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Splenic Adherent Cells'

Stephen E. Ullrich2
Department of Immunology, The University of Texas, M. D. Anderson Cancer Center, Houston, Texas 77030
Exposure to UVradiation suppresses tumor rejection and delayed-in-time hypersensitivity reactions and depresses
splenic APC function. Because almost all of the U V radiation is absorbed in the upper layers of the skin, it appears
unlikely the direct irradiation of APC can account for the impaired ability of splenic adherent cells to present Ag
after total-body U V exposure. Because UV-irradiated keratinocytes release IL-10, and in light of the well-documented effects of IL-10 on Ag presentation, we tested the hypothesis that keratinocyte-derived IL-10 is responsible
for the systemic impairment of APC function following UV exposure. Injecting supernatants from UV-irradiated
keratinocytes suppressed the ability of splenic adherent cells to present Ag. Treating the supernatants with antiIL-10 mAb neutralized the suppressiveeffect. Similarly, when splenic adherent cells were isolated from mice
exposed to UV radiation, APC function was suppressed. Injecting the UV-irradiated animals with anti-IL-10 restored APC function. In addition, spleen cells from UV-irradiated micedid not efficiently present Ag to T h l clones,
and injecting anti-IL-10 after UV exposure restored APC function. The reverse was observed when spleen cells
from UV-irradiated mice were used to present Ag to Th2 clones; in which case, UV exposure enhances APC
function, and anti-IL-10 reverses this effect. These findings suggest that UV-induced, keratinocyte-derived IL-10
can modulate splenic APC function. Journal of Immunology, 1994, 152: 341 0.

T

he UV radiation found in sunlight is carcinogenic
and the major cause of nonmelanoma skin cancers
(1). Moreover, UV radiationisimmunosuppressive, and studieswithexperimentalanimals
(2-4) and,
recently, with biopsy-proven skin cancer patients (5) have
indicated that there is a link between the immunosuppressive effects of UV radiation and its carcinogenic potential.
Because skin cancer is the most prevalent form of human
cancer and considering that exposure to UV radiation occurs daily and may be increasing because of depletion of
atmospheric ozone by environmental pollutants, it is important to determine how UV exposure suppresses the imReceived for publication August 23, 1993. Accepted for publication January
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muneresponse.Threewell-describedimmunologicdefectsareobserved
in micefollowingwhole-body
UV
exposure: suppression of the ability to reject highly antigenic, UV-induced skin tumors; suppression
of delayedin-time hypersensitivity reactions; and a defect in the ability of splenic adherentcells (SAC)3 topresent Ag (6).
Although a variety of studies have demonstrated that direct irradiation of APC by UV can alter APC function (7),
the limited ability of UV radiation to penetrate beyond the
dermis (8) suggests that direct irradiation of splenic APC
probably does not occur following in vivo UV exposure. It
seems more likely that other mechanisms are involved in
the UV-induced impairment of splenic APC function.
One potential mechanism for the induction of systemic
immune defects following exposure to UV radiation is the
release of immunomodulatory cytokines by UV-irradiated
epidermal cells (9). One of the cytokines produced by activated keratinocytes is IL-10 (10, 11). Recently, we provided evidence for the essential role
of keratinocyte-derived IL-10 in the systemic suppression of delayed-type
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hypersensitivity (DTH) following UV exposure (11). Because of the well-documented effects of IL-10 on APC
function (12-16), therelease of IL-10 bykeratinocytes
also appears to provide a plausible explanation for the impairment of splenic APC function found following in vivo
UV exposure. In this study, we testthe hypothesis that
keratinocyte-derived IL-10 modulates splenic APC function.
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indicated that 200 Jim’ caused maximal release of the suppressive cytokine without greatly affecting keratinocyte survival and cell viability
(20). After irradiation, the cells were resuspended in serum-free MEM.
Twenty-four hours later, the supernatant fluid was removed. The protein
concentration was determined by the Bradford assay (Bio-Rad Ldbordtories, Rockville Centre, NY). Approximately 20 p g of protein was injected into each mouse. Control supernatants were obtained from keratinocytes handled in a similar manner but not exposed to UV radiation
(mock-irradiated cells). Endotoxin contamination, as determined by the
Limulus amebocyte lysate assay (Cape Cod Associates, Woods Hole,
MA), was below the limit of detection (0.125 nyiml).

Materials and Methods
Animais

Neutralization of I L - 1 0 activity

Specific pathogen-free female C3HIHeNCr (MTV - ) and BALBIc
AnNCr mice (8- to 12-wk-old) were purchased from the National Cancer
Institute-Frederick Cancer Research Facility Animal Production Area
(Frederick, MD). Animals are maintained in facilities approved by the
American Association for Accreditation of LabOrdtory Animal Care and
in accordance with current United States Department of Agriculture, Department of Health and Human Services, and National Institutes of
Health regulations and standards. All animal procedures were approved
by the Institutional Animal Care and Use Committee. Within each experiment, all mice were age and sex matched. The mice received NIH-31
open formula mouse chow and sterile water ad libitum. Ambient light
was controlled to provide regular cycles of 12 h of light and 12 h of
darkness.

