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Abstract
Ultraviolet (UV) radiation-induced immunosuppression has been implicated in skin carcinogenesis.

Grape seed proanthocyanidins (GSPs) have anti-skin carcinogenic effects in mice and GSPs-fed mice

exhibit a reduction in UV-induced suppression of allergic contact hypersensitivity (CHS), a prototypic

T-cell–mediated response. Here, we report that dietary GSPs did not inhibit UVB-induced suppression of

CHS in xeroderma pigmentosum complementation group A (XPA)-deficient mice, which lack nucle-

otide excision repair mechanisms. GSPs enhanced repair of UVB-induced DNA damage (cyclobutane

pyrimidine dimers) in wild-type, but not XPA-deficient, dendritic cells (DC). Co-culture of CD4þ T cells

with DCs from UVB-irradiated wild-type mice resulted in suppression of T-cell proliferation and

secretion of T-helper (TH) 1-type cytokines that was ameliorated when the DCs were obtained from

GSP-fed mice, whereas DCs obtained from GSP-fed XPA-KOmice failed to restore T-cell proliferation. In

adoptive transfer experiments, donor DCs were positively selected from the draining lymph nodes of

UVB-exposed donor mice that were sensitized to 2,4,-dinitrofluorobenzene were transferred into na€�ve

recipient mice and the CHS response assessed. Na€�ve recipients that received DCs from UVB-exposed

wild-type donors that had been fed GSPs exhibited a full CHS response, whereas no significant CHS was

observed in mice that received DCs from XPA-KOmice fed GSPs. These results suggest that GSPs prevent

UVB-induced immunosuppression through DNA repair–dependent functional activation of dendritic

cells in mice. Cancer Prev Res; 6(3); 242–52. �2013 AACR.

Introduction
Epidemiologic and experimental evidence suggest that

ultraviolet (UV) radiation-induced suppression of immune
reactions is a risk factor for the development of skin cancer
(1, 2). It has been reported that organ transplant recipients
and chronically immunosuppressed patients living in
regions of intense sun exposure are at a greater risk of skin
cancer development (3, 4). These observations are consis-
tent with the concept that immunosurveillance plays an
important role in prevention of the generation and main-
tenance of neoplastic cells (5). Inmice, exposure of the skin
to UV radiation suppresses the development of allergic
contact hypersensitivity (CHS), a prototypic T-cell–medi-
ated immune response (6, 7). Notably, UV-induced toler-
ance can be induced in recipient mice by transfer of T cells
from UV-treated mice (6–8). Application of a hapten to the

UV-treated skin of hapten-sensitized animals fails to elicit a
CHS response and transfer of lymphocytes from the spleen
and lymph nodes of hapten-sensitized mice that have been
UV-irradiated to na€�ve mice that have not been UV-irradi-
ated results in the failure of the recipient mice to develop
CHS responses to the same haptens (6, 9). Depletion ofUV-
induced T suppressor cells can inhibit UV-induced carci-
nogenesis (10). These links between immunosuppression
and photocarcinogenesis have stimulated considerable
interest in themechanisms bywhichUVB radiation induces
immunosuppression and the development of molecular
strategies that may prevent or correct these effects with the
goal of developing more effective chemopreventive strate-
gies for skin cancer.

Dietary phytochemicals offer promising options for the
development of effective strategies for the prevention of UV
radiation–induced immunosuppression and subsequent
skin cancer development and thus can be used as comple-
mentary and alternative medicine. Grape seed proantho-
cyanidins (GSPs) are promising phytochemicals that have
shown anti-skin carcinogenic effects and exhibit no appar-
ent toxicity in vivo (11–14). GSPs contain primarily
proanthocyanidins (89%), including dimers, trimers, tetra-
mers, and oligomers of monomeric catechins and/or
(�)-epicatechins (12, 13). It is believed that at least some
of the constituents present in this product may act
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synergistically and thus this product may be more effective
than any single constituent. We have shown that dietary
GSPs inhibit the immunosuppressive effects of UV radia-
tion by augmenting the levels of interleukin (IL)-12 (11)
and stimulating the development of CD8þ effector T cells in
mice (15); however, the mechanism(s) by which the GSPs
exert these effects have not been elucidated fully. UV-
induced DNA damage, predominantly in the form of the
generation of cyclobutane pyrimidine dimers (CPD), is an
important molecular trigger for UV-mediated immunosup-
pression and initiation of photocarcinogenesis (3, 16). UV-
induced damage in antigen-presenting cells appears to play
a key role inUV-induced immunosuppression; for example,
UV-irradiated dendritic cells (DC) can adoptively transfer
immune tolerance when they are injected intravenously
into mice that are not irradiated with UV. This implies
that UV-irradiated DCs are associated with a reduced
ability to stimulate T cells, indicating that DNA damage
may contribute to the development of UV-induced tol-
erogenic DCs (17, 18). It also suggests that repair of
the UV-induced DNA damage in the DCs may play a
central role in the GSP-mediated amelioration of the
UVB-induced immunosuppression.
UV-induced damage of epidermal Langerhans cells, a

