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Contact hypersensitivity is a T-cell-mediated response
to a hapten. Exposing C57BL/6 mice to UV B radiation
systemically suppresses both primary and secondary
contact hypersensitivity responses. The effects of UVB
on in vivo T-cell responses during UVB-induced im-
munosuppression are unknown. We show here that
UVB exposure, before contact sensitization, inhibits
the expansion of effector CD4� and CD8� T cells in
skin-draining lymph nodes and reduces the number
of CD4� and IFN-�� CD8� T cells infiltrating chal-
lenged ear skin. In the absence of UVB, at 10 weeks
after initial hapten exposure, the ear skin of sensi-
tized mice was infiltrated by dermal effector memory
CD8� T cells at the site of challenge. However, if mice
were previously exposed to UVB, this cell population
was absent, suggesting an impaired development of pe-
ripheral memory T cells. This finding occurred in the
absence of UVB-induced regulatory CD4� T cells and did
not involve prostaglandin E2, suggesting that the impor-
tance of these two factors in mediating or initiating
UVB-induced immunosuppression is dependent on UVB
dose. Together these data indicate that in vivo T-cell
responses are prone to immunoregulation by UVB, in-
cluding a novel effect on both the activated T-cell pool
size and the development of memory T cells in periph-
eral compartments. (Am J Pathol 2008, 172:993–1004; DOI:
10.2353/ajpath.2008.070517)

UVB radiation (290 to 320 nm) represents �5% of the
total UV radiation present in sunlight. Exposure to UVB
triggers a multitude of molecular and cellular changes in
skin, the most deleterious consequence of which is skin
cancer. In addition to causing DNA damage in the skin,
UVB modulates the immune system in distant lymphoid
compartments resulting in the suppression of anti-tumor

immunity.1 An important feature of UVB exposure is the
suppression of both primary and memory recall immune
responses resulting in antigen-specific tolerance.2 This
study examined the cellular mechanisms of systemic
UVB-induced immunosuppression, which is a phenome-
non that can be observed when one skin site is exposed
to UVB but antigen is applied at a distal, unirradiated site.

Exposure to UVB induces the release of numerous
soluble mediators that alter immunity by acting on various
cell types in both skin and draining lymph nodes (DLNs).
Some of these include interleukin (IL-4), IL-10, prostag-
landin-E2 (PGE2), platelet-activating factor, histamine,
and cis-urocanic acid (cis-UCA).3 At the cellular level,
UVB induces the generation of various regulatory cells,4–6

which are central to the concept of transferable UVB-
induced tolerance.

UVB can inhibit contact hypersensitivity (CHS) reac-
tions to nonproteineous contact haptens in a systemic
and antigen-specific manner. CHS is a cutaneous T-cell-
mediated reaction whereby hapten-specific CD4� and
CD8� T cells are generated in skin DLNs after epicuta-
neous hapten application. On induction of the efferent
phase of CHS, which occurs at a separate site from
sensitization, hapten-specific T cells exit lymphoid or-
gans and migrate into the skin site of challenge. The
inflammatory response that ensues is primarily thought to
involve the cytotoxic killing of hapten-conjugated keratin-
ocytes by infiltrating hapten-specific effector CD8� T
cells.7 How UVB modulates the cellular mechanisms of
CHS to reduce the response induced by challenge is not
yet known. In particular, it is unknown if UVB has any
affect on the magnitude of hapten-specific T-cell re-
sponses, which mediate CHS reactions.

Activation of naı̈ve T cells on cognate antigenic stimula-
tion by antigen-presenting cells (APCs) causes changes to
adhesion and cytokine receptor cell surface molecules.
Stimulated naı̈ve T cells up-regulate the adhesion mole-
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cule receptor, CD44 to high levels (CD44hi) from an in-
termediate to low level of expression (CD44int/lo)8 and
down-regulate the lymph node homing receptor, L-selec-
tin or CD62L.9 Activated T cells, therefore, have a
CD44hiCD62L� phenotype allowing them to leave lym-
phoid organs and traverse into peripheral tissues. The
life span of differentiated cytotoxic or cytokine-secret-
ing effector T cells from activated T cells is partly
regulated by the IL-7 receptor (CD127). Naı̈ve T cells
express high levels of CD127, whereas effector T cells
down-regulate expression of CD127. Therefore, effec-
tor T cells are CD44hiCD62L�CD127� and naive T cells
are CD44int/loCD62L�CD127�. Alternatively, if a cell is
fated to become a long-lived memory T cell, expression of
CD127 is maintained.10 Memory T cells can be further sub-
divided into populations of central and effector memory. Cen-
tral memory T cells predominantly circulate through lymphoid
organs using CD62L and so are CD44hiCD62L�CD127�. In
contrast, effector memory T cells migrate into and monitor
peripheral tissues because they lack CD62L and so are
CD44hiCD62L�CD127�.11

The effects of UVB on effector and memory T-cell
development are unknown. Using a CHS model we in-
vestigated the responses of T cells in vivo with and with-
out exposure to UVB before contact sensitization. We
examined whether suberythemal low-level UVB expo-
sure, typically acquired during normal daily activities,
could modulate T-cell immunity. By monitoring T-cell ac-
tivation, proliferation, and infiltration during primary CHS
and in long-term resting mice, the influence of sensitiza-
tion and UVB on the development of effector and memory
CD4� and CD8� T cells was examined. We show that
sensitization induces T-cell activation and proliferation in
skin DLNs, and that CHS elicitation caused the infiltration
of these cells into skin. UVB inhibited the primary T-cell
response in skin DLNs during sensitization and de-
creased T-cell accumulation in challenged skin. Unirra-
diated mice 10 weeks after sensitization developed der-
mal effector memory CD8� T cells at the challenged skin
site; however, this was lost in mice that were exposed to
UVB. DLN cells from UVB-irradiated mice could not trans-
fer suppression and treatment with a cyclooxygenase
(COX) inhibitor to prevent PGE2 production did not re-
verse the reduction of CD4� and CD8� T-cell expansion
caused by UVB. These results indicate a novel affect of
UVB, in which it can profoundly inhibit in vivo the magni-
tude of the effector T-cell response and modulate periph-
eral memory T-cell development. This occurred indepen-
dently of UVB-induced regulatory T cells and the PGE2

pathway, probably because the UVB dose was not high
enough to activate these pathways.

