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Abstract: A systematic and combinatorial approach was adopted using human umbilical cord blood mononuclear cells
(hUCB-MNCs) to screen for potential immuno-regulatory compounds. The hUCB-MNCs contain several types of immu-
nogenic cells, which are a suitable material to mimic the in vivo immuno-response after drug treatment. hUCB-MNCs
were treated with various natural products such as quercetin, astaxanthin, caffeic acid, bilobalide, eugenol, rutin and -
dodecalactone (y-DDL). Phenotypic expression analysis revealed that the subpopulation of CD3" T cells, CD56" NK cells
and CD1a" dendritic cells apparently increased after being treated with y-DDL for 6 days. The expression of CD56
reached a maximum at 72 h with a dose-dependent relationship. The NK cells activation marker (CD69) also elevated fol-
lowing y-DDL treatment. These results demonstrated that the y-DDL has immuno-regulatory effects to enhance cord
blood NK cells population and bioactivities. Such a high-throughput methodology using hUCB-MNCs may be an effec-
tive platform for systematically screening potential immuno-regulatory compounds.

Keywords: High-throughput screening, human umbilical cord blood mononuclear cells, natural products, flow cytometry, im-
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1. INTRODUCTION

Mankind has utilized natural remedies to enhance immu-
nity for thousands of years [1]. Many significantly defined
fractions or compounds of natural products have been proven
to modulate immunological functions. Moreover, immu-
nological cells can also be directly regulated by such frac-
tions or compounds [2]. Various plants or herbs like Gano-
derma lucidum, Vitis vinifera, Triticum aestivum and An-
trodia camphorata often cover a broad spectrum of biologi-
cal activities [3-6]. The polysaccharides of Ganoderma lu-
cidum have been shown to modulate the cell immunopheno-
typic expression of various CD markers and enhance CD56"
NK-cell cytotoxicity in human cord blood mononuclear cells
(hUCB-MNCs) [7]. Some natural compounds, such as astax-
anthin, quercetin or rutin have been reported to have antioxi-
dant and other biological activities: such as anti-
inflammatory or anti-tumor activity [8-11]. However, the
biological activities of many natural products including vy-
dodecalactone (y-DDL) have not yet been investigated. The
goal of this study was to develop an effective platform for
analyzing immuno-regulatory activity among natural prod-
ucts.

High-throughput screening bioassay platforms like the
proposed assay for immuno-regulatory activity of natural
products can benefit a broad spectrum of applications from
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drugs to new materials [12]. Success in finding a biologically
active molecule using a combinatorial approach is propor-
tional to the number of molecules subjected to the screening
process. However, a systematic procedure with efficacy and
effectiveness for screening drugs in modulating human im-
mune functions has not yet been available. Hence, the aim of
this study is to establish a high-throughput screening plat-
form for identifying natural components with potential im-
muno-regulatory activities using MNCs isolated from hUCB.
The MNCs collected from hUCB comprise immature lym-
phocytes, which can be differentiated into different subsets
of immune cells, due to their progenitor properties. The
hUCB-MNCs are excellent candidates for studying the matu-
ration and promoting functions of natural products stimu-
lated immune cells.

Flow cytometry is a useful tool for identifying and char-
acterizing various tagged cellular constituents such as those
involved in the cell cycle, protein expression or apoptosis
[13]. Cell type differentiation and maturation can be ob-
served by flow cytometry via specific fluorescently labeled
monoclonal antibodies to detect the cluster of differentiation
(CD) markers of hUCB-MNCs. The CD markers used in this
study for combinatorial characterization of antigens for the
immuno-phenotyping of immune cells are listed in Table 1.

