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Exposure to UVB radiation before antigen delivery at an
unirradiated site inhibits functional immunological re-
sponses. Mice treated dorsally with suberythemal low-
dose UVB and immunized with ova in abdominal skin
generated ova-specific CD8 T cells with a significantly
decreased activation, expansion, and cytotoxic activity
compared with unirradiated mice. UVB also impaired
the delayed-type hypersensitivity (DTH) reaction to ova.
Transfer of CD4�CD25� cells from UVB-exposed mice
did not suppress the ova-specific CD8 T-cell response or
DTH reaction in unexposed mice, confirming that sys-
temic low-dose UVB does not induce long-lived func-
tional regulatory CD4�CD25� T cells. Repairing cy-
clobutane pyrimidine dimer–type DNA damage and
blocking aryl hydrocarbon receptor signaling also did
not reverse the immunosuppressive effect of UVB on
ova-specific CD8 T cells and DTH, suggesting that cy-
clobutane pyrimidine dimers and the aryl hydrocarbon
receptor are not required in systemic low-dose UVB-
induced immunosuppression. The known UVB chro-
mophore, cis-urocanic acid, and reactive oxygen spe-
cies triggered the inhibition of DTH caused by UVB, but
they were not involved in the modulation of CD8 T cells.
These findings indicate that systemic low-dose UVB
impedes the primary response of antigen-specific
CD8 T cells by a novel mechanism that is independent
of pathways known to be involved in systemic sup-
pression of DTH. (Am J Pathol 2011, 178:2783–2791; DOI:

10.1016/j.ajpath.2011.02.016)

UVB radiation (290 to 320 nm) in natural sunlight is a
potent immunosuppressant. UVB can inhibit the immune
system from generating optimal responses to tumors,

contact haptens, and various microbial antigens (Ags;
viral, fungal, and parasitic) that can lead to exacerbated
disease. Alternatively, immunosuppressive UVB can also
be beneficial to control autoimmune diseases, such as
psoriasis1 and experimental autoimmune encephalomy-
elitis.2 The epidermis of skin absorbs UVB through chro-
mophores, including nuclear DNA, cytoplasmic trypto-
phan, and extracellular trans-urocanic acid (UCA). The
molecular processes that follow trigger a cascade of events
that cumulates in the phenomenon of UVB-induced immu-
nosuppression. Some of the hallmarks of this immunosup-
pression include UVB-induced genetic mutations in skin
cells, circulation of cis-UCA from the isomerization of trans-
UCA, production of reactive oxygen species (ROS), and
generation of regulatory T and B cells that can transfer
suppression into UVB-naïve mice.3 Because UVB has both
detrimental and beneficial effects on the immune system, it
is critical to understand the mechanisms regulated by UVB
so that effective prophylactic and palliative therapies can
be designed for skin diseases, such as skin cancer, and
immune-mediated diseases in internal organs, such as mul-
tiple sclerosis.

A previous study4 showed that UVB can inhibit CD8
and CD4 T-cell responses to haptens. In a model of
contact hypersensitivity (CHS), we demonstrated that a
low dose of UVB (approximately 5 minutes of summer
sunlight in Sydney, Australia, at midday) is sufficient to
inhibit the activation and expansion of effector CD8 and
CD4 T cells in skin-draining lymph nodes (sDLNs) after
sensitization to a contact hapten at an unirradiated site
(systemic, Ag, and UVB at distal sites). However, it was
too low to activate functional and durable CD4�CD25�

regulatory T cells. The effector T cells generated in this
environment exhibited reduced skin infiltration and inter-
feron-� production on CHS elicitation. Moreover, this sys-
temic low-dose UVB regimen prevented the development
of dermal memory CD8 T cells.
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Exposing mice to a low-dose UVB regimen, followed by
transcutaneous immunization with ova protein through the
same skin site (local, Ag, and UVB at the same site), inhibits
the proliferation, cytotoxicity, and interferon-� production of
transgenic and endogenous ova-specific CD8 T cells.5,6

Contrary to what we previously observed, transferable sup-
pression of the ova-specific CD8 T-cell response was cor-
related to the presence of CD4�CD25� regulatory T cells in
sDLNs in this model.5 Other researchers7,8 have also dem-
onstrated that regulatory T cells derived from mice irradi-
ated with inflammatory high doses of UVB in a systemic Ag
model can impede CHS and delayed-type hypersensitivity
(DTH) reactions. These UV-activated regulatory T cells may
inhibit T cells and skin inflammatory reactions by altering
Ag-presenting cells (APCs).9

