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there would be reluctance to advocate long-term
primary prophylaxis, this should certainly be
offered at times of additional high risk, such as
after surgery, immobility, or pregnancy.

Clinically, the issue of thrombophilia testing
and management is more relevant in the setting
of patients who have experienced an event al-
ready. If testing has been performed and high-
risk thrombophilia has been identified, this
should certainly be taken into account when de-
ciding on extended anticoagulation, especially
for spontaneous events. The issue of whether all
patients witha DVT should be screened for
high-risk thrombophilia is unresolved” but, for
those with a spontaneous event ata young age
and a positive family history, this should be con-
sidered. Definition of a positive family history is
difficult, but the suggestion offered in this paper
of more than 20% of relatives affected is not
evidence-based and would be dependent on
relatives being available for study.®

Any decision on whether to offer long-term
anticoagulation will depend on the risk of bleed-
ing while on anticoagulants as well as the throm-
botic risk. This study reports a very low annual
bleeding risk at 0.29% but with wide confidence
intervals, because it is based on only 2 events.
The authors speculate that this may be because
the thrombophilic defect reduces the bleeding
risk, and this observation certainly requires con-
firmation. Alternative explanations are the young
age of the cohort, the fact that the patients are
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cared for by expert centers, and the small num-
ber of events.
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In mice, a long form and a short form of the VWF-cleaving protease ADAMTS13
have been identified, the latter lacking the 4 distal carboxyl-terminal domains.
While these are not strictly required for regulating normal size distribution of
VWE multimers, in this issue of Blood, Banno and colleagues reveal the role of

these domains in down-regulating thrombogenesis in vivo.

ince the discovery of ADAMTS13 asa

metalloprotease with a multi-domain
structure, numerous studies have attempted to
shed light on the specific roles of each of the
ADAMTSI13 domains in digesting large
von Willebrand factor (VWF) multimers into
smaller, less reactive ones, ADAMTS13 is com-
posed of a signal peptide, propeptide, metallo-
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protease domain, central TSR (thrombospondin
type 1 repeat), Cys-rich region, spacer domain,

7 additional TSRs, and 2 CUB domains. The
active site of this enzyme is situated in the metal-
loprotease domain while the spacer domain plays
acrucial role in substrate binding by interacting
witha VWEF exosite located at the C-terminus of
the A2 domain. The exact physiologic signifi-

cance of the carboxyl-terminal TSRs and the

2 CUB domains still remains unclear, in particu-
lar due to the use of different types of in vitro
tests, often performed under nonphysiological
conditions.

To unravel the in vivo role of the carboxyl-
terminal domains of ADAMTS13, Banno and
coworkers elegantly take advantage of the pres-
ence of 2 kinds of Adamts13 genes in laboratory
mouse strains.! The 129/Sv strain has the
Adamtsi3 gene encoding full-length ADAMTS13
while several other strains, including C57BL/6,
harbor an 4damts]3 gene that expresses a trun-
cated form of the enzyme, lacking the 2 C-
terminal TSRs and CUB domains due to the
insertion of an intracisternal A-particle retro-
transposon. By introgressing the C57BL./6-
Adamts]3 gene onto the 129/ Sv genetic back-
ground, the authors generate congenic mice
that had the distal C-terminally truncated
ADAMTS13 ona 129/Sv genetic background
(Adamts13%/5) and use wild-type mice that have
full-length ADAMTS13 (Adamtsi3“'") and
ADAMTS13"/" mice on the same 129/ Sy ge-
netic background for comparison.

The most obvious role of ADAMTS13 is to
regulate VWF multimer size. Indeed,
ADAMTS13 digests unusually large VWF mul-
timers into smaller less thrombogenic forms,?
hence preventing the spontaneous intravascular
platelet aggregation seen in patients with
ADAMTS13 deficiency. Interestingly, Banno et
al showed that both Adamts1 3/ and
Adamis13%5 mice do not have ultra large VWF
multimers in their plasma, implying that the
C-terminal domains are not strictly needed for
maintaining normal VWF size. Consequently,
the 2 C-terminal TSRS and CUB domains are
not essential for the removal of ultralarge VWF
multimers from the plasma.

Following VWEF size regulation, a fascinating
role of ADAMTS13 in attenuating thrombus
growth has been described, possibly by cleaving
VWE multimers that are peripheral to or incor-
porated in platelet rich thrombi.? In this study,
Banno etal used the congenic mice to demon-
strate that the 2 C-terminal TSRs and CUB do-
mains play a role in the down-regulation of
thrombogenesis under high shear conditions.
Both in vitro flow chamber experiments at high
shear rates and in vivo thrombosis models show
that blood from Adamts135/S mice is more
thrombogenic. This is evidenced by accelerated
thrombus formation and decreased time to oc-
clusion respectively when compared with blood
from Adamts13“'" mice. Whether this would
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translate into an increased risk of thrombosis in
patients having comparable truncated forms of
ADAMTSI3 remains elusive.

In this article, Banno et al provide the firstin
vivo insights on the physiological significance
of the distal carboxyl-terminal domains of
ADAMTSI3. The exact mechanism of thrombus
sizeattenuation by ADAMTS13 and, in particular,
the specific involvement of the carboxyl-terminal
domains still remains to be determined. Does
ADAMTSI13 digest VWF multimers on the sur-
face of the platelet thrombus or is thrombus size
attenuation by ADAMTS13 independent of its
VWEF-cleaving activity? In this context, it is cer-
tainly intriguing that the mechanism of VWF size
regulation by ADAMTS13 might be different
from that of VWF processing during thrombus
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Comment on Kamei et al, page 5041

growth. Clearly, these new findings providean-
other impetus in the quest to understand the struc-
ture-function relationship of ADAMTS13. Obvi-
ously, thisis not the end of the tale.
Conflict-of-interest disclosure: The authors
declare no competing financial interests. 8
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Scanning for the origins of mHags

John A. Hansen FRED HUTCHINSON CANCER RESEARCH CENTER

In this issue of Blood, Kamei and colleagues introduce an innovative approach for iden-

tifying the genes that encode novel T' cell-defined human minor histocompatibility

antigens (mHags). In this significant methodologic advance, they demonstrate how the
rich human genetic variation data generated for the International Human HapMap
Project, together with the available HapMap B-lymphoblastoid cell lines that have un-
dergone extensive genome-wide sequencing, can be used to identify the functional

uman minor histocompatibility antigens

(mHags) have been recognized as barriers
to successful hematopoietic cell transplantation
(HCT) from normal donors for more than
30 years.! Success following HCT is ultimately
determined by the ability to achieve sustained
engraftment, eradication of abnormal or malig-
nant host cells, and control of graft-versus-host
disease (GVHD). Each of these clinical end
points is influenced by the nature and extent of
the genetic disparity between donor and recipi-
ent. Graft rejection and GVHD are immune-
mediated reactions induced by histocompatibil-
ity differences between donor and recipient.
GVHD occurs when immune-competent do-
nor T cells are transplanted to an immune-
compromised host, and the incompatibility be-
tween donor and recipient is sufficient to induce
T-cell activation.? The histocompatibility differ-
ences responsible for these T—cell responses are
encoded by polymorphic genes located through-
out the genome. T~cell recognition of these dif-
ferences can occur only when the variant peptide

5040

oenetic variants responsible for the cellular peptides recognized by selected T-cell clones.

in a recipient is foreign to the donor and is appro-
priately processed and presented at the cell sur-
face by the HLA alleles of the recipient. Poly-
morphic peptides fulfilling these requirements
are called mHags.!

Although severe GVHD has an adverse ef-
fect on morbidity and mortality, occurrence of
GVHD is also associated with lower relapse
rates, demonstrating that host reactivity of do-
nor T cells can also mediate a significant graft-
versus-leukemia (GVL) effect and thereby di-
rectly contributes to the curative potential of
allogeneic HCT for patients with hematologic
malignancy. The GVL effect has become an
important model system for exploring new strat-
egies aimed at improving the antitumor potential
of T cell-based immunotherapy. These efforts
have largely focused on understanding the
mechanisms of GVL and the identification of the
molecules that could be the potential targets for
T-cellimmunotherapy.* Improved techniques
for cloning mHag-specific T cellsand eluting
candidate peptides from major histocompatibil-

ity complex molecules in the late 1980s made
possible the initial identification of individual
mHags. However, the process was difficult, and
progress in expanding the library of well-
characterized mHags has been slow.

