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Interactions between T lymphocytes, neutrophils,
and epidermal cells are believed to play a central
role in the pathophysiology of psoriasis and other
inflammatory cutaneous disorders. Although there is
strong evidence that lymphocyte-function-
associated antigen-I (LFA-I) positive T cells are re-

tained in the epidermis via intercellular adhesion
molecule-I (ICAM-1) expression induced on kerati-
nocytes, the molecular basis for the directed migra-
tion ofT cells or neutrophils towards the epidermis is
not known To investigate whether epidermal kera-
tinocyte-derived products may be important in the
migration ofT cells and neutrophils into the epider-
mis, human keratinocytes were cultured in the pres-
ence ofvarious cytokines and chemotactic activity of
the supernatants were assessed TNF-a stimulation
produced directed migrational responses for both
neutrophils and T-lymphocytes (both CD4 and CD8),
but notB lymphocytes; 69% of T-cell movement and
80% of neutrophil migration induced by the TNF-a
treated keratinocyte cell supernatants could be in-
hibited by anti-interleukin-8 (IL-8) serum Using the
same antibody, IL-8 was immunoprecipitated from
the supernatants of TNF-stimulated 35S-labelled ke-
ratinocytes, and a single 7-kd bandproduct detected
by SDS-PAGE. In keeping with these biological activ-
ities andprotein data) Northern blot analysis of total
cellular RNA extracted from keratinocyte monolay-
ers hybridized with a 32P-labelled 1-kb cDNA to IL-8
mRNA, revealed induction of the IL-8 gene in the
presence of TNF-a and IL-13, but notIFN--y. The pro-
tein kinase C agonist; 12-0-tetradecanoyl-phorbol-
13-acetate (TPA), a known stimulator of psoriasi-
form cutaneous inflammation when applied directly

to murine epidermis, strongly induced keratinocyte
elaboration ofIL-8 mRNA These studies demonstrate
that activated human keratinocytes are capable of
producing biologically active IL-8, and provide evi-
dence that keratinocytes can play a key role in me-
diating the influx of T cells and neutrophils into the
epidermi& (AmJ Pathol 1991, 139:869-876)

Normal human epidermis is comprised of three main cell
types: keratinocytes, which form 95% of all epidermal
cells, melanocytes, and Langerhan's cells. Historically,
keratinocytes have been believed to function purely in
maintaining the structure of the epidermis via their pro-
duction of cytokeratins, and in the maintenance of a
physical barrier to a variety of exogenous injurious stimuli.
In contrast, antigen-presenting dendritic Langerhan's
cells have been believed to be the sole resident cell type
actively involved in epidermal immune response,
whereas keratinocytes were believed to be merely pas-
sive targets for immunologic attack. In recent years how-
ever, after the initial observations that keratinocytes are a
potent source of IL-1, and that keratinocytes can be in-
duced to express the class 11 MHC antigens including
HLA-DR, it has become clear that keratinocytes may not
only actively participate in epidermal immune re-
sponses,1 but may in fact play key initiating roles.2

Psoriasis, which affects approximately 3% of the gen-
eral population, is one particular inflammatory cutaneous
disease in which interactions between T-lymphocytes
and the epidermis, are believed to be of central patho-
physiologic significance.3'4 Psoriasis is characterized by
keratinocyte hyperproliferation and the accumulation of T

Presented at the 20th Annual Meeting of the European Society for Der-
matological Research, June 10, 1990 (J Invest Dermatol 1990, 95:46).

Supported in part by the British Association of Dermatologists, the
Psoriasis Association of Great Britain, the Wellcome Trust (Dr. Barker),
and NIH grants AR38957, AR40065, and AR01823 (Dr. Nickoloff); HL-
32024, and DK-39255 (Dr. Fantone); HL-40526 (Dr. Warren); and HL-
39415 (Dr. Dixit).

Accepted for publication June 5, 1991.
Address reprint requests to Dr. Brian J. Nickoloff, Department of Pa-

thology, University of Michigan Medical School, M4232 Medical Science
Box 0602,1301 Catherine St., Ann Arbor, Ml 48109-0602.

