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Endothelial Specificity of ICAM2, Flt-1, and
Tie2 Promoters In Vitro and In Vivo
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Abstract—To identify an endothelial cell-specific promoter
suitable for vascular-specific targeting, we tested five promoters in
vitro--Tie2SE, Tie2LE, ICAM2, Flt-1 and vWF--for promoter
activity and specificity in endothelial cells, smooth muscle cells and
non-vascular resident cells as well as tissues. These promoters,
except for vVWF, exhibited good endothelial activity and specificity in
vitro. In a syngenic heart transplantation model, the ICAM2 promoter
was variably functional in coronary endothelial cells of donor hearts.
Thus, the ICAM2, Flt-1, Tie2SE and Tie2LE promoters hold promise
for endothelial-specific targeting, but in vitro expression may not
predict in vivo expression.
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List of Abbreviation:

Tie2SE: the murine Tie2 promoter with 1.6kb enhancer

Tie2LE: the murine Tie2 promoter with 10kb enhancer

ICAM2: the human intercellular molecular 2 promoter (-292 ~ +44
bp)

Flt-1: the human fins-like tyrosine kinase -1 promoter (-748 ~ +284
bp)

vWF: the human von Willebrand factor promoter with enhancer (-
487 ~ +246 bp)

I. INTRODUCTION

ASCULAR-targeted gene therapy is a promising option

for vascular diseases, including tumor angiogenesis,

atherosclerosis, intimal hyperplasia [1]. However, the
major limitation in this field has been the lack of vessel wall-
specific targeting. To facilitate vascular-specific targeting, one
strategy is to identify promoters capable of directing
endothelial cell-specific expression following gene transfer.
Several endothelial cell-specific promoters have been
identified: the murine Tie2 promoter with a 1.6 kb enhancer
[2] (defined as Tie2SE herein), the murine Tie2 promoter with
a 10 kb enhancer [2] (defined as Tie2LE herein), the human
intercellular adhesion molecular 2 promoter (ICAM2, -292 ~
+ 44 bp) [3], the human von Willebrand factor promoter with
enhancer (VWF, -487 ~ + 246 bp) [4], the human fins-like
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tyrosine kinase -1 promoter (Flt-1, -748 ~ + 284 bp) [5], the
murine vascular endothelial cadherin promoter with enhancer
(-2486 ~ +24 bp) [6], the murine preproendothelin-1 promoter
with enhancer (5.9 kb 5° flank region + first exon and first
intron) [7], and the murine preproendothelin-1 promoter with
enhancer (9.2kb 5’ flank region + first exon and first intron)
[8]. The endothelial-specificity of these promoters, except for
the Flt-1 promoter, was established in transgenic mice [2-4, 6-
8]. The endothelial-specificity of Flt-1 was identified in vitro
by serial deletions of the promoter region of the Flt-1 gene [5].
It was also confirmed in two other studies in vitro and in vivo
[9, 10], in which Flt-1 was utilized in adenoviral vectors.

Conflicting results have also been reported. For example,
the ICAM2 promoter was reported to drive endothelial-
specific expression in transgenic mice [3, 11-13], but also led
to leaky expression in human primary vascular smooth muscle
cells, human primary foreskin fibroblasts, HeLa cells, and
HepG?2 cells when these cells were infected by an adenoviral
vector driving the expression of /acZ in vitro [9]. Moreover,
these nominally endothelial-specific promoters were identified
by different research groups, and were not compared directly
in a single study. According, we tested five endothelial cell-
specific promoters in vitro, and the two optimal promoters,
Flt-1 and ICAM2, in vivo.

