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IL-10 is a pleiotropic cytokine that inhibits several immune parameters, including Th1 cell-mediated
immune responses, antigen presentation, and antigen-specific T cell proliferation. Recent data impli-
cate IL-10 as a mediator of suppression of cell-mediated immunity induced by exposure to UVB radia-
tion (280-320 nm). To investigate the effects of IL-10 on the cutaneous immune system, we engineered
transgenic mice that overexpress viral IL-10 (VIL-10) in the epidermis. vIL-10 transgenic mice demon-
strated a reduced number of I-A* epidermal and dermal cells and fewer I-A* hapten-bearing cells in
regional lymph nodes after hapten painting of the skin. Reduced CD80 and CD86 expression by I-A*
epidermal cells was also observed. vIL-10 transgenic mice demonstrated a smaller delayed-type hyper-
sensitivity response to allogeneic cells upon challenge but had normal contact hypersensitivity to an
epicutaneously applied hapten. Fresh epidermal cells from vIL-10 transgenic mice showed a decreased
ability to stimulate allogeneic T cell proliferation, as did splenocytes. Additionally, chronic exposure of
mice to UVB radiation led to the development of fewer skin tumors in vIL-10 mice than in WT controls,
and vIL-10 transgenic mice had increased splenic NK cell activity against YAC-1targets. These findings
support the concept that IL-10 is an important regulator of cutaneous immune function.

J. Clin. Invest. 111:1923-1931 (2003). d0i:10.1172/JCI200315722.

Introduction

The effect of IL-10 on modulation of the cutaneous
immune system has been studied in several systems,
including delayed-type hypersensitivity (DTH), contact
hypersensitivity (CHS), and allograft transplantation.
IL-10 negatively regulates a variety of immune respons-
es (1,2) and acts, at least in part, by altering APC func-
tion. IL-10 was originally identified as a Th2 cell product
that inhibited Th1 cell clones by downregulating IFN-y
and IL-2 expression (3). It also downregulates MHC class
IT antigen expression by monocytes and inhibits antigen
presentation by several types of APC, including epider-
mal Langerhans cells (LCs) (4, 5). IL-10 also inhibits the
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production of cytokines such as IL-1,1L-6, IL-8, TNF-,
GM-CSF, G-CSF, and IL-12 (6-9). IL-10 has growth fac-
tor activity for several cell types, including thymocytes,
some T cells, mast cells, and B cells (10). The capacity of
IL-10 to suppress the efferent phase of DTH and CHS
supports an important role for this cytokine in the reg-
ulation of type IV immune reactions (3, 11).

Viral IL-10 (vIL-10), a product encoded by EBV
(human herpes virus 4), is highly homologous to both
murine and human IL-10 in cDNA sequence. The
human IL-10 and vIL-10 mature-protein sequences are
84% identical, with most of their divergence found in
the NH,-terminal 20 amino acids (12-14), especially in
the coding region of the mature protein (13). The pro-
tein product of vVIL-10 shares many biologic properties
with both murine and human IL-10 (14). It has
immunosuppressive effects that are mediated by inhi-
bition of cytokine synthesis (IL-2 and IFN-y) by human
PBMCs (1,7, 15), and it strongly reduces antigen-spe-
cific human T cell proliferation by diminishing the
antigen-presenting capacity of monocytes via down-
regulation of MHC class II expression (6). However,
vIL-10 does not possess the T cell costimulatory activ-
ities of mammalian cellular IL-10, and it induces
increased expression of class II MHC molecules on
murine B cells (6, 16, 17). vIL-10 also inhibits collagen-
induced arthritis in mice (18, 19). These results suggest
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that vIL-10 could be a useful cytokine for blunting the
immune response, potentially in the setting of cuta-
neous autoimmune disease.

To examine the effects of increased IL-10 production
within the skin, we generated transgenic mice that
overexpress vIL-10 in the epidermis.

Methods

Construction of transgenic mice. We produced transgenic
mice that express vIL-10 in the basal layer of the epider-
mis, by using the K14/human growth hormone (hgH)
expression vector to produce a K14/vIL-10 construct. A
600-bp vIL-10 cDNA was cloned into the unique BamHI
site of the K14/hgH expression vector. Transgenic mice
were produced by standard methods at the Brigham
and Women’s Hospital Core Transgenic Mouse Facility
(Boston, Massachusetts, USA). The construct was inject-
ed into pronuclei of fertilized eggs from WT female FVB
mice to generate vIL-10 transgenic mice (vIL-10Tg). To
screen the offspring for the presence of the transgene,
PCR typing of mouse tail DNA using a set of K14/IL-10
primer (3'-TTGACGTATCTTCGTATGTACTAC-5', 5'-CAT-
CACCCACAGGCTAGCGCCAAC-3") was performed. Posi-
tive offspring were selected and bred. Homozygous mice
were selected through mating between heterozygous
siblings. Southern blotting analysis was used to distin-
guish homozygous from heterozygous or WT animals.
All experiments were performed with vIL-10Tg FVB
mice and control WT FVB mice.

