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FIGURE 2. Comparisons among the rats given
a transfusion of LHb, 5% albumin, or RBCs.
The effect of LHb transfusion on survival after
resuscitation (A), mean arterial pressure (B) and
heart rates (C) as well as the changes in RBC
counts (D), hematocrit levels (E), hemoglobin
concentrations (F), WBC counts (G), and
plasma NOx levels (H) in rats undergoing pro-

gressive hemodilution are shown. Rats under-

went blood withdrawal at 0.2 mL/min via the H i [ 5% albumin
femoral artery and simultaneous fluid resuscita- o B rBC
tion with LHb, 5% albumin, or washed rat 1

RBCs at 0.2 mL/min via the femoral vein for 12

150 minutes. tHemoglobin concentrations in 10

the LHb-transfused rats were not actual, but t

estimated. Estimated Hb concentration in the [

LHb-transfused rats was obtained as has been 4

described in the Methods. The data are the 2

mean * SE from 15 rats in each group. *P < 0

0.01, P < 0.05 versus other groups. pe 60 min 150 min

TABLE 1. Parameters of Metabolic Acidosis, Neuroendocrine Response, and Organ
Dysfunction at the End of the Progressive Hemodilution Period In Rats

LHb 5% Albumin RBC Normal Levels
(n = 15) (n = 15) (n = 15) (n=5)
Plasma lactate (mg/mL) 293220 1300 = 12.2* 291 £33 312 x32
pH 75201 73201 74 0.1 76 0.2
Base excess (mmol/L) -12+22 =183 = 257 -79+02 09 +04
Plasma epinephrine (ng/ml) 1.9 = 0.5¢ 45.7 = 22* 0201 —
Plasma norepinephrine (ng/mL) 119 =10 640 = 32 2005 02=0.1
Plasma C3a (pg/mL) 30205 42 =08 25+02 20 = 0.6
Serum H-FABP (ng/mL) 99 = 0.1 385 = 34° 80=34 05=02
Ejection fraction (%) 910 * 24 425 = 0.4° 04.7 =13 835 =25
Serum creatinine (mg/mL) 0.37 = 0.06 0.70 = 0.02* 045 = 0.03 048 + 0.07
Serum ALT (U/L) 18.0 = 8.0 170 =29 158 £ 38 175 2.6
BALF protein (mg/mL) 126+ 1.6 12 =07 175+ 51 11+ 1.8
Pulmonary W/D ratio 75+03 67 = 03" TR*0S5 JR: 08
AaDO, (torr) 390 = 84 176 = 5.4¢ 46.3 * 54 11 =16
Rats underwent blood withdrawal at 0.2 mL/min via the femoral artery and fiud with LHb, 5%
albumin, or washed RBCs at 0.2 mL/min via the femoral vein for 150 min. At the end of the 150-min pericd, samples of blood
and BALF were ob d and used 1o the p Ejection fraction, PaO, and PaCO, were also measured at the end
of hemodilution AaDO, was calculated using the equation | d in the Methods, Normal levels were obtained from

non-treated normal rats. Data are mean = SE
*p < (.01, 'P < 005 versus other groups, *# < 0.0, *P < 0.05 versus RBC
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LHb 5% albumin RBC

fused rats also showed significantly lower serum creatinine
concentrations than the albumin-transfused rats, with levels
similar to the normal level (Table 1), demonstrating preven-
tion of renal dysfunction. There were no increases for the
serum ALT concentrations in any of the transfused rat groups
after 150 minutes (Table 1), with normal ALT levels seen in
all of the groups (Table 1). As compared with the albumin-
transfused rats, both LHb- and RBC-transfused rats unexpect-
edly had significantly higher protein concentrations in the
BALF, along with higher pulmonary wet/dry ratios and
AaDO, values. Since these parameters were also higher than
the normal levels, this proves that there was an increased
pulmonary dysfunction (Table 1).

Histopathology of the Spleen, Liver, Kidneys,
and Lungs at the End of Transfusion

The red pulp zones of the spleens of the LHb-transfused
rats were filled with a large amount of LHb, but not RBCs
(Fig. 3A-a, indicated by the arrows) at the end of the trans-
fusion. The red pulp zone of the RBC-transfused rats was also
filled with a substantial amount of RBCs (Fig. 3A-c, indicated
by arrows). The albumin-transfused rats only had a few RBCs
in the red pulp zone (Fig. 3A-b, indicated by arrows). The
livers of the albumin-transfused rats showed an apparent
sinusoidal dilation and marked vacuolar degeneration of the

© 2008 Lippincon Williams & Wilkins

FIGURE 3. Pathologic findings at the end of
the transfusion with LHb, 5% albumin, or
washed rat RBCs. Blood withdrawal and fluid
resuscitation were performed for 150 minutes
as has been described in Figures 2A, B, and C.
At 150 minutes after the start of the progres-
sive hemodilution, the following organs were
removed from the rats: spleen, liver, kidney,
lung. panels A and C, %400, H.E.; panels B
and D, X200, H.E.

hepatocytes, particularly around the central veins (Fig. 3B-b,
indicated by arrows). However, the livers of both the LHb-
and RBC-transfused rats did not manifest such severe isch-
emic changes (Figs. 3B-a, ¢). The albumin-transfused rats
also showed acute tubular necrosis in the kidney (Fig. 3C-b,
indicated by arrows), which was in contrast to the LHb-and
RBC-transfused rats (Figs. 3C-a, ¢). The LHb- and RBC-
transfused rats (Figs. 3D-a, ¢; indicated by the arrows), but
not the albumin-transfused rats (Fig. 3D-b), showed mild to
moderate pulmonary edema in the lung.

LHb Transfusion Attenuates HIF-1alpha
Expression in the Liver and Kidney of Rats
Undergoing Progressive Hemodilution

The albumin-transfused rats showed strong HIF-1alpha
staining in the hepatocyte nuclei, particularly around the
central veins at the end of the exchange transfusion period
(Fig. 4A-b, indicated by arrows), whereas the LHb-transfused
rats only showed a weak HIF-lalpha staining in the nuclei
around the central veins (Fig. 4A-a, indicated by arrows).
There was no staining noted for the liver of the RBC-
transfused rats (Fig. 4A-c). The proximal convoluted tubules
of the kidneys in the albumin-transfused rats also showed
strong HIF-lalpha staining (Fig. 4B-b, indicated by arrows),
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FIGURE 4. Immunohistochemistry for HIF-1al- 3 e RS e hg !
pha protein in the liver (A) and kidney (B) after ST IVCLEPEE TS, ¥ Soet UL Pe !
transfusion with LHb, 5% albumin, or washed
rat RBCs. Blood withdrawal and fluid resuscita-
tion were performed for 150 minutes as has
been described in Figures 2A-G. After progres-
sive hemaodilution, the livers and kidneys were
removed from the rats to stain for HIF-1alpha
protein by immunohistochemistry. Magnifica-
tion, x1,000.
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FIGURE 5. Pathologic findings of the LHb- \
transfused rats and the washed RBC-transfused ung ? : i
rats at 48 hours after the progressive hemodi- . N gAYy o nds s BT pats;
lution. The spleens, livers, kidneys, and lungs bt P :.::2"," b . ,é 3%%45 ) ,\‘"“,'i S,
were removed from the rats at 48 hours after Pl e oa R A L1 3 .1 W £
the hemodilution. Magpnification, <400; H.E. WFERS RN R LY .Ta-.“ﬁ‘&-i‘i“-f &
316 © 2008 Lippincot Williams & Wilkins

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

106



Annals of Surgery * Volume 248, Number 2, August 2008

Hemoglobin Transfusion Rescues Rats

whereas the LHb- and the RBC-transfused rats exhibited little
staining in comparison (Figs. 4B-a, ¢). Neither the spleens
nor the lungs showed positive staining for HIF-lalpha in any
of the transfused rat groups (data not shown).

