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Abstract Methionine enkephalin (MENK), the endoge-
nous neuropeptide, is known to exert direct effects on the
neuroendocrine and the immune systems and participates
in regulation of various functions of cells related to both
the innate and adaptive immune systems. Dendritic cells
(DCs) play important role in initiating and regulating T cell
responses. The aim of this work is to investigate the effects
of MENK on differentiation, maturation, and function of
DCs derived from murine bone marrow progenitors (BM-
derived DCs). Our result showed that MENK could induce
BM-derived DCs to polarize predominantly to mDC sub-
type, rather than pDC both in vivo and in vitro, and this
was in favor of Thl response. BM-derived DCs, after
treatment with MENK, up-regulated the expressions of
MHC class II and key costimulatory molecules. Result by
RT-PCR showed MENK could increase expressions of
delta and kappa receptors on BM-derived DCs. Also
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MENK promoted BM-derived DCs to secret higher levels
of proinflammatory cytokines of IL-12p70, TNF-o. Fur-
thermore, differentiated BM-derived DCs treated with
MENK displayed higher activity to induce allogeneic T
cell proliferation and MENK also inhibited tumor growth
in vivo and induced apoptosis of tumor cells in vitro. Thus,
it is concluded that MENK could be an effective inducer of
BM-derived DCs and might be a new therapeutic agent for
cancer, as well as other immune handicapped disease. Also
we may consider MENK as a potential adjuvant in vaccine
preparation.
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Abbreviations

MENK Methionine enkephalin

DC Dendritic cell

BM-derived DCs DCs derived from murine bone
marrow progenitors

GM-CSF Granulocyte macrophage colony
stimulating factor

1L-4 Interleukin-4

1L-3 Interleukin-3

LPS Lipopolysaccharide

FCM Flow cytometry

IFN-y Interferon-y

OGFr Opioid growth factor receptor

RT-PCR Reverse transcriptase polymerase
chain reaction

pDCs Plasmacytoid dendritic cells

mDCs Myeloid dendritic cells

MLR Mixed lymphocyte reaction

MCEF-7 Human breast adenocarcinoma

cell line
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Introduction

MENK, an endogenous opioid peptide composed of five
amino acids with the following sequence: Tyr—Gly—Gly—
Phe—Met, is generated in adrenal gland and derived from
proenkephalin [1]. Receptors of the mu, kappa, and delta
types [2] have been detected on various immune cells in a
number of studies [3]. In addition to their analgesic
activity, the control of respiratory, cardiovascular, gas-
trointestinal functions, and antitumor effects via opioid
receptors, MENK also exert stimulation on the cells in
both innate and adaptive immune system at a moderate
range of concentrations, such as T cell [4, 5], NK [6-9]
LAK cells and TIL cells [10] macrophage [11, 12], and
DCs [13-16].

Dendritic cells (DCs) function as highly efficient antigen
presenting cells (APCs) with a crucial role in both innate
immunity and adaptive immunity [17, 18]. Immature DCs
reside in peripheral tissues, where they serve as sentinels
for foreign antigens and microbial pathogens. Upon acti-
vation, immature DCs with the capacity to arrest antigens
undergo maturation, becoming maturated DCs with
capacity to accumulate and present peptides to T cell.
Simultaneously, there is significant up-regulation of
expression of major histocompatibility complex (MHC)
class II molecules, costimulatory molecules such as CD40,
CD80, and CD86 on the maturated DCs. Usually DCs are
broadly classified into plasmacytoid dendritic cells (pDCs)
and myeloid dendritic cells (mDCs) subtypes, which could
be developed from bone marrow progenitors [19]. In
addition, it has been widely considered that mDC, prefer-
entially elicited Th1 type response, produced IFN-y, TNF-o,
TLR-9, and IL-12 [20, 21], whereas pDC promoted a Th2
response, secreted IL-4, IL-5, IL-13, and IL-10. Recent
findings indicated that the different stimuli induced BM-
derived DCs to differentiate into different DC subset,
which serves different Th cell responses [22—24]. Thus, the
type of DC stimulus may determine the DC-mediated
polarization of Th cell responses. Several cytokines can
influence the differentiation and the maturation status of
DCs. GM-CSF, G-CSF, and Flt3-L were widely used for
modulating DC function. GM-CSF has been routinely used
in clinical post-chemo/radiotherapy for repopulating mDCs
in cancer patients [25-30]. Although immunomodulating
properties of MENK have been reported previously [31,
32], the effect of MENK on differentiation of BM-derived
DC precursor into DC has not been studied so far and
mechanisms remain unclear. We endeavored to conduct
following exploration to try to reveal mechanisms, via
which, MENK regulates cells of immune system, so as to
support clinical application of MENK as a new drug
fighting cancers in the future.
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Materials and methods
Reagents

