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GENERAL INTRODUCTON

GENERAL INTRODUCTION

A stem cell is defined as the cell that has both self-renewal potency and
mutipotency [1]. Since bone marrow has proved experimentally to be a reservoir of
hematopoietic stem cells (HSC) in the early 1960s [2], recent studies revealed their
surface markers, differentiation pathways, and their localization in vivo precisely [3].
Besides hematopoietic stem cells, several groups provided the direct evidence of stem
cells of other tissues, such as intestine [4] and hair follicle [5] of mouse. In human
tissues, neural stem cells [6], mesenchymal stem cells [7] and so on were also identified.
It is now appreciated that somatic stem cells exist in various tissues and organs widely
and they play an important role for their repair [8]. Meanwhile, in 1981, embryonic
stem cells (ES cells) were established from mouse embryos as pluripotent stem cells
that can form an individual mouse [9]. By contrast, it has been difficult to establish
human ES cells for a long time, whereas Thomson et al. succeeded at last in 1998 [10].
In addition, a surprising report was published in 2006 that somatic cells derived from
murine skin were reprogrammed into pluripotent cells, which resembled ES cells [11].
This type of cell was named as an induced pluripotent stem cell (iPS cell) and has been
brought to public attention as a new approach to obtain stem cells. In the following
2007, iPS cells were established from human somatic cells [12]. Thus, researches on
stem cells have been in rapid progress these days, accompanied by the novel therapies

for intractable diseases, severe injuries, congenital abnormalities and orthopedic
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procedure, which exploit various types of stem cell [13].

Here, let us describe the definition of the term ‘stem cell’ and ‘progenitor cell’
to avoid confusion. The both of ‘stem cell’ and ‘progenitor cell’ are immature cells
[14], but they can be conceptually discriminated by self-renewal potency. A stem cell
produces at least a same cell as itself in a cell division, whereas a progenitor cell
produces two of more mature cells. However, it is difficult to distinguish them
experimentally. The term ‘stem cells’ usually refers to heterogeneous stem cell
population including progenitor cells. This terminology is used in this thesis.

It is known that the microenvironments around stem cells commonly affect
the proliferation and differentiation in vivo [15,16]. For example, HSC in bone
marrow are know to be localized at and in direct contact with endosteal
microenvironments composed of osteoblasts [17,18]. These microenvironments are
called as hematopoietic niches. A stem cell that detaches from a niche is thought to
divide and differentiate into progenitors or lineage commitment cells. The similar
maintaining mechanism was also proposed in other organs, such as follicle stem cells
and spermatogonial stem cells [15,16]. Thus, the appropriate microenvironments
around stem cells would regulate their proliferation and differentiation, and achieve the
quality control of cells for therapy.

This thesis aimed at developing culture system that is available for the
regulation of stem cell proliferation and differentiation, and applicable for prospective
clinical applications. The thesis consists of two parts. Part I described the
co-culture system of hematopoietic stem cells that mimics hematopoietic niche. Part
I described the behavior of human mesenchymal stem cells on finely-structured

culture substrate.
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In Part I, HSCs derived from human umbilical cord blood was focused as a
target. The transplantation of HSC has been already accepted as the standard therapy
for intractable blood disease (e.g., leukemia, aplastic anemia) [19]. Bone marrow,
peripheral blood and umbilical cord blood are known as the source of HSC.
Especially, umbilical cord blood has been noted because it can be collected
noninvasively, compared with other sources. Since the successive case in 1988 [20],
cord blood transplantation has come into wide use rapidly, because it can be applicable
for not only patients with mismatched HLA, but also those who needed emergent
transplantation [21]. In Japan, more than 700 cases of cord blood transplantations
were performed to patients in 2007, and more than 4000 were performed totally since
1997 [22]. However, cord blood transplantation has a limitation that the total number
of cells obtained from a donor is limited. According to the current guideline of HSC
transplantation in Japan, only cord blood unit which has more than 6 x 10°® nucleated
cells is used for transplantation [23], because the success of HSC transplantation
primarily depends on the number of infused cells [19]. Therefore, if effective
expansion of cord blood HSC would be available, the cord blood units to be discarded
under the current guideline would be provided for patients waiting for cell
transplantation.

Many studies have been made on the expansion of HSC by miscellaneous
approaches [24,25]. For example, various combinations of cytokines, such as stem
cell factor (SCF), interleukin-6 (IL-6), and thrombopoietin (TPO), were examined in
suspension culture [26-29], but adequate expansion has not yet been achieved. Direct
injection of transcription factors into cells has been also tried. This approach is

expected to be safer strategy than gene transfection for clinical use, but has been still in
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progress [30]. Since it has been showed that co-culture with stromal cells was
effective for the expansion of hematopoietic progenitors in 1970s [31-33], a
considerable number of studies have been conducted on co-culture with stromal cells
[24,25]. Especially, murine stromal cell line HESS-5 serves to achieve a successive
expansion as feeder cells in the presence of a combination of several growth factors
[34,35]. However, the problem to be considered was co-culture with xenogenic
mouse cells, which might cause the contamination of cells derived from mouse.
Transplantation of xenogenic cells might contribute to the onset of unknown diseases
or acute rejection [36-38]. Therefore, Ministry of Health, Labour and Welfare of
Japan has prohibited murine cells as feeder cells for the expansion of hematopoietic
stem cells for transplantation [39].

To avoid the risks emerging from xenogenic cells, human-derived feeder cells
have been investigated avidly. Recently, it was found that mesenchymal stem cells
(MSCs) derived from human bone marrow had hematopoiesis-supporting activity as
well as murine stromal cells [40-43]. However, handling of primary MSCs is
inconvenient for the expansion of HSCs because it takes more than a few weeks to
isolate human MSCs [7]. Moreover, the proliferative activity of primary MSC is
limited and over-passaged cells would change their characteristics [44].

In Chapter 1, the availability of human bone marrow MSCs that was
immortalized with human telomerase reverse transcriptase (hTERT) and human
papiroma virus-derived E6/E7 genes [45] was investigated for the expansion of human
cord blood-derived HSC. Immortalization of human MSC would improve laborious
efforts of maintenance and cryopreservation as well as normal cell line. When genes

were transduced into primary MSC, many clones were obtained from a parental MSC
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population. These clones have showed the distinctive differentiation potency [45].
The author postulated that the hematopoiesis-supporting activity also differs among
each clone. To examine this hypothesis, hematopoiesis-supporting activity of
provided 16 clones was evaluated by co-culture of human cord blood-derived CD34"
cells. As a result, 6 clones could support the proliferation of early hematopoietic
progenitors, CD34'CD38 cells. Moreover, these clones expressed membrane protein
Jagged-1 and showed high osteogenic potency. Jagged-1 is known as one of
components of Notch pathway, which plays an important role for the determination of
stem cell fate [46]. Jagged-1" osteoblasts have been also revealed to contact with
HSCs in bone marrow [17]. The result of this chapter was consistent with such
previous findings. Thus, the hematopoiesis-supporting activity of MSC was
elucidated in a clonal level and selected clones that were appropriate for HSC
expansion.

Chapter 2 described the expansion culture system using culture supernatant of
hematopoiesis supportive MSC clone, which was found in Chapter 1. Culture
supernatant contains growth factors and cytokines secreted from MSC, but it is
avoided to be contaminated by MSC itself. Therefore, HSC expansion by using MSC
culture supernatant would be safer culture for clinical applications. Indeed, culture
supernatants of hematopoiesis-supportive MSC clones facilitated significantly
effective expansion in comparison to the suspension culture in the absence of feeder
cells, but the effect was lower than conventional co-culture with feeder cells. This
lower result was attributed to the destabilization of soluble factors in the supernatant
during incubation, because secreted growth factors were usually stabilized by the

interaction with extracellular matrix around cells [47]. Accordingly, to raise amounts
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of effective growth factors in medium, constant supplying them was attempted by
encapsulated MSC. MSC aggregates were formed, encapsulated in agarose gel that is
permeable to soluble factors [48], and then co-cultured HSC. As a result,
CD34'CD38 cells were effectively expanded. The expanded HSCs can be easily
separated from MSCs by filtration because the sizes of HSCs were quite different from
those of encapsulated MSCs. This system would lead to a safer culture system for
clinical application in the future.

Chapter 3 described the development of cell-based array chips for HSC assay.
To enumerate HSC in vitro, flow cytometric surface antigen analysis [49] and colony
assays [50-53] were conventionally performed, as used in the previous chapters.
However, these assays have some limitations. Surface antigen analysis does not
directly reflect stem cell function. It takes a few weeks to perform colony assay. A
colony assay also requires experienced skill to identify colonies. The simple and
convenient method to directly quantify the HSC function has been eagerly awaited.
In this chapter, to demonstrate the efficacy of a cell-based array chip for HSC
enumeration, HSCs were seeded with murine stromal cells in silicone microwells (¢ 1
mm) stuck on a 2 cm x 2 cm substrate, and then two-step culture was performed. The
first step was a purging phase of proliferating cells by cell cycle inhibitor, and the
following step was a proliferating phase of surviving cells by cytokine stimulation. It
has been known that primitive stem cells are in a quiescent or very slow cell cycle in
common [54,55] and that they have high efflux activity of drugs [56,57]. Therefore,
progenitors and lineage committed cells would be purged and only quiescent cells
survive in the first step. Surviving quiescent primitive cells would be fallen into

active cell cycles and proliferate in the following second step. According to this
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strategy, the number of primitive HSCs in cord blood CD34" cell fraction was
enumerated by the combination of fluorescent microscopic observation and statistic
analysis. This approach is principally available for other stem cells, and thereby,
efficacious as an assay tool for them. The merits of cell-based array are as follows.
First, the doses of medium, additives and cells to be provided can be curtailed.
Second, high-throughput parallel and time-lapse analysis is available because all of
wells can be imaged simultaneously by CCD camera. Third, every cell shares the
same medium because cells on a chip can be cultured in small amounts of medium [58],
and thereby, this assay will bring about the minimization of the inhomogeneity in the
culture conditions, such as medium components, secreting soluble factors, oxygen
concentration, and temperature, compared with conventional 96- or 384-multiwell
plates.

In Part II, MSC itself was focused. MSC is a heterogeneous cell population
that can differentiate into various mesenchymal tissues, such as osteoblasts, adipocytes
and chondrocytes. MSC can be procured from umbilical cord blood, placenta,
amniotic fluid, adipose, a root of extracted tooth, and so on, besides bone marrow
[7,59]. Clinical investigations of MSC have already been performed for the therapy
of bone defects, cartilage defects, myocardial infarction, and so on [60-64]. In these
therapeutic protocols, MSCs were directly infused into a vein in suspension or directly
implanted with scaffolds at a target site without the cultivation of MSC beforehand,
because it was difficult not only to culture in 3D but also to precisely regulate cell
responses throughout long-term cell culture. MSCs are usually maintained in a cell
culture dish with supplemented by fresh medium at appropriate intervals. However,

the conditions of cultured cells can be affected readily by cell density or fluctuation of
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medium components in a dish. It has been still difficult to control cell behaviors both
spatially and temporally. To spatially regulate cell differentiation, considerable
numbers of trials by surfaces modification with cytokines or growth factors have been
reported [65,66]. Indeed, these methods might lead to novel implantable biomaterials
or culture substrates, but more simple and convenient approaches are also desired
because surface modification with proteins requires labors in sterilization and
preservation.

In recent decades, it has been revealed that the physical properties, such as
strain, topography and elasticity affect cell functions [67-72]. It is considered that
cytoskeleton or intracellular tension affected the expression of transcription factors via
Rho family proteins [73]. The comprehensive analysis of the effect on surface
physical properties would lead to the cell regulation by material engineering, but it has
not yet been performed to date. Part II described the researches aimed at controlling
cell behavior directly by topographical effect.

Chapter 4 described the novel fabrication process appropriate for functional
regulation of cells. Various processes (e.g., imprint, etching) were exploited for
surface fabrication [74-76]. But miscellaneous factors should be considered for cell
culture besides the surface topology: for example, the residue of releasing reagents, the
distortion by high temperature, and the alteration of surface chemistry in fabrication
process. In addition, the target polymers of these processes were restricted, and
thereby, it was difficult to apply for the surface fabrication of culture substrate and
implants. In this chapter, polymer surfaces were plasticized by the impregnation of
supercritical CO, and then pressed with fine-structured mold. As a result, the

chemically uniform surface was fabricated under lower temperature without using



GENERAL INTRODUCTON

releasing agent. When cultured on the fabricated substrate, MSCs were limited to
extend on microlens structure and they aligned along with deeper nano-grooved
structures. Thus, the availability of this fabrication process was displayed for the
regulation of cell behaviors.

Chapter 5 described the mechanism of cell alignment on nano-grooves that
found in the previous chapter. To date, several reports tried to explain the mechanism
of cell alignment. According to the explanation by some groups, filopodia probes the
topographies of fine-structure when cells extends, whereas others explain that cell
adhesiveness to substrates differs from the topography and it causes cell alignment
[77-82]. Thus, the experimental results were interpreted on every occasion and a
consistent explanation has not yet been established. In this chapter, to reveal the
mechanism of cell alignment on nano-grooves, the cell behaviors on grooves,
especially filopodial probing, were tracked successively by a time-lapse microscope.
As a result, cell alignment was found to be independent of filopodial movements.
Cells protrusions retracted more rapidly in the direction perpendicular to grooves than
parallel to grooves, indicating that cell alignments on grooves was attributed to
anisotropic adhesion.

In summary, this thesis focused on the microenvironments around stem cells
and aimed at developing the functional materials. To date, the expansion of HSC has
been performed by mainly biological approaches without using biomaterials, because
HSC is a non-adherent cell. But in this thesis, as shown in Part I, the HSC niche
mimicking-microenvironment was proved to be available in combination with feeder
cells, which would lead to exploitation in research and clinical applications. Part II

described the basic findings to regulate stem cell adhesion and extension by physical
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properties, and showed the beacon that the cell adhesion should be focused to regulate
cell alignment. However, the topographical effect on differentiation and proliferation
could not been observed experimentally, although the cell alignment was regulated.
This is an important issue to be addressed in the future. Moreover, the relationship
between morphology, scale effects, cell types, and intercellular effects should be
quantified to gain clearer insights into the topographical effects. Comprehensive
understandings should make it possible to strictly regulate cell fates for the future
clinical application.

Furthermore, it was pointed out that the self-renewal ability of stem cells is
common to cancer cells [83]. Researches on stem cells were linked to the field of
cancer cells, where cancer stem cells interact with cells in their surrounding ‘niche’
[84]. For example, the proliferation of leukemia cells was shown to be common to
the mechanism of the niche-dependent self-renewal of hematopoietic stem cells
[85,86]. And yet, the safety should be adequately considered in the cell therapy using
stem cells. Especially, long-term cultivation has a potential risk of irreversible
change of cell characteristics or oncogenesis [87,88]. Hopefully, the findings and
developed devices proposed in this thesis would lead to not only the quality control of

cells but also the success of clinical application in the near future.
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CHAPTER 1

Clonal analysis of hematopoiesis-supporting activity of
human mesenchymal stem cells in association with

Jagged1 expression and osteogenic potential

INTRODUCTION

Hematopoietic stem cells (HSCs) exist in endosteal hematopoietic
microenvironments created by osteoblasts [1,2], and receive hematopoiesis signals
through direct contacts with various adherent molecules of cells in the
microenvironment, such as N-cadherin / 3-catenin [1,3,4], angiopoietin-1 / Tie-2 [5] and
Jaggedl / Notch [2]. In recent years, interest in the role of mesenchymal stem cells
(MSCs) in hematopoietic microenvironments has grown. Human MSCs (hMSC)
isolated from bone marrow can be used as effective feeder cells for ex vivo expansion of
HSCs [6-8]. Noort and colleagues showed that the co-transplantation of umbilical
cord blood HSCs and hMSCs into immunodeficient mice efficiently promoted
engraftment of HSCs [9]. Furthermore, calcium-sensing receptors expressed on HSCs
detected calcium ion concentration in their surroundings and thereby osteogenic

progeny of hMSCs are expected to play an important role in the engraftment of HSCs
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within an endosteal hematopoietic niche [10]. Taken together, these studies suggest
that hMSC or their progeny committed to osteoblasts have the potential to form a
hematopoietic niche. Therefore, an examination of the correlation between the
hematopoiesis-supporting activity of hMSC and their potential to differentiate to
osteogenic progeny would be valuable.

Primary hMSCs are heterogeneous within a cell population, and each hMSC
has an individual potential toward different lineages [11-15]. This heterogeneity
causes difficulty in understanding the experimental results of hMSC analysis. In this
chapter, clonal cell lines of hMSCs immortalized by gene modification [12] were used,
and their abilities to support hematopoiesis by in vitro coculture experiments was
examined. The results were analyzed in conjunction with the osteogenic potential and

expression of genes related to osteogenesis.

EXPERIMENTAL

Collection of cord blood hematopoietic stem cells

Studies were approved by the institutional review board. Umbilical cord
blood was obtained from healthy donors, with their informed consent. The CD34" cell
fraction that is rich in HSCs was isolated from fresh umbilical cord blood as previously
reported [16]. In brief, mononuclear cells were collected by the density gradient
centrifugation using Lymphoprep (AXIS-SHIELD PoC AS, Oslo, Norway). After
washing twice with Dulbecco’s phosphate-buffered saline Ca’>"Mg®" free (DPBS(-);

Nissui Pharmaceutical Co. Ltd., Tokyo, Japan), CD34" cells were isolated using magnetic
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beads (Direct CD34 Progenitor Cell Isolation Kit; Miltenyi Biotech GmbH, Bergisch
Gladbach, Germany) in accordance with the manufacturer’s instructions. Isolated
CD34" cells were cryopreserved using a cryopreservation solution containing bovine

serum (Cellbanker, Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan) until use.

Culture of mesenchymal stem cells

Sixteen hMSC clones were established from human bone marrow MSCs
immortalized by genetic modification using human telomerase reverse transcriptase
(hTERT) gene and human papilloma virus E6 and E7 genes [12], kindly donated by Dr.
T. Aoyama (Institute for Frontier Medical Sciences, Kyoto University). Each hMSC
clone was maintained in Dulbecco’s Modified Essential Medium (DMEM; Invitrogen
Corp., CA, USA) supplemented with 10% fetal bovine serum (FBS; BIOWEST, France),
100 U/mL penicillin and 100 pg/mL streptomycin (Invitrogen) at 37 °C under 5% CO,

in a humidified atmosphere, and subcultured at 5 - 8 x 10° per cm? every three to four days.