Several UVB chromophores have been identified that
can independently trigger UVB-induced immunosup-
pression, as shown by various studies that have repaired
DNA damage, neutralized cis-UCA, and prevented ROS
production. The downstream processes initiated by UVB
chromophores include production of immunosuppressive
mediators [ie, IL-4, IL-10, and platelet-activating factor
(PGE2)], migration of skin APCs into sDLNs, aberrant Ag
presentation, mast cell activation, and induction of regu-
latory T cells.10 However, it is unknown whether these
pathways are involved during systemic low-dose UVB,
which is representative of daily nonrecreational sunlight
exposure. Given that a previous investigation showed that
UVB has a long-term deleterious influence on CD8 T-cell
immunity, we wanted to further examine what UVB-stimu-
lated mechanisms contribute to the inhibition of primary
CD8 T-cell responses in the absence of CD4�CD25� reg-
ulatory T cells. In addition, we assessed the ability of sys-
temic low-dose UVB to modulate a second separate inflam-
matory reaction in the skin at an unirradiated site. DTH
reactions are complex skin immune reactions that are pri-
marily driven by type 1 helper CD4 T cells and various
innate cells.11,12 For this study, we used the model protein
Ag, ova, that allowed us to study the endogenous Ag-
specific CD8 T-cell response and a DTH reaction after UVB
irradiation and immunization. UVB significantly decreased
the activation, expansion, and cytotoxic activity of splenic
ova-specific CD8 T cells, but this was not attributed to
known UVB chromophores considered to be critical in UVB-
induced immunosuppression. However, DTH reactions
were modulated by cis-UCA and ROS. These findings indi-
cate that short-term UVB can inhibit Ag-specific CD8 T-cell
responses and DTH in vivo via different mechanisms and,
therefore, that a novel unknown mechanism is responsible
for regulating the effects of UVB on CD8 T-cell activation in
secondary lymphoid organs.

Materials and Methods

Mice

C57BL/6J female mice were used at the age of 8 weeks
(Animal Resource Centre, Perth, Australia). Mice were

given food and water ad libitum. All experiments were con-
ducted under the approval of The University of Sydney
Animal Ethics Committee.

UVB Source

A 1000-W xenon arc lamp solar simulator (Oriel, Stanford,
CT), filtered with two 200- to 400-nm dichroic mirrors and
a 310-nm narrow-band interference filter (CVL Laser, Al-
buquerque, NM), was used to produce the UVB spectra
that had a peak irradiance of 4.20 � 10-5 mW/cm2 at a
wavelength of 312 nm and a half band width of approx-
imately 15 nm. UVA (�320 nm) and UVC (�290 nm)
contaminated the spectra by approximately 23% and
0.61%, respectively. This spectrum was previously pub-
lished.13 Spectral output and intensity were measured
with a spectroradiometer (OL-754; Optronics Laborato-
ries, Orlando, FL), and a broadband radiometer (Interna-
tional Light Technologies, Inc., Peabody, MA) calibrated
against the source was used continuously to monitor
fluctuations in output. The timing of UVB delivery was
accurately maintained using an automated timing device.

UVB Protocol and Immunization

Mouse dorsal hair was shaved using animal clippers
(Oster, McMinnville, TN) and an electric razor (Reming-
ton, Vienna, Austria) 24 hours before irradiation. During
irradiation, mice were restrained in a black poly(methyl
methacrylate) (Perspex) box with a quartz lid. Ears and
heads were protected from UVB with black poly(methyl
methacrylate). Mouse dorsums were irradiated with 150
mJ/cm2 UVB daily for 3 consecutive days, which is ap-
proximately half of a minimal erythemal dose. Three days
after the last UVB irradiation, mice were immunized on
their abdomens s.c. with 200 �g ova (Sigma-Aldrich, St
Louis, MO) and 40 �g saponin (Sigma-Aldrich) in saline.

Application of Biological Modifiers

cis-UCA (20 �g; Sigma-Aldrich) and trans-UCA (40 �g;
Sigma-Aldrich) were also applied to dorsal skin for 3
consecutive days in an innocuous cosmetic oil-in-water
base lotion instead of UVB.14,15 �-Naphthoflavone (100
pmol; Sigma-Aldrich) was topically administered to dor-
sal skin 30 minutes before UVB in base lotion.16 Base
lotion alone was applied to all control mice. Ketanserin
(500 nmol; Sigma-Aldrich) was delivered in PBS i.p. 30
minutes before UVB, whereas control mice were injected
with PBS alone.17 A mixture of the antioxidants, vitamin E
(0.05 mg; Sigma-Aldrich) and butylated hydroxytoluene
(0.75 mg; Sigma-Aldrich), was injected i.p. 2 hours before
UVB in olive oil (Sigma-Aldrich).18 Olive oil alone was given
to control mice. Immediately after UVB, the dorsal skin of
mice was topically treated with 125 ng liposomes (a gift
from Daniel B. Yarosh, AGI Dermatics, Freeport, NY) con-
taining the DNA repair enzyme, T4 endonuclease V (T4N5),
in 1% hydrogel. Control mice received 125 ng of empty

liposomes.19
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Transfer of Regulatory CD4�CD25� T Cells

Mice were irradiated with 150 mJ/cm2 UVB daily for 3
days and immunized with ova 3 days after the last UVB
irradiation; 7 days after immunization, the sDLNs (bra-
chial, axillary, and inguinal) were removed. Cells from
unirradiated but immunized mice were also harvested.
CD4�CD25� regulatory T cells were isolated using a
microbead CD4�CD25� regulatory T cell isolation kit
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany)
and a separator (autoMACS Pro Separator; Miltenyi
Biotec GmbH) by following the manufacturer’s instruc-
tions. Purity was determined to be �92% on a flow cy-
tometer (FACSCanto; Becton Dickinson, San Jose, CA)
based on CD4, CD25, and � T-cell receptor expression.
Naïve mice were i.v. injected with 0.5 � 106 CD4�CD25�

cells and were immunized the next day.

