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Adherent dendritic cells expressing high levels of interleukin-10 and low levels of
interleukin-12 induce antigen-specific tolerance to experimental autoimmune
encephalomyelitis
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SUMMARY

We have previously shown that tolerance can be induced against acute experimental autoimmune
encephalomyelitis (EAE) in Lewis rats by bone marrow-derived dendritic cells (DC) that have been
pulsed in vitro with encephalitogenic myelin basic protein peptide 68—-86 (MBP 68-86), and injected
subcutaneously into healthy rats prior to immunization with MBP 68-86 plus complete Freund’s
adjuvant. To elucidate better the properties of tolerogenic DC, we here compared plastic-adherent
DC with floating, non-adherent DC, which were cultured for 7 days in the presence of granulocyte—
macrophage colony-stimulating factor plus interleukin-4 (IL-4). Adherent DC expressed high levels
of IL-10 mRNA and protein, and low levels of IL-12 mRNA and showed high expression of CD54
compared with floating DC. Proliferation, nitrite concentration and capacity for antigen
presentation were lower in adherent DC than in floating DC. There were no differences between
adherent and floating DC regarding expression of CD11c, OX62, major histocompatibility complex
class II, CD80, or CD86. Most importantly, we observed that adherent DC induced tolerance to
EAE in vivo when injected subcutaneously into Lewis rats prior to immunization, while floating DC
did not. Adherent DC-mediated tolerance to EAE was associated with augmented proliferation,
nitric oxide production and frequency of apoptotic cells as well as with up-regulation of
transforming growth factor-p (TGF-B) -expressing cells in T-cell areas of lymph nodes. Tolerance
induction by adherent DC seems to be related to a nitric oxide—apoptosis pathway and to up-

regulation of TGF-B-expressing cells.

INTRODUCTION

There is now growing evidence that the regulation of immunity
or tolerance takes place primarily at the level of dendritic cells
(DC). DC constitute a complex system of cells which, under
different conditions, can present antigen, inducing such
contrasting states as immunity and tolerance.* The hetero-
geneity of DC can be studied by a variety of methods: flow
sorting of fluorescence labelled DC; different cytokine culture
conditions; and adherent versus floating states of DC.
According to the method used, DC with different phenotypes
and functions can be obtained. Distinct DC subsets exhibit
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different characteristics, and mediate polarization of immune
responses towards T helper type 1 (Thl) or Th2 responses. For
example, a lymphoid-related subset induces high levels of the
Thl cytokines interferon-y (IFN-y) and interleukin-2 (IL-2),
but little or no Th2 cytokines. In contrast, a myeloid-related
subset induces large amounts of Th2 cytokines IL-4 and IL-10,
in addition to IFN-y and IL-2> CD8o* DC drive the
development of Thl-type immune responses, whereas conven-
tional CD8a DC induce the differentiation of Th2-type
responses.* It is postulated that mature DC may be best suited
to achieve in vivo anti-tumour and anti-infection effects because
of their capacity to efficiently present antigen to naive T cells.
Immature DC, on the other hand, may induce tolerance rather
than immunity.’

In the present study, we compared adherent and floating
DC derived from healthy Lewis rat bone marrow regarding
phenotypes, properties and functions. Adherent DC expressed
high levels of IL-10 mRNA and protein, and low levels of IL-
12 mRNA, and showed high expression of CD54 compared to
floating DC. In vivo, adherent DC that had been pulsed in vitro
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with encephalitogenic myelin basic protein peptide 68-86
(MBP 68-86) induced tolerance to experimental autoimmune
encephalomyelitis (EAE) when injected subcutaneously (s.c.) to
Lewis rats prior to immunization with MBP 68-86 and
complete Freund’s adjuvant (CFA). The results suggest that
the mechanism of DC-induced tolerance might result from a
nitric oxide (NO)-mediated apoptosis pathway and/or up-
regulation of transforming growth factor- (TGF-p) -expres-
sing cells.

MATERIALS AND METHODS

Animals and antigen preparation

Male Lewis rats, body weight 150-180 g, were purchased from
Zentralinstitut fur Versuchstierzucht, Hannover, Germany.
Guinea-pig MBP 68-86 (YGSLPQKSQRSQDENPV) were
produced in an automatic Tecan-Syro Synthesizer (Multi-
sytech, Bochum, Germany).

