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Abstract

Interleukin 1 (IL-1) is a family of polypeptides initially found
to be produced by activated monocytes and macrophages that
mediate a wide variety of cellular responses to injury and infec-
tion. Epidermal epithelial cells (keratinocytes) produce "epi-
dermal cell-derived thymocyte activating factor" or ETAF, which
has been recently shown to be identical to IL-1. Humanepidermis
is normally exposed to significant amounts of solar ultraviolet
radiation. Certain ultraviolet wavelengths (UVB, 290-320 nm)
are thought to be responsible for most of the immediate and
long-term pathological consequences of excessive exposure to
sunlight. In this study, we asked whether exposure to UVB ir-
radiation induced IL-1 gene expression in cultured human ker-
atinocytes. Cultured human keratinocytes contain detectable
amounts of IL-i a and ft mRNAand protein in the absence of
apparent stimulation; these levels could be significantly enhanced
6 h after exposure to 10 ng/ml of 12-O-tetradecanoyl-phorbol-
13-acetate (TPA). Exposure to UVBirradiation with an emission
spectrum comparable to that of sunlight (as opposed to that of
an unfiltered artificial UV light source) significantly increased
the steady state levels IL-la and , mRNAin identical popula-
tions of human keratinocytes. This was reflected in the production
of increased IL-i activity by these cultures in vitro. In the same
cell population, exposures to UVBirradiation did not alter the
level of actin mRNA; therefore, the effect of UV irradiation on
IL-1 represents a specific enhancement of IL-1 gene expression.
Local increases of IL-1 may mediate the inflammation and va-
sodilation characteristic of acute UVBinured skin, and systemic
release of this epidermal IL-1 mayaccount for fever, leukocytosis,
and the acute phase response seen after excessive sun exposure.

Introduction

Humanmonocytic interleukin 1 (IL- 1) consists of two discrete
molecular species termed IL-la and IL- I(f (1, 2). Although the
proteins encoded by these genes bear only 25%homology, both
appear to bind to the same receptor with comparable affinities
and both mediate the same biological effects both in vivo and
in vitro (3, 4). The production of IL-I by monocytes and mac-
rophages is increased under conditions that may be interpreted
as injurious to the host; this observation, coupled with the mul-
tiplicity of its effects on target tissues, has led to speculation that
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production and release of IL-l is a fundamentally important
host response to stress (5). Recently, it has been established that
other cells can make factors with IL-l-like activity (6-8). Spe-
cifically, keratinocytes produce a molecule biochemically and
functionally similar to IL-1 (8), and we have recently shown that
this "4epidermal cell-derived thymocyte activating factor"
(ETAF)' is identical to monocytic IL-1 at the molecular level
(9). Keratinocyte ETAF release, like monocytic IL- I release, is
increased by injurious stimuli, including bacterial lipopolysac-
charide (LPS), silica, thermal energy, phorbol esters, and me-
chanical disruption (10-12). However, it has not been established
whether such stimuli increase the release of IL- 1 from keratin-
ocytes by damaging cells and allowing passive release of intra-
cellular contents, or whether these stimuli specifically enhance
IL-l gene expression. The observation that both IL-la and #
polypeptides lack a hydrophobic sequence consistent with that
observed for other secreted polypeptides has led some investi-
gators to suggest that IL-l may be only released upon cytolysis
(13). Since it has been shown that mRNAsencoding for ETAF
activity are completely homologous to monocytic IL- 1 a and (#
mRNAs(9), the induction of keratinocyte gene expression by
the above stimuli can be assessed directly.

Humankeratinocytes are uniquely exposed to UVBirradia-
tion by virtue of their anatomic location, and solar UVBirra-
diation is the most likely environmental source of injury to skin
in the absence of physical trauma. Therefore, it is not surprising
that investigators have examined the effect of ultraviolet wave-
length (UVB) irradiation on a variety of parameters in keratin-
ocytes. Studies have reported that UVB irradiation increases
(14), decreases (15), or has no effect (16) on the production of
ETAFby keratinocytes in vivo and in vitro. Most of these studies,
however, did not report the spectral power distributions of UVB
light under their respective conditions, and it is possible that
variations in this parameter influence the production of or release
of ETAF from cells.

