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configuration than that resulting from the binding of piog-
litazone. This three-dimensional change in protein configu-
ration may prevent the association of PPAR-y with the
PPAR-vy responsive element previously reported.

What do stimulatory effects of telmisartan depend on? It
is postulated that telmisartan may bind and activate
PPAR-a. PPAR-a is expected to be a crucial transcrip-
tional factor for adiponectin gene expression, because in
the assay system used in this study bezafibrate, a PPAR-
o agonist, was found to stimulate adiponectin transcription
(data not shown). It has also been reported that adminis-
tration of bezafibrate increased both the mRNA and
plasma level of adiponectin [34,35].

The present study indicates that telmisartan stimulates
adiponectin transcription by a PPAR-y independent mech-
anism. Identification of this mechanism, could lead to the
development of a new drug for hypoadiponectinemia,
which is commonly seen in metabolic syndrome and type
2 diabetes. Precise understanding of this molecular mecha-
nism will require further investigation.
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Interaction of penton base Arg-Gly-Asp motifs with
integrins is crucial for adenovirus serotype 35 vector
transduction in human hematopoietic cells
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Most subgroup B adenoviruses (Ads), including adenovirus
(Ad) serotype 35 (Ad35), bind to hurman CDA46 as a receptor;
however, the infection processes of subgroup B Ads
following attachment to CD46 remain to be elucidated.
Subgroup B Ads possess Arg-Gly-Asp (RGD) motifs in the
penton base, similarly to subgroup C Ad serotypes 2 and 5.
In this study, we examined the role of penton base RGD
motifs in Ad35 vector-mediated transduction in human
hematopoietic cells. Inhibition of interaction between integ-
rins and the RGD motifs by divalent cation chelation and a
synthetic RGD peptide reduced the transduction efficiencies
of Ad35 vectors; however, the amounts of cell-associated
vector DNA of Ad35 vectors at 4 or 37°C were not

Keywords: adenovirus serotype 35; penton base; integrins;

Introduction

Human adenoviruses (Ads) are nonenveloped, double-
stranded DNA viruses currently containing 51 serotypes,
which are classified into six distinct subgroups (A-F).
Among these serotypes, adenovirus (Ad) vectors based
on Ad serotype 5 (Ad5), which belongs to subgroup C,
are the most commonly used for gene therapy and have
been the most extensively studied, including studies of
their transduction mechanisms. As the first step for the
entry of Ad5 vectors into cells, the fiber knob binds to the
primary receptor, coxsackievirus-adenovirus receptor
(CAR). After binding to CAR, Arg-Gly-Asp (RGD) motifs
located in the penton base interact with cellular integrins,
including «,B;,% a.ps, o.fs,>* osPy,® and amp.,® leading to
the internalization of Ad5 vectors via clathrin-coated
pits. In these transduction processes, binding to CAR is
the most crucial determinant of the transduction effi-
ciency of Ad5 vectors, and Ad5 vector-mediated gene
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decreased by divalent cation chelation or the RGD peptide.
Mutation of penton base RGD motifs réduced the transduc-
tion efficiencies of Ad35 vectors, although the amounts of
cell-associated vector DNA of Ad35 vectors at 4 or 37°C
were not altered by mutation of penton base RGD motifs in
Ad35 vectors. Furthermore, preincubation with several types
of anti-integrin antibodies significantly inhibited Ad35 vector-
mediated transduction. These results suggest that interaction
between integrins and penton base RGD motifs plays a
crucial role in Ad35 vector-mediated transduction in hema-
topoietic cells, probably in the post-internalization steps.
Gene Therapy advance online publication, 6 September 2007;
doi:10.1038/sj.0t.3303019

RGD motif; hematopoietic

transfer to cells lacking CAR expression is inefficient.
Regrettably, several important target cells for gene
therapy, including hematopoietic stem cells,” dendritic
cells® and malignant tumor cells®'® express low or
negligible levels of CAR.

On the other hand, most subgroup B Ads, including
Ad serotype 11 and 35 (Ad35), attach to human CD46 as
a receptor.”’* Human CD46 is ubiquitously expressed in
almost all human cells, leading to the broad tropism of
subgroup B Ad vectors in human cells, one of the
subgroup’s advantages. In particular, hematopoietic
cells, which are important targets for gene therapy but
resistant to Ad5 vectors, are susceptible to subgroup B
Ads.>® Infection of subgroup B Ads is initiated by the
attachment of the fiber knob to short consensus repeats 1
and 2 of human CD46.'*'® However, the infection
process of subgroup B Ads following binding to CD46
is poorly understood. Elucidation of the transduction
mechanism would lead to more effective applications
and improvements of subgroup B Ad vectors. Previous
studies demonstrated that subgroup B Ads possess an
RGD motif in the penton base similarly to Ad5,"**' and
that CD46 is associated with some of the integrins on the
cell surface,”” which caused us to hypothesize that
interaction between penton base RGD motifs and
integrins plays an important role in subgroup B Ad
vector-mediated transduction.
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In this study, we examined the involvement of
interaction between integrins and penton base RGD
motifs in subgroup B Ad35 vector-mediated transduction
in human bone marrow-derived CD34* cells and human
leukemia cell line K562 cells, both of which have been
shown to be highly susceptible to Ad35 vectors.'®2324
Human bone marrow-derived CD34* cells are an
important target for gene therapy, because the CD34*
cells are a fraction that contains hematopoietic stem cells.
We found that inhibition of the interaction between
integrins and penton base RGD motifs did not alter total
amounts of cell-associated vector DNA of Ad35 vectors
at 4 or 37 °C; however, it significantly reduced the
transduction efficiencies of Ad35 vectors, suggesting that
interaction between integrins and penton base RGD
motifs is largely involved with Ad35 vector-mediated
transduction, probably in postinternalization steps.

Results

Several types of integrins are expressed on human
bone marrow-derived CD34* cells and K562 cells
First, we performed flow cytometric analysis to examine
which types of integrins are expressed on human bone
marrow-derived CD34* cells and K562 cells. Flowcyto-
metric analysis demonstrated that the CD34 cells and
K562 cells both expressed high levels of integrins os
(95%; CD34* cells, 100%; K562 cells) and B, (99%; CD34*
cells, 86%; K562 cells) (Figure 1). Integrins o, o and B,
were also expressed in the CD34* cells, but hardly
detected in K562 cells. Integrins o, B; and o, Bs, which are
well known as second receptors for Ad5 vectors,>* were
expressed in low levels in both cells (a.ps; 13 and 20% in
CD34* cells and K562 cells, respectively; a.ps; 2 and 17%
in CD34" cells and K562 cells, respectively).