Preparation of bone marrow-derived DC

Bone marrow cells were flushed from femurs and tibias of
healthy Lewis rats and passed through a wire mesh to remove
small pieces of bone and debris. Subsequently, the red blood
cells were osmotically lysed. After washing, cells were
suspended in serum-free Dulbecco’s modified Eagle’s minimal
essential medium (DMEM; Gibco, Paisley, UK) supplemented
with 1% MEM amino acids (Gibco), 2 mMm glutamine (Flow
Laboratories, Irvine, UK), 50 IU/ml penicillin, 50 pg/ml
streptomycin (Gibco) and 10 mm HEPES (Sigma, St Louis,
MO), and placed into 75-cm? Falcon culture flasks (Nunc,
Copenhagen, Denmark) for 2 hr at 37° in 5% CO,. Floating
cells were removed by aspirating medium. Adherent cells were
washed five times with phosphate-buffered saline (PBS) and
cultured for 7 days in medium containing 10% fetal calf serum
(Gibco), 10 ng/ml of recombinant rat granulocyte-macrophage
colony-stimulating factor (rrGM-CSF; R & D Systems,
Minneapolis, MN) and 10 ng/ml of rrIL-4. Fresh medium
was changed after 3-4 days. Floating, non-adherent DC were
collected by shaking and aspirating the medium, followed by
harvesting adherent DC with a cell scrap.

Pulsing of DC with encephalitogenic MBP 68-86 in vitro
Adherent and floating DC (1 x 10%/ml) were incubated with
MBP 68-86 at a concentration of 50 pg/0-5 ml at 37° for 4 hr.
Cells were then washed three times to remove excess antigen,
and resuspended at 1 x 10%ml in serum-free medium. DC were
injected s.c. into healthy Lewis rats in a volume of 1 ml.

Induction of EAE and evaluation of clinical signs

First, we observed whether injection of DC prevented
induction of clinical EAE. After 4 weeks, these DC-injected
rats were immunized in both hind footpads with 200 pl of
inoculum containing 10 ug of MBP 68-86, 2 mg Mycobacter-
ium tuberculosis (strain H37RA; Difco, Detroit, MI), 100 pul
saline and 100 ul Freund’s incomplete adjuvant (Difco).
Clinical scores were graded according to the following criteria:
(0) asymptomatic, (1) loss of distal half of tail tonicity, (2) loss
of entire tail tonicity, (3) hindlimb paresis, (4) hindlimb
paralysis, and (5) tetraplegia. Clinical observations were made
in a blinded fashion by at least two investigators.

Flow cytometry

Cell surface molecules and intracellular cytokines were
analysed by flow cytometry (Becton Dickinson, Mountain
View, CA). Selected monoclonal antibodies (mAbs) to rat
molecules [CD11c, 0OX62, CD80, CD86, major histocompat-
ibility complex (MHC) class 11, CD54] and appropriate isotype
controls were used. Anti-rat CD11c mAb and isotype controls
were obtained from Serotec (Oxford, UK). Anti-rat OX62,
phycoerythrin (PE)-conjugated anti-rat MHC class II mAb
(OX6), PE-conjugated anti-rat B7-1 mAb (CD80), anti-rat
B7-2 mAb (CD86) and anti-rat CD54 mAb were from
PharMingen (San Diego, CA). DC were incubated with
unlabelled anti-rat CD11c, OX62, CD86, CD54 and isotype
control, then followed by fluorescein isothiocyanate (FITC)-
conjugated anti-mouse secondary antibodies. Cell suspensions
were fixed with 4% paraformaldehyde and then permeabilized
with 0-15% saponin. Cells were stained with PE-conjugated
anti-rat IL-10 mAb (PharMingen).