Mortality and Marked Activation of Phagocytic
Macrophages in the Spleens, Livers, and Lungs
of LHb-Transfused Rats at 48 Hours After
Transfusion

In 4 of the 15 LHb-transfused rats, the animals died
within 48 hours after hemodilution. As to the cause of death,
they manifested significant splenomegaly compared with the
RBC-transfused rats at 48 hours after the progressive hemodi-
lution. Histopathology revealed a remarkable increase of
phagocytic macrophages in the spleen of these animals,
which also had phagocytized LHb vesicles (Fig. 5A-a, indi-
cated by arrows). In contrast, no erythrophagocytosis was
seen in the spleens of the RBC-transfused rats (Fig. 5A-b). A
substantial number of Kupffer cells were observed in the
livers of the LHb-transfused rats, which also had phagocy-
tized LHb vesicles (Fig. 5B-a, indicated by arrows), whereas
the livers of the RBC-transfused rats only showed sinusoidal
dilation (Fig. 5B-b). There were no significant lesions ob-
served in the kidneys of either the LHb- or RBC-transfused
rats (Figs, 5C-a, b). The lungs of the LHb-transfused rats
(Fig. 5D-a, indicated by arrows) but not the RBC-transfused
rats (Fig. 5D-b) had increased numbers of alveolar macro-
phages with mild alveolar septal thickness.

DISCUSSION

LHb transfusion can effectively rescue rats from fatal
progressive hemodilution without the presence of any potent
NO scavenging effect, and thus, can dramatically improve the
anaerobic abnormalities induced by progressive hemodilution
in rats. This indicates that LHb can satisfactorily play a role
as an oxygen carrier. The findings of the present study that
examined LHb transfusions, especially the results for the
HIF-1alpha expression, strongly support the salutary effects
of LHb transfusions on the microcirculation. The heterodimer
HIF-1, which is composed of alpha and beta subunits, is the
main molecular transducer of hypoxic signals.*® During hyp-
oxia, cytoplasmic HIF-lalpha is imported into the nuclei,
which leads to the generation of a DNA binding complex
along with HIF-1beta.”” Thus, after moving into the nuclei
HIF-lalpha is activated. These mechanisms have been rec-
ognized as the major mediators of the acute response to
hypoxia in organs and cultured cells.®

In rats undergoing progressive hemodilution, it is pos-
sible that the LHb transfusion does not affect the plasma NO
metabolite (NOX) concentrations, which includes the NO
metabolites and also reflects the local NO concentration. If
so, this indicates that LHb attenuates the harmful effect of
acellular Hb on vasoconstriction, as it does not have a potent
NO scavenging cffect. The NOx levels in the plasma have
been used as an index of NO concentration in the endothelial
cells, especially within the local circulation.”” Due to the NO
scavenging effect noted to be associated with various acellu-
lar Hb solutions, administration of these solutions might

© 2008 Lippincott Williams & Wilkins

possibly induce vasoconstriction.”® The consequence of such
a vasoconstriction would be the collapse of the arteriolar
circulation that provides oxygen to the tissues. If precapillary
arterioles are constricted by the lack of NO that is scavenged,
they lose their pressurization and collapse. The surface mod-
ification that occurs with polyethylene glycol is additionally
beneficial in that it not only causes a longer circulation
time,*® but it also helps in suppressing vesicular aggregation
of LHb in the circulation.”’ This may help to explain why
LHb transfusion did not affect the plasma NOx levels.
Among the current RBC substitutes, Hb-based oxygen
carriers have been classified based on their structural charac-
teristics and include polymerized bovine or human Hb, PEG-
modified Hb, or LHb, which was used in the present study.
Although the polymerized bovine Hb, Hemopure (Biopure
Co., Cambridge, MA), has undergone extensive clinical stud-
ies for safety,’>>* several studies have raised the concern
about increased systemic vascular resistance.’**¢ which is
possibly related to the NO scavenging by the free Hb.
However, it is noteworthy that Hemopure has been ag:;)mvcd
for replacement of acute blood loss in South Africa.”" Poly-
merized human Hb, PolyHeme (Northficld Laboratory, Evan-
ston, IL), has also undergone many clinical studies,”***~*"
including recent phase I11 trials,*® Although Moore et al have
demonstrated that significant vasoconstrictor effects were not
observed in patients after the administration of Poly-
Heme,**** some investigators have examined its vasopressor
effect.* Hemolink (Hemosol Inc., Toronto, Canada) is a
oligomerized human Hb cross-linked with the oxidized tri-
saccharide o-raffinose.*' In a recent phase II clinical trial of
Hemolink, an increased blood pressure was reported.*® He-
mospan (Sangart Inc., San Diego, CA) is a human Hb
modified by the surface conjugation of monofunctional ma-
leimide-activated 5-kDa PEG to surface thiol groups.”'’
Vandegniff et al have demonstrated that Hemospan does not
exhibit the typical hypertensive response that is observed
with most acellular Hb solutions.”'" However, as many
animal studies on Hemospan did not examine the NO/NOx
levels, the effect of Hemospan on NO scavenging has yet to
be discerned.”'"** A recent phase II clinical trial of Hemo-
span suspected that there was the possibility of a Hemospan-
related hypertension.* In contrast, even though clinical trials
for LHb have yet to be started, we, along with other inves-
tigators, have demonstrated that LHb does not have either a
significant vasoconstrictor effect'*™'®** or a NO scavenging
effect. Thus, for LHb, it is important that clinical studies be
undertaken in humans to confirm the current findings for this
new Hb-based oxygen carrier. If further clinical trials are
performed in a larger number of patients, this should answer
the questions that still remain concerning this compound.
The reason why the Hb concentration of LHb is almost
half of the conventional packed human RBC unit can be
explained by the excellent oxygen carrying capacity that is
found for LHb. The Py, of the LHb used in this study was
adjusted to 40 to 50 mm Hg, in contrast to the 27 to 28 mm
Hg that is found in normal human RBCs. Basically, LHb is
intended for use in patients with massive hemorrhage. Such
critical patients usually receive high concentration oxygen
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therapy, When a patient without respiratory disease is given
40% oxygen, his or her PaO, could conceivably reach nearly
200 mm Hg, with a PvO, of almost 40 mm Hg. Under such
conditions, the oxygen transporting efficiency (OTE) of LHb
is approximately 50%, while that for the normal human RBCs
is about 25%. In other words, LHb has a 2-fold higher OTE
than normal RBCs. Because of this, we prepared an LHb
product that had an Hb concentration of 6 g/dL, which is 50%
of a conventional packed allogenic RBC unit (Hb concentra-
tion 12 g/dL). In the current study, the P, of normal rat
RBCs was approximately 38%, with the OTEs of the LHb
and rat RBCs approximately 50% with mechanical ventila-
tion when using room air (PaO,, 110-120 mm Hg; PvO,, 30
mm Hg). Therefore, we adjusted the Hb concentration of the
washed rat RBCs to 6 g/dl, to create conditions that were
similar to the LHb.

Despite its ameliorating effects for tissue hypoxia, the
LHb transfusion did not prevent acute lung injury. Although
the mechanism for this was not clear, the RBC-transfused rats
also exhibited a similar acute lung injury. In a recent review,
it has been demonstrated that massive transfusion might be a
definite risk factor for acute lung injury.*® Massive transfu-
sion of artificial or allogenic blood products might directly
lead to acute lung injury, The LHb-transfused rats, as well as
the RBC-transfused rats, also had higher WBC counts at the
end of the exchange transfusion period when compared with
that seen for the albumin-transfused rats, which is in agree-
ment with a previous report.*® We presume that a massive
transfusion with LHb or RBC induces certain inflammatory
mediators that are involved in increasing the WBC count,
which leads to the occurrence of acute lung injury. Further
investigations are needed to be able to verify the mechanisms
responsible for the increased WBCs and acute lung injuries
that are associated with massive LHb transfusions.

When LHb is administered in a clinical setting, there
are several concerns that need to be taken into consideration.
First, the half-life of LHb is relatively short. Despite the
initial success of the LHb resuscitation, 4 of 15 LHb-trans-
fused rats died within 48 hours after the hemorrhage/transfu-
sion. Because the biologic half-life of LHb is estimated to be
approximately 13 hours, we presumed that one of the causes
of death in the LHb-transfused rats was due to the severe
anemia that resulted from the destruction of LHb. Second,
large amounts of liposome capsule remain in the host after
massive LHb transfusions. It has been speculated that some
of the |I§|0$0‘mE$ are capable of activating the complement
system.”” However, we did not observe any clevated plasma
C3a concentrations after our LHb infusion. Third, LHb
strongly activates/stimulates the reticuloendothelial system
after the initial resuscitation. Sakai et al has reported that Hb
encapsulated vesicles are exclusively degraded by the reticu-
loendothelial systems.'**” Based on our findings of an exag-
gerated increase of the number of Kupffer cells, we speculate
that the liver has no additional capacity to phagocytize/
detoxify foreign bodies or harmful substances, and thus, we
propose the maintenance of a host’s defense system that is the
most important factor after an initial successful resuscitation
using this LHb transfusion.
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Selection of hematopoietic stem cells with a combination of
galactose-bound vinyl polymer and soybean agglutinin,
a galactose-specific lectin
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Satoko Kishimoto, Michihiro Kitagawa, Osamu Tatsuzawa, Yasutaka Hoshi, Shinya Suzuki,
Mitsuyuki Kawakami, and Takemni Matsui

BACKGROUND: Selection of hematopoietic stem cells
can be used to prevent graft-versus-host disease
(GVHD) after allograft transplantation. The purpose of
the study was to examine a novel cell separation
system comprising a galactose-bound vinyl polymer
(Gal-VP) and soybean agglutinin (SBA), a galactose-
specific lectin.