II. MATERIALS AND METHODS

DNA plasmids and adenoviruses

The DNA plasmids pTie2SE-lacZ and pTie2LE-lacZ were
kindly provided by Dr. Thomas N. Sato (University of Texas
Southwestern Medical Center), and are referred to as
pHHSDKXK and pT2HLacZpAll.7, respectively. The
ICAM2, vWF, Flt-1 and cytomegalovirus (CMV) promoters
were constructed in El-deleted adenoviruses referred to as
AdICAM2-lacZ, AdvWF-lacZ, AdFlt-1-lacZ, and AACMV-
lacZ, respectively. The Flt-1 promoter was also constructed in
a DNA plasmid upstream of the luciferase gene, referred to as
pFlt-1-luc (provided by Dr. Andrew H Baker, University of
Glasgow with the permission of the original authors). The
Tie2SE, ICAM2, vWF, and CMV promoters were constructed
in DNA plasmids upstream of the FretMT gene and are
referred to as pTie2SE-FretMT, pICAM2-FretMT, pvWEF-
FretMT, and pCMV-FretMT, respectively. FretMT is a fusion
protein that is composed of Enhanced Cyan Fluorescent
Proteins (ECFP), human metallothionein (MT) and Enhanced
Yellow Fluorescent Proteins (EYFP) genes. The four DNA
plasmids were kindly provided by Dr. Bruce Pitt (University
of Pittsburgh). The Rous sarcoma virus promoter (RSV) was
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constructed in a DNA plasmid upstream of the luciferase gene
and is referred to as pRSV-luc. The DNA plasmid pCMV-
EGFP was purchased from Clontech (Mountain view, CA).
The adenovirus AACMV-EGFP was kindly provided by Dr.
Andrea Gambotto (University of Pittsburgh).

Cell Culture

Smooth muscle cells were isolated from Lewis rat (Harlan
Sprague-Dawley, Indianapolis, IN) aortic strips and cultured
as previously described (16). The cells from passages 3 to 7
were used for transfection. Bovine aortic endothelial cells
(BAEC) were purchased from BioWhittaker (Walkersville,
MD) and cultured in EGM2-MV medium. Hepatocytes were
isolated from Lewis rats (200-250g, Harlan Sprague-Dawley)
and cultured as previously described (17). HEK293 cells were
cultured in Dulbecco's Modified Eagles medium (high
glucose, Cellgro, Herndon, VA) supplemented with 10% FBS
and 100 U/mL penicillin, and 100 pg/mL streptomycin.

Transfection

Transfections were performed in BAEC, rat smooth muscle
cells, rat hepatocytes and HEK293 cells. All cells were plated
in 12-well plates at a density of 5x10* cells/well except for
HEK293 cells (5x10° cells/well).

Detection of reporter gene expression

FretMT expression was detected by green fluorescence
using an Olympus Provis AX70 microscope (Tokyo, Japan).
LacZ expression was detected by X-gal staining (beta-
galactosidase staining kit, Mirus Bio). Luciferase activity was
measured using a Luciferase assay system (Promega, San Luis
Obispo, CA) in an AutoLumat LB 953 Luminometer
(Berthold, Bad Wildbad, Germany). Luciferase activity was
normalized to the amount of protein and expressed as relative
luciferase activity (LU/ug protein).

Ex vivo transduction of rat aorta, cardiac and skeletal muscle
and X-gal staining of the tissues

Rat aortas were cut into 5 mm-long strips and cardiac and
skeletal muscles into 3 mm x 3 mm pieces. 2x10° PFU of
AdFlt-1-lacZ, AdICAM2-lacZ, AdvWF-lacZ, AdCMV-lacZ,
or AACMV-EGFP were diluted in 200 pl of Opti-MEM. The
tissue samples were incubated in the adenoviral mixture at
37°C for 2 hours, then cultured in 5 ml culture medium
(Dulbecco's Modified Eagles medium (low glucose)/Ham's
F12, 1:1 vol:vol; BioWhittaker; Walkersville, MD with 10%
FBS) in 30-mm dishes for 72 hours with daily changes of
culture medium.

The tissues were fixed in 2% paraformaldehyde, washed
with PBS and stained for X-gal (Mirus Bio). Cryostat sections
(6 um thickness) were assessed for positive staining using a
reflected light differential interference contrast microscope
(Olympus Provis AX70, Tokyo, Japan).

Ex vivo transduction of donor heart using adenoviral vector
and heterotopic heart transplantation

Syngenic heart transplantation was performed using PVG
rats (200~250g, Harlan Sprague Dawley). The donor heart
was perfused in situ using 10 ml Lactated Ringer’s solution
(Rxveterinary Products, Porterville, CA). After ligation of the
inferior vena cava, superior vena cava and pulmonary vessels,
the adenoviral vectors AdFltl-lacZ, AdICAM2-lacZ or
AdCMV-lacZ, at a dose of 10" pfu (diluted in Lactated
Ringer’s solution to make the total volume 1000 pl), was
injected slowly into the coronary arteries through the
brachiocelephilic artery. The aortic root and the pulmonary
artery were then clamped and the donor heart was harvested.
The donor heart was kept in the Lactated Ringer’s solution at
4°C for 2 hours. Heterotopic syngenic heart transplantation
was performed as previously described (18).

