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ABSTRACT

The potential for allergic contact sensitizaron to two polyaromatic
hydrocarbons, 7,12-dimethylbenz(a)anthracene and benzo(a)pyrene, was
investigated in C3H/HeN mice. For each agent, contact hypersensitivity
was achieved by applying a 100-^g dose to the shaved abdomen. An ear
swelling response was observed following application of 20 /ig of the
sensitizing dose to the ear dorsum, whereas unsensitized animals or
animals sensitized to the alternate agent did not develop ear swelling.
HistolÃ³gica!sections of DMBA-challenged ears revealed edema with a
marked dermal mononuclear infiltrate. Following adoptive transfer of
draining lymph node cells of DMBA-sensitized mice to naive syngeneic
mice, ear challenge of recipient mice with the same agent resulted in an
ear swelling response. This demonstration of in vivo cell-mediated Â¡m-
munological reactivity to polyaromatic hydrocarbon carcinogens indicates
that the immune system can interact with and, potentially, modify the
course of chemical carcinogens at a time prior to morphological changes
or development of tumor-specific transplantation antigens.

INTRODUCTION

PAHs3 represent a group of environmental pollutants which

form as a consequence of the incomplete combustion of organic
materials. Many of these agents have mutagenic and carcino
genic effects in humans and in experimental animals (1,2), and,
as such, have been widely employed to study mechanisms of
chemical carcinogenesis. As a result of these studies, it is now
generally accepted that the induction of skin cancer by chemical
carcinogens is a multistep process (3). In the first of these steps,
the relatively inert parent compound is metabolized into the
actual oncogenic agent via cytochrome P-450-dependent mon-
ooxygenases and epoxide hydrolase (4). These metabolites then
act as tumor initiators, irreversibly transforming target cells by
binding to their DNA. Repeated exposure of the transformed
cells to noncarcinogenic tumor promoters, such as the phorbol
esters, results in the development of small premalignant papil-
lomas (during the second stage). A small percentage of the
papillomas become invasive carcinomas in the third stage of
the carcinogenesis pathway.

Most strategies examining the role of immunological sur
veillance in protecting against the induction of neoplasms by
chemical carcinogens have focused on immune responses to the
tumors rather than on earlier steps in the carcinogenesis path
way. Those studies have demonstrated that neoplasms induced
by PAH carcinogens express on their cell surface TSTA which
contribute to the immunogenicity of the tumor (5-7). Immu
nization techniques with TSTA have been successful in gener
ating specific T-lymphocytes (8), which are capable of inhibiting
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tumor growth when animals are rechallenged with the same
tumor (9). The demonstration that immunization to TSTA
inhibits the growth and maintenance of PAH-induced tumors,
however, represents an examination of immunological surveil
lance against tumors at a relatively late stage in the carcinogen
esis pathway. With the exception of reports by Old et al. (IO)
and Pomeranz (11, 12) who showed that delayed-type hyper
sensitivity to PAH carcinogens can be produced in guinea pigs,
nothing is known about immune responses at earlier steps in
tumor development.

In order to expand our knowledge in this area, we chose to
assess the immunogenicity of two carcinogenic PAH, DMBA,
and BaP, by examining whether they could be used to initiate
a cell-mediated contact hypersensitivity response in mice. Mice
were employed since they are a species that is usually susceptible
to the development of PAH-induced tumors (13), and they have
been widely studied with respect to immunological mechanisms
of contact hypersensitivity (14, 15).

MATERIALS AND METHODS

Mice. The animals used in these studies were C3H/HeN female mice
aged 6 to 16 weeks (Charles River Breeding Laboratories, Kensington,
NY). Animals received Purina mouse diet and fresh water ad libitum.

Immunization and Elicitation of Contact Hypersensitivity. Unless oth
erwise stated, immunization to DMBA (97% pure; Sigma Chemical
Co., St. Louis, MO) or to BaP (greater than 99% pure; Sigma) was
accomplished by the epicutaneous application, on day 0, of 100 Â¿<1of a
0.1% solution (100 Mg)in an acetone vehicle to the shaved abdominal
skin. The site of hapten application was dressed with an oxygen and
vapor permeable membrane, a procedure which was modified from
previous techniques (16). The dressing was left in place until the time
of ear challenge.

Elicitation of contact hypersensitivity was performed by applying 20
Â¿Â¿Iof a 0.1 % solution (20 ^g) of DMBA or BaP in acetone to the dorsal
aspect of the ear on day 5. The contact hypersensitivity response was
quantified by obtaining a baseline ear thickness measurement with a
dial thickness gauge (Mitutoya, Tokyo, Japan) on day 0, prior to ear
challenge, and determining the difference between it and the maximum
ear thickness measurement which occurred after ear challenge. Ear
thickness measurements were performed daily after ear challenge. Max
imum ear thickness typically occurred 3 to 5 days after ear challenge.
Control procedures confirmed that repeated ear thickness measure
ments did not cause trauma-induced ear swelling.