In this issue of Blood, Kamei et al introduce a
novel approach for identifying T cell-defined
mHag loci using publically available resources
generated by the International HapMap Project
and including the B-lymphoblastoid cell lines
that were the source of DNA sequenced for the
HapMap project and the resulting large dataset
of sequence-based genotypes.®® These cell lines
are publicly available, and once they have been
transduced with the appropriate HLA restric-
tion element, they can be tested as targets to de-
termine whether they contain the DNA se-
quence necessary to encode specific T cell-
defined peptides. Mapping of the gene encoding
the mHag is accomplished by combining the
results of immune-based functional assays with a
whole genome association analysis by scanning
the known sequence polymorphisms (SNPs) in
the vast HapMap database, which currently con-
sists of more than 3 million genetic markers ex-
pressed by these reference cell lines. The power
and resolution of genetic mapping obtainable
with this resource will continue to expand in the
future as the numbers of new reference samples
sequenced increases, and the racial diversity of
the reference panel is broadened. The approach
described here by Kamei et al should contribute
substantially to the development of a more com-
prehensive and efficient characterization of
mHags. This method may also prove useful for
the genetic mapping of other genetic traits.
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ADAMTS13 gene deletion aggravates ischemic brain damage: a possible
neuroprotective role of ADAMTS13 by ameliorating postischemic hypoperfusion
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Reperfusion after brain ischemia causes
thrombus formation and microcirculatory
disturbances, which are dependent on the
platelet glycoprotein ib-von Willebrand fac-
tor (VWF) axis. Because ADAMTS13 cleaves
VWF and limits platelet-dependent throm-
bus growth, ADAMTS13 may ameliorate
ischemic brain damage in acute stroke. We

ischemia-reperfusion injury using a 30-
minute middle cerebral artery occlusion
mode! in Adamts13~/~ and wild-type mice.
After reperfusion for 0.5 hours, the regional
cerebral blood flow in the ischemic cortex
was decreased markedly in Adamis13-/-
mice compared with wild-type mice (P < .05),
which also resuited in a larger infarct vol-
ume after 24 hours for Adamits13-'~ com-

pared with wild-type mice (P < .01). Thus,
Adamts13 gene deletion aggravated isch-
emic brain damage, suggesting that
ADAMTS13 may protect the brain from isch-
emia by regulating VWF-platelet interac-
tions after reperfusion. These results indi-
cate that ADAMTS13 may be a useful
therapeutic agent for stroke. (Blood. 2010;

investigated the effects of ADAMTS13 on

Introduction

115:1650-1653)

von Willebrand factor (VWF) is a large multimeric protein that
plays a key role in thrombus formation by tethering platelets at sites
of vascular injury.! Smaller VWF multimers are less active, and the
potent thrombogenic activity of ultra-large VWF (ULVWF) se-
creted from endothelium is regulated in vivo through cleavage by
ADAMTS13.23 The importance of this mechanism for normal
hemostasis is supported by evidence that patients with deficiency
of ADAMTS13 function, diagnosed with thrombotic thrombocyto-
penic purpura, have ULVWF in circulating blood and VWF-
dependent microvascular thrombosis.2 Recently, we demonstrated
that ADAMTS 13 cleaves VWF on the surface of platelet thrombi in
a shear force~dependent manner, which limits thrombus growth in
vitro.4 These data suggest that ADAMTS13 is a key molecule that
maintains a physiologic balance between hemostasis and thrombo-
sis through regulation of VWF function in vivo.

ADAMTS13 function is crucial for preventing thrombosis in
the cerebral microvasculature, as indicated by the occurrence of
neurologic deficits in thrombotic thrombocytopenic purpura, but
the role of ADMTS13 in the pathogenesis of reperfusion injury
after arterial thrombosis has not been established. To address this
issue, we investigated the role of ADAMTS13 in a transient middle
cerebral arterial occlusion (MCAO) mode! of ischemia-reperfusion
injury in the mouse brain® using Adamts ™/~ mice.®

Because brain ischemia-reperfusion injury is dependent on the
platelet glycoprotein Ib~-VWF axis’ and platelet thrombosis ad-
versely affects the postischemic cerebral microcirculation®!! lead-

ing to secondary brain damage,'® ADAMTS 13 may reduce platelet
thrombus growth and thereby ameliorate ischemic brain injury by
improving the postischemic no-reflow phenomenon.!? Here we
demonstrate that Adamtsl3 gene deletion aggravates postischemic
cerebral blood reflow, resulting in larger infarct volume. This result
suggests that ADAMTS 13 may indeed suppress excessive platelet
thrombus growth in vivo.

Methods

The effect of Adamts13 gene deletion on brain ischemia was studied using
male Adamts13~/~ (—/—) mice and wild-type (+/+) mice generated by our
study group.® We used male mice only to obtain consistent results because
female mice are known to be more resistant to stroke. The experimenters
were blinded to the genotype of each animal until all studies had been
finished. This study was approved by the institutional ethics committee of
Fukuoka University.

Transient MCAO

Focal cerebral ischemia (MCAO by intraluminal thread) was induced in
Adamts13~'~ and wild-type mice as previously described 314 Preliminary
experiments using 1-hour MCAQ gave excessively high mortality of 4 of 5
for one group and 1 of 4 for another. Therefore, we reduced the time of
MCAO to 30 minutes. Body temperature was maintained at 36.5°C to
37.0°C during surgery. The success of the left MCAO was confirmed
according to the following criteria: (1) regional cerebral blood flow (fCBF)
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in the left cerebral cortex at the thread insertion less than 20% of
pre-MCAO tCBF; and (2) consistent presence of significant ischemic
neurologic symptoms of the left cerebral hemisphere, including right
forepaw paralysis and right circling behavior during 30-minute MCAO.

rCBF

The rCBF was measured by LASER Doppler fiowmetry (LDF; ALF21,
Advance Co) as previousty described.’ The LDF probe was placed in the
left cerebral cortex stereotaxically. The rCBF was monitored in all animals
during the period between 30 minutes before MCAO and immediately after
reperfusion.

Cerebral infarct volume and histology 24 hours after MCAO

The brains were sectioned coronally (four 2-mm-thick slices) according toa
mouse brain matrix 24 hours after MCAO or sham operation. The infarct
area was measured using an image-analysis system (National Institutes of
Health Image software, Version 1.63) in each slice stained with 2,3,5
triphenyltetrazolium chloride, and the infarct volume was calculated.5!3
Paraffin-embedded brains were stained with phosphotungstic acid hematoxy-
fin (PTAH) to demonstrate fibrin in thrombi or incubated with anti-VWF
antibody (sc-8068; Santa Cruz Biotechnology), followed by a standard
avidin-biotin-peroxidase complex technique to demonstrate VWF in thrombi.

Neurologic assessment

Neurologic deficit was assessed at 24 hours after MCAO using a neurologic
score as previously described,!® and the survival rates were also measured
at 24 hours after MCAO.

Statistical analysis

Data are mean plus or minus SEM. For multiple pairwise comparisons,
2-way analysis of variance followed by Scheffé test was performed. When
only 2 groups were compared, Student 7 test was used. Probability values
less than .05 were considered to be of statistical significance.

Results and discussion

The rCBF decreased to less than 20% of the baseline value during
30-minute MCAO and returned to baseline immediately after
reperfusion in both Adamits!3~/~ and wild-type mice. However,
during the subsequent 30 minutes, the rCBF for both groups
decreased, suggesting that ischemia-reperfusion had induced throm-
bosis. The rCBF for Adamts13™'~ mice progressively decreased
compared with wild-type mice (significantly decreased at 20 and
30 minutes after reperfusion, P < .05, Scheffé test, Figure 1).

The survival rates of the Adamts137'~ and wild-type mice did
not differ (17 of 20 vs 16 of 20, respectively). However,
Adamts]137/~ mice had larger brain infarctions compared with
wild-type mice 24 hours after MCAO (P < .01; Figure 2A), which
is reflected by a difference in neurologic score assessing left
hemisphere function (Figure 2B). Histologic and immunohisto-
chemical examinations revealed that more thrombi containing
fibrin and VWF were observed in Adamts13~/~ mice (Figure 2C),
which may contribute to the lowered rCBF and increased infarct
volume in Adamts13~/~ mice. These results indicate that Adamts13
gene deletion aggravates ischemic brain damage.

