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Abstract Increases in heme oxygenase-1 (HO-1) and
administration of heme degradation products CO and
biliverdin inhibit vascular inflammation and vasoocclusion
in mouse models of sickle cell disease (SCD). In this study,
an albumin (alb) promoter-driven Sleeping Beauty (SB)
transposase plasmid with a wild-type rat ~imox-1 (wt-HO-1)
transposable element was delivered by hydrodynamic tail vein
injections to SCD mice. Eight weeks after injection, SCD
mice had three- to five-fold increases in HO-1 activity and
protein expression in liver, similar to hemin-treated mice.
Immunohistochemistry demonstrated increased perinuclear
HO-1 staining in hepatocytes. Messenger RNA transcription
of the hmox-1 transgene in liver was confirmed by
quantitative real-time polymerase chain reaction restriction
fragment length polymorphism (qRT-PCR RFLP) with no
detectible transgene expression in other organs. The livers of
all HO-1 overexpressing mice had activation of nuclear
phospho-p38 mitogen-activated protein kinase (MAPK) and
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phospho-Akt, decreased nuclear expression of nuclear factor-
kappa B (NF-kB) p65, and decreased soluble vascular cell
adhesion molecule-1 (sVCAM-1) in serum. Hypoxia-
induced stasis, a characteristic of SCD, but not normal mice,
was inhibited in dorsal skin fold chambers in wt-HO-1 SCD
mice despite the absence of hmox-1 transgene expression in
the skin suggesting distal effects of HO activity on the
vasculature. No protective effects were seen in SCD mice
injected with nonsense (ns-) rat Amox-1 that encodes
carboxy-truncated HO-1 with little or no enzyme activity.
We speculate that HO-1 gene delivery to the liver is
beneficial in SCD mice by degrading pro-oxidative heme,
releasing anti-inflammatory heme degradation products CO
and biliverdin/bilirubin into circulation, activating cytopro-
tective pathways and inhibiting vascular stasis at sites distal
to transgene expression.

Keywords Gene therapy- Heme oxygenase -
Sickle cell disease - Sleeping Beauty

Introduction

Sickle cell disease (SCD) is an unrelenting hemolytic
disease caused by a single base pair mutation in the f(3-
globin chain of hemoglobin (Hb). SCD is characterized by
recurring episodes of painful vasoocclusion, leading to
ischemia—reperfusion injury and organ damage. Polymeri-
zation of hemoglobin-S (HbS) in the deoxy conformation
shortens the lifespan of sickle erythrocytes and promotes
intravascular hemolysis. When erythrocytes are lysed,
extracellular hemoglobin is released and easily oxidized
from ferrous (Fe*") to ferric (Fe>*) hemoglobin (methemo-
globin), which in turn, readily releases heme into the
vasculature [1].
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Heme is a potent inducer of vascular inflammation [2].
In SCD mice, the combination of heme-induced oxidative
stress, inflammation, and the adhesion of circulating blood
cells to vascular endothelium is a key driver of the
proinflammatory and prothrombogenic vasculature that
promotes sludging and stasis of blood flow in the
postcapillary venules [3, 4]. Cells defend or adapt to
heme-mediated oxidative stress by inducing HO-1 to
degrade heme. In animal models, increased expression of
HO-1 has been shown to protect tissues and cells against
ischemia—reperfusion injury, oxidative stress, inflammation,
transplant rejection, apoptosis, and cell proliferation [5, 6].
Conversely, HO-1 gene null mice (hmox-1"") and human
patients deficient in HO-1 are especially prone to oxidative
stress and inflammation [2, 7, 8]. The central importance of
this protective system was recently highlighted by a child
diagnosed with HO-1 deficiency, who exhibited extensive
endothelial damage [8].

Not surprisingly, SCD patients and mice have elevated
HO-1 in response to chronic hemolysis [2, 9, 10]. HO-1
expression is increased four- to sixfold in the organs of
sickle mice compared to normal C57BL6 mice [2, 9, 10].
However, the level of HO-1 expression in SCD patients and
mice may be inadequate. Vascular defenses against heme,
including HO-1, can be overwhelmed during a hemolytic
crisis resulting in heme-induced oxidative stress, inflam-
mation, and vasoocclusion. Transgenic sickle mice express-
ing B° hemoglobin have activated vascular endothelium
that exhibits enhanced expression of NF-kB and adhesion
molecules that promote vascular stasis in sickle, but not
normal mice in response to hypoxia [3, 10, 11]. However,
further induction of HO-1 in sickle mice with daily hemin
injections for 3 days or administration of HO-1-adenovirus
inhibits NF-kB activation, adhesion molecule expression,
leukocyte—endothelium interactions, and hypoxia-induced
vascular stasis [10]. Remarkably, administration of HO-1
products, CO or biliverdin to SCD mice, mimics the effects
of HO-1 overexpression. Conversely, inhibition of HO-1
activity by tin protoporphyrin exacerbates hypoxia-induced
stasis in sickle mice. Thus, HO enzyme activity plays a
vital role in the inhibition of vasoocclusion in sickle mice.

