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Abstract
Hematopoiesis occurs in the bone marrow, where primitive hematopoietic cells proliferate and differentiate in close

association with a three-dimensional (3D) hematopoietic microenvironment composed of stromal cells. We examined the

hematopoietic supportive ability of stromal cells in a 3D culture system using polymer particles with grafted epoxy polymer

chains. Umbilical cord blood-derived CD34þ cells were co-cultivated with MS-5 stromal cells. They formed a 3D structure

in the culture dish in the presence of particles, and the total numbers of cells and the numbers of hematopoietic

progenitor cells, including colony-forming unit (CFU)-Mix, CFU-granulocyte-macrophage, CFU-megakaryocyte and burst-

forming unit-erythroid, were measured every seven days. The hematopoietic supportive activity of the 3D culture

containing polymer particles and stromal cells was superior to that of 2D culture, and allowed the expansion and

maintenance of hematopoietic progenitor cells for more than 12 weeks. Various types of hematopoietic cells, including

granulocytes, macrophages and megakaryocytes at different maturation stages, appeared in the 3D culture, suggesting

that the CD34þ cells were able to differentiate into a range of blood cell types. Morphological examination showed that

MS-5 stromal cells grew on the surface of the particles and bridged the gaps between them to form a 3D structure.

Hematopoietic cells slipped into the 3D layer and proliferated within it, relying on the presence of the MS-5 cells. These

results suggest that this 3D culture system using polymer particles reproduced the hematopoietic phenomenon in vitro,

and might thus provide a new tool for investigating hematopoietic stem cell–stromal cell interactions.
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Introduction

Hematopoietic stem cells (HSCs) can self-renew and
produce progenitors that are committed to differentiate
into single lineages, leading to the production of a wide
range of blood cell types, including erythrocytes, leuko-
cytes, lymphocytes and platelets. Earlier studies demon-
strated that the proliferation and differentiation of HSCs is
regulated by the bone marrow microenvironment.1 – 3

Stromal cells, as distinct from hematopoietic cells, are an
essential component of this microenvironment and are

necessary for the long-term maintenance of HSCs in
vitro.4,5 Several stromal cell lines that possess a hematopoie-
tic supportive function in vitro have been cloned from
murine and human bone marrow, and used to study the
nature of the interactions between HSCs and stromal
cells.6 – 10 These studies have found that stromal cells regu-
late the proliferation and differentiation of HSCs through
the production of diffusible hematopoietic regulatory
factors and extracellular matrix, and through physical
cell–cell interactions involving adhesion molecules and
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gap junction-mediated cell communication.11 – 18 However,
the ability of stromal cells to support the expansion of
HSCs and to maintain their self-renewal potential has gen-
erally been investigated in long-term, two-dimensional
(2D) bone marrow culture systems, and most of the
reports have shown a decline in HSCs within 4–8 weeks
in culture.19 – 21 One reason is that the hematopoietic cells
slip, and proliferate in the space between the stromal layer
and the bottom of the dish, resulting in the peeling-off of
the stromal cell sheet and subsequent loss of the stromal
cell influence. Moreover, hematopoiesis in vivo takes place
in the bone marrow, where hematopoietic cells proliferate
and differentiate in close association with a three-
dimensional (3D) hematopoietic microenvironment, the
so-called hematopoietic niche, composed of stromal cells.
HSCs are found in spaces within the bone marrow,
relying on cell–cell interactions and the local milieu to
determine their immediate fate.22

Thus, various types of 3D culture systems have been used
to prolong the cultivation of HSCs, including the use of ethyl-
ene terephthalate (PET) woven mesh,23 fibronectin-
conjugated PET mesh,24 porous polyvinyl formal resin25,26

and polyacrylamide hydrogel cell culture scaffold.27 These
3D culture systems have been shown to induce the growth
and differentiation of mesenchymal bone marrow stromal
cells,28,29 and to support their active cytokine production.30

However, none of these studies demonstrated the mainten-
ance of HSCs in culture for more than four weeks, because
of the peeling-off of stromal cells from the 3D support
surface. Moreover, their visual observation using microscopy
was not easy, because solid and light-impermeable materials
were often used.