Our results indicate that ADAMTS13 is crucial in vivo to
protect the brain from ischemia-reperfusion injury by ameliorating
postischemic hypoperfusion. The possible neuroprotective effect of
ADAMTS13 may result from the cleavage of ULVWF secreted
from endothelium activated by ischemia®!5 and cleavage of VWF
multimers on the surface of thrombi formed on the ischemic
endothelial cells.* Without adequate ADAMTSI3, progressive
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Figure 1. Effect of Adamts13 gene deletion on rCBF in mice of 30-minute MCAO
model. Male Adamts 13-/~ (—/—) mice and wild-type (+/+) mice inan SV129-genetic
background were used to study the effect of ADAMTS13 deficiency on brain
ischemia: —/— (n = 25) and +/+ (n = 25) mice (8-10 weeks of age, 20-23 g of body
weight). The focal cerebral ischemia (30-minute MCAO by intratuminal thread) was
induced in the —/~ {n = 20) and +/+ (n = 20) mice as previously described (sham
surgery in —/—, n = 5; and +/+, n = 5). This study was approved by the institutional
ethics committee at Nara Medical University. The rCBF was measured by LDF
(ALF21; Advance Co). The rCBF was recorded over time (immediately before and
after MCAO; 10, 20, and 30 minutes after MCAC; immediately after reperfusion; and
10, 20, and 30 minutes after reperfusion). The rCBFs during occlusion and reperfu-
sion were expressed as a percentage of the baseline LDF value. The rCBF
decreased to less than 20% of the baseline value during 30 minutes of MCAO and
returned to the baseline immediately after reperfusion in both —/— and WT mice. The
fCBF in —/— mice, however, progressively decreased more markedly compared with
thatin +/+ after reperfusion (percentage rCBF: —/~,n = 9,vs +/+, n = 8, at20 and
30 minutes after reperfusion; 40.8 + 7.1vs91.4 = 9.1,and 34.6 + 5.8vs83.2 + 6.8,
respectively). *P < .05 vs WT, Scheffé test after 2-way repeated-measures analysis
of variance (F(8,134) = 6.668, P < .01). Values are mean = SEM.

platelet thrombus growth may narrow the microvascular lumen,
increasing fluid shear stress locally. Without negative feedback
regulation by proteolysis of VWF, ischemia-reperfusion injury may
cause a vicious cycle in which the VWF-platelet thrombosis and
fluid shear stress enhance each other and contribute to the
progressive deterioration of cerebral blood reflow, as observed in
the Adamts13~/~ mice. ADAMTS13 may, therefore, prevent micro-
vascular occlusion under high shear stress and augment the
cerebral blood flow after ischemia-reperfusion in vivo.

In addition to VWF-platelet thrombus formation,%1116.17 micro-
vascular plugging by activated leukocytes'®20 can lead to no-reflow
phenomena in brain ischemia.!' Importantly, platelet-ULVWF
strings support leukocyte tethering on the endothelium under high
fluid-shear stress.?!?? A recent study suggested that deficiency of
ADAMTS13 can increase leukocyte adhesion on the vessels and
extravasation.” Thus, ADAMTSI3 deficiency may enhance the
leukocyte activation in the ischemic cerebral vasculature after
reperfusion and thereby aggravate ischemic brain damage. Indeed,
Adamts13~'~ mice accumulated more inflammatory cells in the
brain tissue than wild-type mice after MCAO (Figure 2C),
suggesting that ADAMTS13 may reduce inflammation as well as
thrombosis associated with ischemia-reperfusion injury.

In conclusion, ADAMTS13 deficiency causes progressive de-
cline of postischemic rCBF, with a resultant exacerbation of
ischemic brain injury, suggesting an important role of ADAMTS13
in neuroprotection. The regulation of VWF-platelet interactions by
supplementation with ADAMTS13 may ameliorate ischemia-
reperfusion injury of the brain. Because ADAMTS13 tends to
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Figure 2. Effect of Adamts13 gene deletion on brain infarct in mice after 30-minute MCAO. (A) These are coronal sections through the brain in both groups stained with
2,3,5 triphenyltetrazolium chloride. Red areas represent vital brain tissue, and white areas represent cerebral infarction. Adamts13~/~ (—/—) mice had significantly larger
volume of brain infarct compared with wild-type (+/-+) mice after 23.5-hour reperfusion after 30-minute MCAO (—/—,n = 16,vs +/+,n = 16, **P < .01, Student ttest). Values
are mean + SEM (mm?). The average infarct volume was 31.0 + 6.5 mm? for ADAMTS13 -/~ mice and 11.4 = 1.9 mm3 for +/+ mice. The survival rates of the —/— and +/+
mice did not differ (17 of 20 vs 16 of 20, respectively). No ischemic change was observed in the brain of —/— and +/+ mice after sham operation. (B) Neurologic score was
measured 24 hours after MCAO. Neurologic scores were measured from the point according to the neurologic findings as follows: 0 indicates normal motor function; 1, flexion
of torso and of contralateral forelimb on lifting of the animal by the tail; 2, circling to the ipsilateral side but normal posture at rest; 3, circling to the ipsilateral side; 4, rolling to the
ipsilateral side; and 5, leaning to the ipsilateral side at rest (no spontaneous motor activity). *P < .05. (C) Representative PTAH-stained sections of infarct area for wild-type
(+/+) and Adamts13~/~ (—/—) mice. There were more thrombi and inflammatory cells in the lesions of Adamts13~/~ mice compared with +/+ mice (black arrows represent
thrombus; white arrow, inflammatory cells infiltration). The area comparable with PTAH staining for —/— mice was immunostained using anti-VWF antibody. VWF is detected in
thrombi as brown staining (—/— ipsilateral anti-VWF). images were generated using an Olympus BH-2 microscope with an Olympus DP20-5 digital camera (original
magnification X200). Bar represents 40 pm.

dissolve excessive VWF-platelet thrombi with increasing effi-

ciency as the flow path narrows, treatment of acute ischemic stroke
with ADAMTS 13 might have a relatively low risk of hemorrhagic
complications.

Note added in proof. After submission of our paper, the
complementary paper by Zhao et al?* appeared in Blood, which
also demonstrated the important role of ADAMTSI13 for brain
reperfusion injury.
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Abstract Recently, two independent groups have estab-
lished ADAMTSI13-deficient mice using gene-targeting
techniques. In humans, genetic or acquired deficiency in
ADAMTS13 leads to a potentially fatal syndrome, throm-
botic thrombocytopenic purpura (TTP). Surprisingly,
ADAMTS 13-deficient mice are viable with no apparent
signs of TTP. However, these mouse models indicate that
ADAMTS13 down-regulates platelet adhesion and aggre-
gation in vivo, and ADAMTSI13 deficiency can provide
enhanced thrombus formation at the site of vascular lesions.
In addition, ADAMTS 13 by cleaving hyperactive ultra-large
von Willebrand factor multimers not only down-regulates
thrombosis but also inflammation. ADAMTS13-congenic
mice that carry a truncated form of ADAMTS13 lacking the
C-terminal domains have also been developed. Phenotypes
of the congenic mice indicate the physiological significance
of the C-terminal domains of ADAMTS13 in down-regu-
lating thrombus growth. The studies mentioned here in dif-
ferent mouse models uncover the in vivo function of
ADAMTSI13 and strengthened the understanding of the
mechanism of systemic disease TTP.
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1 Introduction

ADAMTS13 is a plasma protease that cleaves von Wille-
brand factor (VWF) [1]. VWF is a large protein that cir-
culates in blood as homomultimers of varied sizes. One of
main functions of VWF is to mediate adhesion between
platelets and between platelets and vascular subendothe-
lium. Both types of adhesion are essential to maintain the
balance between hemorrhage and thrombosis. The adhesive
activity of VWF depends on its molecular sizes and, in
particular, ultra-large VWF (UL-VWEF) multimers
exceeding 20,000 kDa can form high strength bonds with
platelet GPIba and induce excessive platelet aggregation
under shear stress. UL-VWF multimers are normally
cleaved by ADAMTS13 to smaller forms, thus restraining
spontaneous platelet thrombus formation. The lack of
ADAMTS13 activity allows UL-VWF multimers to persist
in the circulation and leads to the development of throm-
botic thrombocytopenic purpura (TTP) [1].

TTP is a serious systemic disease caused by excessive
aggregation of platelets and VWF in small vessels of many
organs. The accumulated platelet thrombi obstruct blood flow
and cause consumptive thrombocytopenia, fragmentation of
red blood cells with anemia, renal and cerebral failure, and
fever. Without treatment, the mortality rate of affected
patients exceeds 90%, but plasma exchange reduces the death
rate to approximately 20%. The discovery of ADAMTS13 as
VWEF-cleaving protease increases our understanding of TTP
pathophysiology. Congenital TTP (Upshaw-Schulman syn-
drome) is associated with the ADAMTS13 gene mutations.
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Some forms of acquired TTP (e.g., idiopathic TTP, ticlopi-
dine-induced TTP) are associated with the production of
autoantibodies against ADAMTS13.