Divalent cations are required for Ad35 vector-mediated
transduction

Next, to examine involvement of integrins in Ad35
vector-mediated transduction, the hematopoietic cells
were transduced with Ad35 vectors in the presence of
EDTA or divalent cations. The affinity between integrins

and their ligands is regulated by divalent cations.®-*”
Notably, Mn** is reported to largely promote the binding .
of ligands to integrins. Transduction efficiencies of an
Ad35 vector expressing an enhanced green fluorescence
protein (GFP) (Ad35GFP) in K562 cells were significantly
reduced in the presence of EDTA (Figure 2a). Treatment
with 5 mM EDTA decreased GFP expression by 80%. On
the other hand, Mn** significantly increased the trans-
duction efficiencies of Ad35GFP in K562 cells, while
exposure to Mg or Ca?* did not affect the transduction
efficiencies of Ad35GFP (Figure 2b). These results
suggest that integrins are involved with Ad35 vector
infection. Transduction experiments using the CD34*
cells were also tried; however, pretreatments with EDTA
or divalent cations largely reduced the viability of the
CD34* cells (data not shown).

To investigate the mechanisms of EDTA-mediated
decrease and the Mn?*-mediated increase in transduction
efficiencies of Ad35 vectors, cellular binding and uptake
of Ad35GFP in the presence of EDTA or Mn?* was
assessed by real-time PCR. Exposure to 5 mM EDTA or
Mn?* did not increase the total amounts of Ad35 vector
genome associated with K562 cells at 4 °C 1.5 h following
infection, indicating that cellular binding of Ad35GFP is
not affected by divalent cations (Figure 3). In addition,
the cells treated with EDTA or Mn** also showed no
change in the amounts of cell-associated Ad35 vector
DNA at 37 °C (the sum of cellular binding and uptake of
Ad35GFP). These results suggest that postinternalization
steps in Ad35 vector-mediated transduction are affected
by EDTA and Mn?".

Penton base RGD motifs are involved with Ad35
vector-mediated transduction

To examine whether the RGD motifs in the Ad35 penton
base are involved with Ad35 vector-mediated transduc-
tion in the CD34* cells and K562 cells, the cells were
transduced with Ad35GFP in the presence of synthetic
RGD peptide. Transduction with Ad35GFP was signifi-
cantly suppressed by the RGD peptide in a dose-
dependent fashion in the human CD34" cells and K562
cells (Figure 4). The GFP expression levels by Ad35GFP
in the CD34* cells and K562 cells were respectively
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afy afy Oy g g B,
- y 100 7 180 100
- 13% 2% o 98% - = B7% e 36%
(8.75) i (8.84) (94.77) ! (43.31) (29.80)
A lam § 3 © j w! E ™
lu |16 a0 “ & -« -l f ,ﬂ\ ™ ﬂ‘
1 \ oy
= ™ L \
"l Ve - g o ; ':l ;:!‘f ':14-’ %
w W W W o W W W W W W w e W o W W W W W w @
Fin

-é Flae V20 Flm
2
= K562 cells
S|™ T 0% I e N e - . e ™
“"l' (4.36) lr (4.29) 2.1) "'% (56.01) 1 " 238 "1 1 (56.44)
170 " L we ! i Iy 130l oo o
p_lk g i" ! SO > | g
i g | - - by ' w | . I H > .
W o o w ow e e e w0 e W W W e W W W @ T T T T A T T T T
nan S Lt Py Al L% 2

Integrin Expression Levels

Figure 1

Flow cytometric profiles of integrin expressions on human bone marrow-derived CD34- cells and K562 cells. The cells were stained

with monoclonal anti-integrin antibodies, followed by a phycoerythrin-labeled secondary antibody, and subsequently analyzed by a flow
cytometry (thick line). As a negative control, cells were incubated with an isotype control antibody (shaded histogram). Percentages of
positive cells (and mean fluorescence intensities) are shown by number in the upper right-hand corner of each profile.
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Figure 2 Effects of divalent cations on Ad35 vector-mediated transduction. (a) Ad35GFP-mediated transduction in the presence of EDTA.
K562 cells were transduced with Ad35GFP at 1000 VP per cell for 1.5h in the presence of EDTA at the indicated concentrations. GFP
expression levels were measured using flow cytometry 48 h after transduction. The GFP expression levels (mean fluorescence intensity; MFI)
in the absence of EDTA (control) and the mock-infected cells were 107.6 and 2.4, respectively. (b) Ad35GFP-mediated transduction in the
presence of Mn*", Mg?* or Ca®* ions. K562 cells were preincubated in TBS buffers containing MnCl., MgCl; or CaCl; at indicated
concentrations for 30 min and then transduced with Ad35GFP at 1000 VP per cell. The transduction experiments were performed as
described above. The GFP expression level (MFI) in TBS buffer (control) and the mock-infected cells were 119.3 and 2.3, respectively. The data
were normalized to the GFP expression levels (MFI) in K562 cells, which were preincubated in TBS buffer prior to transduction (control). Data
_are expressed as means+s.d. (n=3 or 4). *P<0.05, **P<0.001 in comparison with the control. TBS, Tris-buffered saline.
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a 180 mE b 1go- 56267 9 of the RGD peptide, compared with the presence of the
4 160 o 160 control RGE peptide.
B o 140 j§=_140 =] Next, to clarify why coincubation with the RGD
< B0 281207 peptide decreases the transduction efficiencies of Ad35
= § 100 £ § 100 ~ vectors, we evaluated cellular binding and uptake of
Ty 80 Ty B0 Ad35 vectors in the presence of the RGD peptide. As
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§"o: e 2% 1 motifs with Ad35 vector-mediated transduction, we
0T 1 @ ¥ 40 1 constructed Ad35 vectors containing the RGE sequence
& W % g instead of RGD in the penton base (D343E) (Ad35RGE-
© 20 © ] J GFP) or a deletion of the RGD motifs in the penton base
0 - < ; 0 r s (Ad35ARGD-GFP) (Table 1). Final yields of Ad35RGE-
&° *3 & \53 GFP and Ad35ARGD-GFP were comparable to those of
o? (9@\1‘ < 6:3‘ Ad35GFP (data not shown). The CD34* cells exhibited
o

