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Abstract
The inhibition of UVB-induced immunosuppression by dietary grape seed proanthocyanidins (GSP) has
been associated with the induction of interleukin (IL)-12 in mice, and we now confirm that GSPs do not
inhibit UVB-induced immunosuppression in IL-12p40 knockout (IL-12 KO) mice and that treatment of
these mice with recombinant IL-12 restores the inhibitory effect. To characterize the cell population
responsible for the GSP-mediated inhibition of UVB-induced immunosuppression and the role of IL-12 in
this process, we used an adoptive transfer approach. Splenocytes and draining lymph nodes were harvested
from mice that had been administered dietary GSPs (0.5%–1.0%, w/w), exposed to UVB, and sensitized by
the application of 2,4-dinitrofluorobenzene (DNFB) onto the UVB-exposed skin. CD8þ and CD4þ T cells
were positively selected and transferred into naive mice that were subsequently challenged by application
of DNFB on the ear skin. Naive recipients that received CD8þ T cells from GSP-treated, UVB-irradiated
donors exhibited full contact hypersensitivity (CHS) response. Naive mice that received CD4þ suppressor T
cells from GSP-treated, UVB-exposed mice could mount a CHS response after sensitization and subsequent
challenge with DNFB. On culture, the CD8þ T cells from GSP-treated, UVB-exposed mice secreted higher
levels (5- to 8-fold) of Th1 cytokines than CD8þ T cells from UVB-irradiated mice not treated with GSPs.
CD4þ T cells from GSP-treated, UVB-exposed mice secreted significantly lower levels (80%–100%) of Th2
cytokines than CD4þ T cells from UVB-exposed mice not treated with GSPs. These data suggest that GSPs
inhibit UVB-induced immunosuppression by stimulating CD8þ effector T cells and diminishing regulatory
CD4þ T cells. Cancer Prev Res; 4(2); 238–47. 2010 AACR.

Introduction
The immunosuppressive effects of solar ultraviolet (UV)
radiation, particularly UVB (290–320 nm), are well recognized. This is most clearly evident in terms of the effects of
UV radiation in inhibiting the contact hypersensitivity
(CHS) response to contact sensitizers, which is considered
to be a prototypic T-cell–mediated immune response
(1, 2). Experimental evidence indicates that UV-induced
immunosuppression is a risk factor for skin cancer development in mice and clinical evidence suggests that it is a
risk factor in humans (3, 4). Organ transplant recipients
and chronically immunosuppressed patients living in
regions of intense sun exposure are at greater risk of
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developing skin cancer and that the increase in risk correlates strongly with cumulative UV exposure (5, 6). It has
been reported that UV-induced immunosuppression
enables the outgrowth of transplanted epithelial skin cancers and melanomas in mice (7, 8). T cells from UVirradiated mice that have been activated by antigen exposure can transfer suppression to normal recipients as indicated by enhanced growth of UV-induced skin tumors (9).
Conversely, animals with an enhanced immune response
exhibit a lower risk of skin tumor development on chronic
UV exposure (10). Collectively, these observations suggest
that protection from UV-induced immunosuppression
may be an important strategy in the management of skin
cancer.
Grapes (Vitis vinifera) are rich in polyphenols with approximately 60% to 70% of these polyphenols being found in the
grape seeds, which contain a larger fraction of proanthocyanidins, which are composed of dimers, trimers, tetramers,
and oligomers of monomeric catechins or epicatechins (11–
13). These grape seed proanthocyanidins (GSP) have been
shown to have antioxidant (14, 15), anti-inflammatory, and
anti-skin carcinogenic (16, 17) activities. We have shown that
supplementation of a control AIN76A diet with GSPs inhibits
UV-induced skin tumor development in terms of tumor

Cancer Prev Res; 4(2) February 2011

Downloaded from cancerpreventionresearch.aacrjournals.org on May 5, 2021. © 2011 American Association
for Cancer Research.

Published OnlineFirst November 12, 2010; DOI: 10.1158/1940-6207.CAPR-10-0224
Proanthocyanidins Inhibit UV-Induced Immunosuppression

incidence, tumor multiplicity, and tumor growth in mice
(17). GSPs also inhibit the UVB-induced suppression of the
CHS response to the contact sensitizer 2,4-dinitrofluorobenzene (DNFB) in C3H/HeN mice through a mechanism that is
associated with the induction of interleukin (IL)-12 (18),
which is a heterodimeric cytokine composed of 2 disulfidebonded protein chains p35 and p40 (19, 20) that has been
shown to have antitumor activity in a variety of tumor
models (21–23) and to play a role in bridging innate and
adaptive immune responses (24). IL-12 plays a critical role in
CHS, as in vivo neutralization of IL-12 inhibits the induction
of CHS and also induces hapten-specific tolerance. If IL-12 is
injected in mice i.p. between UV irradiation and hapten
application, it can prevent UV-induced immunosuppression
(25).