One hundred micrograms of protein from UV-irradiated or mock-irradiated keratinocytes was precleared for 1h at 37°C with protein A-IC
agarose (Pierce Immuno-chemicals, Rockford, IL) beads. The material
was centrifuged, and the supernatant was transferred to a new microcentrifuge tube. The samples were then incubated overnight at 4°C with 10
pyiml ofrat anti-mouse IL-10 (SXC-I), isotype-matched control Ab
(RA3-2C2Il), or normal rat serum. The samples were then treated for 90
min at 37°C with goat anti-rat IgM (IgG isotype). All samples were then
incubated at 37°C for 60 min with protein AIG-agarose beads. The samples were centrifuged, and the supernatant was injected into mice.

Cell lines, antibodies, and reagents
Pam 212, a spontaneous transformed murine keratinocyte cell line, was
provided by Dr. Stuart Yuspa (National Cancer Institute, Bethesda, MD)
(17). HDK-1, a KLH-specific Thl clone (l8), and SXC-1, a hybridoma
producing rat anti-mouse-IL-10 (IgM isotype) (19), were provided by Dr.
Timothy Mosmann (University of Alberta, Edmonton, Canada). 3A9, a
hen egg lysozyme (HEL, SigmaChemical Co., St. Louis, MO) specific T
cell hybridoma, was provided by Dr. Emil Unanue (University of Washington, St. Louis, MO). D10.G4.1, a conalbumin-specific Th2 clone, was
purchased from American Type Culture Collection (Rockville, MD).
Monoclonal anti-CD3 was purchased from PharMingen (San Diego,
CA). The production of IFN-y, IL-2, or IL-10 was measured by ELISA
with kits purchased from Genzyme (Boston, MA, IFN-y, sensitivity 125
pyiml), PharMingen (IL-2; sensitivity 0.5 Uiml), or Endogen (Cambridge, MA, IL-10, sensitivity 0.14 U/ml) and performed according to the
manufacturer’s instructions. Murine rIL-10 was purchased from PeproTech Inc. (Princeton, NJ). Tissue culture medium and supplements were
purchased from GIBCO BRL (Grand Island, NY). FCS was purchased
from HyClone Laboratories, Inc. (Logan, UT).

Radiation sources
A bank of 6 FS-40 sun lamps (Westinghouse, Bloomfield, NJ) was used
to treat mice with UV radiation. These lampsemit a continuous spectrum
from 270 to 390 nm; with a peak emission at 313 nm; approximately 65%
of the radiation emitted by these lamps is within the UVB range (280 to
320 nm). The irradiance of the source averaged 10 Jlm’is, as measured by
an IL-700 radiometer, using a SEE 240 UVB detector equipped with an
A127 quartz diffuser (International Light, Inc., Newburyport, MA). Because of shielding by the cage lids, the incident dose received by the
animals was approximately 4.5 Jlm’is. The total dose of UVB received
was approximately 15 kJ/m2. Before irradiation, the dorsal hair of the
mice was removed with electric clippers. Keratinocyte cultures were irradiated with a single FS-40 bulb. The output of this lamp was 1.43
Jim’is, at a tube-to-target distance of 23 cm.

fn vitro UV irradiation of keratinocytes
Five million keratinocytes were added to 100-mm tissue-culture dishes in
5 ml of MEM supplemented with 10% FCS and cultured overnight. The
medium was removed, and the keratinocyte monolayers were washed
three times with PBS and overlaid with PBS. The monolayers were then
exposed to 200 JimZof UV radiation. Only a singledose of UV radiation
was used in the present study because results from previous studies had

Determination of A PC function
Spleen cells were isolated from normal mice, mice injected with supernatants from UV (UV-SN) or mock-irradiated keratinocytes (NR-SN), or
mice exposed to UV radiation and used to present Ag to T cell clones or
T cell hybridomas. The production of IL-2 by HEL-specific T cell hybridoma 3A9 was measured according to the procedure described by
Allen and Unanue (21). Spleens were removed from the treated mice,
single-cell suspensions were prepared, and contaminating erythrocytes
were lysed with ammonium chloride. The remaining cells were resuspended in complete RPMl 1640 medium and incubated on plastic for 1 h
at 37°C. The nonadherent cells were removed, the monolayers washed
three times with warm medium, and then adherent cells removed from
the plastic by a 15-min incubation with 12 mM lidocaine (Astra Pharmaceutical Products, Worcester, MA). The cells were washed three times
in HBSS, resuspended in complete RPMl medium, and counted. Approximately 1 X 10’ SAC were cultured with an equal number of 3A9 cells
and 100 pyirnl of HEL in 96-well tissue culture dishes. After 24 to 36 h,
the production of IL-2 by the 3A9 cells was measured by ELISA.
In some experiments, spleen cells from mice injected with supernatants from the UV-irradiated keratinocyte cultures or from mice exposed
to UV radiation were used to present Ag to Thl or Th2 T cell clones. The
procedures described by Chenvinski et al. (HDK-1;Thl) (18) or Kaye et
al. (DlOG4.1;Th2) (22) were used. Spleen cells were isolated from
BALBIc (HDK-1) or C3HIHeN mice, (D10G4.1), single-cell suspensions
prepared, and erythrocytes lysed as described above. Approximately 1 x
10‘ whole spleen cells were mixed with 1 X 10’ T cells and the appropriate Ag in 96-well dishes and cultured at 37°C for 24 to 36 h. At the end
of the culture period, IFN-y production by the Thl cells and IL-10 production by the Th2 cells was measured by ELISA.