subpopulation of DCs in the skin, is considered to be an
important mechanism for UV-induced immune suppres-
sion (8, 19, 20). There is evidence indicating that DNA
repair mechanisms are related directly to the function of
DCs in the stimulation of T cells and the induction of
immune reactions (17, 18). Here, we report that prevention
of UVB-induced immunosuppression by GSPs is mediated,
at least in part, through their effects on UVB-irradiated DCs
in terms of restoration of their functional activity. We also
found that GSPs were unable to inhibit UVB-induced
immunosuppression in xeroderma pigmentosum comple-
mentation group A (XPA)-deficient mice, which are defi-
cient in repair of UV-induced DNA damage because of
absence of nucleotide excision repair (NER) mechanism.
Moreover, the GSPs could not rescue the functional activa-
tion of UVB-irradiated DCs from these mice, further sug-
gesting that the chemopreventive effects of dietary GSPs are
mediated through the enhanced repair of damaged DNA in
DCs.

Materials and Methods
Animals
Female C3H/HeN mice of 4 to 6 weeks of age were

purchased from Charles River Laboratories. The XPA-
deficient or XPA-knockout (XPA-KO) mice on a C3H/
HeN background were bred in our Animal Resource
Facility, as described previously (21, 22). All mice were
maintained under standard conditions of a 12-hour
dark/12-hour light cycle, a temperature of 24�C � 2�C
and relative humidity of 50% � 10%. The mice were
provided a control AIN76A diet with or without supple-
mentation with GSPs and drinking water ad libitum
throughout the experiment. Mice in GSP-fed group were
given GSPs-containing diet 7 days before the start of

UV irradiation and continued till the end of the exper-
iment. The animal protocol used in this study was
approved by the Institutional Animal Care and Use
Committee of the University of Alabama at Birmingham
(Birmingham, AL).

Chemicals, antibodies, and GSPs
Microbeads conjugated tomonoclonal anti-mouse CD8/

CD4 or anti-mouse CD11c antibodies and the MACS sys-
tem used for the purification of immune cells were pur-
chased from Miltenyi Biotec. Anti-mouse Langerin/CD207
antibody was purchased from Dendritics. IL-4, lipopoly-
saccharide (LPS), and carboxyfluorescein succinimidyl ester
(CFSE) were purchased from Sigma Chemical Co. Anti-
mouse CD3e and GM-CSF were purchased from BD Bio-
science. ELISA kits for mouse IFNg , IL-12, IL-4, and IL-10
were purchased from eBioscience, whereas antibody spe-
cific to cyclobutane pyrimidine dimers was obtained from
Kamiya Biomedical.

TheGSPswere obtained from theKikkomanCorporation
and the chemical composition has been described earlier
(12, 13). Experimental diets containing GSPs (0.2% or
0.5%, w/w) were commercially prepared in pellet form in
the AIN76A-powdered control diet by TestDiet using the
GSPs that we provide for this purpose.

UVB irradiation
The clipper-shaved backs of themicewereUVB-irradiated

using a band of 4 FS20 UVB lamps (Daavlin; UVA/UVB
Research Irradiation Unit) equipped with an electronic
controller to regulate UV dosage, as described earlier
(11). The UV lamps emit UVB (280–320 nm; �80% of
total energy) andUVA (320–375 nm; !20%of total energy),
with UVC emission being insignificant. We used 2 different
doses of UVB irradiation depending on the NER capability
of mice used in this study. XPA-KO mice lack DNA repair
genes and are sensitive to UVB radiation–induced DNA
damage. For this reason, 20 mJ/cm2 dose of UVB was used
for irradiation of XPA-KO mice. In the case of C3H/HeN
mice (wild-types of XPA-KO mice), a dose of 150 mJ/cm2

UVB irradiation was used.

Assessment of contact hypersensitivity
The UV-induced suppression of CHS was determined as

described previously (11). The clipper-shaved backs of
the mice were UVB irradiated for 4 consecutive days.
Twenty-four hours after the last UV exposure, the mice
were sensitized by painting 25 mL of 0.5% 2, 4-dinitro-
fluorobenzene (DNFB) in acetone:olive oil (4:1, v/v) on
the UVB-irradiated skin site. The CHS response was eli-
cited 5 days later by challenging ear of each mouse with
20 mL of 0.2% DNFB. The ear thickness was measured
24 and 48 hours after the challenge using an engineers’
micrometer (Mitutoyo) and was compared with the ear
thickness just before challenge. Non–UVB-irradiated
mice that received the same dose of DNFB served as a
positive control, whereas the non–UVB-irradiated mice
that received only ear challenge served as a negative
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control. Each experiment was repeated at least twice with
n ¼ 5 per group.

Preparation of bone marrow–derived DCs
To assess whether GSPs enhance repair of UVB-induced

DNA damage in DCs, DCs were prepared from bone mar-
row of na€�ve wild-type and XPA-KO mice, as described
previously (15, 23). Briefly, mice were sacrificed and the
femurs collected, cleaned, and sterilized by dipping in 70%
ethanol for 5 min. Under a sterile hood, the bone marrow
cells were collected in RPMI media. After lysis of red blood
cells, the B and T cells were depleted using Dynal beads. The
remaining cells were washed with Hank’s balanced salt
solution (HBSS) buffer and suspended in DC medium
[RPMI supplemented with 10% FBS, granulocyte macro-
phage colony-stimulating factor (GM-CSF; 10 ng/mL) and
IL-4 (10 ng/mL)] in 6-well tissue culture plates. On the fifth
day of incubation, LPS (5 mg/mL) was added to the culture
media to induce maturation of DCs. Twenty-four hours
later, the cells were harvested. Approximately 95% of these
cells [bone marrow–derived DCs (BM-DC)] are CD11cþ

cells.