DTH Reaction

Mice were assessed for a DTH reaction 7 days after
immunization by intradermally injecting 50 �g ova in sa-
line into each ear. Ears were measured before ear chal-
lenge and at 24-hour points for 3 days after challenge
using micrometer calipers (Interapid, Rolte, Switzerland).
Any increase due to nonspecific ear inflammation from
the injection was assessed in naïve unimmunized mice.
The DTH reaction was determined by the difference be-
tween before and after ear thickness measurements after
accounting for nonspecific inflammation.

Tetramer Staining of Ova-Specific CD8 T Cells

Single-cell suspensions of spleens were first blocked with
anti-CD16/CD32 antibody (clone 93; eBioscience, San
Diego, CA) before staining with H-2K(b)–APC tetramers
(ACRF Biomolecular Resource Facility, Australian National
University, Canberra, Australia) bound with SIINFEKL pep-
tide (GL Biochem, Shanghai, China) for 1 hour at room
temperature. Cells were washed in FACS buffer (5% fetal
calf serum, 10 mmol/L EDTA, and 0.05% sodium azide in
PBS) before labeling with anti–CD8�-PerCP-Cy5.5 (clone
53–6.7; Becton Dickinson), anti–CD44-phycoerythrin
(PE) (clone IM7; Becton Dickinson), anti–CD4-PECy7
(clone RM4-5; Becton Dickinson), anti–CD19-PECy7
(clone 1D3; Becton Dickinson), and � T-cell receptor–
APC–
AlexaFluor750 (clone H57-597; eBioscience) for 30
minutes at 4°C. After washing, the cells were stained
using a kit (LIVE/DEAD Fixable Green Dead cell stain
kit; Invitrogen, Carlsbad, CA), per the manufacturer’s
instructions. Cells were analyzed using a flow cytome-
ter (FACSCanto). At least 500,000 events were ac-
quired per sample.

In Vivo Cytotoxicity Assay

Splenocytes from naïve C57BL/6J female mice were in-
cubated with target peptide, SIINFEKL, or irrelevant pep-
tide [ie, tyrosine-related protein 2 (SVYDFFVWL, GL

Biochem)] for 90 minutes at 37°C. Cells were washed and
then differentially stained with carboxyfluorescein diace-
tate, succinimidyl ester at 2 �mol/L (irrelevant peptide)
and 0.2 �mol/L (target peptide) using a kit (CellTrace
carboxyfluorescein diacetate, succinimidyl ester kit; In-
vitrogen). Equal proportions of irrelevant peptide (5 � 106

cells) and target peptide (5 � 106 cells) were i.v. injected
into mice at day 7 after immunization. Four hours after
transfer, single-cell suspensions of spleens were ana-
lyzed on a flow cytometer (FACSCanto). The percentage
of specific lysis was determined as follows:

� 1 � �ratio of irrelevant ⁄ target in naïve mice�
�ratio of irrelevant ⁄ target in immunized mice��� 100

Statistics

DTH responses were evaluated by a two-way repeated-
measures analysis of variance. CD8 T-cell responses
between unirradiated and irradiated or between treated
and untreated groups of mice were compared with an
unpaired 2-tailed Student’s t-test (Prism version 4.0;
GraphPad Software, La Jolla, CA).

Results

Systemic Low-Dose UVB Impedes Primary
Splenic Ova-Specific CD8 T-Cell Responses
and DTH Reactions Independently of Regulatory
CD4�CD25� T-Cell Activity

Systemic low-dose UVB can interfere with a normal CD8
T-cell response to a hapten during sensitization of a CHS
reaction.4 Because the Ag-processing requirements for
stimulating naïve CD8 T cells to exogenous protein are
different from hapten Ag, we first assessed whether sys-
temic low-dose UVB can also dampen responses to ova.
Mouse dorsums were irradiated daily for 3 days with
low-dose UVB (ie, 150 mJ/cm2), which is approximately
equivalent to half of a minimal erythemal dose or 15
minutes of summer sunlight in Sydney.20 Mice were then
immunized 3 days after the last UVB irradiation with ova
protein and saponin injected s.c. in the abdomen. The
expansion and cytotoxic activity of ova-specific CD8 T
cells were investigated 7 days after immunization during
the peak of the primary CD8 T-cell response to ova in the
spleen, which is a major secondary lymphoid organ.
Compared with unirradiated mice, UVB significantly re-
duced (approximately 55%) both the number and per-
centage of activated splenic ova-specific CD8 T cells
(Figure 1A: P � 0.003 and P � 0.0051, respectively). The
in vivo cytotoxic killing ability of ova-specific CD8 T cells
was also significantly decreased (ie, twofold) in UVB-
irradiated mice (Figure 1B: P � 0.0004). To examine the
effect of UVB on a systemic and skin inflammatory reac-
tion, we performed a DTH test during which mouse ears
were challenged with ova 7 days after immunization.
Mice irradiated with UVB before immunization exhibited a
decreased DTH response throughout the days observed
after challenge compared with unirradiated mice (Figure