We recently developed novel polymer particles with
grafted epoxy polymer chains for use in establishing a
new 3D cell cultivation system.31 The particles, composed
of base polymer particles and grafted polymer chains,
were used as a support for cell immobilization. The base
polymer particles were synthesized by suspension polymer-
ization of acrylic monomer and 2,20-azobis[N-(2-propenyl)-
2-methylpropionamide] (APMPA), and the epoxy polymer
chain was extended from the particle surface by graft
polymerization. These particles have the advantage of
being easily designed, in terms of the size of the particle,
length and number of chains, and the composition of the
base polymer network. Previous research31 showed that
fibroblast (MS-5), epidermal (HeLa) and osteoblast
(MC3T3E1) cell lines adhered to, and grew on the surface
of particles, as well as on cells, using tissue culture dishes.
Cells were located in particle gaps, forming a complex com-
posed of cells and polymer particles. MS-5 cells formed 3D
cell bridges that allowed the growth of cells without the
need for adherence to the substrate.31

The unique fibroblast cell line, MS-5, was established
from irradiated mouse bone marrow stromal cells, and has
been shown to support both murine and human HSC pro-
liferation and differentiation in vitro.19,32 – 34 It seems likely
that the 3D cell bridges formed by MS-5 cells in the 3D
cell cultivation system31 might overcome the peeling
problem associated with previous 3D and 2D systems,
allowing long-term maintenance of HSCs in vitro. We,

therefore, examined the hematopoietic-supportive ability
of MS-5 cells, as a source of stromal cells, in a 3D culture
system using polymer particles, and investigated the kin-
etics, morphology and differentiation of human umbilical
cord blood (CB) CD34þ cells co-cultured using this 3D
system.

Materials and methods

Materials

2,20-azobis(isobutyronitrile), APMPA, dipotassium hydro-
gen phosphate, 25 wt% of glutaraldehyde aqueous
solution, glycidyl methacrylate (GMA), hydrochloric
acid, methacrylic acid (MA), methanol, methyl methacry-
late, 36 wt% of paraformaldehyde aqueous solution, sac-
charose, sodium dihydrogen phosphate and trypan blue
were purchased from Wako Pure Chemical Co (Osaka,
Japan). Cresol red, poly(vinylpyrolidone) K-90, sodium
hydroxide and toluene were purchased from Nacalai
Tesque (Kyoto, Japan). Pentaerythritol triacrylate was pur-
chased from Sigma-Aldrich Co (St Louis, MO, USA). The
monoclonal antibodies used in this study, anti-CD41a
(HIP8) and phycoerythrin (PE)-conjugated-anti-CD34
(HPCA-2), were purchased from Becton Dickinson
(San Jose, CA, USA), and polyclonal rabbit anti-mouse
immunoglobulins/horseradish peroxidase were purchased
from DakoCytomation (Glostrup, Denmark).

Preparation of cell support with grafted polymer chains

Polymer particles with grafted epoxy polymer chains were
prepared as described previously.31 For graft polymeriz-
ation, GMA and MA were used at a ratio of 4:1 (w/w),
and the resulting particles were washed in a funnel with
40 times volume of distilled water and methanol. These
polymer particles are subsequently referred to as G-02
polymer particles.