Although dietary GSPs inhibit UVB-induced immunosuppression in mice, the molecular mechanisms underlying this inhibitory effect of GSPs are not yet clearly
understood. Here, we report that the analysis of the effects
of GSPs in an IL-12p40 knockout (IL-12 KO) mouse
model verify that inhibition of UVB-induced immunosuppression by GSPs is mediated through stimulation of
IL-12. To characterize the cell populations responsible for
GSP-induced inhibition of UVB-induced immunosuppression, we investigated whether GSPs affect the development of CD8þ effector T cells and/or CD4þ regulatory
T cells, which have been shown to play critical roles in
CHS responses. For this purpose, CD8þ and CD4þ T cells
from spleens and lymph nodes were positively selected
from UVB-irradiated and DNFB-sensitized mice that
received GSPs in the diet. The T-cell subpopulations were
transferred into naive mice that were subsequently sensitized and/or challenged with DNFB and the CHS
response was determined. The effects of dietary GSPs
on the synthesis of Th1 and Th2 cytokines by the
CD8þ and CD4þ T cells were also evaluated.

Materials and Methods
Animals
Female C3H/HeN mice of 6 to 7 weeks of age were
purchased from Charles River Laboratories. The IL-12 KO
mice on a C3H/HeN background were generated and bred
in our Animal Resource Facility, as described previously
(26). The mutation in the p40 protein chain of IL-12 in IL12 KO mice completely eliminates the synthesis of biologically active IL-12 (26). The animal protocol used in this
study was approved by the Institutional Animal Care and
Use Committee of the University of Alabama at Birmingham.
UVB irradiation
The clipper shaved backs of the mice were UVB irradiated
using a band of 4 FS20 UVB lamps (Daavlin; UVA/UVB
Research Irradiation Unit, Bryan, OH) equipped with an
electronic controller to regulate UV dosage, as described
earlier (15, 17). The UV lamps emit UVB (280–320 nm;
80% of total energy) and UVA (320–375 nm; 20% of
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total energy), with UVC emission being insignificant. The
majority of the resulting wavelengths of UV radiation are in
the UVB (290–320 nm) range, with a peak emission at
314 nm.
GSPs and dietary supplementation
The purified GSPs were obtained from the Kikkoman
Corporation and the chemical composition has been
described earlier (17, 18). Briefly, GSPs contain approximately 89% proanthocyanidins, with dimers (6.6%), trimers (5.0%), tetramers (2.9%), and oligomers (74.8%),
and they are stable for at least 2 years when refrigerated at
4 C. Experimental diets containing GSPs (0.5, 1.0%, w/w)
were prepared in pellet form in the AIN76A powdered
control diet by TestDiet, using the GSPs that we provide
for this purpose. The dose of GSPs in the diet was selected
on the basis of its significant chemopreventive effect on
photocarcinogenesis in mice (17). Dietary administration
of GSPs was started at least 1 week before UVB irradiation
of mice and continued until the termination of the experiment.
Assessment of CHS response
Only the clipper-shaved backs of the mice were exposed
to UVB radiation (150 mJ/cm2) for 4 consecutive days.
Twenty-four hours after the last UV exposure, the mice
were sensitized by painting 25 mL of 0.5% DNFB in
acetone:olive oil (4:1, v/v) on the UVB-irradiated clipper
shaved skin site. The CHS response was elicited 5 days
later by challenging both surfaces of the right ear of each
mouse with 20 mL of 0.2% DNFB in acetone:olive oil (4:1,
v/v). The ear swelling was measured 24 hours after the
challenge, using an engineers’ micrometer (Mitutoyo),
and was compared with the ear thickness just before the
challenge. Mice that received the same dose of DNFB for
skin sensitization as well as challenge on ear skin but were
not UV irradiated served as a positive control, whereas the
non–UVB-irradiated mice, which received only ear challenge with DNFB, served as a negative control. To determine the chemopreventive effect of GSPs against UVinduced immunosuppression, GSPs were given in the
diet of the mice in the separate groups. During UV
exposure of the mice, the ears of the mice were protected
from the UV irradiation by opaque black tape, which was
removed after exposure. The backs of the mice that were
not UV irradiated were also shaved to maintain the
identical regimen. The UV-induced suppression of CHS
was determined as described previously (18, 27). Each
treatment group had 5 mice, and each experiment was
repeated at least twice.
To determine whether treatment of mice with GSPs leads
to a long-term immunity, the CHS experiment was
extended. After measuring the right ear swelling response
to challenge with DNFB (primary challenge), the mice were
rested for 4 weeks and were fed a standard diet without
GSPs. The mice were then rechallenged (secondary challenge) on the left ear skin with the DNFB and the ear
swelling response was measured.