MENK was provided by Penta Biotech. Inc., USA
(=97% purity). RT-PCR Kits were purchased from Taka
(Japan). Recombinant murine cytokines of IL-4 and GM-
CSF were obtained from PeproTech Inc. LPS from
Escherichia coli (serotype 055:B5) was a product of
Sigma-Aldrich. The FCM antibodies were purchased
from Biologend (CA, USA). Murine cytokines were
measured using ELISA kits purchased from R&D Sys-
tem. RT-PCR primers were prepared by Nanking Kinsit
Gene Tech. Co., China. Trizol was a product of Invit-
rogen (Carlsbad, CA). Other chemicals frequently used
in our laboratory were all products from Sigma-Aldrich
or BD Pharmingen.

Ethic statement

All animal experiments were conducted in strict accor-
dance with the Guide for the Care and Use of Laboratory
Animals of the China law of animal welfare. The protocol
was approved by the Committee on the ethics of Animal
Experiments of China National Institutes of Health (permit
number GB 14923-2001).

Mice

Female 6- to 8-week-old C57BL/6 mice and BALB/C
mice were obtained from Harlan Slac Laboratory Ani-
mals Co., Ltd. (Shanghai, China), and genotypes of all
mice were tested and authenticated by multi locus DNA
fingerprinting and multiplex-PCR DNA profiling analy-
sis and were housed in the nonspecific pathogen-free
(SPF) animal facility at China medical university. The
mice were kept at 22°C with 14 h light: 10 h dark
schedule and fed with standard food pellets and water
ad libitum. Mice were sacrificed by isoflurane inhalation.
All surgery was performed under Ketamine and Xylazine
anesthesia, and all efforts were made to minimize
suffering.

Cell lines

S180 and MCF-7 cell lines used for in vivo and in vitro
experiments were purchased from Shanghai Institute of
Cell Biology. Genotypes of all cell lines were tested and
authenticated by multi locus DNA fingerprinting and
multiplex-PCR DNA profiling analysis. And that they
were passaged in our laboratory for 5 months after
receipt.
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BM-derived DCs differentiation in vitro

Bone marrow cells obtained from mice were seeded in
6-well culture plates at 107 cells/well in a final volume of
2 mL 1640 medium and cultured at 37°C in 5% humidified
CO, for 2 h. Nonadherent granulocytes cells were
removed, and adherent cells were cultured to induce DCs
differentiation. Various grade concentrations of MENK
(1078-107" mol/L) were added to the cultured bone
marrow cells on 0 day, as well we set G+I (GM-CSF plus
IL-4, 20 ng/mL. GM-CSF and 10 ng/mL IL-4) and IL-3
(15 ng/mL) as control groups. pDC and mDC were tested
on 7 days by Flow cytometry (FCM) according to surface
markers.

Analysis of costimulatory molecules by FCM

The cultured bone marrow cells served as both a testing
group, after treatment with 10~'2 mol/L. MENK, G+I
separately for 7 days, and a RPMI 1640 control group.
They were collected, stained with APC-anti-CD40, Percp-
anti-CD80, PE-anti-MHC-II, FITC-anti-CD11¢c, APC-anti-
CD11b, and PE-anti-CD45R/B220 antibodies for 30 min,
then washed with 2% PBS twice, and subsequently col-
lected using FCM Calibur (Becton—Dickinson, San Diego,
CA). The data were then analyzed using Flow Jo software
(Tree Star, Ashland, OR).

Cytokine assay

The production of cytokines in the BM-derived DC cul-
tures was determined by ELISA. Supernatants of differ-
entiated BM-derived DCs in each group were harvested
and subjected to ELISA for IL-10, and IL-12p70 the
absorbance at 450 nm (A450) was determined using a
bichromatic-microplate reader.

Confirmation of opioid receptors, intracellular TNF-c,
and TLR-9 by RT-PCR

The gene expressions of mu, kappa, delta receptors, and
intracellular TNF-o, TLR-9 were detected by RT-PCR. The
RT-PCR reaction was carried out as shown in Table 1.
Meanwhile, the total cultured BM-derived DCs cellular
RNA was extracted and reversed transcripted into com-
plementary DNA (cDNA). The mRNA level of each gene
was indicated by the gel electrophoresis with same
amounts of PCR products. The amount of DNA was cal-
culated using standard curves, and the results were nor-
malized to the housekeeping gene f-actin.

