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A controversy has arisen concerning the ability of sunscreens
to protect mice from the immunosuppressive effects of UV
radiation. We have assessed the photoprotection in hairless
mice of two sun protection factor (SPF)15 sunscreens con-
taining different UVB (280-320-nm) absorbers, namely,
octyl-N-dimethyl-p-aminobenzoate (0-PABA) or 2-ethyl-
hexyl-p-methoxycinnamate (2-EHMC). Following three
minimum erythemal exposures to UV radiation, both sys-

temic suppression of contact hypersensitivity to 2,4-dinitro-
fluorobenzene and induction of susceptibility to transplanted
UV radiation-induced tumor cells was established. Topically
applied 2-EHMC sunscreen protected totally from both
forms of immunosuppression, but the o-PABA sunscreen
failed to protect, although both sunscreens were equally ef-
tective in protection from UV radiation —induced erythema
and edema. | Invest Dermatol 97:624—628, 1991

he immunosuppressive action of UV radiation was

first described in relation to the preferential growth

in UV-irradiated host mice, of transplanted UV

radiation —induced syngeneic tumor tissue or cultured

cells [1]. This requirement for pre-irradiation of the
recipient mouse for successful tumor growth revealed the highly
antigenic nature of UV radiation-induced tumors. The majority of
UV radiation-induced tumors in mice have been shown to be of
this regressor type [2], in contrast to chemically induced skin tumors
that exhibit progressor character and will grow when transplanted
into a naive syngeneic host mouse. The suppression by UV radiation
of the ability to recognize and reject the UV radiation—initiated
tumor has been suggested as a prerequisite for the outgrowth of
tumors initiated in the epidermis.

In addition, other impairments of immune function have now
been attributed to UV radiation, such as the suppression of the
contact hypersensitivity (CHS) response to skin-sensitizing agents
[3], and of the delayed-type hypersensitivity responses to epicu-
taneously presented infectious agents such as Herpes virus [4], Can-
dida [5], and Leishmania [6]. The common defect in the UV
radiation —induced tumor-susceptible state and suppressed CHS ap-
pears to be in antigen presentation; a population of suppressor T
cells specific for the antigen can be demonstrated, and splenic T-cell
preparations can adoptively transfer the immunosuppression to
naive recipient mice [2,7].

Sunscreens that absorb radiation in the UVB (280-320 nm)
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waveband are known to protect from many of the UVB radiation—
induced forms of epidermal damage, in both human and mouse skin
[8-13]. However, their effect on UV radiation —induced immuno-
suppression is controversial. In an early study, Gurish et al [14]
found that under conditions where a topically applied sunscreen
containing p-aminobenzoate (PABA) or its ester, octyl-N-di-
methyl-p-aminobenzoate (0o-PABA), prevented UV radiation-in-
duced histologic damage to C3Hf/HeN mice, there was no protec-
tion from induction of the tumor-susceptible state. Lynch et al [15]
have also shown lack of photoprotection by PABA against UV
radiation-induced depletion of Langerhans cells and against sup-
pression of CHS in these mice. In contrast, Morison [16] was later
able to demonstrate partial photoprotection by a topically applied
PABA-containing sunscreen against UV radiation—induced sup-
pression of CHS in C3H mice, and against UVB radiation - induced
tumor susceptibility in BALB/c mice, following higher UVB expo-
sures that caused histologic changes in the skin that were only
partially abrogated by the sunscreen. He was also able to demon-
strate protection by a PABA-containing sunscreen from sunlight-
induced tumor susceptibility after chronic exposure of C3H mice
[17]. Most recently, however, Fisher et al [18] have presented evi-
dence that an 0-PABA - containing sunscreen did not protect from
the suppression of CHS by relatively low doses of UVB radiation in
hairless mice.

Thus, the protective capacity of UVB radiation-absorbing sun-
screens against the immunosuppressive effects of UV radiation has
not been clarified. In these experiments we compare the effects of
two sunscreens, which are commercially available and separately
represent the two major UVB radiation-absorbing compounds in
use today (0-PABA and 2-ethylhexyl-p-methoxycinnamate, 2-
EHMC), on the immune functions of UV-irradiated hairless mice.
Immunity is assessed by both the CHS response to the sensitizer
2,4-dinitrofluorobenzene (DNFB), and by establishment of the
tumor-susceptible state as shown by the growth of UV radiation-in-
duced squamous carcinoma cells transplanted intradermally.