Recently, murine models of ADAMTSI13 deficiency
have been developed by gene-targeting technique by two
independent groups [2, 3]. Models resulting from a natu-
rally occurring mutation have also been established [4].
These animal models have proven useful to elucidate
ADAMTSI13 functions in vivo and the pathophysiology of
TTP. This review summarizes phenotypic characteristics of
Adamts]3-mutant mice, focusing on roles of ADAMTS13
in thrombosis, endotoxemia and inflammation.

2 The gene structure of mouse Adamts13

In mice, two kinds of Adamts13 gene are present in a strain-
specific manner (Fig. 1) [5]. The Adamts13 gene of the 129/
Sv, FVB/NIJ, and CAST/Ei] strains contains 29 exons like
the human ADAMTSI3 gene and encodes ADAMTSI3
protein with the same domain constitutions as human
ADAMTS13, designated as ADAMTSI13-L. On the other
hand, several strains of mice, including the BALB/c, C3H/He,
C57BL/6, and DBA/2 strains, harbor the insertion of an
intracisternal A-particle (IAP) retrotransposon into intron 23
of the Adamtsi3 gene. The inserted IAP is one of the
endogenous transposable elements present at approximately
2,000 sites in the mouse genome. Like retroviruses, the IAP
contains two long terminal repeats with signals for the ini-
tiation and regulation of transcription and for the polyade-
nylation of transcripts. The IAP insertion into the Adamisl3
gene produces a cryptic splicing site followed by a premature
in-frame stop codon and a polyadenylation signal derived
from the long terminal repeat. As a result, ADAMTSI13
protein that lacks the C-terminal two thrombospondin type 1
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Fig, 1 Gene and protein structure of two kinds of mouse ADAM-
TS13. In some strains of mice (e.g., C57BL/6), an IAP-retrotranspo-
son (IAP) is inserted into intron 23 of the Adamits]3 gene (arrow) and
creates a pseudo-exon 24 including a premature stop codon.
ADAMTSI13-S with truncated C-terminal domains is mainly
expressed in these strains. S Signal peptide, P propeptide, MP
metalloprotease domain, Dis disintegrin-like domain, T (numbered
1-8) thrombospondin type 1 motif domain, Cys cysteine-rich domain,
Sp spacer domain, CUB complement components C1r/C1 s, urchin
epidermal growth factor, and bone morphogenic protein-1 domain

motif (Tspl) domains and two CUB domains, designated as
ADAMTSI13-S, is predominantly expressed in these strains.

Both forms of mouse ADAMTS13 are mainly expressed
in the liver and retain a furin-recognition sequence in the
propeptide domain, a Zn*‘-coordinating active site
sequence, the Met residue in a proposed Met-turn, and
structural Ca®* coordination residues in the metalloprotease
domain, and an RGD sequence in the Cys-rich domain. They
show VWF-cleaving activity in vitro but the truncated form
exhibits lower activity than the full-length form for purified
human VWF multimers [6].

3 Generation of ADAMTS13-deficient mice

Mice deficient in ADAMTS13 have been developed by con-
ventional gene-targeting approaches. Banno et al. generated
Adamts13™'~ mice on a 129/Sv genetic background [2].
Disruption of the gene by replacing exons 3-6, encoding the
metalloprotease domain, with a neomycin resistance cassette
results in the absence of ADAMTS13 mRNA in liver. AD-
AMTS13 activity is not detected in plasma of Adamts13™'~
mice. Analysis of plasma VWF multimer patterns detects
UL-VWEF multimers in Adamts!3~'~ mice but not in Adam-
15137 or Adamts13*'~ mice, suggesting that the deficiency
of ADAMTS13 alone can support the generation of plasma
UL-VWF multimers. However, Adamts] 3™~ mice are viable
with no apparent signs of TTP. Blood platelet counts, plasma
haptoglobin levels and peripheral blood smears are normal in
Adamts13™'" mice, suggesting a lack of thrombocytopenia
and hemolytic anemia. Although pregnancy is a triggering
event for TTP, Adamts13™'~ females survive pregnancy and
produce viable offspring of normal-sized litters. Renal his-
tology of pregnant Adamts13 ™"~ mice does not show thrombi
deposition or excessive VWF accumulation in microvessels,

Motto et al. [3] have generated AdamtsI3~'~ mice with
elimination of exons 1-6. On a mixed C57BL/6] and
129X1/Sv] genetic background, they are viable without
any TTP-like phenotypes, similar to Adamts13™'~ mice on
a 129/Sv genetic background. Thus, both studies clearly
indicate that ADAMTS13 deficiency alone is not sufficient
to cause TTP-like symptoms in mice. Factors in addition to
ADAMTSI13 deficiency may be necessary for the devel-
opment of TTP in mice.

4 The function of ADAMTS13 in thrombosis

4.1 Increased thrombogenesis in ADAMTS13-deficient
mice

While Adamts13™"~ mice do not spontaneously develop TTP,
they are in prothrombotic state. Banno et al. revealed that
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Fig. 2 Platelet thrombus formation in ADAMTS13-mutant mice on
collagen surface under flow. a Thrombus formation at 1,000 s,
‘Whole blood samples from Adamts! 3 (Adamtsl3 + ™y, Adamts] 358
or AdamtsI13™'~ mice containing mepacrine-labeled platelets are
perfused over an acid-insoluble type I collagen-coated surface at a wall
shear rate of 1,000 s™'. The cumulative thrombus volume, analyzed
using a multi-dimensional imaging system, is measured every 0.5 min
until 4 min. Data are the mean & SEM of 25 mice for each genotype.
b Thrombus formation at 5,000 s~'. Whole blood samples from
indicated mice are perfused over an acid-insoluble type I collagen-
coated surface at a wall shear rate of 5,000 s™'. The cumulative
thrombus volume is measured every 20 s until 80 s. Blood from two
mice is pooled and used for experiments. Data are the mean + SEM of
15 samples for each genotype. Asferisks indicate significant differ-
ences at P < 0.05 in comparison to Adamts13"" mice

accelerated thrombogenic responses in Adamts! 37" mice
under in vitro flow conditions (Fig. 2). When whole blood is
perfused over a collagen-coated surface in a parallel plate-flow
chamber at wall shear rates of 750-5,000 s~!, cumulative
platelet thrombus volume is significantly higher in Adam-
ts13™"" mice compared to Adamts13™"" mice [2, 4]. In vivo
consequence of a lack of ADAMTS13 was further evaluated
using collagen plus epinephrine infusion model experiments.
In this model, widespread intravascular thrombosis is induced
by intravenous infusion of collagen fibrils in combination with

@ Springer

epinephrine, and the incorporation of platelets into thrombi is
monitored by the reduction in circulating platelet counts.
Following the infusion of collagen plus epinephrine, reduction
of platelet counts is more severe in Adamtsi3 =~ mice than
in Adamts13™" mice, suggesting that a complete lack of
ADAMTS13 in mice results in a prothrombotic state.

Using the intravital microscopy, Motto et al. [3] have also
elegantly shown prothrombotic phenotypes of Adamtsl3 ==
mice in vivo. Upon activation of endothelial cells with
secretagogues such as histamine and calcium ionophore
A23187, UL-VWF multimers stored in Weibel-Palade
bodies are released into circulation. It was demonstrated in
vitro that quiescent platelets can rapidly bind to the UL-VWF
multimers resulting in formation of long platelet strings and
ADAMTSI13 can cleave anchored platelet strings on the
surface of endothelium [7]. Following stimulation with his-
tamine or A23187, long-lived platelet strings ranging from
30t0 250 um are observed only in Adamts! 37"~ mice. These
strings remain anchored at one end and waved with another
end in the blood stream [3]. In addition, following superfu-
sion with A23187, prolonged platelet adhesion is observed in
Adamts13™"~ mice compared to Adamts] 3"+ mice. Adhe-
sion is absent in stimulated veins of Viwf™'™ mice confirming
that prolonged platelet adhesion depends on VWF [3]. These
results are the direct evidence that ADAMTS13 regulates
VWEF-mediated platelet adhesion in vivo.

