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Abstract:

Background: Allergic contact dermatitis (ACD) is a common clinical condition in industrialized countries and often causes occupa-

tional diseases. Animal model of contact sensitivity (CS) is commonly used to study ACD in mice and can be induced by skin appli-

cation of haptens. It has been previously shown that CS is mediated by CD4+ or CD8+ T effector cells. More recently it was found

that also liver NK cells can play a role of CS effector cells in mice.

Methods: The aim of the present study was to test whether skin-induced suppression could inhibit CS response in vivo.

Results: Here we show that EC immunization of normal mice with hapten conjugated protein antigen prior to hapten sensitization

suppresses Th1, Tc1 and NK mediated CS responses.

Conclusions: These data strongly suggest that maneuver of EC immunization may have important implications for designing thera-

peutic schemes aimed at modulating unwanted immune responses in contact hypersensitivity.
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Abbreviations: ACD – allergic contact dermatitis, Ag – antigen,

APC – antigen presenting cell, CS – contact sensitivity, DNFB –

dinitroflurobenzene, EC – epicutaneous, FCS – fetal calf serum,

IFN-g – interferon g, Ig – immunoglobulins, LMNC – liver

mononuclear cell, NK – natural killer, OVA – ovalbumin, Tc –

cytotoxic T cell, Teff – effector T cell, TGF-b – transforming

growth factor b, Th1 – T helper 1, Th2 – T helper 2, TNP-Cl –

picryl chloride, Ts – T suppressor cell

Introduction

The steadily growing number of persons suffering

from allergies including contact sensitivity (CS) to

haptens, creates ever-increasing social and economic

problems affecting life quality and work capacity. The

typical CS response in humans is allergic contact der-
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matitis (ACD). It is notable that allergic contact der-

matitis resulting from exposure to chemicals in the

workplace, constitutes about 30% of all occupational

diseases [5, 14]. This type of response may occur due

to long-term exposure of the skin to low molecular

weight substances, including heavy metals (e.g., chro-

mium, nickel, cobalt), latex, turpentine, fragrances

and preservatives in cosmetics, epoxy resins and their

hardeners, as well as some drugs applied in ointments

(e.g., neomycin).

Topical corticosteroids are the mainstay of treatment,

while a variety of symptomatic treatments can provide

short-term relief of ACD. However, the definitive treat-

ment of ACD is the identification and removal of any po-

tential causal agents; otherwise, the patient is at increased

risk for chronic or recurrent dermatitis. Therefore, there is

huge need to develop new therapies, non-invasive and

free of side effects, specifically eliminating the undesired

inflammatory reaction accompanying ACD.

Studies on animals are a valuable source of infor-

mation on the role of the immune system in the ACD

pathogenesis. The progress in knowledge concerning

the functioning of the immune system, and the possi-

bility of manipulating its components, as well as

learning about the characteristics of the immune con-

stituents in skin obtained by modern research meth-

ods, allows for a better understanding of the nature of

immune response in ACD. Great hopes are pinned on

chances that the acquired knowledge will facilitate

development of effective treatment for ACD.

In experimental animals, including mice, CS re-

sponse is induced by applying the hapten solution in

an organic solvent on previously shaved skin [3]. The

CS response is a complex process and many cells are

involved along the way, including antigen presenting

cells (APC), endothelial cells, mast cells, antigen-

specific B1 cells, NKT lymphocytes, two types of ef-

fector T cells (Teff): CD4+ Th1 or CD8+ Tc1 and pe-

ripheral blood leukocytes (monocytes and neutro-

phils) [2, 7]. It is worth to mention the studies con-

ducted in numerous research centers in recent years

suggesting that not only CD4+ Th1 and CD8+ Tc1

lymphocytes which release IFN-g, but also that CD8+

TIL-17 IL-17-producing lymphocytes play a significant

role in CS response [20, 25]. Finally, the discovery by

von Adrian et al. proving that NK cells may act as ef-

fector cells in CS in mice, was a breakthrough in re-

search on the mechanisms involved in CS response

[16]. Our joint studies demonstrated that the NK cells

able to adoptively transfer CS response belong to

CXCR6-expressing subset [17].