MATERIALS AND METHODS

Mice Inbred Skh:HR-1 hairless albino male mice, aged between
31 and 51 d, were evenly age distributed into groups of 11 to 17.
They were housed in wire-topped plastic boxes on inert vermiculite
bedding (Boral Ltd., Camellia, NSW) and were maintained at 25°C

Copyright © 1991 by The Society for Investigative Dermatology, Inc.
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Figure 1. UV absorption spectrum of ethanolic solutions of two pure UVB
radiation-absorbers, 2-EHMC, and o-PABA.

with 12 h of light (GEC F40GO gold light, which does not emit
any UV radiation) alternating with 12 h of dark. They were fed
standard laboratory mouse pellets (Allied Feeds, Rhodes, NSW)and
water ad libitum.

Sunscreens The sunscreens are marketed by different suppliers as
SPF 15 products. One sunscreen contained 7.5% 2-EHMC and
4.5% benzophenone-3 as UVB and UVA (320-400 nm) radiation-
absorbers, respectively (Zia Photobiological Inc., Cedar Crest,
NM). The second sunscreen contained 6.5% o-PABA and 3% ben-
zophenone-3 (Johnson & Johnson Australia, Pty. Ltd., St. Leonards,
NSW). The sunscreens were applied liberally at 2-3 mg/cm? to the
dorsal aspect of the face, head, trunk, tail, and feet of the mice, 30
min before UV irradiation, by which time the lotions had been
absorbed by the skin. )

Samples of the pure UVB-absorbing ingredients were kindly do-
nated, o-PABA from ICI Australia Operations, Villawood, NSW,
and 2-EHMC from Givaudan Pty. Ltd., Dee Why, NSW. .The
absorption spectra were recorded on dilute ethanolic solutions,
using a Beckman DU-7 Spectrophotometer, and are presentcd n
Fig 1.

UV Irradiation Mice were irradiated with a single Oliphant
FL40SE UVB fluorescent tube in a reflective batten, providing
2.62 X 10~* W /cm? UVB radiation at the mouse dorsum, mea-
sured between 250315 nm using an International Light IL 1700
radiometer. The mice received 0.1179 J/cm? UVB radiation on
each of 3 consecutive days, being exposed unrestrained with Fhe
wire cage tops removed, and with the ears protected by electrical
tape. The erythema reaction was observed 24 h after a single expo-
sure and after the third exposure, and was also assessed by the degree
of edema at these times, by measuring the double skinfold thickness
with a spring micrometer (Mercer, UK). Significance was assessed
by Student t test.

Contact Hypersensitivity Mice in groups of 17 (2-EHMC sun-
screen) or 11 (0-PABA sunscreen) received one of three treatments
on days 1, 2, and 3: sunscreen alone, UVB exposure alone, or sun-
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screen followed by UVB exposure. On days 8 and 9, mice were
sensitized with 50 ul of a freshly prepared solution of 0.3% (v/v)
DNEB (Sigma Chemical Co., St. Louis, MO) in A.R. acetone, ap-
plied to the ventral skin [19]. Circular cardboard collars were fitted
to the mice prior to sensitization, to prevent removal of the DNFB
by grooming; these were removed on day 10. The mice were chal-
lenged on day 15 with 5 ul 0.2% DNEB /acetone applied to both
surfaces of each pinna. Ear swelling was measured with a spring
micrometer (Mercer, UK) 18-19 h later, and compared with mice
that had received the initial treatments (sunscreen, UVB, or sun-
screen plus UVB) and the challenge treatment, but had not been
sensitized. Net ear swelling was calculated as the average ear thick-
ness of sensitized mice minus the average ear thickness of non-sensi-
tized mice. Significance of the responses was assessed by Student t
test.

Tumor Cell Line A tumor cell line was established from a squa-
mous cell carcinoma, grade 4 [20], induced in an inbred albino
hairless mouse by chronic, minimally erythemal, simulated solar
UV radiation during a 10-week treatment period. The tumor was
excised, cut into small fragments, and suspended in Eagles mini-
mum essential growth media containing 10% fetal calf serum, at
37°C in humidified air with 5% carbon dioxide. The cell line that
derived from this tumor had spindle-cell morphology, and regressor
characteristics in that transplanted cells grew preferentially in
previously UV-irradiated syngeneic recipients.

