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SUMMARY

Interleukin-6 (IL-6), a multifunctional cytokine, is induced in the acute-phase reaction following
ultraviolet (UV ) irradiation of humans and mice. Using IL-6-deficient (IL-6−/−) mice, we
investigated the role of IL-6 in immunosuppression and inflammatory responses caused by UVB
(280–320 nm) radiation. The IL-6−/− mice had a defective contact hypersensitivity (CHS) in
response to the sensitizers 2,4-dinitrofluorobenzene and oxazolone. The injection of recombinant
IL-6 (rIL-6) into these mice resulted in a marked recovery of the CHS. Serum IL-6 was significantly
elevated by UV irradiation of wild-type B6 J/129Sv (IL-6+/+) mice but was not detectable in
IL-6−/− mice. Interestingly, there was no induction of serum interleukin-10 (IL-10) by UV
irradiation of IL-6−/− mice, whereas UV exposure caused a significant increase in serum IL-10
levels in IL-6+/+ mice. Injection of rIL-6 into IL-6−/− mice increased IL-10 to levels similar to
those of IL-6+/+ mice. Being different from IL-6+/+ mice, no epidermal proliferation was found
at 48 hr in the IL-6−/− mice, but delayed cell proliferation was observed at 72 hr after UV
exposure. Immunohistochemical analysis demonstrated that the epidermis was capable of synthesiz-
ing IL-6 at 72 hr after UV irradiation of IL-6+/+ mice. In addition, the IL-6-positive cells
appeared to be Langerhans’ cells, which were detected with dendritic cell-reactive S-100 antibody.
The present study strongly suggests that IL-6 may play a crucial role in the alteration of cutaneous
immune responses following UV exposure, and provides evidence that IL-6 is a potent inducer of
IL-10. Furthermore, IL-6 production induced by UV radiation appears to be an important early
signal for repair of UV-caused skin damage.

INTRODUCTION UV exposure has been well documented.4–6 The UVB-induced
inhibitory effect on APC function of LC is considered toExposure of the skin to ultraviolet (UV ) radiation results in
underlie the immune suppression.5 After exposure to UVthe induction of inflammation and immunosuppression. These
radiation, epidermal cells appear to release a variety of cyto-responses are known to be mediated via the induction of
kines, such as interleukin (IL)-1b, tumour necrosis factor-acytokines,1,2 and are exemplified by an impairment of the
(TNF-a) and IL-10, which may result in suppression of theability to react to contact allergens.3 Normally, cutaneous
immune responses.3,7,8 IL-6, a cytokine with multiple effects,cytokines activate epidermal Langerhans’ cells (LC), which
is one of the cytokines most readily inducible in a wide numberfunction as antigen-presenting cells (APC ) and then generate
of cell types, and has been reported to be involved in immuneT-cell-mediated immune reactions such as contact hypersensi-
responses.9 IL-6 is also known to be induced in cutaneoustivity (CHS). However, impairment of the CHS reaction by
inflammatory diseases like psoriasis10 and to play a crucial
role in the normal CHS reaction in oxazolone-treated mice.11Received 29 September 1998; revised 30 November 1998; accepted

It is reported that some cytokines, primarily IL-1b, TNF-a30 November 1998.
IL-6 and IL-10, participate in immune and inflammatory

Abbreviations: APC, antigen-presenting cell; CHS, contact hyper-
responses. IL-1b,12 IL-69 and TNF-a13 are important proin-sensitivity; DNFB, 2,4-dinitrofluorobenzene; H&E, haematoxylin and
flammatory cytokines. It has been reported that production ofeosin; IL-6, interleukin-6; rIL-6, recombinant mouse interleukin-6;
IL-1b and IL-6 was induced in humans following UVIL-6−/−, interleukin-6-deficient mouse; IL-6+/+, wild-type mouse; LC,

Langerhans’ cell; UV, ultraviolet. irradiation.14,15 IL-1b is reported to be a potent inducer of
IL-6 and to have synergistic effects with IL-6.9 There is muchCorrespondence: Dr Noriko Nishimura, Environmental Health
evidence that IL-10 participates in immune suppression follow-Sciences Division, National Institute for Environmental Studies, 16-2

