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Dendritic cells (DC) are professional antigen-presenting cells that have the ability to detect infectious
materials; antigens to T lymphocytes, and serve as a bridge between innate and adaptive immunities. DC
express the ATP-binding cassette transporters P-glycoprotein (P-gp). P-gp is a 170-kDa transmembrane
protein encoded by the mdr-1 gene, a member of highly conserved superfamily of ATP-binding cassette
transport proteins. Functionally, P-gp transporters have been described to be required for efficient DC and T
cell migration. We report for the first time, at the best of our knowledge, P-gp is also required for DC
development and differentiation in mouse bone marrow-derived DC. In this study, we found that an mdr-1
gene and P-gp protein level was increased during DC development and LPS-induced maturation. Moreover,
the activity of P-gp was increased LPS-induced DC maturation. Next, we have attempted to determine
whether the modulation of P-gp regulates surface molecules expression and cytokine production in DC.
Specifically, down-regulation of P-gp by Venlafaxine (VLX) inhibits the differentiation of DC and cytokine
production, such as IL-1, IL-10, and IL-12 during DC maturation. Moreover, the P-gp-decreased DC by VLX was
displayed impaired induction of T cell polarizations, proliferation, and cytokine production, including IFN-y,
IL-4, and IL-2. Taken together, these findings also broaden current perspective concerning our understanding
of the immunopharmacological functions of VLX and the development of therapeutic adjuvants for the
treatment of DC-related acute and chronic diseases.

Crown Copyright © 2011 Published by Elsevier B.V. Open access under CC BY-NC-ND license.
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1. Introduction

Dendritic cells (DC) are professional antigen-presenting cells (APC)
that represent a bridge between innate and adaptive immunity [1, 2]. DC
have the ability to detect tumor cells, and sample and present antigens to
T lymphocytes, while at the same time preventing immune responses
against self-tissues [3, 4]. DC are derived from host bone marrow,
developing first into immature DC and upon activation, progress to
mature DC. Mature DC present antigen in conjunction with co-stimulatory
molecules such as B7-families and major histocompatibility complex
(MHC) class molecules, and produce a range of cytokines, leading to the
initiation of a specific immune response [5]. A critical property of DC is
their ability to respond to environmental stimuli, which determine their
final maturation or differentiation status [3, 6]. For example, responding to

* Corresponding author. Tel.: +82 51 510 8097; fax: + 82 55 382 8090.
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tumor antigens, pathogens binding to Toll-like receptors [7], heat shock
proteins, innate cytokines [8], and inflammation cytokines, can lead to DC
maturation and subsequent T cell immune responses [9]. Moreover, DC
have been recognized as powerful APC, playing a key role in antitumor
host responses [10, 11], and inducing primary T-cell responses in vitro and
in vivo, which has generated widespread interest in DC-based immuno-
therapy against several types of cancer [12, 13].

P-glycoprotein (P-gp) is a 170-kDa trans-membrane protein member
of a highly conserved superfamily of ATP-binding cassette transport
proteins, and is encoded by the mdr-1 gene [14]. In addition to its ability
to efflux toxins, P-gp also plays a role in the resistance to pathogens as it
is expressed on various tissues, including peripheral blood lymphocytes
and DC [15, 16]. Further, because of its ability to efflux toxins [17],
overexpression of P-gp contributes to chemotherapeutic drug resistance
[18], and thus remains a critical barrier to successful chemotherapy in
cancer patients treated with drugs such as verapamil (VRP), cyclosporine
A (CsA) [19], and venlafaxine (VLX) [20]. VRP and CsA, a typical inhibitor
of P-gp activity, particularly are used in numerous studies for P-gp
function [21, 22]. Recently, P-gp has been reported to be expressed in
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siRNA of P-gp inhibits the expression of costimulatory molecules (CD80, CD86 and CD40), MHC class I, and II on LPS-stimulated CD11¢* DC.

% of positive cell* (MFI)"

Surface Ag Medium siRNA LPS siRNA + LPS

CD80 74+2 (256 4+21) 7141 (241 £15)* 8643 (950 £ 36) ## 74+2 (70 £28)**
CD86 75 +£14 (435+£22) 78 +2 (421447) 8041 (1205 +£47) ## 76 £3 (72324+86)""
MHC I 74+2 (87 +5) 73+£1(86+1) 8143 (254+£23) ## 7541 (196 £23)**
MHC I 80+1(230+12) 7943 (211 +£23)* 8742 (4704 12) ## 85+1(3414£21)

*, ** The statistical significance between samples with and without siRNA of P-gp is indicated (##P<0.01 vs unstimulated DC (medium); **P<0.01 vs LPS-stimulated DC).

2 BM-derived DC were cultured in the absence or presence of siRNA of P-gp following the LPS (200 ng/ml) stimulation for 24 h. The expression of surface molecules was analyzed
by FACSCalibur. Two-color flow cytometry was used to determine the level of Ag expression on CD11¢c™ DC.

> MFI, Mean fluorescence intensity. The results are from one of the three experiments performed.

monocyte-derived and interstitial DC during migration toward lymph
nodes via afferent lymphatic vessels. In the human skin explants system,
it was described that antibodies or drugs that antagonize P-pg, such as
VRP, block this migration [16].

Little is known about the role of P-gp in DC maturation,
differentiation, and during T cell interaction and the subsequent
immune response. The functions of P-gp in immune responses are still
unclear. Therefore, in this study, we sought to examine the effects of
P-gp down-regulation on the development, maturation, and differ-
entiation of DC and how this affects T cell proliferation and
polarization. Taken together, these data identify a novel physiological
function for P-gp in DC.