Preparation of mononuclear cells and T cells

To prepare mononuclear cells (MNC) and T cells, Lewis rats
were killed on day 14 post-immunization (p.i.). Spleen and
lymph nodes were removed. Suspensions of MNC were
prepared by pressing the tissues through a wire mesh to obtain
a single-cell suspension. For preparation of T cells, MNC
suspensions from lymph nodes were washed and incubated in
culture dishes for 2 hr at 37° in 5% CO,. The non-adherent
fraction was collected and passed through a 20-ml nylon wool
column. Purified T cells were enriched by depletion of nylon
wool-adherent cells.

Proliferation and antigen presentation in vitro

Proliferative responses were examined by [‘H]thymidine
incorporation. For DC proliferation, adherent and floating
DC (4 x 10* cells/200 ul) were added in 96-well, round-bottom
microtitre plates (Nunc), respectively. For antigen-induced T-
cell proliferation, MNC suspensions (4 x 10° cells/200 ul) were
incubated in the presence or absence of MBP 68-86 (10 pg/ml).
For antigen presentation assays, adherent and floating DC
(4x10% were cultured with purified lymph node T cells
(2 x 10°) in the presence of MBP 6886 (10 wg/ml). After 60 hr,
all cells were pulsed with [*H]thymidine (10 ul, 100 uCi/ml;
Amersham, Little Chalfont, UK). After 12 hr, cells were
harvested onto glass fibre filters and measured in a fB-
scintillation counter. Results were expressed as counts per
minute (c.p.m.) in triplicate.

Assay of IFN-y-secreting cells

Enzyme-linked immunospot (ELISPOT) assays were used to
detect single cells secreting IFN-y. Nitrocellulose-bottom
microtitre plates (Millititre-HAM plates; Millipore Co., Bed-
ford, UK) were coated with 100 ul aliquots of mouse anti-rat
IFN-y mAb (DBI; Innogenetics, Ghent, Belgium) at 15 pg/ml.
MNC (4 x 103200 ul) were added to individual wells in the
presence or absence of MBP 68-86 (10 pg/ml). After 48 hr of
culture and washing, plates were incubated with 100 pl
polyclonal rabbit anti-rat IFN-y (1:400; Innogenetics),
biotinylated anti-rabbit IgG (1:500; Dakopatts, Copenhagen,
Denmark) and then avidin—biotin peroxidase complex (ABC)
(1:200; Vector, Burlingame, CA). Red-brown immunospots
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Figure 1. Phenotype and cytokine profiles of adherent and floating
DC. DC from rat bone marrow were cultured for 7 days in the presence
of GM-CSF and IL-4. Adherent DC and floating DC were isolated. (a)
Adherent DC and floating DC were analysed by flow cytometry for
CD54 surface marker. (b) DC were stained with PE-conjugated anti-rat
IL-10 and then examined by flow cytometry. (c) DC were examined for
IL-10 and IL-12 mRNA expression by in situ hybridization as
described in the Materials and methods. Data are representative of
three independent experiments; *P <0-05; **P<0-01; ***P <0-001.

corresponding to individual cells that had secreted IFN-y were
counted in a dissection microscope.

Measurement of nitrite

Because secreted NO quickly reacts with oxygen-yielding
nitrite, the level of nitrite as a reflection of NO production in
culture supernatants was measured using modified Griess
reagent (Sigma). DC (4 x 10%/200 ul) were cultured in the
absence of MBP 68-86. MNC (4 x 10%/200 pl) were cultured in
the presence or absence of MBP 68-86 (10 pg/ml). After 48 hr,
100 pl of supernatants from cultured DC and MNC was mixed
with 100 ul of Griess reagent. After 10 min reaction at room
temperature, absorbance at 540 nm was measured using an
automatic plate reader. Nitrite concentration was determined
by comparison with a sodium nitrite standard curve in culture
medium.

Immunohistochemistry

Spleen and lymph nodes from the killed animals were snap-
frozen in liquid nitrogen. Cryostat sections (8 pum thick) were
fixed in acetone. Endoperoxidase was inactivated in H,O,.
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Non-specific binding was blocked with 1% blocking reagent
(Boehringer Mannheim, Mannheim, Germany). Sections were
incubated with polyclonal rabbit anti-rat TGF-§; antibodies
(Santa Cruz Biotechnology Inc., Santa Cruz, CA), followed by
biotin-conjugated anti-rabbit antibodies and the ABC (Vector)
reactive system. Omission of the primary antibodies served as
negative controls. The numbers of TGF-; positive cells were
calculated per 100 mm? of tissue sections.