STUDY DESIGN AND METHODS: A vinyl polymer (VP)
containing «-1,6- and f-1,4-linked galactose terminals
was used to facilitate cell separation. A VP containing
an a-1,4-linked glucose terminal (u-1,4-Glu-VP) was
also synthesized as a control for «-1,6- and -1.4-Gal-
VP. Peripheral blood samples were collected from
healthy volunteers and umbilical cord blood cells were
collected after normal labor.

RESULTS: The sugar-VP was adsorbed on the surface
of various materials. In the presence of SBA, T lympho-
cytes bound to p-1.4-Gal-VP—coated microbeads, but
not to a-1,4-Glu-VP—coated microbeads. When periph-
eral or cord blood cells were cultured on a-1,6-Gal-VP—
coated plates, most red blood cells, lymphocyles,
granulocytes, and monocytes adhered to the plale in
the presence of 300 mg per mL SBA, whereas few
CD34+ cells attached, even with 800 mg per mL SBA.
CONCLUSION: SBA binds selectively to blood cells by
recognizing cell-surface sugars, which are dependent
on the extent of cellular differentiation. Therefore, the
combination of a-1,6-Gal-VP and SBA might be useful
for separation of blood cells according to their stage of
differentiation and lineage.

ectins are a group of proteins that bind selec-

tively to sugar chains.' Lectins bind to sugar resi-

dues expressed on cell surfaces to stimulate

aggregation of red blood cells (RBCs), lympho-
cyte proliferation, and specific aggregation of leukemic
cells,”* and this property of lectins has been used to sepa-
rate specific cells types from heterogeneous blood cell
populations.” The lectin most commonly used for stem
cell selection is soybean agglutinin (SBA), a tetrameric
glycoprotein containing four galactose-binding sites
that binds specifically to p-galactose and N-acetyl-n-
galactosamine.*” The binding affinity of SBA depends on
the level of galactose expression and is higher for mature
cells such as RBCs, granulocytes, T lymphocytes, and

ABBREVIATIONS: Gal-VP = galactose-bound vinyl polymer;
- 1,4-Glu-VP = vinyl polymer containing an a-1,4-linked
glucose terminal; NK cells = natural killer cells; SBA = soybean
agglutinin; VP = vinyl polymer.

From NeTech, Inc., Kawasaki, Kanagawa; Research Institute,
National Defense Medical College, Tokorozawa, Saitama; the
Department of Plastic and Reconstructive Surgery, National
Defense Medical College, Tokorozawa, Saitama; the Graduate
School of Veterinary Medicine and Life Science, Nippon Veteri-
nary and Life Science University, Musashino-shi, Tokyo; the
National Center for Child Health and Development, Setagaya-
Ku, Tokyo; the Division of Blood Transfusion, Jikei University
Hospital, Minato-ku, Tokyo; and the Faculty of System Design,
Tokyo Metropolitan University, Hino, Tokyo, Japan.

Address reprint requests to; Yasuhiro K i, MD, PhD,
Research Institute, National Defense Medical College, 3-2
Namiki, Tokorozawa, Saitama 359-8513, Japan; e-mail:
ykanatan@ndme.ac.jp.

Received for publication May 8, 2007; revision received
August 13, 2007, and accepted August 21, 2007,

doi: 10.1111/j.1537-2995.2007.01571.x

TRANSFUSION 2008;48:561-566.

Volume 48, March 2008 TRANSFUSION 561

L1 =



YURA ET AL.

platelets. In contrast, SBA has low affinity for immature
stemn cells® and this selectivity can be utilized to accom-
plish stem cell enrichment.

T-lymphocyte depletion from marrow fluid can be
achieved by mixing cells with sheep RBCs and SBA to form
specific aggregates. This approach has facilitated success-
ful marrow transplantation by expanding hematopoietic
stem cells and reducing graft-versus-host disease
(GVHD).” Other trials have utilized a purging method with
polystyrene culture devices carrying covalently immobi-
lized SBA."

We have developed a novel cell separation system for
clinical use, with a combination of a galactose-bound
vinyl polymer (Gal-PV) and SBA. This system includes a
separating surface comprising a solid support, such as
a column, microbeads, or a culture plate, coated with
Gal-PV to bind blood cells via SBA (Fig. 1). This system has
several advantages: 1) it does not require use of unstable
mammalian RBCs such as sheep blood cells; 2) there is no
requirement for covalent immobilization of SBA, which
may reduce function; and 3) it is a simple method that
does not require expensive antibodies. In this study, we
examined the selectivity of sugar-PV—coated polystyrene
plates for collection of blood cells in the presence of SBA.
Mature peripheral blood cells (RBCs, lymphocytes, and

Sold support

granulocytes-monocytes) adhered preferentially to plates
coated with «-1,6-Gal-PV in the presence of SBA, whereas
primitive hematopoietic stem cells did not do so. There-
fore, this system might be useful for separation of blood
cells according to the stage of differentiation and the cell
lineage.

MATERIALS AND METHODS

We used a vinyl polymer (VP) containing «-1,6- and
B-14-linked galactose terminals to facilitate cell separa-
tion. VP containing an «-1,4-linked glucose terminal was
also synthesized as a conwol for a-1,6- and p-1.4-
galactose-bound vinyl polymer (Gal-VP). Sugar-VPs
(et-1,6-Gal-VP, B-1,4-Gal-VP, and «-1,4-Glu-VP) were pre-
pared via homopolymerization of N-p-vinylbenzyl-4-
0-g-n-galactopyranosyl-(1,6)-p-gluconamide (Seikagaku
Corp., Tokyo, Japan), and N-p-vinylbenzyl-4-0-p-p-
galactopyranosyl-(1,4)-p-gluconamide (Seikagaku)." The
sugar-VPs were obtained from NeTech, Inc., and their
structures are shown in Fig. 2.

For immobilization, an aqueous solution of sugar-VP
(10-500 mg/mL) was prepared by dissolving the required
amount of each sugar-VP in distilled water. Aliquots of the
solution were placed on a cell culture plate (Sumitomo

U
35

g

Mature cell

Mature cells are aftached lo the
Solid support with Gal-VP via SBA

Fig. 1. Schematic illustration of the cell separation system with Gal-VP and SBA.
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Fig. 2. Structures of sugar-VPs.
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Bakelite Corp., Tokyo, Japan) or mixed with microbeads
(Invitrogen, Carlsbad, CA) at room temperature for at least
2 hours. The solutien was then decanted and the plates or
microbeads were rinsed with PBS containing divalent
cations {(Ca® and Mg"™ Nissui Corp., Tokyo, Japan).

Fluarescein isothiocyanate (FITC; 1.28 x 107 mol;
Wako Pure Chemical Industries, Tokyo, Japan) and dibu-
tyltin dilaurate (Wako) were added to the sugar-VP solu-
tion (500 mg 107 mol monomer unit) in 5mL of
dehydrated dimethyl sulfoxide containing three drops of
dehydrated pyridine. The mixture was heated for 2 hours
at 90°C and then poured into an excess volume of ethanol.
The product was purified several times by dissolving in
water and precipitating with ethanol, and the FITC-
conjugated sugar-VP was finally collected by filtration.
One molecule of FITC was bound to every 40 structural
units of the polymer chain, as determined by fluorescence
spectrometry (RF-500 spectrophotometer, Shimadzu
Corp., Kyoto, Japan).