Results
Supernatants from UV-irradiated keratinocyte cultures
depress splenic Ag-presenting cell function

Previously, we reported that injecting 20 p g of SN from
UV-irradiatedkeratinocytescould
suppress DTH to alloantigen (20). Therefore, the first series of experiments
presented here were designed to determine if injecting a
similar amount of SN could affect splenic APC function.
Mice were injected intravenously with supernatants from
UV-or mock-irradiatedkeratinocytes.
Fivedays later,
SAC were isolated from these mice and from a group of
normal controls. Data from suchan experiment is found in
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Table I. Supernatants from UV-irradiated keratinocytes impair
APC function of splenic adherent cells

Source of

FUNCTION

APC

Cytokine Production
( U h l f SD)"
Source of Experiment
APC"

Normal mice
Mice injected with UV-SN
Mice
injected
with
NR-SN

1

7.6 f 2.0
<1

9.8

* 1.4

Experiment 2

20.0 k 0.7
<1
26.0 k 1.O

"Spleen cells were isolated from mice injected with 20 pg supernatant
protein from UV-irradiated keratinocytes (UV-SN) or mock-irradiated keratinocytes (NR-SN), 5 days after injection. SAC were isolated by adherence.
3A9 cells (1 X lo5)were cultured with an equal number of SAC and HEL
(100 pghnl) for 24 to 36 h. At the end of the culture period, IL-2 production
was determined by ELISA.

UV-SN

+

anti-IL-10

"

I

0

Table I. Whereas SAC isolated from normal mice or from
mice injected with supernatants from the mock-irradiated
cells did present Ag to the 3A9 cells, SAC isolated from
mice injected with supernatants from theUV-irradiated
keratinocytes had little or no APC function.
Monoclonal anti-lL-IO blocks the suppressive effects
of supernatants from UV-irradiated keratinocytes

The next experiment tested the hypothesis that IL-10 was
responsible for the suppression of APC function seen after
supernatants from UV-irradiated keratinocytes wereinjected into mice. Supernatants from UV-irradiated keratinocyteswere first treated with monoclonalanti-IL-10
(SXC-1) or isotype-matched control Ab (anti-B220, Clone
RA3-2X2/1, ATCC). Goat anti-rat IgM was then added,
and the immune complexes were precipitated with protein
A/G-coated agarosebeads. The remaining supernatants
were injected into mice, and 5 days later, SAC were isolated and their ability to present Ag to 3A9 cellswas
tested. Data from suchan experiment is found in Figure 1.
Between 5 to 7 U/ml of IL-2 was generated when HEL
was presented to 3A9 cells by SAC from normal mice or
mice injectedwithsupernatantsfrom
mock-irradiated
cells.When the SAC were isolated from mice injected
withsupernatantsfrom the UV-irradiated keratinocytes,
almost no IL-2 was produced ( p e 0.05; UV-SN vs normal; Student's t-test). Treating the supernatantswith
anti-IL-10depleted all suppressive activity. ( p > 0.05;
UV-SN + anti-IL-10 vs normal) No depletion of suppressive activity was noted when the supernatants weretreated
with isotype-matchedcontrol
Ab, suggesting that the
IL-10 present in the supernatant was responsible for depressing splenic APC function.
rlL- I O suppresses splenic APC activity

Next, we determined if murine rIL-10 similarly depresses
splenic AFT function. By ELISA, we determined that approximately 10 U of IL-10 was injected into each mouse.
Therefore, an experiment was performed in which various
doses of murine rIL-10 were injected into thetail veins of

2.5

5

7.5

10

IL-2 (Wml)

FIGURE 1 . Treating supernatants from UV-irradiated keratinocytes with monoclonal anti-IL-10 reverses the suppressive activity. SAC were isolated from normal mice or from
mice injected with supernatants from UV-irradiated keratinocytes (UV-SN) or mock-irradiated cells (NR-SN) and used
to present Ag to 3A9 cells. The supernatants were treated
with either anti-IL-10 or isotype-matched control Ab before
injection.
Table 11.

d L - 7 0 impairs APC function of splenic adherent cells
Cytokine Production (U/ml 2 SD)"
Source of APC"

Normal mice
Mice injected with
Mice injected with
Mice injected with
Mice injected with
Mice injected with

0.1 U rlL-10
1 U rlL-10
5 U rlL-10
10 U rlL-10
20 U rlL-10

Experiment 1

5.6 f 0.73
f 1.9
f 0.36
f 0.8
f 0.19
7.6 f 0.13

10.3
4.0
4.2
2.8

Experiment 2

8.1 ? 0.55

7.9 ? 0.27
9.5 ? 0.67
6.3 k 0.41
4.0 k 0.39
4.7 k 0.53

"SAC were isolated from normal mice or mice injected i.v. with rlL-10
(PeproTech, Inc.). In experiment 1, SAC were isolated 5 days after injection, in
experiment 2, SAC were isolated 3 days after injection.
3A9 cells (1 x 1 05)were cultured with an equal number of SAC and HEL
(100 pglml) for 24 to 36 h. At the end of the culture period, IL-2 production
was determined by ELISA.