Figure 3 Effects of divalent cations on cellular binding and uptake
of Ad35 vectors in K562 cells. K562 cells were incubated with
Ad35GFP in the presence of 5 mM EDTA (a, b) or 5 mM Mn** (¢, d)
as described in Figure 2. After incubation, the cells were washed
and total DNA, including Ad vector DNA, was recovered. The
vector copy number was quantified using real-time PCR. The data
were normalized to the vector copy number when transduced with
Ad35GFP in Tris-buffered saline buffer. Data are expressed as
means +5.d. (n =4). GFT, green fluorescence protein.

approximately 80% reduction in GFP expression follow-
ing transduction with Ad35RGE-GFP and Ad35ARGD-
GFP at 6000 vector particles (VP) per cell (Figure 6a). In
K562 cells, Ad35RGE-GFP and Ad35ARGD-GFP
mediated approximately 35% reduced GFP expression
compared with Ad35GFP at 3000 VP per cell (Figure 6b).
Transduction with each Ad35 vector at lower doses
resulted in similar transduction profiles to those shown
here in the CD34~ cells and K562 cells (data not shown),
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Figure 4 Inhibition of Ad35 vector-mediated transduction by synthetic RGD peptide. Human CD34" cells (a) and K562 cells (b) were
transduced with Ad35GFP at 3000 VP per cell for 3 h (human CD34" cells) or at 1000 VP per cell for 1 h (K562 cells) at 37 °C in the presence of
RGD peptides. GFP expression levels were measured 48 h after transduction by flow cytometry. Data were normalized to the GFP expression
levels (MFI) in the presence of control RGE peptide. The GFP expression levels (MFI) in the presence of control RGE peptide (CD34* cells;
200 pg ml~", K562 cells; 1000 pg mI—') were 198.2 (CD34* cells) and 748.9 (K562 cells). The GFP expression levels (MFI) in the mock-infected
cells were 2.3 (CD34* cells) and 2.9 (K562 cells). The Data are expressed as means+s.d. (n=3). *P<0.05, **P<0.001 in comparison with
control RGE peptide. MFI, mean fluorescence intensity; RGD, Arg-Gly-Asp.
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Figure 5 Cellular binding and uptake of Ad35GFP in the presence
of RGD peptide. Human CD34" cells (a, b) and K562 cells (c, d) were
incubated with Ad35GFP in the presence of RCD peptide
(200 pg ml~') as described in Figure 4. After incubation, the cells
were washed, and total DNA, including Ad vector DNA, was
recovered. The vector copy number was quantified using real-time
PCR. The data were normalized to the vector copy number of
Ad35GFP in the presence of control RGE peptide. Data are
expressed as meants.d. (n=4). GFP, green fluorescence protein;
RGD, Arg-Gly-Asp; RGE, Arg-Gly-Glu.

suggesting that the transduction efficiencies of the Ad35
vectors at these doses would not be saturated. Apparent
toxicities were not observed in the cells after transduc-
tion at these doses (data not shown). These results
indicate that penton base RGD motifs are largely
involved with Ad35 vector-mediated transduction in
both cells.
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Table 1 Mutation in the penton base of Ad35 vectors

Ad35 vectors Amino-acid sequence of penton
base

Ad35GFP (conventional Ad35) —NAGEVRGDNFAPT—

Ad35RGE-GFP (an amino acid —NAGEVRGENFAPT—

substitution)

Ad35ARGD-GFP (deletion of RGD —NAGEV ---------

motif) NFAPT—

Abbreviations: Ad, adenovirus; GFP, green fluorescence protein;
RGD, Arg-Gly-Asp.

Next, we compared the cellular binding and uptake of
Ad35GFP, Ad35RGE-GFP and Ad35ARGD-GFP in the
CD34* cells and K562 cells by real-time PCR analysis to
examine why the mutation of penton base RGD motifs
decreased the transduction efficiencies. We found that
3 h (CD34" cells) or 1.5 h (K562 cells) following infection,
the Ad35 vector genome levels associated with both cells
were comparable to those of Ad35GFP, Ad35RGE-GFP
and Ad35ARGD-GFP at 4 and 37 °C (Figure 7), although
the amount of Ad35ARGD-GFP associated with the
CD34" cells at 37 °C was significantly higher than those
of the other vectors. These results indicate that penton
base RGD motifs play an important role in postinterna-
lization steps.

Integrins a,f4, . fis and as are involved with Ad35
vector infection

To determine which types of integrins participate in
Ad35 vector infection in the CD34* cells and K562 cells,
we performed an infection-blocking experiment using
several anti-integrin antibodies. Among the several anti-
integrin antibodies, incubation with anti-,Bs antibody
significantly reduced the GFP expression level by 41% in
the CD34* cells (Figure 8a). The other types of anti-
integrin antibodies did not inhibit Ad35 vector-mediated
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Figure 6 Effects of modification of penton RGD motifs on
transduction efficiencies of Ad35 vectors. Human CD34"* cells (a)
and K562 cells (b) were transduced with Ad35GFF, Ad35RGE-GFP
and Ad35ARGD-GFP at 6000 VP per cell for 6 h (human CD34*
cells) or at 3000 VP per cell for 1.5h (K562 cells) at 37 °C. GFP
expression levels (MFI) were measured 48h after transduction
using flow cytometry. The GFP expression levels of Ad35GFF in the
CD34" cells and K562 cells were 432.4 and 3232.7, respectively. The
GFP expression levels in the mock-infected cells were 3.2 (CD34°
cells) and 3.3 (K562 cells). The data were normalized to the GFP
expression levels by Ad35GFP. Data are expressed as means +s.d.
(n=3). "P<0.001 in comparison with Ad35GFP. GFP, green
fluorescence protein; MFI, mean fluorescence intensity; RGD, Arg-
Gly-Asp.
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Figure 7 Effects of modification of penton RGD muotifs on cellular
binding and uptake of Ad35 vectors. Human CD34" cells (a, b) and
K562 cells (¢, d) were incubated with Ad35GFP, Ad35RGE-GFP and
Ad35ARGD-GFP as described in Figure 6 at 4 or 37°C. After
incubation, the cells were washed five times with ice-cold
phosphate-buffered saline, and total DNA, including the Ad vector
DNA, was extracted. The vector copy numbers were quantified by
real-time PCR. The data were normalized to the vector copy number
of Ad35GFP. Data are expres:‘ed as means+s.d. (n=4). *P<0.05 in
comparison with Ad35GFP. GFF, green fluorescence protein; RGD,
Arg-Gly-Asp.
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Figure 8 Inhibition of Ad35 vector-mediated transduction by
monoclonal anti-integrin antibodies. Human CD34* cells (a) and
K562 cells (b) were transduced with AdA35GFP at 3000 VP per cell
for 3 h (human CD34* cells) or at 300 VP per cell for 0.5 h (K562
cells). GFP expression levels were measured 48 h after transduction
using flow cytometry. The GFP expression levels (MFI) in the
presence of control IgG were 427.0 (CD34* cells) and 24.9 (K562
cells). The GFP expression levels in the mock-infected cells were 2.8
(CD34* cells) and 2.7 (K562 cells). The data were normalized to the
GFP expression levels (MFI) in human CD34" cells and K562 cells in
the presence of control mouse IgG. Data are expressed as
means+s.d. (n=3). *P <0.05, **P<0.01 in comparison with control
IgG. GFP, green fluorescence protein; IgG, immunoglobulin G; MFI,
mean fluorescence intensity