X-gal staining of the donor heart

Three days after transplantation, explanted donor hearts
were fixed in 2% paraformaldehyde (Sigma-Aldrich, St.
Louis, MO) for 2 hours, and then in 30% sucrose (Sigma-
Aldrich) overnight. Cryostat sections were cut to a thickness
of 6 um. X-gal staining was performed on every 10th section.
X-gal staining was detected using a reflected light differential
interference contrast microscopy (Olympus Provis AX70,
Tokyo, Japan).

III. RESULTS AND DISCUSSIONS

To compare the activity and specificity of Tie2SE, ICAM2,
and vWF, the DNA plasmids pTie2SE-FretMT, pICAM2-
FretMT, and pvWF-FretMT were used to transfect endothelial
cells (BAEC) and non-endothelial cells (primary rat smooth
muscle cells and HEK293 cells). As shown in TABEL 1 and
Fig. 1, both Tie2SE and ICAM2 exhibited good reporter gene
expression and endothelial-specificity. Although ICAM2 was
also activated in approximately 5% of HEK293 cells, this is
much less compared to the positive control CMV (activated in
60% of the cells). No gene expression was detected when the
vWF promoter or the negative control pCMV-lacZ was used
(data not shown).

TABLEI
DETERMINATION OF ENDOTHELIAL SPECIFICITY OF PROMOTERS
Rat SMC BAEC | HEK293 Rat
Hepatocytes

pTie2SE-FretMT 0 3% 0.5% /
pICAM2-FretMT 0.4% 5% 5% /
pvwE-FretMT 0 0.5% 0.5% /
pCMV-FretMT 10% 15% 60% /
pTie2LE-lacZ / 7% 0.3% 0.1%
pTie2SE-lacZ / 30% 50% 10%

To determine the endothelial specificity of Tie2SE, ICAM and vWF, smooth
muscle cells, BAEC, and HEK293 cells were transfected with pTie2SE-
FretMT, pICAM2-FretMT, pvWEF-FretMT, or pPCMV-FretMT. To determine
the endothelial specificity of Tie2LE, BAEC, HEK293 cells, and rat
hepatocytes were transfected with pTie2LE-lacZ or pCMV-lacZ. The
percentage of cells showing green fluorescence (for FretMT) or blue staining
(for lacZ) was calculated. Each transfection was performed in three wells of a
12-well plate. This experiment was repeated three times. The data shown
represent the average from one experiment.
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Fig. 1 Green fluorescence in cells transfected by pICAM2-FretMT,
pTie2SE-FretMT, pvWF-FretMT or pCMV-FretMT. The left panel
shows green fluorescence in BAEC, the middle panel shows in
smooth muscle cells and the right panel shows in HEK293 cells. The
blue fluorescent spots were nuclei stained by Hoechst. Each
transfection was performed in three wells of a 12-well plate. This
experiment was repeated three times

To test Tie2LE, pTie2LE-lacZ, pCMV-lacZ (positive
control) and pCMV-FretMT (negative control) were used for
transfection. TABEL 1 and Fig. 2 show that the Tie2LE
promoter led to good X-gal staining in BAEC while exhibiting
very low activity in hepatocytes and HEK293 cells. No
staining was seen with the negative control (data not shown).
For Flt-1, the DNA plasmids pFlt-1-luc, pRSV-luc (positive
control), and pCMV-EGFP (negative control) were
transfected into cells. At 48 hrs after transfection, the Flt-1
promoter demonstrated good luciferase activity in BAEC,
although it also exhibited some expression in hepatocytes

(Fig. 3).

Hepatocytes

pTie2LE-lacZ

pCMV-lacZ

Fig. 2 X-gal staining in cells transfected by pTie2LE-lacZ or pCMV-
lacZ. The left panel shows X-gal staining in BAEC, the middle panel
shows in rat hepatocytes and the right panel shows in HEK293 cells.

Each transfection was performed in three wells of a 12-well plate.
This experiment was repeated three times
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Fig. 3 Relative luciferase activity in cells transfected by pFlt-1-luc,
pRSV-luc and pCMV-EGFP. Each transfection was performed in
three wells of a 12-well plate, which generates the mean and standard
deviation of the relative luciferase activity. This experiment was
repeated three times and the data shown represent the result from one
experiment