Mixed lymphocyte reaction (MLR)

The differentiated BM-derived DCs were induced with
1072 mol/L MENK, G+I (20 ng/mL GM-CSF and 10 ng/
mL IL-4),IL-3 (15 ng/mL), and LPS (1 ng/mL), respectively,
for 7 days, and they were purified by immunomagnetic beads
and analyzed using FCM Calibur for DC, NK, Macrophage,
and CTL. After that, allogenic T cells purified by immuno-
magnetic beads from BALB/C mice (2-5 x 10°/well) were
incubated in 96-well cell-culture plates with graded numbers
of differentiated BM-derived DCs for 5 days. Proliferation of
T cells was monitored by MTT at 490 nm (A490) using a
bichromatic-microplate reader. Results were expressed as the
mean + SD from triplicate wells.

BM-derived DC-mediated inhibition to tumor
cell in vitro

The BM-derived DCs induced with 10~'% mol/L. MENK,
G+I, IL-3, and LPS, respectively, were purified by
immunomagnetic beads and analyzed using FCM Calibur
for DC, NK, Macrophage, and CTL. MCF-7 cells (105/mL)

Table 1 The primers of genes

Gene Sequence GC Tm Products length
(%) O

p-actin 5'-TGCTGTCCCTGTATGCCTCT-3' 55 56 333 bp
5'-CAGGATTCCATACCCAAG-3 50

TNF-o 5'-GGCGGTGCCTATGTCTC-3' 64 52 462 bp
5'-GCAGCCTTGTCCCTTGA-3' 58

TLR-9 5'-TGGACGGGAACTGCTACT-3 55 59 768 bp
5'-GCCCACTGATGCGATTGT-3' 55

Mu 5'-CCATTGGTCTGCCCGTAA-3' 55 58 218 bp
5'-TTTGGAGCCCGACAGCAT-3' 55

Kappa 5'-TCCGACAGTAATGGCAGTG-3' 52 55 609 bp
5'"TGGGATCACAAAGGCAAA-3’ 44

Delta 5'-CCAGTCGCAGTCAATCTAA-3’ 47 54 756 bp
5'-TCTTCCCTCAATCCCTTC-3' 50
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were seeded in a 96-well plate and cultured with graded
doses of differentiated BM-derived DCs in per triplicate/
well, respectively, for 96 h. The optical value of each well
was quantified using *H-TdR penetration method. Statisti-
cal analysis of the inhibition ratio mediated by BM-derived
DCs were done as per formula:

Inhibitionratio (%)
B {OD of targetcells — (OD control cell — OD effect cell) }
OD of targetcells
x 100

Confirmation of tumor apoptosis mediated
by differentiated BM-derived DCs

Differentiated BM-derived DCs of each group were cocultured
with (10%mL) MCE-7 tumor cells for 3 days. The harvested
cells were for apoptotic detection using annexin V-FITC kit per
manufacturer’s protocol by FCM, and this result was recon-
firmed with inverted fluorescent light microscope.

Mice grouping and studying in vivo

C57BL/6 mice were randomly divided into three groups,
with five mice in each group, and one group was for the
establishment of S180 model (injected subcutaneously with
10° of Sarcoma 180 cells). The mice in S180 model group
and in MENK group (normal C57BL/6 mice treated with
MENK) were treated by s.c. with 20 mg/kg MENK, every
other day for a period of 30 days. All the mice were sac-
rificed on 30 days. The bone marrow cells and splenocytes
of the mice in each group were separated; subsequently,
both the DC subtypes and expressions of costimulatory
molecules were identified with FCM.

Antitumor activity of MENK in vivo

S180 cells (1.0 x 106/mL) were injected subcutaneously
into C57BL/6 mice (0.2 mL/mouse). After establishment
of tumor model for 24 h, mice were divided into two
groups (eight mice/group). Mice in the MENK group were
injected (i.p.) with MENK (20 mg/kg, Penta Biotech Inc.,
USA, >97 purity) once a day for consecutive 30 days.
During the administration of MENK, the mice were
observed daily. The tumor sizes and survival rate were
measured. The tumors apoptosis was detected using
annexin V-FITC kit per manufacturer’s protocol by FCM.

Inhibiting effect on tumor growth by infusing
differentiated BM-derived DCs in vivo

C57BL/6 mice bearing S180 tumors were randomly divi-
ded into two groups with five mice in each group. The mice
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in testing groups received injection of 0.25 x 10° differ-
entiated BM-derived DCs induced by 10~'? mol/L MENK.
The mice were observed daily. The tumor sizes and sur-
vival rate were measured.

