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SUMMARY

Cytokines play a crucial role in initiating and perpetuating EAE, an animal model of multiple sclerosis
(MS). A low dose of IL-4, administered by the nasal route over 5 days (100 ng/rat per day) prior to
immunization, improved clinical scores of EAE induced in Lewis rats with myelin basic protein (MBP)
peptide 68–86 (MBP 68–86). We examined whether dendritic cells (DC) may have contributed to the
amelioration of the disease process. These professional antigen-presenting cells (APC) not only activate
T cells, but also tolerize T cells to antigens, thereby minimizing autoimmune reactions. We found that
IL-4 administration enhanced proliferation of DC. In comparison with DC of PBS-treated rats, DC from
IL-4-treated rats secreted high levels of interferon-gamma (IFN-g) and IL-10. Nitric oxide (NO)
production by DC was also strongly augmented in IL-4-treated rats.In vitro studies showed that IL-4
stimulated DC expansion and that IFN-g enhanced NO production by DC. DC-derived NO promoted
apoptosis of autoreactive T cells. These results indicate that nasal administration of IL-4 promotes
activation of DC and induces production of IFN-g and IL-10 by DC. IL-10 suppresses antigen
presentation by DC, while IFN-g induces NO production by DC which leads to apoptosis in autoreactive
T cells. Such a DC-derived negative feedback loop might contribute to the clinical improvement
observed in EAE.

Keywords experimental allergic encephalomyelitis IL-4 dendritic cells nitric oxide.

INTRODUCTION

Multiple sclerosis (MS) is a chronic demyelinating disease of the
central nervous system (CNS). Its precise aetiology is unknown
and therapeutic interventions are limited. However, the perivenous
distribution of the demyelinating lesions, the presence of macro-
phages, lymphocytes, and plasma cells within them [1], and the
similarities between MS and experimentally induced EAE [2],
suggest an autoimmune component in pathogenesis. It is thus
likely that targeting of the immune system, either to divert it
along a more benign pathway, or to directly block tissue-damaging
effector mechanisms, may result in disease control.

Cytokines play a key role in immunity because of their
functional pleiotropism and redundancy. They have been widely
used in disease prevention and treatment. However, systemic
administration of cytokines has resulted in some severe adverse

effects and toxicity [3]. Recent studies suggest that administration
of cytokines via mucosal routes offers an exciting alternative to
systemic application. Increasing evidence indicated that oral
administration of certain cytokines is not only safe and effective,
but also avoids the deleterious consequences of systemic admin-
istration [4]. However, inactivation by gastric acid and digestion by
proteases may affect orally administered molecules before they
reach the target cells. Concerning this aspect, nasal administration
is more effective than the intragastric route, generating earlier and
stronger mucosal immune responses. Nasal lymphoid tissue and its
local draining lymph nodes may also retain long-term immune
memory [5]. We have previously shown that nasal administration
of low doses of IL-10 can effectively suppress both acute and
protracted-relapsing EAE in rats [6]. In this study, we found that
nasal administration of as low as 500 ng/rat of IL-4 suppressed
EAE in Lewis rats. IL-4 promoted activation of dendritic cells
(DC) and induced production of IL-10 and interferon-gamma
(IFN-g) by DC. IFN-g triggered nitric oxide (NO) production by
DC, which together with IL-10, suppressed the development of
EAE by inducing apoptosis of CD4þ T cells and inhibiting antigen
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presentation of DC. Such a DC-derived negative feedback loop
might contribute to improvement of EAE.