2. MATERIALS AND METHODS
Materials

Human umbilical cord blood (hUCB), RPMI culture me-
dium (consisting of 90% RPMI-1640, 2 mM L-glutamine,

© 2006 Bentham Science Publishers Ltd.
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Tablel. The CD Markers Used in the Characterization of
Cell Surface Antigens for Immuno-Phenotyping

Cell Types Cd Marker
T Lymphocyte CD3
Monocyte/Macrophage CD14
B Lymphocyte CD19
Hematopoietic Stem Cell CD34
Leukocyte CD45
NK Cell CD56

Dendritic Cell CD83, CD1a

4.5 g/L glucose, 10 mM HEPES, 1.5 g/L sodium bicarbon-
ate, 1 mM sodium pyruvate, 100 units/mL penicillin, 100
pg/mL streptomycin, 0.25 ug/mL amphotericin, 10% fetal
bovine serum (FBS), Dulbecco’s phosphate buffered saline
(PBS, pH 7.5), and the natural products (100 pM each) quer-
cetin, astaxanthin, caffeic acid, bilobalide, eugenol, rutin and
v-dodecalactone (y-DDL) were purchased from Sigma. Bio-
coll separating solution (density 1.077) was obtained from
Autogenbioclear. The specific antibodies CD3, T cell recep-
tor; CD14, monocyte/macrophage; CD19, B cell; CD34,
hematopoietic stem cell; CD45, leukocyte; CD56, natural
killer cell; CD83 and CDla, dendritic cell; and CD69, FITC,
were purchased from Serotec. NK cells magnetic beads
(MACS) were purchased from Miltenyi Biotec. Finally,
WST-1 reagent (4-[3-(4-lodophenyl-2-(4-nitrophenyl)-2H-5-
tetrazolio)-1, 3-benzene disulfonate and IL-2 (500 U/mL)
were obtained from Roche

Methods
2.1. Isolation of hUCB Mononuclear Cells

The hUCB from healthy volunteers was drawn into
EDTA-coated tubes. Blood was collected immediately after
a full-term baby was delivered and before the placenta was
separated from the uterus. Using aseptic procedures, an 18-
gauge needle was inserted into the umbilical vein and um-
bilical cord blood drawn for tests. Samples were stored at
room temperature and processed within 24 h after collection.
The hUCB (100 mL) was processed using density gradient
centrifugation with equal volume of Biocoll separating solu-
tion without breaking. Centrifugation for 30 min at 1900 rpm
(300g) was carried out using a swinging-bucket rotor to iso-
late the mononuclear cell layer in the interphase. The buffy
coat interface was obtained, and the cells were washed twice
with PBS and centrifuged for 5 min at 1500 rpm at room
temperature. The cells were re-suspended in RPMI culture
medium. Mononuclear cells isolated through these proce-
dures were prepared at a final concentration of 10° cells/mL.

2.2. Measuring the hUCB Phenotypic Changes by Flow
Cytometric Analysis

The MNCs isolated from the hUCB specimens were
placed in culture flasks at 10° cells/mL density for the prepa-
ration of natural compounds treatment. After seeding of
cells, the flasks were maintained at 37°C in a 5% CO, incu-
bator for 24 h to equilibrate. Then, the natural products were
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added to each culture, and an equal volume of PBS was
added to control cultures. After 6 days, the cells were pel-
leted and re-suspended in 3 mL of PBS. PBS buffer (100 pL)
containing fluorescence-conjugated antibody (10 plL) was
added to each cell suspension for labeling in preparation for
flow cytometry. After incubation at 4°C for 40 min, all sam-
ples were then centrifuged at 1500 rpm for 5 min, followed
by washing of the pellets twice with PBS. The suspension
was removed and cold PBS (0.2 mL) at 4°C was added. Each
monoclonal antibody, including CD3, CD14, CD19, CD34,
CD45, CD56, CD83 and CD1a, was used to label the surface
antigens of immune cells.

2.3. Determination of Cell Proliferation by WST Assay

Cell proliferation was measured by reducing activity us-
ing the WST assay. Briefly, 4x10° cells/well (100 pL) were
incubated for 48 h, and then the WST-1 reagent was added
(10 pL/Awell), followed by incubatation for 4 h at 37 °C in 5%
CO,. Absorbance was measured with a spectrophotometer
using test and reference wavelengths of 450 and 630 nm,
respectively. Each experiment was performed in triplicate
and repeated at least three times. Results were expressed as
the mean + SEM.