"

normal mice. Five days later,SAC were prepared and used
to present HEL to 3A9 cells. The data from this experiment is shown in Table 11. Injecting mice with rIL-10 did
depresssplenic APC function.Wefound that maximal
suppression was observed when the animals were injected
with between 10 and 20 U of IL-10.
The kinetics of this effect were also studied (Fig. 2).
SAC were removed at various times after injecting mice
i.v. with supernatants from UV-irradiated keratinocytes or
rIL-10 (10 U/mouse). At 1 day after injection, there was
no difference in the APC function of SAC isolated from
normal mice or from mice injected with supernatants from
UV-irradiated keratinocytes or rIL-10. When the SAC
were removed from mice injected with UV-SN or rIL-10
3 days after injection, there was a reduction in their ability
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Table 111. Injecting monoclonal anti-IL-10 blocks UV-induced
impairment o f splenic accessory cell function

1

lo0l
80

Source of Spleen Cellsd

-

c

380

L

c

e
u

60-

b

Ip

mice Normal
UV-irradiated
UV + anti-ll-10
UV + normal rat serum

4020

-

0

1
0

5

10

IFN-y Production (U/ml 2 SD)"

t8
<1
337 f 17
<1

a Spleen cells were isolated from normal mice, mice exposed to UV radiation (1 5 kJ/m2),exposed to UV, and injected with anti-IL-10 (100 & n o u s e ,
i.p. 4 and 24 h after exposure), or mice exposed to UV and injected with
normal rat serum.
Whole spleen cells were cultured with anti-CD-3 (10 Fgjml) and 200 U
of murine rlL-2. 24 to 36 h later IFN-y production was measured by ELISA.

15

Time (days)

FIGURE 2. Kinetics ofAPC defect induced byUV-SNor
rlL-10. Mice were injected with rlL-IO (1 0 U ) or supernatants
from UV-irradiated keratinocytes (UV-SN) containing -10 U

ofIL-IO.At various times after injection, SAC were isolated
and used to present Ag to 3A9 cells. Cytokine production by
3A9 cells cultured with normal SAC was considered tobe
looo/o.

to present Ag. Similarly, at 5 days after injection, the ability of SAC from mice injected with supernatants from UVirradiated keratinocytes or rIL-10 was suppressed. By 15
days, there was no difference in IL-2 production by 3A9
cells, regardless of whether the Ag was presented by cells
from normal- or factor-injected mice. The kinetics of this
response is very similar to that which is observed following total-body UV exposure (23). However,it is of interest
to note that the suppression induced by supernatants from
the UV-irradiated keratinocytes was always greater
than
that seen with rIL-10, regardless of the fact that the relative amounts of IL-10, by ELISA, were the same.
Effect of anti-IL-70 mAb on the impairment of APC
function found in UV-irradiated mice

As mentioned above, spleen cells from UV-irradiated
mice
have a defectin APC function. The data presented in Table
I and Figure 1 suggest that keratinocyte-derived IL-10 is
involved. To test this hypothesis directly, mice were first
exposed to UV radiation, and then injected with monoclonal anti-IL-10 or normal rat serum. Five dayslater, we
examined the ability of spleen cells from these mice to
present Ag. Two different measures of APC function were
examined: the requirement for accessory cell function in
the activation of T cellsby soluble anti-CD3 mAb(24) and
the presentation of nominal Ag to T cell clones.
Accessory cell function foranti-CD3-induced T cell activation was determinedby taking whole spleen cellsfrom
normal mice, mice exposed to UV radiation, UV-irradiated mice injected with anti-IL-10 Ab, or UV-irradiated
mice injected with normal rat serum. The cells were incubated with anti-CD-3 (10 &ml) and 200 U/ml of mouse
rIL-2. Twenty-four to 36 h later, IFN-y production by the

Table IV. Injecting monoclonal anti-IL-10 restores UV-induced
impairment o f splenic APC function
Cytokine Production (U/ml ? SD)
Responder Cells"
Source of APC"

3A9

HDK-1

6 8 f 11
410
Normal mice
33 f 10' 170
UV-irradiated
UV + anti-ll-10
54
t 8' 537
200
U V + normal rat serum 31 f 6'

D10C4.1

f 10
3 0 t
? 40d398
k
f 130" 20 t
f 38d358
t

2
92d
4'
14d

~'
Spleen cells were isolated from normal mice, mice exposed to UV radiation (1 5 kJ/m'), exposed to UV and injected with anti-IL-10 (100 pg/mouse,
i.p. 4 and 24 h afterexposure),or mice exposed to UV and injected with
normal rat serum.
1 x lo6 whole spleen cells were cultured with 1 X l o 5 3A9, HDK-1 or
D10C4.1 cells and Ag (100 @nl) for 36 h, cytokine production was determined by ELISA (3A9; IL-2; HDK-1; IFN-y; D10C4.1; IL-10).
' p < 0.05 vs cytokine production using normal APC (two-tailed Student's
t-test).
p < 0.001 vs cytokine production using normal APC.
e Not significantly different vs cytokine production using normal APC ( p >
0.05).