Less than 1% of the solar radiation reaching the earth is
composed of ultraviolet wavelengths (290-400 nm), and < 2%
of this UV light is in the UVBrange (290-320 nm; reference
19). These wavelengths, however, account for the immediate
and long-term deleterious effects of sun exposure (18). Wave-
lengths of 290-300 nmare most effective at inducing erythema
in human skin ("minimal erythemal dose" or MED); 20 mJ/
cm2 of 300 nm light constitutes a single MED, while 200 mJ/
cm2 of 310 nm light is required to induce equivalent erythema
(e.g., one MED; reference 19). Although light of these wave-
lengths (290-300) reaches the earth in small quantities, artificial
UVBlight sources used for most in vitro experiments emit sig-
nificant amounts of these short UVBwavelengths. Accordingly,

1. Abbreviations used in this paper: ETAF, epidermal cell-derived thy-
mocyte activating factor, MED, minimal erythemal dose.
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it is clear that light sources with different spectral emissions may
have markedly different effects on cultured cells, even when the
total energy delivered to the cells is equal.

In the present study, we asked whether amounts of UVB
irradiation that approximate prolonged in vivo exposure to sun-
light, both in terms of energy and spectral range (16), would
enhance ETAF/IL-l production by keratinocytes and whether
this enhancement occurred at the level of gene expression.

Methods

Keratinocytes. Human foreskin keratinocytes were grown in complete
Dulbecco's minimal essential medium (DMEM)with 20% fetal calf serum
(FCS) and 101 Mhydrocortisone as previously described (20). Hydro-
cortisone was omitted from the culture medium for at least 96 h before
the initiation of experimental conditions.

Ultraviolet irradiation. A bank of four bulbs (FS20, Westinghouse
Electric Corp., Pittsburgh, PA) were used to irradiate cells. The energy
delivered to the confluent cell layer was determined before each exper-
iment by measuring the radiant output of the FS20 bulbs through one
layer of tissue culture plastic (6 cm petri dish, Corning Glass Works,
Corning, NY) containing 4 ml of DMEMwith 20% FCS using a UVX
digital radiometer (Ultraviolet Products, Inc., San Gabriel, CA) and a
UVX-31 probe with peak absorbance at 310 nm. Timed exposures cor-
responding to 100, 200, and 300 mJ/cm2 were calculated for each ex-
periment and cultures were exposed under identical conditions (i.e.,
through one layer each of tissue culture medium and plastic). Irradiated
medium was removed, fresh tissue culture medium (4 ml) was added,
and the dishes were cultured for 24 h at 370C in a 95% air/5% CO2
incubator. Viability at 24 h (propidium iodide exclusion) was > 90%
under all conditions. Conditioned medium was then decanted and the
adherent cells were mechanically removed from the dishes, resuspended
in 4 ml of tissue culture medium, and lysed by three cycles of freeze
thawing, sonicated, and filtered through a 42-Mm Millipore filter (Millipore
Corp., Bedford, MA).

IL-I assay. Recombinant human IL- la was obtained from Dr. Peter
Lomedico (Hoffmann-LaRoche) and was used as a standard for all assays.
DlO.G4. 1 cells were generously provided by Dr. C. Janeway, Jr. (Yale
University), and were maintained as previously described (21). DI0 cells
were used at least 10 d after feeding with antigen, feeder cells, and TCGF.
These "resting" DI0 cells were washed three times and diluted to a final
concentration of I0 cells/ml in Click's Eagle's Hanks' amino acids me-
dium with 5% FCS added. Monoclonal 3D3 antibody (22) was used at
a final concentration of 1:1,000. Triplicate cultures of DI0 cells, 3D3
antibody, and serial dilutions of keratinocyte-conditioned medium or
cell lysate were incubated in a final volume of 200 Al in 96-well microtiter
plates (Costar Data Packaging, Hialeah, FL) for 72 h at 37°C in a 5%
C02/95% air incubator. 3 h before harvest, 1 ACi/well of [3H]thymidine
was added and cultures were harvested with a MASH(Cambridge Tech-
nology, Inc., Cambridge, MA). Incorporation of [3H thymidine into DNA
was measured by scintillation spectrometry.

