1018

Vol. 126 (2006)

Fig. 5. X-gal Staining of the Peritoneal Organs of Homozygous CD46TG Mice Receiving f-Galactosidase-expressing Ad35 Vectors

(a) Liver and (c) kidney sections from homozygous TG mice injected with Ad35 vectors. (b) Liver and (d) kidney sections from mock-infected homozygous
TG mice. Ad35 vectors were injected intraperitoncally into homozygous CD46TG mice at a dose of 7.5X 1010 VP/mouse. At 2 days postadministration, the organs
were recovered, fixed, and stained by using X-gal reagents. LacZ-positive cells are indicated by the arrows.
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Abstract

To improve the safety of cellular therapy products, it is necessary to establish a serum-free cell culture method that can exclude animal-
derived materials in order to avoid contamination with transmissible agents. It would be optimal if the proteins necessary to a serum-free culture
could be provided as recombinant proteins. In this study, the influences of recombinant artificial cell adhesive proteins on the behavior of human
umbilical vein endothelial cells (HUVECs) in serum-free culture were examined in comparison with the influence of plasma fibronectin (FN). The
recombinant proteins used were Pronectin F (PF), Pronectin F PLUS (PFP), Pronectin L (PL), Retronectin (RN), and Attachin (AN). HUVECs
adhered more efficiently on PF or PFP than on FN. No cells adhered on PL. Regarding the VEGF or bFGF-induced cell growth, the cells on PF and
PFP proliferated at a similar rate to the cells on FN. RN and AN were less effective in supporting cell growth. Since cell adhesion on PF and PFP
induced phosphorylation of focal adhesion kinase, they are thought to activate integrin-mediated intracellular signaling. The cells cultured on PF
or PFP were able to produce prostaglandin I, or tissue-plasminogen activator in response to thrombin. However, thrombin caused detachment of
the cells from PF but not from PFP or FN, meaning that the cells were able to adhere more tightly on PFP or FN than on PF. These data indicate that
PFP could be applicable as a substitute for plasma FN.
© 2007 The International Association for Biologicals. Published by Elsevier Ltd. All rights reserved.

Keywords: Cell adhesive protein; Recombinant protein; Fibronectin; Endothelial cells

1. Introduction

The widespread development of cellular therapy products has
advanced to the stage of non-clinical and clinical testing [1—3].
Regulatory documents for human somatic cell therapy including
instructions for investigational new drug applications have been
published [4—6]. To guarantee the safety of both product recip-
ients and the public at large, it is crucial to prevent contamination
of cellular therapy products by infectious agents {7].

Serum-free culture is one of the desired methods for
manufacturing cellular therapy products when safety issues
are a concern [8,9]. Although serum is a very effective additive

* Corresponding author. Tel./fax: +81 3 3700 9084.
E-mail address: watabe @nihs.go.jp (A. Ishii-Watabe).

for a culture medium that can support cell adhesion, survival,
growth, and functions, animal-derived materials such as serum
may contain transmissible agents or human allergens [10—13].
Since serum is composed of proteins, sugars, lipids, vitamins,
and other ingredients, its quality is affected by the genetic
and environmental circumstances of the animal used, which
means there are lot-to-lot variations in composition and po-
tency. This variability could reduce the consistency of cellular
therapy products, and a serum-free culture that could contribute
to improving the consistency of the cell features is thus needed.

Protein factors often need to be added to serum-free culture to
substitute for the functions of serum. The proteins used for
this purpose must also pose no risk of infection. Because
recombinant proteins can be produced without using animal-
derived materials, and pose little risk of contaminating human
pathogens, they are a useful biomaterial for culturing cells

1045-1056/07/$32.00 © 2007 The International Association for Biologicals. Published by Elsevier Ltd. All rights reserved.
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when safety issues are a concern. In addition, the functions of re-
combinant proteins can be improved by modifying their amino
acid sequences, which is also an advantage. In this study, using
a serum-free culture of human umbilical vein endothelial cells
(HUVEC:), the usefulness of recombinant artificial cell adhe-
sive proteins as a plasma fibronectin substitute was evaluated.

The extracellular matrix glycoprotein fibronectin consists of
two similar polypeptide chains, each with a molecular mass of
approximately 250 kDa joined at their respective C termini by
disulfide bonds [14,15). The RGD (arginine—glycine—aspartic
acid) recognition sequence located within the molecule was the
first amino acid motif shown to mediate cell adhesion [16.17].
Intracellular signaling induced by cell adhesion on fibronectin
plays a critical role in cytoskeletal reorganization, cell cycle
progression, and cell survival [18,19].

This study defines the influences of five different kinds of
recombinant artificial cell adhesive proteins on endothelial ad-
hesion, pl‘oliferation, and antithrombotic function in serum-
free culture for which plasma fibronectin is needed. The
recombinant proteins used were Pronectin F, Pronectin F
PLUS, Pronectin L, Retronectin, and Attachin (Table I).