'

CD-3-activated cellswasdetermined
by ELISA. Asis
shown in Table 111, IFN-y was secreted when cells from
normal mice were stimulated with anti-CD3 Ab. Anti-CD3
treatment was ineffective at stimulating cells isolated from
UV-irradiated animals, as no IFN-y was secreted by these
cultures. Injectinganti-IL-10 immediately followingexposure to UV radiation restored accessory cell function,
whereas IFN-y was not produced by cells isolated from
UV-irradiated mice injected with normal rat serum.
The ability of spleen cells from UV-irradiated mice to
present nominal Ag to T cell clones was also examined
(Table IV). Three different responder cellpopulations
were used in this experiment: 3A9, a T
cell hybridoma;
HDK-1, a Thl clone; and D10G4.1, a Th2 clone. Spleen
cells from normal mice or from mice exposed to UV radiation were used to present Ag to the T cells. (Spleen
cells were used in these studies because, in preliminary
experiments, we found better APC function when spleen
cells were used instead of SAC. This may reflect the fact
that the Thl and Th2 clones were originally derived using
whole spleen cells.) Cytokine production by the 3A9 and
HDK-1 cells was lower than that of positive controls when
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the Ag was presented by APC from UV-irradiatedanimals. APC function was restoredbyinjectingthe
UVirradiatedmicewith
anti-IL-10 antibody;injectingthe
mice with normal rat serum had no effect.
The opposite was seen when spleen cells from UV-irradiated mice were used to present Ag to Th2 cells. Presentation of Ag by normal spleen cells resulted in little
stimulation of the D10G4.1 cells. However, when the Ag
was presented by spleen cells from UV-irradiated animals,
asignificantincreasein
cytokine production was noted.
Injecting theUV-irradiated mice with anti-IL-10 abolished
the enhancement of cytokine production, whereas injecting normal rat serum did not. Thus, these data suggest that
IL-10,presumablyreleasedbyUV-irradiated
keratinocytes, suppresses accessory cell function in UV-irradiated
animals. Furthermore, the data suggest that although exposure toUV radiation impairsAPC function for T h l
clones, it enhances Ag presentation for Th2 clones, and
injecting monoclonal anti-IL-10 can reverse these effects
on APC.