Statistical analysis

Mean, standard deviation, and statistical significance were
calculated using the SPSS application software and Prism
(Graph Pad Software). The results were expressed as
mean £ SD of three or more independent experiments.
Tukey’s test was used to compare testing group with
control group. Statistical result used for post hoc analysis
when p < 0.05 indicated significance. The results will be
discussed later.

Results

Effect of grade concentration of MENK
on differentiation of BM-derived DC progenitor

With increasing concentrations of MENK (107%-107'*
mol/L) in testing group, the expression of CD11¢*CDI11b™
(mDC marker) on BM-derived DCs increased, while that of
CD11c"CD11b~CD45R/B220" (pDC marker) did not
change significantly compared with expression in the
control groups. The optimal concentration of MENK at
used range was 10~'2 mol/L. Under the influence of this
concentration, CD11¢*CD11b*T BM-derived DCs in the
MENK-12 (10~'? mol/L MENK) group were higher than
that in the other concentration MENK groups and much
higher (p < 0.01) than that in the RPMI 1640 group,
although it had no obvious difference (p > 0.05) compared
with that in the G+I group, and CD11¢"CD11b~CD45R/
B220" BM-derived DCs in the MENK-12 group had no
difference (p > 0.05) versus that in the RPMI 1640 group
and had a little higher (p < 0.05) than that in the G+I
group, as shown in Fig. 1. These data demonstrated that
MENK was a potentially effective factor that can reverse
BM-derived DCs to mDC by immunophenotyping, and the
optimal concentration was 10~'? mol/L MENK.

Expression of MHCII and costimulatory molecules
on BM-derived DCs treated with 10~'> M MENK

The surface markers on the differentiated BM-derived DCs
after treatment with MENK-12 were analyzed using four-
color FCM. Concretely MHCII, CD40, and CD80 in the
MENK-12 group expressed much higher level (p < 0.01)
than that in the RPMI 1640 group, and then, there were also
a significant increase in the number of CD80 and MHCII in
the MENK-12 group (p < 0.05) than that in the G+I group,
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Fig. 1 The effect of graded concentrations of MENK on the
differentiation of BM-derived DC progenitors in vitro. BM-derived
DC progenitors were cultured for 7 days with MENK at range of
concentrations (107%-107"* mol/L) and phenotypes of BM-derived

while the expression of CD40 had no obvious difference
(p > 0.05) between the MENK-12 group and the G+I
group, as shown in Fig. 2a, b. These data demonstrated that

IL-3 1

—~ CD11c+CD11b+DC
—e- CD11C+CD45R/B220+DC

DCs were analyzed by FCM. a Immunophenotypes were character-
ized by FCM. Similar results were obtained from four separate
experiments. b The results were summarized in the curve. **p < 0.01
versus in the RPIM 1640 group

107> mol/L MENK could effectively enhance the
expressions of costimulatory molecules compared with the
other control groups.
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<« Fig. 2 The characteristics of BM-derived DCs induced by MENK-12

(107" mol/L MENK). a, b The expressions of costimulatory
molecules on the DCs derived from BM progenitors after treatment
with 10~'2 mol/L MENK (MENK-12). DCs expressed higher level of
MHCII at the concentrations of 10~'? mol/L MENK as well as a
significant increase in the number of CD80™ and CD40™ cells on the
DC populations. a Dotplot analysis by FCM. b The statistical analysis
of histogram by GraphPad prism5. **p < 0.01 versus in the RPIM
1640 group; *p < 0.05 versus in the G+I (GM-CSF plus IL-4) group.
¢, d IL-12p70 and IL-10 production by BM-derived DCs. Dendritic
cells derived from bone marrow progenitors were cultured with GM-
CSF plus IL-4 and 10~'2 mol/L MENK, respectively, for 7 days. The
supernatants were evaluated for the presence of IL-12p70 and IL-10
by ELISA. Results are shown as mean values (£SD) of five
independent experiments. **p < 0.01 versus RPIM 1640 group,
#p < 0.05 versus G+I group. e—j RT-PCR analysis at mRNA levels of
delta, kappa, mu receptors, TNF-a and TLR-9 after treatment with
107"* mol/L. MENK. BM-derived DCs treated with MENK-12 was
test group and G+I, RPIM 1640 were control groups. Delta yielded
576 bp. Kappa yielded 609 bp. Mu yielded 218 bp. TNF-a yielded
462 bp and TLR-9 yielded 768 bp. **p < 0.01 versus in the RPIM
1640 group; *p < 0.05 versus in the G+ group; *p < 0.01 versus in
the G+I group