After topical superfusion of A23187, spontaneous platelet
aggregation resulting in microthrombi formation is observed
in the microvessels (25-30 pm) of Adamts13~'~ mice [8].In
Adamis13™"" mice treated identically, small platelet aggre-
gates can be seen attached to the endothelium for 1-2 s, but
thrombi do not form. When arterioles are injured by a FeCls-
treatment, platelet binding to subendothelium is increased
and thrombus formation is significantly accelerated in
Adamts13~'~ mice compared to AdamtsI3*'"* mice [8]. In
another set of FeCls-induced vessel injury in Vwf~ "~ mice,
most of the vessels do not occlude in either mice expressing
ADAMTSI13 or lacking ADAMTS13, demonstrating that
ADAMTS13 deficiency is not sufficient to overcome the
VWF deficiency in this system [9]. These results support that
ADAMTS13 down-regulates platelet adhesion and aggre-
gation in vivo, and ADAMTS13 deficiency can provide
enhanced thrombus formation at the site of vascular lesions.
These findings also suggest that VWF, the only relevant
substrate for ADAMTSI13, is critical in this model of
thrombus growth under arterial shear conditions.

4.2 TTP-like phenotypes induced by shigatoxin
challenge in ADAMTS13-deficient mice
on the specific genetic background

CASA/Rk strain is a wild-derived mouse strain of Mus
musculus castaneus that exhibits plasma VWF levels 5- to
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10-fold higher than C57BL/6J strain. The major genetic
factor that accounts for this difference is associated with a
gene modifier Mvwf2, corresponding to the R2657Q muta-
tion in Vwf gene resulting in increased biosynthesis/secre-
tion of VWF [10]. Additional modifier loci correlating with
increased VWF levels are identified in CASA/RK strain as
Mvwf3 on chromosome 4 and Mvwf4 on chromosome 13
[10]. The genetic background of CASA/RK strain has been
introduced onto the C57BL/6J and 129/Sv] mixed-back-
ground Adamts13™'~ mice by backcrossing with wild-type
CASA mice for two generations. These mice are born in
expected Mendelian distribution, however, mean platelet
counts of the Adamts13™'~ mice are significantly reduced
compared to Adamts13*'" littermates.

When challenged with shigatoxin produced by Shigella
dysenteriae and the Shigatoxigenic group of Escherichia
coli, a subset of this Adamtsl13™"~ mice show clinical signs
of TTP including thrombocytopenia, hemolytic anemia
with fragmented red blood cells, and VWF-rich thrombi in
multiple organs including brain, heart and kidneys [3].
Shigatoxin is toxic to endothelial cells and known to induce
hemolytic uremic syndrome (HUS) that exhibits similar
clinical and pathologic findings to TTP. Shigatoxin also
stimulates the release of UL-VWF multimers from human
umbilical vein endothelial cells and perfused quiescent
platelets immediately adhere to UL-VWF multimers,
resulting in formation of platelet strings [11]. Thus, envi-
ronmental factors causing endothelial activation or damage
can trigger TTP in Adamts13~'~ mice. Because shigatoxin
challenge does not evoke TTP-like symptoms in Adam-
1513~ mice on the mixed background [3], introduction of
the CASA/Rk genetic background provides susceptibility
to TTP in AdamtsI3~'~ mice. Of note, there is no corre-
lation between plasma VWF level and degree of shiga-
toxin-induced thrombocytopenia or mortality, suggesting
that TTP-modifier genes that are not associated with
plasma VWF levels may be delivered from a CASA/Rk
genetic background [3].

In human, there is a large variation in the phenotypes of
TTP patients with ADAMTS13 deficiency [12]. Many TTP
patients with congenital ADAMTS13 deficiency have their
first acute episode in the neonatal period or early infancy,
but late-onset cases and asymptomatic carriers in adulthood
have been reported. Patients with identical ADAMTS13
mutations but different clinical courses have been descri-
bed, indicating that ADAMTS13 deficiency brings a seri-
ous risk but is not a sufficient condition for TTP. Data from
Adamts13™'~ mice support this view, and Adamtsl3 ™'~
mice can contribute to the identification of additional
genetic and/or environmental TTP triggers.

The only known substrate for ADAMTS13 is VWF. To
investigate the absolute requirement of VWF in shigatoxin-
induced thrombocytopenia, VWF-null allele is crossed

onto the CASA/Adamits13~'"~ background [9]. Challenge of
VWF expressing (Vw, * or Vwft! ) CASA/AdamtsI3™"
mice with shigatoxin results in thrombocytopenia and
mortality. In contrast, littermate CASA/AdamtsI3 ™™ mice
deficient for VWE (Vwf™™) do not result in thrombocy-
topenia. These results clearly demonstrate that a threshold
of VWF is required for shigatoxin-induced thrombocyto-
penia and provide experimental evidence for the crucial
role of VWF in TTP pathogenesis.

S Thrombogenic phenotypes in congenic mice
having C-terminal truncated ADAMTS13-S

The specific functions of each of the ADAMTS13 domains
in the VWF-cleavage have been studied using different
types of in vitro assays. These studies have shown an
essential role of the N-terminal domains from the metal-
loprotease to the spacer domains in substrate recognition
and proteolysis [1]. However, physiological significance of
the remaining C-terminal Tspl and CUB domains was not
clearly defined in vivo. Taking advantage of the presence
of the spontaneous IAP-insertional mutation in the Adam-
ts13 gene of some laboratory mouse strains, a congenic
mouse strain (Adamts13%S) that has ADAMTSI3-S on
129/Sv genetic background has recently been established
[4]. In this model, C57BL/6-Adamtsl3 gene with IAP
mutation has been applied to 129/Sv mice by ten-genera-
tion backcrossing.

Similar to wild-type 129/Sv mice - (Adamrs13“"),
Adamts13%® mice do not have UL-VWF multimers
in plasma, in contrast to 129/Sv-genetic background
ADAMTS 13-deficient mice (Adamts13™" ) [4]. Hence, the
C-terminal domains of ADAMTSI13 are not necessary for
removal of UL-VWF multimers in plasma under physio-
logical conditions. However, parallel plate flow chamber
experiments show that blood from AdamtsI3%® mice is
more thrombogenic under flow at a high shear rate of
5,000 s7! in compared to blood from AdamtsI3™" mice
(Fig. 2) [4]. In addition, both in vivo thrombus formation in
FeCls-injured arterioles and thrombocytopenia induced by
collagen plus epinephrine challenge are accelerated in
Adamts13% mice compared to AdamisI3™" mice [4].
These results provide in vivo insights on physiological
significance of the C-terminal domains of ADAMTSI3 in
down-regulating thrombus growth,

6 The function of ADAMTS13 in sepsis
and endotoxemia

Some of the recent studies have found reduced ADAM-
TS13 activity in patients with acute systemic inflammation
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or sepsis, suggesting a role for VWF-ADAMTS13 axis in
sepsis [13]. To investigate the functions of VWF and
ADAMTSI3 in sepsis and endotoxemia, two different
groups have done independent studies using two different
models; one by LPS-induced sepsis {9] and the other by
cecum ligature and puncture (CLP) in mice [14]. When
Vwf™* or Vwf'™ mice are challenged with LPS, there is
no significant difference in LPS-induced thrombocytopenia
or mortality up to 4 days of observation period [9]. In
contrast, in CLP-induced sepsis model there is a decrease
in mortality of VWF-deficient mice compared to wild-type
mice, suggesting important role for VWF secretion in
sepsis-induced mortality [14]. The different finding in two
independent studies illustrates the importance of different
models used for sepsis.

There is also no significant difference in LPS-induced
mortality in VWF expressing mice that are either lacking or
expressing ADAMTS13. Additionally, mice deficient for
VWE and ADAMTS13 also exhibited similar thrombocy-
topenia and mortality. These observations in mice suggest
that neither absolute VWTF deficiency nor ADAMTSI13 has
effect on LPS-induced sepsis [9]. These findings are in
agreement with the report that complete deficiency of
ADAMTSI13 in mice is not associated with excess mor-
tality in CLP-induced sepsis [14]. However, they have
found a decrease in ADAMTS 13 activity in wild-type mice
after CLP-induced sepsis, similar to that reported previ-
ously in human sepsis [13]. However, deficiency of
ADAMTS13 in mouse does not modulate CLP-induced
sepsis. The decrease in ADAMTS13 activity in CLP-induced
sepsis is most probably due to consumption of ADAMTS13
to VWF released in large amounts.

7 The function of ADAMTS13 in inflammation

Recently, Chauhan and colleagues [15] have investigated
the role of ADAMTSI13 and its substrate VWF in
inflammation by studying leukocyte rolling and adhesion
in Adamis13™ /vt AdamtsI3~'"IVwft*, Adamts-
13Y/Vwf'™ and  AdamtsI3™"/Vwf~'" mice using
intravital microscopy. They have shown that ADAMTS13-
deficiency in mice results in higher numbers of leukocytes
rolling on the unstimulated endothelium compared to wild-
type. The incréase in the leukocyte rolling observed in
Adamts13™'~ mice is VWF-dependent.