SI nuclease protection assay. cDNA clones for human IL-la (23)
and IL,1,I (2) were first modified by deleting one of the homopolymeric
tails used in the original cloning, SI probes free of homopolymeric tails
were then generated for IL- l a by labeling a 960-bp Hind mI-Pst I fragment
at the Hind III site in the strand complementary to the mRNAand for
IL-I# for labeling an 855 bp Hind III-Taq I fragment at the Hind III
site in the strand complementary to the mRNA. The specific activities
of these probes were determined for each preparation and were usually
on the order of 1-2 X 10' dpm/fmol. 2-5 fmol of end labeled a and ft
probe were hybridized separately to indicated amounts of total RNA
sample in 80% deionized formamide, 0.4 MNaCl, I mMEDTA, 40
mMPipes, pH 6.8 at 52°C overnight. After this incubation, each sample
was digested for 60 min at 37°C with 100 U of SI nuclease (9). The
products were subsequently analyzed on a 5%sequencing gel as previously
described (9). To determine the relative mRNAlevels, films were scanned
at 550 nmand areas under the peaks were calculated by weighing. The

values obtained were corrected for the fact that the specific activity of
the IL- a probe was 1.9 times that of the IL- IlW probe.

Slot blot assay. Total RNA(14 ,ug) was denatured at 650C in 0.9 M
NaCI/0.09 MNa citrate (6X SSC-7.4% formaldehyde for 10 min and
filtered onto a sheet of nitrocellulose prewetted with 6X SSC, using a
slot blot apparatus (Schleicher & Schuell, Inc., Keene, NH). Four different
amounts of RNA(see above) were applied per sample. There is no need
to compensate for the lower amounts of RNAspotted by adding carrier
RNA(Chua,A.O.Unpublishedobservations).Themembranewasprobed
with a nick translated chicken actin cDNAclone, washed, and exposed
to x-ray film. The autoradiogram was scanned at 550 nmand peak areas
(determined by weighing) were plotted as a function of RNAamount
loaded per slot. Linear regression analysis yields a value for the slope of
the line going through the four points and can be used as a measure for
the relative actin mRNAlevels in the sample tested.

Results

Wehave previously reported that human keratinocytes produce
both IL-l mRNAand protein in the absence of intentional stim-
ulation (9). This constitutive production was not altered by the
addition of polymixin B and therefore was thought not to be
due to low levels of contaminating endotoxin. For all subsequent
studies, secondary cultures of human foreskin keratinocytes were
grown to confluence as previously described (20). Samples of
cells and tissue culture medium under these conditions were
endotoxin free as judged by the limulus lysate assay. Keratin-
ocytes grown in this fashion are homogeneous and produce ker-
atins characteristic of epidermis (20).

Since cultured keratinocytes, unlike monocytes, contain sig-
nificant steady state levels of IL-la and if, we considered the
possibility that keratinocyte IL-I production was already max-
imally induced in our culture system. In an attempt to further
induce IL- 1 gene expression, TPA was added to confluent cul-
tures of human keratinocytes (final concentration, 10 ,ug/ml)
and, 6 h later, cells were harvested and total RNAwas extracted.
Total RNAwas then analyzed with an SI nuclease protection
assay (19) using cDNAprobes for human monocyte IL- a and
j3. The sizes of the protected fiagments in this assay are 210
nucleotides for IL-la (corresponding to the coding region for
amino acids 64-134 of the complete IL-la precursor) and 525
nucleotides for IL-1,8 (corresponding to the coding region for
amino acids 133-269 of the complete IL-Il( precursor plus 116
nucleotides of the 3' untranslated region). In addition, the IL-
la probe very reproducibly gives rise to a secondary fiagment
of 125 nucleotides that is due to an SI sensitive site within the
probe (see also reference 9). Fig. 1 shows this analysis, using
LPS stimulated monocyte RNAas a positive control (lane 3)
and porcine intestine RNAas a negative control (lane 4). Lane
I shows that significant IL-l a mRNAand somewhat less IL- 1(3
mRNAis present in human keratinocytes in the absence of
stimulation. Lane 2 indicates that PMAsignificantly enhances
both IL-lIa and (3 mRNAby nine and sevenfold, respectively,
as determined by scanning densitometry. Total protein and cell
number were identical in induced and uninduced cultures (not
shown). To confirm that PMAdid not nonspecifically enhance
levels of mRNAs, slot blot analysis of RNAfrom both uninduced
and PMA-induced keratinocytes was performed using an actin
cDNA probe. Fig. 2 shows that PMAdid not increase the level
of actin mRNAand in fact led to a modest reduction of this
RNAafter 6 h as compared with control values; this was con-
firmed by linear regression analysis. Therefore, while human
keratinocytes contain both a and # mRNAin the absence of
stimulation, PMAsignificantly enhances the steady state levels