Materials and Methods

Mice

C57BL/6J female mice were used at 8 weeks of age
(Animal Resource Centre, Perth, Australia). FVB trans-
genic GFP (T-GFP) mice on a CD4 promoter were ob-
tained from Ulrich H. von Andrian (The Center for Blood

Research, Harvard Medical School, Boston, MA)12 and
were backcrossed to C57BL/6J mice. T-GFP mice were
used at 8 weeks of age. All experiments were conducted
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 narrowband interference filter (CVL Laser, Al-
buquerque, NM) was used to produce the UVB spectra
that had a peak irradiance of 3.69 � 10�2 mW/cm2 at
311-nm wavelength, and a halfband width of �11 nm.
UVA (more than 320 nm) and UVC (less than 290 nm)
contaminated the spectra by �16% and 0.31%, respec-
tively. Spectral output and intensity was measured with
an OL-754 spectroradiometer (Optronics Laboratories,
Orlando, FL) and a broadband radiometer (International
Light Technologies, Inc., Peabody, MA) calibrated against
the source was used continuously to monitor fluctuations
in output. Timing of UVB delivery was accurately main-
tained using an automated timing device.

UVB Irradiation Protocol

Dorsums were shaved with animal clippers (Oster, Mc-
Minnville, TN) and an electric razor (Remington, Brae-
side, Australia) 24 hours before irradiation. Mice were
restrained during irradiation within black Perspex boxes
with a quartz lid. Ears and heads were protected from
UVB radiation with black Perspex. Mouse dorsums were
exposed to 90 mJ/cm2 of UVB daily for 3 consecutive
days, which is �0.3 of a minimal erythema dose. To
examine the effect of COX inhibition, mice were treated
with 40 �l of 0.06% (w/v) indomethacin (Sigma, St.
Louis, MO) in acetone on their dorsum immediately
after irradiation. UVB-irradiated but unsensitized mice
were included in every experiment to control against
any nonspecific effects caused by irradiation.

Primary and Secondary CHS Responses

Three days after the last UVB irradiation, mouse abdo-
mens were shaved and sensitized with a 50-�l epicuta-
neous application of 2% (w/v) oxazolone (Ox, 4-ethoxym-
ethylene-2-phenyl-2-oxazolin-5-one; Sigma) in acetone.
Ears were challenged topically 7 days later with 10 �l of
2% (w/v) Ox in acetone per ear. Increases in ear thick-
ness were calculated based on previous and 24 hours
after Ox challenge measurements using micrometer cal-
ipers (Interapid, Rolle, Switzerland). To determine the
CHS, increases in ear thickness of unsensitized but ear-
challenged irritant controls were subtracted from sensi-
tized mice. For secondary CHS responses, mice were
resensitized with Ox on their abdomens 8 weeks after the
initial sensitization and were then rechallenged on the
ears 1 week after resensitization. Equivalent Ox concen-
trations were used as during primary CHS.13 In hapten
challenge control experiments, Ox-sensitized mice were
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challenged with 20 �l of 1% (w/v) 2,4,6-trinitrochloroben-
zene (TNCB; Tokyo Kasei, Toyo, Japan) in acetone.

Isolating Cells from Lymph Nodes

The inguinal lymph nodes (ILNs) were disassociated
through 70-�m cell strainers (BD Falcon, Bedford, MA)
into RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented
with 2% fetal calf serum (Invitrogen). Viable cells were
enumerated by trypan blue exclusion on a Vi-CELL
counter (Beckman Coulter, Hialeah, FL).

Adoptive Transfer of Cells

Cells (2 � 107 total) from the ILNs and brachial lymph
nodes of sensitized UVB-irradiated and unirradiated mice
were adoptively transferred intravenously into naı̈ve mice.
Twenty-four hours after transfer, mice were sensitized
with Ox and 7 days later, challenged on their ears with
Ox. The CHS response was measured 24 hours after
challenge. Untransferred sensitized and unsensitized
control mice were included.

Ear Skin Cell Isolation

Ears were removed from mice, split into dorsal and ven-
tral sides and were incubated in 20 mmol/L ethylenedia-
minetetraacetic acid (Sigma) in Tris-buffered saline (pH
7.3) for 2 hours at 37°C. Epidermal and dermal layers
were first separated before they were finely chopped
together into small pieces. Minced skin pieces were then
incubated in 2 ml of RPMI 1640 containing 1 mg/ml of
collagenase IV (Sigma), 0.02 mg/ml of DNase I (Sigma),
and 5% fetal calf serum for 1.5 hours at room temperature
with constant agitation. Digestion was stopped by the
addition of 200 �l of 0.1 mol/L ethylenediaminetetraacetic
acid for 5 minutes. Digested skin pieces were then
mashed through a 100-�m steel strainer, washed, and
numerated. A skin sample containing spiked lymphoid
cells was used as a positive gating control for flow
cytometry.

Antibodies

Monoclonal antibodies used for flow cytometry included
rat anti-mouse CD3 (145-2C11; fluorescein isothiocya-
nate, APC), CD4 (RM4-5; PerCP, PE-Cy7), CD8� (53-6.7;
PerCP, PE-Cy7), CD16/CD32 (2.4G2; purified), CD25
(PC61; APC, APC-Cy7), CD45 (30-F11; PerCP), CD62L
(MEL-14; biotin), CD152 (UC10-4F10-11; PE), and inter-
feron (IFN)-� (XMG1.2; PE). These were purchased from
BD Pharmingen (San Diego, CA). Rat anti-mouse CD62L
(MEL-14; APC-Cy7), CD127 (A7R34; APC, APC-Cy7, bi-
otin), and FoxP3 (FJK-16s; PE) were purchased from
eBiosciences (San Diego, CA) and rat anti-mouse CD44
(IM7.8.1; PE) from Caltag (Burlingame, CA). Antibodies
for immunohistochemistry included purified goat anti-rat/
mouse IFN-� (AF-585-NA; R&D Systems, Minneapolis,
MN), rat anti-mouse CD4-biotin (H129.19; BD Pharmin-

gen), rat anti-mouse CD8�-biotin (53-6.7; BD Pharmin-
gen), and donkey anti-goat F(ab�)2 (biotin) (Jackson Im-
munoResearch Laboratories, West Grove, PA).