There is also an increase in endothelial P-selectin
expression, soluble P-selectin and VWF in plasma of
Adamts13~'~ mice. These observations raise the question
how ADAMTS13 deficiency results in increased plasma
VWF. One of the reasons could be that ADAMTSI3
deficiency results in slower clearance of UL-VWF multi-
mers from the circulation and thus elevated VWF levels.

@ Springer

- Adamtsi3)-

B g 25 = P=0.01 P=0.01

2

S 20

/3

% NS

2 5

21 1

&

z I

5 104

]

3

s °1

g

0
F V27 1 ,34& A -,43-;’« Aot 1, 13@!4 A, 9. 13-]..

VP ywir vt Ywt-
{N=10) {N=12) {N=10) {N=9)

Fig. 3 Increased leukocyte adhesion in the TNF o-stimulated mes-
enteric venules of ADAMTS 13-deficient mice. Mice are treated with
the inflammatory cytokine TNF-a for 3.5 h before intravital micros-
copy. A single mesenteric venule (25-30 um diameter) is studied per
mouse. a Representative images are shown. Arrows indicate leuko-
cytes adhering to inflamed endothelium. b Quantification of the
adherent leukocytes. The number of adherent leukocytes is markedly
increased in the microvenules of Adamts13™"" mice compared to
Adamts13™'* mice. In contrast, the number of leukocytes adhering in
venules of AdamtsI3~~/Vwf™'~ mice is similar to Adamts] 3T/
V™'~ mice, suggesting that VWF plays a role in increased leukocyte
adhesion in AdamtsI3~" vessels. Data represent the mean £+ SEM.
NS, P> 0.05

Alternatively, UL-VWF multimers activate platelets,
which in turn may activate the endothelium. Previously, it
has been shown that activated platelets, by binding to
leukocytes, promote Weibel-Palade bodies release and
stimulate leukocyte rolling [16]. Interestingly, depletion of
platelets in Adamts13™"~ mice results in normalization of
leukocyte rolling as compared to wild-type mice. This
indicates that platelets, likely activated by UL-VWF either
in circulation or directly on endothelium, stimulate Weibel-
Palade body’s secretion. Moreover, when Adamts] 3=
mice veins are stimulated with histamine, a secretagogue of
Weibel-Palade bodies, in order to release UL-VWF mul-
timers, leukocyte rolling velocity is slower when compared
to wild-type mice veins where platelet strings do not form
{15]. These in vivo findings are in agreement with previous
in vitro studies where it was shown that platelets bound to
endothelial UL-VWF could support leukocyte tethering
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and rolling and that VWF acts as a ligand for leukocyte
receptors PSGL-1 and f2 integrin [17].

Inflammatory cytokines TNF-o and IL-8 have been
shown to release UL-VWF from human umbilical vein
endothelial cells in vitro [18]. When Adamts13~'~ mice are
challenged with TNF-¢, the number of adherent leukocytes
increases approximately twofold in activated venules of
Adamts]3™'~ mice when compared to wild-type mice [15].
This process is dependent on VWF (Fig. 3). In addition,
ADAMTS13 deficiency in mouse results in increased
extravasation of neutrophils in both thioglycollate-induced
peritonitis and wound healing [15). These in vitro and in
vivo studies suggest that UL-VWF multimers released
from Weibel-Palade bodies by many stimuli including
hypoxia, changes in shear stress, and inflammatory cyto-
kines could accelerate inflammatory responses in diseases
such as atherosclerosis and stroke when not digested by
ADAMTS13,

The results from the Adamts13™'~ mice suggest that, by
cleaving hyperactive UL-VWF multimers, ADAMTS13
not only down-regulates thrombosis but also inflammation.
The studies reported here may provide new insights on the
possible uses of ADAMTS13 as a therapeutic agent.
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The purpose of this study was to investigate whether liposomal adenosine has stronger cardioprotective effects

Liposomes are nanoparticles that can deliver various agents to target tissues and delay degradation of these agents.
Liposomes coated with polyethylene glycol (PEG) prolong the residence time of drugs in the blood. Although adeno-
sine reduces the myocardial infarct (MI) size in clinical trials, it also causes hypotension and bradycardia.

We prepared PEGylated liposomal adenosine (mean diameter 134 = 21 nm) by the hydration method. In rats,
we evaluated the myocardial accumulation of liposomes and Ml size at 3 h after 30 min of ischemia followed by

The electron microscopy and ex vivo bioluminescence imaging showed the specific accumulation of liposomes in
ischemic/reperfused myocardium. Investigation of radioisotope-labeled adenosine encapsulated in PEGylated
liposomes revealed a prolonged blood residence time. An intravenous infusion of PEGylated liposomal adeno-
sine (450 pg/kg/min) had a weaker effect on blood pressure and heart rate than the corresponding dose of free
adenosine. An intravenous infusion of PEGylated liposomal adenosine (450 pg/kg/min) for 10 min from 5 min
before the onset of reperfusion significantly reduced Mi size (29.5 * 6.5%) compared with an infusion of saline
(53.2 + 3.5%, p < 0.05). The antagonist of adenosine A,, A,,, Ay, or A, subtype receptor blocked cardioprotec-

Objectives
and fewer side effects than free adenosine.
Background
Methods
reperfusion.
Results
tion observed in the PEGylated liposomal adenosine-treated group.
Conclusions

An infusion as PEGylated liposomes augmented the cardioprotective effects of adenosine against ischemia/
reperfusion injury and reduced its unfavorable hemodynamic effects. Liposomes are promising for developing
new treatments for acute M.  (J Am Coll Cardiol 2009;53:709-17) © 2009 by the American College of
Cardiology Foundation

Liposomes are now widely used for drug delivery in cancer
treatment to target specific organs actively or passively and
to prevent the degradation of chemotherapy agents (1).
However, the application of liposomes for cardiovascular
diseases is still limited. In ischemic/reperfused myocardium,
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cellular permeability is enhanced and vascular endothelial
integrity is disrupted (2,3), suggesting that nanoparticles
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Abbreviations
and Acronyms

8-SPT = 8-(p-sulfophenyl)
theophyliine

such as liposomes may be a prom-
ising drug delivery system for tar-
geting damaged myocardium with
cardioprotective agents., Addition-
ally, coating liposomes with poly-
ethylene glycol (PEG) prolongs
their residence time in the circula-
tion (1). Because enhanced micro-
vascular permeability persists for at
least 48 h after the occurrence of
myocardial infarction (MI) (2),
drugs delivered in PEGylated Li-
posomes should be able to display their maximum beneficial
effects on myocardial damage after ML

Adenosine has multiple physiological functions that are
mediated via the adenosine A;, A,,, Ay, and A receptors
(4,5). Although large-scale clinical trials suggested the
potential value of adenosine therapy for patients with acute
MI (6,7), this agent has an extremely short half-life (1 to
2 s) and causes hypotension and bradycardia because of
vasodilatory and negative chronotropic effects (4). Because a
high dose of adenosine is required to exert cardioprotective
effects, it is difficult to use clinically because of the associated
hemodynamic consequences. Therefore, we hypothesized
that adenosine encapsulated in PEGylated liposomes would
cause less hemodynamic disturbance and might also specif-
ically accumulate in ischemic/reperfused myocardium, lead-
ing to augmented cardioprotective effects. To test this
hypothesis, we created PEGylated liposomal adenosine by
the hydration method and investigated: 1) whether liposo-
mal adenosine accumulated in ischemic/reperfused myocar-
dium and prolonged blood residence time; 2) whether
liposomal adenosine caused less severe hypotension and
bradycardia than free adenosine; and 3) which adenosine
receptor subtype was involved in mediating the cardiopro-
tective effects of liposomal adenosine against ischemia/
reperfusion injury.

EM = electron microscopy
MI = myacardial infarction
PEG = polyethylene glycol
Rl = radioisotope

TTC = triphenyltetrazolium
chloride

Methods

Materials. The materials for preparing PEGylated lipo-
somes, including hydrogenated soy phosphatidyl choline
(HSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
n-[methoxy (polyethylene glycol)-2000] (DSPE-PEG2000),
and cholesterol were obtained from Nissei Oil Co., Ltd.
(Tokyo, Japan) and Wako Pure Chemical Co., Ltd. (Osaka,
Japan). [*H]-adenosine was purchased from Daiichi Pure
Chemicals Co., Ltd. (Tokyo, Japan). Other materials were
obtained from Sigma (St. Louis, Missouri), including 8-(p-
sulfophenyl)theophylline (8-SPT}; a nonselective adenosine
receptor antagonist), 1,3-diethyl-8-phenylxanthine (DPCPX;
a selective adenosine A, receptor antagonist), S-amino-7-
(phenylethyl)-2-(2-furyl)-pyrazolo[ 4,3-¢]-1,2,4-triazolo[ 1,5-c]
pyrimidine (SCH58261; a selective adenosine A, receptor
antagonist), 8-[4-[((4-cyanophenyl)carbamoylmethyl)
oxy]phenyl]-1, 3-di(n-propyl)xanthine (MRS1754; a selective
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adenosine A, receptor antagonist), and 5-propyl-2-ethyl-
4-propyl-3-(ethylsulfanylcarbonyl)-6-phenylpyridine-
S-carboxylate (MRS1523, a selective adenosine A, receptor
antagonist).

