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were transferred to a //2rg™"Y male (#122) with conditioning.
Recipient #115 died 15 days after BM transfer (BMT), possibly
due to conditioning toxicity, and recipient #6805 died of presump-
tive pneumonia (not shown) 140 days posttransplantation;
nevertheless, it survived longer than /l2rg™" controls without
BMT, which died within 54 days. The remaining three recipients
have survived >516 days (#610) and >321 days (#113 and #122)
posttransplantation, with PB T cell populations exhibiting similar
dynamics (Figures 2A and 2E); T cell counts increased ~6 weeks
posttransplantation and remained high. Following early vari-
ability, PB B cell counts equilibrated at detectably low levels.
The exception was #113, in which B cell counts were clearly
higher than those of WT controls until 16 weeks posttransplanta-
tion, gradually decreasing thereafter to a level comparable with
other recipients (Figures 2B and 2F). Compared to WT controls,
recipient #610 PB contained similar T cell counts and a dimin-
ished but substantial number of B and NK cells 42 weeks post-
transplantation (Figures 2A, 2B, and 2I). Similar profiles were
observed in #113 and 122 (Figures 2E and 2F; not shown for
NK). Surviving recipients and WT littermates had comparable
granulocyte and monocyte numbers (Figures 2C, 2D, 2G,
and 2H).

The provenance of immune cells in surviving recipients was
examined by microsatellite marker analysis of genomic DNA
from the ear, whole blood, and sorted T, B, and NK cells. GFP
fluorescence of immune cells was also detected in the case of
#122 (Figures 2E-2H and 2J). Lymphoid lineages were totally
of donor origin in all recipients. Myeloid lineages were mainly
of donor origin in #113 and of mixed donor/host origin in #122
and #610. Thus, our conditioning regimen enabled donor-
derived myeloid lineage reconstitution in #113, but not #122.
All surviving recipient PB contained IgG, IgA, and IgM (Figure 2K),
albeit at varying levels, strongly suggesting that humoral immu-
nity had been reconstituted and that donor-derived recipient
B cells produced antibodies. Thus, allogeneic BM transplanta-
tion to #i2rg~"Y SCID pigs reproducibly resulted in enduring func-
tional donor cell engraftment and reconstituted acquired
immunity.

Assuming that the allogeneic model reported here reflects
the behavior of cells transplanted from different species,
SCID pigs promise to become a valuable tool in xenogeneic
transplantation studies of human stem cells, such as hemato-
poietic, embryonic, and induced pluripotent stem cells (Taka-
hashi et al.,, 2007). In particular, they promise to serve as
platforms for the evaluation of therapeutic outcomes over
several years, possibly after further genetic manipulation such
as disruption of recombination activating genes 1 or 2 (Rag1,
Rag?2), which play critical roles in both cellular and humoral
immunity (Shinkai et al., 1992) and may facilitate efficient
human stem cell engraftment. Preliminary xenotransplantation
of human BM cells to porcine li2rg~"Y recipients in the absence
of preconditioning permitted limited engraftment, underscoring
the importance of further genetic manipulation, and optimized

'preconditioning {not shown).

The porcine SCID model
described here therefore represents an essential step toward
the translational evaluation of human stem cells for long-term
clinical applications.
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ARTICLE INFO ABSTRACT

Article history: High residual platelet aggregability during thienopyridine treatment occurs because of low levels of the ac-
Received 3 August 2011 tive drug metabolite, and is associated with an increased rate of major adverse cardiovascular events. Recent
Received in revised form 18 October 2011 findings suggest that paraoxonase~1 (PON1) is a major determinant for clopidogrel efficacy. The aim of this
Accepted 30 October 2011

study was to assess the impact of serum PON1 activity on platelet aggregability in thienopyridine-treated pa-
tients. In 72 patients receiving treatment with aspirin and ticlopidine after acute coronary syndrome, various
laboratory data including the formation of platelet aggregations induced by agonists were compared with

Available online 25 November 2011

f;{;gis]& agent serum PON1 activities, measured as paraoxonase and homocysteine thiolactone hydrolase (HTLase). Serum
platelet pharmacology paraoxonase activity was significantly associated with HTLase activity (R=0.4487, P<0.0001). These PON1
coronary syndrome activities were not correlated with any parameters for platelet aggregation, hypertension, sleep apnea, and
diabetes mellitus. In contrast, serum PON1 activities seemed to be involved in cardiac function, with brain na-
triuretic peptide and ejection fraction being significantly correlated with serum HTLase activity (R=
—0.2767, P=0.0214) and paraoxonase activity (R=0.2558, P=10.0339), respectively. Paraoxonase activity
also demonstrated a significant association with increased levels of ankle-brachial index (R=0.267,
P=0.0255). Serum PON1 activities did not influence platelet aggregability during treatment with thienopyr~
idine. However, they might modulate cardiac function after acute coronary syndrome and progression of
atherosclerosis.
© 2011 Elsevier Ltd. All rights reserved.
Introduction result mainly from decreased CYP function leading to reduced active me-

