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Introduction

Summary

Since it was previously shown that protein antigens applied epicutaneously
in mice induce allergic dermatitis mediated by production of T helper 2
(Th2) cytokines we postulated that this might induce suppression of
Thl immunity. Here we show that epicutaneous immunization of normal
mice with a different protein antigen applied on the skin in the form of a
patch induces a state of subsequent antigen-non-specific unresponsiveness
caused by suppressor T cells (Ts) that inhibit sensitization and elicitation
of effector T-cell responses. Suppression is transferable in vivo by
aB-T-cell receptor CD4* CD8* double positive lymphocytes harvested
from lymphoid organs of skin patched animals and are not major histo-
compatibility complex-restricted nor antigen specific. Both CD25" and
CD25~ CD4" CD8™ T cells are able to suppress adoptive transfer of Thl
effector cells mediating cutaneous contact sensitivity. In vivo treatment
with monoclonal antibodies showed that the cytokines interleukin (IL)-4,
IL-10 and transforming growth factor-f (TGF-B) are involved in the
induction of the Ts cells. Additionally, using IL-107~ mice we found that
IL-10 is involved in skin induced tolerance. Further in vitro experiments
showed that lymph node cells of skin tolerized mice non-specifically sup-
press [*H]thymidine incorporation by antigen-stimulated immune cells
and this effect can be abolished by adding anti-TGF-f, but not anti-IL-4
nor anti-IL-10 antibodies. These studies indicate the crucial role of TGF-3
in skin induced tolerance due to non-antigen-specific Ts cells and also
show that IL-4, IL-10 and TGF- play an important role in the induction
of epicutaneously induced Ts cell suppression.

Keywords: epicutaneous immunization; non-specific unresponsiveness;
aB-TCR suppressor; T cells; TGF-B

innocuous antigens are not required and sometimes can
be harmful and lead to allergies. It is well known that

Surfaces of both the skin and mucosa are constantly
exposed to many antigens that play a crucial role in
body protection from different pathogens present in the
external world. While development of the immune
response to pathogens is of vital importance, responses to

immunization with antigen via the digestive tract or nasal
mucosa, leads to a state of profound immunosuppres-
sion' which seems to play an important role in avoiding
development of immune responses to non-pathogenic

environmental antigen. One can speculate that similar

Abbreviations: CS, contact sensitivity; DC, dendritic cell; DTH, delayed-type hypersensitivity; e.c., epicutaneous; FCS, fetal calf
serum; i.d., intradermal; i.v., intravenous; KLH, keyhole limpet haemocyanin; LN, lymph node; mAb, monoclonal antibody;
OVA, ovalbumin; OX, oxazolone; TNP-CI, trinitrophenyl chloride; RC, rabbit complement; TNP, trinitrophenyl;

TNP-Ig, TNP-conjugated immunoglobulins; Ts, T suppressor cells.

42

© 2005 Blackwell Publishing Ltd, Immunology, 115, 42-54



Induction of suppressor T cells by epicutaneous immunization

to mucosal tolerance, skin exposure to irrelevant non-
pathogen-associated protein antigens also may lead to the
development of immunological tolerance. It is worthy to
underline that protein antigens or haptens applied in
mice epicutaneously (e.c.) by patch method could induce
allergic dermatitis®> and T helper 2 (Th2)-dependent
immunoglobulin E (IgE) production.® In our previous
work we showed that e.c. deposition of protein antigens
resulted in the induction of T suppressor cells (Ts) that
were able to inhibit both Thl-mediated contact sensiti-
vity to trinitrophenyl (TNP)-coupled protein and also
delayed-type hypersensitivity (DTH) to the powerful pro-
tein antigen keyhole limpet haemocyanin (KLH).”

In our current work we tried to characterize the skin
induced Ts cells more precisely and to determine their
mechanism of action and conditions required for their
induction. We have found that e.c. immunization of mice
with hapten (TNP)-coupled antigen prior to active con-
tact immunization with TNP or a different hapten (OX),
or with e.c. immunization with protein antigen (KLH and
ovalbumin, OVA), suppressed T effector cell mediated
contact sensitivity and in wvitro T-cell proliferation
immune responses in antigen non-specific manner. Fur-
ther, we show that the presence of interleukin (IL)-4,
IL-10 and transforming growth factor-B (TGEF-f) are
required during the induction phase of e.c. exposure. In
contrast, TGF- and not IL-4 nor IL-10 mediated the
effector phase of the Ts response. These results show that
e.c. immunization with protein antigen induces tolerance
and show that different mechanisms are involved in the
induction and the effector function of Ts that act in an
antigen non-specific and major histocompatibility com-
plex (MHC) unrestricted manner on both hapten contact
sensitivity (CS) and protein-induced DTH. The ease of
induction and potent non-antigen-specific effect of skin
induced Ts cells suggests that this may be a procedure
applicable to treatment of autoimmune diseases.

Materials and methods

Mice

Male CBA/J and BALB/c mice 6-8 weeks old were from
the breeding unit of the Department of Immunology,
Jagiellonian University, College of Medicine. Mice were
fed autoclaved food, and water. In one of experiments
Jo18”~ mice on BALB/c background (formerly Jo2817")
obtained from Masaru Taniguchi, Chiba University, Japan
were used. In some experiments IL-107~ mice on BALB/c
background were used and were kindly provided by
Diane McMahon-Pratt of Yale University School of
Medicine. All experiments were conducted according to
guidelines of the Animal Use and Care Committee of
both the Jagiellonian University College of Medicine and
Yale Medical School.
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Reagents

Trinitrophenyl  chloride (TNP-Cl; Chemica Alta,
Edmonton, Canada), oxazolone ((OX, 4-ethoxy-methy-
lene-2-phenyloxazolone); British Drug Houses, Poole,
UK), KLH (Calbiochem, San Diego, CA), mitomycin C
(Sigma, St. Louis, MO), OVA (Grade V; Sigma),
RPMI-1640, HEPES buffer (1 M), sodium pyruvate, fetal
calf serum (FCS; Life Technologies, Grand Island, NY),
[’H]thymidine (Lacomed, Rez, RC), low-tox rabbit
complement (RC; Pel-Freeze Biologicals, Brown Deer,
WI), were all obtained from the manufacturers. Mouse
immunoglobulins were prepared from CBA/] mouse
sera and conjugated with TNP hapten.®® A single
preparation with the level of substitution of 40 TNP
per immunoglobulin molecule (TNPgy-Ig) was used
throughout.

Monoclonal antibodies (mAbs) and hybridoma

Purified anti-mouse cytokine mAbs: anti-IL-4 (Clone
11B11), anti-IL-10 (clone SXC1) and anti-TGF-B (clone
HB 9849) were gifts of Dr Charles Janeway, Jr (Yale Univer-
sity, New Haven, CT). As an isotype control rat or mouse
IgG were used (Sigma). In some experiments culture super-
natants containing mAb were used: anti-T-cell receptor
(TCR)-B clone H57-597) from Dr R. Kubo, Cytel Inc.
(La Jolla, CA); anti-TCRS (clone UC7-13D5) from
Dr J. Bluestone (University of California, San Francisco,
CA); anti-CD4 (clone TIB 207) and anti-CD8 (clone TIB
105.3) were obtained from Dr C.A. Janeway, Jr. Rat anti-
mouse TGF-B1 mAb, biotinylated anti-mouse, -human,
-pig TGF-P1 antibodies, IL-4 OptEIA™ ELISA Set, IL-10
OptEIA™ ELISA Set (all from BD PharMingen, San
Diego, CA).