Animals. Male Wistar rats (9 weeks old and weighing 250
to 310 g, Japan Animals, Osaka, Japan) were used. The
animal experiments were approved by the National Cardio-
vascular Center Research Committee and were performed
according to institutional guidelines.

Preparation of PEGylated liposomes. The PEGylated
liposomes were prepared by the hydration method. Briefly,
adenosine was added to the lipid solution. After mixture of
lipid and adenosine, DSPE-PEG2000 was added and incu-
bated. The final composition of PEGylated liposomes was
HSPC:cholestero: DSPE-PEG2000 = 6.0:4.0:0.3 (molar
ratio). After ultracentrifugation several times, the pellet of
liposomal adenosine was resuspended in sodium lactate at
each required concentration for use in the experimental
protocols. Some samples of final liposomal adenosine were
disrupted by dilution with 50% methanol (1.5 ml per 30-ul
of liposomes). After 10 min of ultracentrifugation, the
concentration of adenosine in the supernatant was measured
by high-performance liquid chromatography.

To prepare fluorescent-labeled liposomes, 0.5 mol% tet-
ramethylrhodamine isothiocyanate (rhodamine) was added
to the lipid mixture. To prepare radioisotope (RI)-labeled
adenosine encapsulated in liposomes, [*H]-radiolabeled
adenosine (Daiichi Pure Chemicals, Tokyo, Japan) was
diluted with free adenosine and was encapsulated in lipo-
somes as described above.

Characterization of PEGylated liposomal adenosine. The
characterization of the liposomes was performed by the
dynamic scatter analysis (Zetasizer Nano ZS, Malvern,
Worcestershire, United Kingdom). The analyses were per-
formed 10 times per sample, and results represented analy-
ses of 4 independent experiments.

Experimental protocols. PROTOCOL 1: EFFECTS OF PEGY-
LATED LIPOSOMAL ADENOSINE ON HEMODYNAMICS IN
RATS. Rats were anesthetized with intraperitoneal sodium
pentobarbital (50 mg/kg). Catheters were advanced into a
temoral artery and vein for the measurement of systemic
blood pressure and infusion of drugs, respectively. Both
blood pressure and heart rate were monitored continuously
during the study using a Power Lab (AD Instruments,
Castle Hill, Australia). After hemodynamics became stable,
we intravenously administered empty PEGylated liposomes
(n = 8), free adenosine (n = 8), or PEGylated liposomal
adenosine (n = 8) for 10 min. Either PEGylated lipo-
somal or free adenosine was infused at an initial dose of
225 pg/kg/min (0.1 ml/min) for 10 min. After a 5-min
interval, either PEGylated liposomal adenosine or free
adenosine was infused at 450 pg/kg/min (0.1 ml/min) for
10 min. In the same manner, PEGylated liposomal
adenosine or free adenosine was then infused at 900
pg/kg/min (0.1 ml/min).
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PROTOCOL 2: EFFECTS OF PEGYLATED LIPOSOMAL ADENOSINE
ON INFARCT SIZE IN RATS. The MI was induced by transient
ligation of the left coronary artery as described previously
(8). In the first series of experiments, to examine the
dose-dependent effects of liposomal adenosine on MI size,
PEGylated liposomal adenosine was infused intravenously
at 50, 150, or 450 pg/kg/min for a 10-min period starting
from 5 min before the onset of reperfusion. In the second
series of experiments, to determine the adenosine receptor
subtype involved in cardioprotective effects by the liposomal
adenosine, the antagonist of adenosine subtype receptor was
intravenously injected as a bolus followed by the infusion of
liposomal adenosine for 10 min. The MI size was evaluated
at 3 h after the start of reperfusion. The doses of adenosine
receptor subtype antagonists were determined according to
the previous reports (9-11).

Measurement of infarct size. At 3 h after the onset of
reperfusion, the area at risk and the infarcted area were
determined by Evans blue and triphenyltetrazolium chloride
(TTC) staining, respectively, as previously described (8).
Infarct size was calculated as [infarcted area/area at risk] X
100(%) in a blind manner. The area at risk was composed of
border (TTC staining) and infarcted (TTC nonstaining)
areas.

Electron microscopy (EM). Myocardial samples for EM
were obtained from the central and peripheral areas in
ischemic/reperfused myocardium, which roughly corre-
sponded to the infarcted and border areas, respectively, after
the left coronary artery was occluded for 30 min of ischemia
followed by 3 h of reperfusion. Samples were prepared as
previously reported (12). Liposomes, whose major mem-
brane component is unsaturated phospholipids, were visu-
alized as homogenous dark dots with a diameter of 100 to
150 nm (13).

Accumulation of fluorescent-labeled PEGylated lipo-
somes in ischemic/reperfused myocardium. Unlabeled or
fluorescent-labeled PEGylated liposomes were infused in-
travenously at a dose of 0.1 ml/min as liposomal adenosine
was infused in protocol 2. At 3 h after reperfusion, hearts
were quickly removed and cut into 4 sections parallel to the
axis from base to apex. Then ex vivo bioluminescence
imaging was performed with an Olympus OV 100 imaging
system (Olympus, Tokyo, Japan) and signals were quanti-
fied using WASABI quantitative software (Hamamatsu
Photonics K.K., Shizuoka, Japan). Fluorescent intensity in
the region of interest was measured as previously reported
(14). Control intensity indicated the fluorescent intensity in
the nonischemic area of the individual rat.

Takahama et al. 711
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Time-course changes of free and PEGylated liposomal
RI-labeled adenosine in plasma and myocardium. Free
or PEGylated liposomal [*H]-adenosine (83 kBq per rat) was
infused intravenously at a dose of 0.1 ml/min as liposomal
adenosine was infused in protocol 2. At the time indicated, rat
hearts were harvested for counting of radioactivity (LSC-3100,
Aloka Co., Tokyo, Japan). Results are expressed as a percent-
age of the injected dose per 1 ml of blood or 1 g of wet tissue
weight.

Statistical analysis. The parameters of the liposomes were
expressed as the average * SD, whereas other data were
expressed as the average * SEM. Comparison of time-
course changes in hemodynamic parameters between groups
was performed by 2-way repeated-measures analysis of
variance (ANOVA) followed by a post-hoc Bonferroni test.
For comparison of RI activity between groups, statistical
analysis was done with the Mann-Whitney U test. To
address the differences in infarct size among groups, we
performed a nonparametric (Kruskal-Wallis) test followed
by evaluation with the Mann-Whitney U test. Resulting p
values were corrected according to the Bonferroni method.
To compare parameters of liposomes, an unpaired 7 test was
performed. In all analyses, p < 0.05 was considered to
indicate statistical significance.

Results

Characterization of liposomes by dynamic light scatter
analysis. The dynamic light scatter analysis showed no sig-
nificant difference in mean diameter, polydispersity index, or
zeta-potential distribution between empty and adenosine-
loaded PEGylated liposomes (Table 1).

Liposomes in ischemic/reperfused myocardium. The
EM revealed the intact vascular endothelial cells and cardio-
myocytes in the nonischemic myocardium (Figs. 1A and 1B).
There were no homogenous dark dots indicating liposomes
in the nonischemic myocardium of rats that received either
saline (Fig. 1A) or liposomes (Fig. 1B). In the border area,
many homogenous dark dots indicating liposomes were
accumulated in rats that received liposomes, but not saline
(Figs. 1C and 1D). In this area, significant structural
damage was not observed in endothelium, but slight swell-
ing of mitochondria was often observed. In the infarcted
area, numerous liposomes were detected in rats that received
liposomes, but not saline (Figs. 1E and 1F). In this area, the
disrupted endothelial integrity and marked swelling of
mitochondria were often observed.

m Characterization of Liposomes by Dynamic Light Scatter Analysis

Mean Diameter (nm)

Polydispersity Index Zeta Potential (mV)

PEGylated liposomes (empty liposomes)

PEGylated liposomal adenosine

126 = 12
134 =21

0.035 = 0.003
0.094 = 0.002

-1.7 =04
2311

Results represented analysis of 4 independent experiments. Values are expressed as mean = SD.