2. Materials and methods
2.1. Animals

Male 8-12-week-old C57BL/6 (H-2K" and I-A”) and BALB/c (H-2K¢
and I-A%) mice were purchased from the Korean Institute of Chemistry
Technology (Daejeon, Korea). They were housed in a specific
pathogen-free environment within our animal facility for at least
1 week before use. All mouse work was approved by the IACUC and
was performed in our IACUC approved facility.

2.2. Reagents and Abs

Recombinant mouse (rm)GM-CSF and rmiIL-4 were purchased
from R&D Systems (Minneapolis, MN USA). Dextran-FITC (molecular
mass, 40,000), and LPS (from Escherichia coli 055:B5) were obtained
from Sigma-Aldrich. An endotoxin filter (END-X) and an endotoxin
removal resin (END-X B15) were acquired from Associates of Cape
Cod. Cytokine ELISA kits for murine IL-12 p70, IL-4, IL-6, IL-1c, and
IFN-y were purchased from BD Pharmingen (Rockville, MD, USA).
FITC- or PE-conjugated mAbs used to detect the expression of CD11c
(HL3), CD80 (16-10A1), CD86 (GL1), IA® B-chain (AF-120.1), H2KP
(AF6-88.5), and CD4 (L3T4), or the intracellular expression of IL-12
p40/p70 (C15.6), and IL-10 (JESS-16E3) by flow cytometry, as well as
isotype-matched control mAbs, biotinylated anti-CD11c (N418) mAb,
were purchased from BD Pharmingen.

Table 2

2.3. Generation and culture of DC

DC were generated from murine bone marrow (BM) cells. Briefly,
BM was flushed from the tibiae and femurs of C57BL/6 and depleted of
red cells with ammonium chloride. The cells were plated in six-well
culture plates (10° cells/ml; 3 ml/well) in OptiMEM (Invitrogen Life
Technologies, Carlsbad, CA, USA) supplemented with 10% heat-
inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, 5x107°>M 2-ME, 10 mM HEPES (pH 7.4), 20 ng/ml
rmGM-CSF and rmlIL-4 at 37 °C, 5% CO,. On day 3 of the culture,
floating cells were gently removed, and fresh medium was added. On
day 6 of the culture, nonadherent cells and loosely adherent
proliferating DC aggregates were harvested for analysis or stimula-
tion, or, in some experiments, replated in 60-mm dishes (10° cells/ml;
5 ml/dish). On day 6, 80% or more of the nonadherent cells expressed
CD11c. In certain experiments, to obtain highly purified populations
for subsequent analyses, the DC were labeled with bead-conjugated
anti-CD11c mAb (Miltenyi Biotec, Gladbach, Germany) followed by
positive selection through paramagnetic columns (LS columns;
Miltenyi Biotec) according to the manufacturer's instructions. The
purity of the selected cell fraction was >95%.

2.4. Stimulation of DC by P-gp molulators

P-gp modulator (VRP, CsA, and VLX) was dissolved in culture media
and was added to cultures of isolated DC in six-well plates (108 cells/ml;
2 ml/well). Media alone was used as negative control. For the analysis of
apoptosis, DC were stimulated with LPS or left without any stimuli, and
analyzed over time by staining of phosphatidylserine translocation with
FITC-annexin V in combination with propidium iodine kit (BD
Pharmingen) according to the manufacturer's instructions.

2.5. Flow cytometric analysis

On day 6, BM-DC were harvested, washed with phosphate buffered
saline (PBS) and resuspended in fluorescence activated cell sorter
(FACS) washing buffer (2% fetal bovine serum and 0.1% sodium azide in
PBS). The cells were first blocked with 10% (v/v) normal goat serum for
15 min at 4 °C and stained with phycoerythrin (PE)-conjugated anti-
H-2KP [major histocompatibility complex (MHC) class 1], anti-I-AP

siRNA of P-gp inhibits the production of cytokines (IL-1c and IL-12) on LPS-stimulated CD11¢* DC.

pg/ml/10° cells?

Medium siRNA LPS siRNA + LPS
IL-1a 21+2 23+1 382+ 23## 240+ 12%
IL-12 12+0.5 15+2 630 4+ 47## 342 +42%

*, ** The statistical significance between samples with and without siRNA of P-gp is indicated (##P<0.01 vs unstimulated DC (medium) **P<0.01 vs LPS-stimulated DC).
¢ BM-derived DC were cultured in the absence or presence of siRNA of P-gp following the LPS (200 ng/ml) stimulation for 24 h. Analysis of IL-1a and IL-12p70 production was
measured by ELISA with magnetic bead-purified DC (1x 10° cells) 24 h after LPS stimulation.
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Fig. 1. Expression of mdr-1 and mdr-3 during DC development. (A) mdr-1 and mdr-3 gene expression levels during DC development for 2, 4, and 6 days. The data are representative of
three experiments that gave similar results. (B) Quantitation of mdr mRNA levels by real-time RT-PCR. Samples were taken for RNA preparation, and quantitative real-time RT-PCR
analyses were performed. A significant difference in expression between each group was detected. The histogram is from one out of three representative experiments. (C) For P-gp
protein analysis, cell lysates were prepared and blotted with anti-P-gp and anti-B-actin Abs. (D) Confocal microscopy analysis of P-gp expression during DC development. The DC
were stained for CD11c™ (green), P-gp (red), and DAPI (blue). The data represent the means (+SD) of four separate experiments. (**P<0.01 vs control groups).