The particle diameter distribution was measured using a
laser particle diameter analyzer, Microtrac FRA (Microtrac
Inc, Montgomery, PA, USA), and 200–300-mm particles
were used in this study. The amount of epoxy group in
the polymer particles was measured using the hydrochloric
acid-dioxane method,35 and particles with more than 1.03 �
1023 mmol/g-particle of epoxy group were used.31

MS-5 stromal cells

The cloned murine stromal cell line, MS-5, was maintained
in 7 mL of Iscove’s modified Dulbecco’s medium (IMDM)
supplemented with 10% fetal calf serum (FCS; Hyclone,
Logan, UT, USA), penicillin (50 U/mL; Gibco BRL, Grand
Island, NY, USA) and streptomycin (100 mg/mL; Gibco
BRL) in 25-cm2 flasks (Falcon 3013; Becton Dickinson).
The cells were cultured in a humidified incubator at 378C
and 5% CO2, and were subcultured at a split ratio of 1:4
every 7 d, using 0.25% trypsin plus 0.02% ethylenediamine-
tetraacetic acid (EDTA) in phosphate-buffered saline (PBS),
and maintained as described.
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Collection of human umbilical CB and isolation of
CD341 cells

Umbilical CB was obtained from full-term deliveries after
receiving informed consent, according to a protocol
approved by the ethics committee of Nihon University
School of Medicine and Tokyo Cord Blood Bank. CB was col-
lected in bags containing heparin and processed within
24 h. After separation over Ficoll Isopaque (1.077 g/mL),
CB low-density mononuclear cells (CBMNCs) were washed
and suspended in IMDM supplemented with 10% FCS.

CD34þ cells were isolated from CBMNCs by positive
immunomagnetic cell separation method (Dynal CD34 pro-
genitor cell selection system; Dynal Biotech Inc, Lake
Success, NY, USA), as indicated by the manufacturer.
A total of 1 � 108 of CBMNCs was incubated with 100mL
of Dynabeads M-450 CD34 (4 � 107 beads) for 30 min at
48C. Rosetted target CD34þ cells were washed with
IMDM twice, then Dynabeads were released using 100 mL
of DETACHaBEAD CD34 (Dynal Biotech Inc). Separated
CD34þ cells were washed with IMDM twice, and their
purity was determined by flow cytometry (CytoACE-150;
Japan Spectroscopic, Tokyo, Japan) using an antibody
against human CD34. More than 96% of the collected cells
were found to be CD34þ, and more than 98% of cells were
viable, as indicated by trypan blue dye exclusion. CD34þ

cells were used as a source of HSCs.

3D co-culture system

First, 5–10 � 105 MS-5 cells were added to 4 mL of IMDM
supplemented with 10% FCS in the presence of 1–5 � 104

G-02 polymer particles in 14 mL of polypropylene in a
round-bottomed tube (Falcon 2006; Becton Dickinson). The
mixture was incubated in a humidified incubator at 378C
and 5% CO2 for 24 h, transferred into 35-mm plastic
dishes (Falcon 3046; Becton Dickinson), and incubated in a
humidified incubator at 378C and 5% CO2. Once cells
were immobilized on the surface of the particles, they
grew and remained attached to the particles, and formed
bridges between the particles. The supernatant was replaced
with fresh growth medium every seven days. After 2–3
weeks, when the MS-5 cells had grown and formed a 3D
layer in the culture dish, CD34þ cells (1 � 104) suspended
in 4 mL of the growth medium were inoculated onto the
MS-5 cells. Three milliliters of supernatant with hemato-
poietic cells was subsequently replaced with fresh growth
medium every seven days and the culture was continued.
An aliquot of cells was harvested and assayed to determine
the total number of cells and the numbers of hematopoietic
progenitor cells (colony forming unit [CFU]-Mix,
CFU-granulocyte-macrophage [GM], CFU-megakaryocyte
[Meg] and burst-forming unit-erythroid [BFU-E]). The har-
vested cells were mainly floating mature cells and loosely
adherent cells. Control cultures included MS-5 cells grown
in dishes without G-02 particles, and CD34þ cells inoculated
onto MS-5 cells in traditional 2D cultures. The morphology
of the proliferated hematopoietic cells that formed blood
island-like organizations in 3D culture was studied after
staining with hematoxylin and eosin.