MATERIALS AND METHODS

Reagents
Guinea pig myelin basic protein (MBP) peptide covering the amino
acid residues 68–86 (MBP 68–86) (YGSLPQKSQRSQDENPV)
was synthesized in an automatic Tecan/Syro Synthesizer (Multi-
syntech, Bochum, Germany). Murine IL-4 (specific activity
5·98×107–1·98×108 U/mg) was from Schering-Plough Research
Institute (Kenilworth, NJ), and can act in rats. Recombinant rat
IFN-g (rrIFN-g) and mouse anti-rat IFN-g MoAb (DB1) were from
Innogenetics (Ghent, Belgium). Anti-rat CD4 and MHC class II
MoAbs were purified from culture supernatant of hybridoma [7].
PE-conjugated mouse anti-rat CD45RA MoAb, anti-rat macro-
phage MoAb (ED1), anti-rat CD3, CD11c, Mac-1, and isotype
control antibodies were purchased from SeroTec (Oxford, UK).
Monoclonal anti-rat B7-2 and OX-42 were from PharMingen
(Becton Dickinson, Stockholm, Sweden). The modified Griess
reagent, Nq-nitrol-L-arginine methylester (L-NAME) and lipopoly-
saccharide (LPS) were from Sigma (St Louis, MO), polyclonal
goat anti-rat IL-10 from Santa Cruz Biotechnology (Santa Cruz,
CA), and biotin-conjugated anti-goat secondary antibody from
Dakopatts (Copenhagen, Denmark).

Animals
Lewis rats, 6–8 weeks old, were from Zentralinstitut fur
Versuchstierzucht (Hannover, Germany).

Nasal administration of IL-4
Four groups of rats received into nostrils 60ml PBS pH 7·4
containing IL-4 at amounts of 0, 10 ng, 100 ng, and 1000 ng,
respectively, using a micropipette. At each administration, rats
were gently anaesthetized with ether. The administration was
performed daily for 5 consecutive days. Thus, the total amount
of IL-4 received by each rat in the four groups was: 0, 50 ng,
500 ng, 5000 ng/rat, respectively.

To examine whether the IL-4 entered the bloodstream, it was
labelled with deoxyadenosine-50-thiotriphosphate (35S) (New
England Nuclear, Cambridge, MA) and administered to rats nasally.
Blood was collected from the heart at 6 h, 12 h and 24 h afterwards.
Radioactivity was measured in a liquidb-scintillation counter.

Induction of EAE
Seven days after the last nasal administration, each rat was
immunized subcutaneously in hind footpads with 200ml inoculum
containing 25mg MBP 68–86, 2 mgMycobacterium tuberculosis
(strain H37RA; Difco, Detroit, MI), 100ml saline and 100ml
Freund’s incomplete adjuvant (FIA; Difco). Rats were weighed
and evaluated in a blinded fashion by at least two investigators
every day for the presence of clinical signs. Clinical scores of EAE
were graded according to the following criteria: 0, asymptomatic; 1,
flaccid tail; 2, loss of righting reflex with or without partial hind limb
paralysis; 3, complete hind limb paralysis; 4, moribund; 5, dead.

Culture and purification of DC
The culture medium used was Dulbecco’s modification of Eagle’s
medium (GIBCO, Paisley, UK) supplemented with 1% modified
Eagle’s medium (MEM; GIBCO), 2 mM glutamine (Flow Labs,
Irvine, UK), 50 U/ml penicillin and 50mg/ml streptomycin

(GIBCO), 10 mM HEPES and 5% fetal calf serum (FCS; GIBCO).
DC were prepared according to Steinmanet al. [8] with modifica-
tions. Mononuclear cell (MNC) suspensions were prepared from
rat spleen by pressing the tissues through a sterile wire mesh to
obtain a single-cell suspension. DC were further enriched by
differential adherence by incubating cells in 75-mm2 Falcon
culture flasks (Becton Dickinson, Franklin Lakes, NJ) in serum-
free culture medium for 2 h at 378C in a 5% CO2 incubator,
removing the non-adherent fraction and culturing the remaining
cells overnight in culture medium containing 5% FCS. By the next
day, DC became non-adherent. These transiently adherent cells
were harvested, resuspended in culture medium, and used as a
splenic DC-enriched fraction. Enrichment of DC was verified
by morphological appearance, immunocytochemistry and flow
cytometric analysis.

Measurement of nitrite
NO was assayed by measuring the end product nitrite, which was
determined by a colourimeter assay based on the Griess reaction.
Aliquots of cell culture supernatant (100ml) were mixed with
100ml of Griess reagent at room temperature for 10 min. The
absorbance was measured at 540 nm in an automated plate reader.
Concentration of nitrite was determined by reference to a standard
curve of sodium nitrite (Sigma).