1C: P � 0.0039).
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Other researchers5 have shown that adoptive transfer
of CD4�CD25� cells derived from mice irradiated with
local low-dose UVB and ova immunized inhibits the acti-
vation of transgenic ova-specific T cells in vivo. However,
a previous investigation4 indicated that systemic low-
dose UVB inhibits primary CD8 T cells independently of
adaptive regulatory CD4�CD25� T cells. Therefore, we
wanted to investigate whether systemic low-dose UVB
was again inhibiting CD8 T-cell activation and function
in the absence of functional adaptive regulatory
CD4�CD25� T cells derived from UVB- and ova-exposed
mice. Donor mice were irradiated with our low-dose UVB
regimen and were immunized at a distant site with ova,
before the CD4�CD25� cells were isolated from sDLNs 7
days after immunization. CD4�CD25� cells were trans-
ferred into naïve mice; the next day, the mice were im-
munized. The splenic ova-specific CD8 T-cell response
and DTH were determined 7 days later. There was sig-
nificantly decreased ova-specific CD8 T-cell expansion
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[Figure 1D: P � 0.0229 (number) and P � 0.0174 (per-
centage)], cytotoxicity (Figure 1E: P � 0.0018), and DTH
response (Figure 1F: P � 0.0030) in untransferred mice
that were UVB irradiated compared with unirradiated, as
previously described. Transfer of CD4�CD25� cells from
unirradiated mice did not significantly affect the splenic
ova-specific CD8 T-cell response and DTH compared
with unirradiated nontransferred mice (Figure 1, D-F).
However, transfer of CD4�CD25� cells from UVB-irradi-
ated mice also did not alter the splenic activated ova-
specific CD8 T-cell response and DTH reaction from
those of unirradiated nontransferred mice. These findings
indicate that systemic low-dose UVB, followed by ova
immunization, does not generate durable functional
CD4�CD25� regulatory T cells able to impede subse-
quent endogenous Ag-specific CD8 T-cell responses to a
protein or systemic inflammatory skin reactions.

cis-UCA Can Inhibit DTH but Not Splenic
Ova-Specific CD8 T-Cell Responses

We then wanted to ascertain, at our low UVB dose,
whether any of the known UVB chromophores and the
subsequent pathways they activate are critical for regu-
lating Ag-specific CD8 T cells and skin inflammatory re-
actions. The stratum corneum of skin is lined with the
deaminated histidine, trans-UCA, that can absorb UVB,
resulting in its isomerization to cis-UCA.21 cis-UCA may
mediate UVB-induced immunosuppression through the
serotonin receptor.17 Topical application with cis-UCA did

Figure 1. Systemic low-dose UVB impedes primary ova-specific CD8 T-cell
(Tc) responses and DTH independently of regulatory CD4�CD25� T-cell
activation. A: Mice were irradiated with 150 mJ/cm2 UVB daily for 3 days on
the dorsum and then s.c. immunized with 200 �g ova and 40 �g saponin in
saline on the abdomen 3 days after the last irradiation. Seven days after
immunization, ova-specific CD8 T cells in the spleen were examined by
SIINFEKL-tetramer (Tet) staining. Representative dot plots of activated
CD44hi Tet-positive CD8 T cells are gated on CD8� � T-cell receptor–
positive T cells from immunized unirradiated (NoUV) and UV-irradiated
mice. The total splenic number and the percentage of CD44hi ova-specific
CD8 T cells of total CD8 T cells are presented. B: On day 7 after immuniza-
tion, mice were injected with SIINFEKL–CFSE-lo– and irrelevant–CFSE-hi–
labeled cells, and the extent of in vivo cytotoxic killing was determined from
spleens at 4 hours after injection. Representative histograms from NoUV and
UV-irradiated mice are shown. The percentage-specific lysis from in vivo
cytotoxic killing is presented. CFSE, carboxyfluorescein diacetate, succinimi-
dyl ester. C: On day 7 after immunization, mice were challenged with ova
intradermally in the ear skin; and the DTH reaction was determined at
24-hour intervals for 5 days after challenge. The increase in ear thickness is
shown in NoUV and UV-irradiated mice after controlling for nonspecific
increases due to the injection in unimmunized mice. D: CD4�CD25� cells
were isolated from the sDLNs of donor mice that had been irradiated with
150 mJ/cm2 UVB daily for 3 days on the dorsum and immunized. Cells,
0.5 � 106, were adoptively transferred into naïve mice i.v.; the next day,
recipient mice were immunized with ova. Seven days after immunization,
SIINFEKL-Tet–positive cells were examined in the spleens. The total number
and the percentage of CD44hi Tet–positive cells of CD8 T cells are presented
in mice that were not transferred and in mice that were transferred with cells
from NoUV or UV-irradiated donors. E: The percentage-specific lysis from an
in vivo cytotoxic killing assay at 7 days after immunization in transferred and
not transferred mice. F: The DTH reaction at 7 days after immunization in
NoUV, UV irradiated and not transferred (UV), transferred with cells from
unirradiated donors (TNoUV), and transferred with cells from UV-irradiated
donors (TUV) mice. Data represent a pool of three to four repeat experiments
(n � 9 to 12 mice per group) and are given as mean � SEM. Comparisons

between not transferred UV-irradiated and unirradiated are shown. *P � 0.05,
**P � 0.01, and ***P � 0.001.
Transfer - - NoUV UV

Day post challenge
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not significantly alter the expansion and cytotoxic activity of
ova-specific CD8 T cells from those of unirradiated mice
treated with base lotion (Figure 2, A and B). Similarly, treat-
ment with trans-UCA also did not influence the ova-specific