(MHC class II), anti-CD80, and anti-CD86 with fluorescein isothiocya-
nate (FITC)-conjugated anti-CD11c (Pharmingen, San Diego, CA) for
30 min at4 °C. The stained cells were analyzed using a FACSCalibur flow
cytometer (BD Biosciences) (Table 1).

2.6. Cytokines assay

DC were first blocked with 10% (v/v) normal goat serum for 15 min
at 4°C and then stained with FITC-conjugated CD11c™ antibody for
30 min at 4 °C. The cells stained with the appropriate isotype-matched
Ig were used as negative controls. The cells were fixed and permeabi-
lized with the Cytofix/Cytoperm kit (BD Pharmingen) according to
manufacturer's instructions. Intracellular IL-12p40/p70 and IL-10 were
stained with fluorescein R-phycoerythrin (PE)-conjugated antibodies
(Pharmingen) in a permeation buffer. The cells were analyzed using
FACSCalibur flow cytometer with the CellQuest program. Furthermore,
murine IL-12p70, IL-4, IL-6, IL-1, and IFN-y from DC were measured
using an ELISA kit (BD Pharmingen), according to manufacturer's
instructions.

2.7. Mixed lymphocyte reaction

Responder T cells, which participate in allogeneic T-cell reactions,
were isolated passing through mononuclear cells from spleen of BALB/
¢ mice in a MACS column (Miltenyi Biotec). Staining with fluorescein
isothiocyanate (FITC)-conjugated anti-CD4 and anti-CD8 antibodies
(BD Pharmingen) revealed that they consisted mainly of CD4" and
CD8™ cells (>95%). The lymphocyte population was then washed
twice in PBS and labeled with CFSE, as previously described [23]. The
cells were resuspended in 5pM CESE in phosphate-buffered saline
(PBS). After being shaken for 8 min at room temperature, the cells were
washed once in pure fetal bovine serum (FBS) and twice in PBS with 10%
FBS. DC (1x10%) or DC exposed to VLX (25 and 50 uM/ml) or LPS
(200 ng/ml) for 24 h were cocultured with 1x10° allogeneic CFSE--
labeled T lymphocytes in 96-well, U-bottom plates (Nunc). A negative
control (CD4™1 and CD8* lymphocytes alone) and a positive control
(CD4" and CD8* lymphocytes in 5 ug of Concanavalin A) were included
for each experiment. After 4 days, the cells were harvested and washed
in PBS. CFSE dilution optically gated lymphocytes were assessed by flow
cytometry.



J.S. Lee et al. / International Immunopharmacology 11 (2011) 1348-1357

>

1351

ek

5_
1.54
ek
5 = B~ 4-
=g =g g2
S = S = 7 =
a = A = S = 34
3 £ 5 a3
s O s 9 ]
=} =} v T
% 3 ) 3 o ~— 24
D 2] >~
Z 2D -
R 53 3,
g 5 g 5 &
0_
Medium 100 200 Medium 100 200 0 1 3 6 12 24
LPS (ng/ml) LPS (ng/ml) Times
B
Con 100 200
P-2DP| e -
e
»
= 1h 6h 12h 24h
T |: g q— g
SR 2 g H
o |38 313 18 33
£ |es 2§ g 2§
E |z g 8 . 8
'ﬂ £-Y o 5. o ] o,
2 n' 200 400 600 B0 1000 i
= X

Times

Fig. 2. DC maturation increased expression of mdr-1 and P-gp, but not mdr-3. DC were generated as described in Materials and methods. On day 6, the cells were cultured under standard
conditions for another 6 h and for time course experiments in the presence of 100 or 200 ng/ml LPS. Cells were then harvested and analyzed by quantitative real-time RT-PCR (A) and
Western blot (B). To assess P-gp activity, DC were loaded with the fluorescent probe Rhodamine 123 for 30 min at 37 °C, washed, and incubated for a another 30 min at 37 °C to determine
dye extrusion. The fluorescence was measured by flow cytometry (C). The data represent the means (+SD) of three separate experiments. (**P<0.01 vs untreated DC groups).

2.8. Quantitative real-time PCR

mdr-1 and mdr-3 PCR primers used were as follows: forward 5’-
ACATTCTTGGCTGACTTGCG-3' and 5’-TATAGTTTTGGCTGGGCGTGG-3,
reverse 5-AAAACACCGTCCTGAAGGCT-3’ and 5’-ATTTCTCCAGCAC-
CAGGGAC-3, respectively. Quantitative amounts of each gene were
standardized against the GAPDH housekeeping gene. Real-time PCR
was performed using a BioRad MiniOpticon System (BioRad Labora-
tories Ltd, Missouri, USA.) with SYBR green fluorophore. Reactions
were performed in a total volume of 20 pl-including 10 pul 2x SYBR
Green PCR master Mix (Applied Biosystems, Carlsbad, CA, USA), 1 pl of
each primer at 10 uM concentration and 1pM of the previously
reverse-transcribed ¢cDNA template. The protocols used were as
follow: denaturation (95 °C for 10 min), amplification was repeated
40 times (95 °C for 30's, 55 °C for 30's, 72 °C for 30 s and acquisition
temperature for 15 s). For each sample, ddCt (crossing point) values
were calculated as the Ct of the target gene minus Dt of the GAPDH
gene. Gene expression was derived according to the equation 2 =947,
and changes in gene expression were expressed as relative to basal.