Proliferation assay of DC
Proliferative responses of DC were examined by3H-thymidine
incorporation. Briefly, 200ml of DC suspensions (1×106/ml) were
incubated in 96-well polystyrene microtitre plates (Nunc, Ros-
kilde, Denmark) at 378C in a 5% CO2 incubator with or without
LPS (10mg/ml). After 60 h, cells were pulsed with3H-thymidine
(1mCi/well; Amersham, Aylesbury, UK) for 12 h. Cells were
harvested and3H-thymidine incorporation was measured in a
liquid b-scintillation counter.

Assay of IFN-g-secreting DC
An ELISPOT assay for detection of IFN-g secretion at the single-
cell level was used [9]. Nitrocellulose-bottomed microtitre plates
(Millititre-HAM plates; Millipore Co., Bedford, UK) were coated
with 100-ml aliquots of mouse anti-rat IFN-g MoAb (DB1) at
15mg/ml. DC suspensions (1×105 cells/200ml) were added to
individual wells, and incubated with or without LPS (10mg/ml).
After 48 h of culture, the wells were extensively washed. The
plates were incubated with 100ml of polyclonal rabbit anti-rat
IFN-g antibody (Innogenetics) diluted 1:500 for 4 h at room
temperature. After washing, the plates were incubated with
biotinylated swine anti-rabbit IgG (1:500; Dakopatts) and then
avidin-biotin peroxidase complex (1:200; Vector, Burlingame,
CA) followed by peroxidase staining. The red-brown immunospots
which corresponded to the cells that had secreted IFN-g were
counted in a dissection microscope.

Preparation of T cells from draining lymph nodes
T cells were prepared according to Juliuset al. [10] with modifica-
tions. In brief, on day 14 p.i., MNC suspensions from popliteal and
inguinal lymph nodes of EAE rats were prepared by grinding
through a wire mesh. Cells were washed three times, then incu-
bated in serum-free medium in culture dishes for 2 h at 378C in a
5% CO2 incubator. The non-adherent fraction was collected and
passed through a 20-ml nylon wool column. T cells were enriched
in the non-adherent fraction.
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Immunohistochemistry
On day 14 p.i., the spinal cords from PBS- and IL-4 (500 ng/rat)-
treated EAE rats were dissected and frozen in liquid nitrogen.
Cryostat sections were cut at 10mm and fixed in acetone for
10 min. Endogenous peroxidase activity was inactivated with
0·3% H2O2 for 20 min. Non-specific binding sites were further
blocked with 1% blocking reagent (Boehringer Mannheim, Mann-
heim, Germany). The sections were incubated overnight in primary
anti-CD4 and macrophage (ED1) antibodies at a dilution of 1:100.
Reactivity was detected using the ABC (Vector) reactive system.
The specificity of the staining was tested by incubating sections
without the primary antibodies. For each animal, four spinal cord
sections were observed in a blinded fashion. Positive cells were
counted by automatic video scanning using Leica Q500MC.

Intracellular staining of cytokines
Intracellular cytokine staining of DC was performed according to
de Boeret al. [11] with modifications. Briefly, DC were spun onto
a glass slide and stored at¹208C until use. Slides were dried, fixed
with acetone, lysed with 0·2% Triton, and subsequently incubated
with polyclonal goat anti-rat IL-10 (1:100) and biotin-conjugated
anti-goat secondary antibody (1:100). All incubations were per-
formed in PBS containing 1% bovine serum albumin (BSA). The
specificity of staining was tested by incubating slides without the
primary antibodies. Percentage of positive cells was counted by
automatic video scanning using Leica Q500MC.

In vitro stimulation of DC with IL-4 and IFN-g
Naive DC were prepared from spleens of non-immunized rats as
described before. Cells (1×106/ml) were incubated without or with
IL-4 at a final concentration of 10 ng/ml, or IFN-g at 100 U/ml.

