keratinocytes following
intradermal exposure to murine or human TNF-a. Groups of mice
(n=3) received 30 ul intradermal injections of 50 ng of either murine (a)
or human (b) TNF-a, or an equal volume of 0-1% BSA alone (c). Ears
were removed after 24 hr and epidermal sheets prepared. The expression
of ICAM-1 by keratinocytes was assessed by indirect immunofluores-
cence. Magnification x 56-5.

MW form designated TNF-R1 and a 75,000 MW form, TNF-
R2.272 Mouse and human TNF-R1 exhibit greatest homology
in the extracellular domain and, as a consequence, mouse TNF-
R1 has similar affinity for the mouse and human cytokine.?” In
contrast, TNF-R2 is most conserved in the intracellular domain.

There is weaker homology in the extracellular region and as a
result this receptor exhibits strong selectivity for the homolo-
gous cytokine.”

It is suggested, therefore, that LC express only TNF-R2
receptors. This is supported by the results of a recent analysis of
TNF receptor expression in human lymphoid tissue.? Using
monoclonal antibodies specific for the two forms of TNF-a
receptor it was found that human LC express only the 75,000
MW TNF-R2. That the divergent effects of murine and human
TNF-« in LC migration and DC accumulation do indeed reflect
LC receptor expression is supported by the fact that in the
experiments described here human TNF-a was available in the
epidermis in biologically relevant amounts. Thus, intradermal
injection of human TNF-« (and the mouse cytokine) provoked
the expression of ICAM-1 by keratinocytes. Keratinocytes are
known to express TNF-R1 (but not TNF-R2) and it has been
proposed that possession of this receptor plays an important
role in the regulation of epidermal ICAM-1 expression during
inflammatory responses.*

In normal epidermis only LC express Ia antigen.3! It was for
this reason that in the present investigations we chose mem-
brane Ia as the marker for LC. It might be argued, however,
that, in theory, the apparent loss of LC from the epidermis is
attributable instead to a reduced expression of Ia antigen. The
rapidity of TNF-a-induced changes in the density of Ia* LC,
combined with the observation that only a proportion (never
greater than 30%) of LC were affected, argue against a down-
regulation of Ia. Moreover, it has been found in vitro that
culture of purified LC with TNF-a does not down-regulate Ia or
inhibit induced increases in the expression of this molecule.?
For these reasons the data reported here reflect a loss of LC from
the epidermis rather than a complete down-regulation of Ia
expression on a proportion of cells.

Although we propose that TNF-« provides a signal for the
initiation of LC migration, it is clear that the efficient movement
of cells from the epidermis to lymph nodes will require a number
of other biological interactions. It has been demonstrated
recently that LC adhere to keratinocytes in the epidermis
through expression of E-cadherin.?? The fact that the expression
of this molecule by LC is down-regulated during functional
maturation in vitro suggests that loss of E-cadherin may be an
important event in the release of LC from keratinocytes prior to
migration away from the skin.*? Furthermore, it has been
proposed that the expression by LC of integrins may also play
an important role in the interaction of LC with the tissue matrix
and movement through the dermis to regional lymph nodes.?*3
It will be of interest to examine the influence of TNF-« on the
expression by LC of E-cadherin and integrins. Such studies are
in progress.

The data presented here demonstrate that intradermal TNF-
a, at concentrations which reduce LC density, does not influence
the number of Thy-1* DC found within the epidermis. This is
consistent with the results of a previous investigation in which
cell-bound antigen in the draining lymph nodes of contact-
sensitized mice was shown to be associated only with Ia+ DC.
No antigen-bearing Thy-1* DC were observed.*

It is of interest to consider the present studies in the context
of recent investigations performed by Streilein and col-
leagues®*3¢ who also examined the influence of dermal TNF-x on
LC function. On the basis of these studies it was suggested that
TNF-a immobilizes LC in the epidermis and thereby prevents
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effective migration to the draining nodes.?*3 It is relevant,
however, that a reduction in the density of epidermal Ia* LC
induced by TNF-a was also observed.?>

In conclusion, we propose that in response to skin sensitiza-
tion keratinocytes are induced to synthesize TNF-a, or
increased amounts of TNF-a, and that the local availability of
this cytokine serves to provide one signal for LC migration from
the skin to the draining lymph nodes. In support of this is the
demonstration that topical exposure of mice to skin-sensitizing
chemicals up-regulates epidermal cell mRNA for this cyto-
kine."” In view of the rapidity of induced changes in the
epidermis and the fact that TNF-a has been shown to influence
LC behaviour in vitro,* it is likely that the action of this cytokine
is direct. What remains unclear is the nature of the stimulus
provided by TNF-a. One possibility, however, is that altered
expression of adhesion molecules may play an important role in
facilitating LC movement away from the skin.> > It has been
suggested recently that protein kinase C transduces the signal
for LC migration,? and it is possible that this second messenger
is necessary for TNF-a-induced changes in LC function.

Finally, cutaneous trauma other than that resulting from
skin sensitization will also result in the production or increased
production of TNF-a by keratinocytes. There is evidence that
both ultraviolet B (UVB) irradiation and topical exposure to
non-sensitizing skin irritants will induce keratinocytes to pro-
duce this cytokine.'*3* It is of interest, therefore, that both such
treatments also cause the accumulation of DC in draining
lymph nodes.*# The synthesis and secretion of TNF-a and the
consequent stimulation of LC migration may represent an
important early step in cutaneous responses to injury and
infection.
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