Adoptive Transfer of Contact Hypersensitivity. Donor mice were
immunized on day 0 with DMBA as described above. Five days later
(day 5) the animals were sacrificed and the draining lymph nodes
(inguinal, brachial, and axillary) were removed. Single cell suspensions
were prepared by gentle squeezing of lymph nodes through a wire mesh
screen. Thirty-five million cells were then administered to naive syn
geneic recipients by tail-vein injection. Recipients were ear challenged
with 20 Â¿Â¿Iof 1% solution DMBA within l h of transfer of cells.
Determination of contact sensitivity in recipients was assessed by
measuring the ear thickness prior to challenge and daily after challenge.

RESULTS

Induction of Contact Sensitivity to DMBA in C3H Mice.
Initial studies were undertaken to determine whether epicuta-
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neous application of DMBA could be used as a method to
sensitize animals to that hapten. DMBA was administered
topically to abdominal wall skin followed 5 days later by ear
challenge. Although this procedure led to a reproducible and
statistically significant ear swelling response, the increment in
ear thickness that developed was rather modest (Table 1, A
versus C). Since previous reports with DNFB had demonstrated
that the placement of a dressing over the site of hapten appli
cation could greatly augment the development of contact hy-
persensitivity in mice (16), attempts were made to increase
contact sensitization to DMBA by occluding the site of hapten
application with a water and vapor permeable membrane. Sim
ilar to its effect on DNFB immunization, this procedure re
sulted in enhanced sensitization with DMBA (Table l, B versus
A). The ear swelling response of animals that received dressings
but had not been skin painted with DMBA did not differ from
the ear swelling response of negative controls that received
neither DMBA immunization nor the dressing (Table l, D
versus ('). thus indicating that the application of an occlusive

dressing did not nonspecifically augment immune responsive
ness.

The optimal dose for DMBA sensitization was determined
by painting separate panels of mice with 1, 10, 100, and 1000
tig of that reagent (Table 2). A sensitizing dose of 100 ^g of
DMBA was found to result in the largest increment in ear
swelling. Similar dose response studies were undertaken for the
elicitation response. In those studies animals were sensitized
with 100 Mgof DMBA. Five days later, they were challenged
by applying 0.2, 2, 20, and 200 ng DMBA to the ear. The
magnitude of the ear swelling response was greatest when it
was elicited with 20 or 200 ng of DMBA (not shown). Subse
quent studies employed 20 ng DMBA for ear challenge.

The kinetics of the ear swelling response was examined by
performing serial measurements on the ears of the contact
sensitized mice. As shown in Fig. 1, a statistically significant
ear swelling response was present 1 day after ear challenge (day
+1 ) with maximum ear swelling usually occurring between days
+3 and +5. Thereafter the response plateaued or gradually
declined through day -1-14.

HistolÃ³gica!Characteristics. Histologically, the challenge site
of DMBA contact sensitized mice exhibited an edematous

DMBA-sensitized

Negative controls

Table 1 Contact sensitization to DMBA in C3HmiceImmunization

OcclusionA

+
B + +
C
D - +Ear

swelling
response*6.3

Â±0.614.2
Â±1.3

1.3 Â±0.4
1.9 Â±1.0

"A and B were immunized by topical application of 100 Â¿<gDMBA. The

immunization site in B and a normal skin site in /> were occluded with a Bio
occlusive dressing.

' Data, mean (x 10 mm) Â±SE increase in ear thickness 4 days after ear

challenge.

Table 2 Dose response for DMBA sensitization

DMBA sen
sitization
dose (/ig)Â°

Ear swelling
response*

0
I

10
100

1000

2.3 Â±0.4
2.8 Â±0.5

15.7 Â±3.6
22.5 Â±1.0
11.2Â± 1.6

Â°Animals were immunized on day 0 with the specified quantity of DMBA

under occlusion.* Data, mean (x 10~J mm) Â±SE increase in ear thickness 4 days after ear

challenge.

Fig. 1. Kinetics of the contact sensitivity response to DMBA. Animals were
sensitized with 100 >igof DMBA under occlusion and ear challenged with 20 pgof DMBA. /lulu, mean (x 10~2mm) Â±SEincrease in ear thickness.

appearance and contained a marked chronic inflammatory in
filtrate (Fig. 2, top). These findings were consistent with a
contact hypersensitivity reaction in the mouse. In contrast,
histolÃ³gica! sections of DMBA challenged ears from nonsensi-
tized mice revealed an unremarkable epidermal and dermal
morphology (Fig. 2, bottom).