2.9. siRNA studies

DC were transfected with 100 nM siRNA specific to P-gp (Santa
Cruz, CA, USA) and a negative control siRNA according to the
manufacturer's protocol (Santa Cruz). After 24 h incubation, the DC
were rinsed with PBS and used for further analysis as described above
(Table 2).

2.10. Cytoplasmic extracts and Western blot

The cells (DC) were exposed to VRP, CsA, and VLX for 24 h of
incubation at 37 °C, cells were washed twice with cold PBS and lased
with modified RIPA buffer (1.0% NP-40, 1.0% sodium deoxycholate,
150 nM NaCl, 10 mM Tris-HCl [pH 7.5], 5.0 mM sodium pyrophosphate,
1.0 mM NaVO, 5.0 mM NaF, 10 mM/ml leupeptin, and 0.1 mM
phenylmethylsulfonyl fluoride) for 15 min at 4 °C. Lysates were cleared
by centrifuging at 14,000 g for 20 min at 4 °C. The protein content of cell
lysates was determined using the Micro BCA assay kit (Pierce, Rockford,
IL). Equivalent amounts of proteins were separated by 10% SDS-PAGE
and analyzed by Western blotting using a P-glycoprotein (Abcam,
Cambridge, MA, USA) and anti-R-actin (Santa Cruz) mAb for 3 h, as
described by the manufacturer of the antibodies. Following the wash for
three times with TBST, membranes were incubated with secondary
HRP-conjugated anti-mouse IgG for 1 h. After washing, the blots were
developed using the ECL system (GE healthcare life sciences, NJ, USA),
by following manufacturer's instructions.

2.11. Statistics

All results were expressed as the means+SD of the indicated
number of experiments. Statistical significance was estimated using a
Student's t-test for unpaired observations, and the differences were
compared with regard to statistical significance by one-way ANOVA,
followed by Bonferroni's post hoc test. The categorical data from the
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Fig. 3. VLX, but not VRP or CsA, suppresses P-gp levels during dendritic cells maturation. DC were treated VRP, CsA, or VLX at the noted concentrations, in the absence
or presence of LPS (200 ng/ml). (A) Total RNA was extracted and quantitative PCR was done using sequence-specific primers to mdr-1 gene and GAPDH. GAPDH was
included as an internal control. Western blot analysis showed the protein expression of P-gp in DC treated with VRP, CsA, and VLX. The cells were treated with VRP,
CsA, or VLX at the indicated doses for 24 h (B), or with 200 ng/ml LPS (C), and then collected for western blot analysis (20 pg/lane). The data are representative of

three experiments that gave similar results.

fertility test were subjected to statistical analysis via Chi-square test. A
P of <0.01 was considered significant.

3. Results
3.1. Up-regulation of mdr-1, mdr-3 and P-gp during DC development

Monocytes, T cells, NK-cells, and skin dendritic cells are known to
express the mdr-1 and mdr-3 gene product, P-gp [18, 24]. In the initial
series of experiments, we attempted to determine whether mdr gene
expression influences DC development. Bone marrow-derived DC
were cultured for 2, 4, and 6 days in OptiMEM supplemented with
20 ng/ml of GM-CSF and 20 ng/ml of IL-4. The expression levels of
mdr-1 and mdr-3 were assessed using RT-PCR and quantitative real-
time PCR, normalizing the amounts of mRNA for targeted genes to the
mRNA levels of the GAPDH gene. Our quantitative real-time PCR
results clearly indicate that expression of mdr-1 and mdr-3 was highly
up-regulated during DC development (Fig. 1A and B). P-gp protein
expression was evaluated during the monocyte to immature DC
development by confocal microscopy and Western blot analysis. By
western blot analysis, we found a pronounced up-regulation of the
170 kDa P-gp protein during differentiation from monocytes to
immature DC (Fig. 1C). Cultured DC were co-stained for P-gp and

the DC marker, CD11c*. DC expressing P-gp (red) was also positive
for DC marker CD11c™ (green), suggesting that these cells are in fact
increasing P-gp expression during DC development (Fig. 1D).

