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Exposure of skin to ultraviolet (UV) radiation inhibits the
induction of delayed-type hypersensitivity (DTH) responses
initiated at a distant, unirradiated site. Recent studies attrib-
uted this form of immune suppression to DNA damage in the
form of cyclobutane pyrimidine dimers (CPD). In the
present study, we investigated the protective defects of sun-
screens on UV-induced systemic suppression of DTH to
Candida albicans, inflammation, and DNA damage. Tl?c pho-
toprotective effects of sunscreen preparations containing 8%
octyl-N-dimethyl-p-aminobenzoate, 7.5% 2-ethylhexyl-p-
methoxycinnamate, or 6% benzophenone-3 were studied in
C3H mice exposed to a single dose of 500 mJ/cm? UVB
radiation from FS40 sunlamps. Inflammation was deter-
mined by the amount of skin edema at the site of UV irradia-
tion, and DNA damage was assessed. by measuring 'the fr.e-
quency of endonuclease-sensitive sites in the epidermis.

Application of the sunscreens before’ UV irradiation gave
75-97% protection against UV-induced edema, 67-91%
protection against formation of CPD, but only 30— 54% pro-
tection against suppression of DTH: In contrast, the topical
application of liposomes containing 4 CPD-specific DNA
repair enzyme immediately after UV irradiation resulted in
82% protection against suppression of DTH, but at best, 39%
protection against skin edema. These findings demonstrate
that sunscreens give less protection against UV-induced im-
mune suppression than against skin edema and CPD forma-
tion. Furthermore, they suggest that less DNA damage is
required to cause UV-induced immune suppression than to
cause sunburn. Key words: delayed-type hypersensitivity/
DNA damage/liposomes. ] Invest Dermatol 101:523—-527,
1993

xposure of skin to ultraviolet (UV) radiation induces

various biologic alterations including immune suppres-

sion [1]. A variety of immune responses such as contact

hypersensitivity (CHS) and delayed-type hypersensitiv-

ity (DTH) reactions are impaired faftf:r UV irradiation.

The immune suppression induced by uv rad'xatlon plays a crmcgl

role in the pathogenesis of skip cancers in mice [233].. Evidence is

accumulating that immunologic effects of UV radiation may also

contribute to the development of skin cancer in humans [4-6].

Furthermore, immune suppressiox.l by UV ra'dlzmon may increase

the severity of certain infectious diseases. For instance, it was dem-

onstrated that exposure of m_ice to UV radiation abroggtcd DTH

responses to Herpes simplex virus type I an.d 11 [7,8.], Candida albicans
[9], Leishmania major [10], and Mycobacterium bovis 1 1].

Immune suppression by UV radiation is assocmtcd'wnth the pres-

ence of T-suppressor lymphocytes [3]. The mechanisms by which

UV radiation activate the suppressor pathway are not completely

Manuscript received March 8, 1993; accepted for publication May 20,
1993. )

PW is the recipient of a Max Kade fellowship.

Reprint requests to: Dr. Margaret L. Kripke, Department of Immunol-
ogy-178, The University of Texas M.D. Anderson Cancer Center, 1515
Holcombe Boulevard, Houston, Texas 77030. o

Abbreviations: CHS, contact hypersensitivity; CPD, cyclobutane pyrimi-
dine dimer(s); 2-EHMC, 2-cthylhcxyl-p-methoxy-c'innamate; 0-PABA,
octyl-N-dimethyl-p-aminobenzoate; SPF, sun-protection factor.

known, but the release of soluble mediators such as prostaglandins
[12], tumor necrosis factor-cv [13], interleukin (IL)-1 [12], contra
IL-1[14], and IL-10 [15] has been implicated. In addition, urocanic
acid in the stratum corneum has immunosuppressive properties,
particularly after isomerization to its cis-form by UV irradiation
[16]. On the molecular level, however, DNA damage in the form of
cyclobutane pyrimidine dimers (CPD) appears to be the rimary
trigger for systemic immune suppression by UV radiation 17,18].

Sunscreens prevent UV-induced DNA damage [19-21], and
they are highly protective against sunburn in humans and against
UV-induced skin aging [22], and tumor initiation [23] and promo-
tion [24] in animals. However, the evidence that sunscreens protect
against the immunosuppressive effects of UV radiation has been
controversial. Indeed, in a number of studies sunscreens did not
protect experimental animals [25-28] and humans [29,30] from a
variety of UV effects on the immune system. These results are
difficult to reconcile with the notions that sunscreens reduce DNA
damage and that DNA damage is responsible for UV-induced im-
mune suppression. Therefore, we undertook a study to determine
whether the effect of sunscreens on immune suppression correlated
with their ability to prevent DNA damage.