Flow Cytometry

Cells were initially blocked with anti-CD16/CD32 (anti-
FcR�III/II receptor; clone 2.4G2) antibody, before stain-
ing with T-cell activation surface antibodies. When re-
quired, secondary streptavidin-APC-Cy7 (eBiosciences)
was applied. All incubations were performed at 4°C for 30
minutes in fluorescence-activated cell sorting buffer
(phosphate-buffered saline, 5% fetal calf serum, and 0.1
mol/L ethylenediaminetetraacetic acid, pH 7.2). Except
after anti-CD16/CD32 antibody block, cells were washed
three times between incubations. FoxP3 staining was
performed following the manufacturer’s instructions.
Stained cells were analyzed on a six-color FACSAria (BD
Immunocytometry Systems, San Jose, CA) and a mini-
mum of 200,000 events were acquired for every sample.
Data analysis was performed using FlowJo software v.
6.4 (Tree Star Inc., Ashland, OR).

Bromodeoxyuridine (BrdU) Incorporation and
Flow Cytometry

From the time of sensitization, mice were given fresh 0.8
mg/ml of BrdU (BD Pharmingen) in their drinking water
daily. Single-cell suspensions of ILNs and skin were pre-
pared as described above. Labeling for T-cell surface
markers and intracellular BrdU was performed using a flu-
orescein isothiocyanate BrdU Flow kit (BD PharMingen) by
following the manufacturer’s instructions. Flow cytometry
acquisition and analysis was as described above.

Immunohistochemistry

Mouse ears were snap-frozen in liquid nitrogen in Tissue-
Tek O.C.T. compound (Sakura Finetek, Torrance, CA).
Cryostat sections, 7 �m thick, were cut onto SuperFrost
Plus slides (Menzel-Glasser, Braunschweig, Germany),
air-dried, fixed in 4% paraformaldehyde (Amresco, So-
lon, OH), and blocked for endogenous biotin activity
using a biotin blocking kit (DAKO, Glostrup, Denmark).
Nonspecific antibody labeling was prevented by incubat-
ing sections in TNB blocking buffer (Perkin Elmer Life
Sciences, Wellesley, MA) supplemented with 5% normal
rabbit serum (Hunter Antisera, Jesmond, Australia) for 30
minutes. This blocking buffer was also used to dilute all
labeling reagents. Sections were first labeled for T cells
with biotinylated anti-CD4 or anti-CD8 antibodies for 1
hour. All subsequent incubations were then performed in
the dark. Secondary streptavidin-Alexa Fluor 488 (Molec-
ular Probes, Eugene, OR) was applied for 30 minutes
before sections were again blocked to limit biotin and
nonspecific antibody labeling. Sections were incubated
with anti-IFN-� antibody for 1 hour, which was followed by
biotinylated donkey anti-goat and streptavidin-Alexa
Fluor 594 (Molecular Probes) for 30 minutes each. Stain-
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ing controls included antibody isotype and omission of
primary T-cell or IFN-� antibodies. Between all incuba-
tions, except after the nonspecific antibody labeling
block, sections were washed three times with Tris-buffered
saline and 0.05% (v/v) Tween 20 (Amersco). Sections were
counterstained and coverslipped in SlowFade Gold anti-
fade reagent with 4,6-diamidino-2-2phenylindole (DAPI,
Molecular Probes). A BX51 fluorescent microscope with a
DP70 camera attachment (Olympus, Tokyo, Japan) was
used to visualize and photograph the sections.

Data Analysis and Statistics

CHS responses were evaluated by one-way analysis of
variance analyses with Tukey post hoc tests. To deter-
mine the effect of UVB on Ox-induced T-cell activation,
proliferation, and accumulation into skin, background un-
sensitized (irritant control) groups were subtracted from
sensitized groups to enable the direct comparison of
sensitization in unirradiated and UVB-irradiated groups.
Unpaired Student’s t-tests were applied to compare the
parameters of T-cell activation between groups of unsen-
sitized and sensitized, or groups of sensitized unirradi-
ated and UVB-irradiated mice. SPSS v.11 software (SPSS
Inc., Chicago, IL) was used to determine significance,
where P � 0.05 was considered to be significant.

Results

UVB Inhibits the Expansion of Effector CD4�

and CD8� T Cells in Skin DLNs after
Sensitization

UVB-irradiated mice had a significantly reduced CHS
response (19.7 mm�2 � 2.0, n � 18) compared to unir-
radiated control mice (28.4 mm�2 � 1.0, P � 0.002).
T-cell reactivity to Ox after sensitization was investigated
within the ILNs because this drains both abdominal and
dorsal skin with CD44hiCD62L�CD127� effector T cells
being numerated 9 days after sensitization. Application of
a contact hapten significantly increased the total number
of effector CD4� and CD8� T cells by more than threefold
compared to the number of effector T cells present in the
ILNs of unsensitized mice (data not shown). To investi-
gate whether UVB modulates this expansion of ILN effec-
tor T cells, mice were irradiated with UVB before sensiti-
zation. In contrast to the increases observed in control
unirradiated sensitized mice, exposure to UVB signifi-
cantly reduced the expansion of effector CD4� and
CD8� T cells by threefold (P � 0.0030) and twofold (P �
0.011), respectively (Figure 1A). A survey of other nond-
raining lymphoid organs (mesenteric and auricular lymph
nodes, spleen), as well as blood and liver in unirradiated
and UVB-irradiated sensitized mice showed that these
responses to Ox are limited to the skin-draining ILNs
(data not shown). This suggests that UVB inhibits the
primary activation and expansion of effector CD4� and
CD8� T cells to contact sensitization locally in the ILNs.