2. Materials and methods
2.1. Recombinant cell adhesive proteins

Pronectin F, Pronectin F PLUS, and Pronectin L were pur-
chased from Sanyo Chemical Industry (Kyoto, Japan), Retro-
nectin from TaKaRa (Shiga, Japan), and Attachin from Bio999
(Taipei, Taiwan). All of these proteins were produced via bac-
terial fermentation. Pronectin F is a genetically engineered
protein containing repeating units of the RGD sequence inter-
spersed with a B-silk peptide for structural stability [20]. It is

Table 1
Fibronectin and recombinant cell adhesive proteins used in this study

comprised of 980 amino acids. Based on its sequence, the
molecular weight is estimated to be 72,728. The amino
acid sequence is fMDPVVLQRRDWENPGVTQLNRLAA
HPPFASDPMGAGS(GAGAGS)(GAAVTGRGDSPASAAGY-
[(GAGAGS)sGAAVTGRGDSPASAAGY],,-(GAGAGS),GA
GAMDPGRYQLSAGRYHYQLVWCQK. Pronectin F PLUS
1s a positively charged water-soluble variant of Pronectin F
that is produced by chemical modification [21,22}. Pronectin
L is a protein polymer that exhibits IKVAV epitopes from
the laminin alpha chain with a similar backbone as Pronectin
F {21]. It is comprised of 1019 amino acids. The molecular
weight is estimated to be 75,639. The amino acid sequence
is fIMDPVVLQRRDWENPGVTQLNRLAAHPPFASDPMGA
GS(GAGAGS)sGAAPGASIKVAVSAGPSAGY-[(GAGAGS)y
GAAPGAIKVAVSAGPSAGY],,-(GAGAGS),GAGAMDPG
RYQLSAGRYHYQLVWCQK. Retronectin consists of a cen-
tral cell-binding domain, a high affinity heparin-binding do-
main I, and a CS1 site within an alternatively spliced type
III connecting segment region of human fibronectin [23]. It
is comprised of 574 amino acids. The molecular weight is
estimated to be 62,631. Attachin is an artificial fusion
protein with the molecular weight of 30 kDa that has several
functional domains, including a fibronectin-like cell attach~
ment domain [24)]. It has reportedly been used to promote
the adhesion of several kinds of cell lines, including
CHO-K1, MDBK, PK-15, L929, Vero, COS, U373, Swiss
3T3, and MRC-5 [25].

2.2. Cells and materials

Human umbilical vein endothelial cells (HUVECs) were
purchased from Sanko Junyaku (Tokyo, Japan) and maintained

Protcins Structure Molecular Weight

heparin . X

fibrin collagen cell heparin Il CS fibrin
Fibronectin 250K x 2
Pronectin F Head-[(GAGAGS)sGAAVTGRGDSPASAAGY]i12-Tail 73K

*
Pronectin F Plus Positively charged. water-soluble variant of Pronectin F 73K
Pronectin L Head-[(GAGAGS)GAAPGASIKVAVSAGPSAGY]i2-Tail 76K
*
Retronectin Chimeric protein of human fibronectin fragment 63K
ne2 ORI coon
Attachin A fusion protein constructed by molecular biotechnology 30K
Fibronectin.

[] Type 1 module.
0 Type Il module.

[J Type 111 module.

% : cell attachment sequence derived from fibronectin.
@ cell attachment sequence derived from laminin.
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in EGM-2 media (Cambrex, Walkersville, MD) on collagen-
coated dishes (Asahi Techno Glass, Tokyo, Japan). EGM-2
media is modified MCDB 131 containing 2% fetal bovine se-
rum, VEGF, bFGF, IGF-1, EGF, heparin, hydrocortisone and
ascorbic acid. The cells were kept in a humidified, 5% CO, en-
vironment at 37 °C. Cells between passages 3 and 5 were used
for all experiments. '

The serum-free media used was human endothelial SFM
(Invitrogen, Carlsbad, CA) {26]. Ten nanograms/ml of epider-
mal growth factor (EGF) (Invitrogen) and 20 ng/ml of basic
fibroblast growth factor (bFGF) (Invitrogen) were added as
supplements. Fibronectin is recommended for use as a cell
attachment factor.

2.3. Cell adhesion assay

Recombinant cell adhesive proteins were diluted with phos-
phate buffered saline (PBS(-)), and plated on multiwell non-
treated polystyrene plates (BD Falcon, Franklin Lakes, NJ).
The plates were incubated for 2 h at room temperature, and
then the protein solutions were removed and the wells washed
with PBS(—). The concentration of the recombinant proteins
used was 10 pg/ml (2 ug/cmz), unless the description states oth-
erwise. The amount of absorbed protein was quantified with
a QuantiPro BCA Kit (Sigma, St. Louis, MO) using bovine
serum albumin as a standard.