Active sensitization and measurement of CS in vivo

Mice were actively sensitized by topical application of
0-15 ml of 5% TNP-Cl or 3% OX in an acetone—eth-
anol mixture (1 :3) to the shaved abdomen, and hind
feet. Control mice were shaved and painted with acet-
one—ethanol mixture alone as a sham immunization.
Four days later, mice were challenged on both sides of
the ears with 20 pl of 0-4% TNP-Cl or OX in olive
oil-acetone mixture 1:.1. The subsequent increase in
ear thickness was measured 24 hr later with an engin-
eer’s micrometer (Mitutoyo, Tokyo, Japan) and expres-
sed in units of 107> mm + SD.'"® Background increase
in ear thickness (~2 wunits at 24 hr), of litter-mate
non-immunized animals that were similarly challenged,
was subtracted from each experimental group, to yield
the net ear swelling expressed in units of 107> mm +
SD. Each experimental and control group consisted of
five to six mice.
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Active immunization and skin testing to elicit DTH

In some experiments, mice were sensitized by intrader-
mal (i.d.) injection of 100 pg KLH diluted in 200 pl of
freshly opened sterile pyrogen-free 0-9% saline for injec-
tion, into four divided sites in the alcohol cleaned and
unshaved abdominal skin without added adjuvants.'’'?
On day 4, after immunization, DTH ear swelling res-
ponses were elicited via i.d. injection in both ears
under halothane anaesthesia with 10 pl containing 5 pg
KLH in sterilized pyrogen-free saline.”'"'* Controls
were mock id. ‘immunized’ with saline alone, and
similarly ear challenged with antigen to obtain back-
ground responses (~2 units at 24 hr), that were sub-
tracted from experimental groups. Resulting thickness
of the antigen-challenged ears was measured with a
micrometer, before challenge, and 24 hr after challenge.
The net increased ear thickness is expressed as mean
107> mm + SD.

Induction of suppressor cells by epicutaneous
immunization

Mice were shaved on their backs with a razor blade before
immunization. On day 0 100 pl of either TNP-Ig, KLH
or OVA (all at 1 mg/ml) in phosphate-buffered saline
(PBS), or PBS alone was applied to gauze in the centre of
an occlusive patch (DuoDerm Extra Thin, ConvaTec,
Princeton, NJ) which was then affixed to their backs.’
Patches were left intact for 4 days and then replaced with
new antigen containing patches and kept on until day 7.
In one of the experiments, TNP-Ig was applied to the
skin together with anti-IL-4, anti-IL-10, anti-TGF-B or
isotype control. On day 7 the patches were removed and
mice were actively immunized and tested for CS or DTH,
or lymphoid cells were harvested for in vitro proliferation
assay, or were killed and used as a source of suppressor
cells.

Adoptive cell transfer of CS and cell mixing assay
to evaluate T suppressor cells (transfer out protocol)

Donors of CS-immune effector cells were contact sensi-
tized with 5% TNP-Cl. Immune axillary and inguinal
lymph nodes (LN) and spleens were harvested on day 4
and 7 x 10’ immune cells were incubated for 30 min at
37° in RPMI-1640 medium alone, washed and then injec-
ted intravenously (i.v.) into normal syngeneic recipients
(positive transfer). For the cell mixing assay, 7 x 10" of
the CS-effector immune cells from TNP-Cl contact sensi-
tized donors were incubated for 30 min at 37° with
5% 10" lymphoid cells from mice tolerized by e.c.
immunization with TNP-Ig and harvested on day 7.
After incubation the cell mixture was transferred i.v. into
naive recipients. Mice were challenged with antigen
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within 30 min after cell transfer and tested for CS at
24 hr as described above.

Phenotype of suppressor cells

To determine the phenotype of patch immunization
induced suppressor cells in vivo, LN cells isolated from
mice tolerized by epicutaneous immunization with
TNP-Ig were incubated in PBS on ice with culture super-
natants containing anti-TCR-B, anti-TCR9, anti-CD4 or
anti-CD8 mAbs (1 ml of culture supernatant containing
approximately 10 pg antibody/10” cells) or medium alone
for 45 min. Then, the cells were washed and incubated
with a predetermined dilution of RC for 60 min at 37°,
and then washed and resuspended in PBS. After that,
4 day TNP-Cl immune CS-effector cells (7 X 107) were
incubated for 30 min at 37° with medium alone (positive
control), or 5 x 107 tolerized cells treated with RC alone
(suppression control), or with 5 x 107 cell aliquots of
suppressor cells treated with each appropriate mAb and
RC, and finally transferred i.v. into naive recipients that
were challenged with TNP-Cl and their CS reactions
measured 24 hr later.

FACS sorting of lymphoid CD4* CD8" double-positive
T cells

Lymph node and spleen cells from mice that were tol-
erized by e.c. application of TNP-Ig (i.e. Ts cells) were
stained with anti-CD4—fluoroscein isothiocyanate (FITC)
and anti-CD8-phycoerythrin (PE; Pharmingen, San
Diego, CA), for 30 min on ice, and then were washed
at 4° with PBS. Stained cells were sorted with fluores-
cence-activated cell sorting (FACS; Dako Cytomation,
Fort Collins, CO) to obtain CD4" CD8" lymphocytes.
Then, 2 x 10’ sorted CD4" CD8" lymphocytes or
2:5 % 107 unsorted Ts cells were mixed with 7 x 10" of
4-day TNP-CI immune cells and incubated for 30 min
at 37°. After incubation the cell mixture was washed
and transferred iv. into naive recipients that were tes-
ted for CS.

In a second set of experiments, lymph node and
spleen cells from mice e.c.-tolerized with TNP-Ig were
stained with anti CD4-PE, anti-CD8-Cy and addition-
ally with anti-CD25-FITC mAb. All fluorochrome
labelled antibodies were obtained from Pharmingen.
After staining with mAbs, the Ts cells were sorted with
FACS Vantage SE (Becton Dickinson, San Jose, CA)
to obtain CD4" CD8" CD25" and CD4" CD8" CD25"
subpopulations that, respectively, were 68% and 32% of
the total CD4" CD8" double-positive cells (each +98%
enriched). Then 6 x 10* CD4" CD8" CD257, or 3 x 10*
CD4" CD8" CD25", or 2-5x 107 unsorted Ts cells were
mixed and incubated with separate aliquots of 7 x 107
of 4 day PCl immune cells, and the mixtures then were
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transferred into naive recipients that were tested for
CS.

Transfer into tolerized mice to confirm active tolerance
(transfer in protocol)

To confirm data found in cell mixing assay (‘transfer
out’), 4 day TNP-Cl immune CS-effector cells (7 x 107)
were transferred iv. into syngeneic recipients that had
been tolerized by skin patching with TNP-Ig antigen
7 days earlier, or into naive mice (positive transfer). Then
mice were challenged and tested for CS.