Coculture of hematopoietic stem cells with mesenchymal stem cells
Hematopoiesis-supporting activity of each hMSC clone was evaluated by the
increase of CD34'CD38" cells after coculture of CD34" cells. Immortalized hMSCs
were seeded at 2 x 10° per well of a 12-well multiplate. ~After adhesion, they were
irradiated by X-ray at a dose of 15 Gy to stop proliferation and then washed five times
with Hanks' Balanced Salt Solution containing Ca*" and Mg2+ (HBSS (+); Invitrogen).
CD34" cells were obtained by thawing a frozen stock, suspended at 2.5 x 10° cells/mL
in serum-free medium for hematopoietic cell culture (StemPro-34 SFM; Invitrogen)

supplemented with 2 mM L-alanyl-L-glutamine (GLUTAMAX I[; Invitrogen), 50 ng/mL
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Flt-3 ligand, 50 ng/mL stem cell factor and 50 ng/mL thrombopoietin (StemSpan
CC110; Stemcell Technologies Inc., Vancouver, Canada), and inoculated into each well
of irradiated hMSCs at 5 x 10° cells/well. After 7-day coculture at 37 °C under 5%
CO; in a humidified atmosphere without exchanging culture medium, all cells were
dissociated with 0.05% Trypsin-EDTA solution (Invitrogen) and collected for cell

counting and characterization by flow cytometry (FCM).

Flow cytometric analyses of CD34" cell progeny

Immunophenotypic enumeration of the CD34" cell progeny was performed by
FCM [16]. Collected cells (1-10 x 10’ cells) were suspended in 100 uL of DPBS with
0.1% FBS, with addition of 2 pL of the fluorescence dye-conjugated antibodies (1:50
dilution), and incubated at 4 °C for 30 min to label surface antigens. Thawed cells
were additionally co-stained with propidium iodide to exclude dead cells in the
following FCM analysis. Stained cells were washed twice with DPBS with 0.1% FBS,
and subjected to FCM analysis by FACSCalibur (BD Biosciences). For quantification
of cell number, a 50 pL aliquot of a polystyrene fluorescent microsphere suspension
(Flow-Count; Beckman Coulter, Inc., CA, USA) (containing 5 x 10* particles) was
added into the sample cell suspension prior to analysis. To reduce the noise of
non-blood cells, the region of blood cells was determined by a FSC - SSC gating and a
following CD45" gating. The CD34" and CD38" quadrants were determined by
reference to isotypic controls. CD45™¢"CD34" cells were excluded as being
non-specifically stained cells.

Monoclonal antibodies used for cell surface markers were as follows:

fluorescein isothiocyanate (FITC)—conjugated anti-human CD34 (clone 581) and
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allophycocyanin (APC)-conjugated anti-human CD45 (clone HI30) were purchased from
BD Pharmingen (CA, USA), and phycoerythrin (PE)-conjugated anti-human CD38

(clone HB7) was purchased from Becton, Dickinson and Co. (CA, USA).

Gene expression analyses of mesenchymal stem cells

The gene expression of hMSCs was analyzed by reverse transcriptase
polymerase chain reaction (RT-PCR). Total RNA was extracted from approximately 3
x 10° hMSCs using SV Total RNA Isolation System (Promega Corp., WI, USA), in
which DNase processing is included. Complementary DNA (cDNA) was then
synthesized from extracted total RNA using Ready-To-Go You-Prime First-Strand
Beads (Amersham Biosciences Corp., NJ, USA) with oligo d(T)».1s primers (Promega).
Specific cDNA was amplified by PCR under the following conditions: 1) a reaction
mix (25 puL) was composed of 2 mM Tris-HCI (pH 8.0), 10 mM KCI, 0.01 mM EDTA,
0.1 mM DTT, 1 U DNA polymerase (7aKaRa Ex Taq; Takara Bio Inc., Shiga, Japan),

0.2 mM dNTP mixture, 0.5 uM of each primer and approximately 100 ng of cDNA

Table 1-1. Primer sequences for RT-PCR

. = s GenBank Annealin Number Size of
Gene Primer Ssequences (3 -3") Accession No. Temp. iy of Cycles  Product Ref.
RUNX2 CAGTTCCCAAGCATTTCATCC AF001450 55 35 443 [17]
TCAATATGGTCGCCAAACAG
Osterix TTGACTGCAGAGCAGGTTCCT AF477981 62 35 97 [18]
GCTGCAAGCTCTCCATAACCA
Jaggedl AGTCACTGGCACGGTTGTAG u61276 62 35 227 [19]
TCGCTGTATCTGTCCACCTG
Delta- 1 AGACGGAGACCATGAACAAC AF003522 60 35 382 [19]
TCCTCGGATATGACGTACAC
N-cadherin  CAAGTGCCATTAGCCAAGG $42303 60 25 578 [20]
TTAAGCCGAGTGATGGTCC
Wnt-3 TGAACAAGCACAACAACGAG AB067628 60 35 439 [21]
CAGTGGCATTTTTCCTTCC
Angiopoietin-1 GGAAGTCTAGATTTCCAAAGAGGC D13628 62 35 429 [22]
CTTTATCCCATTCAGTTTTCCATG
GAPDH AGCCGCATCTTCTTTTGCGTC NM_ 002046 55 25 816 [17]

TCATATTTGGCAGGTTTTTCT

27



Microenvironmental Regulation of Stem Cell Behaviors

template; 2) temperature settings for each cycle were 95 °C for 30 sec for denaturing,
55 - 62 °C for 1 min for annealing, and 72 °C for 2 min for extension. The optimal
PCR cycle conditions were adjusted by the brightness of the visualized band. All
primer sequences are listed in Table 1-1. Amplified products (9 upL) were
electrophoresed in 2% SeaKem GTG Agarose gel containing 0.5 pg/mL ethidium
bromide at 100 V for 30 min, and the bands of PCR products were observed on an
ultraviolet illuminator.

Real-time quantitative PCR was performed using ABI Prism StepOne System
(Applied Biosystems, CA, USA) to quantify Jaggedl expression level. In brief, the
PCR 2x master mix was based on AmpliTaq Gold DNA polymerase (Applied
Biosystems). Samples (2 pl for a total volume of 20 uL per reaction) were analyzed
for the gene expression of both Jaggedl and GAPDH (as a reference). All primers
were the same as mentioned above. Expression levels of Jagged1 for each MSC were
evaluated by normalizing the quantified mRNA amount to GAPDH. Each sample was

assessed at least in duplicate.

Osteogenic differentiation of mesenchymal stem cells

The differentiation of MSC was performed following the method reported by
Pittenger e al [11]. An immortalized MSC clone was seeded at 5 x 10> per well of a
6-well multiplate. Cells were cultured with DMEM supplemented with 100 nM
dexamethasone (Sigma-Aldrich, MO, USA), 50 uM ascorbic acid 2-phosphate (Wako
Pure Chemical Industries, Ltd., Osaka, Japan), 10 mM B-glycerophosphate (Wako) and
10 % FBS. Culture media were changed freshly every 2 or 3 day. The presence of

mineralized deposits after osteogenic differentiation was determined with von Kossa
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staining. In brief, on day 14, triplets of cultured wells were rinsed twice with DPBS(-),
then fixed with 10% formaldehyde for 30 min, and washed three times with distilled
water. One mL of 5% (w/v) silver nitrate (Nacalai Tesque, Inc., Kyoto, Japan) was
added per well, and the cultures were placed in the dark for 30 min. Cultures were
then washed with water and were developed with 5% (w/v) sodium carbonate in 25%
formaldehyde for 5 min. After development, cultures were washed and sodium
thiosulfate (5%) was added to stop development. Cultures were washed again with
water and air-dried. Amounts of calcium deposits were evaluated from image analyses

using the software ImageJ ver.1.37.

Adipogenic differentiation of mesenchymal stem cells

A hMSC clone was seeded at 5 x 10° per well of a 6-well multiplate. The
adipogenic differentiation was initiated by three cycles of induction / maintenance
culture. Each cycle consists of 3 days of culture in the induction medium, [DMEM
containing 1 pM dexamethasone (Sigma-Aldrich), 0.2 mM indomethacin (Wako), 10
pg/mL insulin (Sigma-Aldrich), 0.5 mM 3-isobutyl-I-methylxanthine (Sigma-Aldrich),
and 10% FBS], followed by a 2-day culture in the maintenance medium (DMEM with
10% FBS and 10 pg/mL insulin). After adipogenic induction, cells were fixed in 4%

paraformaldehyde and incubated with Oil Red-O (Wako) to stain lipid vacuoles.

Coculture of hematopoietic stem cells with osteogenic progeny of hMSC
Hematopoiesis-supporting activity of differentiated hMSC clone was also
evaluated by coculturing CD34" cells. Immortalized hMSCs were seeded at confluent

density (2 x 10° per well of a 12-well multiplate). The hMSCs were cultured with an
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osteogenic induction medium as mentioned above for 7 days. Culture media were
changed freshly at day 3 and 6. CD34" cells were inoculated into each well of h(MSC
progeny and cocultured in a serum-free medium for hematopoietic cell culture as
mentioned above. After 7-day coculture, all cells were dissociated and collected for

flow cytometry.

Statistical analyses
Comparisons between two groups were performed by Student’s t-test. P
<0.05 was considered statistically significant.  All statistical calculations were

performed using the software JMP ver.5.1.1.

RESULTS

Expansion of CD34" cells by coculture with hMSC

Sixteen immortalized hMSC clones were examined to analyze their
hematopoiesis-supporting activities at the clonal level. All of hMSC clones were
derived from the identical parental hMSCs using the same procedures. The
CD34'CD38" cell population in progeny of CD34" cells, known to be rich in early
HSCs [23,24], was determined by FCM after 7-day coculture of CD34" cells with
hMSC clones. Representative FCM profiles of the progeny of CD34" cells for CD34
and CD38 before and after 7-day coculture were examined (Fig. 1-1). Interestingly,
the proliferation of CD34" cells cocultured with hMSC differed among different hMSC

clones. In Clone 18, a large number of CD34 'CD38 cells were observed, suggesting
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Figure 1-1. FCM analyses of progeny of CD34" cells after 7 days
coculture with hMSCs. Pre: typical cytogram of pre-culture CD34"
cells; Clones 18, 2 and 39: typical cytograms of progeny of CD34" cells
cocultured with each hMSC. In all cytograms, both CD45" cells (MSC)
and CD45™"CD34" cells (non-specifically stained) were excluded.

The quadrant regions were determined by referring to isotypic controls.
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that this clone has a high potential to expand the population of early HSCs. On the
other hand, poor expansion of CD34 CD38 cells was noted in cocultures with Clones 2
or 39 (Fig. 1-1, lower panels).

After 7-day coculture with hMSC clones, numbers of total nucleated cells,
CD34" cells, and CD34'CD38" cells were determined from FCM profiles (Fig. 1-2).
Total nucleated cell numbers significantly increased more than 100-fold in all hMSC
clones after coculture, as compared to inoculated CD34" cells, but among the hMSC
clones, no clear differences in their potentials were evident (Fig. 1-2(A)). Thirteen of
16 clones effectively increased numbers of CD34" cells (Fig. 1-2(B)). In addition,
Clones 18, 27, 17, 3, 35 and 44 efficiently increased numbers of CD34'CD38 cells 658-,
534-, 511-, 862-, 515- and 576-fold with respect to their respective initial numbers of
CD34'CD38" cells in seeded cells (Fig. 1-2(C)). Although Clones 14, 2, 6 and 55
expanded CD34" cells significantly, the same trend was not apparent for CD34 CD38"
cells.

The formation of a colony that looks like cobblestones underneath feeder cells
is accepted as a distinctive feature for expanding HSCs upon coculture [25,26]. Phase
contrast microphotographs of CD34" progeny after 7-day coculture show numerous
cobblestone colonies for Clones 18 and 27 (Fig. 1-3, upper panels). A smaller number
of cobblestone colonies were found in the coculture with Clone 2, and only a few were
observed for Clone 39 (Fig. 1-3, lower panels). The colony sizes in cocultures with
Clones 2 and 39 were much smaller than those found in cocultures with Clones 18 and

27 (Fig. 1-3).
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Figure 1-2. Summary of cell number expansion by coculturing CD34"
cells with hMSCs for 7 days. (A) Total nucleated cells; (B) CD34"
cells; (C) CD34'CD38 cells. Numbers on x-axis represent hMSC clone
numbers, and SC means the suspension culture without hMSC feeder
layer as a control.

(MSC-2 and 3), 13 (SC), 6 (MSC-5, 6 and 55), 3 (others)].

Cell numbers are expressed by means = SEM [n= 16
Asterisks

indicate significantly larger cell numbers than those of SC (p < 0.05).
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Figure 1-3. Phase contrast microphotographs of cobblestone
area-forming cells (CAFCs) observed after 7-day coculture with Clones
27, 18, 2 and 39. CAFCs are seen as round and black cells in pictures,
whereas MSCs are elongated, fibroblastic cells. White round-shape
cells are non-adherent blood cells and not CAFCs. Bar = 50 um.

mRNA expression profiles in undifferentiated MSC clones

To investigate the proposal that the hematopoiesis-supporting activities of the
hMSC clones are correlated with their osteogenic potentials, the mRNA expression
levels of the osteogenic transcriptional factors, RUNX2 and Osterix in undifferentiated
hMSC clones were examined. All of clones expressed RUNX2 clearly, but none of the
clones expressed Osterix (Fig. 1-4). No clear differences were observed among hMSC

clones in an osteogenic stage from the standpoint of mRNA expressions of RUNX2 and
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MSC Clone No

18 27 17 3 35 44 14 2 55 32 21 19 6 41 & 38 P

RUNX2
Osterix
Jaggedi
Delta-1
N-cadherin
Wnt-3

Angiopoietin-1
GAPDH

Figure 1-4. Gene expression analysis of undifferentiated MSC clones
by RT-PCR. Primers used are listed in Table 1-1. MSC clone numbers
are shown above the figure. ‘P’ represents a primary bone marrow

hMSC. GAPDH was used as a loading control.

Osterix. Gene expression of Wnt-3, N-cadherin and Angiopoietin-1 in MSC clones,
which have been reported as key proteins included in hematopoiesis [1,3-5], was also
examined, but no remarkable difference in their expression levels was found among
clones as shown in Fig. 1-4. The expression of Notch ligands, Jaggedl and Delta-1,
which serve as signal membrane molecules between stem cells and stromal cells [2,27],
were also examined. Clones 3, 17, 18, 27 and 35 expressed Jaggedl at high levels.

On the other hand, Delta-1 was poorly expressed in most of clones.
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Calcium deposition on hMSC cells after osteogenic differentiation

Calcium-sensing receptors expressed on HSCs play an important role in the
engraftment of HSCs in endosteal hematopoietic microenvironments [10]. Correlation
between osteogenic potential and hematopoiesis-supporting activity was examined.
Each hMSC clone was cultured in an osteogenic induction medium for 14 days, and
then mineral deposits were visualized by von Kossa staining (Fig. 1-5). hMSCs were
also characterized by potential to differentiate into adipogenic cells (Fig 1-6). The
results are summarized in Table 1-2. Calcium deposits seen as a large number of black
nodules were seen on progenies of Clones 18 and 27 after 14-day osteogenic induction.
Taken together, the results presented in Figs. 1-1, 1-5, 1-6 and Table 1-2 showed that all

of the hMSC clones that differentiated to osteogenic lineages effectively supported

Figure 1-5. Inverted phase contrast microscopic images of von
Kossa-stained hMSCs after osteogenic induction at day 14. Calcium

deposits were clearly seen on progenies of Clones 18 and 27. Bar =50 um
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generation of CD34'CD38" cells from CD34" cells after 7-day coculture. In contrast,
neither negative nor positive correlation between adipogenic potential and

hematopoiesis-supporting activity was found.

Figure 1-6. Lipid vacuoles on progenies of hMSCs after adipogenic
induction. hMSCs were culture in an adipogenic condition for 9 days and
then cells were stained by Oil-Red-O. Lipid vacuoles stained with
Oil-Red-O were clearly seen on progenies of Clones 27 and 55. Bar =

50 pm.

Clone No 18 27 17 3 35 44 14 2 55 32 21 19 6 41 5 39

Osteogenic
Potency + + + + + + + + - - - - - - - -
Adiggtg:nngg -+ + + + - + + + + - + + + - +

Table 1-2. The notations represent the osteogenic and adipogenic

potential of each clone.
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lineage seems to afford a favorable microenvironment for HSCs.
cocultured with progeny of hMSC which was prepared by culturing in an osteogenic
induction medium for 7 days (Fig. 1-7).
27which can effectively increase total cell and CD34" numbers and support generation

of CD34°CD38 cells lost their hematopoiesis-supporting activity after osteogenic

Calcium deposition of hMSCs which occurs after differentiation to osteogenic

CD34" cells were

In contrast to the expectation, Clones 18 and

induction.
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Figure 1-7. Summary of cell number expansion by 7-days coculture of
CD34" cells with progeny of hMSCs after 7-day osteogenic induction.
(A): Total nucleated cells, (B): CD34" cells, (C): CD34°CD38 cells.
Numbers on x-axis represent hMSC clone numbers, and SC means the
suspension culture without hMSC feeder layer as a control. Values
represents means = SEM (n = 3). White bars = coculture with
undifferentiated hMSCs; black bars = coculture with progeny of hMSCs
after 7-day osteogenic induction. *, significant difference between
hMSCs pre- and post-osteogenesis; 1 and f, significant difference with

SC (p < 0.05).
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Correlations of hematopoiesis-supporting activity with Jaggedl expression and
calcium deposition

The relationship between hematopoiesis-supporting activity of each hMSC clone
with Jaggedl expression and with calcium deposition was quantitatively evaluated.
The numbers of CD34'CD38 cells after 7-day coculture were plotted against the

amounts of calcium deposits after osteogenic differentiation (Fig. 1-8), and against

w
T 3 b 1
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o Iz?
o= 17
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= B 2119 32—%%
= % 2
55
39,5111
D 1

0 1 2 3
Felative amount of calcium deposits

Figure 1-8. Correlations of hematopoiesis-supporting activity of each
hMSC clone with their amounts of calcium deposits on their progeny
Closed circles represent higher hematopoiesis-supportive hMSC clones
(Clones 18, 27, 17, 3, 35 and 44) and open circles represent other hMSC
clones (Clone 14, 2, 55, 21, 19, 6, 41, 5 and 39). The values are

represented by means + SEM (of 3 independent pictures).