In this study, we treated the S+S-Antilles sickle mouse
model with hmox-1 gene therapy targeted to the liver and
evaluated the effects on cytoprotective pathways and
hypoxia-induced vasoocclusion in a dorsal skin fold
chamber model. To transfer the rat HO-1 gene into mice,
we cloned the rat imox-1 gene into a cis Sleeping Beauty
transposase (SB-Tn) system with the transposase driven by
an albumin promoter [12]. The SB-Tn system was
developed by resurrecting nonfunctional remnants of an
ancient vertebrate transposable element from salmonid
fish [13]. SB-Tn has features that make it particularly
attractive as a vector for gene therapy. It can accommodate
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a much larger transgene than viral vectors, it is nonviral, it
does not induce an immune inflammatory response in
rodent models, and it mediates efficient stable transgene
integration that exhibits persistent expression. Here, we
report that SB-Tn-mediated HO-1 gene delivery to the
livers of S+S-Antilles sickle mice leads to sustained
(8 weeks+) HO-1 transgene expression, an increase in
HO enzyme activity and cytoprotective signaling path-
ways in the liver, and distal inhibition of hypoxia-induced
vascular stasis in the skin.

Methods

Mice All animal experiments were approved by the University
of Minnesota’s Institutional Animal Care and Use Committee.
We utilized male and female S+S-Antilles [14] transgenic
sickle mice as a model for human SCD. The S+S-Antilles
mice are on a C57BL/6 genetic background, are homozygous
for deletion of the mouse B™¥°" globin locus, and express
human «, PS5, and PSS globin transgenes. BSnilles
globins contain, in addition to the p° mutation at 6, a
second mutation at 323 (Val—lle). 5" has low oxygen
affinity and decreased solubility under deoxygenated con-
ditions, resulting in a more severe form of SCD. In the S+
S-Antilles mice, approximately 42% of the (3 globins
expressed are B5, and 36% are PSS These animals
have moderately severe organ pathology [15].

The mice used in these studies were 17-23 weeks of
age at sacrifice. The mice weighed 25-35 g and were
housed in specific pathogen-free housing to prevent
common murine infections that could cause an inflam-
matory response. All the mice were maintained on a
standard chow diet.

Rat HO-1 plasmids For in vivo experiments in mice, a rat
hmox-1 pBluescript plasmid containing an SV40 enhancer,
a Friend’s Spleen Focus-Forming Virus LTR promoter, the
entire coding region of the wild-type (wt) rat imox-1 gene,
and SV40 polyadenylation [16] was blunt cloned between
two direct repeat (DR) binding sites within two inverted
repeat (IR) sites (IR/DR) into a 2-kb, albumin (Alb)-
driven, SB10 transposase plasmid [12]. The IR/DR
elements act as essential binding sites for the transposase
[17]. To prepare this construct, the hmox-1 plasmid was
digested with HindIIl and Sall, and the resulting enhancer,
promoter, coding region, and polyadenylation segment
(1,600 bp) were separated from the vector backbone by
agarose gel electrophoresis and purified using a Qiagen
gel purification kit. The purified smox-1 construct was
treated with Klenow to generate blunt ends. A second
construct containing an Alb-driven SB10 transposase
(4,193 bp), inserted outside a pair of IR/DRs (Alb/SB10/
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IRDR), was prepared from a pCMV SB10 plasmid using
EcoRI and Xhol [13] and purified using a Qiagen™
plasmid isolation kit. The purified Alb/SB10/IRDR plas-
mid was opened at a unique EcoRI site between the IR/
DRs and phosphatase treated. The prepared SB10 vector
and hmox-1 constructs were ligated overnight at 16°C with
the imox-1 DNA inserted between the IR/DRs of the SB10
vector. Clones were screened by restriction digest map-
ping and sequencing followed by protein expression in
tissue culture, HO-1 western blot analysis, and HO
enzyme activity. The resultant clone (SB-wt-HO-1,

5,793 bp) expressed wt rat HO-1 (wt-HO-1) as previously
described [12].

A nonsense rat hmox-1 (ns-HO-1) control vector was
constructed by inserting 4 bp containing an early stop
codon into the hmox-1 sequence of the SB-wt-HO-1
plasmid. To prepare this plasmid, SB-wt-HO-1 was digested
at the unique type two restriction endonuclease site
recognized by Nhel (GCTAGC) occurring at bp723. The
linearized plasmid was blunt filled with Klenow enzyme
and religated with T4 ligase to create a four-nucleotide
insertion shown in bold in the sequence below.

TTGAGGAGCTGCAGGCACTGCTGACAGAGGAACACAAAGACCAGAGTCCCTCACAGA

GCACTGCTGACAGAGGAACACAAAGACCAGAGTCCCTCACAGA

CAGAGTTTCTTCGCCAGAGGCCTG- - - -CTAGCCTGGTTCAAGATACTACCTCTGCAG

TCTTCGCCAGAGGCCTGCTAGCTAGCCTGGTTCAAGATACTACCTCTGCAG

AGACGCCCCGAGGAAAATCCCAGATCAGCACTAGTTCATCCCAGACACCGCTCCTGCGAT

AGACGCCCCGAGGAAAATCCCAGATCAGCACTAGTTCATCCCAGACACCGCTCCTGCGAT

Translation of that region in the wild-type clone includes
amino acids (AA):

Ser GIn Thr Glu Phe Leu Arg Gln Arg Pro Ala Ser Leu
Val GIn Asp Thr Thr Ser...