In this study, we investigated the effects of three sunscreen com-
pounds on UV-induced immune suppression, inflammation, and
DNA damage in mice. The immunoprotective ability of the sun-
screens was studied in a model of UV-induced systemic suppression
of DTH to C. albicans [9). Skin edema was used as the measure of
UV-induced inflammation, and DNA damage was assessed by mea-
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suring the number of CPD in the epidermis using the endonucle-
ase-sensitive site assay [31]. The sunscreen preparations contained
octyl-N-dimethyl-p-aminobenzoate (0-PABA), 2-ethylhexyl-p-
methoxy-cinnamate (2-EHMC), or benzophenone-3.

In addition, we studied the effect of liposomes containing T4
endonuclease V, a CPD-specific DNA excision repair enzyme, on
UV-induced inflammation and suppression of DTH to C. albicans.
When topically applied to skin, these T4NS liposomes penetrate
cells of the epidermis, deliver the endonuclease intracellularly, and
increase the rate of CPD repair in DNA [32]. Topical application of
T4NS5 liposomes abrogates suppression of DTH and CHS responses
in C3H mice [18] and reduces UV-induced skin cancer formation in
hairless mice [32]. We used this approach to analyze the role of
CPD in UV-induced inflammation and suppression of DTH.

MATERIALS AND METHODS

Animals Specific-pathogen-free female C3H/HeNCr(MTV~) mice
were supplied by the Animal Production Area of the Frederick Cancer
Research Facility (Frederick, MD) or Charles River Breeding Laboratories
(Wilmington, MA). The mice were housed in a pathogen-free barrier facil-
ity accredited by the American Association for Accreditation of Laboratory
Animal Care, in accordance with current US Department of Agriculture,
Department of Health and Human Services, and National Institutes of
Health (NIH) regulations and standards. All animal procedures were ap-
proved by the Institutional Animal Care and Use Committee. The mice
were given free access to NIH formula 31 mouse chow and sterilized water.
Ambient lighting was controlled to provide a regular 12-h light/12-h dark
cycle. Eight- to 16-week —old, age-matched mice were used in the experi-
ments.

Sunscreens The sunscreen compounds were supplied by ISP Van Dyk
Inc. (Belleville, NJ); the preparations used on animals contained 8% o-
PABA, 7.5% 2-EHMC (both UVB absorbers), or 6% benzophenone-3
(UVA + UVB absorber) in an oil-in-water emulsion. Their transmission
spectra were reported in a previous study [33], in which both UVB sun-
screens gave an “anti-inflammatory” sun-protection factor (SPF) of at least
8, and the benzophenone-3 —containing sunscreen gave an SPF of at least 4
in C3H mice. To study the photoprotective properties of the sunscreen
preparations, they were liberally applied (approximately 200-250 ul per
mouse) and rubbed on the shaved dorsal skin and tail of the mice 20 min
before UV irradiation.

T4NS5 Liposomes T4N5 liposomes were prepared by encapsulating puri-
fied, recombinant T4 endonuclease V in liposomes composed of phosphati-
dylcholine, phosphatidylethanolamine, oleic acid, and cholesterol hemisuc-
cinate (2:2:1:5 molar ratio) by the detergent dialysis method [34]. The
concentration of the entrapped enzyme was determined by enzyme-linked
immunosorbent assay [35] and expressed as ug T4 endonuclease V per ml of
vehicle. The encapsulated activity was assayed by nicking of UV-supercoiled
DNA, with and without dissolution of the liposomes [35]. Control prepara-
tions of liposomes contained boiled (enzymatically inactive) T4 endonucle-
ase V [34]. The liposomes were mixed into a 1.5% hydrogel (Carbopol-941;
BF Goodrich) made with phosphate-buffered saline and applied to mouse
skin with a moist cotton swab. Immediately after UV irradiation, 250 ul of

Table I.  Effect of Sunscreens on Suppression
of DTH to C. Albicans

Footpad
Swelling Net % %
+ SEM Footpad ~ Suppres-  Protec-
Treatment (X0.01 mm) Swelling - sion* tion”
None 223+ 05
Sens 37.8 + 4.8 15.5
UV + Sens® 229120 0.6 96°
UV + 0-PABA + Sens 313+ 1.6 9.0 42 56
UV + 2-EHMC + Sens 28.1+1.3 5.8 63 34
UV + BP-3 + Sens 25.5+0.7 3.2 79° 18
UV + Vehicle + Sens 20.8 +1.2 100¢ 0

“ % suppression and % protection as defined in Materials and Methods.
b Sens, sensitized with C. albicans; UV, 500 mJ/cm? UVB; n = 5.

¢ p = 0.05 versus Sens.