Assay for apoptosis

Lymph nodes from the killed animals were immediately snap-
frozen in liquid nitrogen. Cryostat sections (8 um) were fixed in
acetone for 10 min. Sections were stained with FITC-dUTP
(Boehringer Mannheim) according to the manufacturer’s
instructions. Permeabilization was done with 0-1% Triton X-
100 in 0-1% sodium citrate for 2 min on ice, 50 ul of TdT-
mediated biotin-dUTP nick-end labelling (TUNEL) reaction
mixture was added to tissue samples and incubated in a
humidified chamber for 60 min at 37° in the dark. The numbers
of apoptotic cells were calculated per 100 mm® of tissue
sections.

In situ hybridization

In situ hybridization (ISH) was used to detect 1L-12 and IL-
10 mRNA as previously described.® A mixture of four different
48-base long synthetic oligonucleotide probes was used in order
to increase the sensitivity of the method. The oligonucleotide
sequences were obtained from GenBank using the MacVector
System. Rat probes for IL-12 p40 (GenBank accession no.
MS86771) were complementary to bases 147-194 and 595-642,
and for IL-12 p35 (acc. no. M86672) to bases 190-238 and 706—
753. The mouse probes of IL-10 (acc. no. M378977) were
complementary to bases 79-126, 134-181, 184-231 and 402
449. Control slides were hybridized with the same total amount
of a sense probe with nucleotide sequence for exon 4 of rat
IFN-y. A constant ratio of the guanine/cytosine content of
approximately 60% was employed. Synthetic oligonucleotide
probes (Scandinavian Gene synthesis AB, Koping, Sweden)
were labelled with [*°S]deoxyadenosine 5-thiotriphosphate
(New England Nuclear, Cambridge, MA) with terminal
dexynucleotidyl transferase (Amersham). Cells were hybridized
for 18 hr at 42° with 10° labelled probe per 100 pl hybridization
mixture. After emulsion autoradiography, development and
fixation, the coded slides were examined by dark-field
microscopy at x 10 magnification for positive cells containing
> 15 grains per cell in a star-like distribution. The intracellular
distribution of grains was always checked by light microscopy
at x 20 or x 40 magnification. There were no difficulties in
differentiating between positive and negative cells. The results
are expressed as number of labelled cells per 10° DC. The
control probe used in parallel with the cytokine probes
produced a uniformly weak background signal without
revealing any positive cells.

Statistics

Differences between three groups were evaluated by ANOVA.
Differences between groups were determined by Student’s
t-test. P<0-05 was considered significant.
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RESULTS

Phenotype and cytokine expression of adherent and floating
DC

After 7 days of culture in the presence of GM-CSF +1L-4,
adherent DC and floating DC were obtained at mean levels of
54% (+53) and 46% (+5-3), respectively. Expression of
surface molecules was assessed on adherent and floating DC.
Adherent DC expressed CDllc (55:54+9:2%), OX62
(66:5+5:0%), MHC class II (62:5+12:0%), CD80
(36 +7-1%) and CD86 (42-5+27-6%). Floating DC expressed
CDllc (49:5+50%), OX62 (55:5+5:0%), MHC class II
(48:3+13-6%), CD80 (25-0+7-4%) and CD86 (29-7 4 19-1%).
Overall, adherent DC seem to express slightly higher levels of
these molecules, but there were no statistically significant
differences. Adherent DC showed higher levels of IL-
10 mRNA expression (P <0-05), lower levels of IL-12 mRNA
expression (P<0:001) and higher levels of CD54 expression
(P <0-005) compared to floating DC. Similarly, higher levels of
IL-10 protein expression were displayed by adherent DC
compared to floating DC (P <0-01)(Fig. 1).