To confirm that the T-cell expansion was attributable to
antigen-induced proliferation rather than nonspecific
lymph node shutdown, BrdU incorporation was assessed
9 days after sensitization. A significantly greater propor-
tion of BrdU� cells were detected within the activated
subset of CD44hi CD4� and CD8� T cells in sensitized
mice (63% and 45%, respectively) compared to unsen-
sitized mice (45%, P � 0.0004 and 32%, P � 0.0054,
respectively), indicating that sensitization does induce
active T-cell proliferation leading to an increase in effec-
tor CD4� and CD8� T-cell populations. In contrast to
unirradiated mice, a smaller BrdU� frequency of CD44hi

T cells was detected in the ILNs of UVB-irradiated mice
(Figure 1B). This was significantly decreased in the CD4�

subset of T cells (P � 0.0396). Similarly, a reduced
number of BrdU�CD44hi CD4� (P � 0.0355) and CD8�

Figure 1. UVB inhibits the increase in ILN effector T-cell number and
proliferation in sensitized mice 9 days after sensitization. Mice were either
unirradiated or irradiated with three daily doses of 90 mJ/cm2 UVB on the
dorsum. Mice were sensitized on the abdomen with Ox, and 7 days later ears
were challenged with Ox. The ILNs were examined 9 days after sensitization
(48 hours after challenge). A: The increase in the number of ILN effector T
cells attributable to sensitization was determined by subtracting the back-
ground number of effector T cells in unsensitized, but Ox ear-challenged
mice. B: Mice were given BrdU in their drinking water from the time of
sensitization. The increase in the proportion of CD44hi T cells expressing
BrdU was determined by subtracting basal proliferation levels in unsensitized
mice from that in sensitized mice. C: The number of BrdU�CD44hi T cells in
sensitized mice after subtraction of basal proliferation numbers in unsensitized
mice. n � 9 mice pooled from three individual experiments, means � SEM are
shown. **P � 0.01 and *P � 0.05, comparing no UVB with UVB groups.
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(P � 0.0231) T cells were found in UVB-irradiated mice
(Figure 1C), suggesting that UVB hindered the prolifera-
tion of T cells after sensitization.

UVB Irradiation Regime Does Not Generate
Regulatory CD4� T Cells

To investigate whether regulatory cells were being gen-
erated in the DLNs by the irradiation regime used in this
study, total DLN cells from sensitized UVB-irradiated or
unirradiated mice were adoptively transferred into naı̈ve
mice, which were then sensitized and challenged to elicit
a CHS reaction. As expected, recipients of cells from
unirradiated donors exhibited an increased CHS re-
sponse compared to untransferred sensitized mice (P �
0.0307), as these transferred cells included Ox-specific
effector T cells (Figure 2A). However, no difference was
found between recipients of UVB-irradiated or unirradi-
ated cells, indicating no transfer of suppression.

UVB-induced regulatory T cells have a CD4�CD25�

CTLA-4�(CD152)14 phenotype and are FoxP3�.15 Be-

cause recent evidence indicates that UVB increases the
number and percentage of these cells in DLNs,15 regu-
latory CD4� T cells were examined in the ILNs. UVB-
irradiated and unirradiated mice did not differ in the total
number of FoxP3�CD4� (Figure 2B) and CD4�CD25�

CTLA-4� T cells (Figure 2D). The percentages of these
cells were also unchanged (Figure 2, D and E). Together,
these data suggest that the systemic UVB regime used in
this study does not induce the generation of regulatory
CD4� T cells.

Inhibition of Local T-Cell Activation Does Not
Involve the PGE2 Pathway

Prostaglandin production was inhibited to investigate
whether it is a mediator of UVB inhibition of T-cell activa-
tion and expansion. Immediately after each UVB irradia-
tion, indomethacin, a COX inhibitor, was applied to the
UVB-irradiated skin. Mice were then sensitized and chal-
lenged. Indomethacin administration had no effect on the
expansion of ILN effector T cells in unirradiated mice, and
it did not prevent UVB-induced reduction in effector
CD4� (absence of indomethacin, P � 0.0392, and pres-
ence of indomethacin, P � 0.0233) and CD8� T cells
(absence of indomethacin, P � 0.0309, and presence of
indomethacin, P � 0.0234) (Figure 3). This suggests that
UVB-induced PGE2 production in irradiated skin is not
responsible for suppressing local T-cell activation in
DLNs.

CHS Elicitation Induces Leukocyte Recruitment
into Ear Skin, Including Activated and
Proliferating T Cells

To determine whether UVB influences CD45� leukocyte
and T-cell recruitment into the challenge site, we exam-
ined ear skin by flow cytometry 48 hours after challenge
because this was determined to be the time of maximal
leukocyte infiltrate. Single-cell suspensions of total ear
skin were prepared from epidermal and dermal skin lay-
ers and then stained with antibodies against CD45,
CD44, CD62L, CD4, CD8, and CD3. Representative dot
plots of CD4�CD3� and CD8�CD3� labeling in ear skin
are shown in Figure 4A. Uninflamed ear skin from unsen-

Figure 2. Skin DLNs of UVB-irradiated mice do not contain regulatory T
cells. A: Lymph node cells from either sensitized UVB-irradiated or unirradi-
ated mice were transferred into naı̈ve recipients, which were then sensitized
and challenged with Ox. Controls included sensitized and unsensitized
groups that did not receive transferred cells. An experiment representative of
two individually performed experiments. The ILNs at 48 hours after challenge
were examined for regulatory CD4� T cells. B: The number of
FoxP3�CD4�CD3� T cells. C: The percentage of FoxP3� cells of CD4�CD3�

T cells. D: The number of CD4�CD25�CTLA-4� T cells. E: The percentage of
CD25�CTLA-4� cells of CD4�CD3� T cells. n � 9 mice pooled from three
individual experiments, means � SEM are shown. ***P � 0.001 and *P � 0.05.

Figure 3. COX inhibition does not prevent UVB from reducing T-cell expan-
sion. Immediately after each UVB irradiation, mice were treated with topical
indomethacin. Control mice were administered base acetone solution only.
After irradiation, sensitization, and challenge, effector T cells in the ILNs 48
hours after challenge were quantified. UVB irradiation with or without
indomethacin significantly decreased the number of effector CD4� and
CD8� T cells in the ILNs compared to unirradiated mice. n � 9 mice pooled
from three individual experiments, means � SEM are shown, *P � 0.05.
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sitized mice contained a small resident population of
CD4� T cells, representing �3% of the CD45� popula-
tion. Few to no CD8� T cells were detected in unsensi-
tized mice. Consistently, a sizeable population of CD3hi,
CD4�CD8� cells were found in the ear skin (�40% of the
CD45� population) that were also ��TCR�, suggesting
the presence of dendritic epidermal T cells (data not
shown). Sensitization followed by ear challenge induced
an influx of CD45� cells into ear skin, including CD4� and
CD8� T cells. Both unirradiated and UVB-irradiated sen-

sitized mice showed a similar recruitment frequency of
CD4� and CD8� T cells (of total CD45�) into ear skin,
suggesting that UVB does not affect the proportional
recruitment of T cells against other inflammatory cell
types. The majority of T cells were CD44hiCD62L� (Fig-
ure 4B) and were BrdU� (Figure 4C), indicating that
these cells are activated and proliferating T cells.