In some experiments, cells in the adherent layer were har-
vested and the number of hematopoietic progenitor and
CD34þ cells was examined at two and four weeks after cul-
tivation. To obtain adherent cells from 2D and 3D cultures,
first, supernatant including floating cells were removed, and
the adherent layer was washed with PBS once. Adherent
cells were treated with 0.25% trypsin plus 0.02% EDTA in
PBS at 378C, then stromal cells (MS-5 cells) and hematopoie-
tic cells (CD34þ derived cells) were harvested together. Cells
were washed with IMDM supplemented with 10% FCS and
the number of cells was counted. An aliquot of cells was
assayed to determine the number of hematopoietic progeni-
tor cells (CFU-Mix, CFU-GM and BFU-E). CD34þ cells in the
adherent layer were detected using flow cytometry and
immunohistological examination.

Slide preparation and staining for differential counting

The harvested cells from the supernatant and adherent layer
were counted using a hemocytometer, and viable cells were
distinguished by trypan blue dye exclusion. Slides were pre-
pared by cytospinning 6 � 104 cells in 200 mL IMDM onto a
slide. The slides were then air-dried and stained with
Wright-Giemsa stain, esterase stain (a-naphthyl acetate) or
immunohistological stain using anti-human-CD41a and
anti-human-CD34 antibodies.

Progenitor cell colony assay

CFU-Mix, CFU-GM and BFU-E harvested from the cultures
were assayed using a Methocult GF H4434V kit (Stem Cell
Technologies, Vancouver, BC, Canada), according to the
manufacturer’s protocols. Cells were cultured in a humidi-
fied incubator at 378C and 5% CO2, and the colonies were
counted using a dissecting microscope. CFU-Mix,
CFU-GM and BFU-E were counted 14 d after plating of
the cells.

CFU-Meg was assayed using a MegaCult-C kit (Stem Cell
Technologies) according to the manufacturer’s protocols.
After a 14-d culture, a spacer was placed onto the culture
chamber slide, a thick filter card was placed on top and
liquid allowed to soak the card. The thick filter card was
removed as soon as it became fully saturated, and the
slide was placed into fixative solution (cold acetone) for
five minutes, and allowed to air-dry for 10 min. Then, the
culture was stained with anti-human-CD41a antibody, and
CD41a-positive colonies were counted as CFU-Meg.

Scanning electron microscopy

Samples were fixed in 2% glutaraldehyde, 4% paraformal-
dehyde in 0.1 mol/L cacodylate buffer solution (PBS, pH
7.4) overnight, post-fixed in 1% osmium tetroxide in
0.1 mol/L PBS for two hours, dehydrated through graded
ethanols and embedded in Quetol-812 (Nisshin EM Corp,
Tokyo, Japan). Ultrathin sections were cut with a diamond
knife on an ultramicrotome (Ultracut UCT; Leica, Wien,
Austria). The thin sections were stained with uranyl
acetate and lead citrate, and observed with a transmission
electron microscope (TEM-1200EX; JEOL, Tokyo, Japan).

................................................................................................................................................
1344 Experimental Biology and Medicine Volume 236 November 2011



Statistical analysis

The results are expressed as the mean+SD of triplicate
experiments. Differences between the means were deter-
mined using analysis of variance, and P , 0.05 was con-
sidered significant.

Results

Growth and formation of 3D structure of MS-5 cells
in culture with G-02 particles