tabolite production [4]. Indeed, individuals carrying the loss-of-function

The concept of antiplatelet resistance, particularly poor responsive-
ness to thienopyridine, has received increasing attention in recent years
because of its reported involvement in cardiovascular events after percu-
taneous coronary artery intervention (PCI) [1-3]. Thienopyridines such as
clopidogrel and ticlopidine are rapidly absorbed prodrugs, and must
therefore be converted to an active metabolite to exert their inhibitory
actions at the target P2Y;, ADP nucleotide receptor on platelets. This con-
version is via a two-step process involving the hepatic cytochrome P450
(CYP) enzyme pathway [4]. Resistance to clopidogrel was thought to

Abbreviations: PON1, paraoxonase-1; HTLase, homacysteine thiolactone hydrolase;
PCl, percutaneous coronary artery intervention; CYP, cytochrome P450; BNP, brain na-
triuretic peptide.
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polymorphism of the CYP2C19 allele had significantly lower levels of
the active metabolite of clopidogrel, and a higher rate of major adverse
cardiovascular events [5,6]. Drug interaction with the CYP2C19 inhibitor,
omeprazole, might also reduce the production of active metabolites [7,8].

Very recently, it was reported that paraoxonase-1 (PON1) is a
major and essential factor in the production of active metabolites
from clopidogrel [9]. PON1 hydrolyses 2-oxoclopidogrel (an oxida-
tive metabolite of clopidogrel) to form the final active metabolite, a
thiol derivative of clopidogrel (Supplemental Fig. 1) [9]. PON1 is a
high-density lipoprotein-associated enzyme that prevents oxidative
modification of low-density lipoprotein [10]. The PON1 genotype
(Q192 allele) has significant dose-dependent associations with de~
creased levels of serum PONT1 activity and with increased levels of
oxidative stress [11]. PON1 has multiple enzyme activities including
paraoxonase, arylesterase, and thiolactonase (Supplemental Fig. 1).
Although the full range of endogenous substrates hydrolysed by
PON1 remains to be elucidated, PON1 has been shown to produce
homocysteine from homocysteine thiolactone via its homocysteine
thiolactone hydrolase (HTLase) activity [12].
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We have previously investigated the mechanisms and clinical
backgrounds that determine residual platelet aggregability, and
attempted to ascertain whether platelet aggregability is involved in
systemic thrombogenicity during dual antiplatelet therapy [13].
Using this previous population, we have retrospectively measured ac-
tual serum PONT1 activities, measured as paraoxonase and HTLase, in
72 patients treated with ticlopidine and aspirin, and assessed the cor-
relation between PONT1 and platelet aggregability.

Methods
Patients

The institutional review board approved all study protocols, and in-
formed consent was obtained from all participants. The design and pro-
tocol of this study has been described previously [13]. Briefly, we
enrolled consecutive hospitalized patients from July 2006 to April
2007 who were treated by PCl because of symptomatic coronary artery
disease. After normalization of cardiac enzymes, patients underwent
blood sampling, ankle-brachial index monitoring and cardiorespiratory
monitoring.

Blood collection and platelet aggregation

Platelet aggregation was assessed as described previously [14]. A
fasting venous sample was carefully collected, and platelet-rich plas-
ma was obtained by centrifugation. The aggregation response was
measured based on the light scattering intensities obtained with a
PA-200 platelet aggregation analyzer (Kowa Co. Ltd., Tokyo, Japan).
This device is particularly sensitive for detecting and classifying the
size of platelet aggregates (small, medium, and large) [14]. Platelet
aggregation was stimulated with collagen (Hormon-Chemie, Munich,
Germany), ADP (MC Medical Co., Tokyo, Japan) and thrombin
receptor-activating peptide (TRAP; Invitrogen Co., Carlsbad, CA), a
specific agonist for protease activating receptor-1. Blood samples
(serum and plasma) were stored at —80 °C until analysis.

Laboratory testing

Plasma levels of plasminogen activator inhibitor-1 antigen, D-
dimer, E-selectin and soluble fibrin were assayed using an automated
latex agglutination assay (LPIA-S500; Mitsubishi Chemical Medience
Co., Tokyo, Japan) based on conjugated monoclonal antibodies. The
concentrations of brain natriuretic peptide (BNP) (ShionoRIA BNP
kit; Shionogi USA, Inc. Florham Park, NJ) were measured by SRL Inc.
(Tokyo, Japan).