FUNCTION

ilarly affects monokineproduction and/or B7/BB1 expression in vivo following UV exposure; studies are currently
in progress to test these hypotheses.
The depressed ability of spleen cells from UV-treated
mice to present Ag to Thl cells, with enhanced presentation to Th2 clones, asillustrated in Table I11 is reminiscent
of the findings of Simon et al. (26). In their study, FACS
“purified” Langerhans cells were used to present Ag to
T h l and Th2 clones.AlthoughnormalLangerhanscells
could present to both Th subsets, UV-irradiated Langerhans cells were unable to present to T h l cells, while retaining their ability to present to Th2 cells. We see a similar situation in vivo following UV exposure. Spleen cells
from UV-irradiated mice were relatively inefficient at presenting Ag to T h l cells (Tables I1 and HI), but were more
efficient at presenting Ag to Th2 cells (Table 111). In addition, IL-10appears to be critical in modulating APC
function invivo since injecting anti-IL-10 reversesthe
UV-induced effects.
Taken together, these findings suggest that there are at
least two different mechanisms by which exposure to UV
radiation modulates APC function. Simon et al. (26) sugDiscussion
gested that direct UV irradiation of APC down-modulates
Although almost all of the energy containedwithin the
the expression of costimulatory molecules that were necUVB region of the solar spectrum is absorbed by the epiessary for the activation of T h l cells. Data to support this
dermis and upper layers of the dermis, exposure to UV
hypothesiswas recentlypresented by Young andcolradiation has systemic effects on the immune system. It is
leagues(27),whofound
that theexpression of the coimportant to study the mechanisms involved in the inducstimulatory molecules B7/BBl and ICAM-1 wasinhibited
tion of systemic immune suppression following UV expo- by UV light. The data presented in this paper suggests a
sure because of the link between the immunosuppressive
second indirect mechanism may be operational: inhibition
and carcinogenic activities of UVradiation (4, 5). Reof systemic APC function by keratinocyte-derived IL-10.
cently,we provided evidenceforthe
essential role of
Moreover, it is entirely possible that in UV-irradiated skin
IL-10 in suppressing DTH following exposure to UV rathe two mechanisms overlap. Exposure to UV radiation
could be down-regulating the expression of costimulatory
diation (11). The data reported here indicate
that keratimolecules on Langerhans cells and, at the same time, innocyte-derived IL-10 also plays a prominent role in the
ducing neighboringkeratinocytes to produce IL-10 that
modulation of splenic APC function. This conclusion is
further modulates local APC function. The observation of
based on the observations that injecting supernatants conEnk et al. (28) demonstrating that Langerhans cells APC
taining IL-10depresses theability
of spleencellsto
functionis sensitive to theinhibitoryeffects
of IL-10
present Ag to T cells. Treating the supernatants withantiwould support this hypothesis.
IL-10 reverses suppressive activity. In addition, spleen
cells fromUV-irradiated mice do not present Ag to T cells,
On the basis of these observations, we propose that a
major effect of UV radiation is that it modifies APC funcand injectingUV-irradiated mice with anti-IL-10mAb
tion so that only certain subclasses of T cells areactivated.
overcomes the suppressive effect. Thus, these findings
Our data suggests UV-induced, keratinocyte-derived IL-10
suggest that the APC defect found in vivo after wholebody UV irradiation is due to the release of IL-10 by UVmodulates splenic APCfunction so that Th2 cellsare preferentially activated. We suggest that IL-10 interferes with
irradiated keratinocytes.
As mentioned above, theeffects of IL-10 on APC func- the APC function of macrophages, thus inhibiting IFN-y
production by T h l cells and limiting the induction of celtion are well documented (12-16). In all probability, kelular immune responses. However, because the APC for
ratinocyte-derived IL-10 down-regulates APC function in
T h l and Th2 cells differ (29) and because IL-10 does not
vivo by similar mechanisms. For example, murine IL-10
affect all APCs to the same degree (15,16,30), wesuggest
has been shown to suppress IFN-y secretion by T h l cells
that keratinocyte-derived IL-10 enhances the activation of
through its effect on monokine production by the relevant
Th2 cells in vivo (as suggestedby the findings reported in
APC (15). Moreover,recent studies by Ding etal.(25)
Table 111). These activated Th2 cells, by virtue of producsuggest that IL-10 prevents the up-regulation of the coing cytokines such as IL-4 andIL-10, can further limit the
stimulatory molecule B71BB1 on macrophages. It seems
induction of cellular immune responses. Furthermore, we
reasonable to suggest that keratinocyte-derived IL-10 sim-
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suggest that theCD3+,CD4+,CD8-suppressorcells
found in the spleens of UV-irradiated animals (20, 31, 32)
are Ag-activated Th2 cells. When transferred into recipient
mice and stimulated by the proper Ag, these cells produce
IL-4 and IL-10, which suppress the activation of T h l cells
and interfere with the development of DTH. We currently
aretesting this hypothesis by measuringthe ability of
monoclonal anti-IL-10and anti-IL-4 to reverse the activity
of these suppressor cells.
Although avariety of epidermal-derived factors have
been implicated in the induction of systemic immune suppression following UV exposure (33),
onlya fewhave
been shown to mimic what is seen after whole body exposure to UVradiation and suppress both the induction of
delayed-in-time hypersensitivity reactions and APC function. In addition to IL-10, Contra-IL-1, and cis-urocanic
acid have been found to suppress delayed or contact hypersensitivity andinterferewithsplenicAPC
function
(34-37). Whyhave redundant mechanismsevolved to
suppress the immune response following UV-irradiation?
Undoubtedly, themutagenic potential of UV radiation
coupled with the need to maintain skin homeostasis resulted in the development of multiple suppressive mechanisms. One consequence of UV exposure may be the induction of new or altered “skin Ags” that elements of the
immune system recognizeas foreign (6). Perhaps the pressure to prevent antiskin autoimmune responses select for
the development of UV-triggered immune suppression.
Our findingsindicate that IL-10 is necessary to suppress
splenic APC function,but our data alsosuggest that it may
not be the only component involved. Activated keratinocytes release a wide variety of other immunomodulatory
factors including, IL-1, 3, 6, 8, GM-CSF, TNF-a, TGF-P,
and prostaglandin E, (9). Although we can reproducibly
reverse the suppressive effects of UV radiation in vivo by
injecting anti-IL-10 mAb, comparable levels of immune
suppression were not induced following injectionwith
rIL-10 or IL-10-containing supernatants from UV-irradiated keratinocytes (Table I vs Table I1 and Fig. 2). This
would suggest that another factor released by the UV-irradiated keratinocytes is acting in concert with the IL-10
to promote immune suppression. It is not clear which of
the many immunomodulatory factors released by UV-irradiated keratinocytes are involved, but it is interesting to
note that prostaglandin E, inhibits the production of T h l
cytokines but not Th2 cytokines (38). Moreover, Araneo
et
al. (39) have indicated that UV exposure depresses T h l
cytokine productionand enhances Th2 cytokine release
through an IL-1-dependent mechanism. Whetherkeratinocyte-derived IL-10,prostaglandin
E,, and/orIL-1are
working in concert to suppress T h l function and enhance
Th2-like activity in this system remains to be seen.
In summary, the data reported here indicate that soluble
factors released by UV-irradiated keratinocytes can depress
splenic APC function. Treating the keratinocyte supernatant with monoclonal anti-IL-10 reverses the suppressive

effect. In addition, spleen cells from UV-irradiated mice
could not present Ag to Thl cells, and this effect of UV
radiation on systemic APC function was reversed by injectingmonoclonal
anti-IL-10. However,whenspleen
cells from UV-irradiated mice were used to present Ag to
Th2 clones, it was observedthat exposure to UVradiation
enhanced APC function, and anti-IL-10 reversed this effect. On the basis
of on these findings we suggestthat
IL-10, which presumably is released by UV-irradiated keratinocytes, plays an essential role in the induction of the
systemic impairment of APC function found in UV-irradiated animals. Furthermore, we suggest that UV irradiation modulates splenic APC function to preferentially activate Th2 cells.