A schematic illustration of G-02 particles with numerous
grafted polymer chains with epoxy and carboxyl groups
on the surface is shown in Figure 1a. MS-5 cells adhered
easily to the particles, then grew and bridged the gaps
between particles (Figure 1b). After 2–3 weeks, when the
MS-5 cells had grown and formed a 3D layer in the
culture dish, human umbilical CB-derived CD34þ cells
(1 � 104), suspended in 4 mL of growth medium, were
inoculated onto the MS-5 cells. The CD34þ cells quickly
slipped into the 3D layer of MS-5 cells (Figures 2a and
2b). The CD34þ cells then proliferated and differentiated
within the 3D layer. The proliferated hematopoietic cells
formed blood island-like organizations in 3D culture,
while differentiated cells separated from the layer and
migrated to the supernatant (Figure 2c). Figure 3 shows
the proliferation of hematopoietic (CD34þ) cells in 3D
culture with MS-5 cells observed by scanning electron
microscopy two weeks after inoculation. MS-5 cells are
seen on the surface of the particles and bridging the gaps
between particles, forming a 3D structure, while hemato-
poietic cells slipped into the 3D layer and proliferated
there, attached to the MS-5 cells.

Fluctuations in the numbers of hematopoietic cells
in culture

Three milliliters of supernatant with hematopoietic cells was
replaced with fresh growth medium every seven days, and
the culture was continued. An aliquot of cells in supernatant
was harvested and assayed to determine the total numbers
of cells, and the numbers of CFU-Mix, CFU-GM and BFU-E.
The changes in the total cell numbers in the cultures are

summarized in Figure 4. The total cell number in 2D
culture with MS-5 cells increased and was maintained up
to four weeks after inoculation, but gradually decreased
and disappeared at eight weeks. In contrast, the total cell
number in 3D culture continued to increase and was main-
tained for more than eight weeks after inoculation (P , 0.05
with respect to 2D culture). Significantly increased numbers
of hematopoietic progenitors (CFUs) were also observed in
3D culture, compared with 2D culture (Figure 5). When
CD34þ cells were cultured in the presence of G-02 particles,
but without MS-5 cells, the number of hematopoietic cells
was increased after one week of culture, but quickly
decreased and disappeared within four weeks, suggesting
that MS-5 cells are necessary for the proliferation of hemato-
poietic cells in culture. The numbers of progenitor cells
including CFU-Mix, CFU-GM and BFU-E are shown in
Figure 6. The levels of each type of progenitor were higher
in 3D than in 2D culture up to 12 weeks after inoculation.
Interestingly, morphological examination of cytospin prep-
arations showed that various types of hematopoietic cells,
including blast-like cells, granulocytes, macrophages and
megakaryocytes at different maturation stages, appeared
in the 3D culture medium after one, two and four weeks
of culture (Figure 7). In contrast to 3D culture, foamy cells
quickly appeared in the 2D culture and culture without
MS-5 cells after two weeks, and most cells in the super-
natant were found as foamy cells after four weeks in
culture (Figure 7). These foamy cells were positive for ester-
ase (a-naphthyl acetate) stain (Figure 7) and have phagocy-
tic activity (date not shown), suggesting macrophage-like
characteristics. Immunocytological staining indicated that
the megakaryocytes present in the 3D culture were positive
for anti-CD41a antibody (Figure 7). In fact, the numbers of
CFU-Meg in 3D culture were also increased when compared

Figure 1 Polymer particles with grafted epoxy polymer chains. Schematic

diagram of G-02 particles with numerous grafted polymer chains with epoxy

and carboxyl groups on the surface (a). MS-5 cells bound easily to the par-

ticles, then grew and bridged the gaps between particles (b) to form a three-

dimensional structure in culture

Figure 2 Homing and growth of CD34þ cells in culture with G-02 particles

immobilized with MS-5 cells. CD34þ cells (1 � 104) derived from human umbi-

lical cord blood were inoculated onto the MS-5 cells. Phase-contrast micro-

graphs showed that CD34þ cells quickly slipped into the three-dimensional

(3D) layer constructed with MS-5 cells (a, b). Morphological observation

(hematoxylin and eosin staining) showed that the proliferated hematopoietic

cells formed a blood island-like organization in 3D culture (c)
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with 2D culture at one, two, four and eight weeks of culture
(Table 1). These findings suggest that CD34þ cells were able
to differentiate into various types of blood cells in this 3D
culture system.