Onogawa, Tsukuba, Ibaraki 305-0053 Japan. ing UV exposure.7,8 The phenomenon of systemic suppression
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of immune functions by UV radiation is well established in non-irradiated abdominal skin. The mice were challenged on
day 15 with 5 ml of freshly prepared sensitizer, which wasanimals and humans, but the mechanism(s) by which this

immunological impairment is produced remain undefined. applied to each surface of both pinnae. Both the prechallenge
ear thickness and the maximum ear thickness at 19–20 hr wereIL-6−/− mice generated by gene targeting16 are available

and should provide significant information on the relationship measured using a spring micrometer. The mean value±SD
for differences in the ear thickness (average ear swelling) wasbetween cytokines IL-1, IL-6 and IL-10 in inflammatory and

immune responses induced by UV radiation. The aim of this calculated.
study was therefore to determine the mutual roles of IL-6 in

Serum IL-6, IL-1b and IL-10 measurementthe CHS response, and in UV-induced immune suppression.
Serum was collected from three or four mice from each group
at various time-points after UV exposure (7·2 kJ/m2), and the

MATERIALS AND METHODS concentrations of IL-6, IL-1b and IL-10 were determined using
respective BIOTRAKTM enzyme-linked immunosorbent assayMice
(ELISA) kits (Amersham Pharmacia Biotech, Bucks, UK),IL-6-deficient mice (IL-6−/−) and B6J/129Sv mice (IL-6+/+),
according to the manufacturer’s instructions.as controls, were purchased from the Jackson Laboratories

(Bar Harbor, ME) and bred in the National Institute for
Immunohistochemical stainingEnvironmental Studies. The IL-6−/− mice were viable, fertile
Dorsal skin samples of three mice from each group wereand phenotypically normal. Mice were maintained under stan-
collected at 12, 24, 48 and 72 hr after UV irradiationdard conditions of a 12-hr light–dark cycle, temperature at
(7·2 kJ/m2), fixed in HistoChoice (Amresco, Parkway, OH)23±1° and humidity at 55±10%. Female mice aged 8 weeks
and embedded in paraffin. Deparaffinized 5-mm tissue sectionsold were used, and at 24 hr before irradiation or sensitization,
were subjected to immunohistochemical staining with anti-fur was removed from the dorsum or abdomen, respectively,
IL-6 mouse immunoglobulin G (IgG) (I-3393, Sigma) andwith clippers. The mice received human care throughout the
anti-S-100 (S-2644, Sigma) for IL-6 and dendritic cells, respect-experiment according to the guidelines of the National Institute
ively. The bound primary antibodies were then visualized withof Environmental Studies (Tsukuba, Japan).
the avidin-biotin peroxidase complex (ABC) immunostaining
method (PK-4000, Vector Lab., Burlingame, CA) as describedUV radiation
previously.19 The number of cell layers in the epidermis wasUV radiation was provided by unfiltered fluorescent UVB
counted from five fields of each slide stained with haematoxylintubes (F15TA.UV-B, 280-320 nm, SANKYO, Japan).
and eosin (H&E).Irradiation was measured at 310 nm using a UVX radiometer

(UV Products Inc., San Gabriel, CA). Mice received one daily
Statistical analysisminimal oedematous dose (MED) of UVB radiation, and the
Comparisons of mean values were performed by Student’scumulative dose for three consecutive days was 7·2 kJ/m2. The
t-test for independent samples.MED had been previously determined from a series of increas-

ing UVB exposures by measuring the mid-dorsal skinfold
thickness of IL-6+/+ mice at 24 hr postirradiation, using a RESULTS
spring micrometer (Mitutoyo Co., Kawasaki, Japan). No

Impaired CHS in IL-6−/− mice and restoration of CHS byexcessive heat was produced during irradiation.
injection of rIL-6Recombinant mouse IL-6 (rIL-6; a kind gift from Central