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Adoptive transfer of the CHS response
For the adoptive transfer experiments, donor mice were
exposed to UVB radiation with or without treatment with
GSPs and DNFB sensitized 24 hours after the last UV
exposure as described earlier. Five days after sensitization,
the mice were sacrificed and single-cell suspensions were
prepared from the spleens and regional lymph nodes. In
one set of experiments, the unfractionated cells (5  107) in
200 mL of PBS were injected i.v. into each recipient mouse.
The mice were sensitized 24 hours later by epicutaneous
application of DNFB on the shaved abdominal skin and
challenged with DNFB on the ear skin 5 days after sensitization. Ear thickness was measured before and 24 hours
after challenge. In a second set of experiments, purified
CD8þ T cells (8  106) were injected i.v. into the recipients.
In this experiment, the mice were challenged with DNFB
immediately after injection of the cells. In a third set of
experiments, purified CD4þ T cells (8  106) were injected
i.v. into recipient mice, which were sensitized 24 hours
later, sensitized by epicutaneous application of DNFB on
the shaved abdominal skin and challenged with DNFB on
the ear skin 5 days after sensitization, and ear swelling was
determined before and 24 hours after the challenge.
Groups of naive mice, which were not sensitized but were
ear challenged, served as negative controls.
Purification of T-cell subpopulations
In vitro purification of CD4þ and CD8þ T cells from
single-cell suspensions of the spleens and lymph nodes of
the sensitized mice from various treatment groups was
carried out using rat anti-mouse CD4 or anti-CD8 monoclonal antibody and the MACS system following the manufacturer’s instructions (Miltenyi Biotech, Inc.). The
efficiency of positive selection of each T-cell subpopulation
was examined by flow cytometry (EPICS XL; Coulter),
using specific antibodies to target cells. The efficiency of
purification was greater than 95%.
In vivo treatment with recombinant IL-12 or anti-IL-12
antibody
To verify the role of GSP-induced IL-12 on GSP-induced
protection from UVB-induced suppression of the CHS
response in mice, anti-IL-12 antibody was diluted in sterile
endotoxin-free saline and injected i.p. The mice received 2
doses (500 ng each), one at 24 hours and one at 3 hours
before DNFB sensitization. Control mice were injected i.p.
with equal volumes of rat IgG1 (isotype control for the antiIL-12) in saline. IL-12 KO mice were injected i.p. with
recombinant murine IL-12 (1,000 ng/100 mL PBS) or an
equal volume of PBS 3 hours before DNFB sensitization, as
standardized previously (18, 28).
In vitro stimulation of T cells by bone marrow–derived
dendritic cells and measurement of Th1 and Th2
cytokine production
Mice were UVB irradiated with and without GSP treatment and sensitized with DNFB 24 hours after the last UV
exposure, as detailed earlier. The mice were sacrificed 5 days
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later, the spleens and draining lymph nodes collected,
single-cell suspensions prepared, and the CD8þ and
CD4þ T-cell subpopulations purified as described earlier.
Bone marrow–derived dendritic cells (BMDC) were prepared from naive mice and used for in vitro stimulation of
primed T cells as described earlier (29). Purified CD8þ and
CD4þ T cells (2  106/mL) prepared from the different
treatment groups were stimulated with the BMDC (2 
105/mL) and the culture supernatants were collected 48
hours later. After centrifugation, the supernatants were
analyzed for Th1 (IL-2, IFNg) and Th2 (IL-4 and IL-10)
cytokines, using cytokine-specific ELISA kits (BioSource
International, Inc.).
Statistical analysis
The difference between experimental groups for CHS
response and the levels of cytokines was analyzed using
the Student’s t test. A value P < 0.05 was considered
significant.

Results
Prevention of UV-induced suppression of the CHS
response by GSPs requires IL-12
We have shown previously that dietary GSPs prevent
UV-induced suppression of CHS in C3H/HeN [wild-type
(WT)] mice and that this ability of GSPs to prevent
immunosuppression is associated with the stimulation
of an increase in the levels of IL-12 (18). To further verify
whether the prevention of UV-induced immunosuppression by GSPs requires or is mediated through IL-12, the
CHS response was assessed in IL-12 KO mice and their
WT (C3H/HeN) counterparts. Application of DNFB to the
UV-exposed skin did not induce significant sensitization
in either WT (Fig. 1A, 5th bar) or IL-12 KO mice (Fig 1B,
5th bar) but did induce sensitization in the positive
control group mice that were not exposed to UV radiation
(2nd bar). Treatment with GSPs (0.5% and 1.0%, w/w)
prevented the UV-induced suppression of the CHS
response in WT mice as shown by significant ear swelling
upon ear challenge (Fig 1A, 6th and 7th bars). In contrast,
the UV-exposed IL-12 KO mice remained unresponsive to
the DNFB challenge despite treatment GSPs (Fig 1B, 6th
and 7th bars), indicating that the immunopreventive
effect of GSPs on UV-induced suppression of CHS may
require or be mediated through IL-12. Importantly, treatment with GSPs in the absence of UVB irradiation did not
affect the DNFB-induced CHS response (Fig. 1A and B,
3rd and 4th bars).