transduction in the CD34" cells. In K562 cells, Ad35GFP
showed 20, 30 and 22% reduced levels of GFP expression
in the presence of anti-o,f, -o.Bs and -us antibodies,
respectively (Figure 8b). Pretreatment with anti-o, and
anti-o, antibodies in K562 cells also significantly
decreased GFP expression by Ad35GFP, in spite of
undetectable expression levels of these integrins in
K562 cells (see Figure 1). These results indicate that the
integrins described above are involved with Ad35
vector-mediated transduction in the CD34* cells or
K562 cells.

Discussion

The goal of this study was to evaluate the involvement of
interaction between penton base RGD motifs and
integrins on the cell surface with Ad35 vector-mediated
transduction in human hematopoietic cells. To this end,
we performed transduction with Ad35 vectors in
hematopoietic cells in the presence of EDTA, divalent

5
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cations and RGD peptide. Ad35 vectors with a mutation
in the penton base were constructed, and transduction
properties of the mutant Ad35 vectors were examined.
Furthermore, Ad35 vectors transduced hematopoietic
cells in the presence of several types of anti-integrin
antibodies.

The interaction of penton base RGD motifs with o,
integrins is well known to facilitate the internalization of
Ad5 vectors via clathrin-mediated endocytosis.*® Several
types of integrins, such as o,B;, o.ps and o.p,, mediate
efficient transduction with Ad5 vectors.?~® The structures
of the Ad5 fiber and penton base allow easy access of
penton base RGD motifs to integrins on the cell surface.
AdS possess a long (22 B-repeats), and flexible fiber
shaft.***" The RGD-containing hypervariable loop of the
Ad5 penton base is longer than those of other sero-
types,®*' and protrudes above the penton base®' In
contrast, the fiber shaft of Ad35 is short (7 B-repeats).*
The hypervariable loop of the Ad35 penton base is 19
amino-acid shorter than that of Ad5. These properties of
Ad35 suggest that the RGD motifs in the Ad35 penton
base might be less easily associated with integrins on the
cell surface. The present study indicates that the
interaction of penton base RGD motifs in Ad35 with
integrins is not largely involved with the cellular binding
and uptake of Ad35. Segerman et al.** and Tuve et al.*
also demonstrated that the presence of divalent cations,
which increases the affinity of integrins to their ligands,
did not affect the cellular binding of subgroup B Ads.
Properties of CD46 also contribute to the lack of necessity
of interaction between penton base RGD motifs and
integrins for uptake of Ad35. Gaggar et al." suggested
that CD46 is not only an attachment receptor, but also a
receptor for internalization of Ad35. The cytoplasmic tail
of CD46 possesses a signal sequence for endocytosis.™

The experimental method used in this study does not
allow exact evaluation of the internalized Ad35 vector
copy numbers, because the amounts of the vector copy
numbers at 37 °C contains both the virus particles
attached on the cell surface and those truly internalized
into the cells. However, it is unlikely that the amounts of
Ad35 vector particles bound on the cell surface are
dramatically different between 4 and 37 °C, because
CD46 expression levels on the cell surface did not
decrease at the Ad35 vector dose used in this study
(data not shown). Therefore, we can roughly estimate
that the amounts of the internalized Ad35 vector
particles are not dramatically different in the presence
or absence of EDTA, Mn?* or the RGD peptide, assuming
that the amounts of the Ad35 vector particles bound on
the cell surface at both temperatures are the same.

However, interaction of penton base RGD motifs with
integrins might facilitate the internalization rates of
CD46-utilizing Ad vector particles into cells, especially
shortly after virus infection. Deletion of penton base
RGD motifs in chimeric Ad5 vectors containing the Ad35
fiber knob showed 15-min delays in the postinfection
uptake of the vectors.*® Ad serotype 41, which lacks an
RGD motif on the penton base, undergoes delayed
uptake in A549 cells.”

On the other hand, inhibition of interaction between
the RGD motifs and integrins significantly decreased the
transduction activity of Ad35 vectors, indicating that
binding of the RGD motifs to integrins is largely
involved with the transduction process of Ad35 vectors.
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Our group also confirmed that fiber-substituted Ad5
vectors bearing the fiber shaft and knob of Ad35 with
deletion of penton base RGD motifs showed reduced
transduction efficiencies compared with the parent fiber-
substituted Ad5 vectors (data not shown). Shayakhme-
tov et al.*® also demonstrated that mutation of penton
base RGD motifs in chimeric Ad5 vectors containing the
fiber knob of Ad35 significantly decreased the transduc-
tion efficiencies. These results indicate that penton base
RGD motifs are important for transduction with not only
subgroup B Ad vectors, but also CD46-utilizing chimeric
Ad5 vectors. It remains unclear which process is
facilitated by interaction between Ad35 penton base
RGD motifs and integrins. However, the present study
revealed that interaction of the RGD motifs with
integrins did not significantly enhance cellular binding
and uptake of Ad35, suggesting that postinternalization
steps, such as escape from endosomes/lysosomes, would
be accelerated by the interactions. This hypothesis is
supported by the study by Shayakhmetov et al.,** which
demonstrated that deletion of penton RGD muotifs in
chimeric Ad5 vectors possessing the fiber knob of Ad35
decreased escape from the endosomes/lysosomes. The
interaction of a.fs integrins with penton RGD motifs was
reported to enhance the escape of Ad5 from endosomes.*