The amount of sugar-VP on the plates was estimated
as follows. Aqueous solutions of FITC-conjugated
sugar-VP were placed onto plates for the prescribed time
periods. The solution was then removed and the plates
were rinsed with distilled water. The plates were then soni-
cated with 500 mg per mL Tween 20 for 30 seconds. It was
confirmed that the adsorbed FITC-conjugated sugar-
VP had been completely removed from the plates after
treatment with Tween 20 and sonication. The amount of
FITC-conjugated sugar-VP was calculated from a linear
correlation with fluorescence. The symbols “+++," “++," or
“+" represent adsorption of sugar-VP or sugar (lactose and
galactose) to various materials at levels of 0.6, 0.6 to 0.4,
and 0.4 pg per cm?, respectively.

Peripheral blood samples (7 mL) were collected from
healthy volunteers into Vacutainer tubes containing eth-
ylenediaminetetraacetate (Terumo Corp., Tokyo, Japan).
Umbilical cord blood cells were collected after normal

labor at the National Center for Child
Health and Development. All blood
samples were obtained with informed
consent and were assayed within
24 hours. Specific interactions between
lymphocytes and sugar-VP in the pres-
ence or absence of SBA were examined
by flow cytometry with fluorescent anti-
CD3 and sugar-VP—coated microbeads.
To coat the microbeads with sugar-VP,
1 mL of fluorescent microbeads (diam-
eter 0.5 pm, 10 ng/mL, Invitrogen Corp.,
Carlsbad, CA) was added to an equiva-
lent volume of an aqueous solution of
sugar-VP (200 pg/mL). After incubation
at 4°C for at least 4 hours, the fluores-
cent beads were washed twice by cen-
trifugation with PBS containing 0.1
percent sodium azide and 0.1 percent BSA and resus-
pended in 1 mL of PBS. Mononuclear cells (MNCs) were
obtained from peripheral blood of healthy adults by
density-gradient centrifugation with 1.077g per mL
Ficoll-Hypaque (Pharmacia, Uppsala, Sweden), The iso-
lated cells (10° cells) were suspended in 1 mL of divalent
cation-free PBS containing 0.1 percent sodium azide and
0.1 percent BSA and then incubated with PE-labeled anti-
CD3 (Becton Dickinson Labware, Franklin Lakes, NJ)
according to the manufacturer’s instructions. After being
washed with PBS, the cells were resuspended in PBS at a
final density of 10° cells per mL. A 10-mL aliquot of the
suspension of fluorescent beads and 10 mL of PBS con-
taining SBA (1 mg/mL, SBA L-1010-010, Vector, Burlin-
game, CA) were added to 100 mL of the cell suspension
and the mixture was incubated at 4°C for 30 minutes.
Fluorescence intensities of the cells treated with the anti-
body and the fluorescent beads were measured by flow
cytometry (FACScan, Becton Dickinson Immunocytom-
etry Systems, San Jose, CA)."

The selectivity of SBA for blood cells was evaluated
by testing cellular attachment to sugar-VP—coated plates.
When cell culture plates were treated with 100 pg per mL
aqueous sugar-VP for 2 hours, approximately 0.6 ug per
cm’ sugar-VP was immobilized on the plates. Cells
from human peripheral blood or cord blood were col-
lected as the mononuclear fraction after density-gradient
centrifugation. The collected cells were suspended in
PBS containing 0.1 percent (wt/vol) BSA and adjusted to
a final concentration of 2 x 10° cells per mL. The propor-
tion of adherent cells was calculated from the number of
unattached cells after incubation at 37°C for 30 minutes
in the presence of SBA. The phenotypes of T lympho-
cytes, natural killer (NK) cells, or hematopoietic stem
cells were assessed by flow cytometry with fluorescent
anti-CD3, anti-CD16, or anti-CD34 (Becton Dickinson
Labware).
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TABLE 1. Comparison of absorption of sugar-VPs or sugars to different materials
Polysty P bonate Polymethylpentene Polymethyimethacrylate Glass

Sugar-VPs

a-1,6-Gal-VP — S aad =+ + kid

#-1.4-Gal-vP . e - . ++

a-1,4-Giu-vVP s — -+ + —+
Sugars

Lactose ND - - ND -

Galactose ND = - ND -

RESULTS

Sugar-VPs (a-1,6-Gal-VP, p-1,4-Gal-VP,

TABLE 2. Selective adhesion of blood cells tsosciﬂ \6-Gal-VP—coated

plates in the presence of

and a-1,4-Glu-VP) adsorbed well to the

Adherent activity of blood cells on «1,6-Gal-VP(%)

surfaces of various materials, whereas

+SBA (300 pg/mi)

+SBA (800 pg/mi)

sugars (lactose and maltose) were not T lymphocytes

NK ceills

Granulocytes- RBCs CD34+ cells

monocytes

adsorbed (Table 1). o-1,6-Gal-VP gave

the same adsorption profile as those of Sae=100

69.6 + 22.3

100+0 100 + 0 208 = 11.0

B-1,4-Gal-VP and a-14-Glu-VP (data

not shown). Plates made of relatively

hydrophilic materials, such as glass, required a higher
concentration to obtain adequate adsorption of «-1,6-
Gal-VB, compared with hydrophobic materials such as
polystyrene (Fig. 3).

CD3+ Tlymphocytes exhibited increased binding
affinity for i-1,4-Gal-VP-coated microbeads in the pres-
ence of SBA (Figs. 4A and 4B). These cells, however, did not
bind o-1,4-Glu-VP-coated microbeads in the presence
(Fig. 4C) or absence (data not shown) of SBA. These find-
ings indicate that the interaction between sugar-VP and
SBA might be mediated by specific recognition of the galac-
tose moiety on the microbeads. To determine the specific-
ity of SBA for the sugar-VPs, we compared the adherent
activities of peripheral blood MNCs (PBMNCs) on a-1,6-
Gal-VP- and p-1,4-Gal-VP-coated plastic plates in the
presence of SBA. The adherent activity of PBMNCs on
a-1,6-Gal-VP-coated plates was higher than that on -1,4-
Gal-VP-coated plates at lower concentrations of SBA
(Fig. 5). A previous report showed that SBA exhibits prefer-
ential binding affinity for «-linked galactose compared to
B-linked galactose." Cell attachment following SBA adher-
ence reflects the specific recognition of sugar structures in
Gal-VP.

The adherent activity of RBCs or PBMNCs to w-1,6-
Gal-VP increased in a dose-dependent manner with
respect to SBA and differed among cell lineages. T lym-
phocytes, NK cells, granulocytes-monocytes, and RBCs
exhibited high adherent activity with a-1,6-Gal-VP-coated
plates in the presence of SBA (300 mg/mL), whereas most
CD34+ cells did not adhere, even in the presence of a
higher concentration of SBA (800 mg/mL) (Table 2). These
results suggest that a-1,6-Gal-VP-coated plates in combi-
nation with SBA can be used to separate blood cells and
especially CD34+ hematopoietic stem cells,
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Fig. 3. Representative adsorption profile of a-1,6-Gal-VP on
polystyrene (O) or glass (@) plates. Data points are means
from assays performed in triplicate.

DISCUSSION

We synthesized a novel material that allows separation of
hematopoietic stem cells with SBA, which has multiple
binding sites for sugar residues.' Reisner and coworkers®
succeeded in reducing the occurrence of GVHD after
allograft transplantation through selective depletion of
T lymphocytes by mixing a core of galactose-rich sheep
RBCs with SBA. The sheep RBCs, however, were required
for adhesion and separation, and this prevented satis-
factory degrees of stability, safety, and urility."* For this
reason, the sheep-RBC separation system has not become
a standard technique. In this study, we used a core mate-
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Fig. 4. PBMNCs were cultured with B-1,4-Gal-VP—coated microbeads in the p

(B) or absence (A) of SBA or a-1,4-Glu-VP—coated microbeads and SBA (C).
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Fig. 5. Proportion of adherent cells on a-1,6-Gal-VP—coated
(O) or B-1,4-Gal-VP-coated (@) plates. Data points are means
from assays performed in triplicate.

rial with a modified sugar-VP-coated surface for adhesion
and separation to overcome the limitations of lectin-
mediated separation.