Tissue specificity was assessed by transducing tissues ex
vivo using the adenoviral vectors AdFlt-1-lacZ, AdICAM2-
lacZ, or AdvWF-lacZ at a dose of 2 x 10° pfu. AdACMV-lacZ
and AACMV-EGFP served as positive and negative controls,
respectively. As shown in Fig 4, approximately 10% of the
endothelial cells and 8% of the adventitial cells exhibited X-
gal staining in the AdFIt-1-lacZ-transduced aorta, but no
staining was observed in smooth muscle cells. Low number of
X-gal-positive cells was seen in transduced cardiac and
skeletal muscle. In the AAICAM2-lacZ transduced tissues, 7%
of the endothelial cells and 2% of the adventitial cells, but few
other cells exhibited X-gal staining. The vWF promoter did
not lead to X-gal staining in any of the tissues examined. The
negative control AACMV-EGFP did not exhibit any positive
X-gal staining (data not shown). Our results in cells and
tissues are consistent with the result of Stuart et al. [9] and
Renolds ef al. [10] showing the endothelial specificity of Flt-
1. Stuart et al. [9] showed that ICAM2 lacked endothelial
specificity when AdICAM?2 was used to infect cells. We also
have similar results (data not shown). However, our in vitro
data show that ICAM2 exhibited endothelial specificity when
pICAM2-EGFP was used to transfect cells and AdICAM2-
lacZ was used to transduce intact tissue, which is consistent
with Cowan et al. [3, 11-13] who showed its endothelial
specificity in transgenic mice lines [3, 11-13]. The lack of
activity by vWF in vitro is consistent with Stuart et al.,
although some papers showed its endothelial specificity in
transgenic mice [4, 14, 15].

To assess AdFIt-1-lacZ and AdICAM2-lacZ in vivo, donor
hearts were transduced ex vivo at a viral dose of 10'° pfu prior
to transplantation. AdCMV-lacZ and AdCMV-EGFP were
used as positive and negative controls, respectively. As shown
in Fig 5, good lacZ expression was observed on day 3 in the
endothelial cells of the coronary arteries and veins in 4 of 22
donor grafts that were transduced with AdICAM2-lacZ. In the
4 positive hearts, 22%, 33%, 51% and 57% of coronary
vessels, respectively, exhibited positive X-gal staining with
almost no positive cardiomyocytes.
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Fig. 4 X-gal staining of tissues transduced by AdICAM2-lacZ,
AdFlt-1-lacZ, AdvWF-lacZ and AdCMV-lacZ. The left panel shows
X-gal staining in aorta, the middle panel shows in cardiac muscle and
the right panel shows in skeletal muscle. This experiment was
repeated three times

The Flt-1 promoter directed positive staining in a low
number of endothelial cells (<5% of coronary vessels). The
CMV  promoter drove extensive /lacZ expression in
cardiomyocytes with scattered and varied gene expression in
endothelial cells. The negative control AACMV-EGFP did not
lead to positive staining in any cells (data not shown). Thus,
the transduction efficacy in endothelial cells when using both
AdICAM2-lacZ and AdCMV-lacZ is variable and likely
reflects the poor endothelial transduction efficiency by
adenovirus in vivo.
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Fig. 5 X-gal staining of donor heart that was transduced by AdFIt-1-
lacZ, AdICAM2-lacZ or AACMV-lacZ ex vivo. The top two panels
show that the ICAM2 promoter directed blue staining in endothelial
cells of coronary arteries (top left), veins and cardiomyocytes (top
right). The middle two panels show that the Flt-1 promoter directed a
few blue staining in coronary artery (middle left) and cardiomyocytes
(middle right). The bottom two panels show that the CMV promoter
directed a few blue staining in coronary artery (bottom left) and
extensive staining in cardiomyocytes (bottom left and right). The
yellow arrows represent positive staining in endothelial cells and the
red arrows represent positive staining in cardiomyocytes.
Magnification (20X or 40X) of the tissue is indicated in the picture.
In each group, transduction/transplantation was repeated at least six
times

REFERENCES

[1] Hajitou A, Pasqualini R, Arap W. Vascular targeting: recent advances
and therapeutic perspectives. Trends Cardiovasc Med. 16 (2006) 80-88.

[2] Schlaeger TM, Bartunkova S, Lawitts JA, Teichmann G, Risau W,
Deutsch U, Sato TN. Uniform vascular-endothelial-cell-specific gene
expression in both embryonic and adult transgenic mice. Proc Natl Acad
Sci U'S A 94 (1997) 3058-3063.

[3] Cowan PJ, Shinkel TA, Witort EJ, Barlow H, Pearse MJ, d'Apice AJ.
Targeting gene expression to endothelial cells in transgenic mice using
the human intercellular adhesion molecule 2 promoter. Transplantation
62 (1996) 155-60.