869



870 Barker et al
AJP October 1991, Vol. 139, No. 4

cells and neutrophils in the epidermis. Retention of T cells
in the epidermis of psoriatic lesions is believed to be me-
diated via the interaction of LFA-1 on the surface of the
lymphocyte with its ligand, ICAM-1 on keratinocytes.56
ICAM-1 is not constitutively expressed by keratinocytes,
but can be induced both in vitro6 and in vivo7 by the
T-cell_-derived cytokine IFN-y. In vitro adhesion studies
demonstrate that IFN-y permits adherence between T
cells and keratinocytes, a reaction that can be inhibited
by monoclonal antibodies to either LFA-1 or ICAM-1.i

However, these adherence phenomena do not ex-
plain the initial directed migration of T cells towards the
epidermis. Psoriatic scales and epidermal homogenates
from allergic patch-test reaction sites have been found to
possess leukocyte chemotactic activities.9-11 We and
others have previously demonstrated that cytokine-
activated keratinocytes elaborate mRNA coding for IL-
8.12.13 IL-8 is a small soluble peptide belonging to a su-
per gene family that also includes ,-thromboglobulin,
platelet factor-4, monocyte chemotaxis, and activating
factor, interferon-induced protein-10 and melanoma-
growth stimulatory activity.14 Although initially isolated on
the basis of its neutrophil chemotactic and activating
properties, IL-8 has also been shown to possess T-cell
chemotactic activity.15

In this report, we extend the previous keratinocyte
mRNA studies of IL-8, by demonstrating correlative pat-
terns between IL-8 mRNA and protein production, which
is biosynthesized and secreted by stimulated kerati-
nocytes. Moreover, this IL-8 protein has functional activity
since resultant activated keratinocyte supernatants pos-
sess both neutrophil and T-cell chemotactic activity; the
majority of which (69-80%) could be blocked with anti-
IL-8 antibody. Induction of IL-8 mRNA could also be in-
duced by the protein kinase-C agonist, 12-0-
tetradecanoyl phorbol-1 3-acetate (TPA), an agent known
to cause psoriasiform inflammation in mice when applied
directly to the epidermis.16 These in-vitro results comple-
ment the previous in vivo findings of increased mRNA
levels in psoriatic keratome specimens/psoriatic epider-
mal sheets,17 the immunohistochemical localization of
IL-8 to keratinocytes,17 and the IL-8 bioactivity in psoriatic
scales.18'19

Methods

Cell Culture

Human keratinocytes were isolated from keratome biop-
sies of normal skin and grown as a monolayer on the
bottom of 10 cm diameter petri dishes at 370C, 5% CO2
in a defined serum-free low calcium medium containing
bovine pituitary extract, epidermal growth factor, hydro-

cortisone and insulin (keratinocyte growth medium, KGM:
Clonetics Corp., San Diego, CA) as previously de-
scribed.13 Second to fifth passaged keratinocytes were
used on reaching 80% confluency. Cells were incubated
either in KGM medium alone, or with the addition of
TNF-a (250 U/mI, Cetus Corp., Emeryville, CA; specific
activity = 2.0 x 109 U/ml), IFN-y: (100 U/ml, Genentech,
South San Francisco, CA; specific activity 1.7 x 1 O0
U/mg), or both in combination (same concentrations). IL-
1 p was purchased from Genzyme Corp (Boston, MA).
After 18 hours incubation, supematants were removed,
frozen, and stored at - 800C until needed for chemotaxis
studies (see below). For Northern blot analysis, cells were
cultured as mentioned with KGM alone, TNF-a, IFN-y,
and in addition IL-i1 (1-10 ng/ml) or TPA (2-10 nM), and
RNA extracted from the cells at varying times between 0
and 18 hours (see below).