39



Microenvironmental Regulation of Stem Cell Behaviors

Jaggedl expression levels (Fig. 1-9). The most hematopoiesis-supportive clones
showed both high osteogenic potential and high Jaggedl expression, indicating that

hMSC clones which have differentiation potential to the osteoblast lineage can support

expanding HSCs.
w
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Figure 1-9. Correlations of hematopoiesis-supporting activity of each
hMSC clone with their Jaggedl expression levels. Closed circles
represent higher hematopoiesis-supportive hMSC clones (Clones 18, 27,
17, 3, 35 and 44) and open circles represent other hMSC clones (Clone
14, 2, 55,21, 19, 6, 41, 5 and 39). The values are represented by means
+ SEM (of 3 independent pictures).
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DISCUSSION

The intention of this chapter was to examine hematopoiesis-supporting
activity of hMSCs at a clonal level. However, cloning of primary hMSCs is difficult
because phenotypic changes occasionally occur during clonal selection of primary
hMSCs [28], making establishment of human cell lines more difficult than that of
rodent cell lines [29]. Thus, several hMSC lines have been established by
transduction of the hTERT gene and their hematopoiesis-supporting activities have
been already examined [30]. However, hMSC lines immortalized by hTERT alone
seem to be unstable to the examination of various properties over the long term.
Therefore, hMSC lines established by hTERT and p16™**/RB inactivation with E7
and telomerase activation with E6 [11] were used. The inhibition of the p16/RB
pathway in addition to transduction of hTERT gene is necessary to avoid senescence
[31,32].

Osteoblastic cells play an important role in the engraftment of HSCs to an
endosteal hematopoietic niche [10]. The author supposed that the heterogeneous
hematopoiesis-supporting activities of primary hMSCs are relevant to their osteogenic
potential. Using calcium deposition as an index, the potential of immortalized
hMSCs to differentiate toward osteogenic lineages following conventional osteogenic
induction for 14 days was examined. Remarkable differences in calcium deposition
between hMSC clones (Fig. 1-5 and Table 1-2), and as well as correlation of
hematopoiesis-supporting activities of each MSC clone with calcium deposition on
each MSC clone (Figs. 1-2, 1-5 and Table 1-2) were found. On the other hand,

correlations of hematopoiesis-supporting activities with neither adipogenic potentials
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(Fig. 1-6 and Table 1-2) nor chondrogenic potentials (private communication from Dr.
Aoyama) were found. hMSCs with high osteogenic potential offer a highly adhesive
environment to HSCs because of the tropism of hHSCs toward high concentration of
calcium ions [10]. The gene expression level of RUNX2 and Osterix to evaluate the
osteogenic stage of each hMSC clone was also examined. RUNX2 is known as one
of the earliest transcriptional factors for the osteoblast lineage [33], and Osterix is also
a transcriptional factor of osteogenesis and located downstream of RUNX2 [34]. No
clear differences were observed between hMSC clones in expression level of either
gene (Fig. 1-4). Interestingly, not all of clones with high osteogenic potential showed
high hematopoiesis-supporting potential as illustrated by Clones 2 and 14. This
exception implies that a hematopoiesis-supportive clone requires other characteristics
in addition to osteogenic potential. Key proteins related to hematopoiesis-supporting
activity, including N-cadherin, Wnt-3, Ang-1 and Jaggedl [1-5,35], were analyzed.
In analyses of gene expression, no remarkable differences, except for Jaggedl, among
hMSC clones were found (Fig. 1-4). All of the highly hematopoiesis-supportive
clones expressed Jagged1 in high levels. Genes of the Notch family are known to be
expressed in various kinds of undifferentiated cells and their gene products regulate
their own fates, i.e. differentiation, proliferation, and apoptosis. The interaction
between Notch-1 expressing on HSC and Notch-1 ligands, such as Jaggedl, expressed
on stromal cells plays an important role in the self-renewal of HSC.

The higher hematopoiesis-supportive clones, such as Clones 27, 18, 17 and 3,
demonstrated high potential to deposit large amounts of calcium after osteogenic
induction, and they also showed high expression of the Jaggedl gene. This result is

comparable to the observation by Calvi et al. that Jaggedl™ osteoblastic cells form a
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HSC niche in murine bone marrow [2]. Although Clones 18 and 35 demonstrated
both high osteogenic potential and high expression of Jaggedl, there were notable
differences in the expansion of CD34 CD38" cell number, suggesting that other factors
may stimulate self-renewal of HSCs. As shown in Fig. 1-7, Clone 18 and 27 lost
hematopoiesis supporting activities after osteogenic differentiation. Minor amounts
of secreted cytokines or other membrane proteins from immature hMSCs may affect
self-renewal of HSCs and the differentiation of CD34" cells, resulting in changes in the
CD34'CD38" subpopulation. Comprehensive analysis by DNA microarray will be
needed to reveal these unknown factors. Conversely, whether both of Jaggedl” and
osteoblastic cells are absolutely required as components of the hematopoietic niche is
still unknown. To clarify this question, the establishment of a Jaggedl-expressing
hMSC clone remains as a matter of future investigation.

Umbilical cord blood collected from a newborn baby is accepted as one of the
promising sources of HSCs for transplantation [36,37]. Numerous efforts have been
made to expand HSCs ex vivo to improve engraftment time and to reduce the graft
failure rate in the recipients, particularly in development of therapies for adult patients
[36,38]. The co-culture of UCB cells with murine stromal cells, such as MS-5 [39] or
HESS-5 [40], is the currently accepted method for expansion of HSCs. Use of the
xenogeneic stromal cells to expand HSCs in the clinical setting, however, has
encountered several obstacles. Therefore, murine stromal cells should be replaced by
cells of human origin, and a co-culture system free from contamination of feeder cells
or their debris has been under development [16]. The higher hematopoiesis-supportive
clones identified here, such as Clones 27, 18, 17 and 3, are candidates for promising feeder

cells in the expansion of HSCs.
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CHAPTER 2

Microencapsulated feeder cells as a source of soluble factors

for expansion of CD34" hematopoietic stem cells

INTRODUCTION

Umbilical cord blood (UCB) collected from a newborn baby is accepted as
one of the promising sources of hematopoietic stem cells (HSCs) for transplantation [1].
The first UCB cell transplantation was performed by Gluckman et al. in 1989 [2].
UCB cell recipients have been limited to children with an average weight of 20 kg, as
the major disadvantage of UCB cell transplantation is the low cell dose, which results in
slower time to engraftment and higher rates of engraftment failure than occur with bone
marrow transplantation. Numerous efforts have been made to expand HSCs ex vivo to
improve engraftment time and reduce the graft failure rate in the recipients, particularly
in developing this therapy for adult patients [3-5]. Ex vivo manipulation of HSCs dates
back to the development of Dexter-type culture techniques, which identified the benefits
of stroma for the maintenance of hematopoietic colony-forming units [6]. At the
moment, the co-culture of UCB cells with murine stromal cells, such as M2-10B4 [7],

MS-5 [8], OP9 [9,10], or HESS-5 [11, 12], is the currently accepted method for
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expansion of HSCs.

In these co-culture systems, the stromal cells are generally considered to
provide signal transductions through two major mechanisms to promote the expansion
of HSCs. First, stromal cells secrete various soluble factors, such as growth factors
and cytokines, that stimulate the proliferation and differentiation of HSCs, and provide
niche as an appropriate environment for the proliferation and maintenance of HSCs.
Secondly, co-culturing with stromal cells provides direct cell-cell contact, which plays
an important role in HSC proliferation and differentiation.

Use of the xenogeneic stromal cells to expand HSCs in the clinical setting,
however, has encountered several obstacles. Public heath officials are concerned about
zoonosis and other unknown infectious diseases caused by contamination of xenogeneic
feeder cells and concerned about pathogens which they carry, such as bovine
spongiform encephalopathy (BSE) and porcine endogenous retrovirus (PERV) [13].
Furthermore, rejection or unexpected reactions against transplanted HSCs are shown to
be caused by xenogeneic cell debris or proteins and polysaccharide derived from
stromal cells [14]. Thus, the development of a co-culture system free from
contamination of feeder cells or their debris is highly desired.

Conditioned media (CM) of the feeder cells has been examined to avoid the
risks pointed above [15-17]. Although sufficient amounts of essential bioactive
substances exist in CM for HSCs proliferation at the start of the culture, the cultured
HSCs eventually consume the nutrients, and thus the efficacy of CM decreases with
time. For more efficient proliferation of HSCs, the culture medium supplemented with
CM should be frequently changed or a continuous supply of bioactive substances should

be included in the UCB cell culture system.
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In this chapter, efficacy of microencapsulated feeder cells was examined as
a continuous supply unit of bioactive substances as shown in Scheme 2-1. Spherical
aggregates of feeder cells were enclosed into agarose gel microcapsules and then added
to the culture flask to co-culture with UCB cells. Agarose gel is permeable to various
chemicals and low molecular proteins, such as amino acids, glucose and growth factors
[18-20]. Agarose gel also can inhibit contact between feeder cells and UCB cells
[21,22]. This novel culture system to expand HSC using the encapsulated feeder cells

1s described.

Agarose gel capsule

(Inhibits direct
cell-cell contact) 00

o °°
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Aggregate of Secreted soluble factors
feeder cells (Affect the growth of stem cells)

Co-culture of hematopoietic stem cells
with encapsulated feeder cells

8 °o °
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Scheme 2-1. Schematic representation of a co-culture system of CD34"
cells with microencapsulated feeder cells. Cell aggregates, which are
formed by the hanging drop method, are enclosed into agarose gel
microcapsules. Soluble factors, such as growth factors and cytokines,
are secreted from feeder cells and permeate through the agarose gel into
the culture medium. CD34" cells are expected to proliferate and

differentiate in response to those factors.
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EXPERIMENTAL

Cytokines and monoclonal antibodies

A mixture of recombinant human (rh) stem cell factor (SCF),
rh-thrombopoietin (TPO) and rh-FIt3 ligand (StemSpan CC110) was purchased from
StemCell Technologies Inc (Vancouver, Canada). Monoclonal antibodies used for cell
surface markers analyses by the flow cytometry are as follows: fluorescein isothiocyanate
(FITC)—conjugated  anti-human CD34 (clone 581) and allophycocyanin
(APC)-conjugated anti-human CD45 (clone HI30), purchased from BD Pharmingen (CA,
USA), and phycoerythrin (PE)-conjugated anti-human CD38 (clone HB7), purchased

from Becton Dickinson (CA, USA).

Culture of murine stromal cell line and human mesenchymal stem cell line

Two cell lines, HESS-5 and MSC-3, were used as feeder cells. HESS-5 was
established from murine bone marrow as hematopoiesis-supportive stromal cells [11, 12].
HESS-5 cells were maintained in minimal essential medium alpha (MEM-alpha;
Invitrogen Corp., CA, USA) supplemented with 10% horse serum (JRH Biosciences,
CA, USA), 100 U/mL of penicillin and 100 pg/mL of streptomycin (Invitrogen) at
37 °C under 5% CO, in a humidified atmosphere, and subcultured at 5-8 x 10° per cm?
every three to four days.

MSC-3 was a human bone marrow-derived immortalized MSC clone
established by Okamoto et al. [23] that supports the proliferation of HSCs as described
in the previous chapter. MSC-3 was kindly donated by Dr. Aoyama of the Institute for

Frontier Medical Sciences, Kyoto University. MSC-3 cells were maintained in
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Dulbecco’s Modified Essential Medium (DMEM; Invitrogen) supplemented with 10%
fetal bovine serum (BIOWEST, France), 100 U/mL of penicillin and 100 pg/mL of
streptomycin (Invitrogen) at 37 °C under 5% CO, in a humidified atmosphere, and

subcultured at 5-8 x 10° per cm” every 3 to 4 days.

Microencapsulation of feeder cells

Prior to microencapsulation of feeder cells, spherical cell aggregates were
prepared by the hanging drop method as reported previously [24]. In brief, HESS-5 or
MSC-3 cells were suspended in the respective maintaining media at a certain cell
density, and 20 pL of the cell suspension were spotted on a lid of a multi tray (Asahi
Techno Glass Corp., Tokyo, Japan). The lid was turned upside down to hang drops
and statically cultured at 37 °C under 5% CO; in a humidified atmosphere for 3 days.
After hanging, the cells formed a spherical aggregate in a drop. The drops containing
the spherical cell aggregates were collected with a pipette and the cell aggregates were
washed with Hanks’ balanced salt solution (HBSS; Invitrogen).

The cell aggregates were enclosed into agarose gel microcapsules as reported
previously [25]. In brief, low melting point agarose (Shimizu Shokuhin, LTD.,
Shizuoka, Japan) was suspended at a final concentration of 5% in 3 ml of serum-free
minimum essential medium (Invitrogen) in a glass centrifuge tube, and heated in a
microwave oven to dissolve agarose. The agarose solution was allowed to cool at 37 °C
for 8 min before a suspension of spherical cell aggregates in approximately 0.1 ml of
HBSS was added to the tube and mixed well with the agarose solution. Liquid paraffin
(1.07162.1000; Merck, Germany), pre-incubated at 37 °C, was added into the tube. The

tube was vigorously shaken such that small droplets of the agarose solution containing
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cell aggregates formed in the liquid paraffin, and the tube was immediately immersed in
an ice bath to induce gelation of the agarose solution. The suspension was washed three
times with 15 ml of cold HBSS containing calcium and magnesium (HBSS (+);
Invitrogen) to remove liquid paraffin from encapsulated cells. The microcapsules
containing cell aggregates were selected using a Pasteur pipette under a stereoscopic

microscope and subsequently incubated in the maintaining media overnight.

Preparation of UCB cells

Studies were approved by the institutional review board. Cord blood units
were obtained from healthy donors, with their informed consent. The CD34" cell
fraction, which is rich in HSCs, was isolated from fresh UCB as follows.
Mononuclear cells were isolated by density gradient centrifugation using Lymphoprep
(AXIS-SHIELD PoC AS, Oslo, Norway). After washing twice with Dulbecco’s
phosphate-buffered saline (DPBS; Nissui Pharmaceutical Co. Ltd., Tokyo, Japan),
CD34" cells were isolated by magnetic beads (Direct CD34 Progenitor Cell Isolation
Kit; Miltenyi Biotech GmbH, Bergisch Gladbach, Germany) in accordance with the
manufacturer’s instructions. Isolated CD34" cells were suspended into a
cryopreservation solution containing bovine serum (Cellbanker; Nippon Zenyaku

Kogyo Co., Ltd., Fukushima, Japan), and stocked in a liquid nitrogen tank until use.

Preparation of conditioned medium (CM)
For preparation of CM, 1.5 x 10° cells of HESS-5 or 3.0 x 10’ cells of MSC-3
were seeded onto a 12-well tissue culture plate (BD Biosciences, NJ, USA). After

incubation for 5—6 hours, the cells were washed three times with HBSS (+). The
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medium was replaced with 2 mL per well of serum-free media for hematopoietic cell
culture [StemPRO-34 SFM (Invitrogen) supplemented with 2 mM of
L-alanyl-L-glutamine (GLUTAMAX I; Invitrogen)] and incubated for 3 days at 37 °C
under 5% CO; in a humidified atmosphere. The supernatant was collected after culture
and filtered through a 0.22 um-filter (Millipore, MA, USA) to remove cell debris. The
supernatant was diluted with an equal volume of a fresh serum-free medium to supply
nutrients that were consumed while conditioning. Cytokines were then added at the
following concentrations: 50 ng/ml SCF, 50 ng/ml TPO and 50 ng/ml FIt3 ligand

(StemSpan CC110) (hereafter referred to as a conditioned medium, CM).

Expansion of CD34" cells

Three different culture conditions were utilized to expand CD34" cells as
follows: culturing in CM, co-culturing with microencapsulated HESS-5 or MSC-3 cells
in serum-free media (StemPro34-SFM), and co-culturing with microencapsulated
HESS-5 or MSC-3 cells in CM.

For expansion of CD34" cells in CM, 5 x 10° of CD34" cells were plated in 2

ml of CM in each well of a 12-well tissue culture plate, and cultured at 37 °C under 5%

CO; in a humidified atmosphere. Half of the medium was changed at day 4, and the
CD34" cell progeny was harvested by pipetting at day 7 for analyses.

For co-culturing with feeder cells, aliquots of microcapsules were collected and
washed with HBSS (+) twice, and seeded with 5 x 10* of CD34" cells in 2 ml of CM or
the serum-free media supplemented with cytokines as mentioned above, onto a 12-well
tissue culture plate. CD34" cells and encapsulated spheroids were co-cultured at 37 °C

under 5% CO; in a humidified atmosphere. Half of the medium was changed at day 4
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and the CD34" cell progeny was harvested at day 7 for analyses.

Flow cytometric analysis of CD34" cell progeny

Immunophenotypic enumeration of the CD34" cell progeny was performed by
flow cytometry [26, 27]. Collected cells (1-10 x 10’ cells) were suspended in 100 pL
of DPBS with 0.1% FBS. The cell suspension was supplemented with 2 pL of the
fluorescence dye-conjugated antibodies and incubated at 4 °C for 30 min to label
surface antigens. Thawed cells were additionally costained with propidium iodide to
exclude dead cells. Stained cells were washed twice with DPBS with 0.1% FBS, and
subjected to flow cytometry analysis by FACSCalibur (BD Biosciences). For
quantification of cell number, a 50 puL aliquot of a polystyrene fluorescent microsphere
suspension (Flow-Count; Beckman Coulter, Inc., CA, USA) (containing 5 x 10*
particles) was added into the sample cell suspension prior to analysis. To reduce noise
in counting the number of total nucleated cells, the region of blood cells was determined
in a FSC - SSC cytogram and a CD45" gate. The CD34 and CD38 quadrants were
determined on the basis of isotypic controls. CD45""#"CD34" cells were excluded as

being non-specifically stained cells.