[4] Aird WC, Jahroudi N, Weiler-Guettler H, Rayburn HB, Rosenberg RD.
Human von Willebrand factor gene sequences target expression to a

235



(5]

(6]

(7]

(8]

[10

(1]

[12]

[13]

[14]

[15]

(1e]

(17
[18]

International Journal of Medical, Medicine and Health Sciences
ISSN: 2517-9969
Vol:1, No:5, 2007

subpopulation of endothelial cells in transgenic mice. Proc Natl Acad
SciU S A. 92 (1995) 4567-4571.

Kaoru Morishita, Daniel E. Johnson, and Lewis T. Williams. A novel
promoter for vascular endothelial growth factor receptor (flt-1) that
confers endothelial-specific gene expression. J Biol Chem. 270 (1995)
27948-27953.

Gory S, Vernet M, Laurent M, Dejana E, Dalmon J, Huber P. The
vascular endothelial-cadherin promoter directs endothelial-specific
expression in transgenic mice. Blood 93 (1999) 184-92.

Harats D, Kurihara H, Belloni P, Oakley H, Ziober A, Ackley D, Cain G,
Kurihara Y, Lawn R, Sigal E. Targeting gene expression to the vascular
wall in transgenic mice using the murine preproendothelin-1 promoter. J
Clin Invest. 95 (1995) 1335-44.

Shindo T, Kurihara H, Maemura K, Kurihara Y, Kuwaki T, Izumida T,
Minamino N, Ju KH, Morita H, Oh-hashi Y, Kumada M, Kangawa K,
Nagai R, Yazaki Y. Hypotension and resistance to lipopolysaccharide-
induced shock in transgenic mice overexpressing adrenomedullin in their
vasculature. Circulation 101 (2000) 2309-16.

Nicklin SA, Reynolds PN, Brosnan MJ, White SJ, Curiel DT,
Dominiczak AF, Baker AH. Analysis of cell-specific promoters for viral
gene therapy targeted at the vascular endothelium. Hypertension 38
(2001) 65-70.

Reynolds PN, Nicklin SA, Kaliberova L, Boatman BG, Grizzle WE,
Balyasnikova IV, Baker AH, Danilov SM, Curiel DT. Combined
transductional and transcriptional targeting improves the specificity of
transgene expression in vivo. Nat Biotechnol. 19 (2001) 838-842.
Cowan PJ, Tsang D, Pedic CM, Abbott LR, Shinkel TA, d'Apice AJ,
Pearse MJ. The human ICAM-2 promoter is endothelial cell-specific in
vitro and in vivo and contains critical Spl and GATA binding sites. J
Biol Chem. 273 (1998) 11737-11744.

Shinkel TA, Cowan PJ, Barlow H, Aminian A, Romanella M, Lublin
DM, Pearse MJ, d'Apice AJ. Expression and functional analysis of
glycosyl-phosphatidyl inositol-linked CD46 in transgenic mice.
Transplantation 66 (1998) 1401-1406.

Cowan PJ, Shinkel TA, Fisicaro N, Godwin JW, Bernabeu C, Almendro
N, Rius C, Lonie AJ, Nottle MB, Wigley PL, Paizis K, Pearse MJ,
d'Apice AJ. Targeting gene expression to endothelium in transgenic
animals: a comparison of the human ICAM-2, PECAM-1 and endoglin
promoters. Xenotransplantation 10 (2003) 223-31.

Jahroudi N, Schmaier A, Srikanth S, Mahdi F, Lutka FA, Bowser R.
Von Willebrand factor promoter targets the expression of amyloid beta
protein precursor to brain vascular endothelial cells of transgenic mice. J
Alzheimers Dis. 5 (2003) 149-58.

Minami T, Donovan DJ, Tsai JC, Rosenberg RD, Aird WC. Differential
regulation of the von Willebrand factor and Flt-1 promoters in the
endothelium of hypoxanthine phosphoribosyltransferase-targeted mice.
Blood 100 (2002) 4019-4025.

Yu SM, Chen CC, Huang YL, Tsai CW, Lin CH, Huang TF, Teng CM.
Vasorelaxing effect in rat thoracic aorta caused by denudatin B, isolated
from the Chinese herb, magnolia fargesii. Eur J Pharmacol. 187 (1990)
39-47.

Seglen, P. O. Methods Cell Biol. 13 (1976) 29-83.

Ono K, Lindsey ES. Improved technique of heart transplantation in rats.
J Thorac Cardiovasc Surg. 57 (1969) 225.

236