Although significant decreases in the transduction
activities were found in Ad35 vectors with a mutation of
the RGD motifs, Ad5 vectors with deletion of penton
base RGD motifs exhibited approximately comparable
levels of transgene expression in CAR-positive cells with
normal Ad5 vectors.**?* The difference between Ad5 and
Ad35 vectors in their need for penton base RGD muotifs
for efficient transduction might be due to the difference
in their ability to escape from endosomes. Ad5 vectors
are released from endosomes immediately after endo-
cytosis; in contrast, chimeric Ad5 vectors possessing the
fiber knob of Ad35, which are supposed to show similar
intracellular trafficking to Ad35 vectors, remained longer
in late endosomes/lysosomes than conventional Ad5
vectors.*

Blocking studies using anti-integrin antibodies re-
vealed that integrins involved with Ad35 vector infection
are a,B; in the CD34* cells and a,Ba, a.ps and a5 in K562
cells (anti-o, and anti-z, antibodies showed statistically
significant inhibition in Ad35 vector-mediated transduc-
tion; however, expressions of oy and o, integrins are
below detectable levels, as commented in the result
section). Before the experiments, we had speculated that
asP, integrin was mainly involved with Ad35 vector-
mediated transduction, because human bone marrow

-CD34* cells expressed integrins os and B,. In addition,

the affinity of ligands to integrins is influenced by the
amino acid following the RGD sequence while the
RGDN (Arg-Gly-Asp-Asn) sequence, which is contained
in the Ad35 penton base, has a high affinity for o.f,
integrin.®® However, the efficiencies of Ad35GFP trans-
duction did not decrease in the presence of anti-us or
anti-B, antibodies in the CD34* cells, although preincu-
bation with anti-as antibody reduced transduction of
Ad35GFP in K562 cells. It remains unclear why osp,
integrin is not involved with Ad35 vector infection in the
CD34* cells. In addition, only the anti-a,f; antibody
inhibited transduction with Ad35 vectors in the CD34~
cells, and anti-integrin antibodies used in this study
showed low levels of inhibition in both cells. Other types

T




of integrins which were not tested in this study, or
unknown receptor(s), might be involved with Ad35
infection.

In summary, we demonstrated that the interaction
between penton base RGD motifs and integrins are
important for Ad35 vector-mediated transduction in
hematopoietic cells. The results of our study contribute
to a better understanding of the mechanism of Ad35
vector-mediated transduction and may offer valuable
information for the development of more efficient Ad
vectors.

Materials and methods

Cells and antibodies

Human bone marrow-derived CD34" cells (Cambrex Bio
Science Inc.,, Walkersville, MD, USA) were recovered
from the frozen stock 16-18 h before transduction, and
suspended in StemSpan 2000 containing the cytokine
cocktail StemSpan CC100 (human Flt-3 ligand
(100 ng ml~"), human stem cell factor (100 ng ml-1),
human interleukin-3 (20 ng ml~*) and human interleu-
kin-6 (20 ng ml1~")) (StemCell Technologies Inc., Vancou-
ver, BC, Canada). K562 cells (human chronic myelo-
geneous leukemia from blast crisis) were maintained in
RPMI 1640 medium supplemented with 10% fetal calf
serum. Purified function-blocking monoclonal antibodies
to integrins o,fa (LM609), oBs (P1F6), as (P1D6), B,
(P4C10) and B, (P4H9-A11) were purchased from
Chemicon International (Temecula, CA, USA). Mono-
clonal antibodies to integrin oy (HP2/1) and o (GoH3)
were obtained from Immunotech (Marseille, France) and
R&D Systems Europe (Abingdon, UK), respectively.

Plasmids

Ad35 vector plasmid pAdMSI8 was constructed as
follows. The Shfl/Ascl fragment of pAdMS1,"® which is
the left end of the Ad35 genome (1-7930 bp), was ligated
with the Sbfl/ Ascl fragment of pFS2,’® resulting in pFS2-
Ad35-12. pF52-Ad35-12 was cut by SnaBl and Pacl, and
ligated with oligonucleotides 1 (5-TAACTATAACGGTC
CTAAGGTAGCGAATTTAAATATCTATGTCGGGTGCG
GAGAAAGAGGTAATGAAATGGCAAT-3) and 2 (5'-T
GCCATTTCATTACCTCTTTCTCCGCACCCGACATAG
ATATTTAAATTCGCTACCTTAGGACCGTTATAGTTA-3')
(I-Ceul, Swal and PI-Scel recognition sequences are noted
by underlining, italics and bold, respectively), resulting
in pF52-Ad35-13, which contains 1-Ceul, Swal and PI-Scel
sites in the E1 deletion site of the Ad35 genome. The I-
Ceul/Ascl fragments of pFS2-Ad35-13 and pAdMS4*
were ligated, resulting in pAdMS18. pAdMSI18 has I-
Ceul, Swal and PI-Scel sites in the E1 deletion region
(AE1:450-2912 bp).