RT-PCR. Epidermal cells (ECs) were prepared from WT
FVB mice and vIL-10Tg mice using a standard protocol
(20). Briefly, truncal skins of shaved and chemically
depilated mice (Neet; Whitehall Laboratories, New York,
New York, USA) were obtained, and subcutaneous fat
and panniculus carnosus were removed by blunt dissec-
tion. The skins were floated dermis-side-down on 0.5
U/ml dispase and 0.4% trypsin in PBS for 50 minutes at
37°C. Epidermal sheets were collected and dissociated by
gentle stirring for 20 minutes. The resulting ECs were fil-
tered through a 40-um nylon cell strainer (Becton Dick-
inson Labware, Franklin Lakes, New Jersey, USA). Total
cellular RNA was isolated from ECs using a total RNA
extraction kit (QIAGEN Inc., Valencia, California, USA).
To remove any contaminating DNA, RNA was treated
with RNase-free DNase at room temperature for 30 min-
utes (QIAGEN Inc.) and was quantified spectophoto-
metrically. Ten nanograms of DNase-treated RNA was
used to synthesize cDNA by random-primer reverse tran-
scriptase (Perkin-Elmer Corp., Norwalk, Connecticut,
USA). The ¢cDNA was amplified using two specific
primers for the vIL-10 gene: 5'-CATCATGTATGCTTCTAT
GCAGTT-3' (upstream) and 5'-CCTGGCTCAGCACTGCT
ATGCTGC-3' (downstream). Thirty PCR cycles using a
thermocycler (Pekin-Elmer Corp.) yielded a 540-bp frag-
ment. GAPDH was amplified from the same cDNA in a
separate reaction using the same PCR cycle settings.

Conditioning of supernatants with ECs. ECs were pre-
pared from WT FVB mice and vIL-10Tg mice (20). ECs
were cultured in RPMI 1640 supplemented with 10%

heat-inactivated FCS, 100 units/ml penicillin, 100
mg/ml streptomycin, 0.1 mM essential and nonessen-
tial amino acids, 2 mM L-glutamine, 1 mM sodium
pyruvate, and 0.01 M HEPES buffer (“complete medi-
um”). For conditioning of supernatants, ECs were cul-
tured at a concentration of 1.5 x 10° cells/ml, and
supernatants were collected 48 hours after culture.
Preparation of serum. Blood was obtained from lethally
anesthetized animals and allowed to clot at 4°C. Serum
was collected after centrifugation at 1,000 g for 5 minutes.
Quantitation of vIL-10 by ELISA. VIL-10 levels in mouse
serum and supernatant from fresh EC cultures were
measured using a sandwich ELISA with an anti-vIL-10
mADb (Pharmingen, San Diego, California, USA). This
antibody has significant cross-reactivity with human
IL-10 and, in our experiments, appeared to have some
cross-reactivity with murine IL-10 also. Briefly,
microtiter plates were coated with 50 ul purified
anti-vIL-10 mAb’s (4 ug/ml) overnight at 4°C, then
washed three times with PBS containing 0.05% Tween-20
and blocked overnight at 4°C with 4% BSA in PBS. After
washing of the plate four times, 100 ul of standards and
test samples were incubated in triplicate for 4 hours at
room temperature. Plates were then washed, and 100 ul
of biotinylated rat anti-vIL-10 detection antibody was
added at a final concentration of 2 ug/ml followed by
incubation for 1 hour at room temperature. After wash-
ing with PBS, wells were further incubated with a
1:2,000 dilution of avidin-HRP (Vector Laboratories
Inc., Burlingame, California, USA) for 30 minutes, fol-
lowed by extensive washing. Finally, 100 ul/well of ABTS
substrate was added [0.03% of 2,2"-azino-bis-(3-ethyl-
benzothiazoline-6-sulfonic acid) (Sigma-Aldrich, St.
Louis, Missouri, USA) in 0.1 M anhydrous citric acid
(Fisher Scientific Co., Pittsburgh, Pennsylvania, USA)
dissolved in ddH,O at pH 4.35, with 100 ul of 3% H,O,
added to 11 ml of this solution prior to use], and incu-
bation was performed at room temperature for 30 min-
utes. The reaction was stopped by the addition of 50 ul
of 0.5N H,SOj4 to each well. Absorbency was read at 405
nm with a VERSAmax microplate reader (Molecular
Devices Corp., Menlo Park, California, USA).
Immunobistochemical staining for I-A4. Truncal skin was
removed from FVB WT and vIL-10Tg mice, and frozen
sections were prepared according to a standard proto-
col. Slides were defrosted, washed twice with PBS, and
then incubated in PBS buffer containing 1% BSA, NP-40,
and peroxidase for 2 minutes, followed by incubation in
PBS buffer containing 1% BSA and 0.1% NP-40 for 10
minutes. One hundred microliters of biotin-conjugat-
ed mouse anti-mouse I-A9 mAb (Pharmingen) at 1:100
dilution was placed onto the slides, followed by incuba-
tion for 1 hour at room temperature. An irrelevant
biotin-conjugated mouse mAb was used as an isotype
control. After washing of the slides with PBS five times,
they were incubated with streptavidin-HRP at 1:500
dilution in 50 mM Tris buffer (pH 7.4) at room temper-
ature for 30 minutes. After washing with Tris buffer
three times, 400 ul of 3,3'-diaminobenzidine solution
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was added for a 5-minute incubation. After the color
developed, the slides were rinsed with water three times
and counterstained with hematoxylin. I-A9* cells were
counted in a coded fashion using an ocular grid and are
expressed as cells/mm? (mean + SEM; n = 4).

