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Summary

Rapamycin (RAPA, sirolimus) is a recently introduced immunosuppressive
agent. Its effect on the differentiation and antigen uptake of immature
dendritic cells (iDCs) has been studied. However, whether it can also modulate
the function of mature DCs (mDCs) is unknown. We investigated the effects
of RAPA on rat bone marrow-derived DCs at different stages of maturation.
RAPA affected maturation, increased apoptosis and reduced lipopolysaccharide
(LPS)-induced IL-12 and IL-10 production in iDCs. However, mDCs were
resistant to RAPA-induced apoptosis. RAPA-mDCs produced significantly less
IL-10 and TNF-o when compared with mature DCs but similar amounts of
IL-12. RAPA did not affect constitutive NF-«B activity, but inhibited allostimu-
latory activity in mature DCs. In conclusion, mDCs treated with RAPA are
reprogrammed to produce a unique cytokine secretion profile and exhibit low
allostimulatory capacity, which may play an important role in rapamycin-based
immunomodulation.

doi:10.1111/].1432-2277.2009.00901.x

Introduction

Dendritic cells (DCs) are the most potent antigen-
presenting cells (APCs) and play critical roles in the
initiation and regulation of immune responses [1]. DCs
can not only induce immunogenic reactions but can also
exhibit tolerogenic properties [2]. Recent in vitro studies
have reported that interfering with the process of DC
maturation can profoundly modify the outcome of the
immune response, and manipulation of DCs may provide
a novel approach for preventing acute and chronic
allograft rejection [3-6]. Nevertheless, it seems that DC
maturation by itself is not the sole discriminating feature
that separates their immunogenic from their tolerogenic
functions. Several reports have proposed that mature DCs
(mDCs) also possess an immune regulatory function
[7,8]. However, maturation is more of a continuous
process rather than a dichotomous process (wherein cells
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can only be either ‘mature’ or ‘not mature’). There is a
‘semi-mature’ state in which DCs are phenotypically
mature but remain poor producers of pro-inflammatory
cytokines, and this state has been linked to tolerogenic
function [6,9].

The T-cell response induced by DCs is determined, to
some extent, by the cytokines secreted by the DCs. Upon
activation, DCs produce a variety of cytokines including
pro-inflammatory cytokines such as IL-12 and TNF-a [1]
and anti-inflammatory cytokines such as IL-10 [7,8].
Phenotypic characteristics, such as high-level expression
of major histocompatibility complex (MHC) and B7
co-stimulatory molecules on mDCs, are important for
activating T cells, and cytokines originating from DCs
during DC-T-cell interaction are also important for
directing T-cell differentiation [1,10,11].

Rapamycin (RAPA, sirolimus) is a macrolide antibiotic
with potent immunosuppressive activity and has been
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introduced in recent years as an anti-rejection therapy in
organ transplantation in both clinical [12,13] and animal
model studies [14-16]. Although several studies have
shown that RAPA affects endocytosis and antigen presen-
tation of DCs [17-19], there have been conflicting reports
regarding the effects of RAPA on DC phenotypic matura-
tion and apoptosis [17,19-24]. Although it has been
suggested that mDCs have different cytokine production
profiles [25] and altered intracellular signalling networks
[26] when compared with immature DCs (iDCs), the role
of RAPA in mDC activity remains obscure.

In this study, we investigated the influence of RAPA on
rat bone marrow DCs (BM-DCs), with respect to cell
survival and function. The results indicate that RAPA
interferes with DC function at various levels, impairing
immune reactivity at both the immature and mature
stages. Moreover, mDCs following RAPA treatment exert
some immunosuppressive effects on allogeneic T lym-
phocytes. These novel findings shed some light on the
molecular mechanisms of rapamycin-based immunomod-
ulation, and have implications for clinically applicable
strategies for immunomodulation using RAPA-treated
DCs for therapy of graft rejection.

Materials and methods

Animals

Eight- to 10-week-old Lewis (LEW, RT1', 200 + 250 g)
and Brown Norway (BN, RT1", 200 + 250 g) rats were
purchased from Vital River Laboratory Animal Tech-
nology Co. Ltd, Beijing, China. Procedures involving ani-
mals and their care were conducted in conformity with
the institutional guidelines that are in compliance with
national and international laws and policies.