Acknowledgments
The author thanks Elizabeth Nisson and Anthony Apollo for their excellent technical assistance in the performance of these studies.

References
1. Urbach, F. 1978. Evidence and epidemiology of UV-induced carcinogenesis in man. Natl. Cancer Inst. Monogr. 50t5.
2. Fisher, M. S., and M. L. Kripke. 1977. Systemic alteration induced
in mice by ultraviolet light irradiation and its relationship to ultraviolet carcinogenesis. Proc. Natl. Acad. Sci. USA 74r1688.
3. Kripke, M. L. 1974. Antigenicity of murine skin tumors induced by
UV light. J. Natl. Cancer Inst. 53:1333.
4. Fisher, M. S., and M. L. Kripke. 1982. Suppressor T lymphocytes
control the development of primary skin cancers in UV-irradiated
mice. Science 216:1133.
5. Yoshikawa, T., V. Rae, W. Bruins-Slot, J. W. van den Berg, J. R.
Taylor, and J. W. Streilein. 1990. Susceptibility to effects of UVB
radiation on induction of contact hypersensitivity as a risk factor for
skin cancer in humans. J . Invest. Dermatol. 95t530.
6. Kripke, M. L. 1984. Immunologic unresponsiveness induced by UV
radiation. Immunol. Rev. 80:87.
7. Deeg, H. J. 1988. Ultraviolet irradiation in transplantation biology.
Transplantation 45:845.
8. Everett, M. A., E. Yeargers, R. M. Sayre, and R. L. Olson. 1966.
Penetration of epidermis by ultraviolet rays. Photochem. Phorobiol.
5:533.
9. Luger, T. A,, and T. Schwarz. 1990. Epidermal cell-derived cytokines. In Skin Immune Sysfem. J. D. Bos, ed. CRCPress, Boca Raton,
FL, p. 257.
10. Enk, A. H., and S. I. Katz. 1992. Identification and induction of
keratinocyte-derived IL-10. J. Immunol. 149:93.
11. Rivas, J. M., and S. E. Ullrich. 1992. Systemic suppression of DTH
by supernatants from UV-irradiated keratinocytes: an essential role
for IL-10. J . Immunol. 149:3865.
12. Ding, L., and E. M. Shevach. 1992. IL-10 inhibits mitogen-induced
T cell proliferation by selectively inhibiting macrophage costimulatory function. J. Immunol. 148:3133.
13. de Waal Malefyt, R., J. Abrams, B. Bennett, C. G . Figdor, and J . E.
de Vries. 1991. Interleukin 10 (IL-IO) inhibits cytokine synthesis by
human monocytes: an autoregulatory role of IL-IO produced by
monocytes. J . Exp. Med. 174:1209.
14. de Waal Malefyt, R., J. Haanen, H. Spits, M.-G. Roncarolo, A. te
Velde, C. Figdor, K. Johnson, R. Kastelein, H. Yssel, and J. E. de
Vries. 1991. Interleukin 10 and viral IL-10 strongly reduce antigenspecific human T cell proliferation by diminishing the antigen-presenting capacity of monocytes via downregulation of class I1 major
histocompatibility complex expression. J. Exp. Med. 174:915.

341 6

KERATINOCYTE-DERIVED IL-10 MODULATES SPLENIC APC FUNCTION

15. Fiorentino, D. F., A. Zlotnik, P. Vieira, T. R. Mosmann, M. Howard,
K.W. Moore, and A. O’Garra. 1991. IL-10 acts on the antigenpresenting cell to inhibit cytokine production by T helper 1 cells. J .
Immunol. 146:3444.
16. Macatonia, S. E., T. M. Doherty, S. C. Knight, and A. O’Garra.
1993. Differential effect of IL-10 on dendritic cell-induced T cell
proliferation and IFN-gamma production. J. Immunol. 150:3755.
17. Yuspa, S. H., P. Hawley-Nelson, B. Koechler, and J. R. Stanley.
1980. A survey of transformation markers in differentiating epidermal cell lines. Cancer Res. 40t4694.
18. Cherwinski, H., J. Schumacher, K. Brown, and T. Mosmann. 1987.
Two types of mouse helper T clones: 111. Further differences in lymphokine synthesis between Thl and Th2 clones. J . Exp. Med. 166:
1224.