The influence of e.c. tolerization on the in vitro
proliferation of TNP-CI immune LN cells

CBA/] mice were e.c. tolerized with TNP-Ig or OVA as
described above. Then on day 7 mice were actively contact
immunized by topical application of 5% TNP-Cl. As pos-
itive controls we used mice that were e.c.-treated with
PBS alone before active TNP-CI sensitization. Four days
after TNP-Cl immunization, a single cell suspension of
axillary and inguinal LNC were prepared under aseptic
conditions and 3 x 10> LN cells were incubated in
U-bottom 96-well micro plates (Falcon, Oxnard, CA) in
triplicate with threefold decreasing dilutions of TNP-Ig
starting with 300 pg/ml in 200 pl of RPMI-1640 contain-
ing 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mm
L-glutamine, 25 mm HEPES, 5 X 1075 M 2-mercaptoetha-
nol and 10% fetal calf serum for 48 hr. Then 0-5 uCi/well
of [’H|thymidine were added and cells incubated for
an additional 18 hr. Then cells were harvested and
[H]thymidine incorporation was determined by B liquid
scintillation counting.” Results are presented as mean
c.p.m. £ SD. Background scintillation (cells cultured with-
out any antigen) was substracted from all tested groups.

Proliferation assay in the presence of suppressor cells
and neutralizing anti-cytokine mAbs

To determine mechanisms of inhibition mediated by the
suppressor cells induced by e.c. immunization, 3 x 10°
TNP-Cl immune LN cells were cultured alone or were
cocultured with 6 x 10* mitomycin C-treated LN cells
from mice e.c.-immunized with TNP-Ig and cultured in
triplicate with threefold decreasing dilutions of TNP-Ig
starting with 300 pg/ml under the conditions described
above. In some experimental groups, the mixture of
immune and suppressor cells were cultured in the pres-
ence of 10 pg/ml of neutralizing anti-IL-4, anti-IL-10 or
anti-TGF-B. Then, [*H]thymidine incorporation was tes-
ted by B liquid scintillation counting. Results are presen-
ted as mean c.p.m. £ SD. Background scintillation (cells
cultured without any antigen) was subtracted from all
tested groups.

© 2005 Blackwell Publishing Ltd, Immunology, 115, 42-54

Cytokines (TGF-f3, IL-4 and IL-10) immunoassays

Lymph node or spleen cells (3 x 10°) from mice
e.c.-treated with PBS (control group) or TNP-Ig were
cultured in 1 ml RPMI-1640 medium supplemented
with 5% FCS in the presence of 100 pg/ml TNP,y-Ig
were distributed in triplicate wells in flat 24-well
Falcon plates and after 48 hr culture supernatants were
collected.

For estimating TGF-B supernatants were at first acidi-
fied with 1 N HCI in dilution 1 : 25 and then neutralized
with 1 N NaOH to pH 7-0 in the same proportion. Cyto-
kine concentrations in culture supernatants were meas-
ured by sandwich enzyme-linked immunosorbent assay
(ELISA) using monoclonal rat anti-mouse TGF-B anti-
bodies as capture antibody and biotinylated mono-
clonal rat anti-mouse, -human, -pig TGF-f antibodies
as the secondary antibody. The reaction was developed
with horseradish peroxidase streptavidin, followed by
o-phenylenediamine and H,0, as substrate and was
stopped with 3 m H,SO, The optical density of each well
was measured in a 96-well plate reader at 492 nm. All
determinations were done in triplicate. A standard curve
was generated by recombinant mouse TGF-B and the
lower density limit was 30 pg/ml TGF-p.

IL-4 and IL-10 were determined by using IL-4
OptEIA™ ELISA and IL-10 OptEIA™ ELISA sets as
recommended by the manufacturer.

Statistics

The paired two-tailed Student’s t-test was used with
P < 0-05 taken as the level of significance.

Results

Dose dependence of skin induced suppression
of contact sensitivity

CBA/] mice were e.c. immunized twice with graded doses
of TNP-Ig (300, 100, 30, 10, 3 or 1 pg/animal) 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 elicitation of
CS. Figure 1 shows that mice exposed to doses of TNP-Ig
between 300 to only 10 pg/animal prior to TNP-CI
immunization develop significantly decreased CS in a
dose-response manner, ranging from 0 to 58% compared
to positive controls (Fig. 1 groups B-E versus group A).
The lowest doses of TNP-Ig at 3 and 1 pg/animal did not
suppress CS.

These data strongly suggest that e.c. immunization with
related antigen TNP-Ig prior to skin sensitization with
TNP-Cl significantly reduces CS responses and that the
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Group Tolerization TNP-CI % of 24 hr ear swelling

with TNP-Ig immunization positive  (units x 102mm =+ SD)
(ng/animal) control

A PBS + 100 7772277777777

B 300 + 1

c 100 + s b

D 30 + 34

E 10 + 58 (T

F 3 . T

G 1 + 109 | —

0123458678910

Figure 1. Immunization (e.c) with protein antigen induces suppres-
sion of CS, which is dose dependent. CBA/J mice were e.c. immun-
ized via patches with graded doses of TNP-Ig (300, 100, 30, 10, 3 or
1 pg/animal) (groups B—-G) or exposed to PBS alone (group A). On
day 7 patches were removed, mice were actively immunized with 5%
TNP-Cl and then tested for CS. Results were expressed in units of
107> mm + SD. Each experimental group consisted of five or six
mice. Statistical significance: groups B, C, D and E versus group A;
P < 0-001.

strength of suppression is dependent on the tolerizing
dose of antigen applied to the skin.

Skin-induced tolerance is caused by suppressor cells
(transfer out protocol)

We determined if skin-induced tolerance can be trans-
ferred with cells of the immune system, in a classical
cell mixing experiment together with effector T cells.
Thus, 7 x 10 TNP-Cl immune CS-effector cells har-
vested on day 4 postsensitization were incubated for
30 min at 37° in medium alone as positive control, or
with 5 x 107 peripheral LNC, spleen cells, or thymocytes
isolated from mice that were skin tolerized with TNP-Ig
7 days previously. Then resultant cell mixtures were
transferred into naive syngeneic recipients that were
tested for CS. Figure 2(a) shows that thymocytes, peri-
pheral LN and spleen cells from tolerized donors were
able to suppress adoptive transfer of CS (groups B-D
versus group A).

Effector function of CS cells can be suppressed
when transferred into skin tolerized recipients
(transfer in protocol)

The experiment above (‘transfer out’ protocol) showed
that cotransfer of immune cells with CS-effector cells iso-
lated from TNP-Ig patched mice resulted in decreased
CS. To show that the observed suppression is not an
effect of in vitro cell manipulations, we employed a differ-
ent ‘transfer in’ protocol where CS-immune effector cells
were transferred either into naive recipients (positive
transfer), or into mice that were tolerized by skin patch
7 days earlier as a test of suppressor cells in the actively
tolerized mice. Figure 2(b) shows that suppression previ-
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Group Source of % of
TNP-Ig induced positive
supressor cells  control

24 hr ear swelling
(units x 102mm = SD)

A - 100 I H
B LNC 21 [
C Spleen 22 Y/
D Thymocytes 46 M
(@) 0123456789
Group  Epicutaneous % of 24 hr ear swelling
immunization positive (units x 102mm = SD)
with TNP-Ig control
- 100 (I
B + 33
(b) 0123458672829