Generation of bone marrow-derived dendritic cells

Bone marrow cells removed from rat femurs, tibias, and
humeri were depleted of red blood cells with hypotonic
buffered tris-ammonium chloride (0.83%, pH 7.21). The
cells were washed twice in complete medium consisting
of RPMI 1640 (Gibco Lab, Grand Island, NY, USA)
supplemented with 10% (v/v) heat-inactivated fetal calf
serum (FCS), 100 U/ml penicillin, 100 pg/ml strepto-
mycin, 2 mMm L-glutamine, and 10 mm HEPES buffer
(Gibco Lab). Two million of the resulting cells were then
cultured in 1 ml complete medium containing 20 ng/ml
recombinant rat granulocyte-macrophage-colony stimu-
lating factor (rrGM-CSF; Peprotech, Rocky Hill, NJ,
USA) and 10 ng/ml recombinant rat interleukin 4 (rrIL-
4, Peprotech) in one well of 24-well plate. On day 2, non
adherent cells were removed; cultures were fed every
second day by exchanging half medium for fresh

Wang et al.

GM-CSF and IL-4 containing medium. On day 6,
100 ng/ml of LPS (Escherichia coli; Sigma, St. Louis, MO,
USA) was added and the cells left for 48 h, to create
mature DCs. Cells were harvested, and supernatant fluid
was collected and stored frozen at —20 °C until testing.
To assess the effects of RAPA on DCs, RAPA (1-100 ng/
ml) (Fermentek, Jerusalem, Israel) was added to the
culture media on day 6 (unless otherwise described)
simultaneously with LPS (referred to subsequently as
RAPA-iDCs). The DC preparations used in this study
contained 85-91% OX62" cells.

Flow cytometric analysis

The directly fluorochrome-conjugated rat antibodies for
surface staining, including fluorescein isothiocyanate
(FITC)-conjugated anti-OX6 (Serotec, Oxford, UK),
anti-CD40 (eBioscience, San Diego, CA, USA), Alexa
Fluor® 647-conjugated anti CD86 (BioLegend, San
Diego, CA, USA), and phycoerythrin (PE)-conjugated
anti-rat OX62 (Serotec), were used according to the
manufacturer’s descriptions. Briefly, Immunofluorescence
staining was performed after washing the cells twice with
Phosphate buffer solution (PBS) containing 3% FCS.
Cells were incubated for 30 min at 4 °C with each fluo-
rochrome-conjugated antibody diluted to the optimal
concentration for immunostaining. Cells were then
washed with cold PBS twice and analysed by flow
cytometry (FACSCalibur with CellQuest software; BD
PharMingen, San Diego, CA, USA). Matched isotypes
(IgGl, Serotec) were used as the negative control.
Results are expressed as mean fluorescence intensity
(MFI) over all cells of the sample.

Detection of DC apoptosis

Phosphatidylserine exposure was determined using an
annexin V-FITC Kit (Bender MedSystems, Vienna,
Austria) in combination with propidium iodide (PI).
Cells (5 x 10°) were washed twice in PBS, labelled with
annexin V-FITC and PI according to the manufacturer’s
descriptions. Flow cytometry analysis was performed
immediately after incubation.

Allogeneic mixed lymphocyte reaction

One-way mixed-lymphocyte reaction (MLR) culture was
performed in triplicate in 96-well, round-bottom micro-
culture tissue culture plates. Allogeneic T lymphocytes
were purified from BN splenocytes using nylon wool
columns and were used as responders. The stimulators
were LEW rat bone marrow-derived DCs. To avoid
carry-over of residue rapamycin, DCs were extensively
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washed in fresh medium at least three times. Cells were
re-suspended at 4 x 10° cells/ml in a medium contain-
ing 25 pg/ml mitomycin C (Sigma). DCs were incubated
at 37 °C in the dark for 30 min, and then washed three
times in Hanks’ balanced salt solution. Various numbers
(4 x 10%, 2 x 10% 10% 5 x 10%) of DCs were incubated
with 2 x 10° allogeneic T cells in each well in 200 pl
RPMI 1640 complete medium for 4 days in a humidi-
fied 5% CO, atmosphere. Proliferation was measured
using a tetrazolium salt (WST-8)-based colorimetric
assay in the Cell Counting Kit 8 (CCK-8; Dojindo,
Kumamoto, Japan) [27]. Briefly, after 4 days of cultiva-
tion, 10 pl of CCK-8 was added to each well. After
incubation for 4 h under the above-mentioned condi-
tions, the absorbance was determined by scanning with
a microplate reader at 450 nm. The absorbance corre-
sponds linearly to the number of viable cells. To correct
for the presence of BM-DCs in the co-cultures, the
absorbance obtained from DC cultures was subtracted
(corrected absorbance 450 nm). In order to confirm that
there is no residual rapamycin in the supernatant of the
culture, DCs used for MLR were cultured without
rapamycin for 6 h; the concentration of remnant rapa-
mycin in culture supernatant was less than 0.05 ng/ml,
as determined by high-performance liquid chromatogra-
phy (HPLC) analysis. The lower limit of detection was
0.05 ng/ml.