Flow cytometry. ECs were prepared from WT FVB mice
and vIL-10Tg mice. To determine the I-Ad-positivity of
LCs, purified anti-mouse I-A9 and isotype-matched
control antibody (Pharmingen) were incubated with
ECs on ice for 30 minutes, followed by incubation with
FITC-conjugated anti-mouse IgG2a. For examination
of CD80 and CD86 expression, double staining was
achieved by incubation of phycoerythrin-conjugated
(PE-conjugated) anti-mouse CD80 or anti-mouse
CD86 with ECs after staining with FITC-I-Ad. Then
FACScan analysis was performed (Becton Dickinson
Immunocytometry Systems, San Jose, California, USA).

DTH assay. Spleens were harvested from naive allo-
geneic mice (CAF;, H-2%4), and a suspension of cells was
prepared by mechanical disaggregation. Cells were fil-
tered through nylon gauze, and erythrocytes were lysed
with 0.15 M ammonium chloride. Splenocytes were then
washed three times with PBS. Splenocytes (1.5 x 107 in
0.1 ml) were injected subcutaneously into each flank of
each vIL-10Tg or WT mouse. Six days after immuniza-
tion, these mice were challenged by subcutaneous injec-
tion of the left hind footpad with 2 x 108 CAF; spleno-
cytes in 50 pl PBS. Two groups of naive mice (vVIL-10Tg
and WT) were challenged in the same way and served as
control groups. Footpad swelling was measured after 24
hours using an engineer’s micrometer (Mitutoyo Corp.,
Tokyo, Japan), and swelling responses were calculated as
the thickness of the challenged left footpad minus the
thickness of the untreated right footpad.

CHS assay. vIL-10Tg and WT mice were immunized
with either 25 ul of 0.5% dinitrofluorobenzene (DNFB)
or 5% oxazolone (Sigma-Aldrich) in acetone/sesame oil
(4:1) on the clipped lower dorsum. Six days later, these
mice and groups of nonimmunized mice (negative con-
trol) were challenged by painting of 5 ul of either 0.2%
DNFB or 1% oxazolone onto each side of each ear after
measurement of base-line ear thickness with an engi-
neer’s micrometer (Mitutoyo Corp.). Ear thickness was
measured again at 24 and 48 hours after challenge, and
ear swelling was assessed as a measure of CHS.

Mixed EC-lymphocyte reaction. Two hundred thousand
nylon wool-enriched allogeneic splenic T cells
(C3H/heJ, H-2k) were cocultured with various num-
bers of freshly prepared x-irradiated (2.9 Gy) ECs from
vIL-10Tg and WT mice (H-29). The cells were cocul-
tured in RPMI (Cellgro; Mediatech Inc., Herndon, Vir-
ginia, USA) supplemented with 10% FCS, 10 mM
HEPES buffer, 5 ug/ml indomethacin (Sigma-
Aldrich), and 2.5 x 105 M 2-mercaptoethanol at 37°C
in round-bottomed 96-well plates. Six days after cocul-
ture, all wells were pulsed with 1 uCi of 3H-thymidine
for an additional 18 hours of culture. Then cells were
harvested, and 3H-thymidine incorporation was meas-
ured by pB-scintillation counting.

Mixed lymphocyte reaction. Two thousand allogeneic
splenocytes (BALB/c, H-24) were cocultured with vari-
ous numbers of x-irradiated (2.9 Gy) splenocytes from
vIL-10Tg mice or WT mice (H-29). The cells were cocul-
tured in RPMI (Cellgro; Mediatech Inc.) supplemented
with 10% FCS, 10 mM HEPES bulffer, 5 ug/ml indo-
methacin (Sigma-Aldrich), and 2.5 x 10~ M 2-mercap-
toethanol at 37°C in round-bottomed 96-well plates. Six
days after coculture, all wells were pulsed with 1 uCi of
SH-thymidine for an additional 18 hours of culture.
Then cells were harvested, and 3H-thymidine incorpo-
ration was measured by B-scintillation counting.