Translation is conserved for the Ser due to redundant
coding but terminated by the 4-bp insertion immediately
after the serine to create a ns codon:

Ser GIn Thr Glu Phe Leu Arg GIn Arg Pro Ala Ser C-term

The wt protein translates a 289-AA protein while the ns
transcript translates a 241-AA carboxy-truncated protein.
The SB-ns-HO-1 construct was screened as described above
for SB-wt-HO-1. The resultant ns-HO-1 construct (SB-ns-
HO-1, 5,797 bp) had no demonstrable enzymatic activity.

Gene transfer of rat hmox-1 into sickle mice An SB-wt-
HO-1 (n=4) or SB-ns-HO-1 (n=6) plasmid was delivered to
S+S-Antilles sickle mice by hydrodynamic tail vein
injection of 25 pg of plasmid DNA in 10% of the mouse’s
body weight (up to 2.5 ml) of sterile lactated Ringer’s
solution (LRS) [18]. Vehicle control sickle mice (n=5) were
injected with LRS without any DNA. Another group of
control sickle mice were not injected with anything (n=7).
Positive HO-1 control sickle mice (n=5) were injected
intraperitoneally (ip) with hemin chloride (Calbiochem) at a
dose of 40 umol/kg/day) for 3 days. Eighteen hours after
the third hemin injection, hypoxia-induced stasis was
measured. Stock hemin chloride (10 mM) was prepared
fresh daily by dissolving hemin chloride in 0.1 M NaOH in
the dark. The stock hematin was diluted 1:10 (v/v) in LRS
before ip injections into sickle mice.

Measurement of vascular stasis Hypoxia-induced stasis of
venular blood flow in the subcutaneous skin was measured in
mice with an implanted dorsal skin fold chamber (DSFC)
using intravital microscopy as previously described [3, 19].
All measurements of blood flow parameters in the DSFC
were made 3 days after DSFC implantation. Hypoxia-induced
stasis of venular blood flow was measured 7-8 weeks after
gene transfer. At baseline, with the mice in ambient air,
flowing venules were selected at random and their relative
locations were noted on a map of the microscopic field and
recorded. After baseline selection of flowing venules in
ambient air, the mice were subjected to 1 h of hypoxia (7%
0,/93% N,), followed by reoxygenation in room air. After
1 h of reoxygenation, the same venules were re-examined for
blood flow. Venules with no observable flow were counted as
static. The percentage of static vessels was calculated by
dividing the number of static venules by the total number of
flowing venules selected at baseline. A minimum of 26
subcutaneous venules were examined in each mouse. We
equated vascular stasis with vasoocclusion for experimental
purposes. Certainly prolonged vasoocclusion seen clinically
is associated with activation of coagulation and thrombosis
leading to organ infarction.

Mouse tissue collection After 4 h of reoxygenation, the mice
in ambient air were sacrificed and tissues harvested as
previously described [3]. Mice were asphyxiated in a CO,
chamber for approximately 2 min. Blood was collected by
cardiac puncture for isolation of serum. Organs were
removed and divided for homogenate preparation, immuno-
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histochemistry, and RNA isolation; wrapped in aluminum
foil; frozen in liquid nitrogen; and later stored at —85°C.
Liver sections from a subset of the mice were collected for
immunohistochemistry and placed in 10% buffered formalin
prior to embedding in paraffin blocks and sectioning. Dorsal
skin was collected from mice for RNA isolation.

Homogenization of mouse livers and purification of liver
nuclear extracts and microsomes All liver processing and
purifications were done on ice or at 4°C. The liver tissue,
frozen in liquid nitrogen, was broken into small pieces with
a hammer between layers of aluminum foil, then transferred
to a mortar and reduced to a fine powder in liquid nitrogen.
The thawed powder was homogenized on ice in 2 ml of
buffer A containing 0.1% Triton X-100 (Sigma-Aldrich),
300 mM NaCl, 1.5 mM MgCl,, 20 uM EDTA, 25 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid) pH7.6 in a 5-ml Dounce tissue homogenizer
(Wheaton) with 20 strokes of the tight-fitting pestle B. Cell
debris was removed by centrifuging the crude homogenate
at 500xg for 30 s at 4°C. Nuclei were pelleted by
centrifuging aliquots of liver homogenates at 15,000xg for
5 min. Nuclear extracts were prepared by adding buffer B
(Panomics, Nuclear Extraction Kit) to the nuclear pellet,
sonicating for 10 s (Misonix) and incubating on ice for 2 h
with gentle shaking. Samples were centrifuged at 15,000xg
for 30 min, and nuclear extract supernatants were collected
and stored at —85°C until use. Buffers A and B contained
protease and phosphatase inhibitors at these final concen-
trations: 5 mM dithiothreitol, 0.1 mM orthovanadate,
20 mM [-glycerophosphate, 20 pg/ml leupeptin, 1 mM
phenylmethane-sulfonylfluoride, and mammalian protease
inhibitor cocktail (1:50, v/v; Sigma-Aldrich). Liver micro-
somes were prepared by centrifuging the 15,000xg super-
natants at 105,000xg for 1 h. Microsomal pellets were
suspended in 2 mM MgCl,, 0.1 M K,HPO, buffer, pH7.4.
Protein concentrations were measured in all samples using
a Bio-Rad protein assay Kkit.