Gal-VPs synthesized from galactose and vinyl mono-
mers can easily be modified to include sugar chains with
a-1,4-Gal-VP or a-1,6-Gal-VP structures. Such modified
polymers have similar physical properties, but exhibit dis-
tinct binding patterns based on the galactose residues.
The sugar-VPs are able to coat and glycosylate the surface
of various materials for medical use'® and show preferen-
tial adherence to hydrophobic plastic materials such as
polystyrenes.'® Sugar-VPs include a hydrophobic VP unit
and a hydrophilic sugar and have been shown to be effec-
tive for encapsulating and solubilizing insoluble pharma-
ceutical agents.'” The preferential adsorption of a VP on
hydrophobic materials such as polystyrene, polycarbon-
ate, or polymethylpentene, rather than polymethyl-
methacrylate or glass, is due to the hydrophobic
interaction between the polystyrene main chain of the VP
and the solid support.

Coating of the surface of polysty-
rene microbeads with B-1,4-Gal-VP
caused specific binding of the beads to
T lymphocytes in the presence of the
galactose-specific lectin, SBA. More-
over, these cells preferentially adhered
to a-1,6-Gal-VP-coated culture plates
in the presence of SBA. These findings
indicate that a-1,6-Gal-VP is effective
as a core material to selectively adhere
to and separate blood cells in the pres-
ence of SBA and that the selectivity
of a-1,6-Gal-VP is equivalent to that of
monoclonal antibodies. The order of
the adherent activity of blood cells
for SBA was RBCs> granulocytes/

monocytes > T lymphocytes > NK  cells > hematopoietic
stem cells, Expression of cell surface sugar chains
depends on the stage of cell differentiation and the cell
lineage,"'® and the results obtained from our system cor-
relate remarkably well with the lack of expression of
sugar chains on immature cells.

A recent study has shown that immunomagnetic bead
systems impair the function of CD34+ cells.” Although
SBA binds to marrow MNCs, however, including mature
myeloid, erythroid, and lymphoid cells, it has very low
binding affinity and no toxicity toward human hemato-
poietic cells.” SBA has also been used as a T-lymphocyte-
depleting agent before CD34+ cell collection because of
the absence of specific binding materials for SBA. Gal-VP
makes it possible 1o remove CD34+ cells from marrow
fluid without the use of expensive anti-CD34 and the
polymer is easily mounted on various solid supports.
Therefore, a cell separation system with Gal-VP and SBA
may be advantageous for CD34+ cell collection from both
clinical and economic perspectives.
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Accelerated Wound Healing in Healing-Impaired db/db Mice by
Autologous Adipose Tissue-Derived Stromal Cells Combined With
Atelocollagen Matrix

Masaki Nambu, MD,* Satoko Kishimoto, DVM, 1 Shingo Nakamura, PhD,} Hiroshi Mizuno, MD, PhD,§
Satoshi Yanagibayashi, MD,* Naoto Yamamoto, MD, PhD,* Ryuichi Azuma, MD,*
Shin-ichiro Nakamura, MD,* Tomoharu Kiyosawa, MD, PhD,* Masayuki Ishihara, PhD,}
and Yasuhiro Kanatani, MD, PhD7

Almru:l Adlposc nm—dcmod :ummal cells (ATSCs) have recently gained
as ap 1 source to bone marmow-derived
mns:nd\ynm] stem cells w:lh 4 proliferative capacity and a similar ability to
undergo multilineage differentiation. In this study, we evaluated the effective-
ness of freshly 1solated logous ATSCs-containing atelocollagen matrix with
silicon membrane (ACMS) on wound healing of diabetic (dh/db) mice.
Cultured ATSCs from (dh/db) mice secreted significant amounts of
growth factors and cytokines, which are suitable for wound repair. Two full
thickness round skin defects were made on the backs of healing-impaired
dbidb mice. Freshly isolated logous ATSCs-cc g ACMS or ACMS
alone were applied to the wounds. Twelve mice were treated and then killed
at | or 2 weeks (n = 6 each). Histologic sections of the wounds were
prep.u:d ut each m'rle perlod after treatment.
ex demonstrated significantly advanced granulation
tissue I"urrruuon capillary formation, and epithelialization in diabetic heal-
ing is treated with autologous ATSCs-containing ACMS,
wmparcd with mice treated with ACMS alone. These results suggested thar
| of autologous ATSCs-containing ACMS significantly accel-
em!cd wound healing in diabetic healing-impaired db/db mice.

Key Words: wound healing, adipose tissue-derived stromal cells, db/db
mice

(Ann Plast Surg 2009,62: 317-321)

L::ck of cellular and molecular signals required for normal wound
epair processes, such as inflammation, angiogenesis, contrac-
tion, deposition of extracellular matrix, granulation tissue formation,
epithelialization, and remodeling, may be major contributing factors
to poor healing of some wounds such as diabetic ulcers.! Numerous
strategies for coverage of such skin defects, including temporary
substitutes (porcine xenografts, synthetic membranes, atelocollagen
sponge, allogenic substitutes) and permanent skin substitutes (cul-
tured epidermis and dermal substitutes), have been investigated.”
Among them, artificial dermal substitutes, such as atelocollagen
matrix with silicon membrane (atelocollagen matrix with silicon
membrane [ACMS]; PELNAC; Johnson & Johnson, Tokyo, Japan),
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are structurally optimized to incorporate into surrounding tissue and
to allow cell invasion by fibroblasts and capillaries for subsequent
dermal remodeling.** Nevertheless, effective skin coverage is still
not established when the area is large or the local condition of the
recipient is poor, such as severe contamination, excessively poor
blood flow and vascularity, or for congenital skin disorders such as
epidermolysis bullosa.**

Mesenchymal stem cells have recently received widespread
attention because of their potential utility in wound repair and
tissuc-engineering app]ications. Bone marrow-derived mzsench)'-
mal stem cells are muitiputznt in that they differentiate in culture’
or after lmplantahon in vivo into many dll'ferenl cell types, includ-
ing Dsteoblasu chondrocytes,® adipocytes,” myotubes,'” and
neuronal cells.'" Although it is known that many tissues contain
lincage-committed progenitor cells for tissue maintenance and re-
pair, several studies have demonstrated the presence of uncommitted
progenitor cells within the matrix of connective tissues.'® For
instance, human adipose tissue-derived multilineage (stromal) cells
have the potential to differentiate into bone,'* cartilage,'* fat,'
myocardium,'® skin,'” skeletal muscle,'® and neurons.'**® No
significant differences were observed between adipose tissue-de-
rived stromal cells (ATSCs)and human bone marrow-derived mes-
enchymal stem cells (BMSCs) from the same patient for yield of
adherent cells, growth kinetics, cell senescence, differentiation ca-
pacity, or gene transduction efficiency.”’ Furthermore, it has been
reported that transplantation of human ATSCs-cultured constructs
significantly stimulated skin repair, angiogenesis, and re-epithelial-
ization in athymic mice when compared with human fibroblast-
cultured constructs.** The multipotent characteristics of ATSCs,
as well as their abundance in the human body, make these cells a
potential source in wound repair and tissue engineering applications.

A previous wound healing study using a mitomycin C-treated,
healing-impaired rat model has shown that application of inbred
ATSCs-containing ACMS onto an open wound significantly in-
duced granulation tissue and capillary formation, and accelerated
wound healing.>* To further evaluate the effectiveness of autol-
ogous ATSCs-containing ACMS, full thickness skin incisions were
made on the backs of healing-impaired diabetic (db/db) mice. The
present study demonstrated advanced granulation tissue formation,
capillary formation, and epithelialization in wounds applied with
autologous ATSCs-containing ACMS. Because of its ability to
accelerate wound healing, autologous ATSCs-containing ACMS
may become accepted as a wound dressing for healing-impaired
wound management.

MATERIALS AND METHODS

Isolation of ATSCs From Adipose Tissue of db/db Mice
Male mutant diabetic mice, CS7TBL/ks) db/db (CREA Japan
Inc, Tokyo, Japan) were used in this study. All mice were main-
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tamned on a standard laboratory diet and water ad libitum, and were
used experimentally when older than 10 weeks of age. Before the
start of the experiments, uninary glucose and protein were analyzed
using reagent strips (Uro-Labstrix, Bayer Medical Ltd, Tokyo,
Japan), and all of the db/db mice were diagnosed as scverely
diabetic.