Tumor Susceptibility Cells stored at —170° C were revived and
passaged twice in minimum essential growth media before being
harvested, washed, and resuspended in serum-free media forinocula-
tion. The recipient mice, which had been previously used for the
CHES assay, were rested until day 21 following the first UVB expo-
sure or sunscreen treatment. Each mouse received 105 cells in 0.1 ml
media, injected intradermally in the lateral dorsal skin. Tumor
growth was monitored for up to 30 d, and subjected to x? analysis.
The diameter of the tumors was measured with vernier calipers
(Matui, Japan), and significance was assessed by Student t test.

RESULTS

Erythema and Edema Response The irradiation of the mice at
this dose resulted in a minimal erythema of the dorsal skin area after
a single exposure (Table I). A single exposure slightly but signifi-
cantly (p <0.05) increased the average skinfold thickness from
45.9 to 57.3 mm X 1072 (24.9% increase) or from 38.6 to 46.8
mm X 1072 (21.1% increase), indicating a minimal edemal re-
sponse. In the presence of either sunscreen, no erythema was detect-
able and the average irradiated skinfold thickness remained within
the range of skin thicknesses of the unexposed control mice.

After three UV radiation exposures, a moderate erythema was
evident (Table I), and the average skin thickness was increased from
48.3 to 74.3 mm X 1072 (53.9% increase) or from 37.1 to 55.4
mm X 1072 (49.3% increase), indicating a marked and significant
(p < 0.05) edema response. The presence of either sunscreen again
prevented a detectable erythema and maintained the average skin
thickness within the range of skin thicknesses of the unexposed
control mice. Therefore, both sunscreens protected completely
from the erythema and edema resulting from three consecutive
minimally erythemal exposures.

CHS Response The CHS response is illustrated by the net ear
swelling (Fig 2). Irradiation resulted in the highly significant (p <
0.001) reduction of the average ear swelling from 7.3 to 1.9 mm X
1072 (74% suppression), but in the presence of the 2-EHMC sun-
screen, there was complete protection (p <0.001) from this
suppression. In contrast, when irradiation had similarly reduced the
average ear swelling from 9.8 to 1.8 mm X 1072 (81% suppression;
p < 0.001), the presence of the 0o-PABA sunscreen was not protec-
tive and the net ear swelling remained reduced, at 1.5 mm X 1072
(85% suppression; p < 0.001).

Tumor Susceptibility The growth of the transplanted cultured
UV radiation-induced tumor cells in mice pretreated with sun-
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Table 1.
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Erythema Reaction and Average Double Skinfold Thickness at 24 h After 1 or 3 Treatments with Sunscreen, UVB

Radiation, or Sunscreen plus UVB Radiation

One Treatment

Three Treatments

Thickness Thickness
Treatment (n) Erythema (mm X 1072 % SD) Erythema (mm X 1072+ SD)

2-EHMC sunscreen (16) Nil 459 +5.3 Nil 483+ 4.6
UVB (17) Minimum 57.3.4 3.7 Moderate 743+ 6.5
2-EHMC sunscreen plus UVB (17) Nil 54.2 6.9 Nil 53.8 +4.1
0-PABA sunscreen (11) Nil 38.6 + 3.7 Nil 37.1£3.2
UVB (11) Minimum 46.8 + 2.7 Moderate 55.4 + 6.7
0-PABA sunscreen plus UVB (11) Nil 39.0+4.7 Nil 37.6 +3.2

screen, UV radiation, or sunscreen plus UV radiation, is illustrated
in Table II as the successful growth per number of mice inoculated.
It can be seen that this tumor cell line has regressor growth charac-
teristics, and in the first transplantation experiment, grew in a signif-
icantly greater number of irradiated mice (70.6%) than unirradiated
mice (35.3%; p = 0.04). In the second experiment, the tumor grew
in a greater number of irradiated mice (63.6%) than unirradiated
mice (36.4%), but this difference was not statistically significant
(p = 0.2). When mice had been irradiated in the presence of the
2-EHMC sunscreen, only 35.3% were able to sustain tumor
growth, identical with the unirradiated control mice. In contrast,
when mice had been irradiated in the presence of the o-PABA
sunscreen, 72.7% were able to sustain tumor growth, demonstrat-
ing a trend towards the increased susceptibility also observed in the
mice irradiated without the sunscreen. There was thus significant
p = 0.05) protection from tumor susceptibility in the mice irra-
diated through the 2-EHMC sunscreen, when compared with mice
irradiated through the o-PABA sunscreen.