Measurement of HO enzyme activity in liver microsomes HO
activity was measured as previously described [20] in
freshly isolated liver microsomes sonicated once for 10 s.
Microsomes (2 mg) in 2 mM MgCl, 0.1 M K,HPO,4
buffer, pH7.4, were added to the reaction mixture (400 ul,
final) containing 2.5 pg of recombinant biliverdin reductase
(Assay Designs), 2 mM glucose-6-phosphate, 0.2 U
glucose-6-phosphate dehydrogenase, 50 uM hemin chlo-
ride, and 0.8 mM NADPH (Calbiochem) for 1 h in the
dark. The bilirubin formed was extracted into chloroform,
and the delta OD 464-530 nm was measured (extinction
coefficient, 40 mM 'cm™' for bilirubin). HO activity is
expressed as picomole of bilirubin formed per milligram
microsomal protein per hour.
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Western blots of liver HO-1, p38 mitogen-activated protein
kinase (MAPK), Akt, and NF-xB p65 An equal amount of
liver microsomal (HO-1) or nuclear extract (p38, Akt, and
p65) protein per lane was loaded in SDS buffer and subjected
to electrophoresis on 10% or 15% polyacrylamide Tris—HCl
gels (Bio-Rad). Afterward, the samples were transferred
electrophoretically to polyvinylidene fluoride membranes
(Millipore), and the membranes were probed with mouse
monoclonal anti-HO-1 (Assay Designs), rabbit anti-phospho-
p38 MAPK (residue Thr180/Tyr182), rabbit anti-phospho-
Akt (residue Serd73; Cell Signaling Technology), or antinu-
clear factor-kappa B p65 (Santa Cruz Biotechnology). Sites of
primary antibody binding were visualized with alkaline
phosphatase-conjugated goat antimouse or goat antirabbit
IgG (Santa Cruz Biotechnology). The final detection of
immunoreactive bands was performed using an ECF™
substrate (GE Healthcare) and visualized on a Storm™ Reader
(GE Healthcare). All membranes were stripped using Restore
Stripping Buffer (Thermo Scientific) and reprobed with rabbit
anti-GAPDH (Sigma-Aldrich), rabbit anti-p38 MAPK, or
rabbit anti-Akt (Cell Signaling Technology). Bands were
quantitated using Image J software (NIH).

RNA analysis Total RNA was isolated from frozen organ
sections, and HO-1 mRNA was quantitated by quantitative
real-time polymerase chain reaction (QRT-PCR) as previ-
ously described [12]. The presence or absence of the wt- or
ns-rat HO-1 transgene was confirmed by restriction
fragment length polymorphism (RFLP) analysis of HO-1
cDNA using A4pal restriction enzyme digestion as previ-
ously described [12].

Immunohistochemistry Formalin-fixed liver sections were
processed routinely, embedded in paraffin, sectioned, and
stained with mouse monoclonal anti-HO-1 (Assay Designs).
Sites of primary antibody binding were visualized with
horseradish peroxidase (HRP)-conjugated goat antimouse
IgG (Biocare Medical). The final detection of HO-1 immu-
noconjugates was performed with the HRP substrates dia-
minobenzidine and H,O,. Nuclei were counterstained with
hematoxylin.

Enzyme-linked immunosorbent assay for soluble vascular
cell adhesion molecule-1 in serum Serum levels of soluble
vascular cell adhesion molecule-1 (sVCAM-1) were mea-
sured by enzyme-linked immunosorbent assay (ELISA)
according to the manufacturer’s protocol (R&D Systems,
Minneapolis, MN).

Statistics All statistical analyses were performed with
SigmaStat 2.0 for Windows (SPSS Inc, Chicago, IL).
Comparisons of multiple treatment groups (control, wt-
HO-1, ns-HO-1, and hemin) to LRS-treated mice were
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made using one-way analysis of variance (ANOVA). The
proportions of venules exhibiting stasis in each treatment
group were compared using a Z test.

Results

S+S-Antilles sickle mice were injected hydrodynamically
with an alb promoter-driven cis SB-Tn vector with either a
wt rat hmox-1 gene (wt-HO-1) or a ns-HO-1 containing an
early stop codon. The two negative controls for this study
included sickle mice that were not injected (control) and
sickle mice hydrodynamically injected with LRS. Sickle
mice injected three consecutive days with hemin served as
positive controls.