Vector plasmids pAdMS19 and pAdMS20, which were
used to generate Ad35 vectors containing an amino-acid
substitution in the penton RGD sequence (D343E) or a
deletion of the RGD motif in the penton base, respec-
tively, were constructed using the following procedures.
pFS5-Ad35-2 was constructed by ligation of the Ascl/
EcoRl fragment (793021944 bp) of the Ad35 genome
and the Ascl/EcoRI fragment of pFS55. pFS5 was
constructed by ligation of Xbal/Sacl-digested pHM5*
with the oligonucleotides containing the multicloning
sites. A shuttle plasmid pF54, which contains the
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multicloning  site, Pmel/Ascl/Nhel/Bst11071/Csp451/
Pacl/Not], was digested with Sphl/Csp451 and ligated
with the Sphl/Csp45] fragment of pFS5-Ad35-2, resulting
in pFS4-Ad35-1. pFS4 was constructed by ligation of
Sphl/Sall-digested pHM5 with oligonucleotides contain-
ing the multicloning site. pF54-Ad35-2, which has the
Ad35 genome (14 409-15544 bp), was constructed by
ligation of Bst11071/Csp451 fragments of pF54-Ad35-1
and pFS4. Then, pFS4-Ad35-2 was cut by Poull and Pst],
and ligated with oligonucleotides 3 (5-CTGCTGCA
GAAGCTAAGGCAAACATAGTTGCCAGCGACTCTAC
AAGGGTTGCTAACGCTGGAGAGGTCAGAGGAGAG
AATTTTGCGCCAACACCTGTTCCGACTGCA-3') and 4
(5"-GTCGGAACAGGTGTTGGCGCAAAATTCTCTCCTC
TGACCTCTCCAGCGTTAGCAACCCTTGTAGAGTCGC
TGGCAACTATGTTTGCCTTAGCTTCTGCAGCAG-3')
(the RGE sequence is underlined), resulting in pFS4-
Ad35-5. pF54-Ad35-5 was digested with Sphl/Poull and
ligated with the Sphl/Povull fragment of pFS4-Ad35-1,
resulting in pF54-Ad35-6. pF54-Ad35-7, which was
constructed by ligation of the I-Ceul/Blpl fragment of
pFS5-Ad35-2 and 1-Ceul/Blpl-digested pFS54-Ad35-6,
were cut by SgrAl/Pacl and ligated with the SgrAl/Pacl
fragment of pFS5-Ad35-2, resulting in pF54-Ad35-9.
Finally, pAdMS19 was constructed by homologous
recombination of the Ascl/Pacl fragment of pFS4-Ad35-
9 with Bst1107I-digested pAdMSI8 in Escherichia coli
BJ5183. pAdMS20 was similarly constructed using
oligonucleotides 5 (5-CTGCTGCAGAAGCTAAGGCA
AACATAGTTGCCAGCGACTCTACAAGGGTTGCTAA
CGCTGGAGAGGTCAATTTTGCGCCAACACCTGTTCC
GACTGCA-3) and 6 (5'-GTCGGAACAGGTGTTGGCG
CAAAATTGACCTCTCCAGCGTTAGCAACCCTTGTA
GAGTCGCTGGCAACTATGTTTGCCTTAGCTTCTGCA
GCAG-3').

Virus

The Ad35 vectors were prepared by means of an
improved in vitro ligation method described pre-
viously.2**4° GFP-expressing Ad35 vector plasmids
(pAdMS18CA-GFP, pAdMS19CA-GFP and pAdMS20CA-
GFP) were constructed by ligation of I-Ceul/Pl-Scel-
digested pAdMS18, pAdMS19 and pAdMS20, respec-
tively, and I-Ceul/PI-Scel-digested pHMCAS-GFP.
pHMCAS-GFP was constructed by insertion of the GFP
gene, which was derived from pEGFP-N1 (Clontech,
Mountain View, CA, USA) into pHMCAS5.*!

To generate the virus, pAdMS18CA-GFP, pAdMS19-
CA-GFP and pAdMS20CA-GFP were digested with Sbfl
and purified by phenol-chloroform extraction and
ethanol precipitation. Linearized plasmids were trans-
fected into 293E1B cells*? with SuperFect (Qiagen,
Valencia, CA, USA) according to the manufacturer’s
instructions. Determination of virus particle titers was
accomplished spectrophotometrically by the method of
Maizel et al.*® :

Flow cytometric analysis of integrin expressions

Human CD34* cells and K562 cells suspended in staining
buffer (phosphate-buffered saline buffer containing 1%
bovine serum albumin) were incubated with mouse anti-
human integrin o.Bs, o, Bs, o4, ts, o, By and B, antibodies
for 1h. Subsequently, the cells were reacted with
phycoerythrin-labeled secondary anti-mouse IgG anti-
body (Pharmingen, San Diego, CA, USA). After washing

-~
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with the staining buffer, the stained cells (10* cells) were
analyzed using FACSCalibur and CellQuest software
(Becton Dickinson, Tokyo, Japan).

Transduction experiments

Human CD34* cells and K562 cells were seeded at
1x10* cells per well into a 96-well plate. The cells were
transduced with Ad35GFP, Ad35RGE-GFP or
Ad35ARGD-GFP at 6000 VP per cell for 6 h (CD34" cells)
or 3000 VP per cell for 1.5h (K562 cells). After a 48 h
culture period, GFP expression levels were measured
using flow cytometry as described above.

To examine the effects of divalent cations on Ad35
vector-mediated transduction, K562 cells were preincu-
bated in Tris-buffered saline buffer containing MnCl,,
MgCl, or CaCl; at indicated concentrations for 30 min at
4 °C prior to transduction. Subsequently, the cells were
transduced with Ad35GFP at 1000 VP per cell for 1.5 h at
37 °C. After a 1.5 h incubation, the cells were washed and
resuspended in a fresh medium. GFP expression levels
were measured using flow cytometry following a total of
48 h of the incubation as described above. In blocking
experiments using the RGD peptide, human CD34* cells
and K562 cells were preincubated in the medium
containing synthetic RGD peptide (GRGDSP, GRGESP;
TaKaRa, Osaka, Japan) at 4 °C for 1 h. Subsequently, the
cells were transduced with Ad35GFP at 3000 VP per cell
for 3 h (CD34" cells) or 1000 VP per cell for 1 h (K562
cells) at 37 °C after which the cells were washed,
resuspended in a fresh medium and incubated at 37 °C
GFP expression levels were measured 48 h after trans-
duction as described above. Blocking experiments were
similarly performed using monoclonal anti-human in-
tegrin antibodies. Following incubation with anti-human
integrin antibodies (50 pg ml~"), the cells were trans-
duced with Ad35GFP at 3000 VP per cell for 3 h (CD34*
cells) or 300 VP per cell for 0.5h (K562 cells). GFP
expression levels were evaluated as described above.