Materials and Methods

Reagents

Dinitroflurobenzene (DNFB) was obtained from

Sigma (St. Louis, MO, USA). 2-Chloro-1,3,5-trinitro-

benzene (TNP-Cl, picryl chloride) from Nacalai

Tesque (Kyoto, Japan) was recrystallized twice and

stored protected from light. RPMI 1640 and fetal calf

serum (FCS) were from Life Technologies (Grand

Island, NY, USA). Percoll was obtained from GE

Healthcare (Piscataway, NJ, USA), whereas anti-DX5

microbeads were purchased from Miltenyi Biotec

GmbH (Auburn, CA, USA). DNP-BSA was from

Biosearch Technologies, Inc. (Novato, CA, USA),

whereas mouse immunoglobulins (Ig) were prepared

from CBA/J mouse sera and conjugated with TNP

hapten [10, 15]. A single preparation with the level of

substitution of 40 TNP (trinitrophenyl) per Ig mole-

cule (TNP40-Ig) was used throughout.

Mice

Specific pathogen-free (SPF) female BALB/c (H-2d)
and CBA/J (H-2k) mice from the breeding unit of the

Department of Medical Biology, Jagiellonian University

College of Medicine were used. Mice were rested for at

least 1 week before use, maintained under SPF condi-

tions, and used at 6–10 weeks of age in groups of 4–6.

All experiments were conducted according to guidelines

of Jagiellonian University College of Medicine.

Immunization and elicitation of CS to TNP

Mice were actively sensitized by topical application

of 0.15 ml of 5% TNP-Cl in acetone : ethanol mixture

(1:3, v/v) to the shaved abdomen and hind feet. Con-

trol mice were shaved and painted with acetone-

ethanol mixture alone as a sham immunization. Four

days later, mice were challenged on both sides of the

ears with 10 µl of 0.4% TNP-Cl in olive oil-acetone

mixture (1:1, v/v). The subsequent increase in ear

thickness was measured 24 h later with an engineer’s

micrometer (Mitutoyo, Tokyo, Japan) and expressed

in units of 10–2 mm ± SE [11, 18]. Background in-

crease in ear thickness (~2 units at 24 h), of litter-mate

non-immunized animals that were similarly chal-

lenged, was subtracted from each experimental group,
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to yield the net ear swelling expressed in units of 10–2

mm ± SE. Each experimental and control group con-

sisted of 5–6 mice.

Immunization and elicitation of CS to DNFB

Unanesthetized mice were contact sensitized with 25 µl

of 0.5% DNFB in acetone : olive oil (4:1, v/v) applied by

painting on the shaved skin. Five days later, CS responses

were elicited by painting both ears with 5 µl of 0.1%

DNFB in acetone and olive oil (4:1, v/v) and CS was

tested 24 h later [9]. Background increase in ear thickness

(~2 units at 24 h), of litter-mate non-immunized animals

that were similarly challenged, was subtracted from each

experimental group, to yield the net ear swelling ex-

pressed in units of 10–2 mm ± SE. Each experimental and

control group consisted of 5–6 mice.

In some experiments animals were sacrificed four

days after DNFB sensitization and livers were taken

out to isolate NK cells.

Isolation of liver NK cells and adoptive

transfer of CS

Four day DNFB immune BALB/c mice were sensi-

tized with 25 µl of 0.5% DNFB as described above.

On day four post sensitization, mice were sacrificed

and livers were PBS perfused via the portal vein until

opaque, then strained (70 µm; Becton Dickinson,

Franklin Lakes, NJ, USA), resuspended in 40% iso-

tonic Percoll (Amersham Biosciences, Piscataway,

NJ, USA), and overlaid onto 60% isotonic Percoll.

After centrifugation for 20 min at 900 × g at 25°C,

liver mononuclear cells (LMNCs) were isolated at the

interface and the 40% Percoll and washed with RPMI

1640 plus 5% FCS [1]. Viability was > 90%, and 2 ×

106 LMNCs were obtained per mouse.

To isolate pure population of NK cells, LMNCs were

incubated with anti-mouse CD49b (DX5) MicroBeads

and then separated on MS columns placed in MiniMACS

Separator. Cell purity of isolated NK cells was 98%.

To adoptively transfer CS, 1 × 105 liver NK cells

were injected iv into naive syngeneic recipients that

were challenged next day with 5 µl of 0.1% DNFB

and then tested for CS response 24 h later. Back-

ground increase in ear thickness (~1 unit at 24 h), of

litter-mate non-immunized animals that were only

challenged, was subtracted from each experimental

group, to yield the net ear swelling expressed in units

of 10-2 mm ± SE. Each experimental and control

group consisted of 4 mice.