Seven to 8 weeks after hydrodynamic SB injection or
18 h after the third hemin injection, the organs were
removed and flash frozen. Microsomal membranes (n=2—4
mice per treatment group) were isolated from the livers, and
30 pg of microsomal protein from each liver was run on a
western blot and immunostained for HO-1 protein expres-
sion (Fig. la). HO-1 protein bands at 32 kDa were
quantified by densitometry (Fig. 1b). Mean HO-1 protein
expression was increased in the livers of sickle mice
injected with SB-wt-HO-1 (p<0.01), SB-ns-HO-1 (p<
0.05), or hemin (p<0.01) compared to mice injected with
LRS vehicle. HO enzyme activity was increased in the
livers of sickle mice injected with SB-wt-HO-1 (p<0.01) or
hemin (p<0.05), but not in noninjected sickle mice
(control) or in sickle mice injected with SB-ns-HO-1
(Fig. 1c).

Mean HO-1 to GAPDH mRNA ratios (Fig. 2a) were
increased in the livers of sickle mice injected with either
SB-wt-HO-1 (p<0.05), SB-ns-HO-1 (p<0.05), or hemin (p<
0.05). The presence or absence of wt- or ns-rat HO-1 mRNA
in mouse tissue was confirmed by RFLP analysis of HO-1
cDNA. The rat hmox-1 sequence has an Apal restriction site
which is absent in the mouse hmox-1 sequence. After Apal
digestion, the mouse fragment is 212 bp, and the rat
fragments are 92 and 120 bp. The rat fragments at 92 and
120 bp were present in the Apal digests of cDNA produced
from the mRNA isolated from the livers of sickle mice
injected with SB-wt-HO-1 or SB-ns-HO-1, but not in control,
LRS-, or hemin-treated mice (Fig. 2b). The mouse product at
212 bp was seen in all animals.

To determine the cellular location of HO-1 expression,
formalin-fixed paraffin-embedded liver tissues from a
subset of the mice were sectioned and stained with anti-
HO-1 monoclonal antibody (Fig. 3). Immunostaining
demonstrated HO-1 overexpression primarily in hepato-
cytes of animals treated with wt-HO-1, ns-HO-1, and
hemin. HO-1 staining was primarily nonnuclear; this is
consistent with the endoplasmic reticulum being the major
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Fig. 1 After 8 weeks, HO-1 protein expression is increased in the
livers of sickle mice injected with SB-wt-HO-1, SB-ns-HO-1, or
hemin. S+S-Antilles sickle mice were injected hydrodynamically
with an albumin promoter-driven SB transposase vector with either a
wild-type rat hmox-1 gene (wt-HO-1) or a nonsense rat ~imox-1 gene
(ns-HO-1) containing an early stop codon. Control sickle mice were
either not injected (control), injected hydrodynamically with lactated
Ringer’s solution (LRS), or injected three consecutive days with
hemin (hemin). Seven to 8 weeks after hydrodynamic injection or
18 h after the third hemin injection, the livers were removed and
flash frozen. Microsomal membranes (n=2—4 mice per treatment
group) were isolated from the livers, and 30 pg of microsomal
protein from each liver was run on a western blot and immunos-
tained for HO-1 and GAPDH protein expression (a). HO-1 protein
bands at 32 kDa were quantified by densitometry (b). HO enzyme
activity is increased in the livers of sickle mice injected with SB-wt-
HO-1 or hemin, but not in control, LRS- or SB-ns-HO-1-treated mice
(¢). HO enzymatic activity was measured using 2 mg of liver
microsomes per reaction (n=4 mice per treatment group) by
measuring bilirubin production. Values are means+SEM, *p<0.05
and **p<0.01 compared to LRS controls using one-way ANOVA

site of HO-1 expression. However, some nuclear HO-1
staining was seen in hepatocytes of mice expressing ns-HO-
1 (images not shown).

Western blots of liver nuclear extracts were immunos-
tained for phospho- and total p38 MAPK and Akt
expression (Fig. 4a, b). Activated phospho-p38 MAPK
(Fig. 4a) and phospho-Akt (Fig. 4b) were elevated in liver
nuclear extracts of sickle mice injected with SB-wt-HO-1 or
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Fig. 2 After 8 weeks, rat smox-1 mRNA is present in mouse livers.
Hmox-1 mRNA was measured by qRT-PCR using total RNA isolated
from livers. HO-1 to GAPDH mRNA ratios were higher in the livers
of sickle mice injected with SB-wt-HO-1, SB-ns-HO-1, or hemin
compared to LRS controls (a). Values are mean+SEM, *p<0.05
compared to LRS controls using one-way ANOVA. Rat and mouse
hmox-1 RT-PCR products from mouse livers were differentiated by
RFLP analysis using Apal restriction enzyme digestion. The rat hmox-
1 sequence has an Apal restriction site, and the mouse hmox-1
sequence does not. The mouse fragment is 212 bp, and the rat
fragments are 92 and 120 bp. Rat imox-1 mRNA was present in the
livers of sickle mice injected with SB-wt-HO-1 or SB-ns-HO-1, but
not in control, LRS-, or hemin-treated mice (b). Endogenous mouse
hmox-1 mRNA was present in all mouse livers

hemin, but not in control, LRS-, or SB-ns-HO-I-treated
mice. Total p38 MAPK (Fig. 4a) and Akt (Fig 4b) were not
different between treatment groups. Thus, the p38 MAPK
and Akt signal transduction pathways were activated only
in mice with significantly increased HO enzyme activity.