Colony-forming cell (CFC) assay

Hematopoietic potency of the CD34" cell progeny was examined by the
colony-forming cell (CFC) assay [28] and the cobblestone area forming-cell (CAFC)
assay [29,30]. The CFC assay classifies multipotential progenitors, and
lineage-restricted progenitors of the erythroid, granulocytic, monocyte-macrophage and

megakaryocytic pathways by the morphological examination of each colony under a
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light microscope. The progeny cells were suspended in a semi-solid methylcellulose
medium (MethoCult GF H4434; StemCell Technologies) [Iscove's modified Dulbecco's
medium with 1% methylcellulose, 30% fetal bovine serum, 1% bovine serum albumin,
10P™* M 2-mercaptoethanol, 2 mM L-glutamine, 50 ng/ml stem cell factor, 10 ng/ml
GM-CSF, 10 ng/ml IL-3 and 3 U/ml erythropoietin] and seeded at 500 or 1000 cells per
dish. The cells were incubated at 37 °C under 5% CO, in a humidified atmosphere. At
day 14, the numbers of colony-forming units (CFU) were scored based on the
morphology of colonies as follows: granulocytes/ macrophages (CFU-GM), erythroid
cells (CFU-Erythroid), or granulocytes/ erythroid cells/ macrophages/ megakaryocytes
(CFU-GEMM). Atday 28, the dense colonies larger than 1 mm in diameter were scored
as high-proliferative potential colony-forming cells (HPP-CFC). HPP-CFC and
CFU-GEMM are multipotential progenitors and believed to be more primitive than the

lineage-restricted CFU-GM and CFU-Erythroid.

Cobblestone area forming-cell (CAFC) assay

To quantify the number of stem cells, the CAFC assay by limiting dilution
[29,30] was performed with minor modifications as follows. A confluent layer of
HESS-5 cells was prepared on a 96-well tissue culture plate and irradiated (15 Gy of
X-ray). Cultures were then serially diluted and single-cell suspensions were seeded in
a long-term culture medium (MyeloCult H5100; StemCell Technology) [MEM-alpha
with 12.5% horse serum, 12.5% fetal bovine serum, 0.2 mM i-inositol, 20 mM folic
acid, 10 M 2-mercaptoethanol, 2 mM L-glutamine, and 10 M hydrocortisone]. The
cells were seeded with 24 replicates at 2.5-fold dilutions (2—40 cells for thawed CD34"

cells before co-culture and 320-5000 cells per well for CD34" cell progeny after
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co-culture) and incubated at 37 °C under 5% CO; in a humidified atmosphere. Half of
the culture medium was changed every week, and individual wells were scored as
presence or absence of a cobblestone area at week 4. The frequency of CAFC in the

seeded population was calculated by Poisson statistics.

Statistical analysis

Comparisons between two groups were calculated by Student’s t-test.
Comparisons among multiple groups were calculated by means of one-way analysis of
variance (ANOVA), followed by Tukey’s honestly significant difference (HSD) test.

All of statistical calculations were performed using the software JMP ver.5.1.1.

RESULTS

Preparation of cell aggregates

Spherical cell aggregates of HESS-5 and MSC-3 cells were prepared by the
hanging drop method and aggregate characteristics were examined. Diameters of the
formed cell aggregates were plotted against the number of cells initially incorporated
into the drop (Figure 2-1). The slopes of regression lines for MSC-3 and HESS-5 were
0.34 and 0.26, respectively. The diameter of MSC-3 cell aggregates was nearly
proportional to the one-third power of the seeding cell number as expected, but the
diameter of HESS-5 was less than that expected, indicating that they formed more
compact cell aggregates than the MSC-3 aggregates.

The amount of cytokines released from a microcapsule is expected to increase
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with the increasing number of enclosed cells, thus the larger cell aggregates are
predicted to be desirable for efficient supply of bioactive substances to UCB CD34"
cells. However, cells within the core of a larger cell aggregate will eventually undergo
necrosis due to an insufficient oxygen supply. Accordingly, the diameter of cell
aggregates should be less than 300 um to inhibit cell necrosis [18-20]. Based on these
parameters and the regression lines shown in Figure 2-1, cell aggregates were prepared
with 2.0 x 10* HESS-5 cells and 0.5 x 10* MSC-3 cells and used in the following

experiments.
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Figure 2-1. Diameters of cell aggregates formed under various seeding
cell numbers. The sizes of cell aggregates were determined by
microscopy at day 3 after preparation. Open circle, MSC-3; closed
circle, HESS-5. Solid lines represent the regression lines fitted by the

least-squares method.
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Microencapsulated cell aggregates

The diameters of the microcapsules and cell aggregates immediately after
encapsulation are listed in Table 2-1. The mean diameter of cell aggregates was 212 um
and 255 um for HESS-5 and MSC-3 cells, respectively, both suitable sizes for
maintenance of cell aggregates without cell necrosis occurring even at the core of
aggregates.

The microencapsulated cell aggregates were then cultured in the maintaining
media for 2 weeks and changes in morphology were observed (Figure 2-2). Young’s
modulus of 5% agarose hydrogel is about 500 kPa [31] and no mechanical disruption of
the microcapsules was observed due to its sufficient mechanical strength. Cavities
between cell aggregates and the agarose gel were observed and increased with time in the
cultured HESS-5 cells, indicating compaction of HESS-5 aggregates. In comparison,
MSC-3 aggregates maintained a similar size and no space was seen between the cell

aggregates and the agarose gel capsules throughout the 2 weeks of observation.

Table 2-1. Diameters of cell aggregates and agarose microbeads.

Feeder Seeded cells, Diameter of Diameter of Thickness of
cell per drop capsule, um cell aggregate, um  membrane, um

HESS-5 2.0x10* 343 (307-378) 212 (208-215) 66 (49-82)

MSC-3 0.5x10* 358 (340-375) 255 (249-260) 52 (43-60)

Each value represents mean size (95% confidence interval in
parentheses). HESS-5 and MSC-3 cells were cultured by the hanging
drop method for 3 days, and subsequently encapsulated into agarose

microbeads as described in the text.
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To examine cell viability in the microcapsules, cell aggregates were retrieved
by tearing the agarose microcapsules with forceps under a microscope after 2 weeks of
culture, and the trypan blue exclusion test was carried out for the cell aggregates.
Stained cells, i.e. dead cells, in the cell aggregates were not found within either the

HESS-5 or MSC-3 aggregates (data not shown).

(A) HESS-5

(B) MSC-3

200um em—

Figure 2-2. Microscopic images of encapsulated cell aggregates.
Encapsulated cell aggregates of HESS-5 (A) and MSC-3 (B) were
cultured for 2 weeks in the respective maintaining media. One week
after encapsulation, almost all of the HESS-5 aggregates shrank in
microcapsules, and a cavity was observed between the agarose hydrogel
layer and the cell aggregate as indicated by arrows. In comparison, no
cavity was observed in microcapsules containing MSC-3 aggregates,

through 2 weeks (B). Scale bar is 200 pm.
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Optimization of number of microencapsulated feeder cells

Feeder cells in the microcapsules release bioactive substances that stimulate
proliferation and differentiation of CD34" cells. On the other hand, they also consume
nutrients and release waste into the culture medium, and consumption of nutrients and
accumulation of waste exert harmful effects on CD34" cells. CD34" cells were next
co-cultured with different numbers of microencapsulated feeder cells to determine their
optimal number for CD34" cell proliferation. Total cell numbers of the CD34 " progeny
were measured after seven days (shown in Figure 2-3). With the microencapsulated

HESS-5 cells, application of 35 microcapsules to a well containing 1.5 x 10* CD34"
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Figure 2-3 Dependence of total cell expansion on the number of
microencapsulated feeder cells. None: cultured in StemPRO-34 SFM as
a control. Double asterisks denote significant difference (p < 0.05)

between two groups.
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cells gave maximum cell proliferation. Thirty five microencapsulated HESS-5 were
used for the following experiments. Although total cell number of the progeny
increased with increasing number of microencapsulated MSC-3, no clear improvement
was observed between 60 and 240 microcapsules. As mentioned above, existence of
excess feeder cells might harmful effects on CD34" cells. Thus, 60 microcapsules
were employed for MSC-3 cells for the following experiments. In this experiment,
media were changed at day 4. Compared with the cell number at day 4, the cell number
at day 7 increased (data not shown). Therefore, production of bioactive substances
seemed to be lasted for at least 4 days. There was no data on the results after a week,
but it is likely that the production was lasted for 7 days because the cell aggregates were

kept alive for 2 weeks without any morphological changes as described above.

Culture of CD34" cells

Four different culture conditions were examined for optimal expansion of UCB
cells as determined by an increase in total cell number after seven days. CD34" cells
were cultured in StemPro-34 SFM, cultured in CM, co-cultured with microencapsulated
HESS-5 or MSC-3 cells in StemPro-34 SFM, or co-cultured with microencapsulated of
HESS-5 or MSC-3 cells in CM. The latter three culture conditions resulted in a
significant increase of total cell number (142-, 78-, and 194-fold for HESS-5, and 126-,
118-, and 141-fold for MSC-3, respectively), compared with cultures in StemPro-34 SFM
without CM or microencapsulated cells (17.2-fold), as shown in Figure 2-4. These
results indicate that co-culturing with HESS-5 and MSC-3 cells promotes effective
CD34" cell proliferation, likely due to the secretion soluble factors that can stimulate

proliferation of UCB cells. The other interesting finding is that an additive effect of
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CHAPTER 2 Microencapsulated feeder cells for stem cell expansion

Figure 2-5 shows the representative results of flow cytometric analysis of the
CD34" cell progenies after seven days culture under different conditions. Although most
of cell progenies belonged to the CD34 cell population, CD34" cells evidently existed

in all of these culture conditions. In particular, CD34 CD38" cells, scarcely detected in

(A) Pre-culture
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ﬁ
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Figure 2-5. Flow cytometric analyses of CD34" progeny. Each panel
shows representative cytograms of CD45 positive-gated cells for CD34
and CD38. The quadrant regions were determined on the basis of isotypic
controls. (A) Pre-cultured CD34" cells, (B) cultured in StemPRO-34
SFM, (C) in CM alone (HESS-5 CM) (D) with microencapsulated
HESS-5 cells, (E) with microencapsulated HESS-5 cells in CM (HESS-5
CM), (F) in CM alone (MSC-3 CM), (G) with microencapsulated MSC-3
cells, (H) with microencapsulated MSC-3 cells in CM (MSC-3 CM).
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the initial CD34" cells, were clearly seen after culturing and consisted of more than 4%
of total cells. These results indicate that CD34'CD38" cells, expected to contain the

early primitive HSCs, proliferated well in all of these conditions.
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Figure 2-6. Expansion of CD34" cells and CD34 CD38" cells. None:
cultured in StemPRO-34 SFM; CM: cultured in conditioned medium;
Cap: cultured with microencapsulated cell aggregates in StemPRO-34
SFM; Cap+CM: cultured with microencapsulated cell aggregates in CM.
Panels represent the means of the numbers of CD34" cells and
CD34'CD38 cells. Bars represent standard errors [n=5 (CM and
Cap+CM of HESS-5); n=8 (Cap of HESS-5 and None); n=4 (CM of
MSC-3); n=7 (Cap of MSC-3); n=3 (Cap+CM of MSC-3)]. All of
experimental groups demonstrated significant cell expansion against
negative control (None). ‘n.s.” denotes no significant difference among
3 groups by ANOVA, and an asterisk denotes p < 0.05 between two
groups and double asterisks denote p < 0.1 by ANOVA and the following
HSD test.
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Figure 2-6 summarizes the total amount of CD34" cells and CD34'CD38 cells
in the CD34" cell progenies after 7 days in various culture conditions. Both the CD34"
cells and CD34'CD38" cells expanded more effectively when cultured either with CM
alone or with microencapsulated feeder cells supplemented with/without CM than with
StemPro-34 SFM alone. The remarked additive effects of microencapsulated HESS-5
cells along with CM were observed, with a significant increase of CD34" cell and

CD34'CD38 cell numbers.

Hematopoietic functions of progeny of CD34" cells

Hematopoietic potency of the CD34 " progeny was examined by the CFC assay
and the CAFC assay. Results of the CFC assay are summarized in Figure 2-7. The
number of CFU-GEMM, erythroids and GM was significantly larger for cultures in CM
and with microencapsulated HESS-5 in CM than those in the culture with
microencapsulated HESS-5 alone. For other colony types, the number of colonies
tended to increase in three examined culture groups compared to control conditions, but
no statistical differences were observed. Figure 2-8 includes the results of the CAFC
assay, used to identify very primitive progenitor cells, such as HPP-CFC and
CFU-GEMM, in a cell population. The very primitive progenitor cells were well
maintained without decrease in all of three different culture conditions even after cell

expansion for 7 days.
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Figure 2-7. Hematopoietic functions of the CD34" cell progeny after a
7-day culture.  None: cultured in non-conditioned medium; CM:
cultured in conditioned medium; Cap: cultured with microencapsulated
cell aggregates in non-conditioned medium; Cap+CM: cultured with
microencapsulated cell aggregates in CM. (A-D): Colony forming units
(CFU) were determined by using the semi-solid methylcellulose medium.
The number of CFU was counted in duplicate under each condition.
Values represent the mean number of CFU per culture well and standard
errors [n=5 (HESS-5); n=3 (MSC-3)]. Colonies were classified by
morphology as follows: (A) CFU-GEMM (granulocyte/erythroid/
macrophage/megakaryocyte), (B) HPP-CFU (high-proliferative potential
colony-forming cell), (C) CFU-Erythroid, (D) CFU-GM (granulocyte/
macrophage). ‘n.s.” denotes no significant difference among 3 groups by
ANOVA and an asterisk denotes p < 0.05 between two groups and double
asterisks denote p < 0.1 by ANOVA and the following HSD test.
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Figure 2-8. Hematopoietic functions of the CD34" cell progeny after a
7-day culture. None: cultured in non-conditioned medium; CM:
cultured in conditioned medium; Cap: cultured with microencapsulated
cell aggregates in non-conditioned medium; Cap+CM: cultured with
microencapsulated cell aggregates in CM. The number of cobblestone
area forming-cell (CAFC) was calculated by limiting dilution. Values
represents the mean number of CAFCs per culture well and standard error
[n=5 (HESS-5); n=3 (MSC-3)]. ‘n.s.” denotes no significant difference
among 3 groups by ANOVA
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DISCUSSION

Various stromal cell lines established from the mouse, such as MS-5, OP9 and
HESS-5, have been examined and credited with the ability to expand HSCs. However,
it is difficult to rationalize the use of xenogeneic stromal cells in direct contact with
HSCs in a clinical setting, due to the possibility of contamination of xenogeneic feeder
cells with pathogens, which feeder cells carry [13]. To reduce the possibility of
pathogen transmission, a unique co-culture system using a transwell membrane insert
was reported for expansion of HSCs [12].  In this culture system, HSCs were separated
from stroma HESS-5 cells by a porous membrane. HESS-5 cells feed various soluble
bioactive substances to HSCs and provide growth stimuli, such as Notch signaling, to
HSCs via direct cell-cell contact through filopodia extended from the membrane.
Although this method is effective in expanding HSCs, public heath official remain
cautious regarding contamination of xenogeneic pathogens through direct cell-cell
contact or cell membrane fragments, and this approach has yet to be utilized for human
patients. In addition, scaling up this culture system has proven to be difficult.
Conditioned media (CM) of the feeder cells has also been previously examined to
expand HSCs [15-17]. It is not as efficient, however, as co-culture with feeder cells.
Various reasons are attributed to this difference. For example, stimuli afforded to
HSCs through direct cell-cell contact are essential in supporting proliferation of HSCs,
and although CM contains sufficient amounts of essential bioactive substances for HSC
proliferation at the onset of culture, the efficacy of CM decreases with time as the
nutrients are consumed by HSC cells. Thus, the frequency of media exchange has

emerged as a key variable for maintaining optimal proliferation during ex vivo
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expansion. These methodologies led us to develop a new culture system reported in
this paper, that is, co-culture of HSCs with microencapsulated feeder cells in CM. The
method proposed in this chapter addresses the HSC consumption of the limited supply
of CM bioactive substances, by co-culturing with microencapsulated feeder cells that
continuously supply the required nutrients.

When HESS-5 cells were employed as feeder cells, HSCs co-cultured with
the microencapsulated cells in CM exhibited increased total cell number, more effective
increase of CD34" cells and CD34 'CD38" cells, and maintenance of various progenitor
cells, such as CFU-GEMM, GM and erythroid, as shown in Figure 2-7. It is known
that the cell-cell interaction of hematopoietic stem cells with the niche cells is important
for their self-renewal [32]. A calcium sensing receptor, expressed by hematopoietic
stem cells, regulates the niches and can be targeted to increase stem cell number [33].
In this experimental setup, however, direct contact between HSCs and feeder cells could
be not realized. Therefore, it is considered that the hematopoietic stem cells are
expected to differentiate into progenitor cells during culture. Number of progenitor
cells is believed to be an important parameter for success cell therapy. However, it
recently claimed that the most important parameter in cell transplantation is the dose of
total blood cells [1]. Therefore, the development of the method that can expand
CD34" progenitor cells and concomitantly maintain early stem cells is importance for
clinical application of UCB. Together this indicates that the combination of CM and
microencapsulated HESS-5 cells is promising for clinical-scale ex vivo expansion of
UCB.

The trend in stem cell research is to develop culture systems absolutely

animal product-free. In this chapter, two cell lines, HESS-5 established from murine
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bone marrow and MSC-3 established from human mesenchymal stem cells, were
exmined. When the former cells are used for the clinical cell expansion, possibility of
transmission of murine endogenous virus and microorgamisms to human patients should
be carefully examined. Efficacy of polysaccharide microcapsules in protection of
human recipients from transmission animal pathogens has been studied in the field of
xenotransplantation of pancreatic islets. Although no infection of microorgamisms or
porcine endogenous retroviruses (PERV) to human patients was reported in the
transplantation of microencapsulated porcine cells [34, 35], infection of PERV's remains
still controversial. Mice carry murine leukemia virus (MuLV) known as endogenous
retrovirus. In vitro and in vivo assays to demonstrate total avoidance of the possibility
of pathogen transmission, including endogenous retroviruses should be carefully
established.