Figure 2. Topical cis-UCA can mimic UVB, and blocking serotonin receptor
(5-HT2AR) signaling can rescue the UVB-suppressed DTH; however, neither
can modulate the ova-specific CD8 T-cell (Tc) response. A: Mice were
topically treated with cis-UCA or trans-UCA daily for 3 days; 3 days after the
last application, mice were immunized with ova on the abdomen. Control
mice were given base lotion only. Splenic CD44hi tetramer (Tet)–positive
CD8 T cells were examined 7 days after immunization. The total number and
the percentage of CD8 T cells are shown. B: The percentage-specific lysis
from an in vivo cytotoxicity assay was determined 7 days after immunization.
C: The DTH reaction from mice 7 days after immunization; mice were
unirradiated with base lotion (NoUV), UV irradiated with base lotion (UV),
unirradiated with trans-UCA (tUCA), and unirradiated with cis-UCA (cUCA).
D: Mice were administered the specific 5-HT2AR antagonist, ketanserin (Ket), 30
minutes i.p. before each exposure to 150 mJ/cm2 UVB. Control mice were given
PBS only. The total number and the percentage of CD44hi Tet-positive CD8 T
cells at 7 days after immunization are shown. E: The percentage-specific lysis
from an in vivo cytotoxicity assay was determined 7 days after immunization.
F: The DTH reaction from mice 7 days after immunization; mice were unirradi-
ated with PBS (NoUV), UV irradiated with PBS (UV), unirradiated with Ket
(NoUVK), and UV irradiated with Ket (UVK). Data represent a pool of three to
four repeat experiments (n � 9 to 12 mice per group) and are given as mean �
SEM. Comparisons between control UV irradiated versus unirradiated, cis UCA
treated unirradiated versus control unirradiated, ketanserin treated irradiated
versus unirradiated are shown. *P � 0.05, **P � 0.01, and ***P � 0.001.
CD8 T-cell response. In contrast, cis-UCA, but not trans-
UCA, reduced the DTH reaction compared with unirradi-
ated base-treated mice (Figure 2C: P � 0.0050), close to
the levels observed in UVB-irradiated mice.

To confirm our observations seen with cis-UCA, we
administered the serotonin receptor–specific antagonist,
ketanserin, to mice before UVB irradiation to block cis-
UCA. Consistent with cis-UCA–treated mice, ketanserin
treatment did not rescue mice from the inhibitory effects
of UVB on ova-specific CD8 T cells in the spleen (Figure
2, D and E). In ketanserin-treated mice, the number of
activated ova-specific CD8 T cells was still reduced by
UVB (Figure 2D: P � 0.0183), and the cytotoxic activity
was impaired (Figure 2E: P � 0.0008), compared with
unirradiated mice. However, ketanserin prevented UVB
irradiation from significantly decreasing the DTH reaction
compared with unirradiated mice (Figure 2F). This is in
contrast to the UVB-induced inhibition of the DTH reac-
tion observed in mice given PBS only (Figure 2F: P �
0.0041). Therefore, although cis-UCA can suppress DTH
reactions and blocking serotonin receptor signaling can
rescue DTH responses from UVB-induced inhibition, low-
dose UVB-induced cis-UCA was not responsible for in-
hibiting the CD8 T-cell response to ova.

Repair of Cyclobutane Pyrimidine Dimers Does
Not Prevent the UVB-Induced Inhibition of CD8
T Cells and DTH

Absorption of UVB by the DNA of epidermal skin cells
causes genetic damage. One of these types of photole-
sions is cyclobutane pyrimidine dimers (CPD). The use of
liposomes containing T4N5, which initiates repair of CPD,
has prevented systemic UVB-induced suppression of a
DTH to fungal Ag.19 Therefore, immediately after each
irradiation, mice were topically administered T4N5 lipo-
somes. However, we found that T4N5 liposomes did not
rescue mice from the inhibitory effects of this low-dose
UVB on CD8 T-cell activation. Compared with unirradi-
ated mice treated with T4N5 liposomes, the number (P �
0.0097), percentage (P � 0.0063), and cytotoxic activity
(P � 0.0085) of splenic ova-specific CD8 T cells remained
significantly decreased after UVB exposure (Figure 3, A
and B). The DTH reaction also remained suppressed in
T4N5-treated mice. T4N5 did not abrogate the reduced
response in UVB-irradiated mice compared with unirra-
diated mice (Figure 3C). Controls using empty liposomes
showed the same results as T4N5-containing liposomes.
The activity of the T4N5 liposomes to repair CPD was
verified in irradiated mouse skin by immunostaining for
CPD lesions (data not shown). Thus, these results indi-
cate that CPD formation is not critical to initiate the pro-
cesses by which UVB suppresses the activation of
splenic ova-specific CD8 T cells and DTH reactions.

Blocking the Aryl-Hydrocarbon Receptor Does
Not Protect against UVB-Induced Inhibition of
CD8 T Cells and DTH

When cytoplasmic tryptophan in skin cells absorbs UVB, it

degrades into the photoproduct, 6-formylindolo[3,2-b]car-
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bazole, a natural high-affinity ligand for the aryl-hydrocar-
bon receptor (AhR). The activation of AhR leads to the
transcription of genes known to be involved in UVB-induced
immunosuppression, including cyclooxygenase-2.22 Thus,
we investigated whether AhR activation is orchestrating the
inhibition of CD8 T-cell activation in the spleen and DTH
after systemic low-dose UVB. Mice were administered the
AhR antagonist, �-naphthoflavone, to prevent AhR signal-
ing on UVB exposure. Mice treated with �-naphthoflavone
and UVB exhibited decreased activated ova-specific CD8
T-cell responses [Figure 4A: P � 0.0070 (number) and P �
0.0073 (percentage)] and cytotoxic activity (Figure 4B: P �
0.0160) compared with unirradiated �-naphthoflavone–
treated mice. Similarly, �-naphthoflavone did not prevent
UVB from reducing DTH responses (Figure 4C: P �
0.0295). Thus, UVB activation of AhR does not appear to
mediate the inhibition of these immune responses.