Photoprotective effect of GSPs on UVB-induced DNA
damage in BM-DC: detection of CPDþ BM-DCs using
cytostaining

The BM-DCs (CD11cþ cells) were treated with various
concentrations of GSPs (0, 5, 10, and 20 mg/mL) for 30
minutes, washed with PBS, and then exposed to the UVB
radiation (5mJ/cm2) in PBS. Following UVB exposure, BM-
DCs were resuspended in BM-DC culture medium and
incubated in the dark inside an incubator for another 30
minutes or 24hours. BM-DCswere thenharvested andwere
subjected to immunohistochemical detection of CPD-pos-
itive cells using cytostaining, as described previously (24,
25). CPDþ cells were detected and counted in 5 to 6
different fields using an Olympus BX41 microscope. Data
are presented as themean of the percentage of CPDþ cells�
SD from 2 separate experiments.

Immunohistochemical detection of langerin-positive
DCs and CPD-positive cells in vivo mouse skin

Mice were exposed to UV (WT, 150 mJ/cm2; XPA-KO,
20 mJ/cm2) with or without treatment with GSPs in diet.
Twenty-four hours after exposure, mice were euthanized,
and skin samples were collected and frozen in optimum
cutting temperature (OCT) medium. For immunohisto-
chemical detection of langerin-, CPDs-, or double-positive
cells, 5 mm thick frozen sections were thawed and kept in
70mmol/LNaOHsolution in 70%ethanol for 2minutes to
denature nuclear DNA followed by neutralization in 100
mmol/L Tris-HCl (pH 7.5) in 70% ethanol. The sections
were washed and permeabilized with 0.2% Triton-X100 in
PBS for 20 minutes. After blocking with 5% bovine serum
albumin, sections were incubated with antibodies specific
for CPDs and biotinylated langerin/CD207. Sections were
counterstained with Alexa fluor488 (green color for CPDs)
goat anti-mouse IgG1 and streptavidin Alexa fluor594 (red

color for langerin). SectionsweremountedwithVectashield
mounting medium for fluorescence and stained with 40,6-
diamidino-2-phenylindole (DAPI) before they were
observed under a fluorescence detection–equipped Olym-
pus microscope BX51 fitted with a Qcolor DP71 digital
camera and photographed.

Southwestern dot blot analysis of CPDs
The gDNA was isolated from the different treatment

groups of BM-DCs following standard procedures and dot
blot analysis was conducted as detailed previously (24, 25).
Briefly, gDNA (100 ng) was transferred to a positively
charged nitrocellulose membrane by vacuum dot-blotting
(Bio-Dot Apparatus, Bio-Rad). The membrane was then
incubated with antibodies specific for CPDs for 1 hour.
After washing, the membrane was incubated with horse-
radish peroxidase–conjugated secondary antibody. The cir-
cular dots of CPDs were detected using ECL detection
system. The experiment was repeated once.

Isolation of CD11cþ DCs from draining lymph nodes,
in vitro stimulation and analysis of cytokines

XPA-KO mice and their wild-type counterparts that were
provided a diet supplemented withGSPs (0.5%w/w) or the
control diet were UVB-irradiated for 3 consecutive days.
Twenty-four hours after the last UVB exposure, mice were
sacrificed, draining lymph nodes were harvested, and a
single-cell suspension prepared, as described previously
(11, 15). A MACS system in which the CD11cþ DCs were
positively selected was used to purify DCs according to the
manufacturer’s instructions (Miltenyi Biotec, Inc.). To stim-
ulate cytokine production by the purified DCs, they were
incubated or stimulated with LPS (5 mg/mL) for 48 hours.
After 48 hours, cell culture supernatants were collected,
centrifuged and the levels of cytokines, IL-12, IFNg , and
IL-10 measured using cytokine-specific ELISA (BioSource
International).

In vitro stimulation of CD4þ T cells by DCs and
measurement of cytokines level

Mice were UVB-irradiated for 3 consecutive days with or
without treatment with GSPs (0.5%, w/w), as described
above. Twenty-four hours after the last UVB exposure, mice
were sacrificed, the lymph nodes harvested, and CD11cþ

cells purified as described above. Similarly, CD4þ T cells
were isolated from a single-cell suspension of spleen cells of
normal na€�ve mice (without any treatment). For this pur-
pose, spleen cells were mixed with ACK buffer (Lonza) and
incubated on ice for 5 minutes to ensure lysis and removal
of red blood cells. Remaining cells were mixed with
microbeads conjugated to anti-CD4 antibodies. CD4þ T
cells were then separated using the MACS system following
the instructions of the manufacturer. CD11cþ cells were
then placed in culture with CD4þ T cells (1:10 ratio, DCs
and CD4þ T cells) for 4 days in complete RPMI medium
with soluble anti-CD3e (5.0 mg/mL). To examine the ability
of the CD11cþ cells to induce T-cell proliferation, CD4þ T
cells were prelabeled with CFSE, a fluorescent dye (26–28).
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Cellswereharvested and then analyzed for proliferationof T
cells by fluorescence-activate cell sorting (FACS) analysis,
whereas supernatants from the same treatment groups were
used for analysis of cytokines using cytokine-specific ELISA
kits.