Figure 2. Skin-induced tolerance can be transferred into naive recip-
ients. (a) Skin induced tolerance can be transferred with cells of the
immune system (‘transfer out’ protocol). Four day TNP-Cl immune
cells (7 x 10”) were incubated for 30 min at 37° in medium alone
(group A) or with 5 x 107 peripheral LNC, spleen cells, or thymo-
cytes isolated from mice that were tolerized with TNP-Ig (groups
B-D). Then resultant cell mixtures were transferred into naive synge-
neic recipients that were tested for CS. Each experimental group
consisted of five to six mice. Statistical significance: groups B, C and
D versus group A; P < 0-001. (b) Immunization of (e.c.) cell transfer
recipients with protein antigen induces a suppressor environment
that inhibits CS (transfer in protocol). To confirm data found in the
cell mixing assay (‘transfer out’), 4 day TNP-Cl immune cells
(7 x 107) were transferred i.v. into syngeneic recipients that were tol-
erized by skin patching (group B) or into naive mice (positive trans-
fer) (group A). Then mice were challenged and tested for CS. Each
experimental group consisted of five to six mice. Statistical signifi-
cance: group B versus group A; P < 0-001.

ously shown via the ‘transfer in’ protocol (Fig. 2a) was
similar to that observed via the ‘transfer out’ protocol,
indicating that the observed suppression was not an
artefact of in vitro cell manipulations Fig. 2(b) (group B
versus group A).

Group No. of Mixed with % of
supressor TNP-Climmune positive 24 hr ear swelling
cells CS-effector cells control  (units x 10-2mm+SD)

100 [
“a [k

46 [T

B NN\
93 Wz

3

0123456789

- +
2-5x107 syngenic
6x10° syngenic
1-5x 108 syngenic
4x10° syngenic

Mmoo W >

+ o+ o+ o+ o+

2.5x107 allogenic Ts

Figure 3. A low number of suppressor cells is required to inhibit
CS; 7 x 107 4 day TNP-Cl immune cells were incubated with
decreasing numbers of syngeneic suppressor cells [CBA/] (H-2Y)]
(groups B-E) or with 2 x 107 of allogenic Ts [BALB/c (H-29] or
alone (group A) before cell transfer into naive recipients that were
tested for CS. Statistical significance: groups B, C and F versus
group A; P < 0-001.
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Figure 4. Phenotype of Ts cells induced via e.c. immunization with
protein antigen. (a) af-TCR* lymphocytes are involved in skin
induced tolerance. LN cells from mice e.c. immunized with TNP-Ig
were treated with the following mAb: anti-TCR af}, anti-TCR 78 (a);
anti-CD4 or anti-CD8 (c) and RC or complement alone as a sup-
pression control. Then 5 x 107 suppressor cells treated with RC
alone or cell equivalents of suppressor cells treated with appropriate
mAb and RC, resultant cells were washed and incubated with 4 day
TNP-CI immune cells before transfer into syngeneic naive recipients
that were tested for CS. Presented data show that skin induced sup-
pressor cells belong to the population of TCR af* (group C versus
group B). Statistical significance: groups C and B versus group A;
not significant; group D versus group A; not significant. (b) CD1d-
dependent V14" Ja18" NKT cells are not required for skin induced
tolerance. Additionally, experiments employing Jal8”~ mice e.c.
immunized with TNP-Ig show that NKT cells are not involved in
skin induced tolerance (group C versus D). Statistical significance:
group C versus group D; P < 0-001. (c) Depletion of T cells that
express CD4 and CD8 coreceptors abrogates the activity of skin
induced suppressor cells. Presented data show that depletion of both
CD4 and CD8 cells resulted in abrogation of suppressor activity
induced via e.c. immunization (groups C and D versus group B).
Additionally, reconstitution of CD4 depleted cells with the CD8
depleted cell population did not restore suppressor activity of skin
induced Ts (group E versus group B). Statistical significance: group
B versus group A; P < 0-001 and group D versus group C; not
significant. (d) Epicutaneous immunization induces CD4" CD8"
double-positive Ts cells. To determine if skin induced Ts cells
coexpress CD4 and CD8, we incubated 2 x 10° of sorted
CD4" CD8" double-positive cells isolated from skin-tolerized mice
with 4 day TNP-Cl immune cells before transfer into syngeneic naive
recipients that were tested for CS. The data show that only 2 x 10°
CD4" CD8" double positive cells were able to efficiently suppress CS
at the same level as 5 x 107 unseparated regulatory cells (groups C
and B versus group A). Statistical significance: groups C and B ver-
sus group A; P < 0-001. (e) Both CD25" and CD25 CD4" CD8"
cells from e.c.-immunized mice are able to inhibit adoptive transfer
of CS. Presented data show that FACS-sorted CD4" CD8" cells that
either CD25" or CD25™ can suppress adoptive transfer of CS (groups
C and D versus group A). Statistical significance: group B versus
group A; P < 0-001; group C versus group A; P < 0-02 and group D
versus group A; P < 0-001. (f) Epicutaneous immunization with
protein antigen causes increase of CD4" CD8' DP cells in the
periphery. Spleen cells from mice epicutaneously immunized with
TNP-Ig double-stained with FITC anti-CD8 and RPE anti-CD4 and
analysed by flow cytometry. Lymphocytes were gated according to
size and granularity on FSC versus SSC dotplot and the percentage
of double positive CD4" CD8" cells within lymphocytes gate is pre-
sented. Results are representative of three independent experiments.

Dose-response activity of the skin immunization
induced suppressor cells

We attempted to find the minimal number of skin
induced Ts cells that are able to suppress the activity of
CS-effector T cells. Thus 4 day TNP-Cl immune cells
(7 x 107) were incubated with decreasing numbers of
suppressor cells from e.c.-immunized donors before trans-
fer into naive recipients (‘transfer out’ protocol). Figure 3
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Group TNP-Ig Mixed with % of .
e.c. induced TNP-Cl immune positive 2_4 hr ea[zswelllng
Ts cells CS-effector cells  control (units x 102mm + SD)
A Nocells added + 100 [ —
B Whole Ts + 33
C TCR-v5~ + 43
D TCR-0" + 98
(a)

Group Strain Skin Subsequent % of

tolerization TNP-CI positive 24 hr ear swelling
with TNP-Ilg  immunization control (units x 102 mm + SD)
A BABO - co0 -
B BALBc  + + 30 CFk
C Joig” - + 100 Ee==
D Jo18"- + + 0 =
(b) 0 3 6 9 12 15 18 21
Group  Skin-induced Mixed with % of 24 hr ear swelling
Ts cells TNP-Climmune  positive (units x 102mm + SD)
CS-effector cells  control
A Nocells added + 100 i
B Whole Ts + 23
C CD4- + 75
D CD8- + 73
E CD4-CD8~ + 59 ]
(c) 0123456789101
Group Skin-induced Mixed with % of 24 hr ear swelling
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shows that suppressor activity of LNC from TNP-Ig
patched mice is dose dependent, and that 6 x 10° is the
lowest number of cells that can effectively inhibit adoptive
transfer of CS (group C versus group A). In the same
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experiment we also tested if Ts cells are MHC restricted.
Day 4 PCl immune cells (7 X 107) were incubated with
2 x 107 suppressor cells isolated from syngeneic CBA/J
(H-2%) or BALB/c (H-2%) mice before cell transfer. Data
presented in Fig. 3 show that allogenic suppressor cells
are as effective as syngeneic suppressor cells (groups F
and B versus group A).