Ultraviolet Irradiation Induces Keratinocyte Interleukin I Gene Expression 431



IL-1a IL- 1'-
M

1631* 1 2 3 4 5 12 3 4 5

SOW

5175065_0

396

3444

2984

221
2_20W_

153;_

Figure 1. SI nuclease protection assay to determine relative levels of
IL-la and IL- lIW mRNAsin cultured HFKs exposed to 10 ng/ml
PMA. Protected fragments are indicated by arrows. Lane 1, untreated
HFK, 18 fig; lane 2, HEKtreated with PMAfor 6 h, 18 Mg; lane 3,
LPS-stimulated human peripheral blood leukocyte RNA, 8 Mig, posi-
tive control; lane 4, pig intestine RNA, 30 ,ig, negative control; lane 5,
no RNA. M, marker, pBR 322 Hinf I. See Methods for further details.

of both mRNAs. In addition, these data confirm our previous
reports (9) that IL- a is not a minor species of IL- I in keratin-
ocytes and may in fact be the predominant IL- I in epidermis.

Ultraviolet light from artificial sources delivers significant
energy at wavelengths of 290-300 mJ/cm2 (Fig. 3); however,
the earth's atmosphere absorbs virtually all of these wavelengths
(17). It was inadvertently found that by exposing cultured ker-
atinocytes to an artificial UVBlight source through tissue culture
plastic and medium, the relative intensity of UVBwavelengths
reaching the adherent cell layer is similar to those of sunlight
reaching human epidermis. To exclude the possibility that pho-
toactivation of tissue culture medium could induce IL-1 gene
expression in keratinocytes, UVB-irradiated tissue culture me-
dium was added to unirradiated keratinocytes and no increased
IL-I production or release ensued (unpublished observations).

Cultures were exposed to defined amounts of UVBlight such
that the total energy delivered to the cells (measured after trans-
mittance through plastic and tissue culture fluid) was 100, 200,
or 300 mJ/cm2. Survival of these cells at 24 h was > 90%under
all conditions (not shown). Cells were harvested either 1 or 6 h
after exposure to UVB light, and total RNAwas extracted as
previously described (9). Cells irradiated through saline alone
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Figure 2. Slot blot analysis to determine relative levels of actin mRNA
in uninduced and PMAinduced HFKs. The lower portion of the fig-
ure shows the autoradiogram of the slotblots. For each sample, from
left to right were loaded 6, 3, 1.5, and 0.75 Ag of total RNA. The up-
per portion shows the scan of the film at 550 nm.

,chat is, without tissue culture plastic or medium) were much
more susceptible to UVB-induced damage, with significant cell
death occurring after 200 mJ/cm2 and total cell destruction oc-
curring at 300 mJ/cm2.

Fig. 4 shows that HFK, in the absence of apparent stimu-
lation, contain mRNAidentical to IL-la and # mRNAfrom
LPS-stimulated peripheral blood leukocytes. Exposure of these
HFKto 100 mJ/cm2 of UVBirradiation led to a modest increase
in the levels of both IL-la and P mRNA1 h after irradiation
(Fig. 4 and Table I). By 6 h after this exposure, however, IL-la
mRNAhad fallen to steady state levels while the roughly twofold
increase in IL- I( mRNApersisted. This modest increase of IL-
1 a and ,3 mRNAlevels was also seen 1 h after exposure to either
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9-
distributions (relative in-

..9 r7 tensity vs. wavelength)
Ec 8/ of Westinghouse FS20
E t / sunlamp (closed

7 / squares); FS20 sunlamp
transmitted through tis-

E 6 sue culture medium and
t 5- I /1 tissue culture plasticfizz // (closed circles); and ter-
z 4 // restrial radiation (open

al/ circles); over the UVB
>- 3 // range (290-320). The
W relative intensities ofIx. 2- //325- and 330-nm wave-

X. lengths (formerly UVA)
for "filtered" FS20 ra-

290 245 360 365 3iO 3i5 32'0 diation are 6.0 and 3.8,
290 295 300 305 310 315 320 respectively; therefore, a
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energy delivered to the cells consisted of UVAwavelengths. Wave-
lengths > 330 nmare not emitted in significant amounts by this light
source.
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Figure 4. SI nuclease protection
assay to determine relative levels