Immunofluorescence Studies

The standard direct immunofluorescence assay was em-
ployed to detect lymphocytes bearing specific mem-
brane antigens by treating cells with monoclonal antibod-
ies conjugated to fluorescein (FITC) or phycoerythrin
(PE). Simultest monoclonal reagents, anti-Leu-4 FITC +
anti-Leu-12 PE (T-cells-CD3, B-cells-CD19), anti-
Leu-3 FITC + anti-Leu-2a PE (T helper-CD4, T sup-
pressor-CD8), and control (IgG, FITC + IgG2 PE), were
purchased from Becton-Dickinson (Mountain View, CA).
Briefly, IL-8 induced migrating lymphocytes were re-
moved from the bottom of three identically treated mem-
branes (each sample well contained 10-9M rlL-8 or stim-
ulated undiluted keratinocyte supernatants) by use of a
cell scraper. These cells were pooled, washed twice in
PBS, suspended in PBS-0.1% NaN3, and incubated with
monoclonal antibodies in the dark at 40C for 30 minutes.
Cells were washed twice with cold PBS-0.1% NaN3, and
the cell surface fluorochromes were analyzed using a
FACScan Analyzer (Becton-Dickinson, Mountain View,
CA), setting the scatter gates on the control lymphocyte
fraction. Laser excitation was at 488 nm, and the average
logarithmic fluorescence intensity of 6,000 lymphocytes
was measured. The cells were also examined micro-
scopically using a Zeiss microscope with a UV source.

Chemotaxis Assays

Human peripheral blood lymphocytes were separated
by a three-step method (20) utilizing Ficoll-Hypaque
(Pharmacia Inc, Piscataway, NJ) and Sepracell-MN (Se-
pratech Corp, Oklahoma City, OK) and further depleted
of adherent cells by incubation on plastic for 18 hours at
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370C to obtain a 96% pure lymphocyte preparation. Hu-
man peripheral blood neutrophils, obtained from the pel-
let of the whole blood Ficoll-Hypaque step, were sepa-
rated by 1% dextran sedimentation for 1 hour at room
temperature to a final purity of approximately 98%.
Chemotaxis was carried out in Neuro Probe 48-well micro
chemotaxis chambers as described by Falk, et al. (21;
neutrophils) and Bacon et al. (22; lymphocytes). Purified
neutrophil or lymphocyte suspensions were added to the
top well of the chamber and permitted to migrate through
a 1 0-um thick, 3-um porosity polycarbonate membrane
(Nucleopore, Pleasanton, CA) toward the bottom cham-
ber sample. Neutrophils were incubated for 30 minutes at
370C in humidified air with 5% C02, the neutrophil-
associated polycarbonate membrane was removed,
nonmigrating cells were wiped off, and the filter was fixed
for 10 minutes in absolute methanol. The filter was air
dried and stained for 30 minutes in 2% toluidine blue. The
number of cells migrating through the membrane were
counted in three random 10 mm grids at 400X with the
mean ± SEM calculated for triplicate samples. The lym-
phocytes were incubated for 2 hours under the same
conditions as the neutrophils. The migrating lymphocytes
were either stained and quantitated, as previously de-
scribed for the neutrophil-associated polycarbonate
membranes, or collected (see immunofluorescence
method) and counted by hemocytometer and analyzed
by immunofluorescence. All results are presented as nor-
malized values representing the percent of maximum
f-Met-Leu-Phe (Sigma Chemical Co., St. Louis, MO) pos-
itive control (5 x 1 0-8M for lymphocytes and 1 0-9M for
neutrophils), minus the appropriate negative controls.

Metabolic Labeling and
Immunoprecipitation

Keratinocytes (approximately 5 x 106 cells) were initially
grown as described earlier but before the addition of cy-
tokine, the medium (KGM) was removed, and replaced
by specially prepared methionine-free, cysteine-free
KGM (Clonetics Corp., San Diego, CA). After 1 hour, 35S-
labeled methionine-cysteine mixture (70%:30%) was
added (250 uCi/ml) together with TNF-a (250 U/ml),
IFN-y (100 u/ml) or both (same concentrations). At 18
hours, the supernatants were collected, mixed with 1 ul/
ml (pepstatin 1 ng/ml) and frozen to - 200C.