Production of cytokine IL-12p70 and IL-10 by ELISA

Usually, the mDC produces high level of IL-12p70 while
pDC produces high level of IL-10. The cytokine secretion
of differentiated BM-derived DCs after treatment with
MENK-12 and G+I, respectively, were analyzed by
ELISA. Our results showed that the levels of IL-10 and IL-
12p70 in the MENK-12 group increased significantly
(» < 0.01) compared with those in the RPMI 1640 group.
Correspondingly, the secretion of IL-10 in the MENK-12
group could be elevated compared with that in G+I group
(p < 0.05), the levels of IL-12p70 in the MENK-12 group
had no difference (p > 0.05) with that in G41 group. These
data showed that 10™'? mol/L MENK could up-regulate
the cytokine production and the productions of cytokine
IL-12p70 were higher than that of IL-10 in each group as
shown in Fig. 2c, d.

Expression of opioid receptors, intracellular TNF-«,
and TLR-9 at the mRNA level in BM-derived DCs
by RT-PCR

The intracellular relative mRNA levels of TLR-9 were
significantly higher in the MENK-12 group and G+I
group, while there was no significance (p > 0.05) between
them as shown in Fig. 2e, f. Opioid receptors of kappa and
delta both increased in the MENK-12 group compared with
that in RPIM 1640 group (p < 0.01) and G+I group
(p < 0.01) as shown in Fig. 2e, g, h. However, the relative
mRNA level of mu receptor was significantly lower in the
MENK-12 group (p < 0.01) than those in other groups as
shown in Fig. 2e and i. The relative mRNA level of
intracellular TNF-o was significantly higher in the MENK-

12 group (p < 0.01) than that in the RPIM1640 group, and
there was no significance (p > 0.05) with that in G4I
group as shown in Fig. 2e and j. These data demonstrated
that 10~'? mol/L. MENK could up-regulate the mRNA
levels of kappa and delta and intracellular mRNA expres-
sions of TNF-o and TLR-9 effectively, while the expres-
sion of mu mRNA was down-regulated simultaneously.

Stimulatory activity of BM-derived DCs in MLR

Allogeneic T cells from BALB/C mice displayed a sig-
nificantly higher proliferative response to BM-derived DCs
treated with 10~'* mol/L MENK. The OD value in the
MENK-12 group was markedly higher (p < 0.01) than that
in the LPS group, a little higher than that in G+I group
(p > 0.05) and that in IL-3 group (p > 0.05). This means
the activity to stimulate proliferation of allogeneic CD4*T
cells by MENK-12 was great at the ratio of DC:T 1:5, as
shown in Fig. 3a, b. These data demonstrated that
10~'2 mol/L MENK could promoted proliferation activity
of T cells in MLR.

Inhibitory effects on MCF-7 tumor cells
by differentiated BM-derived DCs

The inhibition on the MCF-7 tumor cells with differenti-
ated BM-DCs was evaluated by *H-TdR penetration
method. Our data showed the inhibition rate in the MENK-
12 group was higher (p < 0.01) compared with that in the
LPS group, while the difference was not obvious with that
in the G+I group (p > 0.05) and that in the IL-3 group
(p > 0.05) as shown in Fig. 3a, c. Annexin V/PI staining
was performed as described earlier, the apoptotic ratio of
the MCF-7 tumor cells mediated by differentiated BM-
derived DCs using FCM in the MENK-12 group was
markedly higher (p < 0.01) than that in the LPS group and
had significant differences with that in IL-3 group
(p < 0.05), while had no significant differences with that in
G+I group (p > 0.05), as shown in Fig. 3a, d. The mor-
phologies of apoptotic MCF-7 tumor cells induced by
differentiated BM-derived DCs under inverted fluorescent
light microscope revealed a middle stage of apoptosis with
nuclear fragmentation of the MCF-7 cells in the MENK-12
group as well as that in the G+I group, as shown in Fig. 3e.
These data demonstrated that the differentiated BM-
derived DCs with 10™'? mol/L MENK could effectively
induce the apoptosis of tumor cells.