- of IL-Ia and IL- I mRNAsin
cultured HFKs exposed to differ-
ent doses of UVBirradiation.
Protected fragments are indicated
by arrows. Lane 1, no RNA; lane
2, pig intestine RNA(30 ,g, neg-

* ative control); lane 3, LPS-stimu-
lated human peripheral blood
leukocyte RNA(8 Mg, positive
control); lane 4, untreated HFK
RNA(18 Mg); lane S, HFK,
treated with 100 mJ/cm2 of UVB
and harvested after 1 h (18 ug);
lane 6, HFK treated with 100
mJ/cm2 of UVBand harvested
after 6 h (18 Mg); lane 7, HFK,
200 mJ/cm2, 1 h (18 Mug); lane 8,
HFK, 200 mJ/cm2, 6 h (18 Mg);
lane 9, HFK, 300 mJ/cm2, 1 h
(18 Mg); lane 10, HFK, 300 mJ/
cm2, 6 h (18 ug). M, marker,
pBR 322 Hinf I.

200 or 300 mJ/cm2; however, these amounts of UVBled to an
8- to 17-fold increase in both IL-I mRNAsby 6 h after irradiation
(Fig. 4 and Table I). To determine the specificity of this increase
in IL-l mRNAafter UVBirradiation, we examined total RNA
from the same samples using a cDNA probe for actin. Fig. 5
shows a slot blot analysis of three of these RNAs from which
relative values for actin mRNAlevels were extrapolated by linear
regression analysis. Levels of actin mRNAdid not change sig-
nificantly after exposure to UVB irradiation, even under con-
ditions where IL-1 mRNAwas markedly increased (i.e., 200
mJ/cm2 at 6 h). Thus, the UVB-induced increase of IL- I mRNA

Table I. Comparison of IL-I Biological Activity and mRNA
in UVBIrradiated HumanKeratinocytes

IL-la IL-lj
Biological

UVB activity I h 6 h I h 6 h

mJ/cm

None 1.0 1.0 1.0 1.0 1.0
100 1.4 2.7 1.0 1.8 2.3
200 2.2 1.4 8.0 1.5 13
300 7.3 1.9- 10 2.5 17

Comparison of relative increases in biological activity (D1O assay, see
Fig. 6) and levels of IL- I and mRNAafter UVBirradiation (see Fig.
4). Increases in IL- activity were calculated by dividing total IL- I
units per culture induced by different UVBdoses by total IL- activity
from uninduced cultures. Relative amounts of IL-I and mRNAwere
calculated as described in Methods, and relative quantities of IL-
mRNAin cells harvested 1 and 6 h after UVBirradiation were com-
pared to relative quantities of IL- I mRNAin uninduced cells.

is not paralleled by a general nonspecific accumulation of actin
mRNA.

Keratinocyte IL-1, like macrophage and monocyte IL-1, is
present both in tissue culture medium as a secreted protein
and, in substantial quantities, as a cell-associated protein (24,
and unpublished observations). Wehave previously shown that
the ability of keratinocyte conditioned medium to stimulate
DO0 proliferation can be completely neutralized by specific
antibodies to IL-i a and ,3 (9). Since quantitation of culture
medium IL-I alone disregards the cell-associated compartment,
and since cellular injury and passive release of IL- I by the cell
could result in a spurious increase in supernatant IL- 1 activity
without de novo synthesis of IL-1, both secreted and cell-as-
sociated fractions from HFKs exposed to UVBirradiation were

tested for IL-i activity. The assay involving costimulation of

\K ' \ , 'J .A'
I I I I

CONTROL 100 mJ/cm2 200 mJ/cm2
(6 hours) (6 hours)