To further verify that prevention of UV-induced suppression of the CHS response by GSPs requires IL-12, WT
mice were treated with anti-IL-12 monoclonal antibody i.
p. 24 and 3 hours before DNFB sensitization. The injection of GSP-treated WT mice with anti-IL-12 antibody
significantly reversed the protective effect of GSPs on the
UV-induced suppression of CHS (Fig 1A, 8th bar; P <
0.005) as compared with the GSP-treated mice (6th and
7th bars). Moreover, the injection of IL-12 KO mice with
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Figure 1. Prevention of UVB-induced suppression of the CHS response by
GSPs requires IL-12. Dietary GSPs prevent UVB-induced suppression of
the CHS response in WT mice but not in IL-12 KO mice. WT C3H/HeN (A)
or IL-12 KO C3H/HeN (B) mice that received either a standard diet or a diet
supplemented with GSPs (0.5% or 1.0%, w/w) and exposed to UVB
radiation (150 mJ/cm2) on 4-consecutive days, sensitized to DNFB and the
CHS response to application of DNFB on ear skin (challenge) assessed by
measurement of ear swelling response 24 hours later, as described in the
Materials and Methods. Treatment group number 1 in each panel indicates
that mice were not sensitized with DNFB but only challenged with DNFB in
ear skin. In one group, WT mice were injected with anti-IL-12 antibody (A,
8th bar), and in another group, IL-12 KO mice (B, 8th and 9th bars) were
injected with 1,000 ng of IL-12, 3 hours before DNFB sensitization. The
change in ear thickness is reported in millimeter ( 102) as the mean 
SD, with n ¼ 5 per group. The experiment was repeated once with similar
results. *, significant sensitization versus UVB exposure in the absence of
GSPs treatment (5th bar), P<0.001; {, significant inhibition versus the
positive control of sensitization in the absence of UVB irradiation or GSPs
treatment (2nd bar), P < 0.005.

recombinant IL-12 3 hours before DNFB sensitization
resulted in an enhanced ear swelling response (Fig. 1B,
8th and 9th bars).
GSPs stimulate long-term immunity in UVB-irradiated
mice
To determine whether treatment of mice with GSPs
induces long-term effects on the immune responses in
UVB-irradiated mice, the mice that had been subjected
to the CHS protocol (Fig. 2, left) were rested for 4 weeks
after primary challenge with DNFB and were provided a
standard diet without GSP supplementation during this
period of time. As shown in Figure 2 (right), those mice that
had been given GSPs in their diet before the primary
challenge (Fig. 2, left) exhibited similar CHS response after
secondary challenge with DNFB on the ear skin. These data
suggest that dietary GSPs have the ability to protect the
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Figure 2. GSPs protect against UVB-induced immunosuppression and do
so even after cessation of treatment. Mice (C3H/HeN) that received a
standard diet or a GSP-supplemented diet were UVB-irradiated,
sensitized through the UVB-irradiated skin, challenged by application of
DNFB on the right ear (primary challenge), and the ear skin swelling was
measured 24 hours later. The CHS response after primary challenge of the
UVB-exposed mice that did not receive GSPs was significantly lower than
the CHS response of the mice that were not UVB irradiated, whereas mice
that received GSPs in the diet before and during the CHS protocol
mounted a CHS response to the primary DNFB challenge that was
comparable with the response in the mice that were not UVB irradiated.
Similar results were obtained when the mice were rested for 4 weeks after
primary challenge and then further challenged with DNFB (secondary
challenge) on the left ear. The change in ear swelling response in each
group is reported as mean  SD, n ¼ 5 per group. The experiment was
repeated once with similar observations. *, significant increase versus UVB
exposure in the absence of GSPs treatment, P < 0.001; {, significant
increase versus UVB in the absence of GSPs treatment, P < 0.005; and †,
significant inhibition versus the positive control (unirradiated mice; (2nd
bar from the top), P < 0.001.

mice against UVB-induced immunosuppression for a considerable period of time after cessation of consumption of
GSPs.