The HUVECs were harvested using trypsin and washed
twice with PBS(—). The cells were then suspended in se-
rum-free media, and added to each well of 96-well plates
previously coated with recombinant cell adhesion proteins
at a cell density of 1 x 10° cells/well. After incubating
for 60 min under 5% CO, at 37°C, the supernatant was
removed, and the wells rinsed with PBS(—~) to remove
non-adherent cells. Following fixation of the adherent cells
by 4% paraformaldehyde for 10 min, the paraformaldehyde
was removed and the cells washed once with distilled water.
A 0.5% (w/v) solution of crystal violet was then added to
the wells. After staining for 25 min, the cells were rinsed
five times with distilled water and the crystal violet that
was absorbed on the adherenmt cells was solubilized with
0.5% SDS. The optical density at 595 nm was measured
on an EL340 plate reader (BioTek Instruments, Winooski,
VT). J

2.4. Measurement of cell proliferation

HUVECs were harvested and suspended in serum free
media, and plated to each well of the 96-well plates previously
coated with recombinant cell adhesive proteins. VEGF (R&D
Systems, Minneapolis, MN) or bFGF (Invitrogen, Carlsbad,
CA) was added at concentrations of 1—100 ng/ml. After cul-
turing for 2 days under 5% CO; at 37 °C, the cell number in
each well was measured using Cell Counting Kit-8 (Dojindo,
Kumamoto, Japan). Results are expressed as the mean
value & S.D. of triplicate determinations.

2.5. Phosphorylation of focal adhesion kinase

The HUVECs were collected by trypsin treatment (Invitro-
gen), resuspended in serum free medium, incubated for 2 h at
37 °C in suspension, and subsequently plated at 5 x 10° cells/
dish on 60 mm diameter dishes pre-coated with cell adhesive
proteins or bovine serum albumin (BSA) (10 pg/mi) [27]. Af-
ter incubation for 2 h under 5% CO, at 37 °C, the cells were
lysed in RIPA buffer (50 mM Tris—HCl (pH 7.6), 150 mM
NaCl, 1% NP-40, 0.25% sodium deoxycholate), and the pro-
tein concentrations were determined using the BCA assay
(Pierce, Rockford, IL). 3.5 pg of the total cell lysates was re-
solved by SDS—PAGE, blotted onto Immobilon-P membranes
(Millipore, Volketswil, Switzerland), and incubated in 1%
BSA with anti-pY¥397 FAK antibody (Upstate Biotechnology
Inc.,, Lake Placid, NY) followed by incubation with horserad-
ish peroxidase-labeled secondary antibody (Cell Signaling
Technology, Danvers, MA). The ECL system (GE Healthcare
Bio-Sciences AB, Uppsala, Sweden) and Luminoimage ana-
lyzer LAS 3000 (Fuji Film, Kanagawa, Japan) were used for
detection. The membranes were stripped of bound antibody
using a Re-Blot Plus Western Blot Recycling Kit (Chemicon,
Temecula, CA), and the membrane was reprobed with anti-
FAK antibody (Upstate Biotechnology). The labeled bands
were quantified using the MultiGauge software program (Sci-
ence Lab). The quantified value for phosphorylated FAK was
normalized with that for total FAK in each sample, and the rel-
ative phosphorylation level was then calculated as a ratio
against the cell lysate on fibronectin.

2.6. Secretion of Prostaglandin I, (PGl,)

The HUVECs were harvested using trypsin, washed twice,
and then suspended in serum-free media. The cells were
placed on the 24-well plates coated with recombinant cell ad-
hesive proteins at the density of 7 x 10*/well. After culturing
for 1 day, the cells were stimulated with 1 U/ml of thrombin or
30 ng/ml of VEGF. The cells were incubated for 1 h under 5%
CO, at 37 °C, and then the supernatant was collected. The su-
pernatant was centrifuged for 10 min at 2000 x g in a micro-
centrifuge to remove any residual cells. The level of 6-keto
Prostaglandin F,a, a major metabolite of Prostaglandin I,
was determined using 6-keto Prostaglandin Fa EIA Kit (Cay-
man Chemical, Ann Arbor, MI). Each culture condition was
repeated in triplicate.