Figure 5. Slot blot analysis to determine relative levels of actin mRNA
in three of the RNAsamples analyzed in Fig. 1. The lower portion of
the figure shows the autoradiogram of the slot blots. For each sample,
from left to right were loaded 6, 3, 1.5, and 0.75 Mg of total RNA. The
upper portion shows the scan of the film at 550 nm.
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Dl 0, a cloned T helper cell, in the presence of a monoclonal
clonotype specific antibody (3D3), was used to quantify IL-I
activity (22). Fig. 6 shows that extracellular IL-l activity is
detectable in the absence of apparent stimulation, but that the
majority of IL-I activity is cell associated. IL-l activity increases
significantly as a function of the amount of UVBenergy de-
livered to the cells, reflected in a proportional increase in IL-
1 activity in both extracellular and cell-associated compart-
ments. This indicates that the UVB-induced increase in secreted
IL-l observed here and previously by other (14) does not simply
reflect a shift in IL-l compartmentalization. These data also
suggest that most of the IL-l produced by cultured keratino-
cytes, even after UVB irradiation, is not secreted but rather
remains in a cell-associated compartment. The present study
does not address the issue of putative shifts between cytoplasmic
and membrane-bound compartments. Total IL-1 (secreted plus
cell associated) is significantly increased by exposure to UVB
energies that also cause the accumulation of IL- 1 mRNA(but
not actin mRNA)in keratinocytes (Table I).

Discussion

Wehave shown that keratinocytes contain mRNAsidentical to
the mRNAsencoding monocytic IL-la and /3 by SI nuclease
protection analysis, indicating the ETAF represents a mixture
of IL-la and /3. Once again, the finding of substantial quantities
of IL-la mRNAin human keratinocytes confirms our previous
findings (9) and indicates that IL-Ia is not properly regarded as
a minor form of IL-I in man. The presence of substantial IL- I
mRNAand II-, bioactivity in cultures of unstimulated kera-
tinocytes is of considerable interest. Unstimulated monocytes
contain virtually undetectable IL-l mRNAand IL-l activity,
and only express IL-i mRNAafter appropriate stimulation (3,
4). Humanstratum corneum, however, contains significant IL-
1 activity (25); this IL- from terminally differentiated nonviable
keratinocytes is excreted by the natural desquamation of stratum
corneum and may represent a reservoir of preformed IL- 1 in
vivo. The quantity of IL- found in this compartment suggests
that constitutive IL- production by keratinocytes occurs in vivo
as well as in vitro. Similar findings were recently reported by
Hauser et al., who found that ETAF/IL-I activity could be dem-

EXTRACELLULAR CELL-ASSOCIATED

| (8) 300 mJ/cm2 (92)

|(5) 200 mJ/cm2 (95)
(3) 100 mJ/cm2 (97)

(3) none (97)1

2.0 10 0 1.0 2.0 3.0

Log1o Units of IL-1 Activity

Figure 6. Aliquots of secreted (medium) and cell associated (freeze-
thaw lysate) as well as serial fivefold dilutions of each, were mixed
with DI0 cells and 3D3 antibody as described in Methods. All sam-
ples were tested in triplicate. Units of IL-I activity were calculated as
the reciprocal of the dilution yielding ½/2 maximal proliferation as pre-
viously described (22). All groups are significantly different at (at least)
a P value of < 0.001. The percent total IL-I activity is shown in pa-
rentheses within each bar.

onstrated in unstimulated human epidermis but not in unstim-
ulated peripheral blood monocytes (26).

TPA has been shown to increase IL-I activity in cultures of
macrophages and keratinocytes (12, 27). However, phorbol esters
may act as agonists of IL-I activity on various cells (7), and it
has been difficult to separate agonist from inducer activities using
standard IL-I bioassays. The data presented here suggest that
TPAspecifically elevates IL-l a and /3 mRNAsin cultured human
keratinocytes. This indicates that although appreciable levels of
IL-la and /3 mRNAscan be found in populations of human
keratinocytes in the absence of intentional stimulation, further
increases in the levels of these mRNAscan be induced in such
cell populations. Subsequent studies to determine the mechanism
by which TPA enhances IL- I mRNAlevels are underway.

The present study shows that environmentally relevant UV
irradiation increases both IL-l mRNAand protein in a dose-
dependent fashion in cultured keratinocytes. Doses of 200 and
300 mJ/cm2 are most efficient in this regard. Incidentally, it was
noted that identical energies of unfiltered artificial UVB light
lethally injured cells; this is consistent with the observation that
significant damage of cellular DNAinduced by wavelengths of
290-300 nm, which are normally filtered by the atmosphere
(17). Significant accumulation of IL-I mRNAsdoes occur by 1
h postirradiation; however, at 6 h, both IL-la and /3 mRNAs
increase substantially over control values. IL-I bioactivity is in-
creased as early as 2 h after UVB irradiation (not shown), and
substantial increases in both extracellular and cell-associated
fractions are seen after 24 h. The data are consistent with the
idea that UVBirradiation leads to an increase in the steady state
levels of both IL- l a and /3 mRNA, as well as IL- I protein, in
cultured human keratinocyte populations. No significant shift
in the cellular compartmentalization of IL-I is induced by UVB
irradiation; that is, keratinocyte IL-1, at least in cells cultured
in this fashion, is predominantly a cell-associated protein.