LC migration assay. Groups of vIL-10Tg and WT mice
were painted on the clipped thorax and abdomen with
400 wl of 0.5% FITC in 1:1 acetone/dibutyl phthalate.
Mice were sacrificed 24 hours later, and their inguinal
and axillary lymph nodes were excised and pooled. The
lymph nodes were gently disrupted to yield a suspension
of cells and filtered through 70-uM nylon mesh. To
enrich for DCs, lymph node cells were adjusted to 5 x 106
cells/ml, and then 6 ml of the cell suspension was gently
underlaid with 3 ml of 14.5% metrizamide (Spectrum
Quality Products Inc., New Brunswick, New Jersey, USA),
followed by centrifugation at 300 g for 20 minutes. The
low-buoyant-density population of cells (DCs) at the
interface were collected, washed twice with RPMI con-
taining 10% FCS, and then resuspended in PBS contain-
ing 0.02% sodium azide and 1% FCS. Immunostaining
was performed by incubation of DCs with purified
anti-mouse I-Ad (Pharmingen) for 30 minutes on ice, fol-
lowed by washing and staining with PE-labeled anti-
mouse IgG2a (Pharmingen) and analysis by FACScan
(Beckman Coulter Inc., Hialeah, Florida, USA).

EDTA separation and ATPase staining of LCs in the mouse
epidermis. ATPase staining of LCs was performed by the
method of Baker and Habowsky (21). Briefly, hair was
removed from skin specimens by plucking, and subcu-
taneous fat and panniculus carnosus were removed by
blunt dissection. Skin samples 4 mm? in area were placed
dermis-side-up onto the adhesive surface of white tape.
Specimens were then transferred dermis-side-down to 20
mM Na,-EDTA in PBS containing 1% phenol red and
were incubated for 3 hours. Epidermal sheets were sepa-
rated from the dermis with forceps and rinsed in PBS
supplemented with 0.25 ml of 5% MgSO,. EDTA-sepa-
rated epidermis was stained for ATPase activity using the
following buffers: (a) Trismal buffer (6.84% sucrose), pH
7.3, for 20 minutes (three changes) at 4°C; (b) cacodylate-
buffered 2% formaldehyde, pH 7.3, for 20 minutes at
4°C; (c) Trismal buffer (6.84% sucrose), pH 7.3, for 20
minutes (two changes) at 4°C; (d) ATP-Pb staining solu-
tion containing 10 mg ATP-Na, (vanadium-free; Sigma-
Aldrich), 5 ml 5% MgSOy, 3 ml 2% Pb(NO3),, and 42 ml
Trismal buffer (8.55% sucrose), pH 7.3, for 15 minutes at
37°C; (e) Trismal buffer (6.84% sucrose), pH 7.3, for 20
minutes (two changes) at 4°C; (f) 1% solution of 22.3%
ammonium sulfide for 20 minutes at 4°C; and (g) Tris-
mal buffer (6.84% sucrose), pH 7.3, for 10 minutes (two
changes) at 4°C. After staining, epidermal sheets were
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mounted dermis-side-up in glycerin/PBS (9:1) and sealed
with paraffin. ATPase* cells were counted using an ocu-
lar grid and are expressed as cells/mm? (mean + SEM;
n = 4 for transgenic mice and n = 3 for WT mice).

UVB radiation—induced carcinogenesis. WT and vIL-10Tg
mice (20 mice per group) were exposed to 2.16 kJ/m? of
UVB radiation from FS40 sunlamps three times per
week for 27 weeks. Mice were examined weekly for the
development of skin tumors. Tumors that enlarged
progressively were scored as malignant with onset on
the date they were first noted.

NK cell activity. Splenocytes (effector cells) were isolated
from WT mice and vIL-10Tg mice by mechanical disso-
ciation and lysing of erythrocytes. YAC-1 cells (American
Type Culture Collection, Rockville, Maryland, USA), a
mouse lymphoma line sensitive to the cytotoxic activity
of NK cells, were used as targets. YAC-1 cells were main-
tained in RPMI (Cellgro; Mediatech Inc.) supplemented
with 10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/l glu-
cose, 1.5 g/l sodium bicarbonate, and 10% FCS (Gemini
BioProducts, Woodland, California, USA). Lactic dehy-
drogenase (LDH) release assay was used for measuring
NK cell activity. Splenocytes and YAC-1 cells were washed
three times in medium 199 (GIBCO BRL; Life Technolo-
gies Inc., Grand Island, New York, USA) containing 25
mM HEPES buffer, 50 ug/ml gentamicin, and 2% BSA,
without phenol red (199-albumin medium). To remove
the LDH that is present in FBS, YAC-1 cells were washed
three times prior to use and diluted to 2 x 104, 1 x 104,
5x10% 2.5 x 105, and 1.25 x 10° viable cells/ml; spleno-
cytes were diluted to a concentration of 3 x 107 cells/ml.
One-tenth milliliter of target cells (YAC-1) and one-tenth
milliliter of effector cells (splenocytes) were added to each
well of round-bottomed 96-well microtiter plates in trip-
licate. Then the plates were centrifuged at 45 g for 5 min-
utes and incubated at 37°C in 5% CO; for 4 hours. After
4 hours of incubation, 0.05 ml of cold 199-albumin
medium was added to each well, the plate was centrifuged
at 250 gfor 5 minutes, and 0.1-ml aliquots of supernatant

a

Figure 1

ECs from vIL-10Tg mice express mRNA for vIL-10 and
secrete vIL-10 protein. (a) RT-PCR. Lane 1, DNA
standard; lane 2, WT mice; lane 3, heterozygote