Differentiation of DC induced by MENK in vivo
Normally, expression of CD11¢*CDI11b* acted as mDC

markers and CD11c¢*CD11b~CD45R/B220™" acted as pDC
markers on the DCs in both bone marrow and spleen of
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mice. Under the influence of MENK, there were much (»p <0.05) versus 49.21 4+ 2.41% in the tumor group
higher levels of CD11¢*CD11b" DCs in both the tumor  treated with MENK group. CDI11ctCD11b~ CD45R/
group treated with MENK and the MENK group. Con- ~ B220" DCs yielded 24.99 4 1.42% in the MENK group
cretely, in spleen, CDI11c*CD11b" DCs yielded (p < 0.05) versus 34.82 & 4.5% in the C57BL/6 normal
44.69 £ 8.74% in the MENK group (p < 0.01) versus  control group, and (p > 0.05) versus 21.76 £ 2.4% in the
17.95 £ 9.15% in the C57BL/6 normal control group, and  tumor group treated with MENK group as shown in

Fig. 4 The induction effect of MENK for the differentiation of DCs in vivo. a—d The subtypes distribution of myeloid DC (mDC,
CD11c™CD11b" DC) and plasmacytoid DC (pDC, CD11ctCD45R/B220" DC) in tumor-bearing mice and normal mice by FCM. a The results
of immunophenotypes of DCs in spleen. Similar results were obtained from four separate experiments. b The results of immunophenotypes of
DCs in bone marrow. Similar results were obtained from four separate experiments. ¢, d The analysis of histogram with the subtypes of mDC and
pDC in spleen and bone marrow. e, f The expressions of costimulatory molecules on the DCs in spleen in the C57BL/6 normal control group,
tumor treated with MENK group and MENK group. e Dotplot analysis by FCM. f The statistical analysis of histogram by GraphPad prism5.
#%p < 0.01 versus in the C57BL/6 normal control group, *p < 0.05 versus in the C57BL/6 normal control group, *p < 0.01 versus in the tumor
treated with MENK group, *p < 0.05 versus in the tumor treated with MENK group. g, h The expressions of costimulatory molecules on the DCs
in bone marrow in the C57BL/6 normal control group, tumor treated with MENK group and MENK group. g Dotplot analysis by flow cytometry.
h The statistical analysis of histogram by GraphPad prism5. *p < 0.05 versus in the C57BL/6 normal control group; *p < 0.05 versus in the tumor
treated with MENK group. **p < 0.01 versus in the C57BL/6 normal control group; *p < 0.01 versus in the tumor treated with MENK group
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Fig. 4a, c. In bone marrow, CD11c¢*CD11b" DCs yielded
4245 £ 6.78% in the MENK group (p < 0.01) versus
17.16 £ 7.32% in the C57BL/6 normal control group, and
(p <0.01) versus 82.15 £ 9.32% in the tumor group
treated with MENK group. CD11b~CD45R/B220" DCs
yielded 3.05 + 0.61% in the MENK group (p < 0.01)
versus 20.88 = 4.71% in the C57BL/6 normal control
group, and (p < 0.05) versus 11.84 & 3.61% in the tumor
group treated with MENK group as shown in Fig. 4b, d.
These data demonstrated that MENK was a potentially
effective factor that can polarize DCs in bone marrow and
spleen to mDC in vivo.

The expression of costimulatory molecules induced
by MENK in vivo

When treated with MENK, the DCs in mice gradually
maturated with the up-regulated expression of key surface
molecules. The results of the test were that CD80 in spleen
DCs yielded 34.62 &+ 3.75% in the MENK group,
(p < 0.05) versus 25.43 + 2.86% in the C57BL/6 normal
control group, and (p < 0.01) versus 57.05 + 6.04% in the
tumor group treated with MENK group as shown in
Fig. 4e, f and that CD80 in bone marrow DCs yielded
30.84 + 3.41% in the MENK group, (p < 0.05) versus
20.24 £ 2.67% in the C57BL/6 normal control group, as
shown in Fig. 4g, h. Similarly, CD40 in spleen DCs yielded
25.78 £ 1.67% in the MENK group, (p < 0.05) versus
19.73 £ 2.35% in the C57BL/6 normal control group, and
(p < 0.05) versus 32.04 + 3.06% in the tumor group
treated with MENK group, and CD40 in bone marrow DCs
yielded 36.19 £+ 1.89% in the MENK group, (p < 0.05)
versus 28.16 = 2.23% in the C57BL/6 normal control
group, as shown in Fig. 4g, h. Furthermore, MHCII in
spleen DCs yielded 16.18 £ 0.22% in the MENK group,
(»p <0.01) versus 3.9 £ 0.26% in the C57BL/6 normal
control group, and MHCII in bone marrow DCs yielded
19.61 £ 1.69% in the MENK group, (p < 0.01) versus
2.8 + 0.42% in the C57BL/6 normal control group, and
(p < 0.01) versus 8.49 £ 0.39% in the tumor group treated
with MENK group as shown in Fig. 4g, h. These data
demonstrated that MENK was a potentially effective factor
that could up-regulate the expressions of costimulatory
molecules of DCs in vivo.