The mechanism by which IL-la and /3 mRNAis elevated
in a population of cultured human keratinocytes by UVBor by
TPA cannot be determined from this study. However, it is un-
likely that UVBirradiation leads to nonspecific stabilization of
all cellular mRNAsby interfering with mRNAdegiadation, since
another mRNA(actin) that is produced constitutively by ker-
atinocytes is not affected by UVBirradiation. It is possible that
UVBirradiation induces events that cause selective stabilization
of certain mRNAsincluding IL-la and /3; alternatively, it is
possible that such events enhance transcription of the IL-l genes.
Experiments are in progress to evaluate these possibilities. How-
ever, we cannot rule out the possibility that only a small fraction
of cells in uninduced keratinocyte cultures contain IL-I mRNAs,
and that UVB irradiation leads to events that increase the pro-
portional representation of such cells. This possibility is currently
being addressed by in situ hybridization studies of cultured hu-
man keratinocytes.

Studies using a murine model of in vivo UVB irradiation
have shown that by 24 h after 3 MEDof UVB, a mixed in-
flammatory cell infiltrate can be observed in the upper dermis
(28). Application of TPA to mouse epidermis induces identical
changes in the histology of skin (29). Interleukin I production
by keratinocytes has been implicated in the recruitment of in-
flammatory cells to skin, and injection of either purified epi-
dermal IL-1 or recombinant IL-la induces a similar inflam-
matory infiltrate (30). By 48 h after treatment with UVB or
TPA, an increase in the thickness of epidermis can be observed
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that can be accounted for by proliferation of keratinocytes in
situ; similarly, IL- I has been implicated in the autocrine growth
of keratinocytes (30, 31). Both UVBand TPA have been shown
to induce ornithine decarboxylase activity, which is important
in the synthesis of polyamines (32), and this has been cited as
evidence that UVBand TPAshare tumor promoting activities,
since polyamines have been implicated in both normal cell
growth and malignant transformation (33, 34). The importance
of the observation that both stimuli also induce the accumu-
lation of IL- 1 mRNAand protein in keratinocytes is unknown
at present.

The observation that UVB irradiation causes a graded in-
crease in both the accumulation of IL- I mRNAand protein in
human keratinocytes suggests that many of the immediate bio-
logical responses to excessive sun exposure may be mediated by
keratinocyte IL- 1. These include local effects such as enhanced
prostaglandin synthesis by epidermal cells, fibroblast activation
(5, 6, 10, 25), and recruitment of neutrophils and T cells from
peripheral blood (35), all of which can be mediated or influenced
by IL-l and may be important in the repair of injured tissue.
Certain systemic effects seen after excessive sun exposure can
be mediated by IL- I as well, including fever, leukocytosis, and
the acute phase response. UVBcan injure cells by a variety of
different mechanisms (17), and it is not clear what elements
UVBirradiation and other injurious IL-l inducing stimuli share.

UVBirradiation is considered immunosuppressive; antigen
presentation of Langerhans cells is inhibited in UVBexposed
skin and suppressor T cell circuits are activated in response to
antigen recognized in this context (36). Thus, it seems paradox-
ical that IL-1, a molecule vital to successful antigen presentation
to T helper cells, should increase in this setting. A possible ex-
planation is that since UVBirradiation constitutes an injury to
skin, it may be important to inhibit antigen presentation of UVB
altered tissue that could provoke an autoimmune response. IL-
1 may thus be produced in this context primarily to mediate
inflammation and healing, and not to augment antigen-specific
immune responses. Defective antigen presentation and locally
suppressed immunity may help subserve the successful resolution
of an inflammatory injurious process.

The presence of significant amounts of IL-1 in human epi-
dermis, coupled with a mechanism of regulating the expression
of IL- 1 genes in response to a ubiquitous environmental stimulus,
suggests that the keratinocytes may strongly influence the bio-
logical consequences of solar radiation injury.
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