Concentration of IL-10 (pg/ml)

were transferred to the corresponding wells of an opti-
cally clear flat-bottomed microtiter plate. Next, 0.1 ml of
LDH substrate [5.4 x 102 M L(+) lactate, 6.6 x 104 M
2-p-iodophenyl-3-p-nitrophenyl tetrazolium chloride,
2.8 x 10~* M phenazine methosulfate, and 1.3 x 103 M
NAD in 0.2 M Tris buffer, pH 8.2] was added to each well.
A microtiter plate reader (Molecular Devices Corp., Sun-
nyvale, California, USA) was used to monitor the
absorbency at 490 nm. Percentage cytotoxicity was cal-
culated using the formula

Equation 1

E-S-e
M-S

%C = x 100

where E is the experimental release of LDH activity
from target cells (YAC-1) incubated in the presence of
effector cells (lymphocytes), S is the spontaneous
release of LDH activity from target cells (YAC-1) incu-
bated in the absence of lymphocytes, e is the sponta-
neous release of LDH activity from effector cells (Ilym-
phocytes), and M is the maximal release of LDH activity
determined by lysing of variable concentrations of tar-
get cells with 1% Triton X-100.

Statistical evaluation. The significance of differences
between groups was assessed by Student’s two-tailed ¢
test for unpaired samples, except for the tumor-growth
experiment, in which Kaplan-Meier analysis was
employed with the log-rank test, and the analysis of NK
cell activity, in which the repeated-measures ANOVA test
was used. A Pvalue of = 0.05 was considered significant.

Results

ECs from vIL-10Tg mice express mRNA for vIL-10 and secrete
vIL-10 protein. ECs were prepared from vIL-10Tg and WT
FVB mice, total cellular RNA was isolated, and RT-PCR
was performed using specific vIL-10 primers. As shown
in Figure 1a, no expression of vIL-10 mRNA could be
detected in WT mice; mice heterozygous for vIL-10

/=

++ +/+ C

+—  ++ H+ ++

(540 bp)
— vIL-10

— GAPDH

transgenic mouse; lanes 4-8, homozygote transgenic 807

mice; lane 9, RNA/PCR without RT. (b) vIL-10 in 1

supernatants from fresh EC cultures and serum was 60 1

measured by ELISA. (¢) vIL-10 could be detected in

serum from vIL-10Tg mice. n = 5, both groups. Error 40+

bars represent + SE. (b) P < 0.0005, vIL-10Tg vs. WT; viL-10Tg  WT viL-10Tg WT
(c) P=10.0005, vIL-10Tg vs. WT. ECs Serum
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showed expression of alow level of vIL-10 mRNA, while
homozygotes expressed high levels of vIL-10 mRNA.

To determine whether vIL-10Tg mice produce vIL-10
protein, we analyzed serum vIL-10 levels and EC-condi-
tioned supernatants from WT and transgenic mice
using a sandwich ELISA. The assay cross-reacted some-
what with murine IL-10. Nonetheless, the production
of vIL-10 is demonstrated by the finding that the ELISA
detected significantly more IL-10 in the supernatants
conditioned by ECs from transgenic mice compared
with WT mice (Figure 1b). Similarly, significantly
increased levels of IL-10 were detected in the serum of
transgenic mice compared with WT mice (Figure 1c).

The number of I-A* cells is reduced in the epidermis and der-
mis of vIL-10Tg mice and expression of I-A is suppressed, but a
normal number of ATPase cells is present in vIL-10Tg mice.
ECs were prepared from WT FVB mice and vIL-10Tg
mice, stained with I-A4 mAb, and then analyzed by
FACS. As shown in Figure 2a, a significant decrease in
the proportion of cells that expressed abundant I-Ad
was observed in vIL-10Tg mice (2.01%) compared with
WT mice (4.49%). Figure 2b shows the average percent-
age of I-A* cells in a group of ten mice of each type. The
intensity of expression of I-A was also decreased in ECs
from the transgenic mice (Figure 2c).

Immunohistochemical staining of frozen sections of
skin for I-Ad showed a clear decrease in the number of
I-A* cells in the dermis of vIL-10Tg mice (Figure 2d).
I-A* cells were enumerated in a coded fashion by micro-
scopy using an ocular grid; the number of cells/mm?
in WT specimens was 142.9 + 27.1 (SEM), compared
with 46.2 + 6.8 in vIL-10Tg specimens (P=0.018,n =4
for each group).

To determine whether overexpression of the vIL-10
gene altered the density of epidermal LCs or only
reduced I-A expression, epidermal sheets were obtained
from vIL-10Tg mice and WT mice and stained for
ATPase. The density of ATPase* cells found in the epi-
dermis of vIL-10Tg mice (1,205 + 86 [SEM] cells/mm?)
was similar to that observed in WT mice (1,203 + 99
cells/mm?) (Figure 2e).