Research Laboratories of Ajinomoto Co., Yokohama, Japan), The contribution of IL-6 to the normal CHS response, and to
of specific activity 5 U/ng, was freshly dissolved in phosphate- suppression of the CHS following UV irradiation, was assessed
buffered saline (PBS: 10 m potassium phosphate buffer, by the comparison of IL-6+/+ and IL-6−/− mice. The normal
pH 7·3, 150 m NaCl ) containing 2% mouse serum.17 IL-6−/− CHS to DNFB was clearly impaired in IL-6−/− mice (Fig. 1),
mice were injected intraperitoneally (i.p.) with rIL-6 (5 mg per the average ear swelling response being reduced to 31% of
mouse in a total volume of 100 ml ), 20 min before sensitization, that of the IL-6+/+ mice. Exposure to UV radiation suppressed
for 2 days and once before challenge. Control mice received the CHS by 47% in IL-6+/+ mice, but the suppression of the
the same volume of 2% mouse serum in PBS. To investigate already defective ear swelling in IL-6−/− mice after UV
IL-10 induction by UV irradiation of IL-6−/− mice, four irradiation appeared not to be significant. A similar finding
IL-6−/− mice were injected with rIL-6 (5 mg/mouse) prior to was obtained with another sensitizer, oxazolone (Fig. 2),
UV exposure. suggesting an essential role of IL-6 in the induction of the

CHS response. To further evaluate the role of IL-6 in the
Induction of contact hypersensitivity CHS, we injected rIL-6 into IL-6−/− mice and observed that
Contact hypersensitivity was determined by the method pre- the injected rIL-6 dose, partly, but significantly, restored the
viously described.18 Briefly, five or six mice from each group induction of the CHS (Fig. 2).
of 10 or 12 (the remaining animals acting as nonirra-
diated controls) received one MED of UVB radiation, daily,

Changes in serum levels of IL-6 and IL-1b in IL-6+/+ and
on days 1–3. On days 8 and 9, mice were sensitized with

IL-6−/− mice following UV irradiation
either of two contact sensitizers: 50 ml of 0·15% (v/v)
2,4-dinitrofluorobenzene (DNFB; Sigma, St Louis, MO) in Because IL-1b and IL-6, are known to be the most important

proinflammatory cytokines, we measured serum IL-6 andacetone, or 100 ml of 1% oxazolone (Sigma) in ethanol.
Sensitization was on the largest possible area of the shaved, IL-1b levels at various time-points after UV irradiation. In
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Figure 1. Reduced contact hypersensitivity (CHS) to
2,4-dinitrofluorobenzene (DNFB) in interleukin (IL)-6−/− mice with
and without exposure to UV radiation. A severely impaired CHS
reaction was found in the IL-6−/− mice compared with IL-6+/+ mice.
UV exposure suppressed the CHS response in IL-6+/+ mice. The data
represent mean±SD for five mice. **Indicates a significant difference
(P<0·01) from non-UV-irradiated IL-6+/+ mice.
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Figure 3. Changes in serum interleukin (IL)-6 and IL-1b levels in
IL-6−/− and IL-6+/+ mice at various time-points following UV
exposure. (a) Serum IL-6 was elevated by UVB irradiation and peaked
at 48 hr in IL-6+/+ mice, but was not detectable in IL-6−/− mice. (b)
Serum IL-1b increased slightly following UV exposure in IL-6−/−
mice in comparison with IL-6+/+ mice. The data represent mean±SD
for three mice. *Indicates a significant difference (P<0·05) from
IL-6+/+ or IL-6−/− mice.
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Figure 2. Restoration of contact hypersensitivity (CHS) to oxazolone
in recombinant interleukin-6 (rIL-6)-injected mice. IL-6−/− mice
injected with rIL-6 showed significant restoration of the CHS response
to oxazolone. The data represent mean±SD for six mice.** and **a
indicate a significant difference (P<0·01) from IL-6+/+ and IL-6−/−
mice, respectively.