It is important to find human-derived hematopoietic-supportive feeder cells to
further reduce the risk of contamination by xenogeneic pathogens. Thus, a cell line,
MSC-3, established from human MSCs, was also examined. Recently, several groups
reported that mesenchymal stem cells (MSCs), identified from human bone marrow in
1999 by Pittenger et al. [36], act as effective feeder cells for in vitro expansion of HSCs.
[15, 37, 38]. Primary MSCs, however, are not accepted as tractable feeder cells for
clinical use, as they undergo differentiation over time and enter senescence by 2 months
after isolation [39]. The immortalization of MSCs and their hematopoiesis-supporting
ability has been examined [40, 41]. When CD34" cells were co-cultured with CM,
Cap of MSC-3 and CM+Cap of MSC-3, total cell number, CD34" cells and
CD34'CD38" cells increased in these three experimental conditions, but no clear

additive effect CM and Cap of MSC-3. Feeder cells continuously supply bioactive
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substances, but also consume nutrients and accumulate waste in media, thus the positive
and negative effects of feeder cells were likely cancelled each other when
microencapsulated MSC-3 cells were used. Additive effect of CM and Cap feeder
cells in the case of HESS-5 means that effective soluble factors produced, and mode of
production of bioactive substances and waste by MSC-3 are different from those of
HESS-5. The cause of this difference remains unsettled. ~As pointed by Wen-tao et al.
[42], it is important to develop mathematical models to better understanding the cell
growth and consumption of supply of CM bioactive substances in order to design and
build an effective system for expansion of HSCs using microencapsulated feeder cells.
At this point, sufficient experimental data have not been accumulated for quantitative
analyses. More detail analyses are left for future works.

One critical issue to be carefully considered for the future clinical applications
of microencapsulated feeder cells is that increasing the number of committed progenitor
cells may actually be depleting the more primitive stem cells from the unmanipulated
inoculums. A concern regarding ex vivo expansion technology is the ability to
maintain functional hematopoietic repopulating cells. Two groups reported Phase I
studies of clinical use of expanded UCB stem and progenitor cells. In both studies, the
UCB unit was split and a fraction was infused, while the rest was expanded and infused
after expansion [43]. Although little clinical information is currently available to
clarify questions for clinical efficacy of expanded cells from UCB, transfusion of these
mature progenitors might shorten the time to engraftment by bridging the pancytopenic

period even when the method employed is feasible to expand the mature progenitors.
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CONCLUSION

In this chapter, a novel co-culture system using microencapsulated feeder cells
was developed to expand hematopoietic stem cells (HSCs) from cord blood.
Co-culture of hematopoietic stem cells with microcapsulated feeder cells resulted in the
increase of the number of total nucleated cells, including CD34'CD38" cells, and
various hematopoietic progenitors, and sustained the number of very earlier phase
progenitors. Moreover, the addition of CM to the co-culture system demonstrated a
significant additive effect when HESS-5 cells were employed as feeder cells.  Effective
expansion of total cells and maintenance of primitive progenitor cells suggest that
transfusion of the progeny might shorten the time to engraftment by bridging the
pancytopenic period and support functional hematopoietic repopulation.  The
combination of CM and microencapsulated feeder cells is promising for clinical-scale

ex vivo expansion of HSCs.
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CHAPTER 3

High-throughput evaluation of quiescent

hematopoietic progenitor cells using micro-multiwell plate

INTRODUCTION

Over the past few decades, a considerable number of studies have been
conducted to identify and quantify primitive hematopoietic progenitor cells (HPCs).
Various assays, such as flow cytometry using specific antibodies against surface
markers, a short-term colony assay, and a long-term culture assay in the presence of
various cytokines, have been developed. Each assay has its merits and disadvantages.
For example, the simplest and most time-saving method is flow cytometry using
specific antibodies against surface markers, such as CD34, CD117, and CD133 antigens
[1], but surface markers to specify HPCs have not been fully identified and correlated
with their multipotency. A short-term colony assay [2] is accepted as a simple and
suitable method for quantifying lineage-restricted cells; thus, it is inadequate for
detecting primitive HPCs. Long-term coculture assays using stromal cells to
determine long-term culture-initiating cells (LTC-ICs) [3] and cobblestone area-forming

cells (CAFCs) [4,5] are often used to quantify the number of primitive HPCs; however,
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these assays require several weeks for results and consume a large number of cells. Thus,
in this chapter, developing a short-term, simpler method for evaluating the number of
primitive HPCs was focused on. The other problem is that a relatively large number of
cells are needed to carry out these assays. There are a number of trials, such as,
microcontact printing and microplates, to reduce a cell number for cell-based assays
[6-8].

Two improvements were made for high-throughput evaluation of HPC
frequency in CD34" cells from human cord blood. One was the development of a
microwell plate made of a silicone sheet to reduce the number of cells required for each
assay and that also allows for easy observation under a fluorescence microscope. The
other improvement was the introduction of 5-fluorouracil (5-FU) treatment of CD34"
cells, which has been used for isolating stem cells [9-12]. The number of 5-FU
resistant progenitor cells (FRPCs) was evaluated by culturing 5-FU—treated CD34" cells
in a culture medium supplemented with various cytokines. A combination of 5-FU
treatment and the microwell format can result in high-throughput assays for obtaining

information about HPC frequency in CD34" cells.

EXPERIMENTAL

Cytokines and monoclonal antibodies
A mixture of recombinant human stem cell factor (SCF), rh-thrombopoietin
(TPO), and rh-FIt3 ligand (FL) (StemSpan CCI110) was purchased from StemCell

Technologies Inc (Vancouver, Canada). Antibodies used for immunohistochemistry
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were as follows: mouse anti-human CD45 monoclonal antibody (clone HI30, BD
Pharmingen, San Diego, CA, USA), rabbit anti-murine N-cadherin polyclonal antibody
(H-63, Santa Cruz Biotechnology, Santa Cruz, CA, USA), and Alexa Fluor 488 goat
anti-mouse IgG (H+L) and Alexa Fluor 594 goat anti-rabbit IgG (H+L) (Invitrogen

Corp., Carlsbad, CA, USA).

Preparation of cord-blood—derived CD34" cells

Studies were approved by the institutional review board. Umbilical cord
blood units were obtained from healthy donors, with the parents' informed consent. The
CD34" cell fraction that is rich in HPCs was isolated from fresh umbilical cord blood as
previously reported [13]. In brief, mononuclear cells were collected by density gradient
centrifugation using Lymphoprep (AXIS-SHIELD PoC AS, Oslo, Norway). After two
washes with Dulbecco’s phosphate-buffered saline Ca>"Mg*" free (DPBS(-); Nissui
Pharmaceutical Co. Ltd., Tokyo, Japan), CD34" cells were isolated using magnetic beads
(Direct CD34 Progenitor Cell Isolation Kit; Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany) in accordance with the manufacturer’s instructions. Isolated CD34" cells
were cryopreserved using a cryopreservation solution containing bovine serum

(Cellbanker, Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan) until use.

Culture of murine stromal cell line

A murine stromal cell line, HESS-5, was used as a hematopoiesis-supportive
stromal cell line and was kindly donated by Dr. T. Tsuji (Tokyo University of Science)
[14]. HESS-5 was maintained in the minimal essential medium alpha (MEM-alpha;

Invitrogen) supplemented with 10% horse serum (JRH Biosciences, Lenexa, KS, USA),
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100 U/mL of penicillin and 100 pg/mL of streptomycin (Invitrogen) at 37 °C under 5%

CO, in a humidified atmosphere, and subcultured at 5-8 x 10° per cm” every 3 to 4 d.

Preparation of a microwell plate
A schematic illustration of the preparation of a microwell plate is shown in

Scheme 3-1. A silicone rubber sheet (thickness 0.5 mm; AS ONE Corp., Osaka,

Silicone rubber sheet
(0.5 mm thickness)

O, plasma
treated-glass

Scheme 3-1. Preparation of a microwell plate. A silicone rubber sheet

with 6 x 6 wells was stuck to the oxygen plasma-treated glass slide.

Simm
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11mm

Scheme 3-2. Layout of a microwell sheet. The diameter of the well is
I mm, and the distance between wells is also 1 mm. Positive (P) and
negative (N) control spots were alternately placed on a diagonal line.
Positive spots were inoculated with 100 CD34" cells, and negative spots

were without CD34" cells.
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Japan) was used to make microwells 1 mm in diameter and arrayed 6 X 6 at intervals of
I mm (Scheme 3-2), and then sterilized in a dry oven (180 °C, 4 h). The fabricated
rubber sheet was bonded to a glass substrate (Cover glass No. 5, 24 mm X 26 mm,
thickness 0.5 mm; Matsunami Glass Ind., Ltd. Osaka, Japan), which was treated by

oxygen plasma (5 Pa, 30 W, 60 sec) to remove stain and to increase hydrophilicity.

Coculture of CD34" cells on a microwell plate

The culture scheme for the primitive HPCs is shown in Scheme 3-3. A
certain number of CD34" cells was suspended with HESS-5 cells (7 x 10* cells/mL) in a
culture medium, MyeloCult H5100 (StemCell Technologies Inc.; MEM-alpha
containing 12.5% horse serum, 12.5% fetal bovine serum, 0.2 mM i-inositol, 16 uM
folic acid, 0.1 mM 2-mercaptoethanol, and 2 mM L-glutamine) supplemented with 1
uM hydrocortisone (Sigma-Aldrich, St. Louis, MO, USA), 100 U/mL penicillin, and
100 pg/mL streptomycin (Invitrogen). The cell suspension was applied at 500 nL per
well, and each well contained HESS-5 (350 cells/well) and certain numbers of CD34"
cells (64, 32, 16, and 8 cells/well). Three wells containing 100 of CD34" cells and
three wells without CD34" cells were used as positive and negative wells, respectively.
Each culture was performed in duplicate. The microwell plate was placed in a Petri
dish 5 cm in diameter and incubated overnight at 37 °C under 5% CO; in a humidified
atmosphere to settle cells in the wells. Then, 2.5 mL of a selection medium,
MyeloCult H5100 supplemented with 10 mg/mL 5-FU (Nacalai Tesque, Kyoto, Japan),
was added to cover a whole plate to select for FRPCs. After a 2-day culture, the
medium was changed to the expansion medium, MyeloCult H5100 supplemented with

50 ng/mL SCF, 50 ng/mL TPO, and 50 ng/mL FL. The medium was changed every 3 d.
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After a 10-day expansion period, the culture was immunostained for quantification of
proliferation of cells. The frequency of FRPCs in the seeded cell population was

calculated by the numbers of the wells lacking expanded cells using Poisson statistics.

5-FU Treatment Cytokine-induced
for selection of FRPCs expansion of FRPC

Seeding

Immuno-

staining
Spot mixture of CD34*  Immerse in 5-FU Remove 5-FU and change
cells and HESS-5. added medium. medium containing cytokines.

Scheme 3-3. The scheme of the cell culture. CD34" cells isolated
from human cord blood were seeded together with HESS-5 onto a
microwell plate. After cell adherence, the plate was immersed in a
medium supplemented with 5-FU to remove proliferating cells and enrich
5-FU-resistant progenitor cells (FRPCs). FRPCs were expanded in a
medium supplemented with cytokines for 10 d. After culture, the
silicone sheet was removed and the cells were immunohistochemically

stained to detect FRPC progeny cells

Immunostaining of the culture

A silicone rubber sheet was removed after the 10-day expansion culture
period. The glass plate with cell spots was fixed with 4% paraformaldehyde (Nacalai
Tesque) in DPBS for 30 min at 4 °C, rinsed with DPBS, and then permeabilized by

treatment with 0.2% TritonX-100 in DPBS for 15 min at room temperature three times,
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followed by immersion in 2% skim milk blocking solution for 30 min at room
temperature to minimize nonspecific antibody binding. The plate was incubated
overnight at 4 °C with primary antibodies: mouse anti-human CD45 monoclonal
antibody (diluted to 1:250) to selectively label the progeny of human HPC, and rabbit
anti-N-cadherin polyclonal antibody (1:250) to selectively label HESS-5. The plate
was washed with 0.05% Tween-20 in DPBS (Wako) for 15 min three times and then
was incubated with secondary antibodies, Alexa Fluor 488 goat anti-mouse IgG (1:250)
and Alexa Fluor 594 goat anti-rabbit IgG (1:250), for 2 h at room temperature under
dark. After washing with 0.05% Tween-20 three times, the plate was enclosed under a
cover glass using a light anti-fade reagent (VectaShield, Vector Laboratories,
Burlingame, CA, USA). Microscopic images were obtained under a fluorescence
microscope (IX71, Olympus, Tokyo, Japan) or a fluorescence stereomicroscope (Leica
Microsystems, Tokyo, Japan) for quantification. Fluorescence intensity of each spot
was quantified using ImageJ (ver. 1.37, distributed by NIH). Numbers of CD45" cells
were estimated from green fluorescence intensities from microwells. Values were

normalized to the average intensity of positive control wells of each plate.

Cobblestone area-forming cell assay

The CAFC assay [4,5] was done with minor modifications, as follows. A
confluent layer of HESS-5 cells was prepared on a 96-well tissue culture plate and
irradiated by X-ray at a dose of 15 Gy to stop proliferation. CD34" cells were then
serially diluted, and single-cell suspensions were seeded in MyeloCult H5100
supplemented with 1 pM hydrocortisone, 100 U/mL penicillin, and 100 pg/mL

streptomycin. CD34" cells without 5-FU treatment were seeded at 100 pL per well with

89



Microenvironmental Regulation of Stem Cell Behaviors

24 replicates at 2-fold dilutions (40, 20, 10, 5, 2.5 cells/well) and incubated at 37 °C
under 5% CO, in a humidified atmosphere. Half of the culture medium was changed
every week, and individual wells were scored by visual inspection for the presence or
absence of a cobblestone area at week 5. The frequency of CAFCs in the seeded

population was calculated by using Poisson statistics.

Statistical analysis
Differences between the two groups were estimated by Student’s t-test. P <
0.05 was considered statistically significant.  All statistical calculations were

performed using JMP ver.5.1.1 (SAS Institute, NC, USA).

RESULTS

Coculture of CD34" cells on a microwell plate

CD34" cells and HESS-5 cells applied in microwells were cultured in the
presence of 5-FU for 2 d, and then were expanded in a medium supplemented with SCF,
TPO, and FL for 10 d. After expansion culture, wells contained different numbers of
FRPC progeny cells, as shown in Figure 3-1. HESS-5 cells, which adhere on the glass
plate, could be easily differentiated from FRPC progeny, and cells derived from FRPCs
could be easily identified. Thus, FRPC frequency could be qualitatively estimated
under a phase-contrast microscope. For more precise visualization of FRPC progeny,
cells were immunohistochemically stained using antibodies against human CD45 and

N-cadherin. CD45 is a membrane protein known as the leukocyte common antigen and
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is widely expressed in leukocytes, but exhibits low expression in primitive HPCs.
N-cadherin is reported as a key protein of the stem cell niche and is expressed on
stromal cells [15, 16]. Figure 3-2(A) shows a plate after immunohistochemical
staining for CD45 (green) and N-cadherin (red). Figures 3-2(B) and 3-2(C) show
representative images of wells observed under a fluorescence microscope. HESS-5,
hematopoiesis-supportive cells, expressed N-cadherin. Some wells contained a
number of CD45" cells derived from FRPCs (Fig. 3-2(B)). Other wells did not contain
any CD45" cells (Fig. 3-2(C)). These results indicate that the former well contained

FRPCs but that the latter did not.

Visual Score 0
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Figure 3-1. Representative phase-contrast microscopic images of wells

containing FRPC progeny, which could be easily discriminated from

HESS-5 cells based on the round-shaped morphology.

91



Microenvironmental Regulation of Stem Cell Behaviors

Figure 3-2. Representative microscopic images of wells containing

FRPC progeny after coculture. (A) A fluorescent image of a
representative microwell plate (bar = 2 mm). Cells on the plate were
co-stained with anti-human CD45 (green) for the progeny of CD34" cells
and anti—N-cadherin (red) for HESS-5. (B) High-magnification images
of a well containing a lot of FRPC progeny cells in a well seeded with
100 CD34" cells. (C) No progeny of CD34" cells were observed in the
well seeded only with HESS-5 (Bars = 200 um for (B) and (C)).

Frequency of FRPC in CD34" cells

The frequency of FRPCs in CD34" cells isolated from human cord blood was
determined by the limiting dilution method. Different numbers of CD34" cells were
inoculated into each well and treated with 5-FU and expanded as mentioned above.
Figure 3-3 shows representative images of plates after immunohistochemical staining

observed under a fluorescence microscope. The microwells of each plate were
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Figure 3-3. Fluorescent images of plates with different numbers of
CD34" cells inoculated and their bubble-plot presentation for
semi-quantitative expression of fluorescence intensities of the wells.
Each left panel is a stereoscopic fluorescent microscopic image of the
whole glass plate. The cells were immunostained with CD45 (green)
and N-cadherin (red). Each right panel is a bubble plot of relative CD45
fluorescence intensity normalized to positive control wells. Green and
yellow bubbles represent positive wells, and orange and red bubbles
represent negative wells. The average numbers of inoculated CD34"
cells were 64, 32, 16, and 8 cells per well for (A), (B), (C), and (D),

respectively.

inoculated with 8, 16, 32, and 64 CD34" cells, respectively. Each spot exhibited a
different green fluorescence intensity reflecting the numbers of FRPCs in a well.

Fluorescence intensities of green and red for each spot were quantified using Image].
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Figure 3-4. Plot of the fraction of negative spots as a function of the
number of cells inoculated into the wells. The plain line represents the
regression line estimated by the maximum likelihood method on the basis
of Poisson statistics. Upper and lower dotted lines represent 95%

confidence intervals.