Contact Hypersensitivity to BaP. It seemed reasonable that
the capacity to sensitize mice to PAH carcinogens might be
limited uniquely to DMBA. To exclude this possibility, studies
were performed to evaluate whether mice could be immunized
to another carcinogenic PAH, benzo(a)pyrene. As shown in
Fig. 3, epicutaneous application of 100 ng BaP followed by ear
challenge with 20 ^g BaP 5 days later produced a contact
hypersensitivity response that was similar in pattern and mag
nitude to the response of DMBA.

Antigen Specificity of the Contact Hypersensitivity Response.
The antigen specificity of the ear swelling response was next
examined. Panels of mice were sensitized with DMBA or BaP.
They were then ear challenged 5 days later with either DMBA
or BaP. As shown in Table 3, animals that were ear challenged
with the same hapten to which they had been sensitized devel
oped a significant ear swelling response. When animals were
sensitized with DMBA but were ear challenged with BaP, the
increment in ear swelling did not differ from that for animals
that had received a BaP ear challenge only. When animals were
sensitized with BaP but challenged with DMBA, similar results
were obtained. We therefore concluded that the contact hyper
sensitivity response to DMBA and BaP was antigen specific.

Adoptive Transfer of Contact Hypersensitivity to DMBA. The
time course of the development of the ear swelling response
and the histological pattern of the reaction suggested that the
immune response which developed was a cell-mediated phe
nomenon. Adoptive transfer studies were therefore performed
to determine whether lymphoid cells from draining lymph
nodes participated in the reaction. Mice were immunized with
DMBA on day 0, and sacrificed on day 5. Draining lymph
nodes were removed, and lymph node cell suspensions pre
pared. The cell suspensions were then adoptively transferred to
naive syngeneic recipients. These animals were tested for the
presence of contact sensitivity to DMBA by ear challenge
immediately after adoptive transfer. As shown in Table 4, there
was a significant ear swelling response in panels of mice that
received DMBA immune lymph node cells compared to nega
tive control mice that had been ear challenged only. This
experiment indicated that the contact hypersensitivity response
to DMBA could be adoptively transferred to naive syngeneic
recipients by lymph node cells.

DISCUSSION

Our studies demonstrate that two carcinogenic PAH, DMBA
and BaP, are immunogenic in C3H mice, and when applied
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Fig. 2. Histology of DMBA ear challenge
site. Top. In-ill.iin\\liii and eosin-stained sec
tion of a DMBA challenged ear from a mouse
previously contact sensitized to DMBA; bot
tom. Ili-in.iio\\ Im and eosin-stained section of
a DMBA challenged ear from a mouse not
previously sensitized to DMBA. Ears in both
A and ÃŸwere removed 3 days after ear chal
lenge. Magnification, x 140.

_ 20

12345
DAYS

Fig. 3. Kinetics of the contact sensitivity response to BaP. Mice were contact
sensitized with 100 ng of BaP under occlusion and were ear challenged with 20
/;g 5 days later. Data, mean (x 10~2mm) Â±SEincrease in ear thickness.

topically to the skin contact sensitization occurs. The reaction
is acquired and exhibits immunological memory. It is antigen
specific, and can be transferred to naive recipients with cells
obtained from the draining lymph nodes of immunized donors.
Histologically the reaction is characterized by the presence of
a mononuclear cell infiltrate. These features fulfill the criteria
required for a cell-mediated immunological reaction. This evi
dence suggests that the immune system has the capacity to
interact with chemical carcinogens early in the course of chem
ical carcinogenesis, at a time prior to morphological evidence
of malignant transformation.

Other investigators have shown that cell-mediated immune
responses to tumor specific transplantation antigens play an
important role in controlling the growth of carcinogen-induced

Table 3 Antigen specificity of the contaci hypersensitivity response to DMBA and
BaP

Immunizing
PAH"DMBA

BaPNone

BaP
DMBA
NoneEliciting

PAH*DMBA

DMBA
DMBA
BaP
BaP
BaPSwelling

response'8.4

H
1.0
0.4
9.2
1.3

-0.3b

1.90.4

0.4
1.5
0.3
0.6

Â°Animals were immunized with 100 Â»igof DMBA or 100 ng of BaP under

occlusion on day 0.
* Animals were elicited with 20 Â¿igof DMBA or BaP on day 5.
c Data, mean (x 10~! mm) Â±SE increase in ear thickness 4 days after ear

challenge.