2.4. Isolation of NK Cells from hUCB-MNCs by MACS
Beats Method

CD56" NK-cells isolated from hUCB-MNCs were en-
riched by using a negative magnetic beads cell separation
method. The hUCB-MNCs pellet was resuspended in 40 pL
buffer per 10’ total cells. Biotin-antibody cocktail (10 pL per
107 total cells) was added and the cells were incubated for 10
min at 4~ 8°C. Buffer and anti-biotin microbeads (30 pL
and 20 pL, respectively, per 10’ total cells) were added, fol-
lowed by incubation for 15 min at 4 8°C. Cells were
washed with buffer by adding 10-20x labeling volume fol-
lowed by centrifugation at 1500 rpm for 10 min. The super-
natants were removed completely, and the cells were re-
suspended in buffer (50 pL each). The column was prepared
by rinsing with 3 mL buffer. The cell suspension was applied
to the column and washed with buffer (3 x 3 mL). Aliquots
of the sorted cells were stained by FITC-labeled anti-CD56"
monoclonal antibody to analyze the purity of CD56" NK-
cells. The purity of the isolated NK-cells was determined by
flow cytometric analysis and reached up to 70-95%.

2.5. Activation of NK Cells by Flow Cytometric Analysis
of CD56 and CD69

Highly enriched CD56" NK-cell suspensions were cul-
tured in a medium supplemented with RPMI-1640, and four
different concentrations (100, 250, 500 uM and 1 mM) of -
DDL, were added into cell suspensions. The control group
was treated with PBS. After 24, 36, 48 and 72 h of incuba-
tion, the cultures were washed twice with PBS and then la-
beled with CD56-FITC antibody to analyze CD56 marker
expression of NK cells. Next, CD69-FITC antibody was also
used to detect CD69 marker expression of NK cells after
treating with y-DDL (100, 250, 375, or 500 uM) for 24 h
followed by flow cytometric analysis.

3. RESULTS AND DISCUSSION

Seven natural products astaxanthin, caffeic acid, bilob-
alide, eugenol, rutin, quercetin and y-DDL, were screened for
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Table 2. The Structure, Molecular Weight and Previously Published Functions of the Seven Natural Compounds Used for Screening

(y-Dodecalactone)

Compounds M‘(:Leicg:ltar Structure Functions
<Y—l)>decalactone 198.31 Unknown
0 o Antioxidant, anti-inflammatory, anti-tumor,
uercetin dihydrate 338.27
Y anti-allergic, lower-cholesterol (9, 11, 17-19)
OH
Astaxanthin 596.84 ° %% | Antioxidant, anti-inflammatory (11, 20)
HO
Antioxidant, anti-inflammatory,
Caffeic acid 180.16
anti-hyperglycemic (21, 22)
Bilobalide 326.30 Glutamate antagonism, neturoprotection
(22-24)
Eugenol 164.20 Antioxidant, anti-inflammatory (25, 26)
HO
Antioxidant, anti-inflammatory,
Rutin hydrate 610.52
uein ycr 3 anticarcinogenic, antithrombotic (10, 27-30)

their potential immuno-function. The structures and known
functions of these compounds are shown in Table 2. These
six compounds inhibit the common function of providing
relief from oxidative stress [8, 10, 11, 14-16]. Furthermore,
astaxanthin is also reported to lower-cholesterol and have
posses anti-inflammatory, anti-tumor, and anti-allergic ac-
tivities [9, 17-19]; bilobalide has a neuroprotective effect
[24]; whereas eugenol, caffeic acid, rutin, and quercetin have
anti-inflammatory, anticarcinogenic, and antithrombotic
functions [26-30]. y-DDL is a volatile organic compound
that is widely distributed in fruits and herbs [31]. No bio-
logical functions of y-DDL have been reported. In our previ-
ous research, y-DDL was isolated and identified from the
essential oil of A. camphorata by gas chromatography (GC)
analysis (data not shown).

We used hUCB-MNCs as a mixture of immuno-cells that
could be stimulated by the natural products during incuba-
tion, together in cell culture media. The CD marker changes
were measured as immuno-cell maturation or activation us-
ing flow cytometric analysis. The distributions of the mono-
cytes in hUCB-MNCs are shown in Fig. 1.