ELISA assay

After 6 days of culturing with GM-CSF (20 ng/ml) and
IL-4 (10 ng/ml), iDCs (2 x 10° cells) were stimulated
with LPS for 48 h both in the presence and absence of
rapamycin. The supernatants were then collected and
stored at —20 °C until analysis. To assess the effect of
RAPA on mDGCs, RAPA (1-20 ng/ml) was added to
8-day mDCs after the DCs were extensively washed in
fresh medium twice (referred to subsequently as RAPA-
mDCs). After 24 h, the supernatants were collected.
RAPA-mDCs (4 x 10*) were cultured with the allogeneic
T cells as described above for 48 h. The superna-
tants were harvested. Measurements of DC cytokine
(IL-12p70, IL-10, TNF-o) and T-cell cytokine (IFN-y,
IL-4) levels were performed by ELISA according to the
manufacturer’s protocols (KeyGen, Nanjing, China). A
standard curve using recombinant cytokine was gener-
ated for each assay.

Quantitative real-time polymerase chain reaction

Mature DCs treated with RAPA (10 ng/ml) for 4 h were
harvested and washed with PBS. Mature DCs (4 x 10%)
treated with 10 ng/ml RAPA for 24 h were co-cultured
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with the allogeneic T cells as described above for 48 h.
Cells were harvested and washed with PBS. Total RNA
was extracted using the TaKaRa RNAiso Reagent (TaKa-
Ra, Otsu, Japan) in accordance with the instructions of
the manufacturer. RNA concentration was determined at
ODygp. Subsequently, total RNA (1 pg) was reverse-
transcribed into a single-stranded ¢cDNA by using avian
myeloblastosis virus reverse transcriptase as specified by
the manufacturer (TaKaRa). Real-time quantitative poly-
merase chain reaction (RT-PCR) on the ABI Prism 7000
(Applied Biosystems, Tokyo, Japan) was performed in
duplicate in a final mixture volume of 50 pl contained
SYBR green using the TaKaRa Taq™ PCR kit. Relative
Quantification was performed by the Light Cycler® Soft-
ware. Amplification of B-actin mRNA was done for each
sample as an endogenous control. Primer pairs specific
for IL-12p40 (forward, GGAGCACTCCCCATTCCTACTT;
reverse, GAACGCACCTTTCTGGTTACACT), IL-12p35
(forward, CTGAATCACAGCGGCGAGAG; reverse,
GGAGCAGGATACAGAGCTTCATCT), IL-10 (forward,
CCAGTCAGCCAGACCCACAT; reverse, CAACCCAAGT
AACCCTTAAAGTCC), TNF-a (forward, GACAAGGC
TGCCCCGACTAT; reverse, GAGGCTGACTTTCTCCTG
GTATGA), interferon-y (IFN-y) (forward, GAACTG
GCAAAAGGACGGTAACG; reverse, GATCAGGTGCGAT
TCGATGAC), IL-4 (forward, ACGGATGTAACGACA
GCCCTCT; reverse, TTTGCGAAGCACCCTGGAAG) and
B-actin  (forward, GGAGATTACTGCCCTGGCTCCTA;
reverse, GACTCATCGTACTCCTGCTTGCTG) were used.
All data are expressed as a ratio in relation to the B-actin
level.

Nuclear extractions and electrophoretic mobility shift
assay

To determine the NF-xB-binding activity in mDCs, cells
upon RAPA treatment for 24 h were collected on ice
before isolation of nuclear extracts by the protocol
reported by Homaidan [28]. The detection of the
activated NF-kB in the nuclei of untreated and
treated cells was completed by using a biotin-labelled
EMSA kit (Viagene, Ningbo, China), according to the
manufacturer’s instructions. Specificity of binding was
determined by using an excess of unlabeled oligonucleo-
tide. NF-xB consensus oligonucleotide sequence used in
electrophoretic mobility shift assay (EMSA) was 5-GTA
AGT TGA GGG GAC TTT CCC AGG CCG T-3".