When required, samples were thawed and the vol-
ume containing 1 x 107 trichloroacetic acid precipitable
counts made up to 3 ml with 20 mM Tris, 150 mM NaCI,
pH 7.6 (TBS) with 1% Triton-X-1 00, 0.5% deoxycholate
and 0.1% sodium dodecyl sulfate (TBS-TDS). In some
experiments 1 uVml protease inhibitor (as mentioned ear-
lier) and rabbit anti-IL-8 antiserum at a dilution of 1:50was

added. The polyclonal rabbit anti-human-IL-8 serum re-
acted with recombinant IL-8 in Western blots (data not
shown). Parallel samples were immunoprecipitated in an
identical fashion with pre-immune rabbit serum. After
overnight immunoprecipitation at 40C, 0.4 ml of a 10%
suspension of protein A/sepharose beads (Pharmacia)
was added to each sample, and the mixture was incu-
bated for 2 hours at room temperature. After repeated
washing in TBS-TDS, the samples were boiled in 8 M
urea, 50 mM Tris-pH 7.4 and 1% SDS and electropho-
resed under reducing conditions on a 15% SDS-
polyacrylamide gel. The gel was fixed in 30% ethanol
and 10% acetic acid, enhanced, and submitted to auto-
radiography.

Northern Blot Analysis

Keratinocyte monolayers were lysed with 5 ml 5.7M gua-
nidine HCI containing 100 mM potassium acetate, soni-
cated on ice for 1 minute, precipitated with 100% ethanol,
and centrifuged at 15,000 g for 40 minutes at 40C. Pellets
of nucleic acid were resuspended in guanidine/
potassium acetate containing 25 mM EDTA, ethanol pre-
cipitated and centrifuged as mentioned for two further
cycles, including multiple aspirations through a 20-
gauge spinal needle to shear DNA molecules. The final
pellets were extracted in phenol-chloroform, dissolved in
H20, loaded on to formaldehyde-denaturing agarose
gels, and electroblotted on to nylon membranes (Nytran,
Schleicher and Schnell, Kenne, NH). A 1.3-kb cDNA
fragment recognizing IL-8 mRNA (1.8kb) was cloned and
32P-labeled by the random primer method as previously
reported23 to a specific activity of 3 x 1 o8 cpr/,pg. The
nylon membranes were hybridized overnight, washed at
high stringency (0.1% SDS, 650C), and subjected to au-
toradiography.

Results

Chemotaxis

Chemotaxis responses of human peripheral blood neu-
trophils and T-lymphocytes to TNF-alpha-stimulated ke-
ratinocyte supematants and human recombinant IL-8 are
depicted in Figure 1. Figure 1a and c show the dose-
dependent responses of neutrophils and T-lymphocytes
to rlL-8, with maximum movement occurring at 10-9M
and 5 x 10-10M, respectively. Unconcentrated TNF-a
stimulated keratinocyte supernatants induced directed
migration of polymorphonuclear cells and T-lympho-
cytes. Figures lb and d reveal a dilutional decrease in
chemotactic biological response out to 1:1,000 for both
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Figure 1. Chemotactic response ofhuman peripheral bloodpolymorphonuclear cells (PAIN) and lymphocytes to human recombinant IL-8
(a, c) and TNF-a stimulated keratinocyte supernatants (b, d). All data are normalized values representing the percent of maximal
chemotactic response to F-Met-Leu-Phe. Background response to buffers used in the assays are subtractedfrom each value plotted

cell types. The maximal response for neutrophils was

46% versus 49% for T-lymphocytes. Keratinocytes stim-
ulated with either TNF-a alone or in combination with IFN-
y, demonstrated up to a six-fold increase in chemotactic
activity over their unstimulated or IFN-y primed counter-
parts (data not shown), which is in agreement with our

immunoprecipitation and IL-8 mRNA data (Figures 2, 3).
As previously described,15 the total number of lympho-
cytes responding represented only about 7 to 10% of the
number added, and the response was not chemokinetic
by checkerboard analysis (N = 4).

Anti-IL-8 Antibody Chemotaxis Inhibition

Polyclonal rabbit anti-human-IL-8 serum was found to
block up to 69% of T-lymphocyte movement and 80% of
neutrophil migration induced by our stimulated kerati-

nocyte supernatants (Table 1). Before chemotactic eval-
uation, dilutions of the appropriate antisera were incu-
bated with undiluted keratinocyte supernatants for 1 hour
at 370C to allow ample time for neutralization. Specificity
of our anti-IL-8 antiserum was supported by a failure to
inhibit keratinocyte-induced PMN or T-lymphocyte
chemotaxis by using rabbit pre-immune serum. These
data indicate the primary neutrophil and T-lymphocyte
chemoattractant in stimulated keratinocyte culture super-
natants is IL-8.