Further, the number of total and hematopoietic progeni-
tor cells, and the presence of CD34þ cells in the adherent
layer were studied. Adherent cells including stromal cells

(MS-5 cells) and hematopoietic cells (originated CD34þ

cells) were obtained by trypsin-EDTA treatment at two
and four weeks after cultivation. No significantly difference
of the total cell numbers in the adherent layer between 2D

Figure 3 Morphological observation of the three-dimensional (3D) co-culture system by scanning electron microscopy. Proliferation of CD34þ cells in 3D culture

with G-02 particle-immobilized MS-5 cells was observed by scanning electron microscopy two weeks after inoculation. MS-5 cells grew on the surface of the

particles and bridged the gaps between particles, forming a 3D structure. The hematopoietic cells slipped into the 3D layer and proliferated, adhered to the

MS-5 cells

Figure 4 Changes in the total cell numbers in supernatant of cultures. CD34þ

cells (1 � 104) were inoculated onto the MS-5 cells, supernatant with cells was

replaced with fresh growth medium every seven days and the total cell

number was counted. Two different wells were prepared for each point, and

experiments were performed in triplicate. The results are expressed as the

mean+SD. �Significant difference (P , 0.05) with respect to two-dimensional

culture

Figure 5 Changes in the numbers of hematopoietic progenitor cells in

culture. CD34þ cells (1 � 104; usually containing 3000–4000 progenitors)

were inoculated onto the MS-5 cells, supernatant with hematopoietic cells

was replaced with fresh growth medium every seven days, and the total

numbers of hematopoietic progenitor cells, including CFU-Mix, CFU-GM

and BFU-E, were counted. The numbers of the sum of all progenitors

(CFU-Mix þ CFU-GM þ BFU-E) are represented in this figure. Two different

wells were prepared for each point, and experiments were performed in tripli-

cate. The results are expressed as the mean+SD. �Significant difference (P ,

0.05) with respect to two-dimensional culture. CFU, colony-forming unit; GM,

granulocyte-macrophage; BFU-E, burst-forming unit-erythroid
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and 3D culture was observed; however, Figure 8 shows that
the numbers of progenitor cells (CFU-GM, BFU-E and
CFU-Mix) in the adherent layer of 3D culture were extre-
mely higher than that of cells in 2D culture (P , 0.05). The
presence of CD34þ cell was assayed by flow cytometry
and immunohistological examination at four weeks after
cultivation (Figure 9). Flow cytometry showed that 0.6%
and 5.8% of cells among the total adherent layer cells were
positive for CD34 in 2D and 3D cultures, respectively
(Figure 9a). The percentage of CD34þ in 3D culture was
low (5.8%); however, absolute number (1.96 � 105/well)
was 20-fold higher as compared with the beginning of the
culture (1.0 � 104/well). Immunohistological examination
also showed the presence of CD34þ cells in the adherent
layer of 3D culture (Figure 9b).

Discussion

Hematopoiesis takes place in the bone marrow in vivo, where
hematopoietic cells occur in intimate association with distinc-
tive stromal cell elements. The results of several previous
studies have suggested that the stromal cell microenviron-
ment plays an important role in hematopoiesis,1–3 and
Schofield36 proposed the concept of a niche as a specialized
microenvironment housing HSCs. A variety of in vitro
co-culture experiments with stromal and hematopoietic cells
have demonstrated that the niche requires both the anatom-
ical and functional dimensions of the stromal cells for the
regulation of stem cell quiescence, self-renewal and differen-
tiation. Indeed, while a Dexter-type culture system allows
the in vitro reproduction of hematopoiesis in terms of the pro-
liferation and differentiation of HSCs, their long-term survi-
val and self-renewal ability are often exhausted within 4–8
weeks in culture.19–21 Instead of using a traditional 2D
culture, recent studies demonstrating the role of 3D topogra-
phy in hematopoiesis have attracted more interest, and a
number of 3D culture systems have been designed to facilitate
cell–cell and cell–matrix interactions in an effort to mimic the
in vivo bone marrow structure.23–27