4p =0.05 versus UV + Sens.
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liposome suspension containing 0.5 sg/ml T4 endonuclease V was applied
to the UV-irradiated dorsal skin and tail of the mice.

UV Irradiation UV radiation was provided by a bank of six FS40 sun-
lamps (National Biological Corp, Twinsburg, OH), which have a peak
emission at 313 nm and deliver 65% of their total energy within the UVB
(280-320 nm) wavelength range; their UVB irradiance was 0.5 mW /cm?
ata 20-cm distance, as determined by an IL 700 radiometer equipped with an
SEE 240 detector fitted with an SES280 filter and a W 2372 quartz diffuser
(International Light, Inc., Newburyport, MA). One day before UV irradia-
tion, the dorsal fur of the mice was shaved with electric clippers, and the
animals were placed in individual compartments in cages located 20 cm
below the light source. Because of shielding by the cage lids, the final
irradiance received by the animals was approximately 0.3 mW /cm2, Mice
were exposed to a single dose of 500 mJ/cm? UVB, which is approximately
five times the minimal dose required to elicit edema on dorsal skin of C3H
mice [33]. Except for exposure to UV radiation, control mice were treated
exactly the same as the UV-irradiated mice.

Measurement of Inflammation  Prior to this study, we found that mea-
surement of skin swelling, which is primarily due to skin edema, is 2 more
sensitive and reproducible method to determine UV-induced inflammation
than visual evaluation of erythema (unpublished data). Therefore, we used
skin swelling as our measure for inflammation. The double -skin-fold
thickness of the dorsal skin of the mice was measured with a spring-loaded
micrometer (Mitutoyo, Tokyo, Japan) prior to and 24 h after UV exposure.
Skin edema was determined by subtracting the average skin thickness before
UV irradiation, which ranged from 0.7 -0.9 mm, from that after UV irra-
diation. In some experiments, application of the sunscreens or the vehicle
alone resulted in a small amount of skin swelling. Therefore, net skin edema
was determined by subtracting the skin swelling of sunscreen-treated, un-
irradiated mice from that of sunscreen-treated, UV-irradiated mice.

DTH Response  Formalin-fixed C. albicans was prepared as described pre-
viously [9]. Mice were sensitized by injections of 100 ul of formalin-fixed C.
albicans cells (1 X 107) subcutaneously (sc) into each flank. Nine days later,
the hind-footpad thickness was measured with a micrometer, and the ani-
mals were challenged by intradermal injection of 50 ul of Candida antigen
(Antigen Supply House, Northridge, CA) in both hind footpads. Footpad
thickness was measured again 24 h later, and the swelling was determined by
subtracting prechallenge (1.7-2.0 mm) from postchallenge measurements,
Specific footpad swelling was calculated by subtracting the average footpad
swelling of mice recciving the challenge dose only from that of mice given
both the sensitizing and challenge doses. The percent suppression of DTH
was determined by the following formula: [1 — (A/B)] X 100, where A
represents the specific footpad swelling in sensitized and UV-irradiated
mice, and B represents that in sensitized, unirradiated mice.

Assay for CPD The frequency of CPD in epidermal DNA was deter-
mined by the endonuclease-sensitive site assay using alkaline agarose gels
[31]. Mice were killed by cervical dislocation immediately after UV expo-
sure and the epidermis of excised dorsal skin was isolated by overnight
digestion in 0.25% trypsin on ice, and the DNA was purified by two rounds
of proteinase K digestion (100 mg/ml in 1% sodium dodecylsulfate, 37°C
for 30 min); phenol, phenol/chloroform (1:1 v/v), and chloroform extrac-
tion; and ethanol precipitation. The DNA was then treated with purified T4
endonuclease V (10 s1g/ml) to produce breaks at all CPD sites, and the single
strands were separated by alkaline agarose gel electrophoresis. Images of the
ethidium bromide-stained gels were digitized by a Star I CCD camera (Pho-
tometrics, Tucson, AZ) and the frequency of endonuclease-sensitive sites
(i.e., CPDs) was calculated from the size of distribution of the DNA in each
lane analyzed by Optimus software (Biosoft, Seattle, WA), as described [36).
The average number of CPD per unit length of DNA in skin was determined
from samples of four mice per experimental group.

Statistics The significance of differences in skin edema, DTH responses,
and DNA damage between different experimental groups was determined
using Student two-tailed t test. Each experimental group contained at least
five mice. A difference was considered to be statistically significant when
p= 0.05.

The percent protection against UV-induced skin edema, suppression of
DTH, and CPD formation by a treatment with sunscreen or liposome sus-
pension was determined by the following formula: [1 — (T/U)] X 100,
where T is the treated, UV-irradiated group and U is the untreated, UV-
irradiated group.