Characterization of Chemotactic
Lymphocytes

Immunofluorescence was used to determine the pheno-
type of the lymphocytes responding to stimulated kerati-
nocyte supernatants and 10-9M rlL-8. The lymphocyte
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Figure 2. Immunoprecipitation of IL-8Jrom cultured keratinocytesupenaants. LaneA: unstimulated cells; LaneB: TNF-a (250 U/ml) alone
stimulation; Lane C: 7NF-a plus IFN--y (100 U/ml) stimulation; Lane D: IFN-y alone stimulation; Lanes E-H: equivalent to Lanes A-D
immunoprecipitated with pre-immune rabbit serum.

population added to the upper well of the chemotaxis
chamber was established to have a T-cell/B-cell ratio
(Leu-3/Leu-12) of 3.5:1, whereas the T-helper/T-
suppressor ratio (Leu-4/Leu-2a) for the migrating popu-
lation was found to be approximately 3:1. Although the
T-helper/suppressor ratio did not change for the re-
sponding lymphocytes, the B-cell population does not
appear to migrate in response to either the stimulated
keratinocyte supernatants or rIL-8. These data suggest
IL-8 to be a potent chemoattractant for T-cells, regardless

Figure 3. Regulation of IL-8 mRNA pro-
duction by cultured keratinocytes treated
with TNF-a (250 U/ml; 0, 1, 2, 4, 18 br);
TNF-a and IFN--y (100 U/ml; 18 hours);
IFN--y alone (18 br) IL- 13 (1 ng/ml; 0, 1,
4 hr), and TPA (2.5 nM; 1, 3, 6, 18br).

*

of helper-suppressor phenotype, with little or no ability to
induce migration of B-lymphocytes.

Immunoprecipitation of IL-8 from
Keratinocyte Supernatants

Under reducing conditions IL-8 was detected as a single
protein band of 7kd in the supernatants of 35S-labelled
keratinocytes stimulated with TNF-a, alone (Figure 2, lane
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Table 1. Anti-IL-8 Inhibition of TNF-alpha Stimulated KC-induced Lymphocyte andNeutrophil Chemotaxis
Cell type Anti-IL-8 Chemotaxis response* % Inhibition

Lymphocyte No antibody 49 + 6.1 0
1:200 15 ± 1.8 69
1:400 30 2.1 39
1:800 40±4.0 18
1:1600 47±4.3 4

Neutrophil No antibody 46 + 4.3 0
1:200 9 0.9 80
1:400 22 3.1 52
1:800 35 3.3 24
1:1600 44+4.7 4

Data represented as the percent of maximal chemotactic response to f-Met-Leu-Phe. The keratinocyte supernatants for all assays were
undiluted. The anti-IL-8 serum did not, by itself, influence the chemotactic response of activated lymphocytes or neutrophils in the absence of
the KC supernatants.

B), or in combination with IFN-y (Figure 2, lane C). IL-8
protein was not detected either in unstimulated (Figure 2,
lane A) or in IFN-y alone stimulated supernatants (Figure
2, lane D). Parallel samples immunoprecipitated with pre-
immune rabbit serum did not detect a 7-kd band (Figure
2, lane E-H).

IL-8 Gene Expression in Cultured
Keratinocytes

Consistent with results of chemotaxis and immunoprecip-
itation studies, IL-8 mRNA was undetectable in nonstim-
ulated keratinocytes but present after TNF-a (250 U/mI)
or IL-1 3(1 ng/ml) stimulation (Figure 3) as previously de-
scribed.2'17 In each case, IL-8 mRNA was rapidly (by 1
hour) but transiently (absent by 8 hours) induced. At no
time point examined, did IFN--y (100 U/ml) induce IL-8
mRNA, although in combination with TNF-a, there was
marked persistence of IL-8 gene expression particularly
prominent at 18 hours. Incubation with TPA (2.5 nM) led
to rapid and dramatic induction of IL-8 mRNA (Figure 3).
Equal loading of each lane on the Northern blot was con-
firmed by ethidium-bromide staining of the agarose gels.
Specificity of induction was demonstrated by constitutive
expression, and lack of modulation, of cyclophilin mRNA
(Figure 3).