Figure 6 Changes in the numbers of each hematopoietic progenitor cell type

in culture. Numbers of CFU-Mix, CFU-GM and BFU-E at one, four, eight and

12 weeks in culture were expressed. Progenitor cells (colony-forming cells)

were not detected at weeks 8 and 12 in cultures of CD34þ cells alone, or in

cultures with G-02 þ CD34þ cells, but without MS-5 cells. �Significant differ-

ence (P , 0.05) with respect to two-dimensional culture. CFU, colony-forming

unit; GM, granulocyte-macrophage; BFU-E, burst-forming unit-erythroid; ND,

not detected

Figure 7 Morphological changes in hematopoietic cells in culture. Slides were prepared by cytospinning, air drying and staining with Wright-Giemsa stain, ester-

ase stain (a-naphthyl acetate) or immunohistological stain using anti-human-CD41a antibody. �Esterase stain (a-naphthyl acetate) of foamy cell. Original magni-

fication: �100

Table 1 Number of colony-forming unit-megakaryocyte (CFU-Meg)
in supernatant

Number of CFU-Meg/well

MS-5 1 CD34
(2D culture)

MS-5 1 G-02 1 CD34
(3D culture)

Week 0

(start)

358+34

1 week 143+42 495+55

2 week 96+24 404+23

4 week 13+5 244+31

8 week 0 22+6

Cells in supernatant were collected and the number of CFU-Meg was

assayed

The results are expressed as the mean+SD
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In this study, we established a novel 3D culture system
using polymer particles with grafted epoxy polymer
chains for cell immobilization.31 These polymer particles
require no chemical modification, and the cells adhere on
addition of the cell suspension. The benefit of this particle
is the easy design of the base polymer and grafted chain,
in terms of particle size, the length and number of chains,
and the composition of the base polymer network. A pre-
vious study showed that the grafted epoxy chain was
necessary for MS-5 cell adhesion and growth, and that the
optimal amount of epoxy groups was 1.03 � 10– 3 mol/
g-particle. These polymer particles also supported

the growth and 3D structure of various types of adherent
cells.31

Cloned MS-5 cells were used as stromal cells in the
current study. They adhered to the surface of the particles,
then grew and formed bridges between particles to
produce a 3D layer in the culture dish. Inoculated CD34þ

cells quickly slipped into the 3D layer of MS-5 cells, and
subsequently proliferated and differentiated in the culture.
Both the proliferation and differentiation were maintained
for significantly longer in the 3D system, compared with
the traditional 2D culture system. Zhang et al.23 reported
the expansion of CD34þ human HSCs (891-fold increase

Figure 8 Changes in the numbers of total cells and each hematopoietic progenitor cell type in the adherent layer. Numbers of total and progenitor cells in the

adherent layer at two and four weeks of culture were expressed. Adherent cells were treated with 0.25% trypsin plus 0.02% ethylenediaminetetraacetic acid in

phosphate-buffered saline, and MS-5 and hematopoietic cells (CD34þ derived cells) were harvested together. An aliquot of cells was assayed to determine the

total cell number and the numbers of hematopoietic progenitor cells (CFU-Mix, CFU-GM and BFU-E). �Significant difference (P , 0.05) with respect to two-

dimensional culture. CFU, colony-forming unit; GM, granulocyte-macrophage; BFU-E, burst-forming unit-erythroid

Figure 9 Detection of CD34þ cells in the adherent layer by flow cytometry and immunohistological examination. Adherent cells were treated with 0.25% trypsin

plus 0.02% ethylenediaminetetraacetic acid, and MS-5 and hematopoietic cells (CD34þ derived cells) were harvested together. The presence of CD34þ cells

among these cells was analyzed by flow cytometry (a) and immunohistological (b) examination. (b) Original magnification: �100