The proportion of I-A* cells was not changed in the
spleen according to FACS analysis.

Fewer numbers of hapten-bearing cells are detected in drain-
ing lymph nodes of vIL-10Tg mice, compared with WT controls,
after hapten painting. Groups of vIL-10Tg mice and WT
mice were skin-painted with FITC. Eighteen hours later,
the draining lymph nodes were collected and suspen-
sions of lymph node cells were prepared. A fraction
enriched for DCs was obtained by separation on a
metrizamide gradient and then immunolabeled with
purified anti-I-Ad followed by staining with PE-conju-
gated anti-IgG2a (Figure 3a). The proportion of I-A*,
FITC-bearing cells in the draining lymph nodes was
lower in vIL-10Tg mice (18%) than in WT mice (26.1%).
Figure 3a shows data from a single transgenic and a sin-
gle WT mouse. Figure 3b shows the average number of
I-A* FITC-bearing cells in a group of seven mice of each
type. The difference observed was significant (P = 0.006).

Levels of expression of the costimulatory molecules CD80
and CD86 are reduced in I-A* ECs from vIL-10Tg mice. ECs
were prepared from vIL-10Tg and WT mice, double-
stained with PE-labeled monoclonal anti-CD80 or
-CD86 and FITC-labeled anti-I-A, and analyzed by
FACS. The results showed significantly decreased
expression of CD80 and CD86 in vIL-10Tg mice com-
pared with WT animals after culture for 72 hours in
vitro (Figure 4, a and b).

ECs and splenocytes from vIL-10Tg mice have a decreased abil-
ity to stimulate allogeneic T cell proliferation. As discussed
above, ECs from transgenic mice secrete increased vIL-10
in vitro. To examine whether this vIL-10 affected the
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Figure 2

I-A* expression is reduced in the epidermis and dermis of vIL-10Tg,
although a normal proportion of ATPase* cells is present. (a) FACS
analysis of I-A* ECs from a single transgenic and a single WT mouse.
(b) Comparison of mean percentage of I-Ad* cells from groups of ten
WT mice and ten vIL-10Tg mice. P = 0.0001. (c) Mean intensity of
I-Ad expression of vIL-10Tg mice and WT mice. n = 5, both groups;
P=10.0124. (d) Frozen sections of truncal skin from vIL-10Tg and WT
mice were prepared, and staining for I-Adwas carried out. Decreased
numbers of I-Ad cells were seen in the dermis of vIL-10Tg mice. (e)
Normal numbers of ATPase* cells are present in vIL-10Tg mice. Epi-
dermal sheets were prepared from the dorsum of vIL-10Tg mice and
WT mice and stained for ATPase activity.
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+ SEM. P=0.006, vIL-10Tg vs. WT.

ability of ECs to stimulate allogeneic T cell prolifera-
tion, we assessed the ability of ECs from transgenic and
WT mice to present alloantigens to allogeneic T cells
in the mixed EC-lymphocyte reaction. As shown in Fig-
ure 5a, ECs from vIL-10Tg mice had significantly
reduced alloantigen-presenting ability compared with
ECs from WT mice. We also assessed the ability of
splenocytes from transgenic and WT mice to present
alloantigens to T cells in the one-way mixed lympho-
cyte reaction. As shown in Figure Sb, splenocytes from
vIL-10Tg mice had reduced alloantigen-presenting
capability compared with lymphocytes from WT mice.

Expression of CD80 and CD86 by splenocytes was
examined by FACS analysis. A statistically significant
decrease in the proportion of CD80 and CD86 cells was
observed in the transgenic mice (data not shown). How-
ever, the magnitude of the difference was extremely small.

DTH but not CHS is decreased in vIL-10Tg mice. To exam-
ine DTH, vIL-10Tg and WT mice were immunized with
splenocytes from allogeneic mice and, 6 days later, were
challenged in the left hind footpad. Negative control
mice from each group were not immunized but were
challenged. Twenty-four-hour footpad swelling was
assessed as a measure of DTH. vIL-10Tg mice had a sig-
nificantly decreased DTH response compared with WT
control mice (Figure 6).

To examine CHS, vIL-10Tg and WT mice were sensi-
tized by painting of DNFB onto the clipped dorsum
and, 6 days later, were challenged by painting of DNFB
onto the ears. Negative control mice from each group
were not immunized but were challenged. Twenty-four-
hour ear swelling was assessed as a measure of CHS. In
contrast to the results seen in the DTH assay, ear
swelling was not suppressed significantly in vIL-10Tg
mice (data not shown).

vIL-10Tg mice develop fewer skin tumors in response to
chronic UVB irvadiation. vIL-10Tg and WT mice were
chronically exposed to UVB radiation as described in

Methods and observed for skin cancer development.
vIL-10Tg mice developed significantly fewer tumors
than WT mice (Figure 7).