Western blots of liver nuclear extracts also were immunos-
tained for NF-kB p65 and quantified by densitometry
(Fig. 4c). NF-kB p65 expression was lower in liver nuclear
extracts of sickle mice injected with SB-wt-HO-1 (p<0.05)
or hemin (p<0.05), but not in control or SB-ns-HO-1-treated
mice compared to LRS mice. Hence, NF-kB p65 nuclear
localization was decreased only in mice with significantly
increased HO enzyme activity.

Serum levels of sSVCAM-1 were measured by ELISA
(Fig. 4d). sVCAM-1 was lower in serum from sickle mice
injected with SB-wt-HO-1 (p<0.05) or hemin (p<0.05)
compared to LRS mice; sVCAM levels were not signifi-
cantly different in control and ns-HO-1-treated mice. Thus,
sVCAM-1 levels in serum were lower only in mice with
significantly increased HO activity.

Vascular stasis was measured in a DSFC model after
hypoxia—reoxygenation using the S+S-Antilles mice as
previously described [10, 19]. After baseline selection of
flowing venules, the mice were exposed to 1 h of hypoxia
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(7% 0,/93% N,) followed by 1 h of reoxygenation in room
air. After 1 h of reoxygenation, the same venules selected at
baseline were re-examined for blood flow. The number of
static venules exhibiting no blood flow were counted and
expressed as a percentage of the total number of flowing
venules selected at baseline (Fig. 5). Hypoxia-induced
vascular stasis was inhibited in the skin of sickle mice
injected with SB-wt-HO-1 (p<0.05) or hemin (p<0.05), but
not in control, LRS-, or SB-ns-HO-1-treated mice. Thus,
hypoxia-induced stasis in subcutaneous venules in the skin
was inhibited only in sickle mice with significantly
increased HO enzyme activity in their liver.

Since hypoxia-induced vascular stasis was inhibited in
mice overexpressing enzymatically active HO-1, the dorsal
skin of sickle mice was examined for the presence of rat
hmox-1 mRNA by qRT-PCR RFLP analysis. The rat hmox-
1 Apal fragments at 92 and 120 bp were absent in the
dorsal skin samples (Fig. 6). Only the mouse product at
212 bp was seen in the skin of all mice. Rat hepatocytes
were analyzed by qRT-PCR RFLP as controls and show the
rat hmox-1 fragments at 92 and 120 bp but not the mouse
product at 212 bp (Fig 6). Moreover, gqRT-PCR RFLP
analysis found little or no detectible rat Amox-1 transgene
expression after 8 weeks in other mouse organs such as
spleen which has the highest endogenous expression of
HO-1 (data not shown).

Discussion

We have utilized an SB vector to deliver enzymatically
active (wt, AA 1-289) and nonactive (ns, AA 1-241) forms
of rat imox-1 to the livers of sickle mice. Expression of the
rat hmox-1 transgene in mouse livers was confirmed by
enzyme activity, western blot, immunohistochemistry, and
qRT-PCR RFLP analysis. Livers of sickle mice over-
expressing wt-HO-1, but not ns-HO-1, had marked activa-
tion of the phospho-p38 MAPK and phospho-Akt cell
signaling pathways, reduced levels of NF-kB p65 in liver
nuclear extracts, and decreased sVCAM-1 in serum.
Similarly, hypoxia-induced vascular stasis, a characteristic
of sickle but not normal mice, was only inhibited in sickle
mice overexpressing enzymatically active HO. Vascular
stasis was inhibited in the venules of dorsal skin despite the
absence of the rat simox-1 transgene in the skin suggesting
that expression of the wt-hmox-1 transgene in the liver had
distal effects on the vasculature of sickle mice.

HO-1 has attracted much interest as a cytoprotective
protein [21-27]. Most of the salutary effects of HO-1
overexpression can be reproduced by treating cells or
animals with the byproducts of heme catabolism, CO,
biliverdin, and iron-induced ferritin. In fact many, if not all,
of the cytoprotective effects of HO-1 overexpression can be
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Fig. 3 Immunohistochemistry
demonstrates HO-1 overexpres-
sion in hepatocytes. Formalin-
fixed paraffin embedded liver
tissues were sectioned and
stained with anti-HO-1. Sites of
primary antibody binding were
visualized with HRP-conjugated
secondary IgG. HO-1/HRP
immunoconjugates were
detected with diaminobenzidine
and H,0,. Nuclei were counter-
stained with hematoxylin