................................................................................................................................................
1348 Experimental Biology and Medicine Volume 236 November 2011



in total hematopoietic cells) in a 3D HSC-mesenchymal stem
cell co-culture system using PET woven mesh, but the
exogenous addition of hematopoietic growth factors (stem
cell factor [SCF], Flt-3 ligand, thrombopoietin and interleukin
[IL]-3) was required. The successful prolongation of stem cell
proliferation and differentiation observed in our culture
system did not require the addition of any biological
agents, such as hematopoietic growth factors. In some exper-
iments, adherent cells were collected by trypsin-EDTA treat-
ment, and increased numbers of CD34þ cells and progenitors
(CFU-Mix, BFU-E and CFU-GM) were found in 3D culture
(Figures 8 and 9). It has been reported that CD34þ cells can
differentiate into not only hematopoietic cells but also
mesenchymal cells; however, these results suggest that
CD34þ cells and hematopoietic progenitors were well repro-
duced in the 3D culture system, and 3D structure with
stromal cells may provide proper conditions for proliferation
and differentiation of HSCs.

Interestingly, morphological examination showed that
various types of hematopoietic cells, including blast-like
cells, granulocytes, macrophages and megakaryocytes at
different maturation stages, appeared in the 3D culture
medium after one, two and foour weeks of culture
(Figure 7), suggesting that CD34þ cells were able to differen-
tiate into various types of blood cells in this system. In fact,
increased numbers of hematopoietic progenitors including
CFU-Mix, BFU-E, CFU-GM and CFU-Meg were detected in
the 3D culture system (Figures 6 and 8 and Table 1).
Sullenbarger et al.27 reported the prolonged and increased pro-
duction of platelets using 3D polyacrylamide hydrogel cell
culture scaffold, while Berthier et al.37 showed the supportive
function of MS-5 cells for megakaryocytic differentiation of
embryonic stem cells in 2D culture; however, exogenous
hematopoietic factors were necessary in both of these
studies. Zdzisinska et al.30 reported the enhanced production
of IL-11 and hepatocyte growth factor from bone marrow
stromal cells in 3D culture with a gelatin sponge scaffold, com-
pared with that in 2D culture. It is possible that the production
of cytokines from MS-5 cells was modulated in 3D culture,
supporting the differentiation of CD34þ cells into various
types of blood cells in this study. Although MS-5 cells orig-
inate from the murine bone marrow, they are able to activate
the growth of human CD34þ HSCs by producing murine SCF
and murine granulocyte colony-stimulating factor.34 Various
cytokines with different combinations have been studied to
support the proliferation and differentiation of CD34þ cells in
vitro, and successful cytokine-mediated expansion has been
reported as a means of increasing the number of CD34þ

cells.38–41 Comparative studies to investigate the production
of various cytokines by stromal cells in 3D and 2D cultures
are now under consideration. The roles of macrophages and
endothelial cells, generated from umbilical CB CD34þ cells, in
the configuration of the stem cell niche, and the complexities
of these cells may also contribute to the hematopoietic phenom-
enon observed in this 3D culture system. Studies are therefore
underway to examine the modulation of cytokine production
in both MS-5 and CD34þ-derived cells, using murine and
human biomarkers, individually.

HSCs, enriched in a fraction of CD34þ cells obtained from
each bone marrow, CB and peripheral blood, were found to

have different biological characters, such as response to
cytokine stimulation.42,43 In addition, cell preparation for
cytokine-mediated proliferation and differentiation would
seem to influence the resulting cell population, even
though HSCs were obtained from same blood source.44,45

Thus, comparative studies in a 3D culture system using
CD34þ cells originating from bone marrow and peripheral
blood are now designed, because these cells are the
common source for HSCs.

Although further studies are required to analyze the
mechanisms responsible for the supportive activities of
MS-5 cells in 3D culture, the results of the current study
indicate that a 3D culture system using polymer particles
might provide a new tool for investigating the regulatory
behaviors of stromal cells in vitro.
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