Antioxidants Can Restore DTH but Fail to
Protect Ova-Specific CD8 T Cells from UVB

Tryptophan, alongside other UVB chromophore candi-
dates, including NADPH, flavins, and extracellular lipids,
contributes to the production of harmful ROS in response to
UVB. Antioxidant treatment can prevent UVB-induced im-
munosuppression23; therefore, we pretreated mice with an-
tioxidants (ie, vitamin E and butylated hydroxytoluene) be-

Figure 3. Treatment with T4N5 liposomes to repair CPD DNA damage does
not reverse the inhibitory effects of UVB on CD8 T-cell (Tc) activation and
DTH. A: Immediately after each UV irradiation, mice were topically treated
with liposomes (Lipo) containing T4N5 repair enzymes or empty Lipo.
Splenic CD44hi tetramer (Tet)–positive CD8 T cells were examined 7 days
after immunization. The total number and the percentage of CD8 T cells are
shown. B: The percentage-specific lysis from an in vivo cytotoxicity assay
was determined 7 days after immunization in mice given empty (E) or T4N5
(T) Lipo. C: The DTH reaction from mice 7 days after immunization; mice
were unirradiated with empty (NoUV), UV irradiated with empty (UV),
unirradiated with T4N5 (NoUVT), and UV irradiated with T4N5 (UVT). Data
represent a pool of three to four repeat experiments (n � 9 to 12 mice per
group) and are given as mean � SEM. Comparisons between empty UV
irradiated versus unirradiated or T4N5 UV irradiated versus unirradiated are
shown. *P � 0.05 and **P � 0.01.
fore exposing them to UVB. Antioxidant treatment did not
protect the number, percentage, or cytotoxic activity of ac-
tivated splenic ova-specific CD8 T cells from UVB irradia-
tion because they were reduced compared with unirradi-
ated and antioxidant-treated mice (Figure 5, A and B: P �
0.0259, P � 0.0262, and P � 0.0001, respectively). On the
other hand, antioxidants did prevent UVB from suppressing
a DTH reaction. The DTH reaction in antioxidant-treated
UVB-irradiated mice was not significantly different from that
in unirradiated mice (Figure 5C). Moreover, UVB-irradiated
antioxidant-treated mice did show an improved DTH reac-
tion compared with UVB-irradiated mice treated with base
(P � 0.0225). Although these findings do indicate that ROS
produced in response to low-dose UVB is involved in de-
creasing DTH, ROS do not inhibit the activation of splenic
ova-specific CD8 T cells.

Discussion

Exposure to systemic low-dose UVB before immunization is
detrimental to T-cell responses by inhibiting the activation of
effector T cells and memory T-cell development.4 Although
some UVB regimens can activate natural regulatory T cells
or induce Ag-specific regulatory CD4�CD25� T cells to
suppress CD8 T-cell immunity,5,24 we found that suberythe-
mal doses of UVB, delivered at a systemic site from Ag, do
not induce functional CD4�CD25� regulatory T cells that
inhibit subsequent Ag-specific CD8 T-cell responses and
DTH reactions. These experiments cannot exclude the ac-

Figure 4. Treatment with an AhR antagonist does not prevent UVB-induced
suppression of ova-specific CD8 T-cell (Tc) responses and DTH. A: Mice were
topically treated with the AhR antagonist, �-naphthoflavone (�-naph), 30 min-
utes before each UV irradiation. Splenic CD44hi tetramer (Tet)–positive CD8 T
cells were examined 7 days after immunization. The total number and the
percentage of CD8 T cells are shown. B: The percentage-specific lysis from an in
vivo cytotoxicity assay was determined 7 days after immunization in mice given
base lotion or �-naph. C: The DTH reaction from mice 7 days after immuniza-
tion; mice were unirradiated with base (NoUV), UV irradiated with base (UV),
unirradiated with �-naph (NoUV�), and UV irradiated with �-naph (UV�).
Data represent a pool of three to four repeat experiments (n � 9 to 12 mice
per group) and are given as mean � SEM. Comparisons between control UV

irradiated versus unirradiated or �-naph UV irradiated versus unirradiated are
shown. *P � 0.05, **P � 0.01, and ***P � 0.001.
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tivation of short-lived regulatory T cells at earlier times. Fur-
ther examination of the key known UVB chromophores and
the primary pathways they activate also demonstrated no
involvement in UVB-induced inhibition of Ag-specific CD8 T
cells in this model. However, cis-UCA and the ROS pathway
modulated DTH reactions. More important, these findings
provide evidence that systemic low-dose UVB modulates
CD8 T-cell immunity and DTH by different mechanisms and
that a novel pathway inhibits CD8 T-cell responses in the
spleen.

This study investigated the effects of UVB on Ag-specific
CD8 T-cell responses in the spleen at low UVB doses,
attainable during daily sun exposure and when Ag was
applied at sites not directly exposed to UVB. In comparison,
most other studies examining mechanisms of UVB-induced
immunosuppression have used local low-dose systems (ir-
radiation regimens of 100 to 120 mJ/cm2 for 4 days, similar
to this study) or systemic high-dose systems (single erythe-
mal doses of 5000 to 15,000 mJ/cm2). Only a few studies
have explored the mechanisms of systemic low-dose UVB;
therefore, it is not unexpected that recognized pathways
were not involved in this low-dose model.