Their intensities are schematically expressed in a bubble plot next to each plate in
Figure 3-3, which includes a semi-quantitative scale for fluorescence intensities. A
fluorescence intensity of 40 in arbitrary units was employed as a threshold for the
existence of CD45" cells from FRPCs. Figure 3-3(A) shows a fluorescent image of a
microwell plate, in which each well was inoculated with 64 CD34" cells except for the
wells in a diagonal line, which were used as internal standards. The fluorescence
intensities of 2 of 30 wells were less than 40. These 2 wells were identified as

negative wells; i.e., these wells were inoculated with CD34" cells, but those cells did not
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Table 3-1 Summary of FRPC frequency *

Silicone microwell 96-well multiplate
Cord blood
CAFC **
lot # FRPC
(5 weeks)

41 20.2 304 "%
(16.9-25.2) (23.5-42.8)

50.0 40.1 "*

#2

(40.9-64.5) (24.3-714)

* Each value represents the reciprocal number of HPC frequencies
calculated by the limiting dilution assay (95% confidence intervals in
parentheses). In a microwell plate, the number of wells of containing
FRPCs derived from inoculated CD34" cells were counted using
fluorescent images.

** CAFC frequency was evaluated by limiting dilution in a conventional
long-term coculture method using a 96-well multiplate. ‘n.s.” represents
no significant difference with FRPC frequency. The significance level

was calculated by comparing the regression slopes with the t-distribution.

contain FRPCs. When 8 CD34" cells were applied to wells, 24 out of 30 wells were
regarded as negative (Figure 3-3(D)). The numbers of wells negative for FRPCs were
plotted on semi-logarithmic graph paper as a function of the number of inoculated
CD34" cells, and linear regression was done for the plots (Figure 3-4). The number of
negative wells decreased with an increasing number of inoculated CD34" cells. The
frequency of FRPCs was determined by the graphical method under the assumption that
the frequency of the appearance of FRPCs in each well is expected to follow the

predictions of Poisson statistics [3,5]. The value of the x-axis when the value of y-axis
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is e, or 0.37, is defined as the reciprocal of the frequency of FRPCs in a seeded CD34"
cell population. In the case shown in Figure 3-3, the frequency of FRPCs was 1/20.2
(1/16.9 to 1/25.2, 95% confidence interval). The frequencies of FRPC in CD34" cells

from different umbilical cord blood units are summarized in Table 3-1.

Comparison with other methods

To date, numbers of primitive HPCs have been estimated from numbers of
CAFCs after long-term coculture of CD34" cells with stromal cells. When FRPC
frequency was compared with the frequency of CAFCs for two lots of CD34" cells, both

values were consistent with one another (Table 3-1).

DISCUSSION

This assay consisting of two steps was developed for counting primitive HPCs.
In the first step, CD34" cells isolated from human cord blood were treated with 5-FU to
remove cells that actively proliferate, but enrich primitive HPCs. Treatment of
peripheral blood mononuclear cells with 5-FU enriches primitive quiescent HPCs [9].
It has also been reported that HPCs can be purified by stimulation of target cells with
c-kit and IL-3 in the presence of 5-FU. The 5-FU treatment has been used for isolating
stem cells, such as hematopoietic stem cells and mesenchymal stem cells [10-12].
Thus, the 5-FU treatment of CD34" cells results in the enrichment of primitive HPCs.

In the second step, remaining cells were expanded on stromal cells in a

culture medium supplemented with cytokines, FL, SCF, and TPO. Receptors for these
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cytokines are known to be expressed on primitive HPCs [17-19].  Under the conditions,
it is expected that HPCs would be well maintained and that early progenitors derived
from HPCs would effectively proliferate. Differentiated cells would be removed
during medium changes because only stem and progenitor cells attach to feeder HESS-5
cells. Moreover, primitive HPCs would be expected to survive after 5-FU treatment
because primitive HPCs are believed to be in a quiescent state of the cell cycle [20,21].
In addition, cytokine treatment allows for functional analysis because expanded cells
have receptors for cytokines. Therefore, the detection of FRPCs was predicted to be a
functional indicator of the numbers of primitive HPCs.

To date, the frequency of primitive HPCs has been estimated from numbers of
LTC-ICs [3] or CAFCs [4,5] after long-term coculture of CD34" cells with stromal cells.
FRPC frequency was well correlated with CAFC frequency (Table 3-1). CAFC
frequency, however, tended to be slightly higher than FRPC frequency. This slight
difference might be due to the fact that FRPCs and CAFCs reflect different
subpopulations containing HPCs. CAFCs are defined as cells that form the
proliferating colony after long-term coculture with stromal cells and are rich in
primitive HPCs [22]. However, the number of CAFCs does not reflect cells that can
proliferate in response to cytokines. On the other hand, FRPCs are a cell
subpopulation with the potential to proliferate in culture medium supplemented with

cytokines. Thus, FRPC frequency tended to be slightly lower than CAFC frequency.
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CONCLUSION

In this chapter, the assay consisting of two steps was developed for counting
primitive HPCs on a microwell plate. In the first step, CD34" cells isolated from
human cord blood were treated with 5-FU to remove cells that actively proliferate, but
enrich primitive HPCs. In the second step, remaining cells were expanded on stromal
cells in a culture medium supplemented with cytokines, FL, SCF, and TPO. Under the
conditions, early progenitors derived from HPCs would effectively proliferate. The
5-FU-resistant progenitor cells (FRPCs) was evaluated from the proliferation after these
two steps. The frequency of detected FRPC was well correlated with HPC frequency
determined conventional CAFC assay. A microwell plate to efficiently carry out the
cell-proliferating assay was also developed. The cell number and the volume of
medium can be reduced by using this newly developed microwell plate. Its use also
allows easy observation of cells in wells under a fluorescence microscope. The
combination of 5-FU treatment and the microwell format can realize a high-throughput

assay for HPCs in CD34" cells.
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CHAPTER 4

Supercritical CO,-assisted embossing

for studying cell behavior on microtextured surfaces

INTRODUCTION

The chemical modification of biomedical material surfaces has been
extensively studied in the context of controlling cell responses, such as adhesion,
migration, proliferation, and differentiation, and also host inflammatory responses in
vivo [1,2]. Recently, it has been reported that surface topography at the micro- and
nanoscale levels also exerts various effects on cell behavior [3-7]. A greater
understanding of the effects of surface topography on cell behaviors could lead to new
opportunities for innovation in the design of biomaterials. Although many reports
related to this subject were published, there have been still some difficulties in
elucidating purely topographical effects on cell behavior [1]. Procedures, such as
coating and etching [8], which have been frequently employed to prepare various
surface microstructures, concomitantly alter surface chemical composition. Injection
molding and hot embossing, which have been industrially used for thermoplastic

polymers, seem to be easy methods for preparing a surface with unique topography
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[9,10]. However, surface contamination with release reagents [11, 12] and oxidation
during processing at high temperature bring uncertainty to any examination of the
effects of surface topography on cell behaviors. Moreover, processing at high
temperature gives rise to an unanticipated deformation of the substrates due to non-
uniform cooling, resulting in a lower accuracy of fine surface structures [13]. A new
processing method is needed to prepare micro- and nanoscale surface structures without
these attendant problems.

In this chapter, supercritical CO;-assisted embossing to prepare micro- and
nanoscale surface structures was focused on [14, 15]. In supercritical CO,-assisted
embossing, a polymer surface is plasticized by dissolving supercritical CO, and thus can
be embossed by a mold with a wide-scale, different pattern at a lower temperature than
the glass transition temperature (7g). In addition, CO, gas released from the plasticized
polymer surface flows along the interface between the mold and the substrate, thus
allowing easy detachment of the polymer fabricate from the mold [16]. A release agent
is not required in supercritical CO,-assisted embossing. In this study, concave and
convex microlenses and nanogrooves with three different scales were prepared on the
surface of polycarbonate (PC) plates using supercritical CO;-assisted embossing, and
cell attachment and alignment on the surfaces were examined using mesenchymal stem

cells (MSCs).
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EXPERIMENTAL

Fabrication of fine structures

PC plates with various micro- and nanopatterns were printed using a
supercritical CO;-assisted embossing machine. A vessel of the embossing machine was
separated into two chambers by a partition (Scheme 4-1). An under pedestal could
move between the two chambers through a partition like a syringe. A disk-shaped PC
plate (diameter = 20 mm; thickness = 3 mm; bisphenol A type; Mw = 58,000; Tg =
153 °C; Tsutsunaka Plastic Industry Co. Ltd., Osaka, Japan) was placed on top of the
pedestal. A nickel mold was set on the ceiling of the upper chamber. Two nickel molds
that were both micrometer scaled and lens shaped (ML-1 and ML-2) and three

nanometer-scaled grooved nickel molds (NG-1, NG-2, and NG-3) were kindly donated

Polycarbonate
Nickel mold substrate

Supercritical

Upper
chamber

Lower
Pedestal chamber

Scheme 4-1. Schematic illustration of embossing machine using

supercritical CO,.
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by Hitachi Maxell, Ltd., Tokyo, Japan (Figs. 4-1 and 4-2). ML-1 and ML-2 molds have
concave and convex microlenses, respectively. Microlenses were 10 um in diameter
and arrayed in a rectangular pattern. The groove widths of the NG-1, NG-2, and NG-3
molds were 483 £+ 21, 553 = 117, and 557 £ 140 um, respectively; their ridge widths
were 1050 £ 56, 1247 £ 61, and 1080 £+ 30 um, respectively; and their groove depths
were 232.0 £ 0.9, 854 + 9.0, and 57.6 = 0.6 nm, respectively (means + standard
deviations for n =4).

The molds and the PC plates were cleaned up by spraying fluorocarbon gas.
Unfabricated PC plates were stored in a desiccator for at least one day before embossing.
The upper chamber was filled with CO, gas to 10 MPa, and then the chamber
temperature was increased to 100 °C to achieve the CO, supercritical condition. The 7'g
of PC (153 °C) is reduced to approximately 100 °C by dissolving supercritical CO,
[14,15]. The surface of the PC plate was plasticized by dissolution of CO, under the
supercritical condition for 5 min. Then, CO, was released from the upper chamber, and
immediately the pressure of the lower chamber was increased by introduction of the
CO, gas to lift the pedestal. The PC plate was pressed to the nickel mold at 12000—
15000 N for 30 sec at 100 °C. The micropattern was embossed onto the surface of the
PC plate. CO, was completely released from both chambers, and the plate was detached

from the mold.

Microscopic analysis of surface topography
Surface micropatterns on the PC plate were observed using a scanning
electron microscope (SEM; S-2380N Natural SEM, Hitachi High-Technologies

Corporation, Tokyo, Japan) for microlenses and a scanning probe microscope (SPM;
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SPM-9500J3, Shimadzu Corp., Kyoto, Japan) for nanogrooves. Surface dimensions of
micropatterns in 3 randomly selected fields for microlenses and 6 fields for
nanogrooves were quantitatively determined using a laser 3D profile microscope (Type
VK-8500, Keyence, Osaka, Japan) for microlenses and an SPM for nanogrooves,

respectively.

Surface atomic compositions

Surface atomic compositions of the PC plates were characterized using an X-
ray photoelectron spectrometer (XPS) (ESCA-850V; Shimadzu Corp., Kyoto, Japan)
equipped with a Mg X-ray source to examine surface contamination and chemical
changes during embossing. The take-off angle was 90 °, the operating pressure was

lower than 1 x 10” Pa, and Au (4f;,) at 83.8 eV was used as the standard peak.

Cell culture

Human bone-marrow—derived MSCs (Lonza, Basel, Switzerland) were
maintained in Dulbecco’s Modified Essential Medium (DMEM; Invitrogen Corp., CA,
USA) supplemented with 10% fetal bovine serum (FBS; BIOWEST, France), 100
U/mL penicillin, and 100 pg/mL streptomycin (Invitrogen) at 37 °C under 5% CO; in a
humidified atmosphere, and subcultured at 5 x 10° cells per cm” every 3 to 4 day. Cells
at passages three through eight were used for experiments.

Prior to cell seeding, cells and the PC plates were pretreated as follows: MSCs
were treated with 10 pg/mL mitomycin C (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) for 2 h to stop proliferation and then washed three times with Dulbecco’s

phosphate buffered-saline Ca>"Mg*" free (DPBS(-); Nissui Pharmaceutical Co. Ltd.,
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Tokyo, Japan). Fabricated plates were coated with 10 ug/mL fibronectin (Invitrogen)
for 2 h at 37 °C and washed 5 times with DPBS(-). MSCs were seeded at 5 x 10° cells

per cm? on fibronectin-coated plates and cultured for 4 days.

Immunostaining

Cells were stained with cytoskeletal fibrous actin (F-actin) for analysis of cell
morphology and with vinculin to visualize focal adhesions. The cultures were fixed
with 4% paraformaldehyde (Nacalai Tesque, Inc., Kyoto, Japan) for 15 min and
permeabilized with 0.2% Triton-X (Wako) for 3 min. For vinculin staining, the cultures
were blocked with 2% skimmed milk (Nacalai) for 1 h at room temperature, incubated
with anti-mouse vinculin (Chemicon, CA, USA) (1:200 dilution; reactive with human
vinculin) overnight at 4 °C, washed with 0.05% polyoxyethylene sorbitan monolaurate
(Tween 20, Wako, Osaka, Japan) for 15 min three times at room temperature, and
treated with Alexa-488 conjugated anti-mouse IgG (Invitrogen) (1:500 dilution) for 30
min at room temperature. The cultures were further treated with Alexa-594 conjugated
phalloidin (Invitrogen) (1:40 dilution) for F-actin staining and with Hoechst 33342
(Dojindo, Kumamoto, Japan) (1:1000 dilution) for nuclear staining. The stained
cultures were mounted on slides with a light anti-fade reagent (Vectashield, Vector
Laboratories, CA, USA) and observed using a fluorescence inverted microscope (IX71,

Olympus, Tokyo, Japan).

Preparation of cultures for SEM observation

The cultures for SEM observation were treated as follows. Cultures were

fixed with 2% glutaraldehyde in PBS for 1 h and sequentially immersed in serially
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diluted ethanol solutions (30, 50, 60, 70, 80, 90, 95, and 99.5%) and t-butyl alcohol four
times for 10 min each to dehydrate. The samples were freeze-dried overnight with a
freeze-dryer (FDU-830, EYELA, Tokyo, Japan) and then sputter-coated with Pt/Pd (E-

1010 Ion sputter, Hitachi High-Technologies Corporation, Tokyo, Japan).

Analysis of cell area and orientation angle

Cell areas and orientation angles were quantified by analysis of
immunostained images or low-magnification time-lapse phase-contrast images using
Image J (ver 1.37, distributed by NIH). The orientation angle of an individual cell was
determined as the angle between the longest axis of the cell that passes through the cell
nucleus and the direction of the microlens grid or nanogroove. The distribution of cell
orientation was estimated by a wrapped normal distribution as previously reported [17-
19]. Briefly, the probability distribution function has been adapted from Fisher [20] for

a periodicity of 7 radians as follows:

£(0) = l(l + 22 0" cos(2p(6 - n))] : (Eq. 4-1)

Vs P

2 2
p:%\/(z“cosm} {szza} , (Eq. 4-2)
i=1 i=1

U= tanl(z sin ZHi/Z cos 29,} . (Eq. 4-3)

i=1 i=1
where p is the mean resultant length, and x is the mean angle. These parameters were
determined from a set of » measured cell orientation angles, 6;. The angular standard

deviation, o, for the distribution was determined by the following equation:

az%,/—ﬂnp. (Eq. 4-4)
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Statistical analysis
Significant differences between two groups were examined using the
Student’s t-test. A p < 0.05 was considered statistically significant. All statistical

calculations were performed using the software JMP ver.5.1.1.

RESULTS

Fabrication of substrata

Micro- and nanostructures onto the surface of PC plates were embossed using
supercritical CO,-assisted embossing. Microscopic images of the molds and the cross-
section images of formed micro- and nanostructures are shown in Figures 4-1 and 4-2.
Dimensions of the surface structures were determined for three randomly selected fields
and are summarized in Table 4-1. The standard deviations of each dimension for
formed structures were 4.3% and 8.4% in coefficient of variation of the height for ML-1
and ML-2, respectively; they were 12.2%, 11.4%, and 7.4% in coefficient of variation of
the groove depth for NG-1, NG-2, and NG-3, respectively. These smaller standard
deviations suggest that uniform micro- and nanopatterned surfaces across the whole area of

the PC plate surfaces were obtained.
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Figure 4-1. The surface images of molds and the cross section of
fabricated substrate. Upper panels show the surface images by SEM (bars

=5 um) for microlenses or SPM (10 um per square) for nanogrooves.
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Figure 4-2. The surface images of molds and the cross section of
fabricated substrate. Lower panels show the cross section along the

microlens grid or perpendicular to the nanogroove, captured by a laser 3D

profile microscope.
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Table 4-1. Dimensions of the fabricated plates.*

Name Mold pattern Dimensions of fabricated plate
Height GL RMS
ML-1 Concave lens 6.24+0.27 10.34+ 0.01 1.31+0.12  (um)
ML-2 Convex lens 6.31+0.53 10.19+ 0.42 1.93+0.29 (um)
GD GW RW RMS
NG-1  Grooves 199.3+£24.4 673 +160 867 £ 163 754+ 143 (nm)
NG-2  Grooves 83.0£9.5 912 £48 648 £50 30.9+ 4.2 (nm)
NG-3  Grooves 564+4.2 752 £79 763 £33 22519 (nm)

* GL = grid length, RMS = root-mean-square roughness; GD = groove depth;
GW = groove width; RW = ridge width; and mean =+ standard deviation (n = 3 for
ML-1 and ML-2, respectively; n = 6 for NG-1, NG-2, and NG-3, respectively).

Surface atomic compositions of the printed surfaces were analyzed by XPS to
assess chemical contamination and oxidation. The results are summarized in Table 4-2.
Nickel, fluorine, and nitrogen, which are expected to be deposited on the surface from
the mold, release reagents, and fingers of the researchers, respectively, were not
detected. The carbon-to-oxygen ratios of the fabricated surfaces were almost equivalent
to the theoretical ratio (C:O = 84.2:15.8) calculated from the PC molecular structure.
These results suggest that the micro- and nanopatterned fabrication of plate was
successfully embossed by supercritical CO;-assisted embossing without the
contamination of chemicals or oxidation. A combination of supercritical CO,-assisted
embossing of PC plates is suitable for preparing micro- and nanostructures on the

surface for examining the effects of surface topography on cell behaviors.
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Table 4-2. Atomic contents of fabricated substrata determined by X-ray

photoelectron spectroscopy.