Epicutaneous immunization with protein anti-

gen to induce suppression

Mice were shaved on their backs with a razor blade

before immunization. On day “0”, 100 µl of either

TNP-Ig or DNP-BSA (all at 1 mg/ml) in PBS, or PBS

alone was applied to gauze in the center of an occlu-

sive patch (DuoDerm Extra Thin, ConvaTec, Prince-

ton, NJ, USA) which was then affixed to their backs

[22]. Patches were left intact for 4 days and then re-

placed with new antigen containing patches and kept

on until day “+7”. On day “+7”, the patches were re-

moved and mice were actively immunized with either

TNP-Cl or DNFB and tested for CS (Scheme 1).

Transfer into tolerized mice to confirm active

tolerance (transfer in protocol)

Four day TNP-Cl or five day DNFB immune CS-

effector cells (7 × 107 lymph node and spleen cells)

[1, 2] were transferred iv into syngeneic recipients

that had been tolerized by skin patching with TNP-Ig
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vs. PBS

vs. PBS

Scheme 1. Epicutaneous immunization with hapten-conjugated pro-
tein antigen and subsequent induction and elicitation of contact sen-
sitivity. EC – epicutaneous, TNP-Ig – TNP-conjugated mouse immu-
noglobulin, DNP-BSA – DNP-conjugated boine serum albumin,
TNP-Cl – picryl chloride, DNFB – dinitroflurobenzene



or DNP-BSA antigen 7 days earlier, or into naive

mice (positive transfer). Then, mice were challenged

and tested for CS. To evaluate effectiveness of EC in-

duced tolerance on NK mediated CS, 1 × 105 liver NK

cells were injected iv into DNP-BSA tolerized or PBS

treated recipients that were challenged and tested for

CS (Scheme 2).

Statistics

Data in graphs are shown as the mean ± SE. ANOVA

followed by Student’s t-test was used for multiple com-

parisons. Statistical significance was set at p < 0.05.

Results

Epicutaneous immunization with TNP-Ig inhib-

its CD4+ Th1 mediated CS

CBA/J mice were EC immunized twice with TNP-Ig

or exposed to PBS alone as described in Materials and

Methods. On day “+7" patches were removed, then

these mice were actively immunized with 5% TNP-Cl

on another site and then tested 4 days later for elicita-

tion of CS. Figure 1A shows that mice exposed EC to

TNP-Ig prior to TNP-Cl sensitization develop signifi-

cantly decreased CS (Fig. 1A, Group B vs. A).

These data strongly suggest that EC immunization

with related antigen TNP-Ig prior to skin sensitization

with TNP-Cl significantly reduces CS response.

Data presented in Figure 1A were confirmed in the

next experiment employing “transfer in” protocol.

TNP-specific CS-immune effector cells were trans-

ferred either into naive recipients (positive transfer),

or into mice that were tolerized by skin patch 7 days

earlier as a test of suppression in the actively tolerized

mice. Figure 1B shows that suppression previously

shown in active immunization model (Fig. 1A) was

similar to that observed in “transfer in” protocol (Fig.

1B, Group B vs. A).

Epicutaneous immunization with DNP-BSA

suppresses CD8+ Tc1 mediated CS

BALB/c mice were EC immunized with DNP-BSA or

exposed to PBS alone as described in Materials and

Methods. On day “+7" patches were removed, ani-

mals were actively immunized with DNFB and then

tested 5 days later for elicitation of CS. Figure 2A

shows that mice exposed to DNP-BSA prior to DNFB

immunization develop significantly decreased CS

(Group B vs. A). Similarly to the observed suppres-

sion of CS in a model of active immunization, adop-
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Scheme 2. Transfer in protocol. LN –
lymph node, SPL – spleen, NK – natu-
ral killer cell, LNC – lymph node cells,
SPLC – spleen cells
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A

Group EC immunization

with

DNFB

sensitization

% of response 24 h ear swelling (mm x10
-2

±SE)

A PBS + 100

B DNP-BSA + 51

B

Group EC immunization

with

DNFB induced

effector cells

% of response 24 h ear swelling (mm x10
-2

±SE)