UVB Reduces the Leukocyte Infiltrate into Ear
Skin

UVB significantly decreased the total number of recruited
CD45� leukocytes (P � 0.0248), CD4� T cells (P �
0.0448), and CD8� T cells (P � 0.0415) by �50% com-
pared to unirradiated sensitized mice (Figure 5A). To
determine the contribution of nonspecific cells migrating
into irritated skin, Ox-sensitized mice were challenged
with a different unrelated hapten, TNCB. Neither Ox sen-
sitization nor UVB irradiation significantly altered the CHS
response compared to the reaction measured in unsen-
sitized TNCB-challenged mice (7.9 mm�2 � 0.9). More-
over, the ears of these TNCB-challenged mice contained
significantly fewer CD45� cells, CD4� T cells, and CD8�

T cells compared to Ox-sensitized and challenged mice.
These results confirm that the cellular infiltrate detected in

Figure 5. IFN-� producing CD8� T cells infiltrate ear skin 48 hours after Ox
challenge in sensitized mice. A: Sensitization increased the total number of
leukocytes (total CD45�) and T cells in the ear skin of Ox-challenged mice
(determined by subtracting the number of CD45� or T cells in unsensitized
from sensitized skin). Challenging ears of Ox-sensitized mice with TNCB did
not cause a significant increase in CD45� or T cells. n � 9 mice pooled from
three individual experiments, means � SEM shown. *P � 0.05 comparing
Ox-challenged groups. ###P � 0.001, ##P � 0.01, and #P � 0.05 comparing
Ox with TNCB-challenged groups. B: Ear sections were stained for CD4,
CD8, and IFN-�. CD4� cells (green, arrows) were detected in the epidermis
and dermis of unirradiated (a) and UVB-irradiated (b) ear skin. However,
there was no co-expression of IFN-� (red, arrowheads) with CD4� cells.
CD8� cells were mostly localized in the dermis of unirradiated (c) and
UVB-irradiated (d) mice (green, arrows). A proportion of CD8� cells were
co-expressed with IFN-� (yellow, asterisk). Scale bars � 20 �m.

Figure 4. The activated and proliferating T-cell infiltrate in ear skin at 48
hours after challenge. Single-cell suspensions were made from ear skin 48
hours after challenge from unsensitized (Unsen) and sensitized (Sens) mice.
A: Gated CD45� cells were analyzed for CD4�CD3� and CD8�CD3� T-cell
expression. Unsensitized mice contain a resident population of CD4� T cells
and CD3high CD4�CD8� cells, but no CD8� T cells in skin. Percentages of
gated CD45� cells are shown. Skin-derived T cells are predominately acti-
vated CD44hiCD62L� cells (B) and are BrdU� (C) in unirradiated sensitized
mice. Percentages of gated CD4�CD3� or CD8�CD3� are shown.
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the ear skin of Ox-sensitized and Ox-challenged mice
were recruited in a hapten-specific manner.

CD8� but Not CD4� Cells in the Ear Skin of
Sensitized and Challenged Mice Produce IFN-�

We examined the functional capacity of skin-localized T
cells by assessing their in situ IFN-� expression 48 hours
after challenge (Figure 5B). CD4� cells in sensitized mice
were localized to both the epidermal and dermal layers
(Figure 5Ba, arrows). In contrast, CD8� cells were mostly
observed in the dermis (Figure 5Bc, arrows). IFN-�� cells
were detected in the dermis of mice, although, none were
co-labeled with CD4� cells (Figure 5Ba, arrowheads).
Rather, a proportion of CD8� cells expressed IFN-� (Fig-
ure 5Bc, asterisk), indicating that production of this cyto-
kine is limited to CD8� T cells in ear skin. No IFN-�
reactivity was observed in the ear skin of unsensitized
mice (data not shown).

UVB Blocks the Development of Effector
Memory CD8� T Cells in the Ear Skin of
Sensitized Mice

UVB-irradiated mice maintained a suppressed second-
ary memory response to Ox resensitization and rechal-
lenge compared to unirradiated mice (22.9 mm�2 � 1.9
versus 29.6 mm�2 � 1.5, P � 0.0102, n � 14). To
determine whether UVB inhibited these reactions by af-
fecting the development of memory T cells, UVB-irradi-
ated, sensitized, and challenged mice were rested for 10
weeks after sensitization (memory mice). As mice were
not resensitized or rechallenged during this period, T
cells with an activated phenotype were defined as mem-
ory T cells. A comparable number of central memory T
cells (CD44hiCD62L�CD127�) in draining and nondrain-
ing lymphoid organs, blood, and liver were detected in
sensitized and unsensitized mice, indicating that the lym-
phoid system was in a resting and homeostatic state
(data not shown).

The ear skin of memory mice was examined to deter-
mine whether previous hapten exposure or UVB had any
effect on the resident T-cell population in skin. The num-
ber of total CD45� leukocytes and CD4� T cells in ear
skin was similar between unirradiated and UVB-irradiated
mice, suggesting that UVB does not play a role in regu-
lating these cells in memory mice (data not shown). In
contrast, the ears of unirradiated memory mice were
populated by a significant number of effector memory
(CD44hiCD62L�) CD8� T cells that represented �4% of
skin CD45� cells, compared to 0.60% in unsensitized
mice (Figure 6A). UVB-irradiated, sensitized mice had a
CD8� T-cell frequency similar to unsensitized mice.
Moreover, compared to unirradiated memory mice, the
total number of memory CD8� T cells in the ears of mice
previously exposed to UVB was significantly decreased
by more than 30-fold (P � 0.0121) (Figure 6B). Hence,
UVB inhibited the development of peripheral effector
memory CD8� T cells that would normally localize to the

skin of sensitized mice. No CD8� T cells were detected in
either unirradiated or UVB-irradiated Ox-sensitized and
TNCB-challenged mice, demonstrating that these mem-
ory T cells only localize to the skin when mice are sensi-
tized and challenged with the original primary CHS
hapten.