The average tumor diameters at 30 d (2-EHMC sunscreen) and
26 d (o-PABA sunscreen) post-transplantation are also shown in
Table II. Tumors that grew in non-irradiated recipients tended
(p <0.01) to be smaller (average 2.4 or 2.9 mm diameter) than
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Figure 2. Contact hypersensitivity response to DNFB, expressed as net ear
swelling (mm X 1072), measured 18-19 h after challenge. Mice had been
treated with sunscreen (2-EHMC or 0-PABA), UVB radiation, or sunscreen
plus UVB radiation. Error bars, SEM.

tumors that grew in UV-irradiated recipients (6.1 or 5.0 mm diame-
ter). The tumors that grew in mice irradiated in the presence of the
2-EHMC sunscreen remained smaller (2.6 mm diameter; p < 0.01),
similar to growth in the non-irradiated recipients, but the tumors
that grew in mice irradiated in the presence of the o-PABA sun-
screen appeared as large (5.0 mm diameter) as those growing in the
UV-irradiated recipients, although this was not statistically signifi-
cant.

Thus, whereas the 2-EHMC sunscreen afforded protection from
UV radiation-induced susceptibility to tumor growth, and reduced
the growth rate of tumors in irradiated mice, the o-PABA sunscreen
was completely non-protective.

DISCUSSION

These findings support the accumulating evidence that sunscreens
containing PABA or 0-PABA as the UVB absorber do not protect
from at least two of the immunosuppressive effects of UV radiation.
In contrast, under the same conditions of SPF and minimally eryth-
emal exposure to UVB radiation, a 2-EHMC - containing sunscreen
was highly protective. Both sunscreens, however, protected effi-
ciently from the erythema and edema reactions to the UV radiation.

The different effects of each sunscreen may be explained by dif-
fering physical or chemical properties of the UV-absorbing ingre-
dients. Because the UVA absorber benzophenone-3 was common to
both sunscreens, but the induction of tumor susceptibility and sup-
pression of CHS do not occur above 315 nm [17,21], the presence c?f
this ingredient could be ignored. One variable that may affect locali-
zation of the ingredients in the epidermis, as suggested by Fisher et
al [18], and thus perhaps their physical ability to influence receptors
for immune impairment, is the vehicle, which differed between the

Table II.  Induction of Susceptibility to Transplanted Tumor
Cell Growth, Following 3 Treatments with Sunscreen, UVB
Radiation, or Sunscreen plus UVB Radiation

Tumors Growing/

Number of Average Tumor Diameter

Treatment Mice Inoculated (mm + SEM)
At Day 30
2-EHMC sunscreen 6/17  35.3% 2.4+0.8
UVB 12/17  70.6% 6.1 +t1.1
2-EHMC sunscreen plus
UVB 6/17  35.3% 2.6 0.9
At Day 26
0-PABA sunscreen 4/11  36.4% 29+1.2
UVB 7/11  63.6% 5.0+1.3
0-PABA sunscreen plus
UVB 8/11  72.7% 5.0+ 2.4
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two sunscreens. Information from the earlier studies has also been
subject to differences in the vehicle of commercial sunscreens. How-
ever, we have recently reported similar lack of photoprotection by
o-PABA but protection by 2-EHMC, when applied as ethanolic
solutions to hairless mouse skin, in an assay of photoenhancement of
chemical carcinogenesis [22].

The absorbance maximum for both 0-PABA and 2-EHMC is at
310 nm: however, the absorption spectrum for o-PABA can be seen
to be slightly sharper than 2-EHMC when the two spectra are
normalized at 310 nm, which would lead to greater breakthrough
of the peripheral wavebands, which might be of biologic signih-
cance.