Cellular binding and uptake of Ad35 vectors

For evaluation of effects of divalent cations on cellular
binding and uptake of Ad35 vectors, K562 cells, which
were seeded at 3 x 10° cells well ' into a 48-well plate,
were incubated with Ad35GFP in the presence of 5 mM
EDTA or Mn?* for 1.5 h at 4 or 37 °C as described above.
The cells were then recovered and washed five times
with ice-cold phosphate-buffered saline, and total DNA,
including the Ad vector DNA, was extracted from the
cells using DNeasy Tissue Kit (Qiagen). Quantitative
real-time PCR was performed as described previously.”
In transduction-blocking experiments using the RGD
peptide, human CD34" cells and K562 cells were
incubated with Ad35GFP at 4 or 37 °C in the presence
of 200 pg ml~" of the RGD peptide for 3 h (CD34"* cells)
or 1.5h (K562 cells) as described above. Following
incubation, the cells were washed and the vector genome
numbers were measured by real-time PCR analysis, as
described above. The amounts of vector genome of
Ad35GFP, Ad35RGE-GFP and Ad35ARGD-GFP were
similarly evaluated following incubation with Ad35GFT,
Ad35RGE-GFP and Ad35ARGD-GFP at 6000 VP per cell
for 3 h (CD34" cells) or 3000 VP per cell for 1.5 h (K562
cells) at 4 or 37 °C.
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We previously reported that CD31P" 8" cells, which were
sorted from cultured AC133* cells of adult peripheral blood
cells, differentiated more efficiently into endothelial cells than
CD31° cells or CD31™ cells, suggesting that CD31""#™ cells
may be endothelial precursor cells. In this study, we found that
CD31°78" cells have a strong ability to release cytokines. The
mixture of vascular endothelial growth factor (VEGF), thrombo-
poietin (TPO), and stem cell factor stimulated ex vivo expansion
of the total cell number from cultured AC133" cells of adult
peripheral blood cells and cord blood cells, resulting in incre-
mentation of the adhesion cells, in which endothelial nitric
oxide synthase and kinase insert domain-containing receptor
were positive. Moreover, the mixture of VEGF and TPO
increased the CD31°"#" cell population when compared with
VEGF alone or the mixture of VEGF and stem cell factor. These
data suggest that TPO is an important growth factor that can
promote endothelial precursor cells expansion ex vivo.

Neovascularization is an important adaptation to rescue tissue
from critical ischemia. Postnatal blood vessel formation was for-
merly thought to be primarily due to the migration and prolifera-
tion of preexisting, fully differentiated endothelial cells, a process
referred to as angiogenesis. Recent studies provide increasing evi-
dence that circulating bone marrow-derived endothelial progeni-
tor cells (EPCs)® contribute substantially to adult blood vessel for-
mation (1-5). Cell therapy using EPCs is widely performed to
rescue tissue damaged due to critical ischemia.

Although EPCs have been thought to be derived from many
kinds of cells, cells characterized as CD34™ (6), AC133% (7, 8),
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ence research from the Japanese Ministry of Health, Labor, and Welfare,
and in part by a grant-in-aid for Research on Health Sciences focusing on
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SCF, stem cell factor; G-CSF, granulocyte colony-stimulating factor; GM-
CSF, granulocyte macrophage-colony stimulating factor; IL, interleukin;
PI3K, phosphatidylinositol 3-kinase; VEcad, vascular endothelial cadherin;
eNOS, endothelial nitric oxide synthase; FBS, fetal bovine serum; STAT,
signal transducers and activators of transcription; JAK, Janus kinase; KDR,
kinase insert domain-containing receptor,
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and CD14" (9) are also thought to differentiate to EPCs. The
main role of EPCs has been thought to be the release of angio-
genic factors such as interleukin-8 (IL-8), granulocyte colony-
stimulating factor (G-CSF), hepatocyte growth factor, and vas-
cular endothelial growth factor (VEGF) (9). To obtain a
sufficient number of EPCs for the treatment may be very impor-
tant in cell therapy for critical ischemia.

On the other hand, EPCs are mobilized from bone marrow by
many substances such as G-CSF (10), granulocyte macrophage-
colony stimulating factor (GM-CSF) (5), VEGF (3), erythropoi-
etin (11-13), and statins (14, 15) in vive. Toget as many EPCs as
possible without unduly burdening the patient, it is desirable to
establish efficient expansion methods for EPCs in vitro.

Thrombopoietin (TPO), initially identified as the primary
regulator of platelet production (16), plays an important and
nonredundant role in the self-renewal of and expansion meth-
ods for hematopoietic stem cells (17-19). Recently, TPO has
been found to exert a proangiogenic effect on cultured endo-
thelial cells (20). The mechanism by which hematopoietic cyto-
kines support revascularization in vivo, however, remains
unknown. TPO has increased the number of colony-forming
units-granulocyte-macrophage (21) and of burst-forming
units-erythroid (22) in vivo and leads to a redistribution of col-
ony-forming units-erythroid from marrow to spleen. More-

~over, TPO acts in synergy with erythropoietin to increase the

growth of burst-forming units-erythroid and the generation of
colony-forming units-erythroid from marrow cells (21, 23, 24).
In our previous study (25), we isolated AC133" cells

"and examined their endothelial differentiation in Vitro.

CD31(PECAM-1)* and CD31""#" cells appeared at an early
stage of the in vitro differentiation of AC133™ cells, and
CD31%7#"¢ cells derived from AC133" cells were identified as
the precursors of endothelial cells because CD31° 8" cells had
differentiated more efficiently to endothelial cells than others.
Therefore, we conclude that CD31°8" cells derived from
AC133" cells possess the typical character of EPCs. In this
study, we analyzed the effects of TPO on the appearance of
CD31°M cells from AC133" cells, and we show that TPO
plays an important role in in vitro EPC expansion.

EXPERIMENTAL PROCEDURES

Reagents—Recombinant TPO and recombinant stem cell
factor (SCF) were kindly provided by Kirin-Amgen Inc. (Thou-
sand Oaks, CA). Recombinant human VEGF was purchased
from Strathmann Biotec AG (Hamburg, Germany). The AC133
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magnetic cell sorting kit and phycoerythrin (PE)-conjugated
anti-CD133/2 antibody were from Miltenyi Biotec (Gladbach,
Germany). Allophycocyanin-conjugated anti-CD110 (TPO
receptor) antibody, fluorescein isothiocyanate (FITC)-conju-
gated anti-CD31 monoclonal antibody, FITC-conjugated anti-
CD34 monoclonal antibody, and anti-STAT3 monoclonal anti-
body were from Pharmingen. Phycoerythrin-conjugated
vascular endothelial cadherin (VEcad/CD144) antibody was
from Beckman Coulter (Marseilles, France). Anti-vascular
endothelial growth factor receptor-2 (Flk-1/KDR) monoclonal
antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
and anti-human endothelial nitric oxide synthase (eNOS)
rabbit polyclonal antibody (Cayman Chemical, Ann Arbor,
MI) were obtained. Anti-phospho-Akt (Ser-473) antibody,
anti-Akt antibody, and anti-phospho-STAT3 (Tyr-705)
antibody were from Cell Signaling Technology (Beverly,
MA). Fibronectin (FN)- and type IV collagen-coated dishes
were purchased from Iwaki Co., Tokyo, Japan. Phyco-
erythrin-conjugated anti-CD14 antibody was from DakoCy-
tomation (Glostrup, Denmark).