2.7. Secretion of tissue-plasminogen activator

The HUVECS were seeded as described above. After cultur-
ing for 1 day, the cells were stimulated with 0.01—1 U/ml of
thrombin. Twenty-four hours later, the supernatant was col-
lected and spun down for 10 min at 2000 x g in a microcentri-
fuge. The level of tissue plasminogen activator was determined
using the AssayMax Human Tissue-Type Plasminogen Activa-
tor ELISA Kit (Assay Pro, Brooklyn, NY). Each culture condi-
tion was repeated in triplicate. Phase contrast images were
obtained before the supernatant was collected. '
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3. Results

3.1. Adhesion of HUVECs onto recombinant
cell adhesive proteins

To examine the adhesion onto the recombinant cell adhesive
proteins, HUVECs harvested and suspended in serum-free me-
dia were applied on plastic wells precoated with Pronectin F,
Pronectin F PLUS, Pronectin L, Retronectin, Attachin, or fibro-
nectin (Table 1). As shown in Fig. 1, Pronectin F, Pronectin F
PLUS, Retronectin, or Attachin showed cell adhesion activity
to a similar extent as fibronectin at the concentration of
10 pg/ml (2 pg/cmz). Pronectin F and Pronectin F PLUS were
superior to fibronectin when they were used at an amount of
less than 1 pg/ml. The cells were observed under microscopy
to have spread well on the recombinant proteins that they ad-
hered to (Fig. 2). No cells had adhered onto Pronectin L or BSA.

In order to test if these differences are due to the difference
in the absorbed amount of each protein, the protein absorbed
on the plate was measured (Fig. 3). It was found that Pronectin
F and Pronectin L had absorbed to the plate better than other
proteins and that the absorbed amount of Pronectin F PLUS
was lower than that of Pronectin F and Pronectin L. From
the point of view of the efficiency of cell adhesion (Fig. 1)
and the absorbed amount of protein (Fig. 3), the number of
cells attached was not dependent on the amount of absorbed
protein, suggesting that the observed effects were not due to
differences in protein absorption but rather due to the character
of each cell adhesion protein.

3.2. Influences on cell proliferation

Besides anchorage, cell adhesion to components of the ex-
tracellular matrix triggers signaling events affecting diverse
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Fig. 1. Adhesion of HUVECs to recombinant cell adhesive proteins. HUVECs
were plated into wells previously coated with Fibronectin, Pronectin F, Pronec-
tin F PLUS, Pronectin L, Retronectin, Attachin, or BSA, and then incubated for
1 hat 37 °C. Attached cells were fixed and stained with crystal violet and quan-
tified by absorbance reading. Results are expressed as mean value + S.D. of
triplicate determinations. The 0.1 OD corresponded to 0.61 + 0.085 x 10*
cells.

cellular traits and activities, including survival, proliferation,
and other functions. Therefore, the influences of the recombi-
nant cell adhesion proteins on cell proliferation were exam-
ined. The HUVECs in serum-free media were seeded on the
plates that were coated with recombinant cell adhesive pro-
teins, and then cultured in the presence or absence of basic fi-
broblast growth factor (bFGF) or vascular endothelial growth
factor (VEGF) at concentrations from 1 to 100 ng/ml. After
culturing for 2 days, the cell numbers in each well were exam-
ined (Fig. 4). When HUVECs were cultured in the presence of
bFGF, the cells on Pronectin F or Pronectin F PLUS had
grown to the same level as that on fibronectin in each concen-
tration of bFGF, showing that Pronectin F and Pronectin F
PLUS have the same growth support potency as fibronectin
(Fig. 4A). However, the cell numbers on Retronectin or Atta-
chin reached 70% or 40% of that on fibronectin, respectively;
showing that the growth support potency of Retronectin and
Attachin was lower than fibronectin. When VEGF-stimulated
cell proliferation was examined, Pronectin F and Pronectin F
PLUS also showed similar growth-supporting potency to fibro-
nectin (Fig..4B). Retronectin and Attachin were less effective
than fibronectin.

3.3. Phosphorylation of focal adhesion kinase

Cell adhesive proteins activate intracellular signaling via
cell surface integrins. In regulating the cellular responses to
integrin-mediated adhesion, focal adhesion kinase (FAK) has
emerged as a key signaling molecule [28—30]. Integrin—
ligand engagement promotes FAK tyrosine phosphorylation
that promotes FAK signaling activity. The phosphorylation
of FAK Tyr-397, the only apparent autophosphorylation site,
is known to create a high-affinity binding site for SH2
domains of the Src-family kinases, including c-Src and Fyn
[31].