Adipose tissue was obtained from the abdomen of db/db
mice. ATSCs were prepared as described previously,'? %3
Briefly, approximately | g of adipose tissue obtained from 1 db/db
mouse was washed extensively with 10 mL of phosphate-buffered
saline, and extracellular matrix was digested with 0.075% collage-
nase at 37°C for | hour. After adding Dulbecco Modified Eagle
Medium containing 10% fetal bovine serum and antibiotics (control
medium), samples were centrifuged at 1200g for 10 minutes. The
cell pellet was resuspended in medium and incubated at room
temperature for 10 minutes. After removing cellular remains through
a 100-um Nylon mesh, the cells were resuspended with control
medium and about 5 ¥ 10° cells were plated into round ACMS (1.5
cm in diameter; PELNAC, Gunze Corp, Kyoto, Japan). ATSCs-
containing ACMS were incubated in control medium at 37°C for 2
hours before transplantation. The yield of adhered cells (ATSCs)
was estimated to be about 46 % 10° cells per | g of adipose tissue
obtained from 1 db/db mouse,

Transplantation of ATSCs-Containing ACMS

Under general anesthesia using pentobarbital sodium (Dain-
ippon Sumitomo Pharma Co, Ltd, Osaka, Japan), the dorsal arca was
totally depilated and 2 full thickness round wounds (approximately
1.5 em in diameter) were created on the back of each db/db mouse
using a pair of sharp scissors and a scalpel. A freshly isolated
ATSCs-containing ACMS, or ACMS alone (control), were applied
to the wound by suture using 6-O nylon sutures (Kono Seisakusho
Co, Ltd, Chiba, Japan) (Fig. 1). The skin including the wound was
removed from each db/db mouse for histologic examination at 1
(Fig. 2) and 2 weeks (Fig. 3) posttreatment (n = 6 cach). These
animal experiments were approved and camried out following the
guidelines for ammal experimentation of the National Defense
Medical College, Tokorozawa, Saitama, Japan.

Epitholialization
Open Woung

Histology Section

Healing-impaired
dbvdb mouse

FIGURE 1. ATSCs-containing ACMS or ACMS only (control)
was applied to the wound by suture. After silicon mem-
branes were removed, skin including wounds was removed
and sectioned for histologic examination. Sections were
made perpendicular to the wound surface.
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ATSCs

FIGURE 2. Histologic examination of wound repair of ATSCs-
containing ACMS and ACMS only (control) wounds at 1
week after initial wounding. Photographs are representative
of 6 ATSCs-containing ACMS or control wounds stained with
H&E (second and third panels). Arrows show mature blood
vessels containing erythrocytes.

ATSCs

; 1 _: ﬁ 3';1 r .
FIGURE 3. Histologic examination of wound repair of ATSCs-
containing ACMS and ACMS only (control) wounds at 2
weeks after initial wounding. Photographs are representative
of 6 ATSCs-containing ACMS or control wounds stained with
H&E (second and third panels). Arrows show blood vessels
containing erythrocytes.

Histologic Examination

Removed skins including wound tissue were fixed in a 10%
formaldehyde solution, embedded in paraffin and sectioned in 4-um
increments (Yamato Kohki Inc, Asaka, Saitama, Japan). Sections
were made perpendicular to the anterior-posterior axis and perpen-
dicular to the surface of the wound. Sections were stained with
hematoxylin-eosin (H&E) reagent (Figs. 2, 3). For each section, a
randomized area (magnification, 100x) showing granulation and
capillary formation was photographed, and the thickness of granu-
lation formation and number of capillary lumens per microphoto-
graph was evaluated (Figs. 4, 5). Only mature vessels containing
erythrocytes were counted.

© 2009 Lippincott Williams & Wilkins
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FIGURE 4. In both ATSC-containing ACMS (black bars) and
control (white bars) wounds, a randomized area (magnifica-
tion, 100x) showing granulation at weeks 1 and 2 was pho-
tographed (third panels in Figs. 2 and 3), and the thickness
of granulation formation per microphotograph was evalu-
ated. Data represent the mean = SD of 6 determinations.
**Student ¢ test, P < 0.005.
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FIGURE 5. In both ATSC-containing ACMS (black bars) and
control (white bars) wounds, a randomized area (magnifica-
tion 100x) showing capillary formation at weeks 1 and 2
was photographed (third panels in Figs. 2 and 3), and the
number of capillary lumens per microphotograph was evalu-
ated. Data represent the mean = SD of 6 determinations.
*Student t test, P < 0.05. **Student ¢ test, P < 0.005.

Wound Closure Analysis

Digital photographs were taken | and 2 weeks after the
silicon membrane was removed. The silicone membranes of half of
the animals were removed after | week and the silicone membranes
of other half of the animals were removed after 2 weeks. Wound
closure was quantified by epithelialization rates (Fig. 1). Epithelial-
ization rates (%) were calculated by the equation “(1 — open wound
area/original wound area) X 100" (Table 1).

© 2009 Lippincott Williams & Wilkins
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TABLE 1. Epithelialization Rate (%)
Control ATSCs
1 wk 129 = 8.8 198 = 98
2 wk 57.8 %129 873 = 51*
Epithelialization rates (%) were calculated by the equation “{1 — open wound

area/onginal wound area) = 100" Data represent mean = SD.
*Student 1 test, P < 0.05

Growth Factor and Cytokine Quantification

ATSCs (1 x 10° were plated on 10-cm diameter plastic
dishes. ATSC-conditioned medium was collected 4 and 8 days after
plating. At the end of the culture period, supernatants were collected
and stored at —80°C until analysis. The presence of cytokines was
analyzed using the BioPlex system (Bio-Rad Laboratories Co,
Lid, Tokyo, Japan). The following cytokines were analyzed: inter-
leukin 6, granulocyte colony-stimulating factor, granulocyte-macroph-
age colony-stimulating factor, macrophage colony-stimulating factor,
basic fibroblast growth factor (b-FGF), platelet-denved growth factor
bb (PDGF-bh), and vascular endothelial growth factor (VEGF). Hepa-
locyte growth factor (HGF) levels in cell culture supematants were
measured using an ELISA kit (Institute of Immunology Co, Ltd, Tokyo,
Japan).

Statistical Analysis

Results are expressed as means + SD. A paired Student ¢ test
was used to determine the probability of significant differences. A
value of P < 0.05 was considered to be statistically significant.

RESULTS

Gross Observations

No sign of undesirable inflammation, infection, neovascular-
ization, or adipose tissue formation was observed in ATSCs-con-
taining ACMS-treated wounds. After the silicon membrane was
removed at 7 days, wound areas were recorded with the aid of a
digital camera. Because the presence of the silicon membrane in
ACMS negatively blocked the migration of keratinocytes, we did
not observe significant stimulation of epithehalization duning the
first week (Fig. 2 and Table 1), However, the wound at 2 weeks
significantly enhanced re-epithelialization during wound healing
compared with control wounds (Fig. 3 and Table 1).

Granulation Tissue Thickness

Only minor stimulation of granulation was observed in the
ATSCs-containing ACMS at | week. However, significant stimula-
tory effects were shown on granulation in the ATSCs-containing
ACMS at 2 weeks.

Capillary Number

Significant sumulatory cffects on capillary formation were
demonstrated mn the ATSCs-containing ACMS wounds both at | and
2 weeks (Fig. 5). Only minor effects on capillary formation were
observed in ACMS-treated control wounds.

Growth Factor and Cytokine Quantification

Cultured ATSCs from db/db mice secreted significant
amounts of growth factors and cytokines such as interleukin 6,
b-FGF, PDGF-bb, VEGF, and HGF at 4 and 8 days (Fig. 6).
Generation of growth factors might be suitable for regenerative
ATSC therapy in the healing-impaired wound,
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FIGURE 6. Growth factors and cytokines present in cell cul-
ture supernatants were analyzed on day 4 (white bars) and
day 8 (black bars). Data represent the mean * SD of dupli-
cate samples from 3 culture supernatants. **Student f test,

P < 0.005.

-

Secreted amounts (pg/ml)
g

C57BL/ks] (db/+) Mice

The effects of ATSCs-containing ACMS, or ACMS alone,
were also assessed in the wounds of C37BL/ks] (db/+) mice, the
normal heterozygous littermates of db/dh mice (CREA Japan Inc,
Tokyo, Japan). No statistically significant differences between treat-
ments were observed throughout the entire study period regarding
granulation, epithelium, and capillary formation (data not shown).
Thus, the introduction of ATSCs into ACMS had little stimulatory
effect on normal wound healing.