Comparison of proliferative response, NO production and
antigen presentation

To evaluate the characteristics of adherent and floating DC, we
compared proliferative response, NO production and capacity
of antigen presentation. Figure 2(a) shows that proliferation of
adherent DC was lower than that of floating DC (P <0-001).
Adherent DC also exhibited low levels of nitrite concentration
compared to floating DC (P<0-01) (Fig. 2b). Figure 2(c)
indicates that capacity of antigen presentation was lower in
adherent DC than floating DC (P <0-001).

Adherent DC in vitro pulsed with MBP 68-86 induce tolerance
to EAE

Healthy rats were injected s.c. with MBP 68-86-pulsed
adherent and floating DC as described in the Materials and
methods. Control EAE rats received injection of PBS alone. To
evaluate whether injection of MBP 68-86-pulsed DC could
induce clinical EAE, we first observed these rats for 4 weeks.
No clinical signs occurred, suggesting that MBP 68-86-pulsed
DC did not induce clinical EAE. Four weeks after DC
injection, these rats were immunized with MBP 68-86 and
CFA. Tolerance to EAE was observed in rats injected with
adherent DC, whereas those injected with floating DC or PBS
did not exhibit any protection from EAE (Fig. 3).

Adherent DC-induced tolerance is associated with augmented
proliferation, IFN-y and NO production

To understand the mechanisms by which adherent DC induced
tolerance to EAE in vivo, proliferative responses, IFN-y and
NO production by spleen and lymph node MNC were
measured on day 14 p.i. Figure 4(a) shows that spontaneous
and MBP 68-86-induced proliferative responses of lymph node
(P<0:001) and spleen MNC (P<0-01) obtained from rats
injected with adherent DC were higher than in rats injected
with floating DC or in PBS-injected control rats.
Spontaneous and MBP 68-86-induced IFN-y-secreting
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Figure 2. Proliferative response (a), NO production (b) and antigen
presentation (c) of adherent DC and floating DC. Proliferation was
assessed at 72 hr by the uptake of [*H]thymidine. Nitrite was measured
at 72 hr by Griess reagent. For antigen presentation assays, T cells
(1 x 10%ml; 200 pl/well) were incubated with DC (T cells: DC ratio
50: 1) in the presence of specific antigen MBP 68-86 peptide (10 pg/ml)
for 72 hr. Data (mean + SD) are representative of three independent
experiments; **P <0-01; ***P <0-001.

cells were also elevated among lymph node and spleen MNC
from rats treated with adherent DC compared to rats treated
with floating DC or PBS-treated control rats (P <0-05 for both
comparisons) (Fig. 4b).

Spleen MNC from rats treated with adherent DC
spontaneously produced high levels of nitrite concentration
compared to rats treated with floating DC or PBS-treated
control rats (P<0-001 for both comparisons). After stimula-
tion with MBP 68-86, spleen MNC both from rats treated with
adherent and with floating DC produced higher levels of nitrite
concentration than rats treated with PBS (P <0-001) (Fig. 4c).

Adherent DC up-regulate TGF-f-expressing cells in lymph
nodes

Rats injected with adherent DC showed dramatic up-regula-
tion of TGF-B-expressing cells in lymph nodes compared to
rats receiving floating DC or PBS injection (P <0-001 for both
comparisons). In the latter, only a few TGF-B-expressing cells
were seen among lymph node cells (Fig. 5).

© 2000 Blackwell Science Ltd, Immunology, 101, 397-403
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Figure 3. Tolerance induction by adherent DC. Lewis rats were s.c.
injected with MBP 68-86-pulsed adherent DC (n=6) and floating DC
(n=6) from bone marrow at 1x10® DC/rat, respectively. After
4 weeks, these DC-treated rats and control EAE rats injected with
PBS (n=06) were immunized with MBP 68-86 and CFA. The graph
shows mean clinical scores of EAE. These data are compiled from two
independent experiments.

Adherent DC enhance apoptosis among lymph node cells

Previous studies have demonstrated that CD4% T-cell
apoptosis contributes to the recovery from EAE.” To
determine whether adherent DC can induce cell apoptosis,
the frequency of apoptotic cells was measured in lymph nodes
from rats of the three groups. Figure 6 shows that lymph nodes
from rats injected with adherent DC contained higher levels of
apoptotic cells compared to rats receiving floating DC or PBS
(P<0-01 for both comparisons).