HUVECs' cultured in growing media were harvested by
trypsin treatment, and incubated in serum-free media for 2 h
at 37 °C in suspension. After this incubation, the cells were
plated onto the dishes in which recombinant cell adhesive pro-
teins were coated, and then incubated for 2 h under 5% CO, at
37 °C. Cell lysates were prepared using RIPA buffer, and the
phosphorylation level of FAK on Tyr 397 was then examined
by Western blotting. As shown in Fig. 5, FAK Tyr-397 is phos-
phorylated under an attached condition (lane 1), becomes
dephosphorylated upon cell suspension (lane 2), and then
becomes rephosphorylated after replating. The FAK phosphor-
ylation level after replating on recombinant proteins differed
in each sample (lanes 3—10). Phosphorylation level of cells
on BSA (lane 3) or Pronectin L (lane 7), to which cells did
not adhere, was still lower after replating. Pronectin F (lane
5) or Pronectin F PLUS (lane 6) induced FAK phosphorylation
to the similar extent to Fibronectin (lane 4), suggesting that
Pronectin F and Pronectin F PLUS are thought to activate in-
tracellular signaling via integrin as well as fibronectin. Retro-
nectin that has RGD domain of Fibronectin also induced FAK
phosphorylation (lane 8).
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Fig. 2. The phase contrast images of cell attachment and spreading on recombinant cell adhesive proteins. HUVECs were seeded into wells previously coated with
10 pg/m of Fibronectin, Pronectin F, Pronectin F PLUS, Pronectin L, Retronectin, Attachin, or BSA. After 1 h incubation a1 37 °C, the cells were photographed

with an inverted microscope.

3.4. Influences on antithrombotic functions
of endothelial cells

In order to examine the influences of recombinant cell ad-
hesive proteins on cellular functions, the production of prosta-
glandin 1, (PGL,) and tissue-plasminogen activator (1-PA),
both of which play important roles in the antithrombotic fea-
ture of endothelial cells, was tested. Antithrombotic activity
is the most important characteristic of endothelial cells that
are used for artificial blood vessels or engineered vascularized
tissues. PGI, inhibits platelet aggregation, thereby inhibiting
the formation of thrombus. It is produced quickly after stimu-
lation via the activation of phospholipase A,. Since the half

life of PGI, is as short as 2 min, the concentrations of its
metabolite 6-keto Prostaglandin Fya were measured. t-PA is
produced from endothelial cells via the induction of protein
synthesis in response to the extracellular stimuli. It induces
the processing of plasminogen to plasmin, and dissolves the
fibrin clots.

HUVECs were plated on the recombinant cell adhesion
protein-coated dishes and cultured for 1 day, then stimulated
with VEGF or thrombin. As shown in Fig. 6A, PGl, was pro-
duced from VEGF- stimulated HUVECs on different kinds of
cell adhesive proteins to the same level. In the serum-free
media, the basal production of PGl, was higher, and the pro-
duction after the stimulation was less than in the growing
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Fig. 3. Protein absorption on non-treated polystyrene plates. Ten pg/mi of
bovine serum albumin (BSA), Fibronectin (FN), Pronectin F (PF), Pronectin
F PLUS (PFP), Pronectin L (PL), Retronectin (RN) or Attachin (AN) was
added to 96-well plates and incubated at room temperature for 2 h. Each
well was washed with PBS(—) and the amount of absorbed protein was quan-

titated by QuantiPro BCA using bovine serum albumin as a standard. Each
data point represents the mean + S.D. of triplicate determinations.

media. Similar results were obtained when the cells were stim-
ulated with thrombin (Fig. 6B).

Next, t-PA production from the thrombin-stimulated HU-
VECs was examined. As shown in Fig. 7, the t-PA concentra-
tion in the culture supernatant of HUVECs that adhered on
Pronectin F PLUS was the same as that on Fibronectin. How-
ever, the concentration was lower in the supernatant on Pronec-
tin F, Retronectin, or Attachin than on fibronectin. The basal
production of t-PA in the serum-free media was less than in
growing media; therefore, responsiveness to thrombin was
readily observed in the serum-free culture.

During these experiments using thrombin, detachment of
the thrombin-stimulated cells from Pronectin F, Retronectin,
or Attachin was observed (Fig. 8). No detachment was seen
in the cells that adhered on fibronectin or Pronectin F PLUS.
This result might reflect the possibility that the adhesiveness
of the cells to Pronectin F, Retronectin, and Attachin is weaker
than to Pronectin F PLUS or fibronectin.

The following data support the results of Fig. 8, which are
presented using microscopic images. Since HUVECs are ad-
herent cells, detachment from the dishes leads to a loss of via-
bility. Therefore, changes in the viable cell concentration after
thrombin stimulation reflect cell detachment. As shown in
Fig. 9, the production of t-PA and changes in the viable cell
concentration after culturing in the presence of 0.01, 0.1, or
1 U/ml of thrombin were tested. At all three concentrations
of thrombin used, cell detachment was observed only from Pro-
nectin F. Although the t-PA concentration was increased in
a dose-dependent manner by thrombin in the cells that adhered
on Fibronectin or Pronectin F PLUS (Fig. 9A), there was less of
an increase in t-PA production from the cells on Pronectin F
when a low dose (0.01 or 0.1 U/ml) of thrombin was used.
At those concentrations, the viable cell concentration on Pro-
nectin F was decreased by thrombin stimulation, meaning
that cell detachment occurred on Pronectin F (Fig. 9B). At
a high concentration of thrombin (1 U/ml), the viable cell con-
centration decreased slightly even though cell detachment was
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Fig. 4. Effects of recombinant cell adhesive proteins on the VEGF- or bFGF-
induced cell proliferation. HUVECs were seeded into wells previously coated
with 10 ug/ml of Fibronectin, Pronectin F, Pronectin F PLUS, Retronectin,
Attachin, or BSA, and cultured for 2 days in the presence or absence of
bFGF (A) or VEGF (B) at the concentrations indicated. The relative cell num-
ber was examined using a cell counting kit-8. The results are expressed as the
mean value + S.D. of triplicate determinations.