Antitumor activity of MENK in vivo

Upon 30 days period of treatment with MENK, the efficacy
was assessed by survival rate, tumor size, and apoptosis.
Our results showed that mean tumor sizes yielded
504 4 49.2 mm?® in the MENK group, (p < 0.05) versus
849.2 + 51.4 mm® in the tumor group as shown in Fig. 5a.
Survival rate in the MENK group was significantly higher

@ Springer

compared with those in the tumor group. As measured, we
had 38 £ 1.2% in the MENK group, (p < 0.05) versus 0%
in the tumor group as shown in Fig. 5b. The analysis of
tumor tissue apoptosis by FCM demonstrated that apoptotic
rate yielded 62.04 & 3.32% in the MENK group,
(p < 0.01) versus 5.05 &+ 0.61% in the tumor group. In
parallel, necrotic rate yielded 47.32 + 2.1% in tumor
group, (p <0.01) versus 10.14 £ 1.9% in the MENK
group as shown in Fig. 5c, d. The results showed that
MENK could delay tumor growth and significantly
enhance survival of mice bearing S180 tumors.

Inhibiting effect on tumor growth by reinfusing
differentiated BM-derived DCs into mouse

Our data directly showed that the reinfusing differentiated
BM-derived DCs treated with MENK-12 in vitro into the
tumor bearing mice could significantly increase survival
rate, compared with that of the tumor groups. Tumor sizes
yielded 503.3 & 222 mm® in the MENK-12 group,
(p < 0.01) versus 842.9 + 26.61 mm” in the tumor group
as shown in Fig. 5e. Survival rate yielded 51 + 6.2% in the
MENK-12 group, (p < 0.01) versus 0% in the tumor group
as shown in Fig. 5f.

Discussion

As we know, the immune system is a very complicated and
diverse entity, controlled by endocrine system via signaling
molecules that act as activating agents, and thus formu-
lating a coordinated interaction between the immune and
endocrine system [33, 34]. Immunomodulation property of
MENK has been reported previously [35]. DCs can be
derived from bone marrow and play critical roles in initi-
ating T cell responses.

In our study, we found that MENK, at used concentra-
tion, could induce DC phenotypic and functional matura-
tion toward mDC predominately in vitro. As evidenced,
under the influence of MENK, the DCs developed from
bone marrow progenitors differentiated into mDC charac-
terized by high expression of CD11c*CD11b" and low
expression of CD11c"CD11b~ CD45R/B220" phenotype
(Fig. 1). Simultaneously, 10~'% mol/L. MENK stimulated
higher expression of CD40, CD80, and MHCII compared
with that in G+I, RPMI1640 groups, and the optimal
concentration of 107'?> mol/L MENK was identified
(Fig. 2a, b). Furthermore, the higher level of IL-12p70 and
lower level of IL-10 secreted in the 10~'% mol/L MENK
group reconfirmed induction of BM-derived DCs toward
mDC (Fig. 2c, d). Additionally, the expressions of recep-
tors of TNF-a and TLR-9 on DCs showed consistence to
BM-derived DCs differentiation induced by MENK-12
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Fig. 5 Antitumor effect by MENK in vivo. a-d The tumor models
were established in C57BL/6 mice and then one group was treated
with MENK (20 mg/kg) every other day for successive 30 days.
Tumor sizes of each mouse (5/group) were measured every 3 days,
and survival condition in each group (5/group) was monitored daily.
The effect of apoptosis on tumor tissue of tumor group and MENK-
treated group were analyzed. a Tumor sizes in the MENK-treated
group showed significance. b Significant increase in survival rate and
prolonged survival times were observed in MENK-treated group. ¢,
d The apoptosis analysis of tumor tissue stained with both annexin V

(Fig. 2e, £, j). Moreover, we quantified expressions of mu,
kappa, and delta receptors using RT-PCR and proved that
10~"? mol/L MENK could up-regulate expressions of delta
and kappa except mu receptor (Fig. 2e, g—i). Also found
from our data were BM-derived DCs treated with
1072 mol/L. MENK displayed a stronger capacity to
induce allogeneic T cell proliferation (Fig. 3a, b) and
exerted inhibitory effect on MCF-7 tumor cells accompa-
nied with middle apoptosis (Fig. 3a—d). Meanwhile, in vivo
experiment, we administrated both C57BL/6 mice bearing
tumors and C57BL/6 normal mice with MENK (20 mg/kg)
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and propidium iodide (PI) by FCM. *p < 0.05 versus tumor group,
**p < 0.01 versus tumor group. e, f Inhibiting effect on tumor growth
by infusing differentiated BM-derived DCs into mouse. With use of
1072 mol/L MENK, we got differentiated BM-derived DCs.
Subsequently, we injected these differentiated BM-derived DCs into
tumors bearing mouse. Tumor sizes and survival rate were measured
separately. e Significant increase in survival rate in MENK-12 group
compared with tumor group. f Tumor sizes in MENK-12 group
showed significance compared with those in the tumor group.
*p < 0.05 versus tumor group, **p < 0.01 versus tumor group