DISCUSSION

It is well known that many adult tissues contain lineage-
committed progenitor cells for tissue maintenance and repair. Mes-
enchymal stem cells derived from bone marrow have been shown to
be multiputem in that they differentiate in culture® or after implan-
tation in vivo.”'" Similarly, we and others previously reported that
adipose tissue- derived stromal cells (ATSCs) isolated from adipose
tissue possess the ability to produce cartilage and bone matrix.'*'*
In this study, we showed that freshly isolated, undifferentiated
autologous ATSCs-containing ACMS can enhance formation of
granulation tissue, epithelium, and vascularization in full thickness
wounds of healing-impaired diabetic (db/db) mice and can contrib-
ute to dermal regeneration. This finding demonstrates that ATSCs
seeded in ACMS may provide a novel and abundant autologous cell
source for developing tissue-engineering approaches to repair heal-
ing-impaired, deep, and chronic wounds.

Wound healing proceeds in 3 overlapping phases, namely (i)
inflammation, (ii) proliferation, including g:a.nulauon tissue forma-
tion, and (iii) matrix formation and remodeling.”* This sequential
process requires interaction of cells in the dermis and epidermis, as
well as release of chemical mediators from inflammatory cells,
fibroblasts and keratinocytes. Proliferation of mesenchymal cells
and capillaries, as well as the influx of macrophages into granulation
tissue, serves to replace lost dermis and to provide substrates and
inducers for re-cpithelialization. Although the mechanism responsi-
ble for impaired wound healing in db/db mice is not completely
understood, it is likely that the presence of macrophages has a
significant effect on the formation of wound granulation tissue, and
that macrophage accumulation is impaired in db/db mice. ** Further-
more, a defect in vascular endothelial growth factor expression may
be associated with any wound-healing disorder.™®
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We used noncultured, autologous ATSCs-containing ACMS
to enhance wound healing of db/dh mice in this study. ATSCs-
containing ACMS has potential advantages over other cellular
dermal substitutes for clinical use. Large quantities of ATSCs could
be obtained from human adipose tissue by liposuction under local
anesthesia, so cell multiplication under expensive and laborious
cell-culture conditions would not be required. Approximately 5 %
10° cells per 1 g of adipose tissue could be obtained from human
adipose tissue by liposuction (data not shown). In contrast to a
cultured dermal substitute, our ATSCs-containing ACMS can be
prepared within a few hours in a clinical setting. Furthermore, our
ATSCs-containing ACMS allows the use of autologous cells
(ATSCs), which prevents risks of transmitting infectious diseases
and cellular rejections.

When ACMS alone was applied to an open wound in db/db
mice, minor effects were demonstrated on granulation tssue forma-
tion, epithelialization, and capillary number. However, parameters
such as granulation tissue thickness, epithelium, and vessel forma-
tion were significantly increased in the autologous ATSCs-contain-
ing ACMS-treated wounds at | or 2 weeks in the db/db mice. Thus,
the addition of autologous ATSCs to ACMS enhanced granulation
tissue, epithelium, and capillary formation in healing-impaired
wounds. Interestingly, cultured ATSCs secreted a number of angio-
genic cytokines such as b-FGF, PDGF-bb, VEGF, and HGF at levels
that are bioactive (Fig. 6). Introduced ATSCs in vivo could also
up-regulate expression of these growth factors by autocrine and/or
paracrine actions in the wound. However, the fate of the seeded
autologous ATSCs into healing-impaired wounds, differentiation
of autologous ATSCs, and interactions between seeded autologous
ATSCs and their environment are subjects of further investigation.
Preliminary experiments indicate that the majority of seeded autol-
ogous ATSCs incorporate into the regenerated granulation tissues

It is interesting to note that addition of autologous ATSCs
into ACMS had only minor effects on the degree of healing in
normal (dh/+) mice (data not shown). Although the mechanism
responsible for this is not completely understood, it is likely that the
presence of macrophages has a significant effect on the formation of
wound granulation tissue,”* and that enough macrophages accumu-
late in dh/+ mice. Thus, it is possible that db/+ mice have a
sufficient amount of growth factors in the wound and wound fluid to
achieve a maximal rate of healing, and therefore only a minor
increase in wound repair is possible upon application of autologous
ATSCs. On the other hand, the wound closure assay and histologic
examinations used in this study might not be sensitive enough to
detect small effects.

In conclusion, although the mechanism responsible for im-
paired wound healing in db/db mice is not completely understood,
wound healing experiments using the db/db mouse model have
shown that application of autologous ATSCs-containing ACMS
onto an open wound induced significant granulation tissue, epithe-
lium, and capillary formations, which accelerated wound healing.
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Cre-loxP System as a Versatile Tool for
Conferring Increased Levels of Tissue-Specific
Gene Expression From a Weak Promoter
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ABSTRACT  Attempts to image reporter gene
expression driven by weak promoters are often
hampered by the poor transcriptional activity of
such promoters. Most tissue-specific promoters are
weak compared with stronger but constitutively
expressing viral promoters. In this study, we validated
methods of enhancing the transcriptional activity of
weak promoters using a Cre-/oxP system in vitro and
in vivo. We constructed a tester vector, pCTL, which
carries a strong systemic cytomegalovirus enhancer/
chicken P-actin promoter (CAG), loxP-flanked CAT,
and firefly luciferase (luc) cDNAs. Herpes simplex
virus-thymidine kinase (HSV-tk) promoter was used as
a weak and systermnic promaoter and ligated to Cre for
construction of pTC. Luc activity was higher (about
10-fold enhancement) in co-transfected (with pCTL
and pTC) than in singly (with HSV-tk promoter-driven
lue expression vector pTL) transfected NIH3T3 cells.
In vivo electroporation-mediated gene delivery of both
pCTL and pTC into murine oviductal epithelium
yielded results (about 16-fold enhancement) similar
to those obtained with in vitro-transfected NIH3T3
cells. To evaluate tissue-specific enhancement of
gene expression, podocyte (glomerular visceral epithe-
lial cell)-specific nephrin promoter was ligated to
the Cre gene or luc cDNA to create pNC and pNL,
respectively. We achieved 2.4-fold improvement of
luc gene expression in the mouse kidney in vivo
when pCTL and pNC were co-transfected via the
tail vein via the lipoplex method. The combination
of a weak tissue-specific promoter with the Cre-loxP
system could thus be used to enhance the strength
of tissue-specific promoters in vitro and in vivo. Mol
Reprod. Dev. 75: 1085-1093, 2008.
© 2007 Wiley-Liss, Inc.

@ 2007 WILEY-LISS, INC.

Key Words: Cre-loxP system; EGFP; fluorescent
protein; weak promoter; luciferase; liposome; electro-
poration

INTRODUCTION

Targeted gene expression mediated by cell-type-
specific promoters is one of the current challenges in
the fields of gene therapy, transgenesis, cell trafficking,
and regenerative medicine. A significant challenge for
successful studies in these fields is to achieve high levels
of expression of therapeutic genes confined to specific
cell types; however, most tissue-specific promoters are
weak compared to those derived from stronger but
constitutively expressing viral promoters.

Several approaches have been developed to improve the
transcriptional activity of weak promoters. For example,
Nettelbeck et al. (1998) reported a novel strategy, termed
“positive feedback loop”, which isinitiated by transeription
from a cell-specific promoter. This is achieved by using a
cell-type-specific promoter to drive simultaneous expres-
sion of the desired effector/reporter gene product and a
strong artificial transcriptional activator [i.e., VP16 (viral
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transactivator)/LexA fusion transactivation factor|. This
transeriptional activator in turn stimulates transcription
through binding sites such as that for VP16/LexA fusion
protein in the promoter. Using this method, they achieved
from 14-fold to >100-fold enhancement of expression of
a target protein. Iyer et al. (2001) developed a method
similar to that of Nettelbeck et al. (1998), termed the “two-
step amplification (TSTA) system”, which can simulta-
nepusly amplify expression of both a target gene and a
reporter gene, using a relatively weak promoter and
GAL4-VP16 system. Since their report, evidence for
augmentation of tissue-specific gene expression using
TSTA-based systems has been provided by others
(Emiliusen et al., 2001; Koch et al., 2001; Sato et al.,
2003; Lyer et al., 2004, 2005; Ray et al., 2004; Lee et al.,
2006; Liu et al., 2006; Dzojic et al., 2007). The use of small
regulatory elements such as splice-signals (Brinster et al.,
1988; Choi et al., 1991), serum response factor (SRF)
sequence (Lietal., 1999, 2004), or the wood chuck hepatitis
virus post-transeriptional regulatory element (WPRE)
(Glover et al., 2002, 2003; Hermening et al., 2004) in
combination with tissue-specific but weak promoters is
known to elicit enhanced transgene expression. The latter
two approaches have, however, only been used in viral
vector systems.