Table 4 Adoptive transfer of contact hypersensitivity to DMBA with cells from
draining lymph nodes

Experimental panel
Ear swelling

response*

Cell recipients"

Ear challenge only
15.3 Â±0.2
5.0 Â±0.3

* Animals received 35 x 10* cells i.v. from the draining lymph nodes of mice

that had been contact sensitized to DMBA 5 days earlier. Recipients were ear
challenged with 200 >igDMBA within l h after adoptive transfer.

* Data, mean (x 10~J mm) Â±SE increase in ear thickness.

tumors (6, 17). However, attempts to use these antigens as
immunizing agents to prevent tumor development have been
unsuccessful, because individual chemically induced tumors
express unique, noncross-reacting TSTA (6, 7). This does not
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deny the importance of an immune response to tumor specific
transplantation antigens in limiting the growth of carcinogen-
induced tumors, but rather points out the difficulties in using
them for immunization procedures. The documentation of im-
munological reactivity to the carcinogens themselves provides
evidence that the immune system is capable of interacting with
the carcinogenesis process at at least one other step in the
pathway. If it can be demonstrated that preimmunization with
these agents can alter the growth of carcinogen-induced tumors
in a specific manner, then it may offer new approaches by which
to augment immunological surveillance against the develop
ment of tumors.

The hypothesis that the presence of a cell-mediated immune
response against a chemical carcinogen alters tumor develop
ment by that agent is not without precedent. Old et al. (10) and
Pomeranz (11, 12) demonstrated that delayed type hypersensi-
tivity responses to DMBA, BaP, and 3-methylcholanthrene
could be generated in guinea pigs by the s.c. injection of these
substances in complete Freund's adjuvant. However, the inher

ent resistance of this species to the development of malignant
tumors by carcinogenic PAH impeded further exploration of
the relationship between the presence of an antigen specific
cell-mediated immune response to these agents and the produc
tion of carcinogen-induced tumors. The same authors reported
that attempts to immunize mice with PAH carcinogens had
been unsuccessful (10). Thus, the inability to generate a cell-
mediated immune response in a species in which PAH-induced
tumors could readily be produced, coupled with the relative
ease of producing an immunological response in animals which
were resistant to PAH carcinogenic activity, argued for the
existence of an immunological surveillance system in which
potential for sensitization to a chemical carcinogen protected
against tumor development by that agent. The findings of this
study do not refute that hypothesis. They do make it possible
to test that hypothesis more directly.

There is evidence that DMBA and. to a lesser extent, BaP
and other PAH carcinogens have immunosuppressive effects
on other cell-mediated and humoral immune responses (19-
22). Thus, it may seem that our observations are in striking
contrast to those of other investigators. However, these dispar
ate results must be considered in the context of the route of
administration employed in each study. Intravenous, i.p., and
oral administration of antigen, which were the routes used to
administer DMBA and BaP in in vivo studies by other investi
gators, are effective methods for inducing tolerance. In vitro
studies generally employed suspensions of spleen cells, which
would also bypass potential antigen processing and presentation
by the skin. In contrast, epicutaneous application of antigen,
which was employed in these studies, is an efficient means of
initiating sensitization. Thus, the route of administration of a
PAH has a major influence on the character of the generated
immune response.

The ability of PAH to mediate their toxic (22), mutagenic
(23), and carcinogenic (24) activities is genetically regulated
and is dependent on the induction of cytochrome P450 depend
ent aryl hydrocarbon hydroxylase enzymes, which metabolize
the PAH and which map to the chromosomal Ah locus in mice
(25-27). It is therefore certainly possible that the ultimate
immunogens in this system are not DMBA or BaP but are one
or more of the metabolites of these moieties. This may explain
why there are differences in the kinetics of elicitation of contact
hypersensitivity between DMBA and BaP and other contact
sensitizing agents used in mice such as DNFB, picryl chloride,
and oxazolone (28, 29). In separate studies, we have observed

that contact sensitization cannot be achieved in DBA/2 mice
(data not shown), a strain which lacks the requisite genes at the
Ah locus. This would suggest that like the other biological
activities of the PAH, the development of cell-mediated im
munity to DMBA and BaP requires metabolic conversion.
However, other studies in which the immunogenicity of these
specific metabolites are assessed will be required to definitively
state that such a relationship exists between metabolic conver
sion and the development of contact hypersensitivity. These
studies are currently in progress.

We anticipate that the demonstration of a cell-mediated
immune response to known PAH carcinogens in a species
susceptible to the carcinogenic potential of these agents will
provide an excellent system with which to examine the partici
pation of the immune system as a possible modulator of the
initial stages of skin cancer induction.
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