A PBS + 100

B DNP-BSA + 43

0 2 4 6 8 10 12 14 16 18 20 22 24

*
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Fig. 2. Epicutaneous immunization with DNP-BSA inhibits Tc1 mediated CS. (A) Epicutaneous immunization with DNP-BSA prior to DNFB sen-
sitization suppresses CS in vivo. BALB/c mice were EC immunized with PBS (Group A) or 100 µg of DNP-BSA (Group B) applied in a gauze
patch on days “0” and “+4”. On day “+7”, patches were removed and both groups of mice were contact sensitized by abdominal skin painting
with 0.5% DNFB. Then on day 5, ear swelling responses were elicited by contact painting of both ears with 5 µl of 0.1% DNFB in vehicle and
measuring ear thickness with a micrometer 24 h after challenge. Background increase in ear thickness (± 2–3 units at 24 h) of littermate non-
sensitized animals that were similarly challenged was subtracted from each experimental group to yield the net ear swelling expressed in units
of 10-2 mm ± SE (n = 4). *** p £ 0.001. (B) Epicutaneous immunization of cell transfer recipients with protein antigen induces a suppressor envi-
ronment that suppresses CS (transfer in protocol). Five day DNFB immune cells (7 ´ 107) were transferred iv into syngeneic recipients that were
immunized with DNP-BSA by skin patching (Group B) or into mice that were EC exposed to PBS alone (positive transfer) (Group A). Then, re-
cipients were challenged and tested for CS (n = 4); *** p £ 0.001

24 h ear swelling (mm × 10 ± SE)
–2

24 h ear swelling (mm × 10 ± SE)
–2

Fig. 1. Epicutaneous immunization with TNP-Ig inhibits Th1 mediated CS. (A) Epicutaneous immunization with TNP-Ig prior to TNP-Cl sensitiza-
tion suppresses CS. CBA/J mice were EC immunized with PBS (Group A) or 100 µg of TNP-BSA (Group B) applied in a gauze patch on days “0”
and “+4”. On day “+7” patches were removed and both groups of mice were contact sensitized by abdominal skin painting with 5% TNP-Cl.
Then on day 4, ear swelling responses were elicited by contact painting of both ears with 10 µl of 0.4% TNP-Cl in vehicle and measuring ear
thickness with a micrometer 24 h after challenge. Background increase in ear thickness (± 2 units at 24 h) of littermate nonsensitized animals
that were similarly challenged was subtracted from each experimental group to yield the net ear swelling expressed in units of 10�2 mm ± SE.
n = 6. ***, p £ 0.001. (B) Epicutaneous immunization of cell transfer recipients with protein antigen induces a suppressor environment that inhib-
its CS (transfer in protocol). To confirm data found in the model of active sensitization, 4 day TNP-Cl immune cells (7 ´ 107) were transferred iv

into syngeneic recipients that were tolerized by skin patching (Group B) or into mice that were patched with PBS alone (positive transfer)
(Group A). Then, mice were challenged and tested for CS. n = 4. *** p £ 0.001



tive transfer of DNFB-specific CS-immune effector

cells into previously EC tolerized recipients showed

significant reduction of CS response when compared

to positive control group (Fig. 2B, Group B vs. A).

Epicutaneous immunization with DNP-BSA im-

pairs NK mediated CS

BALB/c mice were EC immunized with DNP-BSA or

exposed to PBS alone as described in Materials and

Methods. On day “+7" patches were removed, ani-

mals were transferred with DNFB induced liver NK

cells and then tested for CS. Data presented in Fig-

ure 3 show that maneuver of EC immunization with

DNP-BSA efficiently suppresses NK cell mediated

CS response as shown in experiment employing

“transfer in” protocol (Group B vs. A).

Discussion

Allergic contact dermatitis (ACD), especially hand

dermatitis, is a common skin condition that may be

chronic, debilitating, and costly for patients, insurers,

and employers.

Currently used treatment modalities give only short

time relief and some of them like steroids may cause

side effects. Thus, numerous efforts have been under-

taken to develop a treatment able to control inflamma-

tory response accompanying ACD.

Both the skin and mucosa are constantly exposed

to many antigens and play a crucial role in protecting

the body from different pathogens present in the ex-

ternal world. While development of immune re-

sponses to pathogens is of vital importance to the

macroorganism, responses to innocuous antigens is,

at best, not helpful and often leads to harmful allergy.

It is well known that immunization with an antigen

via the digestive tract or nasal mucosa leads both to

a local immune response and a state of profound im-

munosuppression in the periphery [27].

Although the skin is considered an organ where im-

mune responses are easily induced [4, 21], little atten-

tion has been given to skin induced tolerance. Be-

cause skin and mucosa play similar function in our

bodies (i.e., as a barrier to external pathogens), it is

possible that epicutaneous (EC) application of antigen

(Ag), apart from inducing a strong immune response,

may also induce peripheral tolerance. Wang et al.

showed that EC application of the protein antigen

ovalbumin (OVA) resulted in allergic dermatitis ac-

companied with the appearance of IL-4 secreting T

lymphocytes [26]. Additionally, Herric et al. showed

that EC immunization with protein antigen induced

a Th2 mediated model of asthma [6]. These data sug-

gested to us that, similar to mucosal immunization,

deposition of protein antigens on the skin may also in-

duce T cells producing anti-inflammatory cytokines

that would suppress Th1-mediated responses causing

their suppression.