Effectsof adoptive transferofDCson theCHSresponse
The backs of the donor mice were clipper-shaved and

exposed to UVB radiation for 4 consecutive days with or
without treatment with GSPs in diet (0.5%, w/w). Twen-
ty-four hours after the last UVB exposure, mice were
sensitized by painting DNFB on the UVB-irradiated skin
site. Twenty-four hours after sensitization, the mice were
sacrificed, the regional lymph nodes harvested, and sin-
gle-cell suspensions were prepared. CD11cþ cells were
purified or positively selected using MACS system fol-
lowing the manufacturer’s instructions (Miltenyi Biotec,
Inc). Greater than 90% of the cells are DCs. These DCs
(5 � 105 cells/mouse) from wild-type or XPA-KO donor
mice were injected subcutaneously into the recipient
mice, which were untreated na€�ve mice. Five days after
injection of the DCs, the recipient mice were challenged
by painting DNFB on the ear skin with ear swelling
being determined before and 24 and 48 hours after the
challenge.

Results
Prevention of UVB-induced immunosuppression by
GSPs requires an NER mechanism
UVB-induced DNA damage in the form of CPDs has

been associated with immunosuppression and initiation
of photocarcinogenesis (18, 21, 22). Therefore, we deter-
mined whether GSPs prevent UVB-induced immunosup-
pression in XPA-deficient or XPA-KO mice which do not
have the ability to repair UVB-induced DNA damage in
the form of CPDs because of the absence of functional
NER. For this purpose, contact hypersensitivity was
assessed in XPA-KO and their wild-type counterparts that
had been provided GSPs in the diet (0.2% and 0.5%, w/
w). Consistent with previous reports, the contact sensiti-
zation reaction and ear swelling response to DNFB
occurred in UVB-irradiated wild-type mice, which are
XPA-proficient, and the responses were significantly
higher in the UVB-irradiated wild-type mice that were
fed GSPs (P < 0.005; Fig. 1, left, 2 bars from the bottom)
than UVB-irradiated wild-type mice that were not fed
GSPs. Indeed, the ear swelling response in the UVB-
irradiated wild-type mice that were fed GSPs was com-
parable with the response of wild-type mice that were not
UVB-irradiated (Fig. 1, left, second bar from the top). As
would be anticipated, the CHS response was significantly
lower (P < 0.001; Fig. 1, right, fourth bar from the top) in
XPA-KO mice that were UVB-irradiated than those XPA-
KO mice that were not UVB-irradiated (Fig. 1, right panel,
second bar from the top, positive control), confirming
that UVB radiation is immunosuppressive in XPA-KO
mice. However, significant UVB-induced suppression of
the CHS response (P < 0.001) also was observed in the

UVB-exposed XPA-KO mice that were fed GSPs, which
suggests that the prevention of UVB-induced immuno-
suppression by dietary GSPs requires intact NER
mechanisms.

GSPs enhance repair of UVB-induced DNA damage in
BM-DCs obtained from wild-type mice but not in
BM-DCs from XPA-KO mice

To determine whether GSPs have the ability to enhance
repair of UVB-induced DNA damage in DCs, DCs were
purified from the bone marrow of XPA-KO mice and their
wild-type counterparts, treated with GSPs, and exposed to
UVB radiation. Cells were harvested either immediately
or 24 hours after UVB irradiation and the presence of
DNA damage in the form of CPDs determined by cytos-
taining. CPDs were not detectable in the DCs that were
not UVB irradiated, regardless of their source (Fig. 2A).
CPDs were detectable in the DCs from XPA-KO mice and
their wild-type counterparts immediately after UVB expo-
sure and treatment with GSPs did not affect the numbers
of CPDþ DCs immediately after UVB exposure (data not
shown). This suggests that GSPs do not act to prevent
UVB-induced formation of CPDs and also excludes the
possibility that the GSPs in the culture medium are acting
to filter the UVB radiation. When the DCs obtained from
wild-type mice were analyzed 24 hours after UVB irradi-
ation, however, there were significantly fewer CPDþ cells
in the DCs that had been treated with GSPs than in the
non–GSP-treated UVB-irradiated DCs (P < 0.01, P <
0.001; Fig. 2A and B), suggesting that GSPs might accel-
erate the repair of UVB-induced CPDs. This was verified
using dot blot analysis and that this form of DNA damage
was not apparent in the DCs that were not UVB-irradiated
whether or not they were treated with GSPs (Fig. 2C). In
contrast to the effects of GSPs on the DCs obtained from
the wild-type mice, GSP-mediated repair was not
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Figure 1. Dietary GSPs do not prevent UVB-induced suppression of the
CHS response in XPA-deficient mice but do so in their wild-type
counterparts. Mice were exposed to UVB radiation on 4 consecutive
days. Twenty-four hours after the last UVB exposure, the mice were
sensitized with DNFB. Five days after sensitization, the mice were
challenged by painting DNFB on the ear skin, and ear thickness was
measured. The change in ear thickness is reported in millimeters
(mm � 10�2) as the mean � SD, n ¼ 5 per group. The experiment was
repeated once with similar results. ¶Significant inhibition versus positive
control,P < 0.001. �Significant increase in ear skin thickness versus non–
GSP-treated and UVB-exposed wild-type mice; P < 0.005.