100

.)
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1

Ihe CD marker populations of hUCB-MNCs (*

D3 CDIE CDI9 (DM CINS (DS (D83 (Dla

(CD markers)

Fig. (1). Detection of hUCB-MNCs phenotypic expression by
flow cytometric analysis. Flow cytometric analysis of CD3, T cell;
CD14, monocyte/macrophage; CD19, B cell; CD34, hematopoietic
stem cell; CD45, leukocyte; CD56, natural Killer cell; CD83 and
CDla, dendritic cell. These experiments were repeated three times
to five times with similar results. Results are expressed as the mean
+S.E.M.
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Fig. (2). Detection of hUCB phenotypic changes after treatment with natural compounds using the flow cytometry assay. The hUCB-
MNCs were incubated for 24 h to equilibrate and then treated with natural compounds (100 uM each of astaxanthin, bilobalide, caffeic acid,
quercetin, eugenol, rutin, or y-DDL). Controls were treated with an equal volume of PBS instead of a natural product. The expression of
CD3 T cells, CD14 monocyte/macrophages, CD19 B cells, CD34 hematopoietic stem cells, CD56, and natural Killer cells in the hUCB-
MNCs were detected using flow cytometry after natural compound treatment for 6 days. Results are expressed as a ratio of expression to the

control.

After treating hUCB-MNCs with astaxanthin, caffeic
acid, bilobalide, eugenol and rutin, the populations of T
cells, monocyte/macrophage, B cells, hematopoietic stem
cells, and natural Killer cells showed no significant change.
However, one exception was quercetin, which reduced the
CD3 expression of T cells and induced CD34 expression of
stem cells. Thus, quercetin produced different stimulatory
effects in diverse immune cells as compared to other natural
products. When treating hUCB-MNCs withy-DDL, the
populations of CD3 T cells and CD56 NK cells were in-
creased over 2.5 fold (Fig. 2). The integral immunopheno-
typic changes of hUCB-MNCs after y-DDL treatment, and
the overexpressions of CD3 T cells, CD56 natural Killer cells
and CDla dendritic cells among the hUCB-MNCs population
are shown in Fig. 3. Therefore, it was shoen that y-DDL can
alter cell immunophenotypic expression in hUCB-MNCs,
but is not harmful to the cell, since the cell numbers of the
hUCB-MNCs decreased slightly both in control and y-DDL
treatment groups for 6 days (Fig. 4).

The observation that y-DDL can induce overexpression
of CD56 in the hUCB-MNCs mixture is interesting. CD56"
NK cells have been known to represent a highly specialized
lymphoid population characterized by a potent cytolytic ac-
tivity against tumor or virally infected cells [32]. Compared
to healthy controls, the cytotoxicity of NK cells decreases in
peripheral blood of patients with various types of cancer
[33].

The dose dependence of CD marker expression in hUCB-
MNCs was then investigated to further understand the im-
muno-regulatory function of y-DDL. The results showed that
CD56 expression increased by 52.99, 53.22, 68.68, 94.94,
and 97.34% in hUCB-MNCs when treated with 0 pM, 100
puM, 250 pM, 500 pM and 1 mM y-DDL, respectively. CD56
expression increased gradually and almost reached a maxi-
mum level at 500 pM after y-DDL treatment (Fig. 5A). The
CD56 marker of hUCB-NK cells was analyzed for time-
dependent expression following y-DDL treatment (100 pM).
Fig. 5B shows that the expression level of CD56 progres-
sively increased up to 48 h and diminished at 72 h.

IL-2 can stimulate and activate NK cells to show cytotox-
icity and simultaneous expression of CD69 as a membrane
marker during the activation [34]. Thus, CD69 is a marker of
NK cells activation. We also detected an increased level of
CD69 expression in hUCB-NK cells after treating with -
DDL for 24 h. For comparing the relative stimulating activi-
ties of IL-2 and y-DDL induced NK cells expression of
CD69, four different concentrations of y-DDL (100-500 pM)
and IL-2 (500 U/mL) were incubated with hUCB-NK cells
respectively for 24 h (35). We found the expression level of
CD69 to be increased in the following ranges 39.35, 49.30,
58.71, and 61.68% following NK cells activation with vari-
ous concentrations (100, 250, 375, and 500 pM) of y-DDL,
respectively. (Fig. 6A). The CD69 expression level of
hUCB-NK cells treated with y-DDL (>250 uM) reached 1.5
times higher than the untreated control (Fig. 6B). These find-
ings suggest that y-DDL has immuno-regulatory activities
that enhanced the hUCB-NK cells population.