Assays of apoptosis
Apoptosis was determined by using In Situ Cell Death Detection
Kit (Boehringer Mannheim). At day 14 p.i., DC from PBS- or IL-4
(500 ng/rat)-treated EAE rats as well as T cells from non-treated
EAE rats were prepared and co-cultured (DC:T ratio at 1:20) with
or without MBP 68–86 (10 ng/ml), or with MBP 68–86 (10 ng/ml)

plus L-NAME (0·5 mM) for 24 h. Cell suspensions were fixed with
4% paraformaldehyde for 30 min at room temperature and then
permeabilized with 0·1% Triton X-100 in 0·1% sodium citrate for
2 min on ice. TUNEL reaction mixture (50ml) was added to
samples incubated in a humidified chamber for 60 min at 378C in
the dark. Cell suspensions were then incubated with anti-rat CD4
and PE-conjugated secondary MoAb (Serotec). The cells were
analysed with a FACScan flow cytometer (Becton Dickinson).
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Fig. 1. Nasal administration of IL-4 suppresses EAE in Lewis rats. Four groups of rats (n¼ 5 in each group) received IL-4 at amounts of 0,
10 ng, 100 ng, and 1000 ng daily for 5 consecutive days before EAE induction. Two independent experiments revealed similar results.W, PBS;
A, IL-4 50 ng;X, IL-4 500 ng;B, IL-4 5000 ng.
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Fig. 2. IL-4 delivered by the nasal route rapidly entered the blood stream.
IL-4 was labelled with deoxyadenosine-50-thiotriphosphate (35S) and ad-
ministered nasally to Lewis rats. Blood was collected afterwards and
radioactivity was measured. Data are expressed as the mean of triplicate
samples6 s.d. Data are representative of two independent experiments
with similar results.



Statistical analysis
Differences between pairs of groups were tested with Student’s
t-test.

RESULTS

Nasal administration of IL-4 suppresses EAE in Lewis rats
To study whether nasal IL-4 administration could prevent EAE,
Lewis rats received PBS or IL-4 before induction of EAE. Rats
receiving PBS or 50 ng/rat IL-4 developed severe EAE, with no
difference between the two groups in mean maximal clinical
scores. In contrast, rats receiving the middle dose (500 ng/rat) or
high dose (5000 ng/rat) of IL-4 exhibited only mild EAE (Fig. 1).

To examine whether the IL-4 entered the bloodstream, it was
labelled with 35S and administered to Lewis rats nasally. The
radioactivity levels in blood were high 6 h after administration and
declined over the next 18 h (Fig. 2).

IL-4 reduces inflammatory CD4þ T cell and macrophage
infiltration within the CNS
In EAE, large numbers of infiltrating cells have been found within
the CNS and are thought to contribute to disease pathogenesis [12].
In this study, we found that at day 14 p.i., infiltrating ED1þ

macrophages and CD4þ T cells were significantly reduced in
sections of spinal cords from IL-4-treated rats (500 ng/rat) com-
pared with PBS-treated control rats (Fig. 3). This is consistent with
the clinical signs in the animals.

Characterization of spleen DC-enriched fraction
DC have been characterized from different lymphoid and
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Fig. 3. IL-4 reduced CD4þ T cell and macrophage infiltration into the
central nervous system (CNS). On day 14 p.i., the spinal cords from PBS-
(A) and IL-4 (500 ng/rat) (B)-treated rats were dissected. Numbers of
infiltrating cells were detected by immunohistochemical staining. Data are
representative of two independent experiments with similar results.
*P<0·05; **P<0·01.

Fig. 4. Nasal IL-4 activates splenic dendritic cells (DC). DC were enriched from PBS- (A) and IL-4 (500 ng/rat) (B)-treated rats on day 14
p.i., and their lipopolysaccharide (LPS) responses were evaluated by measuring (a)3H-thymidine incorporation; (b) nitric oxide (NO)
production; (c) IFN-g-secreting DC; (d) intracellular IL-10þ DC, both spontaneously and upon stimulation with LPS (10mg/ml). Data are
representative of two independent experiments with similar results. *P<0·05; **P<0·01; ***P<0·001.



non-lymphoid organs, and from several species of mammals. In
each instance, the cells exhibit the following features: (i) large size
and irregular shape with many mobile veils (lamellipodia); (ii)
abundant surface MHC class I and II; (iii) high levels of costimu-
latory molecules that enhance T cell responses; (iv) absence or low
levels of critical macrophage markers; and (v) presence of certain
markers that, while not entirely DC-specific, help to distinguish
DC from other leucocytes [13].