Statistical analysis

The two-tailed Student f-test was used to analyse the
results, and a P value of less than 0.05 was considered to
be statistically significant.
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Results

Effect of RAPA on MHC class II and co-stimulatory
molecules expression on DCs

To investigate the effect of RAPA on DC maturation, iDCs
were treated with LPS both in the presence and absence of
different concentrations (1-100 ng/ml) of RAPA added on
day 6. RAPA-iDCs
expression of MHC class IT molecules and co-stimulatory
molecules (such as CD86, and CD40) during DC matura-
tion process when compared with mature DCs. Even iDCs
exposed to a low-concentration of RAPA (1 ng/ml) had
less up-regulation of maturation molecules in response to
LPS (Fig. 1). To determine whether RAPA affects the
expression of MHC II and co-stimulatory molecules on

displayed significantly decreased
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mDCs, DCs were stimulated with LPS on day 6. After
48 h, cells were incubated with increasing concentrations
of RAPA for 24 h. As shown in Fig. 2, RAPA (20 and
100 ng/ml) slightly inhibits the expression of CD40 and
MHC 1II molecules but not inhibit the expression of CD86
on rat DCs in the fully matured phase.

RAPA induces apoptosis in iDCs but not in mDCs

In order to detect whether RAPA induces apoptosis of
iDCs during the maturation process in vitro, the apopto-
tic status of the iDCs was determined by quantification of
phosphatidylserine externalization using Annexin V-FITC.
After 24-h incubation with 10-100 ng/ml RAPA, RAPA-
iDCs underwent considerable apoptosis (Fig. 3a and b).
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Figure 1 Rapamycin impairs the maturation of iDCs to mDCs. Bone marrow-derived DCs were stimulated with 100 ng/ml LPS and both with and
without increasing concentrations of RAPA on day 6 for 48 h. Cells were harvested and analysed by FACS. (a) The level of MHC class Il (OX6),
CD40 and CD86 molecules are shown by gray histograms and isotype controls (IgG1) are shown by open histograms. Numbers indicate MFI for
each condition. The results are representative of three independent experiments. (b) Results are expressed as percentage of variation compared
with mDCs, calculated according to the formula (mean fluorescence intensity drug/mean fluorescence intensity mDC) x 100. Data shown are

mean = SD. n =3, *P < 0.05 vs. mDC.
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Although at 1 ng/ml concentration of RAPA, the number
of early apoptosis cells (annexin V'/PI” cells) did not
increase (P > 0.05 vs. mDCs), the percentage of all apop-
totic or necrotic cells (annexin V' and PI" cells) already
increased after 48 h (P < 0.05 vs. mDCs). The number of
early apoptotic cells after 48 h did not increase compared
with the number after 24 h, because the number of apop-
totic cell deaths increased markedly. After 24-h or 48-h
incubation with 10-100 ng/ml RAPA, the number of
annexin V" cells strongly increased in a time- and dose-
dependent manner (Fig. 3c). These findings indicate that
RAPA induces apoptosis of immature DCs.

To investigate whether RAPA also increases apoptosis
of mDCs, DCs were stimulated with LPS on day 6. After
48 h, cells were incubated with increasing concentrations
of RAPA for 24 or 48 h. The percentage of apoptotic cells
was low and was similar in control mDCs and mDCs
treated with clinically relevant concentrations of RAPA
(1-20 ng/ml) [29]. However, mDCs exposed to 100 ng/
ml RAPA displayed significantly increased apoptosis when
compared with control cells (P < 0.05 vs. control DCs)
(Fig. 4).
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Effect of RAPA on LPS-induced cytokine expression in DCs

To determine whether RAPA affects LPS-induced DC
cytokine production, kinetic studies were performed for
iDCs, mDCs and iDCs incubated with LPS (100 ng/ml)
and RAPA (1-100 ng/ml) for 48 h. Mature DCs produced
higher IL-10 and IL-12 levels than iDCs did. However,
RAPA-iDCs produced progressively less IL-10 and IL-12
than mDCs (Fig. 5a and b).

To find out whether RAPA-mDCs have a tolerogenic
phenotype in terms of cytokine production, RAPA
(1-20 ng/ml) was added to 8-day mDCs after DCs were
extensively washed twice. After 24 h, the synthesis of
cytokines was assessed. As shown in Fig. 5¢ and d, mDCs
produced lower LPS-induced IL-10 and TNF-a levels in
the presence of RAPA. In contrast, IL-12 production was
slightly increased in the presence of RAPA (10-20 ng/ml)
when compared with mDCs, although no statistically
significant differences were found. (Fig. 5e). These results
indicate that the effect of RAPA on cytokine production
is associated with DC maturation. RAPA-mDCs are
reprogrammed with a distinct cytokine-producing profile.
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Figure 4 Fully mature DCs are resistant to rapamycin-induced apoptosis. BM-DCs were stimulated with 100 ng/ml LPS on day 6. After 48 h, cells
were incubated with or without (Control DCs) increasing concentrations of RAPA. After 24-h or 48-h incubation, cells were harvested and apop-
tosis was detected by FACS (a). The percentage of early apoptosis cells was defined by the percentage of annexin V*/PI~ cells (b). Ctrl, Control
DCs. Values are means + SD. The results are representative of six independent experiments. *P < 0.05 vs. Control DCs.