Splenic NK cells from vIL-10Tg mice demonstrate enbanced
cytotoxic activity compared with splenic NK cells from WT mice.
To examine the effect of vIL-10 production on NK cell
activity in vivo, splenocytes from vIL-10 and WT mice
were cocultured with YAC-1 cells for 4 hours. Splenocytes
from vIL-10Tg mice exhibited enhanced NK cell activity
compared with cells from WT mice (P = 0.01; Figure 8).

Discussion

IL-10 is of considerable interest because of its potent
immunomodulatory properties and presumptive
physiologic immunoregulation. Many studies have
demonstrated a role for this cytokine in modulating
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Figure 4

Cultured ECs from vIL-10Tg mice have decreased expression of CD80
and CD86. Fresh ECs were prepared from both vIL-10Tg and WT
mice, cultured for 72 hours in vitro, and then stained with PE-labeled
anti-CD80 or anti-CD86. The mean fluorescence intensity of CD80
(a) and CD86 (b) was assessed. n = 5. (a) P =0.0008, vIL-10Tg vs.
WT. (b) P=0.03, vIL-10Tg vs. WT.
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the balance of immunity versus tolerance to antigens
encountered on or in the skin. IL-10 has also been
found to play an important role in the immunosup-
pressive effects of exposure to UVB radiation (22-27).
Therefore, we engineered transgenic mice that overex-
press vIL-10 in the murine epidermis to further study
the effects of this molecule in vivo.

Since IL-10 has effects on APCs, we examined the num-
bers of I-A* cells in the epidermis and dermis of trans-
genic animals and compared them to the values found
in WT mice. As discussed above, the proportion of I-A*
cells in the epidermis and the number of I-A* cells in the
dermis were found to be significantly reduced in trans-
genic mice. Furthermore, I-A* ECs from transgenic mice
had a mean florescence intensity substantially below
that observed in WT cells. This is reminiscent of a report
that both cellular IL-10 and vIL-10 reduce MHC class IT
molecule expression on human monocytes (6). Interest-
ingly, the density of ATPase" cells in epidermal sheets
appeared to be normal in vIL-10Tg mice, suggesting that
they may have a normal number of LCs but that expres-
sion of I-A is absent or severely reduced. Additionally, we

Figure 6

A decreased DTH response was observed in vIL-10Tg mice. WT mice
(groups Aand C) and vIL-10Tg mice (groups B and D) were examined.
Groups of vIL-10Tg and WT mice were injected subcutaneously with
splenocytes from naive allogeneic CAF; mice (groups C and D) or
were not immunized (groups A and B, negative control groups). Six
days after immunization, all mice were challenged by subcutaneous
injection of the left hind footpad with CAF; splenocytes and 24-hour
footpad swelling was assessed as a measure of DTH response. Error
bars represent + SEM. P=0.007, Cvs. D; P=NS, Avs. B.

Figure 5

ECs and splenocytes from vIL-10Tg mice have decreased ability to
stimulate allogeneic T cell proliferation. (a) Various numbers of ECs
(stimulators; S) were prepared from vIL-10Tg mice and WT mice.
These cells were cocultured with 2 x 105 nylon wool-purified allogene-
ic (BALB/c) T cells (responders; R). Control ECs and T cells were cul-
tured alone. T cell proliferation was measured by 3H-thymidine uptake.
Data are expressed as the mean cpm of triplicate cultures + SEM. (b)
Various numbers of splenocytes (stimulators; S) were prepared from
vIL-10Tg mice and WT mice and x-irradiated. These cells were cocul-
tured with 2 x 10° allogeneic (BALB/c) splenocytes (responders; R).
Stimulators and responders were cultured alone as controls. T cell
proliferation was measured by 3H-thymidine uptake. Data are
expressed as the mean cpm of triplicate cultures + SEM.

found that expression of the costimulatory molecules
CD80 and CD86 was greatly reduced on LCs from trans-
genic mice compared with WT mice after culture in
vitro. This is of particular interest since these molecules
play a crucial role in the activity of APCs. CD80 and
CD86 differentially activate Th1/Th2 developmental
pathways (28), and these molecules are expressed by epi-
dermal LCs after culture or activation (29, 30). IL-10
reduces the expression of costimulatory molecules by
APCs, including macrophages and DCs (29, 31). With
respect to LCs, IL-10 inhibits the expression of both
CD80 and CD86 (30, 32). In this regard, it is of interest
that our experiments found that ECs from vIL-10Tg
mice had a substantially decreased ability to stimulate
allogeneic T cell proliferation in the mixed EC-lympho-
cyte reaction compared with ECs from WT control ani-
mals. There have been conflicting reports on the ability
of IL-10 treatment of stimulator cells to inhibit this
assay (3, 33); however, in this transgenic system a sup-
pressed ability to stimulate was seen consistently. Our
observation that DTH was reduced in vIL-10Tg mice but
that CHS responses were normal is also of considerable
interest. These findings support eatlier studies suggest-
ing that IL-10 mediates the suppressive effects of UVB
radiation on induction of DTH, while TNF-a mediates
the UVB radiation-induced suppression of CHS (27).
Indeed, in gene-targeted, IL-10-deficient mice, UVB
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radiation inhibits the induction of CHS but has no effect
on induction of DTH (22). Also, intraperitoneal admin-
istration of murine IL-10 suppresses the induction of
DTH but not the induction of CHS (11). As a whole,
these data support the concept that DTH and CHS are
regulated by different mechanisms in vivo.