Proanthocyanidins Inhibit UVB-Induced Immunosuppression

www.aacrjournals.org Cancer Prev Res; 6(3) March 2013 245

D
ow

nloaded from
 http://aacrjournals.org/cancerpreventionresearch/article-pdf/6/3/242/2251858/242.pdf by guest on 19 M

ay 2023



observed in the DCs obtained from XPA-deficient mice 24
hours after UVB irradiation (Fig. 2A–C). These results
suggest that GSPs have the ability to enhance repair of
UVB-induced DNA damage in DCs and that this requires
XPA activity or NER mechanisms.

GSPs enhance repair of UVB-induced DNA damage in
epidermal DCs of wild-type mice but not in DCs of
XPA-KO mice

We further verified DNA repair ability of GSPs in DCs in
vivo mouse model. As shown in Fig. 2D, compared with
non–UV-exposed mouse skin, UV exposure to the skin of
wild-type mice induced a larger number of CPD-positive
cells (green color) while decreased the number of lan-

gerin-positive DCs (red color) in the epidermis of the
skin. In contrast, the numbers of CPD-positive cells were
less, whereas the number of langerin-positive cells was
higher in the skin of GSPs-fed group of mice than in UV
alone exposed mouse skin. The data on overlay panel
indicate that the majority of langerin-positive cells did
not show the presence of CPDs in GSP-fed group of mice
compared with the cells detected in the skin of mice
which were not fed GSPs in diet but exposed to UV.
These results suggest that GSPs enhanced the repair of
UV-induced DNA damage in langerin-positive subset of
DCs (Fig. 2D). In contrast, this effect of GSPs was not
observed in the DCs of XPA-KO mouse skin under iden-
tical conditions (data not shown).
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Figure 2. GSPs significantly repair
UVB-induced DNA damage in BM-
DCs obtained from wild-type mice
but do not repair damaged DNA in
BM-DCs from XPA-KO mice. A,
BM-DCs were exposed to UVB
(5 mJ/cm2) with or without the
pretreatment with GSPs (0, 5, 10,
and 20 mg/mL) and harvested
either immediately or 24 hours
later, cytospun, and subjected to
cytostaining to detect CPDþ

cells. CPDþ cells are dark brown.
Magnification, �400. B, the
numbers of UVB-induced CPDþ

cells in wild-type and XPA-
deficient BM-DCs are expressed in
terms of the percentage of CPDþ

cells as a mean� SD of the results
of 3 independent experiments.
Significant difference versus GSP-
treated and UVB-irradiated cells,
�P < 0.001; ¶P < 0.01. C, analysis of
CPDs by dot blot assay. Results
are shown from a single
experiment that is a representative
of 2 separate experiments. D,
treatment of mice with dietary
GSPs enhanced the repair of UV-
inducedDNAdamage in epidermal
DCs (langerin-positive cells). Red
fluorescence indicates langerinþ
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indicates CPDþ cells. Arrows
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(merge) panel. Representative
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Dietary GSPs increase the levels of IFNg and IL-12 in
CD11cþ DCs obtained from UVB-exposed wild-type
mice but not DCs from UVB-exposed XPA-deficient
mice
To determine whether the repair of the DNA damage in

the DCs is associated with restoration of the functional
activity of DCs, we investigated whether the repair of DNA
damage is associated with their ability to enhance TH1-type
cytokines (i.e., IFNg and IL-12). For this purpose, wild-type
and XPA-KO mice were UVB exposed (wild-type, 150 mJ/
cm2; XPA-KO, 20 mJ/cm2) on 3 consecutive days. DCs
(CD11cþ cells) were then isolated from the lymph nodes
of the mice, stimulated with LPS for 48 hours, and the
supernatants collected for analysis of the cytokines by ELISA
(Fig. 3). As would be anticipated, the levels of IFNg and IL-
12 were significantly lower (P < 0.01) in the supernatants
from DCs that had been obtained from the wild-type mice
exposed to UVB than the levels in the supernatants of DCs
obtained from the control mice that had not been exposed
to UVB. DCs obtained from UVB-irradiated wild-type mice
that had been fed GSPs produced significantly higher levels
of IFNg and IL-12 than DCs obtained from non–GSP-
treatedUVB-exposedwild-typemice (P < 0.01). In addition,
the production of IL-10, which is considered as an immu-

nosuppressive cytokine, was significantly lower (P < 0.01)
in DCs obtained from the UVB-exposedmice that had been
fed GSPs than those that were fed the standard diet. These
results suggest that dietary GSPs can promote or restore the
function of DCs after UVB irradiation. An association of the
ability of the GSPs to mediate restoration of DC function
with their ability to repair DNAwas suggested by the lack of
a significant elevation in the production of IFNg and IL-12
or reduction in the production of IL-10, in DCs obtained
from UVB-exposed XPA-KO mice that were fed GSPs.