3.2. Increased mdr-1 gene expression during DC maturation, but not
mdr-3

We found that mdr-1 and mdr-3 genes were essential for DC
development, and next examined the individual role of these genes in
DC maturation. To determine if expression of mdr-1 and mdr-3 genes
is modulated during DC maturation we examined the expression of
these genes in LPS-induced DC maturation. As shown in Fig. 2, the
expression of mdr-1, but not mdr-3, is up-regulated by DC maturation
in a dose- and time-dependent manner. These data indicate that
mdr-1 gene expression is required for DC development as well as DC
maturation. This was further confirmed on the protein level by
western blot analysis (Fig. 2B), as the level of P-gp expression in-
creased during DC maturation. Next, the efflux activity of the
transmembrane P-gp was studied using rhodamine dye as a substrate.
As shown in Fig. 2C, DC maturation also corresponded with an
increase P-gp efflux activity, indicating that P-gp activity was in-
creased during DC maturation.
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Fig. 4. VLX treatment suppresses the expression of co-stimulatory molecules and impairs cytokine production in LPS-induced DC maturation. DC were harvested and analyzed using
two-color flow cytometry. The cells were gated on CD11c*. VLX was added to the DC for 24 h at concentrations of 25 and 50 pM, and stimulation was induced with 200 ng/ml LPS.
Surface molecule expression was then analyzed (A). The histogram shown is from one out of four representative experiments. The numbers indicate mean fluorescence indensity
(MFT) (B) DC were stimulated with VRP (20 pM, such as P-gp blocker), or VLX (50 pM, such as P-gp suppressor) for 24 h, with or without LPS. This figure represents the analysis of IL-
12p40p70 and IL-10 expression in CD11c¢ " DC by intracellular cytokine staining after 24 h of LPS stimulation. The numbers indicate the percentages of CD11c™ cells expressing IL-
12p40p70 or IL-10. (C) Analysis of IL-1q, IL-6, IL-10, and IL-12p70 production was measured by ELISA with magnetic bead-purified DC (1 x 10° cells) 24 h after LPS stimulation
(200 ng/ml). The data represent the means (4 SD) of four separate experiments. (**P<0.01 vs control groups).
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Fig. 5. P-gp depleted-DC impairs proliferation of allogeneic T cells, and inhibits Th1/2 polarization. The DC were incubated for 24 h in medium alone, positive control (Concanavalin
A), in either 25 or 50 pM VLX, 200 ng/ml LPS, or in VLX coupled with LPS. The treated DC were harvested and thoroughly washed to remove the VLX and LPS. A mixed lymphocyte
reaction was allowed to proceed for 3 days, as described in the Materials and methods section of this article. (A) T cell proliferation was analyzed by flow cytometry and is presented
as a percentage of dividing cells. (B) Supernatants were examined for cytokine release after 72 h. IL-2, IL-4, and IFN-y in culture supernatants were measured by ELISA. Data are
expressed as pg/ml/10° cells -+ SD of triplicate cultures. Medium represents the chemically untreated control group. (**P<0.01 vs control groups).

3.3. VIX suppresses P-gp levels during DC maturation, but not mdr-1 gene
expression

To verify the function of P-gp in DC, a Western blot analysis was used
to detect changes in P-gp expression following treatment with specific
inhibitors, including VRP, CsA, and VLX. Generally, these specific inhibitors
of P-gp have been reported to block drug efflux and function of ATP-
binding cassette protein subfamily B (ABCB) transport, but not down-
regulate the protein expression [25-27]. In preliminary experiments, DC
were treated with VRP, CsA, and VLX, and we observed no marked
differences in the percentage of dead cells, as evidenced by CD11c™ cell
and annexin-V/propidium iodide (PI) staining (data not shown). As
shown in Fig. 3A and B, we found that VRP and CsA did not affect
expression of P-gp or mdr-1 expression, but VLX treatment significantly
decreased the expression level of P-gp. Moreover, VLX treatment
suppressed P-gp expression in LPS-induced DC maturation (Fig. 3C).

3.4. P-gp suppressor inhibits DC maturation and activation through IL-12
production

The observed changes in expression of P-gp during DC maturation
suggest that VLX exposure may lead to a profound regulation of the
phenotypic and functional maturation of DC. We then investigated the
effects of VLX on DC maturation. As shown in Fig. 4A, VLX treatment
significantly attenuated surface expression of CD80, CD86, MHC

classes I and Il on the CD11c™ cells in a dose-dependent manner in
comparison to the control group. Exposure to VLX in the presence of
LPS resulted in impaired expression of MHC classes I and II
Interestingly, a significant down-regulation of the costimulatory
molecules, CD80 and CD86, was also observed under these conditions.
It is known that inducing DC activation will result in the release of
cytokines, including IL-1c, IL-6, IL-10, and IL-12, and this can be
modulate DC-mediated T cell immune responses [28, 29]. IL-12
production was identified previously as a specific marker of DC
activity, a critical marker for DC maturation, and can be used as a
select Th1-dominant adjuvant [30]. We next assess the ability of DC to
generate pro-inflammatory cytokines. To do this, we analyzed the
production of cytokines following treatment with each P-gp blocker
(such as VRP) and suppressor (such as VLX) from both immature and
mature DC. As shown in Fig. 4B and C, DC stimulated with VLX
expressed small amounts of IL-1¢, IL-10, and IL-12, in comparison to
unstimulated DC. Interestingly, the P-gp blocker VRP had no effect on
cytokine levels during DC maturation. These data indirectly indicate
that P-gp is necessary for DC maturation and activation.

3.5. P-gp of DC is required for DC-mediated T cells polarization and
proliferation

Changes on surface molecule expression and cytokine production
from P-gp modulated-DC show that the down-regulation of P-gp
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Fig. 6. The down-regulation of P-gp inhibits DC development and differentiation. As a measure of development and differentiation, we quantified the percentage of cells staining for
each marker protein that was associated with the DC arbor. The DC marker proteins CD11c™* (A) and CD86 were already preferentially localized to the dendritic arbor on day 2, and
their polarization increased to immature levels by day 6 (B). The percentage of cells expressing these proteins associated with the dendritic membrane increased significantly during
DC development. DC were cultured with GM-CSF, IL-4, with or without VLX then collected and immunophenotyped on the days indicated. Cells were labeled with the designed
monoclonal antibodies and analyzed by flow cytometry. The quadrants shown were set based on isotype control staining. The data are representative of three experiments that gave

similar results.

leads to a profound inhibition of the phenotypic and functional
changes associated with the maturation of DC. However, these results
did not permit us to exclude the possibility that P-gp induces a general
inhibition of the physiological functions of DC. Therefore, we sought to
determine if VLX-induced decrease of P-gp on DC is associated with
the reduced proliferation, differentiation, and cytokine production in
T cells. More specifically, we attempted to determine whether the
stimulation of DC with a P-gp suppressor alters the ability of the DC
cells to activate T cells in a mixed lymphocyte reaction (MLR). As
shown in Fig. 5A and B, the LPS-treated DC exhibited a far more
profound proliferation than did the controls, whereas treatment with
a P-gp suppressor appeared to impair to proliferation responses in the
allogeneic T cells elicited by the LPS-stimulated DC. Significant
inhibition of T cell proliferation occurred at concentrations of VLX as
low as 25 pM in MLR stimulated assays. The concentrations of IL-2,
IL-4, and IFN-y measured in 72-h co-culture supernatants, when cell
counts are approximately equal, were also reduced, suggesting a
possible cytokine-dependent mechanism and inhibit DC maturation
following treatment with P-gp suppressor (VLX).