observed. This might be because the cell proliferative effect of
thrombin canceled the decrease in cell viability. t-PA produc-
tion corrected by the viable cell concentration is shown in
Fig. 9C. By comrecting the t-PA concentration using the viable
cell concentration, the dose-dependency of thrombin in
t-PA production was similar in Pronectin F to Pronectin F
PLUS and fibronectin (Fig. 9C). From these results, in the cells
on Pronectin F and Pronectin F PLUS, the signals from throm-
bin transduced similarly, but the strength of the cell adhesion
differed.

4. Discussion
The goal of the present study was to establish a cell culture

method that can improve the safety-of cellular therapy prod-
ucts. Our focus is now on human endothelial cells, because
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Fig. 5. FAK activation in HUVECs adhered to recombinant cell adhesive pro-
teins. HUVECs cultured in serum-containing EGM-2 media on collagen-
coated plates were harvested and held in suspension for 2h at 37 °C, then
plated onto precoated plates with 10 pg/ml of Fibronectin. Pronectin F, Pro-
nectin F PLUS, Pronectin L, Retronectin. or Attachin. After 2 h incubation
at 37°C, cell lysates were prepared using RIPA buffer. The cell extracts
were analyzed for the phosphorylation (A) and protein levels of focal adhesion
kinase (B) by Western blotting. The amount of proteins detected was analyzed
using MultiGauge software (C). Lane 1: before harvesting; lane 2: after sus-
pension; lane 3: BSA; lane 4: Fibronectin; lane 5: Pronectin F; lane 6: Pronec-
tin F PLUS; lane 7: Pronectin L; lane 8: Retronectin; lane 9: Attachin; lane 10:
tissue culture-treatment dish. Similar results were obtained in two independent
experiments. Representative blots are shown.

they are expected to be put into clinical use in the near future.
Serum-free culture supplemented with recombinant proteins
produced without using animal-derived materials would be
optimal in order to avoid contamination by animal-derived
materials and transmissible agents. This work was carried
out as a step in demonstrating the feasibility of recombinant
cell adhesion proteins in serum-free cultures of human endo-
thelial cells, which might form the basis of future cellular
therapies. HUVECs were used as a model of tissue-derived
differentiated endothelial cells.

One of the uses of endothelial cells in cellular therapy is for
the vascularization of engineered tissue. Vascularization of
a tissue-engineered construct is mediated primarily through
the ingrowth of surrounding vessels from the peri-implant tis-
sue. However, this process is quite slow and is not sufficient
to achieve appropriate vascularization of large defects [32].
The incorporation of endothelial cells or vascular-like structure
in the tissue-engineered constructs before transplantation is
a possible solution of this problem. Both human embryonic
stem cell-derived endothelial cells and tissue-derived endothe-
lial cells.such as HUVECs have been shown to incorporate
successfully into engineered skeletal muscle tissue {33—35].
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Fig. 6. Effects of cell adhesive proteins on the VEGF- or thrombin- stimulated
production of Prostaglandin 1. HUVECs were seeded at 7 x 10* cells/well on
24-well plates previously coated with Fibronectin (FN), Pronectin F (PF), Pro-
nectin F PLUS (PFP), Retronectin (RN), or Attachin (AN). After culturing for
1 day, the cells were stimulated with 30 ng/ml of VEGF (A) or 1 U/ml of
thrombin (B). One hour later. the conditioned media were collected and 6-
keto PGF,a concentration was determined by enzyme immunoassay. Results
are expressed as picograms of PGF,a/ml of the supernatant and represent
the mean = S.D. of triplicate determinations. 6-Keto PGF,a production from
HUVECs cultured in serum-containing growing media (EGM-2) plated on
a collagen-coated dish was also examined (Col/EGM).