After mDCs were extensively washed twice on day 8,
RAPA (10 ng/ml) was added to culture medium for 4 h.
The effects of RAPA on LPS-induced cytokine mRNA

expression, including IL-12p40, IL-12p35, IL-10 and
TNF-o, were further examined by real-time RT-PCR.
Consistent with the earlier protein assay results, no
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Figure 5 Effect of rapamycin on LPS-
induced cytokine expression in DCs.

(a and b) BM-DCs were incubated with
100 ng/ml LPS and with or without
RAPA (1-100 ng/ml) on day 6. After
48-h incubation, IL-12 and IL-10 levels
in the culture supernatant were deter-
mined by ELISA. (c—e) RAPA (1-20 ng/
ml) was added to 8-day mDCs after DCs
were extensively washed in fresh
medium twice. After 24-h incubation,
levels of IL-12, IL-10 and TNF-a in
culture supernatant were determined by
ELISA. (f) RAPA (10 ng/ml) was added to
8-day mDCs for 4 h. IL-12p40,
IL-12p35, IL-10 and TNF-ae mRNA levels
were assessed by real-time PCR using
B-actin mMRNA as a reference. Data are
mean =+ SD of three separate experi-
ments carried out in duplicate.

*P < 0.05 vs. mDC.

@25
2.5 —e— Ctrl-DC
—s— RAPA 1 ng/ml
| —+—RAPA 10 ng/ml
2  _ RAPA 20 ng/ml
—=— RAPA 100 ng/ml
8 o Tcells only
c 15F
©
Ko
S
2
o 1f
<
o
051
0 L

(@500
3000
2500

£ 2000

~

=)

2. 1500
1000
500

0

(€)ss00
3000
2500

é 2000

Pg

1500
1000

500

() 5000
4500
4000
3500

— 3000

5, 2500

2 2000
1500
1000

500

Rapamycin inhibits allostimulatory activity of mature DCs

OimDC (b)
BimDC + LPS

BimDC + LPS + RAPA 1 ng

imDC + LPS + RAPA 10 ng
OimDC + LPS + RAPA 20 ng
8imDC + LPS + RAPA 100 ng

pg/mi

IL-10

mmDC (d)
2mDC + RAPA 1 ng
ZAmDC + RAPA 10 ng
OmDC + RAPA 20 ng

pg/mi

(f)

EmDC

EmDC + RAPA 1 ng
mDC + RAPA 10 ng
OmDC + RAPA 20 ng

(b) 35- _, ctinc

15F

Absorbance

5 10

20
Stimulator cell number/ml (x103)

oimDC
4000 mimDC + LPS
3500 =2imDC + LPS + RAPA 1 ng
imDC + LPS + RAPA 10 ng
3000 oimDC + LPS + RAPA 20 ng
imDC + LPS + RAPA 100 ng
2500
2000
1500
1000
500
0
IL-12
10 000 EmDC
9000 EmDC + RAPA 1 ng
8000 mDC + RAPA 10 ng
7000 O mDC + RAPA 20 ng
6000
5000
4000
3000
2000
1000
0 I
TNF-a.
W mDC
mDC + RAPA 10 ng
8 *
°
9 7
25
< *
z *
[ 4
[
z°
® 2
)
o 1