3.6. P-gp suppressor blocks DC development

While the effects of P-gp suppressor treatment during DC
development have not been previously investigated, our data suggest
that P-gp is a very important to DC differentiation, maturation, and T
cell immunity. To investigate possible roles of P-gp in DC develop-
ment, a P-gp suppressor, at nontoxic does, was added to interstitial DC
cultures. The addition of the P-gp suppressor VLX markedly inhibited
DC development as seen by CD11c-FITC values (Fig. 6). In addition,

when analyzing marker surface expression, VLX treatment had
suppressive effect on CD86 expression. The DC marker proteins such
as CD11c and CD86 were already preferentially localized to the DC
membrane during DC development. Moreover, the percentage of cells
expressing these proteins associated with the dendritic membrane
increased significantly during DC activation.

4. Discussion

This is, to the best of our knowledge, the first report of the effects of
P-glycoprotein (P-gp) expression levels on the phenotype, and the
differentiation and development capabilities of murine bone marrow-
derived DC. The aim of the work described here was to investigate
whether regulation of P-pg, a protein previously shown to be involved
in the migration of mature DC, altered the development of DC and DC-
mediated T cell immunity [16], the functional and development
capabilities have not been assessed. The physiological role of P-gp is not
completely understood; however, it has been related to multi-drug
resistance in cancer cells [31], T cells immunity [32], and DC migration
[16]. Previous reports show that P-gp is a trans-membrane protein, a
molecule of the ABC transporter superfamily, and is well-known that it
mediates efflux of chemotherapeutic agents from the intracellular
environment, thereby contributing to drug resistance [33, 34].

In this study, we suggest that P-gp expression alters physiological
functions of DC. Down-regulation of P-gp inhibits the maturation and
activation of DC, as demonstrated by low expression of costimulatory
molecules on DC surfaces and the reduced cytokine levels, including
IL-1e, IL-10, and IL-12 (Fig. 4). Moreover, the production of IFN-y, IL-4,
and IL-2 cytokines was significantly decreased in P-gp suppressed-DCin
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a co-culture system with T cells (Fig. 5). Functionally, the down-
regulation of P-gp in DC inhibited primary T cell stimulatory activity in
an allogeneic MLR, and drives Th1/Th2 polarization in both CD4* and
CD8™ T cells.

DC are the most potent APC that amplify and initiate immune
responses. In addition, DC play a crucial role in peripheral tolerance
mechanisms, induce different types of immunity and tolerance,
recognizing tumors, while capable of preventing immune responses
against environmental antigens and self tissues [3, 33, 35-38]. Moreover,
DC are among the benign cells affected by anti-cancer drugs, inducing an
immune deficient state [39]. Therefore, we investigated the function role
of P-pg and the influence of anti-cancer drugs on DC function.

Here, we show that the down-regulation of P-gp inhibits expression
of CD80, CD86, MHC I, and MHC II on DC. Moreover, P-gp suppressor
(VLX)-treated DC expressed reduced levels of IL-1c, IL-10, and IL-12
following LPS-induced maturation (Fig. 4). These results suggest that
P-gp directly inhibits maturation and activation of DC. In addition, we
report that DC differentiation requires mdr-1, but not mdr-3. Down-
regulation of P-gp following VLX treatment during DC differentiation
resulted in alteration of cell morphology and phenotype (Figs. 1 and 2).
When DC were cultured in the presence of a P-gp suppressor during
development, cells displayed decreased levels of CD11c™. In addition to
phenotypic and morphological changes, the down-regulation of P-gp in
DC induced to differentiate with LPS treatment resulted in altered DC
function. Specifically, these DC exhibited lowered secretion of IL-1c and
IL-12p40p70, and a reduced capacity to stimulate allogeneic T cell
proliferation. This reduction in IL-12 production suggests that these cells
might be weaker in inducing a Th1 response. Taken together, this report
shows that murine DC expresses the ABC-transporter P-gp on the plasma
membrane (Fig. 1C and D), and was capable of actively extruding
chemotherapeutic drugs from the cells. We further propose that P-gp
activity is required for DC development and differentiation, and when
combined with prior reports on its requirement in DC migration, this
transporter becomes even more interesting as a potential target in DC-
based immunotherapies. For example, increasing P-gp expression in DC
could perhaps result in more potent APC, allowing for use as a tool
combined with chemo-immunotherapy treatments.

In conclusion, down-regulation of P-gp by VLX inhibits the
differentiation of DC and cytokine production, such as IL-1, IL-10,
and IL-12 during DC maturation. Moreover, the P-gp-decreased DC
inhibits T cell proliferation and cytokine production. In addition, these
observations are important to consider when developing new P-gp
modulators and the development of therapeutic adjuvants for the
treatment of DC-related acute and chronic diseases.

Acknowledgment

This work was supported by the Bio-Scientific Research Grant
funded by the Pusan National University (PNU, Bio-Scientific Research
Grant) (PNU-2008-101-102).