4. CONCLUSIONS

The hUCB-MNCs were found to be an excellent candi-
date for studying the maturation-promoting function of natu-
ral products since the immune cells of blood from newborns
were almost without external stimulation. It was essential to
amplify the screening assay so that it became sensitive
enough to measure the stimulation activities of natural prod-
ucts. As a result, this platform could be effectively and sys-
tematically applied in screening potential immuno-regulatory
compounds. In particular, y-DDL was involved in the activa-
tion of hUCB-NK cells and showed potential immuno-
regulatory activities.

In conclusion, flow cytometry measurement can be a
good method for the screening of immune cell mixtures to
find stimulated immune cells. Combining flow cytometry
with the screening of natural product libraries we have estab-
lished a high-throughput method for the discovery of im-
muno-regulatory compounds using mixed hUCB-MNCs,
including different immune cells that can mimic in vivo con-
ditions.
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Fig. (3). Detection of hUCB phenotypic changes after treatment with y -dodecalactone using the flow cytometry assay. (A) The ex-
pression of CD3 T cells, CD56 natural Killer cells and CDla dendritic cells on the hUCB-MNCs population after treatment with y-DDL (100
uM) measured using flow cytometry. (B) The ratio of CD3, CD14, CD19, CD45, CD56, CD83, and CD1a expression in hUCB-MNCs was
measured after y-DDL treatment for 6 days compared to control. Each experiment was performed in triplicate and repeated at least three
times. Results are expressed as the mean = SEM.
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Fig. (4). Detection of hUCB-MNCs proliferation by the WST assay. hUCB-MNCs were incubated for 24 h to equilibrate, y-DDL (100
puM) was added to each culture, and then the cells were incubated for 6 days. Control cultures were identical except that an equal volume of
PBS was added instead of y-DDL. The cell proliferation was analyzed based on the time course (each 2 days) after y-DDL treatment. For
analysis, WST-1 reagent was added, the cells were incubated for 4 h at 37 °C, and then the absorbance was measured absorbance at the test
and reference wavelengths of 450 and 630 nm, respectively.

A

No treatment

(control)

B
24 h
&
. M
: 54.70%
%0° 10' 10° 10°  1o*
Encty

y-dodecalactone
100 pM 250 pM S00 pM I mM
& &
M
a 0494% o
g ;
10 10" 10° 10 10"
Emgty
36 h 48 h 72 h (Times)
R o g
N M 0 W 5 M
: 77.19% g 82.96% ¢ 47.27%
t0' 10- 10’ 10° °|0° 10' 10 10° 10*
Engty Enmgly

Fig. (5). Detection of the CD56 marker activation in hUCB-NK cells treated withy-DDL. (A) After enrichment of CD56 hUCB-NK
cells from hUCB-MNCs by magnetic separation, hUCB-NK cells were incubated with four different doses of y -DDL (100, 250, 500 uM, or
1 mM) for 24 h followed by flow cytometric analysis. (B) Detection of the CD56 marker of hUCB-NK cells by time-dependent expression
(24, 36, 48, and 72 h) with y-DDL (100 pM) treatment.
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Fig. (6). Detection of the CD69 marker activation in hUCB-NK cells treated withy-DDL. (A) The CD69 expression of hUCB-NK cells
was detected by using flow cytometric analysis after treatment of the cells with four different concentrations of y-DDL (100, 250, 375, and
500 puM) or IL-2 (500 U/mL, a positive control) for 24 h. (B) The ratio of CD69 expression in hUCB-NK cells was determined after treat-
ment with four concentrations of y-DDL for 6 days compared to the controls. The experiments (but not the positive control) were repeated
three times. Results are expressed as the mean = S.E.M.
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ABBREVIATIONS

CD = Cluster of differentiation

GC = Gas chromatography

FBS = Fetal bovine serum

v-DDL = +y-dodecalactone

hUCB = Human umbilical cord blood

IL = Interleukin

MACS = Magnetic cell sorting

MNCs = Mononuclear cells

NK = Natural Killer

PBS = Phosphate buffered saline
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