o . . . . . .
IL-10  IL-12p35 IL-12p40 TNF-o

—a— RAPA 1 ng/ml

3 —aRAPA 10 ng/ml
—»— RAPA 20 ng/ml
25¢r o Tcellsonly

" n i

0 A
40 5

10 20 40

Stimulator cell number/ml (x103)
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Various numbers of BM-DCs from LEW rats were incubated with 2 x 10° allogeneic T cells for 4 days. T-cell proliferation was assessed by WST-8
assay. (a) LPS (100 ng/ml) and RAPA (1-100 ng/ml) or the vehicle (Ctrl-DCs) was added to 6-day iDCs for 48 h. DCs were harvested for MLR. (b)
RAPA (1-20 ng/ml) or the vehicle (Ctrl-DCs) was added to 8-day mDCs for 24 h. Cells were harvested for MLR. Data shown are expressed as
mean of triplicates and representative of three separate experiments.
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Figure 8 RAPA treatment can not decrease NF-kB DNA-binding activ-
ity in mDCs, BM-DCs from LEW rats were stimulated with 100 ng/ml
LPS on day 6. After 48 h, cells were incubated with or without
increasing concentrations of RAPA for 24 h. Cells were harvested.
Nuclear proteins were extracted and NF-kB DNA binding activity was
determined by EMSA as described in Materials and methods. Specific-
ity of binding was determined by using an excess of unlabeled oligo-
nucleotide. F, free probe; N, negative control; P, positive control; SC,
specific competition; NSB, nonspecific band. Rapamycin showed no
inhibitory effect on NF-xB binding capacity in rat fully mature DCs.
Data are representative of three separate experiments.

significant change was found in the IL-12p35 mRNA
levels in RAPA-mDCs when compared with mDCs.
However, the expression of IL-12p40 mRNA was slightly
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RAPA 10 ng/ml [ RAPA 20 ng/ml

Figure 7 Allogeneic T cells produce less
IFN-y and IL-4 in response to mDCs
exposed to rapamycin. (a and b) RAPA
(1-20 ng/ml) or the vehicle (Ctrl-DCs)
was added to 8-day mDCs from LEW
rats for 24 h. DCs (4 x 10%) were incu-
bated with 2 x 10° allogeneic T cells for
48 h. IFN-y and IL-4 levels in the culture
supernatant were assessed by ELISA.

(c) Mature DCs (4 x 10% treated with
10 ng/ml RAPA were cultured with the
allogeneic T cells as described above for
48 h. Cells were harvested. IFN-y and
IL-4 mRNA levels were assessed by
real-time PCR using B-actin mRNA as a
reference. Data are mean + SD of three
separate experiments performed in
duplicate. *P < 0.05 vs. Ctrl-DCs.

enhanced (P < 0.05). In contrast, IL-10 and TNF-a
mRNA expression in mDCs were suppressed in the
presence of RAPA (Fig. 5f). These results collectively con-
firm that cytokine production may be regulated through
regulation of gene transcription.

Allogeneic T cells were hyporesponsive to RAPA-mDC
stimulation and produced less IFN-y and IL-4

To evaluate the effect of RAPA on the immunostimulato-
ry function of DCs, RAPA was added during DC matura-
tion from LEW cells. RAPA added at 1-100 ng/ml on day
6 of culture significantly suppressed the allostimulatory
activity of DCs (Fig. 6a). In subsequent studies, RAPA
(1-20 ng/ml) was added on day 8 of DC culture 48 h
after iDCs were stimulated to mature with LPS. Fig. 6b
shows that the proliferative response of allogeneic BN
cells to RAPA-mDCs was low when compared with the
response to normal DCs in an MLR assay. BN T cells
stimulated by allogeneic LEW mDCs that were exposed to
RAPA also displayed notably lower IFN-y and IL-4
production in the culture supernatant (Fig. 7a and D).
This was associated with suppressed IFN-y and IL-4
mRNA levels (Fig. 7c). These results indicate that RAPA
can inhibit the allostimulatory activity of both immature
and mature DCs. The suppressed allostimulatory effect of
RAPA-DCs was unlikely to be the result of any residual
rapamycin, carried over from DC cultures. Less than
0.05 ng/ml of rapamycin was detected in the MLR
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supernatant in which RAPA-DCs were used as stimula-
tors, and the supernatant did not have any inhibitory
effects on T-cell proliferation (data not shown).

RAPA treatment can not decrease NF-kB DNA-binding
activity in mDCs

Activation of NF-«B is essential for LPS-induced IL-12p40
gene expression in DCs and responsible for DC matura-
tion and survival. In order to understand the mechanism
of mDCs resistant to RAPA-induced apoptosis and LPS-
induced IL-12 production in mDCs treated with RAPA,
we went on to investigate the effect of rapamycin on NF-
kB in mDCs. Nuclear proteins extracted from mDCs were
assessed for the DNA-binding activity of NF-kB by EMSA
using a biotin-labelled NF-kB consensus sequence-specific
DNA probe. We observed NF-«B is strongly activated in
mDCs stimulated by LPS. However, NF-xB binding capac-
ity in fully mature DCs was not inhibited by treatment
with rapamycin (Fig. 8), suggesting that rapamycin does
not affect the NF-xB pathway in rat fully mature DCs.