by s.c. to see the ways of differentiation and demonstrated
that, under the influence of MENK, the DC progenitors in
bone marrow differentiated into mDC characterized by
high expression of CD11c*CD11b" and low expression of
CD11c"CD11b~CD45R/B220" phenotype (Fig. 4a—d). As
evidenced, MENK up-regulated the expressions of CD40,
CD80, and MHC-II significantly compared with other
control groups regardless of whether in spleen or in bone
marrow (Fig. 4e-h). Correspondingly, the group treated
with the MENK had higher survival rate with marked
tumor inhibition than those in the tumor group, also
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accompanied with apoptosis (Fig. 5a—d). Furthermore, we
saw the increased survival rate by reinfusing differentiated
BM-derived DCs treated with MENK-12 in vitro into the
tumor bearing mice, compared with those in the tumor
control groups (Fig. 5e, f). We hereby summarize our data
as following points:

(1) MENK could induce more than 85% BM-derived
DCs to polarize predominantly to mDC subtype, which is
also supported by both the expressions of costimulatory
molecules, like CD40, CD80, and MHC-II, and secretion of
cytokines, like IL-12. (2) MENK could up-regulate
expressions of kappa and delta receptors, except mu
receptor on the DCs, which will ligate MENK and trigger a
chain of T cell responses, which provided direct evidence
that kappa and delta are involved in immune responses. (3)
Differentiated BM-derived DCs treated with MENK could
directly induce allogeneic T cell proliferation and mount
activity causing the apoptosis of tumor cell in vitro and in
vivo. Our data demonstrated that MENK delayed tumor
growth and significantly prolong survival rate of mice,
accompanied with middle apoptosis.

When MENK works in vivo, regardless of whether it
works alone, or is combined with other agents, it can
regulate DCs not only via a direct pathway, but also via an
indirect route by triggering other immune cells such as
macrophages and CD4™T cells, which can secrete high
levels of IL-12, adding a synergistic effect to DCs. NK
cells and CD4 T cells can also secrete IFN-y to co-activate
DCs. Thus, there is an immune net to coordinate the
immune system. However, when MENK works in vitro, there
is no such endocrine or immune interaction among the
immune cells. This means that for MENK to have an effect in
vitro, it regulates DCs only via a direct route to bind to the
receptors on the DCs without other co-stimulating processes
involved, regardless of whether it works alone or is combined
with other agents. This helps us better understand the
unparallel results of tumor apoptosis in vitro and in vivo,
which is consistent with the report by Jankovic and Marie,
who found that opioid peptides including MENK modulate
both cellular and humoral immune function via an opiate
receptor—mediated action [36], and data by Murgo demon-
strated the antitumor effect of MENK in C57BL/6 mice
inoculated with B16-BL6 melanoma cells [37-39].

It may be further noted that the up-regulation of IL-12
secretion not only augments the increase of CD41T cells
[40], but also increases the stability of the pathway
between the DCs and CD4™T cells, which, in turn, will
result in more secretion of cytokines like IL-12 and IFN-y
by the CD4™T cells.

Dendritic cells have emerged as the most potent and
professional antigen presenting cells that possess the ability
to stimulate naive T cells and initiate T cell responses,
acting as messengers between the innate and adaptive
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immunities. They can thus potentially be used in thera-
peutic vaccines in cancer immunotherapy and for other
threatening diseases. This study can therefore contribute to
a broader understanding of MENK’s positive modulating
effects on the immune system. Furthermore, this study also
provides a meaningful mechanism of action for MENK and
highlights the clinical significance of a cancer immuno-
therapeutic vaccine preparation, which may play a critical
role in combating cancer. Likewise, we may consider
MENK as a possible adjuvant to be used in vaccine pre-
parations against life-threatening diseases like AIDS.

Despite the fruitful results we obtained earlier, there are
still quite a few detailed approaches to pursue in depth,
such as the concrete signal pathways inside the DC cell, via
which MENK modulate polarization and the pathway as
well as how DC induces apoptosis of tumor cells.

Conclusion

We believe this is the first ever publication to provide
evidence that MENK can induce BM-derived DCs to
polarize predominantly to mDC and can markedly enhance
BM-derived DCs maturation with functions, which moun-
ted tumoricidal activity.
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