Tissue-derived human endothelial cells are also used for the
endothelialization of artificial artery grafts [36]. Although
serum-free media for human endothelial cells has been devel-
oped, being supplemented with a cell adhesion protein such
as fibronectin is necessary [26]. Since plasma fibronectin is
known to bind to several pathogens including viruses [37,38],
use of a recombinant cell adhesion protein would be desired
in order to avoid the contamination of infectious agents.
Another use of endothelial cells in cellular therapy is for
therapeutic neovascularization, an important adaptation (o res-
cue tissue from critical ischemia. In a rat model of myocardial
infarction, transplantation of HUVECs has been shown to con-
tribute to increased neovascularization [39]. Recently, much
attention has been paid to outgrowth endothelial cells (OECs)
obtained by in vitro culture of blood mononuclear cells
[40—46]. OECs show a marked similarity to fully differenti-
ated endothelial cells with respect to their cellular morphol-
ogy, marker expression and potential to form capillary-like
structures [43,44,47]. Because OECs can be obtained from
blood mononuclear cells, they have the advantage that autolo-
gous endothelial cells could be obtained without invasive
procedures. The potential use of OECs for therapeutic neovas-
cularization has been shown in murine ischemia models
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Fig. 7. Effects of cell adhesive proteins on the thrombin- stimulated production
of tissue plasminogen activator. HUVECS were seeded at 7 x 10° cells/well on
24-well plates previously coated with Fibronectin (FN), Pronectin F (PF), Pro-
nectin F PLUS (PFP), Retronectin (RN), or Attachin (AN). After culturing for
1 day, the cells were stimulated with 1 U/ml of thrombin. After 24 h incubation,
the conditioned media were collected and t-PA concentration was determined by
enzyme immunoassay. Results are expressed as nanograms of t-PA/ml of the su-
pernatant and represent the mean % S.D. of triplicate determinations. t-PA pro-
duction from HUVECs cultured in serum-containing growing media (EGM-2)
plated on collagen-coated dish was also examined (Col/EGM).
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{47—50]. The culture conditions for OECs and for tissue-
derived endothelial cells such as HUVECs are the same: endo-
thelial basal media supplemented with fetal calf serum, VEGF,
basic FGF, IGF-1, EGF and ascorbic acid. Fibronectin is the
cell adhesion protein most commonly used to obtain OECs.
Therefore, examining the usefulness of recombinant cell adhe-
sion proteins as a substitute for plasma fibronectin in serum-
free culture would lead to the establishment of a serum-free
culture for OECs as well.

The cell culture method chosen has a direct influence on the
quality and safety of cellular therapy products. The composition
of media and serum are considered to affect the features of the
cells, and animal-derived materials are known to carry the risk
of infection or allergy. Thus, developing appropriate culture
methods and ways of evaluating these methods are key to
assuring the safety of cellular therapy products [11,12]. For
example, when culturing human embryonic stem cells that are
anticipated to be a useful source for cellular therapy products,
non-human-type sialic acid (N-glycolyl neuraminic acid)
derived from animal serum is incorporated into the sugar chain
on the cell surface, which could induce an immune response

'  Pronectin F
&34 PLUS

Attachin

Fig. 8. Detachment of HUVEC:s cultured in the presence of thrombin. Cells were plated on the plates previously coated with Fibronectin, Pronectin F, Pronectin F
PLUS, Retronectin, or Attachin, and cultured for 24 h in the presence of 1 U/ml of thrombin. The cells were photographed before harvesting the supernatant that is
provided for the measurement of the t-PA concentration.
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upon transplantation [S1]. In addition, the transmission of un-
known viruses from rodent feeder cells is also a concern [8].
Therefore, establishing cell culture methods that assure safety
is an important goal in the development of cellular therapy
products. ‘

Because recombinant proteins can be produced without us-
ing animal or human-derived materials, providing the protein
factors that are necessary to cell culture as recombinant pro-
teins can contribute to improving the safety of cellular therapy
products. Recombinant proteins also have an advantage in that
they can provide consistent performance from lot to lot, and
their function can be modified by molecular design. Artificial
recombinant proteins have the possibility of being superior to
naturally occurring proteins; for example, Retronectin, a dele-
tion' mutant of fibronectin that unfortunately showed less activ-
ity as an adhesive protein in this study, is much more effective
in supporting gene transfer by retrovirus vectors than fibronec-
tin [23]. If there is a concern in using artificial recombinant
proteins, the residual artificial protein has the potential to
show immunogenicity.

In our experiments to test cell adhesion, Pronectin F and
Pronectin F PLUS were superior to fibronectin when they
were used in lower concentrations (Fig. 1). This might be
because both Pronectin F and Pronectin F PLUS have 13 re-
peats of the RGD sequence in one molecule, whereas fibronec-
tin has only two. Pronectin F and Pronectin F PLUS are also
structurally stable, and thus the coated substrates retain their
performance for at least 2 years at room temperature, which
is another advantage over fibronectin [52]. Pronectins were
produced without using any animal-derived components (Dr.
Kurokawa, Sanyo Kasei Kogyo, personal communication).