References

[1] Liu YJ, Soumelis V, Watanabe N, Ito T, Wang YH, Malefyt Rde W, et al. TSLP: an
epithelial cell cytokine that regulates T cell differentiation by conditioning
dendritic cell maturation. Annu Rev Immunol 2007;25:193-219.

[2] Lioudyno M, Kozak JA, Penna A, Safrina O, Zhang SL, Sen D, et al. Orail and STIM1

move to the immunological synapse and are up-regulated during T cell activation.

Proc Natl Acad Sci USA 2008;105:2011-6.

Dhodapkar KM, Kaufman JL, Ehlers M, Banerjee DK, Bonvini E, Koenig S, et al.

Selective blockade of inhibitory Fcgamma receptor enables human dendritic cell

maturation with IL-12p70 production and immunity to antibody-coated tumor

cells. Proc Natl Acad Sci USA 2005;102:2910-5.

Favali C, Tavares N, Clarencio ], Barral A, Barral-Netto M, Brodskyn C. Leishmania

amazonensis infection impairs differentiation and function of human dendritic

cells. ] Leukoc Biol 2007;82:1401-6.

DeRosa DC, Ryan PJ, Okragly A, Witcher DR, Benschop R]. Tumor-derived death

receptor 6 modulates dendritic cell development. Cancer Immunol Immunother

2008;57:777-87.

3

[4

[5

[6] Idoyaga ], Moreno ], Bonifaz L. Tumor cells prevent mouse dendritic cell
maturation induced by TLR ligands. Cancer Immunol Immunother 2007;56:
1237-50.

[7] Taneichi H, Kanegane H, Sira MM, Futatani T, Agematsu K, Sako M, et al. Toll-like
receptor signaling is impaired in dendritic cells from patients with X-linked
agammaglobulinemia. Clin Immunol 2008;126:148-54.

[8] Errington F, Steele L, Prestwich R, Harrington KJ, Pandha HS, Vidal L, et al. Reovirus
activates human dendritic cells to promote innate antitumor immunity. ] Immunol
2008;180:6018-26.

[9] Banchereau ], Briere F, Caux C, Davoust |, Lebecque S, Liu Y], et al. Inmunobiology
of dendritic cells. Annu Rev Immunol 2000;18:767-811.

[10] Kikuchi K, Kusama K, Sano M, Nakanishi Y, Ishige T, Ohni S, et al. Vascular
endothelial growth factor and dendritic cells in human squamous cell carcinoma
of the oral cavity. Anticancer Res 2006;26:1833-48.

[11] Krieg AM. CpG motifs in bacterial DNA and their immune effects. Annu Rev
Immunol 2002;20:709-60.

[12] Nestle FO. Dendritic cell vaccination for cancer therapy. Oncogene 2000;19:
6673-9.

[13] Wei S, Shreiner AB, Takeshita N, Chen L, Zou W, Chang AE. Tumor-induced
immune suppression of in vivo effector T-cell priming is mediated by the B7-H1/
PD-1 axis and transforming growth factor beta. Cancer Res 2008;68:5432-8.

[14] Breier A, Barancik M, Sulova Z, Uhrik B. P-glycoprotein—implications of
metabolism of neoplastic cells and cancer therapy. Curr Cancer Drug Targets
2005;5:457-68.

[15] Volk HA, Burkhardt K, Potschka H, Chen ], Becker A, Loscher W. Neuronal
expression of the drug efflux transporter P-glycoprotein in the rat hippocampus
after limbic seizures. Neuroscience 2004;123:751-9.

[16] Randolph GJ, Beaulieu S, Pope M, Sugawara I, Hoffman L, Steinman RM, et al. A
physiologic function for p-glycoprotein (MDR-1) during the migration of dendritic
cells from skin via afferent lymphatic vessels. Proc Natl Acad Sci USA 1998;95:
6924-9.

[17] Xu D, Regner M, Smith D, Ruby ], Johnstone R, Mullbacher A. The multidrug
resistance gene mdrla influences resistance to ectromelia virus infection by
mechanisms other than conventional immunity. Immunol Cell Biol 2004;82:
462-70.

[18] Ishri RK, Menzies S, Halliday GM. Verapamil induces upregulation of P-glycoprotein
expression on human monocyte derived dendritic cells. Immunol Invest 2006;35:
1-18.

[19] van der Graaf WT, de Vries EG, Timmer-Bosscha H, Meersma GJ, Mesander G,
Vellenga E, et al. Effects of amiodarone, cyclosporin A, and PSC 833 on the
cytotoxicity of mitoxantrone, doxorubicin, and vincristine in non-P-glycoprotein
human small cell lung cancer cell lines. Cancer Res 1994;54:5368-73.

[20] Ehret M], Levin GM, Narasimhan M, Rathinavelu A. Venlafaxine induces P-
glycoprotein in human Caco-2 cells. Hum Psychopharmacol 2007;22:49-53.

[21] Loo TW, Clarke DM. Defining the drug-binding site in the human multidrug
resistance P-glycoprotein using a methanethiosulfonate analog of verapamil,
MTS-verapamil. ] Biol Chem 2001;276:14972-9.

[22] Bernards CM. Cyclosporine-A-mediated inhibition of p-glycoprotein increases
methylprednisolone entry into the central nervous system. Spinal Cord 2006;44:
414-20.