reproduced with low, nontoxic concentrations of CO [28—
30], although biliverdin and heavy chain ferritin also have
cytoprotective effects on cells and tissues [31, 32]. HO-1
overexpression or treatment with CO has antioxidative,
anti-inflammatory, antiapoptotic, and antiproliferative
effects and protects cells and tissues in numerous models
of tissue injury and transplant rejection. These effects are
dependent on the activation of the p38 MAPK and Akt
signal transduction pathways [28, 30]. In the liver,
activation of the p38 MAPK and Akt pathways with HO-
1 overexpression or CO treatment leads to marked
resistance to apoptosis and hepatic injury induced by
ischemia—reperfusion, TNF-«, LPS, carbon tetrachloride,
CD95/Fas ligand, or transplantation [33-38]. We recently
reported that phospho-p38 MAPK and phospho-Akt were
markedly increased in the livers of SCD mice after
treatment with intermittent inhaled CO at 250 ppm for
10 weeks [15]. In the current study, overexpression of HO-
1 also induced phospho-p38 MAPK and phospho-Akt in
the livers of SCD mice suggesting that heme degradation
and CO production by HO-1 may have been responsible
for induction of these cytoprotective pathways. This
argument is strengthened by the observation that over-
expression of enzymatically inactive HO-1 (ns-HO-1) did
not activate these cytoprotective pathways. These sys-
temic effects are consistent with HO-1 degrading excess
heme, thereby reducing the oxidative and inflammatory

tone of sickle mice and subsequent diffusion of CO and/
or biliverdin/bilirubin out of the liver into circulation. It
is important to note that our laboratory previously
demonstrated that inhaled CO at 250 ppm or ip injection
of biliverdin inhibits vascular stasis in the skin of sickle
mice [10]. While levels of CO and bilirubin in the blood
were not measured in these studies, future studies will
address these potential mechanisms.

Vasoocclusion is a hallmark of SCD, and activation of
vascular endothelium plays an essential role. Transgenic
sickle mice, expressing human (3S globins, have an
activated vascular endothelium exhibited by increased NF-
kB activation and adhesion molecule expression compared
to normal mice [3, 10, 11]. Endothelial cell adhesion
molecules play a critical role in vasoocclusion. VCAM-1,
ICAM-1, or P-selectin blockade with monoclonal anti-
bodies inhibits hypoxia-induced vasoocclusion and leuko-
cyte adhesion and/or rolling in SCD mice [3, 4]. Similarly,
anti-inflammatory treatments such as dexamethasone, that
inhibit endothelial cell activation and adhesion molecule
expression, also inhibit vasoocclusion in SCD mice [3].
HO-1 overexpressing mice had decreased nuclear expres-
sion of NF-kB p65 in their livers and decreased sVCAM-1
in serum. It is believed that elevated levels of soluble
endothelium-derived adhesion molecules in the plasma of
SCD patients, and murine models of SCD occurs secondary
to endothelial cell activation. Elevated levels of soluble
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Fig. 4 After 8 weeks, cytoprotective pathways are activated in sickle
mice overexpressing wt-HO-1. Nuclear phospho-p38 MAPK (a) and
phospho-Akt (b) were increased in mice injected with SB-wt-HO-1 or
hemin, but not in control, LRS-, or SB-ns-HO-1-treated mice. Total
nuclear p38 MAPK (a) and Akt (b) were not different between
treatment groups. NF-kB p65 was decreased in liver nuclear extracts
of sickle mice injected with SB-wt-HO-1 or hemin, but not in control,
LRS-, or SB-ns-HO-1-treated mice (¢). sVCAM-1 was lower in serum
from sickle mice injected with SB-wt-HO-1 (p<0.05) or hemin (p<
0.05), but not in control or SB-ns-HO-1-treated mice compared to LRS
mice (d). Nuclear extracts were isolated from livers, and 30 pg of
nuclear extract protein from each liver was run on a western blot and
immunostained for phospho- and total p38 (a) and Akt (b), and NF-
kB p65. NF-kB p65 protein bands at 65 kDa were quantified by
densitometry (c¢). Serum levels of sVCAM-1 were measured by
ELISA (d). Values are mean+SEM; n=2—4 mice per treatment group;
*p<0.05 compared to LRS controls using one-way ANOVA

endothelium-derived adhesion molecules in SCD patients
are associated with pulmonary hypertension, organ dys-
function, and mortality [39]. Decreases in sVCAM-1 in
serum are consistent with HO-1 overexpression having anti-
inflammatory effects on vascular endothelium and inhibi-
tory effects on vasoocclusion.

SCD patients and SCD mice typically have elevated
white blood cell counts, which reflect the proinflammatory
phenotype of SCD [3, 10, 11]. Treatment of SCD mice with
25 or 250 ppm inhaled CO for 1 h/day, 3 days/week for 8—
10 weeks significantly decreases total mean white blood
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Fig. 5 After 8 weeks, hypoxia-induced vascular stasis is inhibited in
the skin of sickle mice injected with SB-wt-HO-1 or hemin, but not in
control, LRS-, or SB-ns-HO-1-treated mice. Vascular stasis was
measured in a DSFC model after hypoxia—reoxygenation. At baseline
in room air, the mice were placed under a microscope, and flowing
venules were selected inside the DSFC. The mice were then subjected
to 1 h of hypoxia (7% 0,/93% N,) followed by 1 h of reoxygenation
in room air. After 1 h of reoxygenation, the same venules were re-
examined for blood flow. The number of static venules exhibiting no
blood flow were counted and expressed as a percentage of the total
number of venules examined. There were seven mice and 403 venules
in the control group, five mice and 243 venules in the LRS group, five
mice and 347 venules in the wt-HO-1 group, six mice and 325 venules
in the ns-HO-1 group, and five mice and 227 venules in the hemin
group. There was a minimum of 26 venules per mouse. Values are
mean %stasis+SEM. The proportions of venules exhibiting stasis in
each treatment group were compared using a Z test; *p<0.05
compared to LRS controls