Skin-induced suppressor cells belong to the
population of o TCR" lymphocytes that express
CD4" and CD8" coreceptors and are both CD25*
or CD25~

To in vivo phenotype the suppressor cells, LN cells from
mice e.c. immunized with TNP-Ig were treated with fol-
lowing mAb: anti-TCR-o, anti-TCRJ, anti-CD4 or anti-
CD8 with RC, or with RC alone as a suppression control.
Then, resultant cells were washed and incubated with
4 day TNP-Cl immune cells before transfer into syngeneic
naive recipients that were tested for CS. Data presented in
Fig. 4(a) show that skin-induced suppressor cells are of
TCR*, but are not y3 T cells (group C versus groups B
and D).

To examine if a subpopulation of non-MHC restricted,
but CD1d restricted Va14" Ja18" invariant NKT cells were
involved, we actively tolerized Jo.18~~ BALB/c mice. As
shown before, CS responses were reduced in Jo18~~ mice
compared to wild type controls.'? In addition, e.c. immun-
ization with TNP-Ig causes reduction of CS in the absence
of NKT cells to a similar extent as in wild type BALB/c mice
(Fig. 4b, group D versus group C, and group B versus
group A), indicating that Va14" NKT cells are not involved
in skin tolerance similarly to oral tolerance.'*

Moreover, data presented in Fig. 4(c) show that deple-
tion of either CD4 or CD8 cells resulted in abrogation of
suppressor activity induced via e.c. immunization (groups
C and D versus group B). Importantly, mixing CD4
depleted cells with CD8 depleted cell population did not
restore suppressor activity of skin induced Ts (group E
versus group B). These data suggest that both CD4 and
CD8 coreceptors are expressed on the same suppressor
T cell. To determine if skin induced Ts cells coexpress
CD4 and CDS8 receptors, we incubated 2 x 10> of sorted
CD4" CD8" double-positive cells isolated from skin
tolerized mice with 4 day TNP-Cl immune cells before
transfer into syngeneic naive recipients that were tested
for CS. Figure 4(d) shows that only 2 x 10° CD4* CD8"
double-positive cells were able to suppress CS as effi-
ciently as 5 X 107 unseparated suppressor cells (groups C
and B versus group A). Finally, because many Ts are
CD25" we determined whether skin tolerized cells are
CD25" or CD25". The experiment presented in Fig. 4(e)
shows that both CD25" and CD25~ CD4" CD8" T cells
isolated from e.c.-tolerized mice are able to inhibit adopt-
ive transfer of CS (groups C and D versus group A).
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Figure 5. Transfer of regulatory cells both at the day of immuniza-
tion or challenge can suppress CS. Regulatory cells isolated from
TNP-Ig patched mice were transferred into syngeneic mice at the
day of TNP-Cl immunization (day 0) or at the day of challenge
(day 4) (groups C and D). There were two additional groups: posit-
ive control (mice actively immunized with TNP-CI) (group A) and a
group of mice that were patched with TNP-Ig and then actively
sensitized with TNP-CI (suppression control) (group B). Statistical
significance: group B versus group A; P < 0-001; group C versus
group A; P < 0-05 and group D versus group A; P < 0-01.

Therefore, we determined that skin-induced Ts cells have
both CD4 and CD8 coreceptors and are either CD25" or
CD25™.

Additionally, Fig. 4(f) shows that spleens isolated from
e.c.-tolerized mice have increased percentage of CD4"
CD8" DP cells reaching up to 3% of all T cells.

Transfer of suppressor cells both at the day of
immunization or challenge can suppress CS

To determine at what stage of CS the suppressor cells act,
regulatory cells isolated from TNP-Ig patch immunized
mice were transferred into syngeneic mice on the day of
TNP-CI contact immunization, or just prior to ear chal-
lenge (Fig. 5, groups C and D, respectively). There were
two additional groups: positive control (mice just actively
immunized with TNP-CI), and a group of mice that were
patched with TNP-Ig and then sensitized with TNP-Cl
(suppression control; Fig. 5, groups A and B, respect-
ively). Results show that suppressor cells induced by e.c.
immunization inhibited CS at either the afferent or the
efferent phase of CS (groups C and D versus group A).

Skin induced suppression declines with time

To determine the duration of skin-induced tolerance,
CBA/] mice were e.c. immunized with 100 pg/animal of
TNP-Ig or exposed to PBS alone as control. On day 7
patches were removed and then mice were actively
immunized with 5% TNP-Cl immediately after patch
removal or 2, 4 or 6 weeks later. Mice from all experi-
mental groups were challenged and tested for CS at the
same time. Figure 6 shows that skin induced suppression
of CS declines with time (groups B-E versus group A).
Maximal suppression was observed when mice were
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Figure 6. Skin induced suppression declines with time. CBA/J mice
were e.c. immunized with 100 pg/animal of TNP-Ig or exposed to
PBS alone (group A) as described previously. On day 7 patches were
removed and then mice were actively immunized with 5% TNP-Cl
immediately (group B), or 2, 4 or 6 weeks later (groups C-E corre-
spondingly). Mice from all experimental groups were challenged
and tested for CS. Statistical significance: groups B and C versus
group A; P < 0-001; group D versus group A; P < 0-02.

immunized immediately after patch removal (CS sup-
pressed by 75%; group B), inhibition of CS persisted up
to 4 weeks after patch removal (group D versus group A),
but can be effective up to 2 weeks after patching.

Skin-induced suppression of CS is antigen
non-specific

To determine if skin-induced tolerance is antigen specific,
mice were tolerized with TNP-Ig or KLH or OVA
containing patches and subsequently immunized with
TNP-Cl, OX or KLH and tested for CS or DTH, respect-
ively. Data presented in Table 1 show that tolerization
and subsequent immunization with both corresponding
and irrelevant antigen caused decreases of cell mediated
CS and DTH responses. These results show that skin
patching induces antigen non-specific Ts cells.

Table 1. Epicutaneous immunization induces Ts cells that are anti-
gen-non-specific and are able to inhibit both CS and DTH

Immunization with

Tolerization with PCl OX KLH

- 6-1 £ 04 10-9 + 05 16:8 = 1-0
TNP-Ig 09 +13 4.2+ 16 7-1+1-2
KLH 0-6 £ 0-2 ND 10-0 £ 0-6
OVA 3.1 +04 54+ 1.7 ND

ND, not done.

To determine if skin-induced tolerance is antigen specific, mice were
tolerized with TNP-Ig, KLH, OVA or treated with PBS alone (posit-
ive control) and subsequently immunized with TNP-Cl, OX or KLH
and tested for CS or DTH respectively.