Pronectin F is not soluble in water since the silk-like pro-
tein sequence forms strong hydrogen bonds intermolecularly;
thus, it must be dissolved in LiClO, {21]. Therefore, Pronectin
F PLUS, a water-soluble variant of Pronectin F, was developed
by chemical modification of the serine residues of Pronectin F
{22]. As shown in Fig. 3, a higher amount of Pronectin F was
absorbed on polystyrene dishes than Pronectin F PLUS. Since
the surface of polystyrene plates is hydrophobic, hydrophobic

Pronectin F might have been absorbed well. Pronectin L,

which has a similar core sequence to that of Pronectin F,
was also absorbed well on the dish, although no cells adhered
on it.

In spite of their differences in absorption on the polystyrene
dish, Pronectin F PLUS and Pronectin F showed similar effi-
ciency with respect to the adhered cell number, growth sup-
pont, induction of FAK phosphorylation, and production of
PGI, and t-PA. Moreover, Pronectin F PLUS was more potent
than Pronectin F in its support of cell adhesion under stimula-
tion with thrombin (Fig. 9). The cells on Pronectin F PLUS
were resistant to cell detachment due to the thrombin-induced
cytoskeletal changes. This might be because that Pronectin F
PLUS is positively charged by chemical modification. Since
the cell surface possesses a negative charge, the adhesive in-
tensity between the cells and Pronectin F PLUS was increased
due to the static electrical interaction, resulting in the mainte-
nance of cell adhesiveness after the cytoskeletal change
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Fig. 9. Thrombin-induced production of -PA and decrease in viability of
HUVECs adhered on Pronectin F. HUVECs were seeded a1 7 x 10* cells/
well on 24-well plates previously coated with Fibronectin, Pronectin F or Pro-
nectin F PLUS. After culturing for 1 day, the cells were stimulated with throm-
bin at the indicated concentrations. After 24 h incubation, the conditioned
media were collected and t-PA concentration was determined by enzyme
immunoassay (A). The cell numbers were determined using a Cell-Counting
Kit-8 (B). Production of t-PA per 10° cells was calculated (C). Each data point
represents the mean + S.D. of triplicate determinations.
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induced by thrombin. To our knowledge, this is the first obser-
vation to reveal the difference in biological properties between
Pronectin F and Pronectin F PLUS. The retention of human
endothelial cells on the lumen in the presence of physiological
stimuli is an important prerequisite for artificial artery grafts to
be successful, and, therefore, Pronectin F PLUS could also be
suited for use in this type of graft.

In the present study, the usefulness of Pronectin F PLUS as
a substitute for fibronectin was indicated; however, Pronectin
F PLUS and Pronectin F were less effective than fibronectin
in long-term cell cultures. We were able to culture HUVECs
up to around 6 passages using the serum-free media with fibro-
nectin. However, when Pronectin F or Pronectin F PLUS was
used instead of fibronectin, the cell number did not increase
beyond the second passage. Although Pronectin F PLUS
worked better than Pronectin F, the efficiency of both was
lower than that of fibronectin in the long-term maintenance
of HUVEC:s. Since fibronectin has several functional domains
that can bind to heparin, fibrin and collagen, signals other than
the RGD-integrin interaction would be important in the long-
term maintenance of the cells. The incorporation of domains
other than that of RGD of fibronectin into Pronectin F PLUS
would be necessary to improve its efficacy in long-term cell
cultures.

For cell cultures, porcine trypsin is often used when cells
are harvested. The use of trypsin may lead to the contamina-
tion of animal-derived materials or transmissible agents. In
serum-free cultures of HUVECs, we were able to harvest cells
for passage using a protease free of animal-derived materials
such as TrypLE Select (Invitrogen, Carlsbad, CA, USA) or
AccuMax (Chemicon, Billerica, MA, USA); therefore, trypsin
is not necessarily used for the maintenance of HUVECs,
which means that it is possible to eliminate the potential for
contamination of animal-derived proteins.

In summary, Pronectin F PLUS was shown to have the
closest activity to plasma fibronectin in the serum-free culture
of HUVECs by examining VEGF- or bFGF-induced cell
proliferation, FAK phosphorylation, and thrombin-stimulated
production of PGI, or t-PA. The cell adherent activity of
Pronectin F PLUS was superior to fibronectin at concentra-
tions of less than 1 pg/ml. Although Pronectin F PLUS has
the same amino acid sequence as Pronectin F, only HUVECs
on Pronectin F PLUS were resistant to thrombin-induced cell
detachment. Pronectin F PLUS is thus thought to be a promis-
ing substitute for plasma fibronectin in the serum-free culture
of endothelial cells, although modification would be necessary
to improve its efficiency in long-term cell cultures.
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