The absence of UVB-induced adaptive regulatory
CD4�CD25� T cells in this study parallels a previous find-
ing in another systemic low-dose UVB system with a hapten
Ag.4 Studies by McGlade et al25 support this observation
because no participation of regulatory CD4�CD25� T cells
was found in the inhibition of CD4 effector T cells in lung-

Figure 5. Antioxidant treatment can protect a DTH but does not reverse the
inhibition of ova-specific CD8 T-cell (Tc) activation caused by UVB. A: Two
hours before each UV irradiation, mice were treated with vitamin E and
butylated hydroxytoluene (AntiOx) in olive oil i.p. Control mice were given
olive oil only. The total number and the percentage of CD44hi tetramer
(Tet)–positive CD8 T cells in spleens 7 days after immunization are shown.
B: The percentage-specific lysis from an in vivo cytotoxicity assay in mice
administered antioxidants or olive oil before UVB. C: The DTH reaction from
mice 7 days after immunization; mice were unirradiated with olive oil
(NoUV), UV irradiated with olive oil (UV), unirradiated with antioxidants
(NoUVAO), and UV irradiated with antioxidants (UVAO). Data represent a
pool of three to four repeat experiments (n � 9 to 12 mice per group) and
are given as mean � SEM. Comparisons between control UV irradiated
versus unirradiated or antioxidant UV irradiated versus unirradiated are
shown. *P � 0.05, **P � 0.01, and ***P � 0.001.
draining lymph nodes during ova-induced allergic airway
disease after systemic high-dose UVB. In contrast,
Ghoreishi and Dutz5 demonstrated that local low-dose
UVB-induced adaptive regulatory CD4�CD25� T cells
were responsible for suppressing the proliferation and
interferon-� production of transgenic ova-specific CD8 T
cells in sDLNs. At low doses of UVB, the activation of
regulatory CD4�CD25� T cells may be dependent on
local Ag at the UVB-exposed site. This may be because
of the unknown mechanism by which UVB-induced vita-
min D3 in skin can activate regulatory CD4�CD25� T
cells in sDLNs.26 Ghoreishi et al27 observed that regula-
tory T cells expanded by vitamin D3 can only inhibit
ova-specific CD8 T cells in a local, not a systemic, model.
In addition, regulatory T cells may require stimulation by
CPD DNA-damaged Langerhans cells migrating into
sDLNs,28 whereas this study found no requirement of
CPD formation as a trigger for UVB-induced immunosup-
pression. Instead, it is possible that other suppressor cell
types, such as UVB-induced suppressor B cells, could
be indirectly inhibiting the responses of ova-specific CD8
T cells by interfering with Ag presentation in secondary
lymphoid organs. Exposure to systemic low-dose solar-
stimulated UV containing 140 mJ/cm2 UVB generated
activated B cells in sDLNs, which were able to inhibit
dendritic cells from stimulating T-cell–mediated skin im-
mune reactions.29

Pioneering work by Kripke et al19 demonstrated that CPD
formation and transferable suppressor cells are responsible
for DTH suppression by systemic UVB, which is unlike this
study. Notably, our investigation differed in the Ag and
source of UV used. Kripke et al used killed Candida, which,
although inert like ova, still expresses pathogen-associated
molecular patterns, making it differentially recognizable and
processed by the immune system compared with ova.
Other researchers30 have shown that the nature of the Ag in
the investigation is a determinant for the molecular pathway
by which UVB suppresses the immune response, possibly
because of varying requirements for Ag presentation. This
study also used a 310-nm UVB interference filter to ensure
maximal UVB-only exposure without any UVC. In compari-
son, most other investigations31 concerning CPD formation
have used unfiltered FS40 sunlamps, which emit contami-
nating UVC. The enhanced potency of UVC in causing DNA
damage may account for the variable importance of CPD at
systemic low UVB doses. Nghiem et al 32 found CPD to be
involved in solar-simulated UV suppression of DTH using a
source that did not contain UVC. However, their study used
8000 mJ/cm2 UV, which is considerably higher than the 150
mJ/cm2 used in the current study. The magnitude of the
dose differences between these studies suggests that
higher doses of UV or spectra more efficient at causing
CPD are required for these photolesions to be responsible
for systemic UV immunosuppression. However, we did not
examine the effects of repairing other types of DNA damage
(eg, double-stranded breaks and oxidative photoproducts);
therefore, it is possible that alternative forms of genetic
damage may be the critical proponent of systemic low-dose
UVB-induced immunosuppression in this model.