DISCUSSION

DC constitute a complex system of cells which, under different
culture conditions and expressing different phenotype, can
induce immunity or tolerance. DC plasticity is also reflected in
their differentiation.® Two DC subsets, the classical myeloid-
related DC and a novel lymphoid-related DC, have been
identified. Recent evidence suggests that each of these subsets
may have different roles in the generation of peripheral
tolerance or immunity and of type of T-cell response.>**1* We
compared here the phenotypes, properties and functions of
adherent versus floating bone marrow DC in vitro as well as in
vivo. Adherent and floating DC were found to express similar
levels of CDllc, 0OX62, MHC class II, B7-1 and B7-2.
However, in accordance with previous observations,'! adher-
ent DC expressed low levels of IL-12 and high levels of IL-10 in
vitro when compared to floating DC. Functional heterogeneity
between bone marrow-derived adherent and floating DC could
have important implications for the development of DC-based
immunotherapies.

We speculate that high IL.-10 and low IL-12 expression by
adherent DC could play a critical role for in vivo tolerance
induction. It has been reported that IL-10 is required for
induction of T-cell tolerance, and converts stimulatory DC into
tolerogenic antigen-presenting cells.!*!* Studies have also
shown that retroviral delivery of viral IL-10 into myeloid
DC markedly limits their allostimulatory activity and promotes
the induction of T-cell hyporesponsiveness.'* Gao er al."’
found that tolerogenic DC express high levels of IL-10 and
have a skewed balance between IL-10 and IL-12 production.
IL-12 appears to be the most crucial DC product, driving the

© 2000 Blackwell Science Ltd, Immunology, 101, 397-403
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Figure 4. Proliferative response (a), IFN-y secretion (b) and NO
production (c) of lymph node and spleen MNC from rats treated with
adherent DC, floating DC or rats receiving PBS (control EAE) on day
14 p.i. with encephalitogenic MBP 68-86 and CFA (n=4). These data
(mean + SD) represent one of two to three independent experiments
with essentially identical results; * P <0-05; **P <0-01; ***P<0-001.

development of naive precursors into Thl cells.'® Recently,
Kalinski ez al.'” suggested that DC can be divided into three
types of subsets based on IL-12-producing capacity: the type-1
DC subset, which produces high levels of IL-12 and induces
Th1-cell differentiation in naive Th cells; the type-2 DC subset,
producing low levels of IL-12 and high levels of co-stimulatory
molecules, resulting in Th2-cell responses; and the type-3 DC
subset treated with IL-10, expressing low levels of IL-12 and
co-stimulatory molecules, giving rise to tolerogenic DC. In the
present study, the high levels of IL-10 produced by adherent
DC may in turn inhibit IL-12 expression, suggesting that
adherent DC may exhibit tolerogenic properties.

Apart from distinct cytokine profiles of adherent DC (IL-
1oMeh - 1L-12'%) and floating DC (IL-10'°%, IL-12Meb),
adherent DC show lower NO production, proliferation and
antigen presentation capacity compared to floating DC.
Because adherent DC expressed high levels of IL-10 compared
to floating DC, it is possible that adherent DC inhibit antigen
presentation, proliferation and NO production. Recently,
Steinman et al.'® proposed that immature DC phagocytose
tissue cells to tolerance or regulate self-reactive T cells.

Most importantly, in agreement with our hypothesis,
adherent DC successfully induced tolerance to EAE in Lewis
rats compared to floating DC. However, the properties of
tolerogenic DC are not clear. In the present study, an opposite
skewed balance between IL-10 and IL-12 was observed for
adherent and floating DC, which constitutes a possible
mechanism by which adherent DC expressing IL-10 exhibit a
tolerogenic property. In the present study, we observed that
adherent DC expressed higher levels of CD54 compared to
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Figure 5. Numbers of TGF-B-expressing cells detected by immuno-
histochemistry in lymph node sections obtained on day 14 p.i. with
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Numbers of cells were counted in five random fields at magnification
x 200. Results are expressed as mean + SD per 100 mm? of tissue area
from each experimental group (four rats); ***P <0-001.

floating DC. DC are specialized to mediate several physiolo-
gical components of immunogenicity, such as the acquisition of
antigen in tissues, the migration to lymphoid organs, and the
identification and activation of antigen-specific T cells. High
levels of CD54 by DC probably contribute to these functions.
The function of CD54 of adherent DC in immunological
tolerance is just beginning to be studied.