Atomic contents (%) *

C o N F Ni

Non-treated 81.2 18.8 n.d. n.d. n.d.
ML-1 84.7 153 n.d. n.d. n.d.
ML-2 83.5 16.5 n.d. n.d. n.d.
NG-1 82.2 17.8 n.d. n.d. n.d.
NG-2 83.4 16.6 n.d. n.d. n.d.
NG-3 85.5 14.5 n.d. n.d. n.d.

* ‘n.d’ denotes ‘not detected’.

Cell morphology

MSCs are promising cells for cell therapy because they are multipotent stem
cells that can differentiate into a variety of cell types [21] and support other stem cells
as feeder cells [22, 23]. To investigate their behaviors on fabricated materials, MSCs
were cultured on PC plates with different surface topographies for 4 days. Fig. 4-2
shows staining of F-actin and nucleus of the MSCs. Spreading areas and cell
orientations were evaluated from the microphotographs and are summarized in Figs. 4-3
and 4-4. Spreading areas of MSCs cultured on microlenses ML-1 and ML-2 were
reduced to 76% and 73% of the cell areas on non-treated PC substrates, respectively.
The smaller spreading on the microlens might be due to the differences in cell
attachment area on the substrate. MSCs elongated on nanogroove surfaces and tended

to be aligned following the direction of the grooves, as clearly seen on NG-1 (Fig. 4-3).
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Figure 4-2. Immunohistochemical images of MSCs cultured on

fabricated polycarbonate substrata for 4 d. Cells were co-stained with F-
actin for cytoskeleton (red) and nuclei (blue). NT: non-treated plate (bars
=100 pm). In the images of NG-1, NG-2, and NG-3, nanogrooves were

parallel to the horizontal axis.
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Figure 4-3. The effect of nanogrooves on the cell area of individual cells
cultured on fabricated substrata for 4 d. Values were obtained by image
analysis (mean =+ standard deviation; n = 4 independent cultures; more
than 20 cells were measured in each culture). An asterisk denotes a

significant difference between N.T. and a respective group (p < 0.05).
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To quantify the alignment of cells on the nanogrooves, orientation angles of >100
individual cells were evaluated from F-actin—stained images. The histogram of the
orientation angle distribution shown in Fig. 4-4 followed a normal distribution (see also
EXPERIMENTAL Section). Fig. 4-4 included the angular standard deviations (o),
which were calculated using Equation (4-4). A smaller standard deviation indicates that
the cells align along the specific direction. The angular standard deviations were

decreased when the cells were cultured on a deeper nanogroove plate, such as NG-1 or NG-2.

NT ML-1 -+ ML-2
0.5} 0.5F 0.51
— 0.4} 0.4: 0.4f
°\° L
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Figure 4-4. The distribution of the orientation angles for individual cells
cultured on the different substrata. The histogram shows the appearance
frequency of each population. More than 100 cells were counted in each
measurement. Curves represent the estimation from a wrapped normal
distribution model [see Equation (4-1)]. The inlet values represent the
averaged angular standard deviations (o) of the estimated distribution

(n=3).

117



Microenvironmental Regulation of Stem Cell Behaviors

118

Figure 4-5. Vinculin expression of MSCs cultured on fabricated

substrata for 4 days. Cells were co-stained with anti-vinculin (green) and
F-actin (red). NT: non-treated plate (bars = 20 um). In the images of NG-
I, NG-2, and NG-3, nanogrooves were parallel to the horizontal axis.
The lower panels are high-magnification images of the white rectangular
areas in the upper panels. Yellow arrows in the cells on the microlenses

represent the point at which focal adhesions were expressed locally.
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Focal adhesion

Vinculin, which is a membrane cytoskeletal protein that acts as a linker
between the actin cytoskeleton and integrins or cadherins, localizes at focal adhesions.
Fig. 4-5 shows immunohistochemical staining of vinculin for MSCs culture for 4 days
on PC plates with different surface topographies. Vinculin was expressed more densely
at the growing periphery of cells than in the area near the nucleus on the flat PC surface
as shown in Fig. 4-5 (NT). Vinculin-positive areas were found on the top of the
concave microlens ML-1, and on the rims of the convex microlens ML-2. These results
suggest that focal adhesion plaques were formed on the projected area of the substrata.
Results with SEM images also supported the location of lamellipodia on the projected
area of the microlens (Fig. 4-6). Vinculin was expressed more densely in MSCs
cultured on the nanogrooves than on the microlens, indicating that they attached to the

nanogrooves more strongly than to the microlens.

Figure 4-6. SEM images of MSCs cultured on ML-1 and ML-2. Yellow

arrows represent the point at which cells attached to the substrate (bars =

10 pm).
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Differences in the size of the micropattern affected vinculin localization on
the microlens and the nanogrooves (Table 4-1). The root-mean-square roughness of the
microlenses (1.3-1.9 um) was smaller than the extended cell size (50-100 pm in
diameter) but as large as the size of focal adhesions (2-30 um [24]). The available
adhesion areas on the microlens were smaller than those on the non-treated plate, to
which cells adhered at any place on the surface and could form larger focal adhesions.
One other interesting observation is that focal adhesions aligned onto the ridges on NG-
1 and NG-2. On the other hand, such alignment of focal adhesions was not observed in

cells cultured on the non-treated plate or on NG-3.

DISCUSSION

The combination of PC and the supercritical CO,-assisted embossing process
can achieve preparation of fine micro- and nanoscale surface structures without
contamination with release reagents or chemical alternation. PC is mechanically rigid
enough (flexural modulus = 2410 MPa) [25] to withstand the interfacial tension, and its
high transmittance is adequate for observation of cells under a microscope in the visible
light range [26]. Moreover, this embossing technology, without using a releasing agent
and executing a chemical process, did not alter surface chemical components. In
addition, the CO,-assisted embossing process can be applicable to preparation of
different-scaled surfaces, from nanostructures to microstructures. This fabrication

process and substrata are suitable for evaluating pure effects of substrate topographies
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on cell behaviors. Therefore, it can allow preparation of research tools for studying cell
behaviors on biomaterial surfaces.

On micrometer grooves, cell behavior highly depends on the scale of grooves.
They bridge micrometer grooves, which are as large as cells [27], whereas cells
conform along the bottom of the nanoscale grooves [28]. When cells were cultured on
the ML-1 plate in the current study, vinculin was expressed on the top area of each lens,
which was about 2 um in diameter. This observation implies that cells attach to the
plate in the region within 100 pm of the top of each lens; each lens of ML-1 is
hemispheric (radius = 5 um), and cells bridge to the top of a neighbouring lens outside
of the regions. On an ML-2 plate, cells attached to the corner of the convex lens, which
was the highest region in the ML-2 and also approximately 2 um x 2 um. The sizes and
pitches of the attachment regions in both of ML-1 and ML-2 were similar, resulting in
similar cell spreading areas on both substrata. Gallant et al. showed that the force of
adhesion depends on the available adhesion areas and levels of vinculin expression [29].
In keeping with their findings, it can be speculated that the narrow adhesion sites of the
microlens prevented the formation of a focal adhesion large enough to support
intracellular tension, preventing sufficient extension, as shown above.

In the observations of cell alignment on NG-1 and NG-2, vinculin was
expressed along ridges and focal adhesions aligned at 1.5-um intervals on both substrata.
In addition, vinculin was expressed more densely on NG-3. Cells were attached to the
top of the ridges via focal adhesions and bridged grooves with pitches of 1.5 um. This
result shows that the threshold height where cells bridged to grooves was approximately
100 nm, and it is consistent with the results using ML-1 described above. On the other

hand, cell spreading in the microlens was smaller than that in nanogrooves. This
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difference may be because of the smaller pitches of the nanogrooves compared to those
of the microlenses, which resulted in wider spreading in nanogrooves. Teixeira et al.
[6] reported that epithelial cells aligned parallel to grooves, which were 1.9 um in ridge
and 4.0 um in pitch. Loesberg et al. [30] found that groove depths below 35 nm or
ridge widths smaller than 100 nm did not result in fibroblast alignment. This difference
among previous results and the results in this chapter may be attributed to differences in
expression levels of cytoskeletal proteins and adhesion proteins in different cell types.
Filopodial probing might cause the focal adhesion alignment as reported by Dalby et al.
[31]. More detailed time-course studies on the formation and movement of focal

adhesion are in progress.

CONCLUSION

Supercritical CO,-assisted embossing can produce fine substrates suitable for
studies on the effects of the surface topography of synthetic materials on cell behaviors.
MSCs attach to the top of each lens or the corner of a convex lens. On the grooves,
cells attached to the tops of ridges through focal adhesions and align onto the ridges that

are deeper than 90 nm.
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CHAPTER 5

Time-lapse observation of cell alignment on nanogrooved patterns

INTRODUCTION

A large number of studies have examined the effects on cell behaviors of
surface characteristics, such as wettability, electrostatic charges, and functional groups,
[1, 2]. These studies have provided the basis for the development of materials for
artificial organs, disposable medical devices, and cell culture substrates. In the last
decade, the effects of surface micro- and nanotexture on cell adhesion and cell
morphology have attracted much attention [3-7]. Substrates with fine grooves induce
various cell responses, such as cell alignment and migration along the groove [8-10],
and, moreover, differentiation of stem cells [11]. Most researchers have assessed cell
alignments after cells have been fixed in formaldehyde, methanol, or glutaraldehyde.
Although those static observations are useful for visualizing intracellular protein fibre
alignment in detail, they provide scarce information about dynamic cell behaviors on
surfaces with nanopatterns. Studies are needed on dynamic cell behaviors in an acute
phase and are expected to give more detailed information on the mechanism of cell

alignment on nanogrooved (NG) patterns.
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In this chapter, NG patterns were printed on polycarbonate (PC) plates using
supercritical CO,-assisted embossing [12], and the dynamic behaviors of mesenchymal
stem cells (MSCs) on NG patterns were observed under 5% CO, and at 37 °C using
time-lapse microscopes. Time dependence of cell alignment, cell protrusion movements,
and their remodelling were analyzed to infer the mechanism of the topographical effect

of the substrate on cell responses.

EXPERIMENTAL

Fabrication of the nanogrooved substrate

An NG pattern (200 nm in the groove depth, 870 nm in the ridge width, and
670 nm in the groove width; Scheme 5-1) was printed on PC plates using a supercritical
CO,-assisted embossing machine, as described in Chapter 4. In brief, a vessel of the
embossing machine was separated into two chambers by a partition. An under pedestal
could move between the two chambers through a partition, like a syringe. A disk-

shaped PC plate (diameter = 20 mm; thickness = 3 mm; bisphenol-A type; Mw = 58

870 nm 670 nm

i

Scheme 5-1. Dimension of the NG pattern.
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000; Tg = 153 °C; Tsutsunaka Plastic Industry Co. Ltd., Osaka, Japan) was placed on
top of the pedestal. A nickel mold (supplied by Hitachi Maxell, Ltd., Tokyo, Japan)
was set on the ceiling of the upper chamber.

The mold and the PC plate were cleaned up with the spraying of fluorocarbon
gas. The upper chamber was filled with CO, gas to 10 MPa, and the chamber
temperature was increased to 100 °C to achieve the CO, supercritical condition. The
surface of the PC plate was plasticized by dissolution of CO, under the supercritical
condition for 5 min. Then, CO, was released from the upper chamber, and immediately
the pressure of the lower chamber was increased by introduction of the CO, gas to lift
the pedestal. The PC plate was pressed to the nickel mold at 12 000—15 000 N for 30
sec at 100 °C. After stamping, CO, was completely released from both chambers, and

the plate was detached from the mold.

Cell culture

Human bone marrow—derived MSCs (Lonza, Basel, Switzerland) were
maintained in Dulbecco’s Modified Essential Medium (DMEM; Invitrogen Corp.,
Carlsbad, CA, USA) supplemented with 10% foetal bovine serum (FBS; BIOWEST,
France), 100 U/ml penicillin, and 100 pg/ml streptomycin (Invitrogen) at 37 °C under
5% CO; in a humidified atmosphere, and subcultured at 5 X 10° cells/cm? every 3 to 4
days. Cells at passages three through eight were used for experiments.

Prior to cell seeding, MSCs were treated with 10 pg/ml mitomycin C (Wako
Pure Chemical Industries, Ltd., Osaka, Japan) for 2 h to stop proliferation and then
washed three times with Dulbecco’s phosphate buffered-saline Ca>"Mg*" free (DPBS(-

); Nissui Pharmaceutical Co. Ltd., Tokyo, Japan). PC plates were coated with 10 pg/ml
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fibronectin (Invitrogen) for 2 h at 37 °C and washed 5 times with DPBS(-). MSCs were

seeded at 5 x 10’ cells/cm” on fibronectin-coated plates and cultured for 4 days.

Time-lapse video microscopy

For time-lapse imaging, 1.5 x 10* cells of MSCs, which were treated with 10
pg/ml mitomycin C and suspended in 300 pl of medium, were seeded onto a
fibronectin-treated plate, placed in a 35-mm culture dish, and then statically incubated at
37°C under 5% CO; for 60 min for adhesion. Then, after addition of 2 ml medium, the
dish was stored in a gas-tight container with capnophilic powder, which consists mainly
of ascorbic acid (CulturePal; Corefront Corp., Tokyo, Japan), to maintain 5% CO,
during observation. For analysis of cell orientation, cell images were captured every 2.5
min for 5 days using an inverted-phase contrast microscope (Cellwatcher; Corefront).

For visualization of cells under high magnification, a plate carrying MSCs
was placed upside down with cells facing to a culture dish on a silicone spacer
(thickness, 0.5 mm). Cells could be observed under high magnification with an inverted
microscope (Biostation IM; Nikon Corp., Tokyo, Japan). For visualization of the
extension of cell protrusions, cell images were recorded every 2.5 min for 7 h. For
investigating filopodial movements, time-lapse images were captured every 4 sec for 2

h. Captured images were stacked by ImageJ (ver 1.39f, distributed by NIH).

Quantification of orientation angle
Cell orientation angles were quantified by analysis of immunostained images or
low-magnification time-lapse phase-contrast images using Image J. The orientation angle

of an individual cell was determined as the angle between the groove direction and the
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direction of the longer axis of the approximated ellipse, which approximates to the cell
shape (Scheme 5-2). The distribution of cell orientation was estimated by a wrapped
normal distribution, as previously reported [13-15]. Briefly, the probability distribution

function was adapted from Fisher [16] for a periodicity of 7 radians as follows:

£(0)= 1(1 + 25) " cos(2p(6 - n))j , (Eq. 5-1)

T =

2 2
p:%\/(z“cosﬁl} +(Zsin2¢9l} , (Eq. 5-2)
i=1 i=1

U= tanl(z sin26, / " cos 29,} , (Eq. 5-3)

i=1 i=1
where p is the mean resultant length and u is the mean angle. These parameters were
determined from a set of » measured cell orientation angles, ;. The angular standard

deviation, o, for the distribution was determined by the following equation:

N-2Inp. (Eq. 5-4)

1
o=—
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Scheme 5-2. Terminologies used in this chapter.
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Tracking of cell protrusions

The leading edges of cell protrusions were tracked through all of the captured
images using the MTrackJ plug-in (ver 1.2.0) and Chemotaxis and Migration Tool plug-
in (ver 1.01, distributed by ibidi GmbH, Miinchen, German) for ImageJ. The position
of each leading edge was plotted in the coordinate axis, where the origin was the
position where each edge first appeared and the x-axis was parallel to the grooves (see
Scheme 5-2). Tracking was terminated when the tip of the cell protrusion disappeared
or recording ended. The distribution of protrusions was quantitatively compared by the
standard deviations of the angle between the vector of the end point of cell protrusion
and x-axis calculated from Equation (5-4). From the start point to the end point of each
leading edge, an accumulated distance and Euclidean distance were calculated as
defined in Scheme 5-3. The velocity of a leading edge of a cell protrusion was defined
as an accumulated distance of each edge divided by time (see Scheme 5-3). The
directionality of a leading edge of a cell protrusion was defined as given in the

following Equation (5-5):

End point

Accumulated
distance

4

Euclidean /

. {
distance |/
I

Start point

Scheme 5-3. Schematic representation of accumulated distance and
Euclidean distance of movements of the leading edge of the cell

protrusion.
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Euclidean distance

Directonality = (Eq. 5-5)

accumulated distance

Immunostaining

Cells were stained with F-actin and vinculin. Cultures were fixed with 4%
paraformaldehyde (Nacalai Tesque, Inc., Kyoto, Japan) for 15 min, permeabilized with
0.2% Triton-X (Wako) for 3 min, blocked with 2% skimmed milk (Nacalai) for 1 h at
room temperature, and incubated with anti-mouse vinculin (Chemicon, CA, USA)
(1:200 dilution) overnight at 4°C. They then were washed with 0.05% polyoxyethylene
sorbitan monolaurate (Tween 20, Wako, Osaka, Japan) for 15 min three times at room
temperature and treated with Alexa-594 conjugated phalloidin (Invitrogen) (1:40
dilution) for F-actin staining, Hoechst 33342 (Dojindo, Kumamoto, Japan) (1:1000
dilution) for nucleus staining, and Alexa-488 conjugated mouse anti-IgG (Invitrogen)
(1:500 dilution) for vinculin staining, for 30 min at room temperature. Stained cultures
were mounted on slides with a light anti-fade reagent (Vectashield, Vector Laboratories,
Burlingame, CA, USA) and observed using a fluorescence inverted microscope (IX71,

Olympus, Tokyo, Japan).