Statistical significance between groups treated with PBS alone and
groups treated before immunization with patches containing protein
antigens can vary between P < 0-001 and P < 0-05.
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Figure 7. The influence of e.c. tolerization on the in vitro prolifer-
ation of TNP-Cl immune lymph node cells. CBA/] mice were skin
tolerized with TNP-Ig (group B), OVA (group C) or treated with
PBS alone (group A). On day 7 patches were removed and mice
from all groups were actively immunized with 5% TNP-Cl. Four
days later axillary and inginual LN were collected and single-cell sus-
pensions prepared and tested in proliferation assay. 3 x 10° LNC per
well were cultured in U-bottom 96-well microplates in triplicate in
RPMI-1640 plus FCS, r-glutamine, HEPES and 2-mercaptoethanol.
Threefold dilutions of TNP-Ig were added to the wells (consecutively
300, 100, 30, 10 and 3 pg/ml). After addition of 0-5 puCi/well
of [’H]thymidyne, the cells were incubated for 18 h and then
[PH]thymidyne incorporation was measured in a B scintillation
counter. Results are expressed as mean + SD. Statistical significance:
100 pg/ml, groups B and C versus group A; P < 0-05; 30 pg/ml
groups B and C versus group A; P < 0-02. Differences in other
groups are non-significant.

The influence of e.c. tolerization on the in vitro
proliferation of PCl immune lymph node cells

CBA/] mice skin tolerized with TNP-Ig or OVA, were
treated with PBS alone as described above. On day 7 pat-
ches were removed and mice were actively immunized
with 5% TNP-Cl. Four days later axillary and inginual
LN were collected and single cell suspensions prepared
and tested in a proliferation assay in the presence of
TNP-Ig as antigen. Figure 7 shows that skin-induced tol-
erance with two non-cross-reacting antigens TNP-Ig and
OVA resulted in inhibition of proliferation of TNP-speci-
fic immune cells compared to lymphoid cells from mice
receiving a sham patch with PBS (groups B and C versus
group A). We concluded that skin patch with protein
antigen inhibits antigen specific proliferation in vitro.

IL-4, IL-10 and TGF-P are involved in the induction
of skin induced suppressor cells

To determine if specific cytokines are required for the
induction of suppressor cells via e.c. immunization,
mice were tolerized with TNP-Ig alone, or TNP-Ig
mixed with 100 pg of anticytokine mAb (anti-IL4, anti-
IL-10, anti-TGF-B) or an isotype control. Then mice
were actively immunized with 5% TNP-Cl and tested
for CS as described before. Figure 8(a) shows that each
of these anti-cytokine mAbs significantly diminished
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Figure 8. Inhibitory cytokines involved in the induction of skin
induced suppressor T cells. (a) IL-4, IL-10 and TGF-f are required
for induction of Ts cells via e.c. immuization. Mice were e.c. toler-
ized with TNP-Ig alone (group B) or TNP-Ig plus 100 pg of anti-
cytokine mAb (anti-IL4, anti-IL-10, anti-TGF-B or the mixture of all
three mAbs) (groups C-F, respectively). Then mice were actively
immunized with 5% TNP-CI and tested for CS. An additional group
of mice were patched with PBS alone and then actively immunized
with TNP-CI (positive control) (group A). Additionally, in groups G
and H mice were e.c. tolerized with TNP-Ig plus 100 pg of rat or
mouse IgG, respectively, as an isotype control. Statistical significance:
group B versus group A; P < 0-001, groups C and F versus group B;
P < 0-001, group D versus group B; P < 0-05 and group E versus
group B; P < 0-01. groups G and H versus group B; not significant.
(b) IL-10 is involved in skin-induced tolerance. To confirm involve-
ment of IL-10 in the induction of Ts cells via e.c. immunization with
protein antigen we compared immune response in wild type BALB/c
and IL-10-/- mice that were e.c. immunized with TNP-Ig (groups B
and D) before active immunization with TNP-CL. In groups A and C
BALB/c and IL-107~ mice were patched with PBS alone before TNP-
Cl sensitization (positive controls). Statistical significance: group B
versus group A; P < 0-001 and group D versus group B; P < 0-05.

suppression induced by skin immunization with TNP-Ig
(groups C-E versus group B). The maximal effect was
observed when all three cytokines were neutralized
(group F versus group B). Thus, all three cytokines —
IL-4, IL-10 and TGF-P — seem to be required for success-
ful induction of suppressor cells. Figure 8(b) employing
IL-107" mice confirmed that IL-10 is involved in the
induction of Ts cells.

TGF-f but not IL-4 or IL-10 are involved in the
effector phase of skin-induced tolerance

To investigate mechanisms of skin induced tolerance
in vitro, mitomycin C-treated LN cells from tolerized
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Figure 9. Skin induced tolerance operates via af-TCR" cells produ-
cing TGF-B. To determine the mechanism of skin induced tolerance,
6 x 10* mitomycin C-treated LNC from tolerized mice (Ts) were co-
cultured with 3 x 10° 4 day TNP-Cl immune cells (Imm. cells) in
triplicates with or without following anti-cytokine mAbs: anti-IL4,
anti-L-10 or anti-TGF-P. In the positive control immune cells were
coultered without Ts cells. Conditions of culture and [*H]thymidyne
were described in the legends to Fig. 7. Statistical significance:
300 pg/ml groups B, D and E versus group A; P < 0-05. Differences
in other groups are non-significant.

mice were cocultured with 4 day TNP-Cl immune cells in
the presence of TNP-Ig as antigen with or without the
following anti-cytokine mAbs: anti-IL-4, anti-IL-10 or
anti-TGF-P. Figure 9 shows that suppression of prolifer-
ation could be overcome by addition of neutralizing
anti-TGF-B mAb to the culture. Neither anti-IL-4 nor
anti-IL-10 had any effect. These data strongly suggest that
T suppressor cells induced by e.c. immunization with
TNP-Ig operate via release of TGF-B. Additionally, the
data presented in Table 2 show increased production of
TGF-B by lymph node and spleen cells isolated from
TNP-Ig tolerized mice when compared to control mice
(animals patched with PBS alone). However there was no
significant difference in IL-4 and IL-10 production by
lymph node and spleen cells isolated both from TNP-Ig
tolerized and control mice.

Discussion

For many years the skin has been considered an organ
where strong T-cell mediated immune responses such as
contact sensitivity could easily be induced. However,
the skin as a site for induction of tolerance has received
limited attention.'®

Wang et al. showed that e.c. application of protein anti-
gens like OVA induces the ability to elicit allergic derma-
titis accompanied with appearance of IL-4-secreting Th2
cells.® It is well known that cytokines released by Th2
lymphocytes are able to inhibit Thl-mediated immune
responses.'® The data showing that e.c. application of pro-
tein antigen results in the induction of T cells secreting
Th2 cytokines led us to speculate that skin immunization
with protein antigen before induction of Thl-mediated
immune response might cause its suppression.
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Table 2. Epicutanous immunization results in TGF-B secretion by
lymph node and spleen cells

Measured cytokine

Mice e.c.-

treated with IL-4 (pg/ml) IL-10 (pg/ml) TGF-B (pg/ml)

LN (PBS) 0-0 £ 0-0 50 %40 0-0 £ 0-0
LN (TNP-Ig) 0-0 £ 0-0 8:6 £ 05 46-0 = 10-0
Spl. (PBS) 0-0 + 0-0 104-0 = 3-0 0-0 £ 0-0
Spl. (TNP-Ig) 0-0 £ 0-0 100-0 + 12-0 80-0 £ 32-0

To determine production of anti-inflammatory cytokines 3 x 10° of
lymph node or spleen cells from e.c. PBS (control group) or TNP-Ig
treated mice were cultured in 1 ml RPMI-1640 medium supplemen-
ted with 5% FCS in the presence of 100 pg/ml TNP,y-Ig and were
distributed in triplicate wells in flat 24-well Falcon plates. After 48 hr
culture supernatants were collected. Then IL-4, IL-10 and TGF-
were measured. Presented data show increased production of TGF-f
by lymph node and spleen cells isolated from TNP-Ig-tolerized mice
when compared to control mice (animals patched with PBS alone).
However there was no significant difference in IL-4 and IL-10
production by lymph node and spleen cells isolated both from
TNP-Ig-tolerized and control mice.