In our DC preparations, when isolated and dropped onto slides,
the cells showed characteristic Giemsa and surface MHC class II
labelling patterns. We used several surface markers to assess the
purity of fresh splenic DC preparations. They showed high fre-
quencies of CD11cþ (81·36 1·9%; mean6 s.d.), MHC class IIþ

(86·36 2·0%) and B7-2þ (89·06 2·5%) cells. In order to distin-
guish DC from macrophages, we chose two macrophage markers,
OX-42 and Mac-1 [14,15]. Their expressions were uncommon,
amounting to 13·36 1·2% for OX-42, and 14·46 0·8% for Mac-1.
Contamination by CD3þ cells (2·36 0·5%) and CD45RAþ cells
(1·986 0·6%) was also very low. Taken together, morphological
and phenotypic studies revealed that the DC preparations used in
this study had a purity of>85%. No significant difference in the
number, phenotype and purity of DC was found after IL-4
administration compared with PBS-treated rats.

Nasal administration of IL-4 induces DC activation
DC can capture, process and present antigens to T cells, and secrete

cytokines and mediators to participate in immune responses. To
elucidate the mechanisms in the suppression of EAE after IL-4
administration, splenic DC were obtained from PBS- and IL-4
(500 ng/rat)-treated EAE rats at day 14 p.i., and their activities
were evaluated. Compared with PBS-treated rats, DC from
IL-4-treated rats showed higher proliferative responses(Fig. 4a),
produced more NO (Fig. 4b), and secreted higher levels of IFN-g

(Fig. 4c), both spontaneously and upon stimulation with LPS.
IL-4 administration thus triggered DC activation. At the same
time, intracellular IL-10 staining of DC showed increased
percentages of IL-10þ DC after IL-4 treatment (Fig. 4d).

We compared the levels of proliferation, NO production,
IFN-g-secreting cells and IL-10þ cells among spleen MNC from
PBS- and IL-4 (500 ng/rat)-treated rats. There was no difference
between these two groups, indicating that the augmentations seen
in Fig. 4 were mainly generated from DC. However, the
contaminating macrophages, T cells and B cells, although in small
proportions, could possibly contribute to the LPS responses and
cytokine productions.

In vitro studies of effects of IL-4 and IFN-g on DC
To analyse further the effects of IL-4 on DC activities, naive DC
were incubated in the presence or absence of IL-4 (10 ng/ml). This
significantly enhanced proliferation of DC (Fig. 5a), whereas
IFN-g-secreting cells were not augmented at this concentration
of IL-4 (Fig. 5b). When DC were cultured with IFN-g (100 U/ml)
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Fig. 5.Effects of IL-4 and IFN-g on dendritic cells (DC). Naive DC were incubated in the absence or presence of IL-4 (10 ng/ml) and assayed
for 3H-thymidine incorporation (a) and IFN-g production (b). Naive DC were incubated and detected for nitric oxide (NO) production in
response to IFN-g (100 U/ml) (c). Two independent experiments revealed similar results. *P<0·05; ***P<0·001.

Fig. 6. Dendritic cell (DC)-derived nitric oxide (NO) induces apoptosis of CD4þ T cells. On day 14 p.i., T cells obtained from EAE rats
immunized with myelin basic protein (MBP) 68–86 were incubated with DC from PBS- or IL-4 (500 ng/rat)-treated rats plus MBP 68–86
(10 ng/ml) for 24 h in the absence or presence of Nq-nitrol-L-arginine methylester (L-NAME; 0·5 mM). At least 10 000 cells per sample were
analysed by FACScan. The value given in each panel is the percentage of double-labelled cells. Data are representative of two independent
experiments with similar results.



for 48 h, NO production was dramatically augmented (Fig. 5c).
These data suggest that IL-4 induced DC expansion, and IFN-g

promoted NO production by DC.

DC-derived NO mediates apoptosis of CD4þ T cells
It has been reported that DC-derived NO is associated with
impaired T cell responses [16]. In the present study, on day 14
p.i., T cells from EAE rats were incubated with DC from PBS- or
IL-4-treated (500 ng/rat) rats. In the absence of MBP 68–86
stimulation, the levels of apoptosis were quite low in both co-
cultures (0·216 0·07% for Tþ DC from PBS-treated rats;
0·266 0·07% for Tþ DC from IL-4-treated rats;P> 0·05),
which could be bystander effects such as Fas/FasL-mediated
apoptosis. Upon stimulation with MBP 68–86 (10 ng/ml), as
shown in Fig. 6, apoptotic CD4þ T cells amounted to only 1·5%
after 24 h of incubation in co-cultures of T cells and DC from PBS-
treated rats. In co-cultures of T cells and DC from IL-4-treated rats,
much higher levels of apoptosis (12·7%) of CD4þ T cells were
observed; if the nitric oxide synthase (NOS) inhibitor L-NAME
was added into the co-cultures, the percentage of apoptotic CD4þ

T cells was reduced to 5·8%. Therefore, DC-induced apoptosis of
CD4þ T cells is partly NO-dependent.