Statistical analysis
Comparisons between two groups were made using Student’s t-tests. P <0.05
was considered statistically significant. All statistical calculations were performed

using the software JMP ver.5.1.1.
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RESULTS

Cell alignment

In Chapter 4, when NG depth was more than 90 nm, contact guidance of MSC
alignment on NG substrates was observed. In this chapter, NG plates with 200 nm in
the groove depth, 870 nm in the ridge width, and 670 nm in the groove width were

employed (Scheme 5-1). Dynamic cell behaviors on the NG plate were observed using

Figure 5-1. Low-magnification time-lapse images of mesenchymal stem

cells seeded on the nanogroove (NG) pattern. The NG lines were parallel
to the x-axis. Recording under the time-lapse microscope started from 20

min post-seeding. Scale bar = 200 pm.
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time-lapse microscopes. Cells on the NG plate started to align along the NG patterns
just after cell seeding, as shown in Figure 5-1. Cells extended in parallel with the NG
pattern and aligned with each other during the subsequent 24-h culture. Cell alignment
was maintained for at least 4 days following this period (data not shown).

To express cell alignment quantitatively, the orientation angles of individual

cells (n > 140 for each time point) against the groove direction were determined (see
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Figure 5-2. Cell orientation angle against NG lines and the angular
standard deviation. Histograms of cell orientation angle against NG lines
at 20 min, 1 h, 6 h, and 24 h post-seeding. Each figure includes the
angular standard deviation (SD) calculated from the wrapped normal

distribution (see equation (5-4) in the text).
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Scheme 5-2), and calculated the standard deviation, o, of the distribution of the
orientation angles at each time point using Equation (5-4). No specific orientation of
cells in a specific direction was observed at 20 min after cell seeding, as shown in
Figure 5-1. Figure 5-2 shows cell orientation more quantitatively by histograms and the
angular standard deviation (o). It was ¢ = 58.4 at 20 min. After 1 h of culture, a clear
peak at 0 degrees was observed in the histogram of the orientation angle distribution.
This tendency became much clearer and the angular standard deviation decreased
rapidly with time afterwards. Figure 5-3 shows the time course of values of the
standard deviation, . The SD value sharply decreased with time during the initial
several hours and was kept around 20 afterwards, indicating maintenance of cell

alignment along the grooves.

Standard deviation of
orientation angle of cell (°)

0 12 24 36 48 60 72 84 96

Culture period (h)

Figure 5-3. Cell orientation angle against NG lines and the angular

standard deviation. Time course of the angular standard deviation, SD.
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(A)NT
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Figure 5-4. Comparison of time-lapse images of MSCs seeded on a non-
treated (NT) flat substrate and a nanogrooved (NG) substrate. (A) MSCs
on a flat substrate, and (B) MSCs on the NG substrate. Cultures were
incubated for 60 min after cell seeding at 37°C, 5% CO,, and followed by
recording under a time-lapse microscope every 2.5 min. Panels show
images every 20 min. In NG images, the NG lines were parallel to the x-

axis. Bar =20 pm.
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Cell protrusions

To elucidate the mechanism of cell morphological changes, cell protrusions

were focused (see Scheme 5-1). A cell protrusion is defined as a thicker protrusive

structure in amoeboid cells, carrying lamellipodia, pseudopodia, filopodia (microspikes),

and microvilli [17,18]. Figure 5-4(A) shows that cells extended their cell protrusions in

all directions on a flat substrate. Lifetimes of the cell protrusions differed from one

another, but no clear dependence of lifetime on direction was seen on the flat substrate.

Figure 5-4(B), however, shows that cells extended cell protrusions in all directions
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Figure 5-5. Movements of leading edges of cell protrusions. Tracks of

leading edges of cell protrusions of cells on the non-treated (NT) flat

substrate and on the NG substrate (n = 8 cells, respectively). Start point

of a leading edge of each cell protrusion was set at the origin of the

coordinate axes, its location every 2.5 min was plotted, and a filled circle

indicates its end point after observation. The values inserted represent the

standard deviations (SDs) of angles between lines from the origin to filled

circles and the x-axis.
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equally on the NG plate, as seen on the flat substrate, but cell protrusions that extended
in the groove direction remained longer than those that were perpendicular to the groove
direction. Consequently, cells elongated and aligned along the groove direction.

To evaluate extension length and direction of cell protrusions more
quantitatively, the leading edges of the cell protrusions were tracked every 2.5 min from
1 h to 7 h after cell seeding. Movements of the cell protrusions from the cells are shown
in Figure 5-4. The trajectories of the leading edges of cell protrusions were plotted in
Figure 5-5. The standard deviations of the angles of the cell protrusions against the
groove direction were 32.5 on the NG plate but 81.5 on the flat plate. Thus, the leading

edges of the cell protrusions extended along the grooves on the NG plate. These results
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Figure 5-6. (A) Average velocity of leading edges. The velocity of each
leading edge was determined by dividing the contour length by observed
time. Values were given as mean * standard deviation for n = 62
protrusions for the flat substrate and 80 for the NG substrate, of 10
randomly selected cells, respectively). (B) Directionality of leading edge
movement, which was defined as a ratio of Euclidean distance and
accumulated distance. Asterisks represent a significant difference (p <

0.05) between two groups.
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indicate that cells rapidly elongated along the NG patterns.

The averaged velocities and the directionality of edge movement of cell
protrusions were determined as described in the Methods. Significant differences were
observed in the velocities and the directions of movements of cell protrusions between
cells cultured on non-treated (NT) plates and NG plates, as shown in Figures 5-6. A
lower velocity of movements of cell protrusions observed on the NG plate (see Figure
5-6(A)) seems to reflect weaker adhesion of cell protrusions. Moreover, directionality
was higher in the NG plate than on the NT. This outcome implies that the movement of
the edge of cell protrusions on the NG plate would confine the movements of cell
protrusion along the grooves because higher directionality indicates linear movement of

cell protrusion.

Focal adhesion points

To give some insight into the anisotropic movements of cell protrusions, focal
adhesion points under a cell protrusion onto the NG pattern were examined in detail by
immunohistochemical staining of vinculin and actin filaments (Figure 5-7). Vinculin,
which exists at focal adhesion points, was found only on the ridges of the NG pitches,
as seen Figure 5-7(A). When the cell protrusions extended parallel to the groove
direction, actin filaments attached to vinculin on the ridges and aligned parallel to the
NG direction, as shown in Figure 5-7(A). A long area of focal adhesion is expected to
be able to resist the contraction force generated by actin filaments. On the other hand,
when cell protrusions extended perpendicular to the groove direction, vinculin aligned
parallel to the NG direction, but vinculin staining was fragmented, as seen in Figure 5-

7(B). Actin filaments did not align to a specific direction. The fragmented focal
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A (B)

Vinculin

F-Actin

Merged

Figure 5-7. Immunohistochemical staining of vinculin and actin
filaments of MSCs after 4 days of culture on the NG substrate. (A) A cell
protrusion extended parallel to the NG lines; (B) cell protrusions extended
perpendicular to the NG lines. Vinculin was stained with Alexa-488
conjugated antibody (green) in photos in the top row and F-actin of the
cytoskeleton was stained with Alexa-594 conjugated phalloidin (red) in
photos in the middle row. Merged images are shown in the bottom row.

Arrows indicate leading edges of cell protrusions. Bar = 10 um.
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adhesion indicated by vinculin staining is expected to be weaker than the long focal
adhesion and thus be easily remodelled. These results suggest that the retraction phase

of the cell protrusions plays a key role for the forming of cell contact guidance.

Filopodial probing

It has been reported that filopodia play a sensory or exploratory role when a
cell migrates and extends [19]. The diameters of filopodia are 250 to 400 nm [20],
smaller than the width of the ridge and the groove of the NG plate used in this chapter.
Filopodia were expected to attach to the ridges and to reach the bottom of the grooves
without difficulty. Filopodia movements were followed by a time-lapse microscope to
visualize their role in cell alignment along the NG plate.

A representative cell protrusion was observed under high magnification (80-X
objective lens) on a time-lapse microscope to see the dynamic features of the filopodia.

Figures 5-8 and 5-9 show the representative movements of filopodia. Filopodia

=] @

Figure 5-8. Observation of filopodia under high magnification.

Schematic representation of the observation area.
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Groove 5 pum

Figure 5-9. Observation of filopodia under high magnification. . Pictures
were captured with time-lapse microscopy every 4 sec. The extension
and retraction of the leading edge of the cell protrusion and precession
movements of representative filopodia on the NG substrate. Arrows in the
figure indicate (F) filopodial probing, (E) extending cell protrusion, and

(R) retracting cell protrusion. Scale bars = 10 um.
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indicated by arrows in the figure moved as if they were probing the surroundings of the
cell protrusion. Then, some cell protrusions invaded the probed areas, as indicated by
arrowheads. Cell protrusions that extended perpendicular to the NG direction retracted
more easily than those parallel to the grooves (arrow, R), while, on a flat substrate, this
repeated probing and retraction of the cell protrusion was rarely observed (data not
shown). In these two cases, however, no difference in filopodia movements was
observed.  These results indicate that filopodia cannot distinguish topological
differences or that filopodia can do so but that the retracting phase of cell protrusions is

a major factor for cell alignment along the NG patterns.

DISCUSSION

A large number of studies have examined the effects of surface topography on
cell behaviors or contact guidance. Dalby et al. reported that filopodia of human
fibroblasts can sense topography down to a pitch 35 nm in diameter and 50 nm in depth
and that filopodial probing acts as an initial trigger for cell alignment in response to the
topography of substrates [21]. Teixeira et al. employed human corneal epithelial cells
[22]. In their study, they found that filopodia aligned along the grooves and that cells
attached to the ridge and aligned along the NG pattern. From these findings, they
speculated that filopodia sense differences in surface topography and induce cell
alignment. In their other report, however, filopodia aligned perpendicular to the
grooves [6]. They mentioned that these two contradictory results reflected a difference

in culture media. Wojciak-Stothard et al. reported that filopodia extending perpendicular
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to the groove direction were more frequently observed than those along the NG pattern,
even though they were in cells that had aligned along the NG pattern [23].

The role of filopodial probing remains controversial. Most researchers
assessed this relationship of filopodial movements and cell alignments after cells were
fixed with formaldehyde, methanol, or glutaraldehyde. The examination by time-lapse
microscopes of the kinetics of cell alignment and dynamic features of cell protrusions
and filopodia would give more detailed insights into cell responses to surface
topography and the roles of cell protrusions and filopodia in contact guidance of cells.

In this chapter, filopodia movements were fount to be isotropic: no specific
direction was observed for their extension and retraction against the NG structure. This
finding suggests that filopodia probing does not play a major role in cell alignment. On
the other hand, anisotropy of cell protrusion movements was found, especially in their
retraction phase. Cell protrusions perpendicular to the NG pattern retracted more
rapidly than those parallel to the NG pattern. A model of cell alignment on the NG
pattern from these observations was proposed (see Scheme 5-4). Cell protrusions
isotropically extended, but some of those perpendicular to the NG pattern more rapidly
retracted than those parallel to the NG pattern. These cell protrusion dynamics force a
cell to be elongated and aligned along the NG pattern.

The model also derives support from the immunohistochemical results with
vinculin and actin filaments at focal adhesion points under cell protrusions. When cell
protrusions extended parallel to NG lines, both vinculin and actin filaments also aligned
parallel to the NG lines. On the other hand, when cell protrusions extended
perpendicular to the NG lines, vinculin staining was fragmented, and no clear alignment

of actin filaments was observed, as seen in Figure 5-7. The former focal adhesion—the
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long vinculin expression area—is expected to generate a stronger adhesion force than

the fragmented vinculin expression area.
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Scheme 5-4. Model for cell alignment on the NG substrate. Filopodia
movements are isotropic, that is, no specific direction was observed for
their extension and retraction against the NG structure. This finding
suggests that filopodia probing does not play a major role in cell
alignment. Cell protrusions isotropically extended, but some of them that
were perpendicular to the NG pattern more rapidly retracted than those
parallel to the NG pattern. These cell protrusion dynamics force a cell to

elongate and align along the NG pattern.

146



CHAPTER 5 Time-lapse observation of cell alignment

Although epithelial cells and fibroblasts have been used to examine cell
responses to substrate topography [7], MSCs were used in this thesis. MSCs are
multipotent stem cells that can differentiate into osteoblasts, adipocytes, chondrocytes,
and other kinds of mesenchymal cells [24]. The morphology of MSCs is affected by
some physico-chemical properties of cell culture substrates, which can determine cell
fates, such as proliferation or differentiation direction [25-28]. As shown in this and
previous studies, substrate topography can control MSC cell morphology, and their
differentiation direction thus is also expected to be controlled by substrate topography.
Studying the effects of substrate topography on MSC behavior in detail is therefore
meaningful. In future studies, carefully examination of the effect of NG patterns on

MSC differentiation should be performed.

CONCLUSION

Living cells on an NG pattern were observed using time-lapse microscopes to
clearly demonstrate the dynamic features of cell alignment along the NG pattern. Cell
protrusions perpendicular to the NG pattern retracted more rapidly than those parallel to
it. The anisotropic retraction of cell protrusions induces cell elongation and alignment

along the NG pattern.
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SUMMARY

CHAPTER 1

Human mesenchymal stem cells (MSCs) are promising feeder cells for
expanding hematopoietic stem cells (HSCs), but their potential is heterogeneous. The
hematopoiesis-supporting activity of human MSC was examined at the clonal level in
relation to the osteogenic potential and gene expression. Hematopoiesis-supporting
activities of stably immortalized clonal human MSC lines were evaluated by the
expansion of CD34'CD38" cells after 7-day coculture with human cord blood-derived
CD34" cells. Six of 16 clones expanded the numbers of CD34 CD38 cells > 500-fold.
These hematopoiesis-supportive clones also showed high gene expression of Jaggedl, a
Notch ligand, as well as high potential to deposit calcium after osteogenic induction.
Thus, osteogenic human MSC clones may provide proper microenvironments for HSCs
expansion, ultimately conveying self-renewal signals to HSCs via the Notch pathway.
They, however, lost hematopoiesis-supporting activity after osteogenic differentiation.
The hematopoiesis-supportive clones are potentially useful for hematopoietic
microenvironments studies and as components of a coculture system for expansion of

HSCs, free from contamination by xenogeneic pathogens.
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CHAPTER 2

Expansion of HSCs from cord blood is highly desired for treatment and
transplantation of adult patients for hematologic diseases. For efficient proliferation of
HSCs, CD34" cells from cord blood were co-cultured with microencapsulated murine
stromal cells (HESS-5) or immortalized MSCs in their conditioned media (CM).
Bioactive substances for HSC proliferation in CM at the onset of culture are likely
consumed by HSCs with time, and co-culturing with microencapsulated feeder cells
ensures a continuous supply. The cell number of CD34" cell progeny efficiently
increased under these culture conditions, and progeny were analyzed by flow cytometry,
the colony assay and the cobblestone area-forming cell (CAFC) assay. Total nucleated
cells and CD34" cell number increased 194-fold and 7.4-fold, respectively, in the
presence of microencapsulated HESS-5 in CM. Colony forming cells and CAFCs
were well maintained. The effective expansion of total cells and maintenance of
primitive progenitor cells suggest that transfusion of the progeny obtained from CD34"
cell culture with microencapsulated HESS-5 in CM could shorten the time to
engraftment by bridging the pancytopenic period and support functional hematopoietic

repopulation.

CHAPTER 3

Conventional assays for hematopoietic progenitor cells (HPCs) require
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long-term culture, a labor-intensive procedure, and technique proficiency. To develop
a high-throughput method to determine frequency of quiescent primitive HPCs, a
combination of the micro-multiwell plate and 5-fluorouracil (5-FU) treatment was
performed. The micro-multiwell plate was made of a silicone sheet with 6 x 6 holes
(diameter, 1 mm) and a glass substrate. To enrich primitive HPCs in CD34"
population, CD34" cells and stromal cells were applied to micro-multiwells and cultured
in the presence of 5-FU for 2 days. The quiescent primitive HPCs were survived after
5-FU treatment, and then expanded with cytokines in the absence of 5-FU for a further
10 days. After culture, cells were immunostained and the number of primitive HPCs
in inoculated CD34" cells was estimated from fluorescent intensity for each well under
a stereoscopic fluorescent microscope. The frequencies of primitive HPCs were well
correlated with frequencies of cobblestone area-forming cells for two CD34" cell lots.

This method can realize high-throughput assays for primitive HPC in CD34" cells.

CHAPTER 4

Recently, cell responses to micro- and nanoscale structures have attracted
much attention. Although interesting phenomena have been observed, there have been
some difficulties in elucidating purely topographical effects on cell behaviour. These
problems are partially attributable to the introduction of functional groups and the
persistence of chemicals during surface processing. In this chapter, supercritical
CO,-assisted embossing was introduced, which plasticizes a polycarbonate plate by

dissolving supercritical CO, and thus can emboss wide-scale patterns onto the plate at a
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lower temperature than the polycarbonate glass transition temperature. Uniform
micro- and nanopatterned surfaces were observed across the whole area of the
polycarbonate plate surfaces. Nickel, fluorine, and nitrogen were not detected on the
fabricated surfaces, and the surface carbon-to-oxygen ratios were equivalent to the
theoretical ratio (C:O = 84.2:15.8) calculated from the polycarbonate molecular
structure. Human MSCs were cultured on the fabricated microlens and nanogroove
substrata. Cell-adhered areas became smaller on the microlens than on non-treated
polycarbonate. Meanwhile, cells aligned along the ridges of nanogrooves with valleys
deeper than 90 nm. This supercritical CO;-assisted embossing can produce fine
substrates for studying the effects of surface topography of synthetic materials on cell

behaviors.

CHAPTERS

Cells elongate on a surface with nanogrooved patterns and align along that
pattern. Although various models have been proposed for how this occurs, much
remains to be clarified. Studies with fixed cells do not lend themselves to answering
some of these open questions. In this chapter, the dynamic behaviours of living MSCs
on an nanogrooved substrate with a 200-nm groove depth, 870-nm ridge width, and a
670-nm groove width were observed using time-lapse microscopes. It was found that
filopodia movements were isotropic: no specific direction was observed for their
extension and retraction against the nanogrooved structure. This finding suggests that

filopodia probing does not play a major role in cell alignment. On the other hand,
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anisotropy of movements of cell protrusions was found, especially in their retraction
phase. Cell protrusions perpendicular to the nanogrooved pattern retracted more
rapidly than those parallel to the grooves. Cell protrusions isotropically extended, but
some of those parallel to the grooves persisted longer than cell protrusions
perpendicular to the grooves. These cell protrusion dynamics force a cell to elongate

and align along the nanogrooved pattern.
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