RESULTS
Effect of Sunscreens on UV-Induced Suppression of DTH

Exposure of mice to UV radiation inhibits the induction of the
DTH response to C. albicans injected sc at an unirradiated site. To
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investigate the effect of sunscreens on this form of UV-induced
immune suppression, groups of mice were exposed to a single dose
of 500 mJ/cm? UVB, and the DTH response to C. albicans and the
formation of CPD in murine epidermis were measured. To rule out
the possibility that the topical application of a sunscreen or the
vehicle might itself interfere with DTH to C. albicans, initial exper-
iments were performed with all the necessary control groups. The
application o?sunscrcen or vehicle alone had no significant effect on
the induction or elicitation of DTH in unirradiated mice or on the
background footpad swelling reaction in unsensitized mice (data
not shown). .
Table I shows the results of one experiment evaluating the effect

of the sunscreens on UV-induced systemic suppression of DTH to
C. albicans. In this experiment, exposure of mice to 500 m]J/cm?
UVB significantly reduced the DTH response, by 96%. The topical
application of sunscreens before UV irradiation partially protected
against suppression of DTH, by 56% (o-PABA), 34% (2-EHMC),
and 18% (benzophenone-3). The mean percent suppression of
DTH by UV radiation and the mean percent protcctipn l?y the
sunscreens from four separate experiments is presented in Fig 14.
The protection ranged widely, from 18 to 94% for 0o-PABA, from 7
to 47% for 2-EHMC, and from 14 to 72% for benzophenone-3; th.e
vehicle did not protect against suppression of DTH in any experi-

ment.

Effect of Sunscreens on UV-Induced Inflammation As
shown in Fig 1B, exposure of mice to 500 mJ/cm* UVB resulted in
significant skin edema at 24 h after UV irradiation. In contrast to
their partial and variable effect on UV-induced suppression of
DTH, the topical application of sunscreens pl‘OVl.ded consistent and
effective protection against UV-induced edema in 2.1” experiments.
The o-PABA - and 2-EHMC - containing preparations completely
protgctcd against the UV-induced inflammatory response, as there
was no significant edema in 0-PABA - and 2-EHMC—treated mice
compared to sunscreen-treated, unirradiated mice. The bcn_zophe-
none-3 - containing preparation only partially protected against the
UV-induced inflammation; nevertheless the amount of edema was
signiﬁcantly less than that in unprotected, UV—.lrradxated mice. The
vehicle had no protective activity against UV-induced skin edema.

Effect of Sunscreens on UV-Induced Formation of CPD
The exposure of mice to 500 mJ/cm? UVB resulted in the forma-
tion of CPD in unprotected murine skin (Fig 1C), whereas no CPD
were observed in unirradiated mouse skin (data not shown). Topical
application of sunscreens reduced the number of CPD by 91% (o-
PABA), 86% (2-EHMC), and 67% (benzophenone-3); the vehicle
had no detectable protective effect (Fig 1C).

Effect of T4N5 Liposomes on UV-Induced Suppression of
DTH and Inflammation The topical application of T4N5 lipo-
somes immediately after UV irradiation was highly cﬂ”ect}vc in
protecting against UV-induced suppression of the induction of
DTH to C. albicans. As shown in Table II, the T4N5 llp059mes
almost completely abrogated the suppression of DTH to C. albicans;
the observed footpad-swelling response in mice treated with T4N5
liposomes after UV irradiation did not differ statistically from the
response of the T4N5-treated, unirradiated mice. In contrast, lipo-
somes containing heat-inactivated endonuclease had no significant
effect on suppression of DTH to C. albicans. This result confirms
those obtained in a previous study [18].

The skin edema data from the experiment shown in Table I are
presented in Fig 2. In contrast to their highly protective effect on
UV-induced suppression of DTH, the topical application of T4N5
liposomes immediately after UV irradiation did not provide effec-
tive protection against edema formation. In this particular experi-
ment, the T4N5 liposomes diminished the inflammatory response
induced by 500 mJ/cm? UVB, but did not prevent it. In four sepa-
rate experiments, the aptPlication of T4N5 liposomes gave a
mean & SEM protection of 17 & 9% (range, 0-39%) against UV-
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Figure 1. The effects of sunscreens on UV-induced systemic suppression of
DTH to C. albicans, inflammation, and DNA damage (UV, 500 m]/cm?
UVB; values in parentheses, percent protection by a sunscreen, as defined in
Materials and Methods). A) Systemic suppression of DTH to C. albicans. The
mean percent suppression £ SEM, as calculated from four separate experi-
ments is given. B) Inflammation as measured by skin edema 24 h after UV
irradiation. The average percent net skin edema of original double-skin-
fold thickness from four experiments is shown (data are mean + SEM, *p =
0.005 and fp = 0.05 versus unprotected, UV-irradiated group). C) DNA
damage as measured by the frequency of CPD. Groups of mice were killed
immediately after UV irradiation and DNA from the epidermis was ana-
lyzed for CPD by the endonuclease sensitive-site assay (n =4, data are
mean = SEM, *p = 0.0005 and tp = 0.005 versus unprotected, UV-irra-
diated group).

induced skin edema formation. Applying liposomes containing
heat-inactivated endonuclease did not significantly affect the UV-
induced edema formation.