Prevention of UVB-induced suppression of CHS by
GSPs is transferable via T cells
To further elucidate the mechanisms by which GSPs
counteract UVB-induced immunosuppression, we first
determined whether immune cells were capable of transferring this protection. The regional lymph node and
spleen cells (5  107) from C3H/HeN mice that had
been sensitized 5 days earlier by topical treatment of
DNFB on the UVB-exposed or UVB-unexposed skin, with
or without treatment with dietary GSPs, were injected i.v.
into naive mice. The mice were challenged 24 hours later
by application of DNFB onto the ear skin and ear swelling
was measured 24 hours later (Fig. 3A). Naive mice that
received spleen and lymph node cells from UVB-exposed
mice that were not treated with GSPs exhibited a lower
CHS response (2nd bar) than the control group, whereas
naive mice that received cells from GSP-treated, UVBexposed donor mice showed a significant greater CHS
response (P < 0.001, 3rd bar) that was comparable with
the response of the positive control group (Fig. 3A, 1st
bar). The CHS response under 4th and 5th bars served as
controls. The results from this experiment showed that
the GSP-induced prevention of immunosuppression is
transferable to naive mice.
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Figure 3. GSPs prevent transferable UVB-induced suppression through
activation of T cells. A, donor mice (C3H/HeN) that received either a
standard diet or a diet supplemented with GSPs were sensitized, UVBirradiated, sacrificed 5 days later, and single-cell suspensions prepared
from the regional lymph nodes and spleens, as detailed in the Materials
and Methods. Syngeneic recipient mice were injected i.v. with 5  107
spleen and lymph node cells obtained from syngeneic donor mice.
Recipient mice were sensitized with DNFB 24 hours after transfer, ear
challenge was carried out 5 days later, and ear skin thickness was
measured before and 24 hours after challenge. B, The donor mice were
treated as described in A, except that CD8þ T cells were positively
selected from the spleen and lymph node cell preparations. The CD8þ T
cells (8  106) were injected i.v. into naive mice, the recipient mice were
challenged immediately, and the ear swelling response was measured 24
hours later. In one group of mice, the donor mice were administered
recombinant IL-12 (1,000 ng per mouse) i.p. 3 hours before sensitization. In
another group, donor mice received an i.p. injection of anti-IL-12 (500 ng
per mouse) 24 and 3 hours before DNFB sensitization. Control mice
received rat IgG1 (isotype control of anti-IL-12). The change in ear
thickness is reported as the mean of millimeters ( 102)  SD, n ¼ 5 per
group. *, significantly greater CHS response versus UVB irradiation in the
absence of GSPs treatment, P < 0.001; {, significantly greater CHS
response versus recipient of T cells from UVB þ DNFB treated mice, P <
0.01; and †, significantly lower CHS response versus the positive control
(DNFB-sensitized) group, P < 0.001.

GSPs inhibit UVB-induced immunosuppression
through the activation of CD8þ effector T cells
We then sought to identify the T-cell subpopulations
responsible for the transfer of the GSP-induced prevention
of immunosuppression in the adoptive transfer model. The
donor mice were treated with or without GSPs, exposed to
UVB, and sensitized as shown in Figure 3B. The spleens and
regional lymph nodes were obtained from C3H/HeN
donor mice that had been sensitized 5 days earlier by
topical treatment of the UVB-exposed skin with DNFB.
Single-cell suspensions were prepared and the CD8þ T cells
positively selected using the MACS system. Purified CD8þ T
cells (8  106) were injected i.v. into naive mice, which
were then challenged immediately by application of DNFB
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on the ear skin. Ear swelling was measured 24 hours later.
As shown in Figure 3B, those naive mice that have received
CD8þ effector T cells from GSP-treated, UVB-exposed
donor mice showed a greater CHS response (4th bar) than
the naive mice that received cells from UVB-exposed mice
that were not treated with GSPs (3rd bar). This suggested
that the prevention of UVB-induced immunosuppression
by GSPs is transferable to naive mice by CD8þ T cells and
further suggested that treatment with GSPs results in activation of the CD8þ T-cell subpopulation and that these
cells play a role in the enhanced CHS response in UVBexposed mice.
Cytokine production by the CD8þ T cells in response
to UVB, GSP, or IL-12 treatments
To confirm that dietary administration of GSPs activates CD8þ T cells, we determined the Th1 and Th2
cytokine profiles of CD8þ effector T cells that had been
prepared from the mice in the different treatment groups
and then stimulated in vitro for 48 hours with DNBSlabeled BMDC from naive mice. The supernatants were
collected and the levels of Th1 and Th2 cytokines were
quantified using cytokine-specific ELISAs. As shown in
Figure 4, the levels of IFNg (>5-fold, P < 0.001) and IL-2
(8-fold, P < 0.001) were considerably higher in the supernatants of CD8þ T cells prepared from the GSP-treated,
UVB-exposed mice than in the supernatants of cells from
mice that were exposed to UVB but not treated with GSPs.
In contrast, the Th2 cytokines were barely detectable in
the supernatants of CD8þ T cells obtained either from the
GSP-treated, UVB-exposed mice or the CD8þ T cells from
the mice that were exposed to UVB but not treated with
GSPs. The significantly higher levels of Th1 cytokines in
the mice that were treated with GSPs suggests that the
activation of CD8þ T cells by the dietary GSPs may play a
role in the greater CHS response in the GSP-treated, UVBexposed mice.