It has been hypothesized that one of the mechanisms
by which UV radiation induces skin cancers is suppres-
sion of the normal immune response against neo-
plasms. If this is true, and IL-10 mediates suppression
of a normal immune response against an incipient
tumor, then vIL-10Tg mice may be more susceptible to
cutaneous carcinogenesis. Since circumstantial evi-
dence implicates IL-10 as a mediator of UVB radia-
tion-induced immunosuppression, we hypothesized
that vIL-10Tg mice would be more susceptible to UVB
radiation-induced cutaneous carcinogenesis. Howev-
er, our data indicated that chronically UVB-irradiated
vIL-10Tg mice have a lower yield of tumors compared
with WT animals. This was especially surprising given
the report that a murine melanoma cell line engineered
to secrete vIL-10 had enhanced tumor growth after
inoculation into mice, while cells transduced with
murine IL-10 had suppressed tumor growth (34). Sim-
ilarly, myeloid DCs engineered to secrete vIL-10, when
mixed with a sarcoma cell line and inoculated intra-
dermally into syngeneic or allogenic mice, had
enhanced tumor growth in both syngeneic and allo-
genic hosts. Transduction of myeloid DCs with murine
IL-10, however, inhibited tumor development in this
assay (35). On the other hand, introduction of vIL-10
genes into Burkitt lymphoma cells markedly reduced
their ability to grow as subcutaneous tumors in SCID
mice (36); the same study also demonstrated that
vIL-10 reduced VEGF-165-induced neovascularization.
The reasons for these discordant results are speculative
at this time. The continual production of vIL-10 in the

transgenic mice may induce receptor modulation or
other downstream events that result in a different
response from that seen in these other studies. Alter-
natively, the concentration of vIL-10 produced in vivo
in these animals might be quite different from that
seen in other models.

In order to explain these findings, we examined the
angiogenic response, induction of CTL activity, and
NK cell activity in vIL-10Tg and WT mice. To exam-
ine angiogenesis, we implanted 10-mm-diameter
polyvinyl acetate sponges subcutaneously into five
vIL-10Tg and five WT mice. Twenty days later, the
sponges were removed and vessel formation was
assessed histologically. No significant difference in
vessel formation was observed (data not shown). To
examine specific CTL induction, vIL-10Tg and WT
mice were immunized in vivo by subcutaneous injec-
tion with nucleated spleen cells from allogeneic
(BALB/c) mice. Spleen cells from immunized mice
were restimulated in vitro with spleen cells from
BALB/c mice for 5 days and then used in a 4-hour
cytotoxicity assay with BALB/c concanavalin A lym-
phoblasts as targets. No significant difference in CTL
activity between vIL-10Tg and WT mice was observed
(data not shown). However, as described above,
vIL-10Tg mice showed significantly enhanced NK cell
activity compared with WT mice. This provides one
possible explanation for our finding. Cellular IL-10 is
known to augment NK cell activity and does so syner-
gistically in combination with IL-18 (37, 38); however,
when cellular IL-10 or vIL-10 was transfected into
myeloid DCs that were used to generate NK effector
cells in vitro, cellular IL-10 transfectants promoted
increased NK cell activity while vIL-10 transfection
did not yield a significant effect (35). Nonetheless,
augmented NK cell activity was clearly evident in the
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Splenocytes from vIL-10Tg mice demonstrate enhanced NK cell activ-
ity compared with splenocytes from WT mice. Varying numbers of
splenocytes (effector cells) from vIL-10Tg and WT mice were incu-
bated with YAC-1 cells (target cells) for 4 hours in round-bottomed
96-well plates. Cells from vIL-10Tg mice exhibited significantly greater

NK cell activity than cells from WT mice (P=0.01).
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vIL-10Tg mice. Overall, the data from the transgenic
mice strongly indicate that vIL-10 may actually be
inhibitory to the formation of skin tumors in
response to UVB radiation.

In summary, our experiments have confirmed in a
transgenic system that IL-10 inhibits a number of
cutaneous immune functions. In combination with
earlier observations by ourselves and others, these
data support the concept that CHS and DTH are reg-
ulated differently and confirm the role of IL-10 in
inhibiting DTH responses. Also, as a whole, these
immunosuppressive effects support the idea that evo-
lution has selected for expression of vIL-10 by certain
viruses as part of a protective mechanism to inhibit
immune-mediated attack by the host against virally
infected cells. These results also suggest the possibil-
ity that IL-10 might have therapeutic applications in
cutaneous immune-mediated diseases.
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