DISCUSSION

In this study, the sunscreen preparations containing o-PABA, 2-
EHMC, or benzophenone-3 effectively protected C3H mice
against UV-induced inflammation and against CPD formation in
the epidermis. As expected from their in vitro transmission spectra
[33], both UVB sunscreens gave approximately equal photoprotec-
tion against UV-induced skin edema and CPD formation, and the
benzophenone-3 - containing preparation was less effective in pre-
venting these effects of UV radiation. The sunscreens also gave
some protection against UV-induced systemic suppression of the
induction of DTH to C. albicans. However, the immunoprotective
ability of the sunscreens was highly variable, limited, and inferior to
their ability to protect against inflammation as measured by skin



526 WOLF ET AL

Table II.  Effect of T4N5 Liposomes on Suppression

of DTH to C. Albicans

Footpad
Swelling Net % %
+ SEM Footpad ~ Suppres-  Protec-
Treatment (X 0.01 mm)  Swelling sion* tion*
None 13.2 =1.2
Sens? 30.0£2.8 16.8
HI + Sens® 25,5 £.3.2 12.3 27
T4N5 + Sens® 28.2£0.7 15.0 1
UV + Sens® 14.0+1.4 0.8 95¢
UV + HI + Sens 17.8 2.0 4.6 7% 23
UV + T4NS5 + Sens 27254 14.0 17 824

4 9% suppression and % protection as defined in Materials and Methods.

b Sens, sensitized with C. albicans; HI, liposomes containing heat-inactivated endo-
nuclease; T4NS5, liposomes containing active endonuclease; UV, 500 m]/cm? UVB;
n=35.

¢p = 0.01 versus Sens.

4p =0.05 versus UV + Sens.

edema. The results indicate that UV-induced suppression of DTH is
less sensitive to the photoprotective effects of sunscreens than in-
flammation. This agrees with a recent study from our laboratory in
which these sunscreens exhibited a moderate and variable ability to
prevent UV-induced suppression of CHS [33]. In dose response
studies across a broad range of UV doses, these sunscreens protected
C3H mice against systemic suppression of CHS to 2,4-dinitrofluor-
obenzene, but only at low UV doses and again not as well as they
protected against inflammation [33]. Although the reasons for the
variability in protection against UV-induced immune suppression
by sunscreens remain unclear at present, this variability seems to be
characteristic for sunscreens because it was not observed with T4ANS5
liposomes.

Our finding that sunscreens have immunoprotective ability
agrees with certain other studies, in which PABA [37-39] and
2-EHMC [40] protected against UV-induced systemic suppression
of CHS and induction of tumor susceptibility in rodents, and not
with others [25-30]. Differences in methodology (i.e., UV light
source, number of treatments, UV dose, sunscreen formulation, and
application) could account for the discrepancy between those stud-
ies and ours. For instance, most previous studies [25-30] involved
chronic UV treatment regimens, whereas we used a single UV
exposure. The UV dose seems to be a critical factor in determining
whether sunscreens are immunoprotective [33]. Thus, a high cu-
mulative UV dose alone may explain why immunoprotection was
not observed in any of those studies [25-30].

Our findings that sunscreens protected against formation of CPD
is in agreement with an earlier report [20]. To the best of our

NONE H
HI
TAN5 §

uv
UV+HI
UV+T4NS

1
0 20 40 60 80 100

Skin Edema (0.01 mm)

Figure 2. The effect of TANS liposomes on UV-induced inflammation as
measured by skin edema 24 h after UV irradiation (UV, 500 m]/cm? UVB;
HI, liposomes containing heat-inactivated endonuclease; T4N5, liposomes
containing active endonuclease; n =5, data are mean == SEM, *p = 0.001
versus unirradiated groups; values in parentheses represent percent protec-
tion by the treatment with liposomes, as defined in Materials and Methods.
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knowledge, however, the relation between photoprotection against
DNA damage and the immunologic effects of UV radiation was not
studied previously. Recently, UV-induced systemic suppression of
DTH to C. albicans was attributed to DNA damage in the form of
CPD in the epidermis, based on the ability of T4N5 liposomes to
increase repair of CPD and prevent immune suppression [18]. Be-
cause the topical application of our sunscreen preparations reduced
formation of CPD in the epidermis, protection was expected against
suppression of DTH. Indeed, some immune protection was ob-
served, but it was highly variable and incomplete, whereas UV-in-
duced inflammation was consistently prevented by the application
of sunscreens.