19. Mosmann, T. R., J . H. Schumacher, D. F. Fiorentino, J . Leverah,
K. W. Moore, and M. W. Bond. 1990. Isolation of monoclonal antibodies specific for IL-4, IL-5, IL-6, and a new T helper 2-specific
cytokine (IL-IO), cytokine synthesis inhibitory factor, by using a
solid phase radioimmunoadsorbent assay. J. Immunol. 145t2938.
20. Ullrich, S. E., B.W. McIntyre, and J. M. Rivas. 1990. Suppression
of the immune response to alloantigen by factors released from ultraviolet-irradiated keratinocytes. J . Immuraol. 145:489.
21. Allen, P. M.,and E. R. Unanue. 1984. Differential requirements for
antigen processing by macrophages for lysozyme-specific T cell hybridomas. J . Immunol. 132:1077.
22. Kaye, J., S. Gillis, S. B. Mizel, E. M. Shevach, T. R. Malek, C.
Dinarello, L. B. Lachman, and C. A. Janeway. 1984. Growth of a
cloned helper T cell line induced by a monoclonal antibody specific
for the antigen receptor: IL-l is required for the expression of receptors for IL-2. J . Immunol. 133:1339.
23. Noonan, F. P., M. L. Kripke, G. M. Pedersen, andM. I. Greene.
1981. Suppression of contact hypersensitivity byUV radiation is
associated with defective antigen presentation. ImmunoIogy 43:527.
24. Leo, O., M. Foo, D. H. Sachs, L. E. Samelson, and J. A. Bluestone.
1087. Identification of a monoclonal antibody specific for a murine
T3 polypeptide. Proc. Natl. Acad. Sci. USA 84:1374.
25. Ding, L., P. S. Linsley, L.-Y. Huang, R. N. Germain, and E. M.
Shevach. 1993. IL-10 inhibits macrophage costimulatory activity by
selectively inhibiting the up-regulation of B7 expression. J . Immunol. 151:1224.
26. Simon, J. C., P. C. Cruz, P. R. Bergstresser, and R. E. Tigelaar. 1990.
Low dose ultraviolet B-irradiated Langerhans cells preferentially activate CD4+ cells of the T helper 2 subset. J . Immunol. 145:2087.
27. Young, J. W., J . Baggers, and S. A. Soergel. 1993. High-dose UV-B
radiation alters human dendritic cells costimulatory activity but does

not allow dendritic cells to tolerize T lymphocytes to alloantigen in
vitro. Blood 81:2987.
28. Enk, A,, V. Angeloni, M. C. Udey, and S. I. Katz. 1993. Inhibition
of Langerhans cell antigen-presenting cell function by IL-IO: a role
for IL-10 in induction of tolerance. J . Immunol. 151:2390.
29. Gajewski, T. F., M. Pinnas, T. Wong, and F. W. Filch. 1991. Murine
T helper 1 and T helper 2 clones proliferate optimally in response to
distinct antigen-presenting cell populations. J . Immunol. 146:1750.
30. Hsieh, C.-S., A. B. Heimberger, J. S. Gold, A. O’Garra, andK.M.
Murphy. 1992. Differential regulation of T helper phenotype development by interleukins 4 and 10 in an cxp T-cell-receptor transgeneic
system. Proc. Natl. Acad. Sci. USA 89.6065.
31. Ullrich, S. E., and M. L. Kripke. 1984. Mechanisms in the suppression of tumor rejection produced in mice by repeated UV irradiation.
J . Immunol. 133t2786.

32. Ullrich, S. E., E. Azizi, and M. L. Kripke. 1986. Suppression of the
induction of delayed hypersensitivity reactions in mice by a singlc
exposure to UV radiation. Photochem. Photobiol. 43:633.
33. Ullrich, S. E. 1991.The role of keratinocyte-derived suppressive
cytokines in the systemic immunosuppression induced by ultraviolet
B radiation. Trends Photochem. Photobiol. 2:137.
34. Krutmann, J., T. Schwarz, R. Krinbauer, A. Urbanska, and T. A.
Luger. 1990. Epidermal cell-contra-interleukin 1 inhibits human accessory cell function hy specifically blocking interleukin I activity.
Photochem. Photobiol. 52:738.
35. Schwarz, T., A. Urbanska, F. Gschnait, and T. A. Luger. 1986. Inhibition of the induction of contact hypersensitivity by a UV-mediated epidermal cytokine. J . Invest. Dermatol. 87:289.
36. Ross, J. A., S.E. M. Howie, M. Norval, and J . Maingay. 1988.
Systemic administration of urocanic acid generates suppression of
the delayed type hypersensitivity response to herpes simplex virus in
a murine model of infection. Photodermatology 5:9.
37. Noonan, F. P., E. C. De Fabo, and H. Morrison. 1988. Cis-urocanic
acid, a product formed by UVB irradiation of the skin, initiates an
antigen presentation defect in splenic cells in vivo. J . Invest. Dermatol. 90:92.

38. Betz, M., and B. Fox. 1991. Prostaglandin E, inhibits production of
Thl lymphokines but not of T helper 2 lymphokines. J. Immunol.
146:108.

39. Araneo, B. A., T. Dowell, H.-B. Moon, and R. A. Daynes. 1989.
Regulation of murine lymphokine production in vivo: UV radiation
exposure depresses IL-2 and enhances IL-4 production by T cells
through an IL-1-dependent mechanism. J. Immunol. 143:1737.