Dietary GSPs enhance the ability of DCs from UVB-
irradiated wild-type mice, but not DCs from XPA-
deficient mice, to stimulate T cells in vitro

To verify that dietary GSPs can promote the functions of
DCs from UVB-irradiated mice and that this contributes to
the prevention of UVB-induced immunosuppression, we
first tested whether DCs from GSP-treated mice can stim-
ulate the proliferation of T cells. For this purpose, CD4þ T
cells were isolated from the spleens of na€�ve wild-type mice
and labeled with CFSE. These CFSE-labeled CD4þ T cells
were then co-incubated for 4 days with CD11cþ cells
isolated from the lymph nodes of various treatment groups
of wild-type and XPA-KO mice. The proliferation index of

Figure 3. Dietary GSPs enhanced
the production of IL-12 and IFNg in
DCs obtained from UVB-exposed
wild-type mice but not DCs from
XPA-KOmice.Micewere exposed to
UVB 3 times on consecutive days.
Mice were sacrificed 24 hours after
the last UVB exposure, and DCs
(CD11cþ cells) were isolated from the
lymph nodes. DCs were stimulated
with LPS (5 mg/mL) for 48 hours,
harvested and supernatants
collected. The concentrations of
cytokines in the cell supernatants
were estimated by ELISA and are
presented as themean�SD in terms
of pg/2 million cells. Experiment was
repeated once; n ¼ 5. Significant
decrease versus non-UVB control, ¶,
P < 0.01; significant increase versus
UVB alone, �, P < 0.01. Significant
increase versus non-UVB control, †,
P < 0.01, significant decrease versus
UVB alone, ��, P < 0.01.
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the CD4þ T cells was then determined using FACS analysis
and the levels of cytokines in the supernatants measured
using cytokine-specific ELISA. Consistent with UVB-
induced immunosuppression, the proliferation of the
CD4þ T cells was significantly lower when they were co-
incubated with DCs prepared from UVB-irradiated wild-
type mice than when they were incubated with DCs from
wild-type mice that were not UVB-irradiated (Fig. 4). The
proliferation of CD4þ T cells was significantly greater on co-
incubation with DCs from UVB-irradiated wild-type mice
that had been fed GSPs than on co-incubation with DCs
from UVB-exposed wild-type mice that had not been fed
GSPs, as shown in Fig. 4 (top). In contrast, the proliferation
of CD4þ T cells was not enhanced whenDCswere obtained
from UVB-exposed XPA-KO mice that had been fed GSPs
(Fig. 4, bottom).

The ability of the GSPs to promote the function of UVB-
irradiatedDCswas supported by the analysis of the levels of
cytokines in the supernatants of the co-cultures. The immu-
nosuppressive effects of UV radiation were indicated by the
finding that the levels of IFNg (a TH1-type cytokine) were
significantly lower (P < 0.01) in the supernatants obtained
from the co-cultures in which the DCs were obtained from
UVB-irradiated wild-type mice than in the supernatants
from the co-cultures in which the DCs were obtained from
wild-typemice that were not UVB-irradiated. Moreover, the
levels of IFNg in the supernatants from the co-cultures in
which the DCs were obtained from UVB-irradiated wild-
type mice that had been fed GSPs were significantly higher
(�2-fold,P<0.001) thanwhen theDCswereobtained from
UVB-irradiated wild-type mice that had not been fed GSPs
(Table 1). The levels of IL-10 and IL-4 alsowere significantly
lower (P < 0.01) in the supernatants from the co-cultures in
which the DCs were obtained from UVB-irradiated wild-

type mice that had been fed GSPs than when the DCs were
obtained from UVB-irradiated wild-type mice that had not
been fed GSPs.

In contrast, the levels of IFNg were not significantly
elevated in the supernatants obtained from co-cultures in
which the DCs were obtained from UVB-exposed XPA-KO
mice that were fed GSPs. In addition, the levels of IL-10 and
IL-4 were modestly lower in the supernatants from co-
cultures inwhich theDCswere obtained fromUVB-exposed
XPA-KOmice that were fed GSPs (Table 1). The production
of higher levels of TH1-type and lower levels of TH2-type
cytokines by the DCs obtained from GSP-treated wild-type
mice further suggests that dietary GSPs promotes the func-
tional activationofDCs inwild-typemice and thismayhave
contributed to the stimulation of the proliferation potential
of CD4þ T cells observed in vitro.

GSPs prevent UVB-induced immunosuppression by
enhancing the functional activation of DCs in UVB-
exposed mice: adoptive transfer experiments with
CD11cþ cells

It has been shown that UVB-induced suppression of CHS
responses is dependent on the function of DCs (29). Our
current studies revealed that GSPs increase the ability of
UVB-irradiated DCs to stimulate TH1-type cytokines and
stimulate the proliferation of T cells (Figs. 2–4 and Table 1).
On the basis of these results,we carriedout adoptive transfer
experiments. The donormice (wild-type andXPA-KO)were
provided a diet supplemented with GSPs (0.5%, w/w) or
the control diet, exposed toUVB, and sensitizedwithDNFB.
Twenty-four hours after sensitization, mice were sacrific-
ed and the regional lymph nodes collected. Single-cell
suspensions were prepared and the CD11cþ cells positively
selected using theMACS system. Purified CD11cþ cells (5�
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Figure 4. Dietary GSPs improve the
functional ability of DCs from UVB-
irradiated wild-type mice, but not
XPA-KO mice, to enhance the
proliferation of CD4þ T cells. CD4þ