IL-6+/+ mice, UV irradiation caused a marked increase in the
level of serum IL-6, which peaked at 48 hr and returned to
almost basal levels by 72 hr (Fig. 3a). As expected, IL-6 was
not detectable in the serum of IL-6−/− mice, even after UV
irradiation. UV irradiation of IL-6−/− mice also tended to
increase serum IL-1b levels, until at least 72 hr after irradiation,
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Figure 4. Induction of serum interleukin (IL)-10 in IL-6−/− micebut did not cause any significant change in IL-6+/+ mice
injected with recombinant interleukin-6 (rIL-6) at various time-points(Fig. 3b).
following UV exposure. There was no induction of serum IL-10 in
IL-6−/− mice after UV exposure, although IL-10 was dramatically

Changes in serum IL-10 levels of IL-6+/+ and IL-6−/− mice induced by UV irradiation of IL-6+/+ mice. Injection of rIL-6
following UV irradiation significantly induced serum IL-10 levels at 24, 48 and 72 hr following

UV exposure in IL-6−/− mice. The data represent mean±SD for four
As IL-10 production was reported to be closely correlated mice. *Indicates a significant difference (P<0·05) from IL-6−/− mice.
with suppression of immune function by UV irradiation,8
changes in serum IL-10 levels were measured following UV mice were significantly elevated at 48 hr and 72 hr post-UV.
exposure. Interestingly, as shown in Fig. 4, there was no These unexpected results suggested that IL-6 might play a role
increase of IL-10 in the serum of IL-6−/− mice at any time in the UVB upregulation of IL-10, and to confirm this notion

we injected IL-6−/− mice with rIL-6 and evaluated thefollowing UV irradiation, whereas IL-10 levels of IL-6+/+
© 1999 Blackwell Science Ltd, Immunology, 97, 77–83



N. Nishimura et al.80

concentration of serum IL-10. It was found that injection of DISCUSSION
rIL-6 resulted in the production of normal postirradiation

A variety of cytokines, in particular IL-1b,12 IL-620 and
levels of IL-10 in IL-6−/− mice.

IL-10,3,21,22 have been described to act as mediators for
immune reactions of the skin. In the present study we investi-

Histopathology of the UV-induced inflammatory response in gated possible involvement of these cytokines in the suppres-
IL-6+/+ and IL-6−/− mouse skin sion of immunity caused by UV radiation, by utilizing the

systemic CHS response as a typical hallmark. Initially, weUV irradiation caused epidermal hyperplasia and infiltration
observed that the CHS reaction in the IL-6−/− mice wasof inflammatory cells, fibroblasts, neutrophils and macro-
profoundly suppressed, suggesting a major role of IL-6 in thephages in the dermis of IL-6+/+ mice. At 48 hr after UV
induction and/or elicitation of this response. Restoration ofirradiation, a large number of mitotic cells was found in the
the CHS response by injection of rIL-6 provided additionalbasal layer, and an increased number of cell layers was evident
evidence of the role of IL-6 in CHS, which is consistent within the epidermis (Figs 5 and 6b), the thickness of which had
the results of Holliday et al.11 that demonstrated a time- andincreased by 72 hr (Fig. 6c). By contrast, in IL-6−/− mice,
dose-dependent increase in cutaneous IL-6 following topicalboth macroscopic and microscopic examinations revealed
oxazolone treatment.severe skin damage as a result of UV irradiation. No epidermal

Following UV irradiation, we observed not only a strongproliferation was found up to 48 hr post-UV in the IL-6−/−
suppression of the CHS reaction, but also a marked increasemice, and inflammatory cells were found in the dermis
of serum IL-6 in IL-6+/+ mice, peaking at 48 hr and returning(Fig. 6e). Interestingly, we observed the appearance of mitotic
to near-baseline levels by 72 hr. As IL-1b is reported to be acells in the epidermal basal layer at 72 hr after UV irradiation
potent inducer of IL-6 in fibroblasts23 and keratinocytes,20 theof IL-6−/− mice, and a delayed increase in the number of cell
involvement of IL-1b in this production of serum IL-6 waslayers was found (Figs 5 and 6f ). These results confirmed the
investigated. UVB irradiation caused a relatively modestdirect contribution of IL-6 to epidermal hyperplasia and the
increase in levels of serum IL-1b at 12 hr in IL-6+/+ mice butrepair of UV-damaged skin. IL-6 production induced by UV
no correlation with time was found with the appearance ofexposure may be an important signal that co-ordinates activi-
serum IL-6, indicating no more than a minor participation ofties of macrophages and lymphocytes to repair UV-damaged
IL-1b in the suppression of CHS. In fact, the moderateskin at an early stage.
appearance of IL-1b post-UV irradiation, in the IL-6−/−
mouse was significantly enhanced at 72 hr compared with the