The importance of cis-UCA in mediating systemic low-
dose UVB-induced immunosuppression depended on

the immune reaction being examined. This finding is con-
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sistent with previous findings by Moodycliffe et al33 show-
ing that neutralization with anti–cis-UCA antibody can
prevent the generation of suppressor cells after systemic
high-dose UVB, but it could not protect CHS reactions to
a hapten. Evidently, cis-UCA targets specific immune
processes in its mediation of UVB-induced immunosup-
pression, but our study found that this does not include
the modulation of ova-specific CD8 T-cell responses in
the spleen. Rather, cis-UCA alters components of a DTH
reaction to ova, perhaps by directly stimulating CD4 T
cells to secrete IL-10.34 DTH reactions are driven by type
1 helper CD4 T cells that activate local mast cells to
release inflammatory mediators.35,36 The presence of
type 2 helper CD4 T cells inhibits type 1 helper CD4 T
cells, thereby dampening DTH reactions.37 Similarly, an-
tioxidant treatment also failed to protect ova-specific CD8
T cells from UVB; however, it did protect DTH. Recent
evidence38 demonstrates that ROS stimulated by cis-
UCA on UVB irradiation can contribute to CPD and 8-oxo-
deoxyguanosine DNA damage in skin. Although it is un-
known if 8-oxo-deoxyguanosine in skin after UVB can
regulate in vivo cellular immune processes, it may be
possible that cis-UCA and ROS induced 8-oxo-deoxy-
guanosine after systemic low-dose UVB to trigger the
inhibition of DTH.

Activation of the AhR is part of the UVB stress response;
to our knowledge, this is the first study that has examined
whether it mediates UVB-induced immunosuppression in
vivo. No evidence indicated that UVB-induced activation of
the AhR results in the inhibition of splenic Ag-specific CD8
T cells and DTH. One of the molecular pathways triggered
by UVB-activated AhR is cyclooxygenase-2 up-regulation
and PGE2 production.22 Because systemic low-dose UVB
inhibits the activation of effector CD8 and CD4 T cells inde-
pendently of the PGE2 pathway,4 it is, therefore, unlikely that
AhR signaling initiates UVB-induced suppression of CD8 T
cells in this model. Similarly, although platelet-activating
factor was outside the scope of this study, it may be sur-
mised that this UVB-induced inflammatory mediator is not a
mechanistic factor because it suppresses DTH and CHS
via PGE2.39,40 However, further examination is required to
elucidate a role for platelet-activating factor in this model.

Systemic low-dose UVB significantly inhibited the activa-
tion, expansion, and cytotoxic activity of endogenous ova-
specific CD8 T cells in the spleen through a process that
appears to be distinct from the recognized pathways that
regulate DTH and CHS reactions (namely, regulatory CD4 T
cells, cis-UCA, CPD formation, and ROS). Compelling
evidence from local low-dose UVB models indicates that
the proliferation of Ag-specific CD8 T cells to ova protein
can be suppressed by regulatory CD4�CD25� T cells
activated by vitamin D3.27 Modulation of skin dendritic
cells by vitamin D3 is proposed to be important in this
process; however, these cells are also prone to UVB-
induced CPD.28 Skin dendritic cells take up exogenous
Ag, which they then process and present to CD4 T cells
in sDLNs. To an extent, they can also cross present to
CD8 T cells; however, stimulation of CD8 T cells mostly
occurs after Ag transfer to CD8�� dendritic cells in sec-
ondary lymphoid organs, which then cross present to

CD8 T cells.41 Ghoreishi and Dutz5 observed that prolif-
eration of transgenic ova-specific CD8 T cells is not in-
hibited by local low-dose UVB when SIINFEKL peptide is
the immunogen. This observation indicates that direct
stimulation of CD8 T cells may not be affected by UVB
and that UVB primarily impairs CD8 T-cell responses by
interfering with CD4 T-cell help or cross presentation. In
this systemic model, although migrating skin APCs car-
rying ova protein are not directly exposed to UVB, they
may have become altered by changes in the sDLNs
because of UVB, including the presence of UVB-modu-
lated skin dendritic cells and inflammatory mediators that
can activate suppressor B cells.42 Certainly, systemic
low-dose UVB does reduce the proliferation and migra-
tion of effector CD4 T cells to a hapten, lending support to
the possibility that ova-specific CD4 T cells have im-
paired activation.4 Interruption during the activation of
ova-specific CD4 T cells or Ag transfer and cross pre-
sentation would considerably reduce the activation of
naïve and endogenous ova-specific CD8 T-cell precur-
sors, resulting in decreased CD8 T-cell immunity to ova.

The fact that novel UVB chromophores or mechanisms
must be regulating CD8 T-cell immunity in the spleen has
important implications for therapies that are being investi-
gated to promote CD8 T-cell responses to tumors and skin
viral infections in the presence of physiological UVB. Al-
though they enhance CPD repair in skin to prevent the
generation of cancerous cells, sunscreens containing T4N5
liposomes do little to protect CD8 T-cell responses from
systemic low-dose UVB. This is particularly important when
the Ag is inert and fails to activate innate immunity, such as
a tumor Ag. Notably, this study shows that DTH reactions
are not an appropriate measure of CD8 T-cell immunity in
models of systemic UVB-induced immunosuppression be-
cause the mechanisms involved are different. The demon-
stration that UVB regulates immune reactions in different
organs by alternative pathways importantly opens the ave-
nue for the development of therapies that can prevent the
immunosuppressive nature of low-dose UVB in the skin
without compromising UV regulation of immunity in internal
organs. For example, low doses of UVB could be used to
control the activity of autoreactive T cells in a major reservoir
organ, such as the spleen, during multiple sclerosis, along-
side antioxidant or anti–cis-UCA combination therapy, to
preserve the skin immune system against new Ag chal-
lenges. Further investigation of the molecular and cellular
changes triggered by UVB in lymphoid organs in vivo will be
required to optimize therapies to aid the eradication of tu-
mors and viruses by cytotoxic CD8 T cells.
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