GSPs inhibit UVB-induced immunosuppression
through inactivation of CD4þ suppressor T cells
There is an ongoing debate as to whether the CD8þ or the
CD4þ T-cell subpopulation mediates the CHS response.
Studies by some investigators (30, 31) suggest that CD4þ T
cells are the critical effector cells for CHS response, while
other investigators (29, 32–34) provide evidence that
CD8þ T cells play a critical role in CHS response. To explain
the effect of GSPs on the CD8 T cell response, spleens and
regional lymph nodes were obtained from C3H/HeN
donor mice sensitized 5 days earlier by topical administration of DNFB onto the UVB-exposed backs of mice that
were treated with or without GSPs. Single-cell suspensions
were prepared and CD4þ T cells isolated by positive selection. Naive mice were injected i.v. with the purified CD4þ T
cells (8  106) and, in this case, the mice were sensitized 24
hours later by application of DNFB onto the clipper-shaved
abdominal skin prior to challenge by application of DNFB
on the ear skin 5 days later and the ear swelling was
measured 24 hours later. As shown in Figure 5A, those
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Figure 4. Treatment of mice with GSPs or rIL-12 enhances the levels of production of IL-2 and IFNg by CD8þ T cells. Mice were treated and CD8þ T cells were
isolated as described under Figure 3. The CD8þ T cells were then cocultured with DNSB-labeled BMDC for 48 hours, as detailed in the Materials and Methods.
The concentrations of cytokines in the cell supernatants were estimated by ELISA and are presented as the mean  SD in terms of pg or ng per 2 million cells; n
¼ 5/group. *, significant increase versus UVB þ DNFB group, P < 0.001.

naive mice that received CD4þ T cells from UVB-irradiated,
DNFB-sensitized donor mice had a significantly lower CHS
response (P < 0.01) (3rd bar) than those mice that were
sensitized but not exposed to UVB (2nd bar). Those naive
mice that had received CD4þ T cells from the GSP-treated,
UVB-exposed donor mice had a greater CHS response (4th
bar) than those naive mice that had received CD4þ T cells
from UVB-exposed donor mice that were not treated with
GSPs (3rd bar), suggesting that prevention of UVB-induced
immunosuppression by GSPs is transferable to naive mice
by CD4þ T cells.
Cytokine production by CD4þ T cells in response to
UVB and GSPs
To confirm that the dietary administration of GSPs
results in inactivation of CD4þ T cells, we compared
the Th1 and Th2 cytokine profiles of CD4þ T cells from
mice from the different treatment groups. As described in
detail in the Materials and Methods section, purified
CD4þ T cells were prepared and stimulated in vitro for
48 hours with DNBS-labeled BMDC. As shown in Figure
5B, the levels of Th2 cytokines in the supernatants of the
CD4þ T cells from the GSP-treated, UVB-exposed mice
and the IL-12–treated, UVB-exposed mice were significantly lower (IL-4, 80%–100%; IL-10, 88%–92%; P <
0.001) than the levels of these cytokines in the supernatants of CD4þ T cells from UVB-exposed mice that were
not treated with GSPs or IL-12. Both IFNg and IL-2 were
detectable in the supernatants of CD4þ T cells irrespective
of whether the donor mice were treated with GSPs or
IL-12 but the levels of these Th1 cytokines were low,
particularly when compared with the levels of the Th1
cytokines in the supernatants of the CD8þ effector T cells.
The low levels of the Th2 cytokines in the supernatants of
the CD4þ T cells in these experiments suggest that treatment of mice with dietary GSPs suppresses the activity of
CD4þ T cells.

www.aacrjournals.org

Role of IL-12 in the development or inactivation of
CD8þ or CD4þ T cells and adoptive transfer of the
CHS response with and without the treatment of mice
with dietary GSPs
These above-mentioned studies showed that the chemopreventive effect of GSPs on UVB-induced suppression of
CHS is mediated through the induction of IL-12 in mice,
and that this chemopreventive effect is transferable to naive
mice. To examine the contribution of IL-12 to the stimulation of CD8þ T cells in the GSP-treated, UVB-exposed mice,
further adoptive transfer experiments were conducted in
C3H/HeN mice, using cells from mice that were treated
with IL-12 or anti-IL-12 antibody. The CHS responses were
assessed using protocols identical to those described earlier.