IL-6 induction in dendritic cells by UV irradiation IL-6+/+ mouse, further suggesting a lack of dependence
between IL-1b and IL-6, and perhaps some redundancy ofAs UV irradiation elevated the serum concentration of IL-6
these two cytokines, observable in the absence of IL-6.in IL-6+/+ mice, we sought to identify, immunohistochem-

In contrast, Enk et al.12 have shown that intradermalically, the cells that synthesize and release this cytokine in the
injection of IL-1b resulted in the same cytokine patternsskin. Immunohistochemical staining was negative in untreated
released in mouse skin as found following treatment with theskin. Interestingly, immunostaining was found, 72 hr after UV
contact allergen trinitrochlorobenzene (TNCB). Antibody toexposure, in IL-6+/+ mice but not in IL-6−/− mice, indicating
IL-1b completely prevented TNCB sensitization in the mice,induction of IL-6 in the cytoplasm of epidermal cells, but not
indicating an essential role for IL-1b in this primary immunein the dermis (Fig. 7a). Furthermore, S-100 antibody-reactive
response. There is thus a discrepancy between the results ofcells, which bind specifically to dendritic cells, probably either
Enk et al. and our study, perhaps owing to the timing of theLC or melanocytes, appeared to be localized in the epidermis,
measurements of cytokine responses: for example, an increasesimilarly to the IL-6-positive cells (Fig. 7b).
in the level of IL-1b mRNA was detected as early as 15 min
after allergen application,12 and serum IL-1b concentration
was found to be increased in response to UVB irradiation,
peaking at 1–4 hr and returning to baseline levels by 8 h.24
The earliest measurement at 12 hr in the present study might
not have identified an earlier increase, and therefore there
remains the possibility of involvement of IL-1b with the
CHS reaction.

There is substantial evidence to show that IL-10 is the key
cytokine responsible for UV radiation-induced immune sup-
pression.3,5,7,8,25 Ullrich3 has summarized the role of kera-
tinocyte-derived cytokines in initiating the immune and
inflammatory reactions caused by UVB irradiation, and sug-
gests that cytokines originating in the epidermis can block the
ability of LC to present antigen to T helper-1 lymphocytes,Time after UVB (hr)
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whereas the T helper-2-derived cytokines, such as IL-4 andFigure 5. Defective epidermal proliferation in interleukin (IL)-6−/−
IL-10, act to inhibit the induction of inflammatory immunemice following UV exposure. Unlike IL-6+/+ mice, IL-6−/− mice had
reactions.1,25 UV irradiation induced both IL-10 mRNA andno epidermal hyperplasia until 48 hr post-UVB, followed by a delayed
protein in cultured keratinocytes, and anti-IL-10 protectedincrease at 72 hr post-UVB. The data represent mean±SD for three

mice. **Indicates a significant difference (P<0·01) from IL-6+/+ mice. mice from the suppressive effect of the culture supernatant on
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Figure 6. Greater skin damage by UV exposure in interleukin (IL)-6−/− mice compared with IL-6+/+ mice. (a–c) Skin of IL-6+/+
mice at 24, 48 and 72 hr after UV exposure, respectively. (d–f ) Skin of IL-6−/− mice at 24, 48 and 72 hr after UVB exposure,
respectively. Haematoxylin and eosin (H&E) staining showed the absence of epidermal proliferation at 48 hr following UV
exposure and the appearance of delayed epidermal proliferation at 72 hr in the IL-6−/− mice. IL-6−/− mice had greater severity
of skin damage on gross appearance than IL-6+/+ mice. Bar, 50 mm.