Discussion

We first investigated the effects of RAPA on the matura-
tion and activation of rat bone marrow-derived DCs.
We observed that the up-regulation of co-stimulatory
molecules (CD86, CD40) and MHC II molecules
normally seen during the course of DC maturation in
response to LPS was impaired when DCs were treated
with RAPA. The blocking of DC co-stimulation proper-
ties may offer a means of inducing graft tolerance. Our
findings accord with some previous studies in mouse
[16,17,22] and human [19] models. Previous studies have
demonstrated the robust resistance of murine myeloid
RAPA-DCs to maturation following exposure to LPS or
IL-4 [16,17,22]. Our findings show the profound resis-
tance of rat myeloid DCs to maturation induced by LPS
when DCs were exposed to RAPA. However, no signifi-
cant effects on DC maturation were observed in other
studies [20,23,24]. Interestingly, a recent study shows that
rapamycin increases CD86 expression on human mono-
cytes and peripheral myeloid DCs [30]. This large
discrepancy could be explained by our treating DCs only
during the maturation process and not throughout differ-
entiation or the fully mature phase. Our further study
also shows that RAPA can slightly affect the expression of
MHC II and co-stimulatory molecules on rat DCs in the
post maturation stage after stimulation with LPS.
Although the reduced up-regulation of co-stimulatory
molecules on DCs induced by immunosuppressants such
as mycophenolic acid is not necessarily related with cell
apoptosis [31], our findings show RAPA-induced apopto-
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sis during DC maturation, which is consistent with recent
studies [20,21]. Cell apoptosis is frequently associated
with cells in the G; phase of the cell cycle, and arrest in
late G; or S phase can accelerate or induce apoptosis.
RAPA causes a G-phase cell cycle arrest in T lympho-
cytes [32] and induces apoptosis on murine T cells [33].
Our finding that RAPA induces apoptosis of immature
DCs seems to be independent of cell cycle regulation
because myeloid DCs are non proliferating cells.
However, upon maturation, DCs exposed to clinically
relevant concentrations of RAPA (1-20 ng/ml) were resis-
tant to apoptosis. This finding further underlines the
specificity of RAPA’s effect on DC apoptosis. Induction
and maintenance of efficient immune tolerance through
regulation of DC function requires, to some extent, DC
maturation and survival in the host [7,8]. It should be
noted that we examined the effects of RAPA on rat DCs
responding to LPS. Recent studies show that the TLR4
ligand LPS, which is an effective activator of DCs, reduces
apoptosis and prolongs survival of DCs [34,35]. LPS—
TLR4 interactions in rat DCs cause NF-xB activation,
which controls DC maturation, survival and cytokine
production [34,36,37].

Although RAPA and FK506 share the same receptor
(FK506-binding protein 12, FKBP12), the RAPA-FKBP12
complex binds to a distinct molecular target, known as
the mammalian target of RAPA (mTOR). The RAPA-—
FKBP12-mTOR complex inhibits protein synthesis at the
translational level. The same complex also blocks
cytokine-mediated signal transduction pathways. NF-kB
activation is responsible for DC maturation and survival.
Recent studies have shown that RAPA inhibits DC Janus
kinase 2/Stat4 activation but not the NF-kB pathway
[23]. RAPA pretreatment of LPS-stimulated human
monocytes can markedly modulate 290 genes by micro-
array analysis and genes containing NF-kB promoters are
substantially overrepresented among the RAPA-upregulat-
ed genes [30]. We next examined the effect of rapamycin
on NF-xB in mDCs. Our study shows NF-kB is strongly
activated in mDCs stimulated by LPS. NF-xB binding
capacity in fully mature DCs is not inhibited by treatment
with rapamycin. Therefore, the mechanism of mDCs
resistant to RAPA-induced apoptosis can probably be
explained by LPS-induced NF-kB activation.