Kaezmarezyk and Green (2001) first developed a
Cre-loxP-based method for enhancement of tissue-
specific gene expression. They constructed a single
vector in which an expression unit containing a
relatively weak but tissue-specific promoter+ Cre
recombinase gene had been linked to another expression
unit containing a very strong promoter + loxP-flanked
sequence (stopper) + a target gene of interest. By trans-
fection of this vector into cultured cells, high levels
of gene expression (300-fold amplification) from the
tissue-specific promoter could be achieved as a result
of Cre-induced transcriptional activation. Although
this system appears to be relatively simple and
basically effective for augmentation of the strength
of a weak promoter, construction of a single vector
into which all components related to the Cre-loxP
system are included appears to be laborious and time-
consuming. Furthermore, Kaczmarczyk and Green
(2001) did not demonstrate the effectiveness of their
system in vivo.

In this study, we intended to extend the work of
Kaczmarezyk and Green (2001) with a co-transfection
approach. The advantage of this approach is that it
does not require construction of a single vector in
which all the necessary materials must be included
for Cre-mediated gene expression. Furthermore, the
target gene can be expressed in any tissue desired, if
a vector carrying the systemic and strong promoter,
loxP-flanked sequence and a target gene is transfected
in combination with a construct carrying a Cre gene
linked to the upstream tissue-specific promoter. We
validated the Cre-loxP-based co-transfection approach
in vitro and in vivo, and found that this approach
is adequate for enhancement of a weak tissue-specific
promoter.

MATERIALS AND METHODS
Construction of Vectors

Nine constructs with three different promoters were
constructed with the pBluescript SK(-) plasmid back-
bone (Stratagene, LaJola, CA) (Fig. 1A). The reporter
plasmids, pCTL and pCTE, were constructed by replac-
ing the 3-kb lacZ gene in pCAG-CAT-Z (Araki et al.,
1995) with a 2.7-kb luciferase (luc) eDNA isolated from
pMAMneo-LUC (CLONTECH Labhoratories, Inc., Palo
Alto, CA) and 0.9-kb enhanced green fluorescent protein
(EGFP) cDNA (CLONTECH Laboratories, Inc.), respec-
tively. pTC was constructed by combining 0.3-kb herpes
simplex virus-thymidine kinase (HSV-tk) promoter
(isolated by digestion with Eco Rl and Hin dIII from
p396/21-5 [Sato et al., 1993]) with the 1.5-kb NCre gene
(carrying nuclear location signal in the region of the
5 end of the Cre gene) isolated from pMBP/NCre
(Sato et al., 1999), It was used as a positive vector for
expression of Cre. pNC (=pTK174, kindly provided
by Dr. Taiji Matsuzaka, Tokai University, School of
Medicine, Japan) was constructed by ligating a ca.
5-kb fragment containing mouse nephrin promoter
region and the 1st intron and a portion of the 1st exon
to the NCre gene. The size of the nephrin promoter is
almost the same as shown by Moeller et al. (2000} who
reported that this promoter region conferred podocyte
(glomerular visceral epithelial cell)-specific expression
of a target gene in the transgenic mice. pNL was
constructed by replacing the NCre gene in pNC by lue
cDNA. pTL and pCL were constructed by inserting luc
cDNA downstream of the HSV-tk and CAG (comprised
of cytomegalovirus enhancer and chicken [-actin
promoter) promoters, respectively. For expression of
EGFP, we constructed pTE plasmid by inserting EGFP
¢DNA downstream of the HSV-tk promoter. pCE-29
plasmid (Sato et al., 2002), a CAG promoter-driven
EGFP expression plasmid, was also used as a positive
vector for expression of EGFP in murine cells. All
Jjunctions were confirmed by sequencing.

Cells and Transfection

NIH3T3 cells were first seeded onto 6-well gelatin-
coated dishes (#4810-020; Iwaki Glass Co., Tokyo,
Japan) at a density of 10° cells/well 1 day before
transfection and grown in Dulbecco’s modified Eagle's
medium (DMEM; Invitrogen Co., Carlsbad, CA) supple-
mented with 10% fetal bovine serum (FBS; Invitrogen
Co.) at 37°C in an atmosphere of 5% CO, in air at
37°C. For transfection of a single plasmid, four pg
of plasmid DNA was mixed with 8 ul of Lipofectamine
2000 (#11668-027; Invitrogen Co.) in Dulbecco's modi-
fied phosphate-buffered saline without Ca*" and Mg?",
pH 7.4 [PBS(-)], and a total of 100 pul selution was
prepared according to the manufacturer’s protocol. For
co-transfection, two plasmids (3 pg for each) + phRL-SV
(0.03 pg; Promega Co., Madison, WI) were mixed with
12 pl of Lipofectamine 2000 in PBS(—). For transfection
using a single vector, six pg of vector + phRL-SV
(0.03 pg) were mixed with 12 pl of Lipofectamine
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Fig. 1. A: Gene constructs used in this study. All constructs contain
the 2nd intron, 3rd exon, and 3'-noncoding region from rabbit [--globin
(indicated by black solid line) or 1st intron of chicken [lactin gene
(indicated by blue solid line). Luciferase and EGFP ¢DNAs were used as
reporter genes. To stop mRNA synthesis, all constructs contain poly(A)
sites from rabbit [-globin or SV40 gene. CAG, cytomegalovirus
enhaneer ¢ chicl factin p . CAT, chloramphenicnl acetyl-
transferase gene; EGFP, enhanced green fluorescent protein ¢cDNA;
lue, luciferase cDNA; NCre, nuclear location signal + Cre gene; Neph,
nephrin promoter + noncoding st exon + 1st intron + a portion of 2nd

2000 and used. These DNA/liposome complexes were
added to the cell culture and incubated for 1 day at 37 C.
After transfection, cells were observed for fluorescence,
as described below. Transfections were performed in
triplicate.

Observation for Fluorescence

Cells were observed using an Olympus BX60 fluo-
rescence microscope (Olympus, Tokyo, Japan) with
DM505 flters (BP460-490 and BA5101F), which were
used for EGFP monitoring, For detection of luoreseence
in dissected oviducts, an Olympus BX40 dissecting
microscope was used, Microphotographs were taken
using a digital camera (FUJIX HC-300/0L; Fuji
Film, Tokyo, Japan) attached to the fluorescence micro-
scope and printed out using a Mitsubishi digital
color printer (CP700DSA; Mitsubishi, Tokyo, Japan).
Images captured using the digital camera were
imported into Adobe photoshop for assembly of the final
figures,
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exon; pA, polylA) site of rabbit fl-globm gene; SV pA. polylA) sites
of SV40 gene; TK, HSV-tk promoter. B: Schematic representation
of Cre-mediated recombination in pCTL. Before recombination, the
loxP-Aanked CAT sequence 15 expressed under control of the CAG
promoter in cells carrying pCTL, while the lue cDNA is silent. When
co-transfection of pCTL and pNC is performed for renal tissues,
Cre-mediated recombination will result in deletion of the CAT sequence
and expression of lue ¢cDNA in a podocyte-specific manner. Arrows
above and beneath the construct indicate primers used for PCR.

FACS Analysis

Twenty-four hours after transfection, the cells were
washed twice with PBS( ) and dissociated with trypsin/
EDTA. After centrifugation, the cells were resuspended
at 3 = 10° cells/ml in PBS(—-)/0.1% FBS and stored on ice
for a maximum of 1 hr before analysis. Then 2 pg/ml
of propidium iodide (PI; Sigma Co. Ltd.) was added
immediately prior to flow cytometry. Acquisition was
performed on a FACSCalibur system (BD Bioscience,
Heidelburg, Germany) and samples were analyzed
using Cell Quest Pro software (BD Bioscience). In each
experiment, 10,000 counts were evaluated. Cells exhi-
biting Pl uptake were considered dead and excluded
from analysis of EGFP-positive cells by gating on PI-
negative cells.

PCR Analysis

Isolation of genomic DNA from transfected oviducts
was performed as previously described (Sato et al,