Preparation of Peripheral Blood Mononuclear Cells—Human
cord blood was kindly supplied by the Metro Tokyo Red Cross
Cord Blood Bank (Tokyo, Japan) with informed consent. The
buffy coat fraction was prepared from voluntary donated
human blood of Saitama Red Cross of Japan (Saitama, Japan).
The blood sample was diluted with phosphate-buffered saline
(PBS) containing 2 mm EDTA and was loaded on a Lym-
phoprep™ tube (Axis-Shield PoC AS, Oslo Norway) (den-
sity = 1.077). After being centrifuged for 20 min 800 X g at
18 *C, mononuclear cells were collected and washed with sort-
ing solution (PBS supplemented with 2 mm EDTA and 0.5%
bovine serum albumin).

Flow Cytometric Analysis of AC133 and CD34 Expression in
Mononuclear Cells—To eliminate the dead cells, dead cells
were stained with 7-amino actinomycin D. Mononuclear cells
were labeled with PE-conjugated anti-AC133 monoclonal anti-
body and FITC-conjugated anti-CD34 monoclonal antibody
simultaneously at 4 °C for 30 min. After washing with the sort-
ing solution, flow cytometric analysis was performed with a
FACSCalibur (BD Biosciences).

Magnetic Cell Sorting of AC133" Cells—Mononuclear cells
were labeled with magnetic bead-conjugated anti-AC133 antibod-
ies according to the protocol directed by the manufacturer. After
the brief wash with the sorting solution, the cells were separated by
a magnetic cell separator (autoMACS, Miltenyi Biotec, Gladbach,
Germany), and the positive cells were then collected.

Culture of AC133" Cells—Isolated AC133™ cells were cul-
tured in EBM-2 (Cambrex Corp., East Rutherford, NJ) medium
containing 20% heat-inactivated FBS and 30 mg/liter kanamy-
cin sulfate at 37 °C under moisturized air containing 5% CO,
with 50 ng/ml VEGF as control medium. Control medium con-
taining VEGF was added with TPO, SCF, or both. Cells were
plated on FN- or type IV collagen-coated dishes at a cell density
of ~10° cells/ml. We have previously shown that EPCs can
tightly adhere to an FN-coated dish but weakly to type IV col-
lagen-coated dish (25). Analysis of adherent EPCs was per-
formed on FN-coated dish and that of suspended EPCs on type
IV collagen-coated dish. Half of the medium was exchanged
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once every 3—4 days with fresh medium. Adherent cells on
FN-coated dish were fixed with ethanol chilled to —20 “C and
then subsequently subjected to an immunostaining procedure
or other treatments. Cells on type IV collagen-coated dish were
subsequently subjected to flow cytometric analysis.

Immunostaining of Adherent Cells—After fixation with
chilled ethanol (—20 °C), the cell layer was washed three times
with PBS. Cells were incubated with 1% bovine serum albumin
in PBS (—) for 1 h at 4 °C for blocking and then with each first
antibody in 1% bovine serum albumin in PBS (—) for 1 hat4 °C.
After washing with PBS, the cells were incubated with FITC-
conjugated anti-mouse IgG antibody or rhodamine-conjugated
anti-rabbit IgG antibody for 1 h at 4 °C. Cells were washed with
PBS and then examined using a Zeiss LSM 510 microscope with
an excitation wavelength of 488 nm and an emission of 530/30
nm for FITC or 570/30 nm for rhodamine.

In every experiment, we used nonspecific immunoglobulin
corresponding to the first antibody species as a control and
confirmed that the cells were not stained with control immu-
noglobulin. The fluorescence intensity of 20 randomly selected
cells was calculated using the Scion Image program within the
linear range for quantitation.

Analysis of Cytokines in the Supernatant of CD31°"¢"* and
CD31* Cells—The expression of CD31 on cultured AC133™
cells was determined with a flow cytometer. After AC133™ cells
were cultured for several days on either FN-coated or collagen
type IV-coated dishes, both adherent and nonadherent cells
were collected. The collected cells were labeled with FITC-la-
beled anti-CD31 antibody for 15 min at 4 *C. After a brief wash
with 0.5% bovine serum albumin in PBS, flow cytometric anal-
ysis was performed. CD31°78" and CD317 cells were sorted
from cultured AC133™ cells with FACSAria (BD Biosciences).
Sorted cells of both populations were subsequently cultured in
EBM-2 supplemented with 20% FBS in the absence of any cyto-
kines. After 5 days, the collected supernatant of cells was frozen
at —20 °C. Cytokines were measured by a BD™ cytometric
beads array Flex set system (BD Biosciences) according to the
manufacturer’s protocol.

Flow Cytometric Analysis of Various Cell Surface Markers in
Cultured AC133™ Cells— After AC133™ cells were cultured for
the indicated period, cells were co-stained with FITC-labeled
anti-CD31 antibody and PE-labeled anti-CD14 antibody or PE-
labeled VEcad antibody. Cells were also stained with FITC-
labeled anti-CD31 antibody, allophycocyanin-labeled anti-
CD110 antibody, and PE-labeled anti-AC133 antibody triply
and then subjected to flow cytometry. Dead cells were elimi-
nated by staining with 7-amino actinomycin D.

Calculation of the Absolute Number of CD31°"¢** Cells—The
absolute number of CD31°"#™ cells was multiplied by the total
cell number of each well, and the ratio of CD31°78" cells was
analyzed by fluorescence-activated cell sorter.

Preparation of Cell Lysates and Immunoblotting— After cell
sorting, AC133™ cells were suspended in 20% FBS-EBM2 and
cultured for 3 days in the presence of VEGF and TPO. Cells
were collected and incubated in 2% FBS-EBM2 for 1 h. Cells
were stimulated by 50 ng/ml TPO, 50 ng/ml VEGF, or both for
15 min. Cells (1 X 10°) were collected and lysed in lysis buffer
containing 1% Triton X-100, 10 mm K,HPO,/KH,PO, (pH
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