Mice that were UVB irradiated but not treated with GSPs
were injected with recombinant IL-12 (Fig. 3B, 5th bar) and
CD8þ T cells were isolated from the lymph nodes and
spleens from the donor mice as described earlier. As shown
in Figure 3, those naive mice that had received CD8þ T cells
from the group of mice that had been UVB-exposed, IL-12treated showed a greater CHS response upon DNFB challenge (5th bar) than those mice that were UVB exposed but
not treated with IL-12 (3rd bar). Those naive mice that had
received CD8þ T cells from donor mice that had been
treated with GSPs, UVB-irradiated and treated with antiIL-12 did not mount a significant CHS response to DNFB
(6th bar) in contrast to donor mice that had been treated
with GSPs and UVB-exposed but not treated with anti-IL-12
(4th bar), suggesting a role for IL-12 in both the stimulation
of CD8þ effector T cells and in the GSP-mediated CHS
response that can be transferred by adoptive transfer.
Finally, UVB-exposed donor mice were treated with rIL12 and 5 days after sensitization CD4þ T cells were isolated
from the spleens and lymph nodes. These cells were transferred to naive mice, and the CHS response was measured
after DNFB challenge. As shown in Figure 5A (5th bar),
those naive mice that received CD4þ T cells from IL-12–
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Figure 5. A, GSPs prevent transferable suppression by UVB through the inactivation of UVB-induced CD4þ suppresser T cells. Mice were treated as
described in Figure 3 and CD4þ T cells were purified from the splenocytes and lymphocytes by positive selection. Twenty-four hours after i.v. injection of CD4þ
T cells into naive mice, the mice were sensitized with DNFB and ear was challenged 5 days after sensitization, as detailed in the Materials and Methods.
Those naive mice that received CD4þ T cells from UVB-exposed donor mice that were GSPs treated showed a greater CHS response than UVB-exposed
mice that were not GSPs treated. Those naive mice that received CD4þ T cells from UVB-exposed rIL-12-injected donor mice showed a significantly
higher CHS response than UVB-exposed mice that were not injected with rIL-12. The change in the ear swelling response in each group is reported as mean 
SD; n ¼ 5 per group. Significantly greater CHS response versus UVB irradiation in the absence of GSPS or rIL-12 treatment, †, P < 0.001; significantly
lower CHS response versus positive control group (2nd bar) {, P < 0.01. B, treatment of mice with GSPs or rIL-12 decreases the production of IL-4 and IL-10
by CD4þ T cells. Mice were sensitized to DNFB after UVB irradiation as described in Figure 3, the CD4þ T were cells isolated by positive selection, and
then cocultured with DNSB-labeled BMDC for 48 hours, as detailed in the Materials and Methods. The concentrations of cytokines in the cell supernatants
were estimated by ELISA and are presented as the mean  SD in terms of pg/2 million cells. Experiment was repeated once; n ¼ 5. Significant decrease
versus UVB þ DNFB group, †, P < 0.001; significant decrease versus positive control (DNFB alone), {, P < 0.001; and significant increase versus positive
control (DNFB alone), *, P < 0.001.

treated donor mice showed a significantly greater CHS
response (P < 0.001) than those naive mice that received
CD4þ T cells from the UVB-irradiated donor mice that had
not been treated with rIL-12 (3rd bar). The CHS response of
the naive mice in group or in bar 5 was comparable with
that of the naive mice that have received CD4þ T cells from
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donor mice that had been treated with GSPs and were UVB
exposed (4th bar). These data suggest that the IL-12 might
have functionally inactivated the suppressive effects of the
CD4þ T cells or inhibited the development of regulatory
CD4þ T cells and thus lacking an enhanced CHS response
to DNFB.
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Discussion
Previously, we have shown that dietary GSPs inhibit
photocarcinogenesis in mice (17). As UVB-induced immunosuppression has been implicated in the development of
skin cancers, we examined the effects of dietary GSPs on
UVB-induced immunosuppression and characterized the
cell populations that play a role in these protective effects of
the GSPs. We found that dietary GSPs prevent the UVBinduced suppression of the CHS response to a contact
sensitizer (DNFB) and that this immunopreventive effect
of GSPs was mediated, at least in part, through the induction of the immunoregulatory cytokine IL-12 (18), which
has been shown to have antitumor activity and to stimulate
the immune system (19, 21, 24). The current experiments
suggest that dietary GSPs fail to prevent UVB-induced
immunosuppression in IL-12 KO mice but can prevent it
in WT mice. The injection of UVB exposed IL-12 KO mice
with recombinant IL-12 restored the CHS response,
whether or not the mice had been treated with GSPs.
Moreover, injection of WT mice that were given GSPs with
anti-IL-12 antibody blocked the GSP-induced prevention
of the CHS response, further supporting evidence that the
prevention of UVB-induced immunosuppression in mice
by GSPs is mediated, at least in part, through IL-12. A
similar chemopreventive effect on UVB-induced immunosuppression has been observed when mice were treated
with green tea polyphenols (35), suggesting that the photoprotective effects of plant polyphenols and flavonols may
be mediated by similar mechanisms. The immunostimulatory effects of IL-12 have been shown using in vivo
systems (36, 37) and IL-12 has been shown to play a role
in vivo as a mediator and adjuvant for the induction phase
of the CHS response (36). After UV exposure, the antigenpresenting cells present in the skin migrate to the regional
lymph nodes and initiate sensitization. We have found that
dietary GSPs enhance the production of IL-12 in draining
lymph node cells of mice (18). Our results also provide
evidence that administration of GSPs not only prevents
UVB-induced immunosuppression but also can protect the
mice from UVB-induced immunosuppression for some
time after the consumption of GSPs has ceased.