Discussion

The data presented here demonstrates that human epi-
dermal keratinocytes, on appropriate cytokine stimula-
tion, possess neutrophil and T-cell chemotactic activity,
69 to 80% of which can be inhibited by anti IL-8 serum.
Under identical culture condition, IL-8 protein could be
immunoprecipitated from conditioned supernatants as a
7-kd band, and IL-8 mRNA detected by Northern blot
analysis of the keratinocyte monolayer. These results,
when taken together with the detection of IL-8 mRNA in

specimens of psoriatic epidermis clearly point towards
keratinocytes as the cellular origin of biologically active
IL-8 detected in psoriatic scale,16 which is also in agree-
ment with our immunohistochemical staining results.17

After the initial isolation of IL-8 peptide fragments from
psoriatic scale possessing neutrophil chemotactic activ-
ity,19 there has been growing interest in IL-8 as an impor-
tant mediator in psoriasis. As mentioned earlier, interac-
tions between the epidermis and retained T cells is be-
lieved to play a key role in its pathophysiology; IL-8 may
well be involved in the attraction of T cells to the epider-
mis. In the study presented here, B cells did not migrate,
whereas the helper:suppressor/cytotoxic (CD4:CD8) ra-
tio of migrating T cells was 3:1. The results are similar to
a previous report documenting preferential migration in
vitro of CD4 positive T cells over CD8 positive T cells in
response to epidermal-derived chemotactic factor,24 and
identical to the immunophenotype of the inflammatory
cellular infiltrate in psoriasis. Moreover, together with the
accumulation of T cells and neutrophils, psoriatic epider-
mis is characterized by epidermal hyperproliferation and
evidence exists that IL-8 in epidermis may explain the two
main phenotypic features of psoriasis, because IL-8 can
also stimulate keratinocyte growth.25

Our evidence further reinforces the concept of the im-
portance of keratinocytes in the pathophysiology of in-
flammatory skin disease characterized by a T-cell rich
infiltrate, such as psoriasis. As stated previously, kerati-
nocytes in such diseases express ICAM-1 an adhesion
ligand for T cells together with HLA-DR, a molecule cen-
tral to cell-mediated responses. Interestingly in the simul-
taneous presence of TNF-a and IFN-y, there is marked
and coordinate induction of both IL-8 and ICAM-1
genes.13 The prolongation of TNF-a induced IL-8 expres-
sion by IFN--y may also be relevant to psoriasis since
IFN--y has recently been detected in psoriatic lesions. 6

The marked induction of IL-8 in response to TPA may
have important pathophysiologic implications. First, TPA
when painted onto the skin of mice produces psoriasi-
form inflammation.16 Second, TPA induces cultured ke-
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ratinocytes to produce transforming-growth-factor alpha
(TGF-a), a potent keratinocyte mitogen that is also ele-
vated in psoriasis17; and third, TPA directly induces
ICAM-1 in cultured keratinocytes.27 Thus activation of
protein kinase-C signal transduction pathways, may po-
tentially lead to the initiation of cutaneous inflammation
and alterations in epidermal growth.

As demonstrated herein, keratinocytes produce IL-8
in response to IL-1 , and TNF-a, and both these cytok-
ines may have relevance of epidermal inflammation since
both may be produced by keratinocytes. Furthermore,
dermal dendrocytes, a population of dermal dendritic
cells situated along the dermo-epidermal junction and
epidermal Langerhan's cells have been shown to contain
immunohistochemically detectable TNF-a in psoriasis.18
If the dermal dendrocytes and Langerhan's cells were
activated in psoriatic lesions,17 these cells could produce
TNF-a and thereby induce the adjacent keratinocytes to
produce IL-8. The keratinocyte derived IL-8 could then
provide the appropriate T cell and neutrophil chemotac-
tic activity for the intraepidermal recruitment of these leu-
kocytes, which have been linked to the pathophysiology
of psoriasis.
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