T cells isolated from the spleens of
naïve mice (wild-type) were labeled
with CFSE and co-incubated with
CD11cþ cells (DCs) isolated from
lymph nodes of the different
treatment groups of wild-type and
XPA-KO mice in the presence of
anti-CD3e (5.0 mg/mL). After 4
days, cells were harvested and
analyzed for their proliferation
index using FACS. Representative
histograms from 1 experiment are
shown from a total of 3
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numerical values indicating
percentage proliferating
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105/mouse) were injected subcutaneously into na€�ve wild-
type mice, which were then challenged by application of
DNFB on the ear skin 5 days later. The ear thickness was
measured before challenge and 24 and 48 hours after
challenge. As shown in Fig. 5A, the na€�ve mice that received
CD11cþ cells fromUVB-exposed,wild-type donormice that
had been fedGSPs showed a greater CHS response (fifth bar
from the top) than the na€�ve mice that received DCs from
the UVB-exposed wild-type mice that were not fed GSPs
(fourth bar from the top). The CHS response after challenge
with DNFB was a little higher 48 hours after challenge than
24 hours after challenge, but the difference was not statis-
tically significant. Collectively, these results suggest that the
preventionofUVB-induced immunosuppressionbyGSPs is
mediated through their functional activation of DCs. This
chemopreventive effect of GSPs on the CHS response was
not seen in the na€�ve mice which had received DCs from
UVB-irradiated and GSP-fed XPA-KO mice (Fig. 5B), sug-
gesting that theGSP-mediated promotion of the function of
UVB-damaged DC is dependent on their effects on DNA
repair in the DCs.

Discussion
In the present study, we show a novel cellular target of

GSPs that prevents UVB-induced immunosuppression in
mice. UV-induced photodamage of epidermal Langerhans
cells, a subpopulation ofDCs in the skin, is considered to be
an important mechanism or cellular target in UV-induced
immune suppression (8, 19). There is evidence indicating
that DNA repair mechanisms are related directly to the
function of Langerhans cells in the stimulation of T cells
and the induction of immune response (17, 18). It has been
shown that a reduction in CPDþ Langerhans cells is corre-
lated with increased function of the Langerhans cells as
assessed by the induction of CHS and the production of
IFNg by T cells (17). It also has been reported that the repair
of CPDs in UV-exposed skin requires NER mechanisms or

the XPA gene (17, 25). Therefore, we tested the effect of
dietary GSPs onUVB-induced immunosuppression in XPA-
KO mice and the resultant data were compared with the
CHS response in their wild-type counterparts. We found
that dietary GSPs prevent UV-induced suppression of the
CHS response to the contact sensitizer, DNFB, in wild-type
mice but this effect of GSPs was not observed in XPA-KO
mice, suggesting the involvement of XPA or NER mechan-
isms in the prevention of UV-induced immunosuppression
by GSPs inmice. To determine and verify whether GSPs can
act to enhanceDNA repair inDCs,we subjectedGSP-treated
or untreated mouse BM-DCs to UV irradiation. The cells
were harvested immediately or 24hours afterUV irradiation
andCPDþ cells were identified by immunocytostaining.We
found that treatment of UV-irradiated DCs with GSPs
resulted in repair of CPDs; however, GSPs were not able
to repair UV-induced DNA damage in DCs obtained from
XPA-KO mice. Furthermore, dietary GSPs were found to
enhance the repair of UV-inducedDNAdamage in the form
of CPDs in epidermal DCs (langerin-positive cells) in wild-
type mice, but this effect of GSPs was not observed in the
epidermal DCs of UV-exposed skin of XPA-KO mice. These
results suggest that GSPs do not have the ability to repair
UV-induced CPDs in DCs from XPA-KO mice and indicate
that GSP-mediated DNA repair in DCs is mediated through
XPA and is an important mechanism in their prevention of
UV-induced immunosuppression. Studies by Li and collea-
gues (30) also have shown the role of XPA in the repair of
UV-induced DNA damage. They have shown that upon
DNA damage in S-phase, NER is regulated by the ATR/
p53-dependent checkpoint; however, this repair mecha-
nism is independent of p53 in G1 or G2 phase. Roy and
colleagues (31) have shown that GSPs induce apoptosis in
JB6 C141 keratinocytes and this effect of GSPs was p53-
dependent because apoptosis occurred mainly in cells
expressing wild-type p53 than in cells which were p53-
deficient. These studies suggest the involvement of p53 in

Table 1. Effect of co-culture of DCs from wild-type and XPA-KO mice with CD4þ T cells on cytokine
production

Wild-type XPA-KO

Cytokines Control UV GSPs þ UV Control UV GSPs þ UV

IFNg 320 152 (53) 353 (132)a 212 131 (38) 152
IL-4 215 296 (38) 197 (33)a 208 328 (57) 250
IL-10 456 844 (85) 659 (22)a 308 532 (73) 487