A hallmark of memory T cells is their rapid response to
cognate antigen. To test this response, IFN-� production
by skin-resident effector memory CD4� and CD8� T cells
was examined by immunohistochemistry. Memory mice
were rechallenged with Ox and the ears analyzed 24
hours later. To limit the response to skin-resident effector
memory T cells, mice were not resensitized. The dermis
of unirradiated and UVB-irradiated memory mice con-
tained CD4� cells (Figure 7, a and b; arrows), whereas
detection of CD8� cells was limited to unirradiated mice
(Figure 7c, arrow), which is consistent with our flow cy-
tometry findings (Figure 6B). Only CD8� T cells in the
skin of unirradiated mice expressed IFN-� (Figure 7c,
asterisk). Hence, CD8� cells in the dermis of memory
unirradiated mice are the major source of IFN-�. These
results are similar to the responses observed by skin
CD8� cells during primary CHS reactivity (Figure 5B).

CD8� T Cells in the Skin of T-GFP Mice
Maintain an Effector Memory GFP� Phenotype

Naı̈ve T cells in T-GFP mice are GFP� until they become
activated in an antigen-specific manner, wherein they
then down-regulate GFP to become cytotoxic effector-
like GFP� cells.12 Effector memory T cells maintain a

Figure 6. UVB inhibits the development of CD8� T cells in the ear skin of
resting mice 10 weeks after sensitization. Ox-sensitized unirradiated and
UVB-irradiated mice were challenged with either Ox or TNCB before being
rested. T cells were examined in the ear skin of resting mice at 10 weeks after
sensitization. A: Representative dot plots of skin-derived cells gated on
CD45� expression. A prominent CD8� T-cell population is present in the ear
skin of unirradiated sensitized mice, but is absent in UVB-irradiated sensi-
tized or unsensitized mice. Percentages of gated CD45� cells are shown. B:
The number of CD8� T cells recovered from the ear skin of sensitized mice.
No CD8� T cells were detected in Ox-sensitized but TNCB-challenged mice.
n � 9 mice pooled from three individual experiments, means � SEM are
shown. *P � 0.05 comparing no UVB with UVB mice.
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GFP� phenotype, whereas memory T cells that have
bypassed the effector phase retain their GFP expres-
sion.16 Using this model, we examined whether CD8� T
cells in the ear skin of memory mice had experienced an
effector phase before progressing into memory T cells.
T-GFP mice were sensitized and challenged with Ox, and
were then rested for 5 weeks after sensitization. There
was no difference between memory mice at 5 or 10
weeks after sensitization, and an assessment of draining
and nondraining lymphoid organs indicated a homeo-
static lymphoid system (data not shown). Similar to non-
transgenic wild-type C57BL/6J mice, unirradiated and
sensitized T-GFP mice showed an increased population
of CD8� T cells in ear skin, which was absent in UVB-
irradiated mice (Figure 8A). Skin-derived CD8� T cells
from both unirradiated and UVB-irradiated memory mice
were predominately GFP� (Figure 8B), but the total num-
ber of GFP� CD8� T cells recovered from UVB-irradiated
mice was again significantly decreased compared to
unirradiated mice (P � 0.0255) (Figure 8C). Importantly,
only a few GFP� CD8� T cells were isolated from the skin
of sensitized mice. These GFP� CD8� T cells are ex-
pected to be nonspecific circulating naı̈ve or memory
CD8� T cells derived from the dermal microvasculature,
isolated during skin preparation. Their relative low fre-
quency compared to GFP� CD8� T cells highlights that
very little contamination of blood derived T cells is
present in the observed effector memory GFP� CD8�

pool of T cells.

Discussion

This study demonstrates for the first time the effect of
systemic low-level exposure to UVB on the suppression
of primary and memory T cells in vivo during CHS. Sen-

sitization of mice after UVB exposure decreased the ex-
pansion of effector CD4� and CD8� T-cell populations in
DLNs, reducing the size of the effector T-cell pool. During
CHS elicitation, which is characterized by T-cell and
other leukocyte migration into challenged skin, UVB in-
hibited the accumulation of inflammatory cells in skin.
Activated and proliferating CD8� T cells were shown to
produce IFN-� in the skin, underlining their role as an
effector cell during elicitation. More importantly, these
effector CD8� T cells were retained in the skin of memory
mice, wherein they formed an effector memory popula-
tion that rapidly produced IFN-� on rechallenge. UVB,
however, prevented this peripheral development of mem-
ory CD8� T cells in skin. The UVB dose used was too low
to activate regulatory CD4� T cells, and these results
occurred independently of COX activation, which is a key
mediator of immunosuppression attributable to high
doses of UVB. Therefore, for the first time we have shown
that systemic UVB designed to mimic the lower levels of
exposure during normal daily activities suppresses CHS
by subverting the generation of anti-hapten effector and
memory T cells.

The reduced expansion of effector CD4� and CD8� T
cells in UVB-irradiated mice is consistent with previous
investigations reporting decreased production of IFN-�17

Figure 7. CD8� cells in the ear skin of memory mice produce IFN-� 24 hours
after rechallenge. Resting memory mice at 10 weeks after sensitization were
rechallenged with Ox and 24 hours later, ear sections were stained for CD4,
CD8, and IFN-�. Prominent populations of CD4� (green, arrows) cells are
present in both unirradiated (a) and UVB-irradiated mice (b). CD4� and
IFN-�� (red, arrowheads) cells are not co-labeled. CD8� cells (green) are
detectable in the ear skin of unirradiated mice (c, arrow) but not in UVB-
irradiated mice (d). IFN-�� cells are co-labeled with CD8� cells (yellow,
asterisk) in the ear skin of unirradiated mice. Scale bars � 20 �m.