Several interpretations are possible to explain this discrepancy.
First, UV-induced edema may require many CPD per cell, whereas
immune suppression may need only a small number of CPD. Sec-
ond, there may be a nonuniform distribution and repair of CPD in
epidermal cells, and the target cell for immune suppression may be
different from the target cell for inflammation. Third, sunscreens
themselves may induce immune suppression; for instance, they may
chemically interact with DNA [41] and consequently initiate im-
mune suppression. Fourth, other mechanisms unrelated to CPD
formation may also play a role in UV-induced inflammation. For
instance, cell-membrane damage [42], as well as DNA damage [43 -
45], may be important in UV-induced inflammation. Sunscreens
may block such a mechanism more efficiently than formation of
CPDs, and therefore may also provide better protection against
UV-induced inflammation than against immune suppression.

In contrast to the sunscreens, the application of liposomes con-
taining the T4 endonuclease V, a CPD-specific DNA repair en-
zyme, almost completely protected mice from UV-induced sys-
temic suppression of DTH, whereas the UV-induced inflammatory
response was only partially affected. The finding that the repair of
UV-induced DNA damage prevents immune suppression is consist-
ent with the results of studies carried out in the South American
opossum Monodelphis domestica [17]. However, in M. domestica other
e&ects of UV radiation including erythema and edema were also
almost completely prevented by the photoreactivating enzyme
[43-45]. This difference from our study may be due to differences
in the rates of UV-induced inflammation and immune suppression
and excision and photoreactivation repair. Inflammation is a rapid
effect of UV radiation, occurring within a few hours after UV
exposure. In contrast, immune suppression is not evident until 3 d
after UV irradiation. DNA repair by photoreactivation is a rapid
process [17], whereas enhanced DNA repair by topical application
of T4N5 liposomes seems to occur more slowly [18]. One hour after
UV exposure, photoreactivation by means of visible light had re-
duced the number of CPD to approximately 15% in opossums [17],
whereas 6 h after UV exposure, T4N5 liposomes had reduced the
number of CPD to only 40-50% of that in UV-irradiated, un-
treated mice [18]. Thus, that T4N5 liposomes only partially af-
fected UV-induced edema may be due to the relatively slow repair
rate. Other mechanisms that may also play a role in UV-induced
inflammation would presumably not be affected by T4N5 lipo-
somes.

Several conclusions may be drawn from this study. First, immune
suppression and inflammation are different effects of UV radiation
and involve different mechanisms. Second, the immunoprotective
ability of sunscreens is limited and inferior to their ability to protect
against UV-induced inflammation and formation of CPD. There-
fore, the use of sunscreens may protect subjects from the immuno-
suppressive effects of UV irradiation only as long as it does not
encourage them to prolong their sunlight exposure. After excessive
sunlight exposure, immunosuppressive effects and their negative
biologic consequences might occur despite complete sunscreen pro-
tection from sunburn. Third, these studies suggest that topical ap-
plication of liposomes containing T4 endonuclease V after UV irra-
diation may be more effective in protecting against immune
suppression than the application of sunscreens before UV irradia-
tion. However, we speculate that sunscreens and T4N5 liposomes
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may have additive protective abilities against the immunologic ef-
fects of UV radiation. Therefore, sunscreen use before UV exposure
and the application of liposomes to deliver lesion-specific repair

enzy

mes to the skin in situ afterwards may be a useful way to further

reduce the immunosuppressive and carcinogenic effects of UV radi-

ation.

We thank Pat Cox and Roger Evans for their excellent technical assistance, and Dr.
Cherrie Donawho for helpful suggestions and comments during the study.

This work was supported by grants CA-52457 and CA-16672 from the Na-.

tional Institutes ofHeaIth and the Max Kade Foundation Inc., New York, N.Y.

12.

13.

16.

17.

18.

20.