We further analysed the effects of RAPA on DC cyto-
kine production and demonstrated that the production of
IL-10 and IL-12 by iDCs in response to LPS was
decreased in the presence of RAPA. Moreover, RAPA-
iDCs had an inhibitory effect on T-cell proliferation, in
accordance with their non mature phenotype. In this
respect, our data confirm and extend previous observa-
tions [15,17,19,22,38]. Our results further demonstrate
that mDCs have reduced IL-10 expression when exposed
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to RAPA, while IL-12 production was unaffected. In this
regard, our results are generally in agreement with some
previous observations that rapamycin promotes LPS-
induced IL-12 production but suppresses IL-10 produc-
tion in mice BM-DCs [39] and human peripheral blood
mononuclear cells (PBMCs) [30]. TNF-o is a significant
pro-inflammatory cytokine and is involved in many path-
ologic processes. During DC-T-cell interaction, high
amounts of TNF-o produced by mDCs may play an
important role in regulating Thl cell development [40].
Because IL-10 inhibits the LPS-induced production of
pro-inflammatory cytokines, such as IL-12 and TNF-a,
rapamycin may increase the production of TNF-o, as
shown in human PBMCs [30]. Yet, our data shows rapa-
mycin reduces LPS-induced TNF-oo production in rat
BM-DCs. The findings are also different from a previous
study that rapamycin has no effect on LPS-induced TNEF-
o production in mice BM-DCs [39]. The discrepancy
between our findings and others would be explained by
different species or the difference in DC differentiation or
maturation. This differential regulation of cytokine
expression in fully mature DCs treated with rapamycin
indicates that RAPA-mDCs induce intracellular signal
transduction pathways and alter the transcription of
factors. Two signaling pathways downstream of phospho-
inositide 3-kinase (PI3K) — the mTOR and glycogen syn-
thase kinase 3 (GSK3) pathways — regulate the Th1/Th2
balance by regulating IL-12 expression in DCs [39]. Thus,
unlike calcineurin inhibitors, which primarily block TCR-
dependent signaling pathways, RAPA appears to inhibit
co-stimulatory signaling pathways and cytokine receptor-
mediated signaling pathways [12].

The inhibitory effect of RAPA on IL-10 production
may have a major impact on the adaptive immune
response [41]. IL-10 is also an important growth and dif-
ferentiation factor for B lymphocytes [42]. Therefore, its
inhibition by RAPA could lead to a reduced level of B cell
maturation and antibody production, which may be an
important contributor to its immunosuppressive action in
vivo. Interestingly, RAPA-mDCs maintained high-levels of
IL-12 production. Our results have unravelled an unantic-
ipated role of the mTOR signaling pathway in modulating
pro-inflammatory cytokine production induced by LPS in
mDCs. Our culture conditions may result in mDCs with
a specific profile. This RAPA-mediated induction of IL-12
production may result from both indirect transcriptional
enhancement of IL-12p40 and p35 secondary to the inhi-
bition of autocrine IL-10 action upon treatment with LPS
as well as direct transcriptional up-regulation of the
IL-12p40 by mTOR inhibition in an IL-10-independent
manner [24,30,39,43]. Investigation into the regulation of
these opposing effects revealed a molecular switch in the
IL-12 signaling networks that is a consequence of DC
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maturation. This shift of the IL-12/IL-10 balance toward
IL-12 may promote Thl responses and trigger the inflam-
matory process [1]. However, our study unexpectedly
showed that allogeneic T cells were hyporesponsive to
RAPA-treated mDC stimulation and produced both less
Thl-type (IFN-y) and Th2-type (IL-4) cytokines. In this
regard, there are some opposite results [16,19,30,39]. A
recent study shows that RAPA-DCs, which are markedly
impaired in Foxp3~™ T-cell allostimulatory capacity,
induce the proliferation of CD4"CD25"Foxp3" regulatory
T cells (Treg) in MLR [16]. Thus, the ability of RAPA-
DCs to allow the activation and proliferation of Treg
while impairing effector T-cell proliferation may underlie
this suppressed allostimulatory effect. Further studies
should be conducted with regards to the proliferation of
Treg associated to the suppressed allostimulatory effect of
RAPA-mDCs. On the other hand, the suppressed allo-
stimulatory effect of RAPA-mDCs was unlikely to be the
result of RAPA-induced apoptosis because the percentage
of apoptotic cells was similar in both mDCs and mDCs
treated with 1-20 ng/ml of RAPA. Overall, although the
precise molecular effects of RAPA on DCs remain
unknown, the fact that RAPA inhibits the allostimulatory
activity of mDCs in vitro, without inducing cell death,
could provide valuable insights in cell therapy. Infusion
of mDCs in combination with RAPA may eventually lead
to more effective induction of allogeneic T-cell hypore-
sponse and treatment of transplant rejection, because
RAPA is widely used in transplantation and this treat-
ment might maintain a status of hyporesponsiveness,
despite the pro-inflammatory context of the graft.

In conclusion, rapamycin affects the LPS-induced
cytokine production and can inhibit allostimulatory activ-
ity in both immature and fully mature DCs. Furthermore,
fully mature DCs treated with rapamycin induce intracel-
lular signal transduction pathways and alter the expres-
sion levels of transcription factors. These findings have
implications for the RAPA-based therapy of transplant
rejection. Understanding the precise molecular mecha-
nisms by which RAPA affects DCs will provide the
opportunity to re-evaluate the timing of RAPA treatment
and optimize immunosuppressive therapy.
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