In the current study we determined if e.c. immunization
with soluble protein antigen spread over a gauze patch
could induce cells that would be able to negatively regulate
Thl-mediated immune response. Data presented in Fig. 1
clearly show that e.c. immunization with TNP-mlIg results
in significant reduction of TNP-specific CS. The optimal
dose of antigen that induces this phenomenon is between
30 and 100 pg/animal. Further, the observed suppression
lasts for about four weeks (Fig. 6). Additional experiments
showed that skin induced tolerance could be transferred by
cells of the immune system isolated from subcutaneous
lymph nodes, spleens or thymus mixed with CS-effector
T cells (‘transfer out’ protocol).

We considered that the observed suppression is not an
effect of in vitro cell manipulation or tolerance is not
induced by overloading the immune system with large
numbers of cells, some of which will be dying or dam-
aged by the preparation process that could be by itself
tolerogenic. Therefore, we used another experimental sys-
tem — ‘transfer in’ protocol, where CS-effector cells were
transferred into naive recipients (positive control), or into
mice that were previously tolerized by skin patch to test
for endogenous suppression. We found that suppression
found with this ‘transfer in’ protocol was similar to that
observed with the ‘transfer out’ protocol, indicating that
inhibition of the Thl-mediated response was not an arte-
fact of in vitro cell manipulation. Additionally, we found
that skin-induced suppressor cells were able to signifi-
cantly inhibit CS effector cells when transferred into naive
recipients at a ratio of 1 : 10.

Negative selection experiments defined the phenotype
of the skin-induced suppressor cells showing that they
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belong to the population of af TCR* lymphocytes. There
are some reports that invariant Val4" NKT cells can have
an immunoregulatory function in many experimental sys-
tems.!” However, experiments performed with NKT defi-
cient Joa18”~ mice showed that these predominant NKT
cells among Taf cells are not involved in skin induced
tolerance.

The observed lack of suppression after depletion of
CD4 or CDS8 cells from lymphoid cells isolated from ani-
mals e.c.-immunized with TNP-Ig can suggest that both
CD4" and CDS8" populations have suppressor activity.
However, reconstitution of CD4  cells with the CDS8
depleted cell population did not restore suppressor activ-
ity of skin tolerance induced suppressor cells, suggesting
that these cells may coexpress both CD4 and CD8
coreceptors. Dual expression of CD4 and CD8 on the Ts
was suggested by showing that skin patching causes the
appearance of about 2-3% TCRaf" CD4" CD8" double-
positive T cells in subcutaneous lymph nodes and in the
spleen comparing to normal range between 0 and 1%.'®
Increased numbers of CD4" CD8" double positive T cells
began on day 7 (day of removal of the second patch)
and remained elevated for a week. Then the proportion
of CD4" CD8" cells declined to that observed in mice
e.c.-treated with PBS alone.

The role of such a peripheral population of CD4"
CD8" cells is still unclear. It has been reported that per-
ipheral CD4" CD8" T lymphocytes increase during the
neonatal period in mice and humans, and also in certain
infections, autoimmune diseases, tumours, transplantation
and also in the aged.'”*® To confirm our hypothesis that
e.c. immunization induces Ts cells that belong to the
population of CD4" CD8* double-positive lymphocytes,
we mixed 4-day TNP-Cl immune CS-effector cells with
FACS-sorted tolerized CD4" CD8" T cells from e.c.-trea-
ted mice and transferred the mixture into naive recipients
that were then tested for CS. This cell mixing experiment
showed that indeed CD4" CD8" T cells isolated from
e.c.-immunized mice are responsible for suppression.
These data may be related to double positive CD4" CD8"*
intestinal intraepithelial lymphocytes with a greater
frequency of cells producing Th2-type cytokines, that
perhaps, mediate oral tolerogenic mechanisms in the
intestinal environment.*!

Other studies show that intraepithelial lymphocytes are
CD4" CD8" aff TCR™ cells that can release immunoregu-
latory cytokines, such as TGF-B and IL-10, suggesting
suppressor activity. As noted above, CD4" CD8" T cells
in naive mice are less than 1% of peripheral lymphocytes
and their origin is unclear. They could represent
CD4" CD8" T cells that have prematurely escaped from
the thymus or CD4" CD8™ T cells that re-express CD8
after activation or exposure to lymphokines such as IL-4,
or are present because of prior ‘natural’ suppressive
events. In our case we speculate that CD4" CD8" T cells
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with suppressor activity originate from prematurely
escaped CD4" lymphocytes that acquire CD8 coreceptor.
Our hypothesis is based on the observed increase of
CD4" CD8" T cells in lymph nodes 7 days after e.c.
immunization, and their decrease to the level observed in
naive mice within a week. These data can also suggest
that these immature CD4" CD8" suppressor cells then
may become single-positive CD4" T cells.

There are many reports showing that Ts cells belong to
the population of CD4" CD25" lymphocytes. In a FACS
sorting experiment employing skin induced suppressor
cells we showed that one-third of CD4" CD8" T cells
expressed CD25 whereas two-thirds of CD4" CD8" T cells
were CD25~. However, both CD4" CD8" CD25" and
CD4" CD8" CD25™ T cells were able to inhibit adoptive
transfer of CS. Therefore, in this system both CD25" and
CD25~ CD8" CD4" cells have suppressive activity, but we
cannot rule out that the CD25™ cells become CD25" after
transfer in vivo, and thus also become responsive to IL-2
or possess CD25 below levels detected by FACS.

Additionally we found that very low numbers of skin
induced Ts cells, such as 2 x 10° per mouse were able to
inhibit the effector function of 7 x 10’ 4 day TNP-Cl
immune cells in vivo. We previously also found that small
numbers of y& TCR* suppressor cells could inhibit Thl
TNP-CI induced CS effector cells, because only 2-5 x 10°
of these cells efficiently suppressed 7 x 107 CS-effector
immune cells.*”

In further experiments we transferred skin-induced Ts
cells at the day of immunization or challenge to deter-
mine at what stage of CS the suppressor cells act. The
observed suppression of CS in both cases might suggest
that Ts cells induced by e.c. immunization operate both
at the afferent and efferent phase of Thl-mediated CS.
However, this experiment does not exclude the possibility
that Ts cells transferred at the time of immunization do
not affect induction of Thl effector cells, and can persist
in the body of the recipient to suppress Thl cells only in
the efferent phase, at the time of challenge.

Further study of the antigen specificity of skin induced
tolerance showed suppression of both CS and DTH
responses in mice immunized epicutaneously with four
different non-cross-reacting antigen like TNP-Cl, OX,
OVA and KLH prior to contact sensitization or intra-
dermal immunization with the protein antigen KLH.
These results show that the final mediation of suppressor
T-cell activity is antigen non-specific. The data of the in
vivo experiments were confirmed in vitro and showed that
skin induced tolerance with two non-cross-reacting anti-
gen TNP-Ig and OVA resulted in inhibition of prolifer-
ation of TNP-specific immune cells.