[23] Lyons AB, Hasbold J, Hodgkin PD. Flow cytometric analysis of cell division history
using dilution of carboxyfluorescein diacetate succinimidyl ester, a stably
integrated fluorescent probe. Methods Cell Biol 2001;63:375-98.

[24] Ren L, Xiao L, Hu J. MDR1 and MDR3 genes and drug resistance to cisplatin of
ovarian cancer cells. ] Huazhong Univ Sci Technolog Med Sci 2007;27:721-4.

[25] Aszalos A, Thompson K, Yin JJ, Ross DD. Combinations of P-glycoprotein blockers,
verapamil, PSC833, and cremophor act differently on the multidrug resistance
associated protein (MRP) and on P-glycoprotein (Pgp). Anticancer Res 1999;19:
1053-64.

[26] Futscher BW, Foley NE, Gleason-Guzman MC, Meltzer PS, Sullivan DM, Dalton WS.
Verapamil suppresses the emergence of P-glycoprotein-mediated multi-drug
resistance. Int J Cancer 1996;66:520-5.

[27] Weiss ], Dormann SM, Martin-Facklam M, Kerpen (], Ketabi-Kiyanvash N, Haefeli
WE. Inhibition of P-glycoprotein by newer antidepressants. ] Pharmacol Exp Ther
2003;305:197-204.

[28] Wesa A, Galy A. Increased production of pro-inflammatory cytokines and
enhanced T cell responses after activation of human dendritic cells with IL-1
and CD40 ligand. BMC Immunol 2002;3:14.

[29] Agaugue S, Marcenaro E, Ferranti B, Moretta L, Moretta A. Human natural killer
cells exposed to IL-2, IL-12, IL-18 or IL-4 differently modulate priming of naive T
cells by monocyte-derived dendritic cells. Blood. 2008.

[30] Rescigno M, Piguet V, Valzasina B, Lens S, Zubler R, French L, et al. Fas engagement
induces the maturation of dendritic cells (DCs), the release of interleukin (IL)-1beta,
and the production of interferon gamma in the absence of IL-12 during DC-T cell
cognate interaction: a new role for Fas ligand in inflammatory responses. ] Exp Med
2000;192:1661-8.

[31] Triller N, Korosec P, Kern I, Kosnik M, Debeljak A. Multidrug resistance in small cell
lung cancer: expression of P-glycoprotein, multidrug resistance protein 1 and lung
resistance protein in chemo-naive patients and in relapsed disease. Lung Cancer
2006;54:235-40.

[32] Frank MH, Denton MD, Alexander SI, Khoury SJ, Sayegh MH, Briscoe DM. Specific
MDR1 P-glycoprotein blockade inhibits human alloimmune T cell activation in
vitro. ] Immunol 2001;166:2451-9.

[33] Marchetti S, Mazzanti R, Beijnen JH, Schellens JH. Concise review: clinical
relevance of drug and herb drug interactions mediated by the ABC transporter
ABCB1 (MDR1, P-glycoprotein). Oncologist 2007;12:927-41.



J.S. Lee et al. / International Immunopharmacology 11 (2011) 1348-1357 1357

[34] Loor F, Tiberghien F, Wenandy T, Didier A, Traber R. Cyclosporins: structure—
activity relationships for the inhibition of the human MDR1 P-glycoprotein ABC
transporter. ] Med Chem 2002;45:4598-612.

[35] McGill J, Van Rooijen N, Legge KL. Protective influenza-specific CD8 T cell
responses require interactions with dendritic cells in the lungs. ] Exp Med
2008;205:1635-46.

[36] Guo W, Guo Y, Tang S, Qu H, Zhao H. Dendritic cell-Ewing's sarcoma cell hybrids
enhance antitumor immunity. Clin Orthop Relat Res 2008;466:2176-83.

[37] Lambert AA, Gilbert C, Richard M, Beaulieu AD, Tremblay M]. The C-type lectin
surface receptor DCIR acts as a new attachment factor for HIV-1 in dendritic cells
and contributes to trans- and cis-infection pathways. Blood 2008;112:1299-307.

[38] Uematsu S, Fujimoto K, Jang MH, Yang BG, Jung Y], Nishiyama M, et al. Regulation
of humoral and cellular gut immunity by lamina propria dendritic cells expressing
Toll-like receptor 5. Nat Immunol 2008;9:769-76.

[39] Zhou H, Zou P, Chen ZC, You Y. A novel vicious cycle cascade in tumor
chemotherapy. Medical hypotheses 2007;69:1230-3.



	Venlafaxine inhibits the development and differentiation of dendritic cells through the regulation of p-glycoprotein
	1. Introduction
	2. Materials and methods
	2.1. Animals
	2.2. Reagents and Abs
	2.3. Generation and culture of DC
	2.4. Stimulation of DC by P-gp molulators
	2.5. Flow cytometric analysis
	2.6. Cytokines assay
	2.7. Mixed lymphocyte reaction
	2.8. Quantitative real-time PCR
	2.9. siRNA studies
	2.10. Cytoplasmic extracts and Western blot
	2.11. Statistics

	3. Results
	3.1. Up-regulation of mdr-1, mdr-3 and P-gp during DC development
	3.2. Increased mdr-1 gene expression during DC maturation, but not mdr-3
	3.3. VLX suppresses P-gp levels during DC maturation, but not mdr-1 gene expression
	3.4. P-gp suppressor inhibits DC maturation and activation through IL-12 production
	3.5. P-gp of DC is required for DC-mediated T cells polarization and proliferation
	3.6. P-gp suppressor blocks DC development

	4. Discussion
	Acknowledgment
	References