NOTE: DCswere isolated from the draining lymph nodes of different treatment groups, as described inMaterials andMethods. CD4þ T
cells isolated from the spleens of naïvewild-typemicewere labeledwithCFSEandco-culturedwithCD11cþ cells in the ratio of 10:1 for
4 days. Cells were harvested, and cell supernatants were subjected to the analysis of cytokines by ELISA. Values in parentheses under
UV-exposed groups indicate percentage reduction (IFNg ) or percentage increase (IL-4, IL-10) in the amount of cytokines secreted by
CD4þ T cells compared with controls.
aCo-culture of DCs from GSP-treated wild-type mice with CD4þ T cells enhanced the production of IFNg (132%) and reduced the
production of IL-4 (33%) and IL-10 (22%) compared with non–GSP-treated UVB-irradiated mice in wild-type group. Cytokine
concentration is reported in terms of mean values and pg/2 million cells, n ¼ 2. SD to mean values of cytokine content was in the
range of 4% to 8% in each group.
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repair of damaged DNA, and further studies are needed on
this aspect and its role in UV-induced immunosuppression
and its prevention.

It is known that the production of specific cytokines by
DCs plays a major role in their ability to stimulate specific
populations of T cells. DCs can produce both IL-12, an
immunostimulatory cytokine that is a prominent stimula-
tor of TH1 cells, and IL-10, an immunosuppressive cytokine
that induces Treg cells (32–35). UV irradiation suppresses
the production of IL-12, whereas it increases the production
of IL-10 in the skin (36–38). The UV irradiation reduction
in the production of IL-12 by theDCs suggests that thismay
be a mechanism by which UV radiation stimulates the
development of tolerogenic DCs (39, 40). On the basis of
this information, we analyzed the effects of dietary GSPs on
the production of various cytokines by DCs obtained from
UV-exposed XPA-KO and their wild-type counterparts. We
found that dietary GSPs enhanced the production of IL-12
and IFNg while reducing the levels of IL-10 inDCs obtained
from UVB-exposed wild-type mice. This ameliorating effect
of GSPs was not found in the DCs obtained from UVB-
exposed XPA-KO mice. Collectively, these data suggest that
GSPs can rescue the regulated production of IL-12 and IL-10

by the UV-damaged DCs and that the modulation of cyto-
kines in DCs is associated with the GSP-mediated repair of
the UVB-induced DNA damage.

This concept was supported by analysis of the ability of
GSPs to restore the function of DCs in terms of their ability
to activate T-cell subpopulations. To address this issue, the
DCs obtained from different treatment groups of XPA-KO
and their wild-type counterparts were co-cultured with
CFSE-labeled CD4þ T cells. The results of FACS analysis
revealed that DCs obtained from UVB-irradiated wild-type
mice that were fed GSPs significantly stimulate T-cell pro-
liferation whereas DCs obtained from UVB-irradiated
wild-type mice that were not fed GSPs suppressed T-cell
proliferation. These results indicate that GSPs enhance the
function of DCs in terms of their ability to enhance the
proliferation ability of T cells. In the same set of experi-
ments, GSPs also enhanced the production of IFNg while
suppressing the levels of IL-10 and IL-4 by the DCs, which
further supports the concept that dietary GSPs enhance the
functional activity of DCs. Under identical conditions,
dietary GSPs failed to activate DCs obtained from UV-
exposed XPA-KO mice. The DCs obtained from the UVB-
irradiated XPA-KOmice that were fed GSPs were not able to
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hours after the last UVB exposure.
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stimulate the proliferation potential of T cells or the levels
of IFNg . These results support our hypothesis that GSPs
prevent UVB-induced immunosuppression and it does so
by repair of CPDs in DCs that is associated with functional
activation of UVB-irradiated DCs.
Our studies suggest that GSPs increase the ability of UV-

irradiated DCs to stimulate T-cell activation/proliferation.
Therefore, we tested whether dietary GSPs improve the
ability of UVB-exposed DCs to induce CHS responses
following adoptive transfer. Transfer of DCs from UVB-
irradiated wild-type mice that had been fed GSPs to na€�ve
mice resulted in a higher CHS response to DNFB than that
observed in na€�ve mice that received DCs from UV-exposed
wild-type mice that were not fed GSPs. Under identical
conditions, adoptive transfer of DCs from UVB-irradiated
XPA-KO mice that were fed GSPs to na€�ve mice did not
induce a CHS response to the contact sensitizer, DNFB. This
may be associated with the inability of GSPs to protect DCs
from UV-induced DNA damage in these mice. It is to note
thatDCs in the skin consist of different subpopulations. It is
uninvestigated, and therefore, not excluded that DC sub-
populations may have different sensitivities to UV-induced
DNA damage and they may respond differently to GSP-
mediatedpreventive effects. These issues need further explo-
ration and may be examined in our future studies.
Collectively, the results of this study identify a previously

undescribedmechanismbywhichdietaryGSPspreventUV-

induced immunosuppression in experimental mice. We
clearly show that the GSPs prevention of UV radiation–
induced immunosuppression is mediated through DNA
repair–dependent functional activation of DCs. These find-
ings have important implications for the use of GSPs in the
chemoprevention of UV radiation–inducedmelanoma and
non-melanoma skin cancers.
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