cell, neutrophil, and lymphocyte counts in peripheral blood
[15]. In the current study, HO-1 gene therapy had no effect
on the total mean white blood cell count; the mean white
count was 15.8x10%/ul in both LRS- and wt-HO-1-treated
SCD mice (data not shown). Thus, CO levels did not reach
levels high enough to affect the white blood cell counts in
HO-1 overexpressing SCD mice.

Rat Sickle
Hepatocytes Mouse Skin
L wtwtnsnsns

100 bp

Fig. 6 Rat HO-1 mRNA is not expressed in dorsal skin. The dorsal
skin of sickle mice was examined for the presence of rat hmox-I
mRNA by qRT-PCR RFLP analysis. The rat himox-1 Apal fragments
at 92 and 120 bp were absent in the dorsal skin samples. The mouse
product at 212 bp was seen in the skin of all mice. Rat hepatocytes
were analyzed by qRT-PCR RFLP as controls and show the rat hmox-
1 fragments at 92 and 120 bp but not the mouse product at 212 bp.
The lane marked L designates DNA ladder



J Mol Med (2010) 88:665-675

673

CO interactions with Hb can modulate hemolysis in
SCD. CO binding to HbS shifts the oxygen dissociation
curve to the left and inhibits HbS deoxygenation, HbS
polymerization, and RBC hemolysis [40]. Since hepatic CO
production may be increased in SCD mice overexpressing
wt-HO-1, total serum heme levels were measured as a
marker of hemolysis according to the method of Huy et al.
[41]. Mean serum heme levels were 29 uM in LRS-treated
mice and 19 puM in SCD mice overexpressing wt-HO-1, but
these results were not statistically different (data not
shown). The S+S-Antilles mouse model used in these
studies does not develop severe anemia warranting addi-
tional studies in a more hemolytic and anemic sickle mouse
model.

In these studies, HO-1 was targeted to the liver using an
SB transposase with an alb promoter. The transposase,
delivered in cis with the hmox-1 transgene, binds to IR/DR
sites flanking the transgene, and catalyzes the excision of
the flanked transgene, mediating its insertion into the target
host genome with an apparently equal preference for AT-
rich TA dinucleotide insertion sites in introns, exons, and
intergenic sequences [42—45]. The alb promoter driving the
transposase precludes significant insertion into nonhepatic
chromosomes. This study did not look at insertion sites of
the hmox-1 transgene in livers as others have previously
demonstrated that this SB vector readily integrates trans-
genes into mouse hepatocyte chromosomes [46]. Episomal
expression of the transgene can occur in other organs earlier
than 8 weeks, but decays until little or no episomal
expression remains by 8 weeks.

Overexpression of HO-1 in nonhepatic tissues might also
be beneficial in SCD. However, caution is warranted with
HO-1 gene therapy when using ubiquitous, nontissue-
specific promoters. It has been reported that continuous
HO-1 transgene overexpression in HUVEC cells in culture
results in downregulation of phospho-Akt expression [47].
This suggests that there could be tissue-specific effects of
HO-1 gene therapy, and a targeted approach may be
desirable.

Previous studies have reported cytoprotective effects
of truncated and nonenzymatically active forms of HO-1
in cell culture [48, 49]. HO-1 can lose 52 amino acids
from its C terminus by proteolysis and travel from the
endoplasmic reticulum to the nucleus where it can
upregulate genes that promote cytoprotection against
oxidative stress [48]. In images not shown, we saw some
hepatocytes with nuclear HO-1 expression in sickle mice
expressing ns-HO-1, which has 48 amino acids missing
from the C terminus. However, no cytoprotective effects
were seen in our study, suggesting that the beneficial
effects of HO-1 gene therapy in sickle mice may be
mediated primarily by heme degradation and production
of CO and biliverdin by enzymatically active HO.

In conclusion, we used an SB vector containing an
hmox-1 gene that gives sustained overexpression of HO-1
in the livers of sickle mice. HO-1 overexpression in sickle
mouse livers activates cytoprotective p38 MAPK and Akt
signal transduction pathways, inhibits nuclear NF-kB p65
expression, reduces sVCAM-1 levels in serum, and
inhibits hypoxia-induced vascular stasis distally in the
skin. We speculate that hmox-1 gene transfer could be
beneficial in SCD by inhibiting oxidative stress, inflam-
mation, vasoocclusion, and organ infarction. Future
studies will examine the mechanisms and effects of SB-
mediated smox-1 gene therapy on markers of oxidative
stress, organ pathology, and lifespan in a more severe
murine model of human SCD.
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