In classic T-cell mediated suppression both suppressor
and effector cells often are specific for the same antigen.
The spreading of tolerance observed in our experiments
possibly is akin to the phenomenon known as ‘bystander

52

. . . 2324 - .
suppression’ or determinant spreading,”>** in which sup-

pressor cells elicited by a particular antigen secrete anti-
gen non-specific cytokines that down-regulate immune
responses of other specific cell populations to their
respective antigen. In the well-studied model of oral toler-
ance, orally administrated antigen appear to interact with
gut associated lymphoid tissue and generate Ts cells that
produce TGF-B, IL-4 and IL-10,”° and also mediate
bystander suppression.”* It was shown both in vivo and
in vitro, that orally induced suppression is dependent on
antigen-specific triggering of Ts. Once antigen-specific
triggering occurs, the effector phase of suppression is
mediated by Ts cells producing non-specific suppressive
cytokines.”” In our case all tested antigen used to induce
skin tolerance before immunization were able to inhibit
CS. We made similar findings in experimental auto-
immune encephalomyelitis (EAE) showing that e.c.
immunization with any tested protein antigen induced Ts
cells protecting from the onset of EAE and reducing signs
of disease via released TGF-B (Szczepanik M et al. sub-
mitted). Thus, the presence of the antigen responsible for
inducing Ts cells is not required during elicitation of the
Ts effect.”®

This might suggest that skin induced suppressor cells
work either via different mechanisms than are active in
bystander suppression in mucosa oral tolerance, or an
original antigen persists for a long period in peripheral
lymph organs, or alternatively, anti-inflammatory cyto-
kines released by Ts cells interfere with the induction
and/or effector phase of the T effector cell mediated
immune response.

In support of our results showing that e.c. immuniza-
tion is an effective strategy to induce a population of reg-
ulatory T cells able to protect from EAE, is a recent paper
from the Janeway laboratory, in which a similar level of
protection was induced in TCR transgenic mice bearing a
TCR specific for myelin basic protein (MBP).>” However,
several important differences in the mechanism of toler-
ance in our study and the report by Janeway and col-
leagues are indicated. First, in our hands the suppression
was antigen-non-specific, while the report from the Jane-
way laboratory found antigen-specific suppression. Sec-
ondly, we found suppression both in vitro and in vivo to
be mediated by TGF-f3, while the Janeway study found no
role for TGF-PB. We attribute these differences to the type
of antigen used in the e.c. immunization. In our study,
we used whole protein antigen for the e.c. immunizations,
while the Janeway study used peptides from myelin anti-
gens known to be encephalitogenic. It is possible that dif-
ferences in the mechanism of tolerance are the result of
the requirement for the processing of the whole protein
prior to presentation. Thus, it is feasible that different
antigen-presenting cells are required to induce the develop-
ment of regulatory T cells when whole protein versus
peptide is used as the tolerizing agent. This possibility is
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supported by work performed by the Bottomly laborat-
ory, where they showed that peptide antigens were most
efficiently presented to CD4 T cells by dendritic cells,
while B cells were required for priming to protein anti-
gen.”® In addition, the TCR transgenic mouse specific for
MBP has a restricted T-cell repertoire, which may not
be sufficient to facilitate the development of antigen-
non-specific regulatory T cells.”

The association of non-antigen-specific suppression
with inhibitory cytokines led us to determine if a specific
cytokine milieu is required for induction of Ts cells via
e.c. immunization as shown in some systems.”® In one
system both IL-10 and TGF-B play an important role in
the differentiation of naive CD4" cells into Ts.** The
mechanism by which a special cytokine environment
affects induction of regulatory cells is not fully under-
stood. It has been reported that pulmonary dendritic cells
(DC) that were isolated after nasal mucosal exposure to
an antigen secreted IL-10 and were able to induce CD4"*
T regulatory type I (Trl) cells.’’ Another study showed
that DCs isolated from mesenteric lymph nodes of mice
tolerized by feeding with an antigen showed increased
production of TGF-f which facilitates induction of
another down-regulatory cell — the Th3 regulatory cell.*”
There is also some evidence that IL-4 prevents maturation
of DC and subsequent interaction of these immature DCs
with T cells results in T-cell tolerization.”"

These data do not fully explain how anti-inflam-
matory cytokines are involved in the induction of T
suppressor cells. However, it appears that a unique sup-
pressive cytokine mediated immunological milieu plays
crucial role in the induction of immunological tolerance.
As noted before, exposure to an antigen via skin induces
CD4" CD8" regulatory cells similar to mucosal immun-
ization. We speculate that in these two organs exposed
to similar and innocuous antigen at the surface of an
organism in contact with the environment, are similarly
capable of induction of suppressor cells to prevent need-
less reactivity. To answer the question concerning whe-
ther a specific cytokine milieu is required to induce
suppressor cells via skin immunization, we tolerized
mice with TNP-Ig alone or with TNP-Ig plus anti-cyto-
kine antibodies: anti-IL-4, anti-IL-10 or anti-TGF-f or
control antibody on the skin before induction of CS. All
of the anti-cytokine mAbs significantly diminished sup-
pression induced by skin immunization with TNP-Ig,
suggesting that anti-inflammatory cytokines are involved
in the induction of Ts cells. At present, it is not clear
how these cytokines regulate the differentiation of T
lymphocytes into Ts cells. Further experiments are in
progress.

Finally we tried to determine how e.c.-induced Ts cells
inhibit Thl effector cells. To determine the mechanism of
skin induced tolerance, mitomycin C-treated tolerized LN
cells were cocultured with 4 day TNP-Cl immune cells
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with or without anti-cytokine mAb: anti-IL-4, anti-IL-10
or anti-TGF-B. This experiment demonstrated that skin
induced Ts cells inhibited antigen induced proliferation
of T effector cells of CS in vitro via TGF-$, while IL-4
and IL-10 seem not to play a crucial role in the effector
stage of suppression.

The above data showing the mechanism of suppression
mediated by e.c.-induced regulatory cells were fully con-
firmed by measurement of cytokine production by lymph
node and spleen cells isolated from TNP-Ig-tolerized
mice. The data presented in Table 2 show increased pro-
duction of TGF-B by lymph node and spleen cells isolated
from TNP-Ig-tolerized mice when compared to control
mice (animals patched with PBS alone). However there
was no significant difference in IL-4 and IL-10 production
by lymph node and spleen cells isolated both from
TNP-Ig tolerized and control mice.

As mentioned, orally administrated antigen appear to
interact with gut-associated lymphoid tissues and generate
T regulatory cells that produce TGF-B, IL-4 and IL-10"°
and also mediate bystander suppression.”* Our data thus
suggest that e.c. exposure to an antigen, similar to muco-
sal immunization, results in the induction of Ts cells that
have much the same mechanism of action and therefore
emphasize the similarity of immune tolerance mecha-
nisms operating on these two body surfaces. The ease of
e.c. generation of non-antigen specific T suppressor cells
producing TGF-B may have important implications for
designing therapeutic schemes aimed at modulating
immune responses to self antigens involved in auto-
immune diseases.
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