To verify our hypothesis, we developed an experi-

mental model where mice were EC exposed to

hapten-conjugated protein antigen TNP-Ig in the form

of gauze patch prior to TNP-Cl hapten sensitization

that induces Th1 mediated contact sensitivity (CS).

Data presented in Figure 1A show that EC immuniza-

tion with protein antigen TNP-Ig indeed strongly sup-

924 Pharmacological Reports, 2012, 64, 919�926

Group EC immunization

with

DNFB induced NK

cells

% of response 24 h ear swelling (mm x10
-2

±SE)

A PBS + 100

B DNP-BSA + 54

0 1 2 3 4 5 6

*
*

Fig. 3. Epicutaneous immunization of recipient mice with DNP-BSA induces a suppressor environment that inhibits adoptive transfer of NK cell
mediated CS. Four day DNFB immune (1 ´ 105) purified DX5+ liver NK cells were transferred iv into syngeneic recipients that were previously
immunized with DNP-BSA by skin patching (Group B) or into mice that were EC immunized with PBS alone (positive transfer) (Group A). Then,
recipients were challenged and tested for CS 24 h later.(n = 4); ** p £ 0.01



presses Th1 mediated CS in mice. Similar observation

was made when Th1 CS effector cells were trans-

ferred into previously tolerized recipient mice (Fig.

1B). Our other study employing both TNP and OX

haptens showed that maneuver of EC immunization

induces a population of TCRab+ CD4+ CD8+ double

positive lymphocytes T suppressor (Ts) cells that in-

hibit sensitization and elicitation of effector T cell re-

sponses via TGF-b [19, 22]. Our findings in CS are in

line with our other work showing that EC immuniza-

tion with myelin basic protein protects from the de-

velopment of experimental autoimmune encephalo-

myelitis [13, 23, 24] and finally proved in patients

suffering from multiple sclerosis [8].

On the other hand, EC immunization with protein

antigen e.g., TNP-Ig together with TLR ligand, in-

duces cells that could prevent suppression by the

antigen-nonspecific Ts cells [11]. These up-regulatory

cells, called contrasuppressor T cells (Tcs), belong to

a population of antigen-specific TCRab CD4+ lym-

phocytes. EC induced contrasuppression is MyD88,

IFN-g, and IL-12 dependent [18].

It is well accepted that apart from Th1 lympho-

cytes, Tc1 cells can also play a role of effector cells in

CS in mice and ACD in humans. To test if EC immu-

nization could also suppress Tc1 mediated CS, we

have used DNFB hapten that induces Tc1 dependent

CS in mice. Data presented in Figure 2A show that

patching with protein antigen DNP-BSA prior DNFB

sensitization significantly inhibits CS response. These

data were fully confirmed by “transfer in” experiment

showing that adoptive transfer of Tc1 CS effector

cells into already tolerized recipients causes suppres-

sion of CS (Fig. 2B). This findings are in line with our

other observation that EC immunization with protein

antigen suppresses Tc1 dependent immune response

in an animal model of skin graft rejection [12].

Finding of von Adrian et al. proving that NK cells

may act as effector cells in CS in mice, was a break-

through in research on the mechanisms involved in

CS response [16]. At present, its unknown if NK cells

are involved in CS responses in humans. Moreover,

there is no information about negative regulation of

NK mediated CS. Thus, in our study, we decided to

determine if EC immunization with a protein antigen

could inhibit NK dependent CS. Data presented in

Figure 3 prove that indeed adoptive transfer of DNFB

induced liver NK cells into previously DNP-BSA tol-

erized mice significantly inhibits CS reaction. Further

work is required to investigate mechanisms involved

in EC induced suppression of Tc1 and NK dependent

CS responses.

In summary, this study shows that maneuver of EC

immunization with hapten-conjugated protein antigen

significantly suppresses CS response in mice medi-

ated by three different types of effector cells such as

Th1 and Tc1 lymphocytes and NK cells as well.

Epicutaneous immunization seems to bear fruit as

the ease by which tolerance can be induced through

EC immunization may have important implications

for designing therapeutic schemes aimed at modulat-

ing unwanted immune responses in hypersensitivity

and autoimmune diseases.
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