REFERENCES

Parrish JA, Kripke ML, Morison WL: Photoimmunology. In: Parrish JA, Kripke

ML, Morison WL (eds.). Plenum Publishing Corporation, New Y.ork. 198}

Kripke ML, Fisher MS: Immunologic parameters of ultraviolet carcinogenesis.
Natl Cancer Inst 57:211-215, 1976

Fisher MS, Kripke ML: Suppressor T lymphocytes control the development of
primary skin cancers in ultraviolet-irradiated mice. Science 216:1133-1134,

2

Bolyglcsj, MacKie RM, Briggs JD, Junor B]J, Aitchison TC: Cancer, warts, and

sunshine in renal transplant patients: a case-control study. Lancet 1:702-705,
4

YoIs?I?kawa T, Rae V, Bruins-Slot W, Van den Berg JW, Taylor JR, Streilein JW:
Susceptibility to effects of UVB radiation on induction of contact hypersensi-
tivity as a risk factor for skin cancer in humans.J Invest Dermatol 95:530-536,
1990 )

Wysenbeck AJ, Weiss H, Duczyminer-Kahana M, Grux.\wald MH, Pick AL
Immunologic alterations in xeroderma pigmentosum patients. Cancer 58:219 -
221, 1986 ) o

Howie S, Norval M, Maingay J: Exposure to low-dose ultraviolet md}atnon sup-
presses delayed-type hypersensitivity to Herpes simplex virus in mice. ] Invest
Dermatol 86:125-128, 1986 )

Yasumoto S, Hayashi Y, Aurelian L: Immunity to herpes simplex virus type 2:
suppression of virus-induced immune responses in ultraviolet B-irradiated
mice, ] Immunol 139:2788-2793, 1987 o

Denkins Y, Fidler IJ, Kripke ML: E);posurc of mice to UV-B radiation suppresscs
delayed hypersensitivity to Candida albicans. Photochem Photobiol 49:615-619,
1989 i .

Giannini MSH: Suppression of pathogenesis in cutancous leishmaniasis by UV
irradiation. Infect Immun 51:838-843, 1986 ] n

Jeevan A, Kripke ML: Effect of a single exposure to ultr;.wxolc.jt radiation on

Mycobacterium bovis bacillus Calmette-Guérin infection in mice. J Immunol
143:2837-2843, 1989 )

Robertson B, Gahring L, Newton R, Daynes RA: In vivo administration of IL-1to
normal mice decreases their capacity to elicit contact hypersensitivity responses:
prostaglandins are involved in this modification of the immune response.

J Invest Dermatol 88:380-387, 1987 B

Karimoto I, Streilein JW: cis-Urocanic acid suppression of contact hypersensitiv-
ity induction is mediated via tumor necrosis factor-a. J Immunol 148:3072—
3078, 1992 )

Schwarz T, Urbanska A, Gschnait F, Luger TA: UV-irradiated epidermal cells
produce a specific inhibitor of interleukin 1 activity. J Immunol 138:1457 -
1463, 1987 o

Rivas JM, Ullrich SE: Systemic suppression of delayed-type hypersensitivity by
supernatants from UV-irradiated keratinocytes: an essential role for keratino-
cytc-derivcd interleukin-10. J Immunol 149:3865-3871, 1992 )

De Fabo EC, Noonan FP: Mechanism of immune suppression by ultravnol_ct
radiation in vivo. I. Evidence for the existence of a unique photoreceptor in skin
and its role in photoimmunology. J Exp Med 158:84-98, 1983

Applegate LA, Ley RA, Alcalay J, Kripke ML: Identification of.thc molgcglar
target for the suppression of contact hypersensitivity by ultraviolet radiation.
JExpMcd 170:1117-1131, 1989 o ) ) .

Kripke ML, Cox PA, Alas LG, Yarosh DB: Pyrimidine dimers in DNA initiate
systemic immunosuppression in UV-irradiated mice. Proc Natl Acad Sci USA
89:7516-7520, 1992

Lowe NJ, Breedings J: Evaluation of sunscreen protection by measurement of
epidermal DNA synthesis. J Invest Dermatol 74:181-182, 1980 o

Freeman SE, Ley RD, Ley KD: Sunscreen protection against UV-induced pyrimi-
dine dimers in DNA of human skin in situ. Photodermatol 5:243-247, 1988

21.
22
23.

24,

25;

26.

27.

28.

29.

30.

1.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

PHOTOPROTECTION, DNA DAMAGE, AND IMMUNE SUPPRESSION 527

De Rijcke S, Heenen M: Decrease of ultraviolet-induced DNA injury in human
skin by p-aminobenzoic acid esters. Dermatologica 179:196-199, 1989

Kligman LH, Akin FJ, Kligman AM: Prevention of ultraviolet damage to the
dermis of hairless mice by sunscreens. ] Invest Dermatol 78:181-189, 1982

Kligman LH, Akin FJ, Kligman AM: Sunscreens prevent ultraviolet photocarcin-
ogenesis. | Am Acad Dermatol 3:30-35, 1980

Synder DS, May M: Ability of PABA to protect mammalian skin from ultraviolet
light-induced skin tumors and actinic damage. J Invest Dermatol 65:543 - 549,
1975