Figure 7. Positive immunostaining for interleukin (IL)-6 and dendritic cells at 72 hr following UV exposure in IL-6+/+ mice. (a)
Immunostaining showed the induction of IL-6 at 72 hr after UV irradiation. Arrowheads indicate the IL-6 positive cells. (b)
Immunostaining with S-100 antibody confirmed that IL-6 was induced by UV irradiation in epidermal dendritic cells, probably
Langerhans’ cells (arrowheads). Bar, 50 mm.

delayed type hypersensitivity responses in mice,26,27 pin- essential requirement in UV-induced IL-10 production, which
might be achieved by its action on the T helper-2 cell popu-pointing IL-10 as a critical cytokine in UV-induced immune

suppression.7 We therefore sought evidence for a possible lation, IL-6 being an important co-stimulator of lymphocyte
activation.28,29 However, it was not possible to demonstraterelationship between IL-6 and IL-10 in the UV induction of

immune suppression, and consequently detected, in IL-6+/+ IL-6 dependence of the suppression of CHS by UV in the
already subnormal response of IL-6−/− mice.mice, a dramatic increase in serum IL-10 by 24 hr post-UV

irradiation, with further increase at least until 72 hr. Although Immunohistochemical staining for IL-6 was negative in
untreated skin of IL-6+/+ mice, but localized to the cells inthere was no change in the serum IL-10 concentration of

IL-6−/− mice after UV irradiation, serum IL-10 production the epidermis at 72 hr post-UV exposure, with diffuse staining
in the cytoplasm. The immunoreactive cells appeared to bewas restored to the level of the IL-6+/+ mice by injection of

rIL-6 into the IL-6−/− mice. It is suggested that IL-6 plays a dendritic, and to have a localization similar to cells that stained
positively with the S-100 antibody, suggesting that they arerole in immune suppression, after UV irradiation, by its
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keratinocytes. An essential role for keratinocyte-derived IL-10.LC (not melanocytes), consistent with the immunologically
J Immunol 149, 3865.relevant changes in the mice. Keratinocytes have been reported

8. R J.M. & U S.E. (1994) The role of IL-4, IL-10 andas a major source of IL-6,20,30 but IL-6 has also been found
TNF-a in the immune suppression induced by ultraviolet radi-in monocytes/macrophages, fibroblasts, dermal endothelial
ation. J Leukoc Biol 56, 769.cells, sweat duct cells, and in all skin cell layers.9,31 In psoriasis,

9. P P. & P G.E. (1996) Interleukin-6 and the skin. Int
IL-6 was also found in endothelial cells, dermal infiltrate and Arch Allergy Immunol 109, 308.
keratinocytes,10 but IL-6 mRNA was detected in the LC 10. G R.M., K J., Y D. et al. (1989) Interleukin
isolated from murine epidermal cell culture,32 and inducible 6 is expressed in high levels in psoriatic skin and stimulates
expression of IL-6 was observed in LC and lymph node proliferation of cultured human keratinocytes. Proc Natl Acad Sci

USA 86, 6367.dendritic cells.33 The present study has suggested that IL-6 is
11. H M.R., D R.J., B D.A. & K I.induced in the LC after UV exposure. The variations in

(1996) Stimulation by oxazolone of increased IL-6, but not IL-10,immunohistological localization found by other investigators
in the skin of mice. Toxicology 106, 237.may reflect differences in induction stimuli and tissues

12. E A.H., A V.L., U M.C. & K S.I. (1993) Anexamined.
essential role for Langerhans’ cell-derived IL-1b in the initiationWe found that UV irradiation gave a rise in a significantly
of primary immune responses in skin. J Immunol 150, 3698.

reduced hyperplasia, which persisted for at least 72 hr and was 13. R J., L W., L H. et al. (1993) Mice lacking
accompanied by greater severity of skin damage in the IL-6−/− the tumor necrosis factor receptor 1 are resistant to TNF-mediated
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16. K M., B H., F G. et al. (1994) Impaired immune
epidermal hyperplasia and the repair of UV-damaged skin and acute-phase responses in interleukin-6-deficient mice. Nature
of mice.9 368, 339.
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