PEG — polyethylene glycol.
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Liposomes

Non-ischemic
area

Liposomes in Ischemic/Reperfused Myocardium

1 pm.

(A, B) Representative electron micrographs of the nonischemic area in rats that received saline (A) or liposomes (Lp) (B). (€, D) Representative electron micrographs of
border area at 3 h after myocardial infarction (MI). Many dark dots accumulated in this area in the rat that received liposomes but not saline. (E, F) Representative elec-
tron micrographs of infarcted areas at 3 h after MI. Numerous dark dots accumulated in this area in the rat that received liposomes but not saline. Scale bars represent

Fluorescent-labeled PEGylated liposomes in ischemic/
reperfused myocardium. Quantitative analysis by biolumi-
nescence ex vivo bioluminescene imaging revealed that the
target to control fluorescent intensity ratio was higher in
the border (noninfarcted area at risk) as well as infarcted
areas compared with a nonischemic one, suggesting that
Huorescent-labeled liposomes were accumulated in the bor-
der as well as infarcted areas. Since there was no high-
intensity area when unlabeled liposomes were infused, it was
suggested that this was not a nonspecific phenomenon to
MI by the ex vivo bioluminescence imaging system (Fig. 2).
The Evans blue staining was unrelated to the fluorescence
intensity (data not shown).

Plasma radioactivity of RI-labeled adenosine was mark-
edly higher in the PEGylated liposomal adenosine group at
10 min and 3 h after the intravenous infusion than in the
free adenosine group (Fig. 3A). Encapsulation within
PEGylated liposomes also augmented the accumulation of
adenosine in ischemic/reperfused myocardium compared
with that of free adenosine (Fig. 3B).

Hemodynamic effects of PEGylated liposomal adeno-
sine. Baseline hemodynamic parameters did not differ
among the groups. An intravenous infusion of free adeno-
sine at doses of 225, 450, and 900 pg/kg/min decreased the
mean blood pressure by 14.8%, 25.4%, and 33.7%, respec-
tively, compared with the effect of empty PEGylated lipo-
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somes. In contrast, the intravenous infusion of PEGylated
liposomal adenosine at a dose of either 225 or 450 png/kg/
min did not significantly alter mean blood pressure (Fig. 4).
Changes of the heart rate after infusion of PEGylated
liposomal adenosine or free adenosine were similar to those
observed for mean blood pressure (Fig. 4).

Effects of PEGylated liposomal adenosine on MI size.
Baseline hemodynamic parameters were similar among all of
the groups (Table 2). Intravenous infusion of free adenosine for
10 min reduced both the blood pressure and the heart rate,
although these parameters returned to baseline within 5 min of
ceasing infusion (Table 2). In contrast, hemodynamic param-
eters of the other groups were not altered (Table 2). The area
at risk in the control group (61 = 3%) did not differ
compared with those of other groups that received liposo-
mal adenosine. Intravenous infusion of PEGylated liposo-

mal adenosine caused a dose-dependent decrease of MI size
compared with that in the control group, whereas intrave-
nous infusion of empty PEGylated liposomes or free aden-
osine did not (Fig. 5B).

The bolus injection of adenosine receptor antagonist did
not alter the hemodynamic parameters (Table 3). The area
at risk in the liposomal adenosine group (58 = 3%) did not
differ compared with those of other groups that received
adenosine receptor antagonist. Infusion of 8-SPT, a non-
specific adenosine receptor antagonist, blunted the cardio-
protective effect of liposomal adenosine (Fig. 6B). Further-
more, the infusion of the adenosine A;, A,,, Ay, or A
receptor antagonist also blunted cardioprotective effects of
liposomal adenosine (Fig. 6B). Infusion of 8-SPT alone did
not significantly affect myocardial infarct size compared

with the control (52 = 5%, n = 4).
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Radioisotope-Labeled Adenosine in Plasma and Ischemic/Reperfused Myocardium

(A) Changes in plasma radioactivity after infusion of radioisotope-labeled adenosine. Solid and open bars indicate the PEGylated liposomal adenosine and free adeno-
sine groups, respectively (n = 4 each). In the PEGylated liposomal adenosine group. plasma radioactivity was markedly higher than in the free adenosine group.

(B) Changes in radioactivity in ischemic/reperfused myocardium. Solid and open bars indicate the PEGylated liposomal adenosine and free adenosine groups, respec-
tively (n = 4 each). In the PEGylated liposomal adenosine group. myocardial radioactivity was markedly higher than in the free adenosine group. Values are expressed as
the mean = SEM (error bars). *p < 0.05 versus the free adenosine group at the corresponding time.
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Figure 4

Changes in the mean blood pressure (A) and heart rate (B) after intravenous infusion of various doses of empty PEGylated liposomes (triangles), PEGylated liposomal
adenosine (circles), or free adenosine (squares) (n = 8 each). Values are expressed as the mean = SEM. #*p < 0.05 versus baseline at the corresponding group.

#p < 0.05 versus PEGylated liposomes.

Hemodynamic Effects of PEGylated Liposomal Adenosine
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Discussion

In the present study, EM, bioluminescence ex vivo imaging,
and fluorescent analysis revealed the accumulation of liposomes
in the border (noninfarcted areas at risk) as well as infarcted
ones, but not nonischemic myocardium, at 3 h after M1 These
findings suggested that liposomes could specifically accumulate
in ischemic/reperfused myocardium. Interestingly, EM re-
vealed the existence of liposomes at sites where endothelial
integrity was still morphologically maintained. Endothelial
dystunction such as enhanced permeability is induced by
ischemic insult without morphological endothelial disruption
(3,15). Enhanced permeability might lead to the accumulation
of liposomes in the border as well as infarcted area, which will

contribute to salvage the ischemic/reperfused myocardium.
However, further investigation will be needed to determine the
precise mechanism by which liposomes accumulate in isch-
emic/reperfused myocardium,

Analysis using Rl-labeled adenosine encapsulated in
liposomes revealed that plasma radioactivity was markedly
higher in the PEGylated liposomal adenosine group com-
pared with the free adenosine group. This indicates that
encapsulation of adenosine by PEGylated liposomes con-
siderably prolonged its residence time in the circulation and
delayed its degradation. Consistent with the histological
data, Rl-labeled adenosine also showed preferential accu-
mulation in ischemic/reperfused myocardium.

LELICRA Effects of Liposomal Adenosine on Hemodynamic Parameters

Ischemia Reperfusion
Baseline 0 min 15 min 25 min 30 min 5 min 10 min
Mean blood pressure (mm Hg)
Saline 422 +5 102 = 10 108 107 = 9 108 =7 1056 +9 104 + 9
Vehicle 127 = 4 109 = 8 108 = 7 141 +9 1115 105 =5 1035
Free-Ado 124 + 8 115+ 8 111 - 5 109 + 4 66 = 4% 62 = 4% 112 = 6
Lp-Ado 50 pg/kg/min 121 %5 106 ' 6 105 * 6 140 +:40 102 + 6 101+ 6 104 + 4
Lp-Ado 150 pg/kg/min 122 3 107 = 6 107 = 6 109 + 11 105 = 6 100 = 6 103 = 4
Lp-Ado 450 pg/kg/min 124 = 3 104 = 6 105 = 6 107 =85 102 = 6 99+ 6 104 = 4
Heart rate (beats/min)
Saline 363 = 22 366 - 19 369 — 14 443 £ 22 37212 372 =16 371 + 14
Vehicle 363 = 32 363 - 6 383 © 6 396 £ 25 367 + 6 374 + 7 3727
Free-Ado 360 = 18 361 = 17 384 = 13 379 =18 305 = 11* 293 = 13* 356 + 14
Lp-Ado 50 ;g/kg/min 378 £ 19 386 = 21 366 = 12 376 =12 367 = 19 369 = 9 STT =47
Lp-Ado 150 pg/kg/min 388 = 27 376 = 20 371 = 14 377 £ 13 378 = 16 373 + 16 369 = 17
Lp-Ado 450 pg/kg/min 368 = 17 376 - 21 361 = 13 386 + 15 368 = 15 363 = 6 367 =7

Values are expressed as mean — SEM. “p = 0.05 versus baseline.

Free-Ado = free adenosine: Lp-Ado = PEGylated liposomal adenosine: PEG = polyethylene glycol; vehicle = PEGylated liposomes.