DISCUSSION

IL-4 has been called the ‘prototypic immunoregulatory cytokine’
[17] and extensively studied [18]. It influences a variety of target
cells in multiple ways, and has been widely used in immunothera-
pies for cancers, infectious diseases, transplantation and autoim-
mune diseases [19–22]. Rackeet al. reported that i.p. injection of
IL-4 (1 mg per 8 h from day 0 to 11 or 6 to 11 p.i.) ameliorated EAE
in mice [23]. In our study, we found that nasal administration of as
little as 500 ng/rat of IL-4 suppressed MBP 68–86-induced EAE in
Lewis rats. Immunohistochemical staining revealed considerably
lower numbers of infiltrating cells in spinal cords from IL-4-treated
rats compared with PBS-treated rats. Rackeet al. explained the
suppressive effect of IL-4 in EAE as ‘cytokine-induced immune
deviation’. In our study, we found that IL-4 might affect the
antigen-presenting functions of DC, thereby influencing the sub-
sequent immune cascade during the disease course.

DC are very potent antigen-presenting cells (APC) and are
critically involved in the initiation of immune responses. They
constitute a small subpopulation of bone marrow-derived leuco-
cytes that are widely distributed throughout the body. In response
to infection, entrance of toxic chemicals or necrosis, DC rapidly
undergo a maturation process, migrate into peripheral immune
organs and initiate immune responses. All these processes appear
to be dependent on the influence of cytokines. IL-4 is an essential
factor for in vitro growth and differentiation of DC precursors
[24,25]. Here we reported that bothin vivo administration and
in vitro addition of IL-4 enhanced DC activation and proliferation.

Nasal administration of IL-4 increased the number of intra-
cellular IL-10-positive DC. IL-10 has been identified as critical for
suppression of multiple activities of immune responses, including
antigen presentation and T cell responses [26]. IL-10 inhibits the
stimulatory capacity of APC by down-regulating MHC class II
molecules and the costimulatory molecules B7-1/B7-2 and inter-
cellular adhesion molecule-1 (ICAM-1) [27–29]. It can also
directly inhibit T cell proliferation and growth [30,31], and
reduce the release of a variety of inflammatory cytokines, includ-
ing tumour necrosis factor-alpha (TNF-a) and TNF-b [32–35]. DC

precultured with IL-10 induced a state of alloantigen-specific
anergy among CD4þ T cells, suggesting that IL-10 converts
immature DC into tolerogenic APC, which might be a useful
tool in the therapy of patients with autoimmune diseases [36].

Although IFN-g is a proinflammatory cytokine and is sug-
gested to be involved in the pathogenesis of EAE and MS [37],
there are also data implying that IFN-g could contribute to disease
resistance and recovery [38,39]. Therefore, the role of IFN-g in
disease induction and perpetuation may be rather complex. IFN-g

is a known NO inducer. Our data showed that short-termin vitro
stimulation of DC with IFN-g dramatically increased NO
production.

NO is a major modulator of physiological and pathophysiolo-
gical processes, and plays a critical role in inflammation and
autoimmunity [40]. NO derived from DC is associated with
impaired T cell responses and enhances apoptosis of DC them-
selves [16,41]. CD4þ T cell apoptosis was enhanced when cultured
with DC from IL-4-treated rats. This induction of apoptosis was
reduced by inhibiting NOS activity, suggesting that DC-derived
NO may suppress autoactive T cell functions through mechanisms
of apoptosis. We postulate that nasal administration of IL-4
triggers DC activation; the activated DC generate immunoregula-
tory molecules such as IL-10, IFN-g and NO, which in turn further
influence the direction of subsequent immune responses and divert
them in a benign, disease-inhibiting direction.
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