As the hapten-specific effects of the GSPs on UVBinduced immunosuppression could be adoptively transferred into naive WT mice, we were able to use an adoptive
transfer approach to characterize the cells that mediate the
GSP effects. Our experiments revealed that dietary GSPs
prevent UVB-induced immunosuppression through stimulation and/or enhanced development of CD8þ effector T
cells and that the dietary GSPs enhance the ability of the
CD8þ T cells to secrete Tc1 cytokines. Thus, these results
suggest that GSPs stimulate the development and the
activity of CD8þ effector T cells, presumably by a direct
effect; however, because the IL-12 was injected into donor
mice we cannot exclude the possibility that the IL-12 acts
on the CD4þ T cells or natural killer cells in these mice and
that ultimately it is these cells that enhance the development of the CD8þ T cells that can mediate the adoptive
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transfer of the CHS response in this system. Our data
further suggest that inhibition of the development of
regulatory T cells and/or inactivation of CD4þ suppressor
T cells also plays a role in the prevention of UVB-induced
suppression of the CHS response by GSPs, and this was
borne out by the significant inhibitory effects of dietary
GSPs on the ability of the CD4þ T cells to produce Th2
cytokines (IL-4 and IL-10). Thus, our results indicate that
CD8þ T cells are the critical effector cells, a finding that is in
accordance with the findings of other investigators (29,
33). Xu and colleagues (29) reported that CHS is mediated
through CD8þ T cells, whereas CD4þ Th2 cells exhibit an
inhibitory effect on CHS, and this observation was supported by the findings of Gocinski and Tigelaar (33) and
Anderson and colleagues (32), who reported that depletion
of CD4þ T cells before sensitization results in an enhanced
ear swelling response. Thus, our results are consistent with
the findings of these investigators. Moreover, our observation that transfer of CD4þ regulatory T cells from those
donor mice that were treated with IL-12 into naive mice
resulted in an enhanced CHS response further suggests that
IL-12 plays a role in inhibiting CD4þ T cells, with this
concept being supported by the inhibitory effects of IL-12
on the secretion of Th2-type cytokines, and this effect was
found to be similar in magnitude to the effects of treatment
of donor mice with GSPs þ UVB.
We also were interested in comparing the cytokine profile of CD8þ and CD4þ T cells obtained from mice that
were exposed to UVB but not treated with GSPs and those
that were GSPs treated and UVB exposed and to delineate
the relationship of these profiles with the inhibitory effect
of dietary GSPs on the UVB-induced immunosuppression.
It was observed that the levels of Th1 (Tc1) cytokines (IFNg,
IL-2) were much higher in CD8þ T cells from GSP-treated
mice whereas the Th2 cytokines (IL-4 and IL-10) were
hardly detectable. These alterations in cytokine profile of
CD8þ T cells under the influence of GSPs may have a role in
the enhancement of immune reactions. IFNg-producing T
cells are important effector cells in the CHS response and
are also involved in reducing the development of UVBinduced skin tumors. Our observations also suggest that
the immunopreventive effect of GSPs against UVB-induced
immunosuppression is mediated, at least in part, through
the inhibition of the development and/or inactivation of
CD4þ regulatory T cells, which is evident in the significant
reduction of Th2 cytokine (IL-4 and IL-10) levels in the cell
supernatants obtained from BMDC-stimulated CD4þ T
cells as compared with the CD4þ T cells obtained from
UVB-irradiated mice that were not treated with GSPs. The
Th2 cytokines IL-4 and IL-10 have been implicated in the
immunosuppressive effects and the development of Th2 or
CD4þ cells (38). Further in this study, we measured that
each mouse (mean weight 20 g) consumed approximately
13  0.5 mg of GSPs per day. On the basis of this
information, the human equivalent dose of GSPs was
calculated according to the body surface area normalization method (39). This analysis revealed that a normal
person of 70 kg body weight would require 3.8 g of GSPs as
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a dietary supplement per day for equivalent immunologic
responses. This amount of GSPs seems affordable, reasonable, and attainable.
In summary, the significance of our study relates to the
chemopreventive effect of dietary GSPs on UVB-induced
immunosuppression, which is considered to be a risk factor
for skin tumor development. This property of GSPs can be
used as an alternative strategy to augment the induction of
CD8þ effector T cells and to diminish the development of
CD4þ regulatory T cells and that may lead to the prevention
of skin cancer risk in humans.
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