TGF-p plays a dominant role in the generation of immune
tolerance. Many studies have described induction of immune
tolerance accompanied by up-regulation of TGF-fB-secreting
regulatory T cells.'"®* Nasal administration of acetylcholine
receptor (AChR) in a Lewis rat model experimental
autoimmune myasthenia gravis has indicated a role of TGF-
B-producing cells. The effects of in vitro suppression of
AChR-primed lymphocyte proliferation could be blocked by
anti-TGF-p mADb.> In vivo, oral antigen-induced tolerance has
revealed that the protective effect can be reversed by
administration of anti-TGF-p mAb.>*?*?” In the present
study, there was an increase of TGF-B-expressing cells in rats
injected with adherent DC compared to rats receiving floating
DC or PBS, suggesting that TGF-B-expressing cells also play a
major role in the adherent DC-induced tolerance to EAE.

Both antigen-pulsed adherent and floating DC can in vivo
prime T cells without subsequent immunization, reflected by
augmented antigen-specific proliferation in rats receiving
antigen-pulsed adherent and floating DC compared to healthy
control rats (data not shown). However, we found that
adherent DC-induced tolerance in Lewis rats was accompanied
by enhanced spontaneous and specific antigen-induced pro-
liferative responses, IFN-y and NO production. Frequencies of
apoptotic cells in sections of lymph nodes were augmented in
adherent DC-treated rats. A frequently proposed cascade for
the development of organ-specific autoimmune disease involves
the induction and expansion of Th1 cells, which secrete IFN-y
and thereby activate macrophages and other effector cells to
produce tissue-damaging molecules such as NO. However,
several parts of this concept have been repeatedly challenged,
particularly in the murine EAE model. IL-12 protects from
Thl-mediated experimental autoimmune uveitis (EAU).?® It
has been demonstrated that both IFN-y and NO are two
potential down-regulating molecules in EAE. 7' IFN-y
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Figure 6. Numbers of apoptotic cells in lymph node sections on day 14
p.i. from rats treated with adherent DC, floating DC, or PBS (control
EAE) were detected by TUNEL as described in the Materials and
methods. Results are expressed as the mean + SD per 100 mm?® of
tissue area from each experimental group (four rats); **P <0-01.

suppressed EAE by inducing inducible NO synthase (iNOS)
and subsequent NO production.?? IL-12 protects from
Thl-mediated EAU by curtailing development of uveitogenic
effector T cells. This phenomenon involves hyperinduction of
IFN-v, causing up-regulation of iNOS and production of NO,
which protects, at least in part, by triggering apoptotic deletion
of antigen-specific cells at a critical time-point during antigen
priming?®. A positive correlation between recovery from EAE
and the levels of NO was observed.”! Interestingly, when
recovered rats are treated with N-methyl-L-arginine acetate (L-
NMA) alone (inhibitor of NO production), 100% of animals
develop a relapse of EAE in Lewis rats,?' suggesting a central
role for NO in the immunoregulation of EAE. Of course, the
role of NO in the immune system comprises both effector (e.g.
tissue destruction or apoptosis of autoreactive T cells) and
regulatory (e.g. modulation of cytokine responses) functions,
depending on concentration of NO and target cells in the local
microenvironment. In view of the data reported here, we
propose that reduction of inflammatory cells within the central
nervous system might be caused by their elimination through
apoptosis.

In summary, tolerogenic DC may constitute a separate
differentiation pathway, as suggested by Suss and Shortman.*
IL-10Me" 1L-12!°Y DC population derived from adherent DC
can contribute to induction of tolerance, possibly through up-
regulation of TGF-B-expressing cells and/or induction of TFN-
v, NO and the apoptosis pathway. The present study also
provides insight into the mechanisms of DC tolerance
induction and should facilitate the design of an ideal vaccine
aimed at applying immune tolerance in autoimmune diseases.
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