Ho KKL, Halliday GM, Barnetson RSC: Sunscreens protect epidermal Langer-
hans cells and Thy-1+ cells but not local contact sensitization from the effects
of ultraviolet light. J Invest Dermatol 98:720-724, 1992

Lynch DH, Gurish MF, Daynes RA: Relationship between epidermal Langerhans
cell density, ATPasc activity and the induction of contact hypersensitivity.
J Immunol 126:1892-1897, 1981

Fisher MS, Menter JM, Willis I: Ultraviolet radiation-induced suppression of
contact hypersensitivity in relation to padimate O and oxybenzone. ] Invest
Dermatol 92:337-341, 1989

Gurish MF, Roberts LK, Krueger GG, Daynes RA: The effects of various sun-
screen agents on skin damage and the induction of tumor susceptibility in mice
subjected to ultraviolet irradiation. J Invest Dermatol 76:246-251, 1981

Hersey P, MacDonald M, Burns C, Schibeci S, Matthews H, Wilkinson FJ:
Analysis of the effects of a sunscreen agent on the suppression of natural killer
cell activity induced in human subjects by radiation from solarium lamps.
J Invest Dermatol 88:271-276, 1987

Van Praag MCG, Out-Luyting C, Claas FHJ, Vermeer BJ, Mommas AM: Effect
of topical sunscreens on the UV-radiation-induced suppression of the alloacti-
vating capacity in human skin in vivo. J Invest Dermatol 97:629-633, 1991

Yarosh D, Yee V: SKH-1 hairless mice repair UV-induced pyrimidine dimers in
epidermal DNA. J Photochem Photobiol B 7:173-179, 1990

Yarosh D, Alas LG, Yee V, Oberyszyn A, Kibitel JT, Mitchell D, Rosenstein R,
Spinowitz A, Citron M: Pyrimidine dimer removal enhanced by DNA repair
liposomes reduces the incidence of UV skin cancer in mice. Cancer Res-
52:4227-4231, 1992

Wolf P, Donawho CK, Kripke ML: Analysis of the protective effect of different
sunscreens on ultraviolet radiation-induced local and systemic suppression of
contact hypersensitivity and inflammatory responses in mice. J Invest Dermatol
100:254-259, 1993

Yarosh DB, Tsimis J, Yee V: Enhancement of DNA repair of UV damage in
mouse and human skin by liposomes containing a DNA repair enzyme. J Soc
Cosmet Chem 41:85-92, 1990

Ceccoli J, Rosales N, Tsimis J, Yarosh DB: Encapsulation of the UV-DNA repair
enzyme T4 endonuclease V in liposomes and delivery to human cells. J Invest
Dermatol 93:190- 194, 1989

Freeman SE, Thompson BD: Quantification of ultraviolet radiation-induced cy-
clobutyl pyrimidine dimers in DNA by video and photographic densitometry.
Anal Biochem 186:222-228, 1990

Morison WL: The effect of a sunscreen containing para-aminobenzoic acid on the
systemic immunologic alterations induced in mice by exposure to UVB radia-
tion. J Invest Dermatol 83:405-408, 1984

Morison WL, Pike RA, Kripke ML: Effect of sunlight and its component wave-
bands on contact hypersensitivity in mice and guinea pigs. Photodermatol
2:195-204, 1985

Morison WL, Kelley SP: Sunlight suppressing rejection of 280- to 320-nm UV-
radiation-induced skin tumors in mice. J Natl Cancer Inst 74:525-527, 1985

Reeve VE, Bosnic M, Boehm-Wilcox C, Ley RD: Differential protection by two
sunscreens from UV radiation-induced immunosuppression. J Invest Dermatol
97:624-628, 1991

Sutherland JC, Griffin KP: P-Aminobenzoic acid can sensitize the formation of
pyrimidine dimers in DNA: direct chemical evidence. Photochem Photobiol
40:391-394, 1984

Hruza LL, Pentland AP: Mechanisms of UV-induced inflammation. J Invest Der-
matol 100(suppl):35S-418S, 1993

Ley RD: Photoreactivation of UV-induced pyrimidine dimers and erythema in
the marsupial Monodelphis domestica. Proc Natl Acad Sci USA 82:2409-2411,
1985

Applegate LA, Stuart TD, Ley RD: Ultraviolet radiation-induced histopatholog-
ical changes in the skin of the marsupial Monodelphis domestica. The effects of
acute and chronic exposures and of photoreactivation treatment. Br ] Dermatol
113:219-227, 1985

Ley RD, Applegate LA: Ultraviolet radiation-induced histopathologic changes in
the skin of the marsupial Monodelphis domestica. 11. Quantitative studies of the
photoreactivation of induced hyperplasia and sunburn cell formation. J Invest
Dermatol 85:365-367, 1985