Figure 8. CD8� T cells in ear skin maintain a GFP� phenotype 5 weeks after
sensitization. Unirradiated and UVB-irradiated T-GFP mice were sensitized
with Ox and 7 days later, ears were challenged with Ox. Mice were rested for
5 weeks after sensitization before T cells were examined in the ear skin. A:
Representative dot plots of skin-derived cells gated on CD45� showing
CD3�CD8� T cells isolated from T-GFP ear skin in unirradiated and UVB-
irradiated sensitized mice. Percentages of gated CD45� cells are shown. A
skin sample spiked with lymphoid cells is presented as a positive gating
control. B: The GFP expression of gated CD3�CD8� skin-derived T cells is
predominately GFP� compared to lymphoid-derived GFP� T cells. C: The
number of GFP� and GFP� CD8� T cells in unirradiated and UVB-irradiated
mice. n � 5 to 9 mice pooled from two experiments, means � SEM are
shown. *P � 0.05 comparing unirradiated with UVB mice.
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and reduced cytotoxic activity18 by T cells derived from
the DLNs of UVB-irradiated mice. Because it is still un-
clear how haptens interact with MHC molecules to stim-
ulate naı̈ve T cells, it is currently impossible to detect
hapten-specific T cells by tetramer technology. There-
fore, we restricted our definition of an effector T cell to
very late activated T cells, but we cannot exclude the
possibility that nonspecific bystander activation contrib-
uted to our expanded pool of effector T cells. Because of
the water insoluble nature of Ox, in vitro stimulation for
IFN-� as a measure of hapten specificity was also not
possible. However, studies performed by Ghoreishi and
Dutz19 that also showed a reduced enumeration and
proliferation of OVA-specific tetramer� CD8� T cells in
the skin DLNs of mice immunized through UV-irradiated
skin lends support to our findings here in mice sensitized
at a distal site to UVB irradiation. However, these inves-
tigators attributed the decreased activation of antigen-
specific T cells to the presence of CD4�CD25�Foxp3�

regulatory T cells that were not detectable in this study.
UVB-induced regulatory T cells have been demon-

strated in other systemic immunosuppression studies
with single high doses of UVB (800 to 1500 mJ/cm2, 3 to
4 minimal erythema dose15,20). It is widely considered
within such systems that regulatory T cells mediate UVB-
induced suppression by inhibiting effector T cells in
DLNs.21 However, the lack of transferable suppression
and the unchanged numbers of FoxP3� regulatory CD4�

T cells in our study suggest that low levels of systemic
UVB does not activate regulatory CD4� T cells to reduce
effector T-cell expansion. Our UVB dose (0.3 minimal
erythema dose, 90mJ/cm2 daily for 3 days) is several fold
lower than those previously found to activate regulatory T
cells. This investigation also found that UVB-induced
COX activity was not required for this inhibition of T-cell
activation. PGE2, a product of COX, is thought to be
central to UVB-induced systemic immunosuppression.22

It is likely that our UVB regime would have up-regulated
COX-1/2 mRNA expression and PGE2 production within
irradiated skin because this has been shown with a single
dose of 220 mJ/cm2 UVB, 1 minimal erythema dose.23

However, significant induction of plasma PGE2 requires
doses higher than 300 mJ/cm2.24 Thus, it is possible that
our low UVB dose was insufficient to cause systemic
PGE2 production, such that it could be a mediator of
UVB-induced immunosuppression. PGE2 can stimulate in
an autocrine or paracrine manner, the formation of adap-
tive regulatory FoxP3�CD4� T cells from CD4�CD25�

cells,25 which could suggest that PGE2 production and
the presence of regulatory T cells after UVB may be a
closely linked relationship. Each 90 mJ/cm2 UVB dose
administered here was equivalent to just �5 minutes of
Sydney summer sunlight and it did not cause tanning or
burning of exposed skin. Interestingly, severe tissue in-
jury such as burns, triggers excessive inflammation, in-
cluding prostaglandin production, and this has been as-
sociated with enhanced regulatory T-cell activity in skin
DLNs. Burn patients often exhibit decreased immunity,
which is reminiscent of a UVB-irradiated state.26 Instead,
the reduced DLN T-cell response could be a conse-
quence of suppressor B cells or serum cis-UCA that are

known to be generated by low UVB doses (100 mJ/cm2

daily for 3 days, single 216 mJ/cm2, respectively27,28). IL-10-
producing suppressor B cells impinging on Ox-present-
ing dendritic cells and cis-UCA inhibition of Th1 (IL-2 and
IFN-�) cells29 would lead to impaired antigen presenta-
tion and reduced IL-2 production. Such interference of
T-cell activation and proliferation was shown by the de-
creased percentage and number of BrdU� cells in the
DLNs of UVB-irradiated mice.

Uninflamed normal skin contained resident CD4� T
cells supporting the findings of Clark and colleagues30,31

that human skin is populated by various memory and
regulatory CD4� T cells. CHS elicitation via the reappli-
cation of hapten induced leukocyte infiltration, including
CD4� and CD8� T cells into the ear skin of unirradiated
sensitized mice. Flow cytometry on cells isolated directly
ex vivo showed that the majority of the CD4� and CD8� T
cells were activated (CD44hiCD62L�) and were prolifer-
ating (BrdU�), suggesting that these T cells may be
daughter cells derived from the primary T-cell expansion
that occurred in the ILNs. Challenging Ox-sensitized
mice with TNCB did not result in a discernable inflamma-
tory reaction, as shown by the insignificant CHS response
and the low number of skin-infiltrating T cells that were
detected in these mice. This is consistent with the notion
that only hapten-specific T cells accumulate at reaction
sites32 and it supports the view that CD8� T cells must
specifically recognize hapten-conjugated keratinocytes
to initiate a fully fledged CHS reaction.7 Thereby provid-
ing evidence that the T cells that were recruited into the
ear skin of Ox-sensitized and challenged mice are likely
to be Ox-specific.

UVB-irradiated mice, on the other hand, presented a
reduced influx of leukocytes, as well as CD4� and CD8�

T cells into ear-challenged skin. Besides T cells, the
decreased total leukocyte infiltrate may consist of mac-
rophages,33 NK cells,34 and NKT cells35 that are also
involved in mediating the efferent phase of CHS. This is
the first demonstration that systemic UVB irradiation that
causes reduced CHS responses is associated with a
decreased leukocyte infiltrate in ear skin. It also indicates
a new mechanism as to how UVB irradiation modulates
CHS elicitation independent of regulatory T cells that
cannot migrate into challenged skin.4 Impaired CHS re-
sponses occur when factors such as chemokine and
cytokine production,36,37 adhesion molecule expres-
sion,38 or the presence of CD8� T cells39 are disrupted.
Cytotoxic CD8� T cells are the primary cell type required
to initiate and amplify CHS reactivity via the production of
chemokines and IFN-�.7,40,41 We showed that IFN-� pro-
duction is an effector function restricted to the CD8�, but
not the CD4� T-cell population in skin, which has been
suggested by other investigations.42 IFN-� stimulates
chemokine secretion, such as IP-10,43 and it promotes
the expression of molecules involved in antigen presen-
tation and adhesion that help sustain CHS reactions.44