At least two mechanisms for the suppression by UV radiation of
CHS have been suggested. Applegate et al [23] have provided evi-
dence that in the marsupial Monodelphis domestica, the immunosup-

ressive lesion might be the pyrimidine dimer, which is the major
DNA lesion induced in mammalian skin following UV irradiation
[24]. Itis interesting to note that at 293 nm, which is the peak of the
action spectrum for pyrimidine dimer formation [25], the absorb-
ances are 61.3% and 86.3% of the peak absorbance at 310 nm, for
o-PABA and 2-EHMC, respectively. Therefore, at equivalent SPF,
o0-PABA can be predicted to offer less protection from dimer forma-
tion than 2-EHMC, and hence less protection from the associated
suppression of CHS. On the other hand, Fisher et al [18]. dcmon—
strated the same degree of suppression of CHS in hairless mice in the
presence of SPF 6 and SPF 15 o-PABA -containing sunscreens,
which suggests that, at least in the mouse, breakthrough UVB radia-
tion at 293 nm is not the causative mechanism. .

A second immunologically sensitive reaction has maximum activ-
ity at 270 nm, i.e., the UV absorbance and photoisome;izat.lon of
the normal epidermal component, trans urocanic acid, to its cis form
[26]. Independently of the evidence for the etiologic role of the
pyrimidine dimer in UV radiation-induced suppression of CHS in
the marsupial, this UVB photoproduct has also been proposed as the
mediator of the immunosuppressive action of UV radiation in
various strains of mouse, and several of the suppressive functions of
UV radiation can be simulated in mice by cis urocanic acid alone,
including the suppression of CHS [27]. It is possible that 2-EHMC
offers greater protection from urocanic acid photoisomerization
than 0-PABA, by virtue of its broader absorption spectrum.

Chemical reactivity of the sunscreens with critical cellular mole-
cules may account for the protective differential. It is known that
PABA sensitizes the formation of pyrimidine dimers by UVB radia-
tion in vitro and in vivo [28,29]; it is likely therefore that o-PABA
would also increase the pyrimidine dimer damage, and thus the
CHS-suppressing lesion. It has been suggested that photoexcited
states of PABA might also directly modify DNA bases [30], and
photoactivated PABA has induced DNA repair in mouse fibroblasts

[31]. However, cinnamic acid derivatives, related to 2-EHMC, are
also capable of photoactivated dimerization and reaction with thy-
mine bases [32], and have been shown to enhance UV-induced
mutagenesis by inhibition of excision repair in bacteria [33]. It is
obviously of great interest to determine the effects of these two
sunscreens on the UV radiation-induced formation of the critical
DNA lesion that appears to underlie the suppression of CHS, at least
in the marsupial.

The photosuppression of CHS responses in the mouse is a tran-
sient impairment, and the mechanism has been suggested to account
for recurrent skin eruptions in humans that are manifested follow-
ing sunlight exposure, e.g., Herpes simplex virus activation, as dis-
cussed by Norval et al [34]. However, we have shown in hairless
mice that the same UV radiation exposure also induces the
long-lived tumor-susceptible state, which has been demons.tratt;d
previously to require a much greater exposure to UV radiation in
haired mice [16,17,35]. The tumor-susceptible state that follows
chronic or high-dose UV irradiation is an indicator of a perma-
nently impaired immune capacity to reject antigenic UV-induced
tumor cells, and can be detected at least 5 months post-irradiation in
haired mice [36,37] and at least 8 months post-irradiation in hairless
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mice (personal observations). The o-PABA —containing sunscreen
did not protect from either form of immunosuppression. It is im-
portant now to determine the comparative protection by the two
sunscreens from carcinogenesis in response to chronic UV irradia-
tion, especially as there is evidence that sunscreens may simply
prolong tumor induction, and that they inhibit tumor promotion
but permit tumor initiation to occur in mouse epidermis [13,38].

It will be interesting to establish whether the underlying mecha-
nism of tumor susceptibility is the same at low and high exposures,
and whether the mechanism is common to the suppression of CHS.
Certainly pyrimidine dimer formation has been correlated with
both UV radiation-induced carcinogenesis and suppressed CHS, but
cis urocanic acid activity likewise mediates suppressed CHS, and
enhances UV radiation-induced carcinogenesis in hairless mice
[27]. Whether these two radiation-induced alterations might inter-
act in the induction of immunosuppression, or whether they indi-
cate a mechanistic difference between the marsupial and the mouse,
are questions still to be elucidated.

We thank Dr. P.J. Cooke, Department of Mathematical Statistics, University of
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