However, not all of the CD8� cells in inflamed skin were
IFN-��, reflecting the heterogeneous nature of the infil-
trating CD8� T-cell pool. The remaining CD8�IFN-��

population may include IL-17-secreting CD8� T cells also
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critical for CHS elicitation.45 Given the importance of
CD8� T cells in mediating CHS, it may be surmised that
a reduced circulation of effector CD8� T cells able to
migrate into challenged ear skin and kill hapten-conju-
gated keratinocytes, would certainly inhibit the magni-
tude of the inflammatory response. Thus, the reduced
CHS response and twofold reduction of CD8� T cells in
ear skin exhibited by UVB-irradiated mice is likely to be a
direct corollary of the twofold to threefold diminished
effector CD4� and CD8� T-cell pool size being gener-
ated in the ILNs. Interestingly, with respect to CD45�

cells, the proportion of T cells migrating into ear skin was
unaffected by UVB, suggesting that the molecular signals
responsible for recruiting T cells into skin was primarily
intact, albeit reduced.

Flare-up responses in humans or repeat CHS reactivity
in mice has previously been attributed to the retention of
hapten-specific T cells within skin to form local skin mem-
ory at the site of primary challenge.46 There is some
evidence showing that CD4� T cells preferentially accu-
mulate in human skin 21 days after patch testing;47 how-
ever, no direct evidence of T cell retention exists in mu-
rine models of CHS. In this study, unirradiated memory
mice at 10 weeks after sensitization exhibited a popula-
tion of dermal CD8� T cells similar to the number recov-
ered during the initial period of CHS elicitation, and that
were absent in unsensitized mice. Long-term studies per-
formed in 2,4-dinitrofluorobenzene-challenged mice indi-
cate that immediate CHS reactivity can be demonstrated
on rechallenge even 1 year after the time of initial chal-
lenge,48 suggesting that CD8� T-cell persistence may be
sustained past the time frame investigated here. Only
hapten-specific T cells were retained, because mice that
were challenged with TNCB did not exhibit any CD8� T
cells in memory ear skin. The GFP� phenotype of the
CD8� T cells strongly supports the view that these are
effector memory T cells that have undergone an effector
T-cell phase on activation. Indeed, 24 hours after rechal-
lenge in memory mice, CD8� cells could produce IFN-�
akin to a memory T-cell phenotype. Memory T cells re-
quire IL-7 and IL-15 for maintenance, in that IL-7 pro-
motes survival whereas IL-15 supports cell turnover.49

Both of these T-cell homeostatic growth cytokines can be
produced locally in skin by keratinocytes50 and dermal
fibroblasts,51 respectively. Thus, it can be seen that skin
can provide an environment conducive for memory T-cell
development in the absence of antigen.

Mice exposed to UVB, however, failed to develop ef-
fector memory CD8� T cells in the ear skin of sensitized
memory mice. This demonstrates a novel systemic effect
of UVB to suppress the normal development of CD8�

memory T cells within challenged skin. This property of
UVB occurred after only a short duration of UVB at low
levels before epicutaneous application of hapten at distal
sites. Because UVB is known to have a dose-dependent
effect on CHS responses,13 we can speculate that higher
doses of UVB, for example at erythemal levels, would be
expected to have a more pronounced effect on effector
and memory T cells than what was observed in this
investigation. The lack of peripheral memory CD8� T-cell
development in ear skin reflects the reduced number of

effector CD8� T cells that were localized at this site
during CHS elicitation in UVB-irradiated mice. Memory
T-cell pool sizes and recall qualities are determined dur-
ing the primary T-cell response against an antigen. Fac-
tors such as the duration and signaling strength of anti-
gen presentation52,53 and primary effector T-cell burst
size54 are important in establishing the development of
functional memory T cells. In accordance with this, we
have shown in this study that UVB limited the primary
burst size of effector T cells in the ILNs during sensitiza-
tion, whereas other investigations have demonstrated
that UVB inhibits the capacity for antigen presentation
within lymph nodes draining the site of irradiation.5 Thus,
UVB may have inhibited memory T-cell development by
interfering with T-cell activation during sensitization, to
have reduced the migration of CD8� T cells into skin,
thereby suppressing their development into memory
CD8� T cells at this site.

From our findings we propose that in the absence of
UVB-induced regulatory T cells to enforce tolerance
against Ox, the apparent nonresponsiveness to hapten
rechallenge in UVB-irradiated mice is associated with the
drastically reduced or absent population of dermal effec-
tor memory CD8� T cells in these mice. Under these
circumstances, mice previously exposed with UVB will
continue to exhibit reduced CHS reactions compared to
unirradiated sensitized mice because they lack memory
T cells able to respond rapidly to resensitization and
rechallenge. Further studies are required to determine
whether UVB influences central memory T-cell develop-
ment within lymphoid organs.

In conclusion, our studies provide evidence that UVB
at levels low enough for humans to encounter during
routine daily activities interferes systemically with normal
effector T-cell activation to a contact sensitizer in lymph
nodes. Importantly, because of the low UVB doses used,
this modulation of T cells occurred without the involve-
ment of regulatory CD4� T cells and PGE2, which sug-
gests that the importance of these two factors in mediat-
ing or initiating UVB-induced immunosuppression is
dependent on UVB dose. Other molecular mechanisms
must be involved in UVB-induced immunosuppression
and in the inhibition of effector and memory T cells de-
scribed here. Accumulation of T cells, including IFN-�-
secreting CD8� T cells, at challenged skin sites was also
inhibited by UVB. This had a concomitant affect on the
normal development of memory T cells localized in pe-
ripheral skin. Because T cells play a prominent role in
CHS, these factors explain to a large extent how UVB
reduces primary and secondary CHS responses at these
UVB doses. The ramifications of this study further sug-
gest that excessive sunlight exposure could potentially
inhibit or challenge the efficacy of vaccination protocols.
Moreover, our findings underline a possible dual role of
UVB in its involvement in skin tumor development. Al-
though directly causing the mutagenic changes which
leads to the formation of cancerous cells, the down-
stream effects of UVB irradiation may act in parallel to
stifle anti-tumor T-cell immunity.
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