Measurement of serum PONT1 activities

We quantified paraoxonase and HTLase activities as a measure of
serum PONT1 activity (Supplemental Fig. 1). Serum paraoxonase activ-
ity was measured by using paraoxon as a substrate (Fully Automat-
ed Paraoxonase Activity Measurement Kit, Rel Assay Diagnostics,
Gaziantep, Turkey). HTLase activity was measured by a hydrolysis
of y-thiobutyrolactone (Alfresa Auto HTLase, Alfresa Pharma Corp.,
Osaka, Japan). HTLase hydrolyzes the lactone ring of the substrate -y-
thiobutyrolactone, producing free thiols that are detected using Ellman's
reagent (DTNB; 5,5'-dithiobis (2-nitrobenzoic acid)). Assay reproduc-
ibility was high (coefficient of variation was less than 6%).

Statistical analysis

Statistical analyses were performed using Prism v5 (GraphPad
software, Inc, La Jolla, CA). The associations between the individual
parameters were calculated using Spearman's correlation method.

All reported P values are two-sided; a P value of less than 0.05 was
considered to indicate statistical significance.

Results
Patients

Of the 85 patients from our previous study, we selected 72 pa-
tients taking 100 mg / day of aspirin and 200 mg / day of ticlopidine
after acute coronary syndrome. Base line characteristics of the study
population are summarized in Table 1.

Lack of correlation of serum PONT1 activities with platelet aggregation

We initially examined serum PON1 activities (measured by
paraoxonase and HTLase activity). As show in Fig. 1, serum HTLase
activity, but not paracxonase activity, appeared to be normally dis-
tributed across the study population (HTLase: 130.3436.7 U/L;
paraoxonase: 62.65 4 25.27 U/L). These PON1 activities were signif-
icantly correlated (R=0.4487, P<0.0001). To examine whether
serum PONT1 activities determine platelet aggregability during dual
antiplatelet therapy, serum PON1 activities were compared with
several parameters of platelet aggregation. However, none of
these parameters was significantly associated with PON1 activities
(Fig. 2 and Table 2).

Correlation between serum PON-1 activities and cardiac function

We next compared serum PON1 activities with parameters for hy-
pertension, sleep apnea, diabetes mellitus, hyperlipidemia, blood co-
agulation, arteriosclerosis, and cardiac dysfunction. Using linear
regression analysis, we determined that only HDL cholesterol and
BNP were correlated with HTLase activity (Table 3). Paraoxonase ac-
tivity was associated with triglyceride, D-dimer, ankle-brachial
index, and ejection fraction (Table 3). The medication including use
of diuretics, angiotensin II receptor blocker, angiotensin converting
enzyme inhibitor, beta blocker, calcium channel blocker, or statin
did not demonstrate a significant association with serum PON1 activ-
ities (Supplemental Table 1). These data suggest that decreased levels
of PON1 activity might lead to the acceleration of atherosclerosis and
cardiac dysfunction after acute coronary syndrome.

Table 1
Characteristics of the study population.

Variables Total subjects (n=72)
Age, years 62.15+11.62
Men, n (%) 57 (80)
BMI, kg/m? 251123514
Systolic blood pressure (mmHg) 12534+21.08
Diastolic blood pressure (mmHg) 766411.28
Pulse rate (/min} 723941459
Blood sugar (mg/dl) 118.3:+50.43
HbA1c (%) 6.76 +1.891
Triglyceride (mg/dl) 130.2£53.01
Total cholesterol (mg/dl) 167.7 +£36.77
LDL cholesterol (mg/dl) 100.4+30.35
HDL cholesterol (mg/dl) 41.34£12.72
CPK max (U/L) 219442211
BNP (pg/ml) 15141836
Concomitant medications

Antiplatelet agents, n (%)

Aspirin + Ticlopidine 72 (100)
Antihypertensive medication, n (%) 66 (91.7)
Statin, n (%) 55 (76.4)
NSAIDs, n (%) 0(0)

Data for continuous variables are expressed as the mean & SD. BMI, body mass index;
LDL, low-density lipoprotein; HDL, high-density lipoprotein; BNP, brain natriuretic
peptide; NSAID, non-steroidal anti-inflammatory drug.
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Fig. 1. Serum paraoxonase and HTLase activities in the study population.

Discussion

Inhibition of the P2Y;, nucleotide receptor, an ADP receptor on
platelets, is currently the gold-standard therapy for the prevention
of ischemic events in patients undergoing PCI [15,16]. Although the
second-generation thienopyridine, clopidogrel, is recommended by
a number of current clinical guidelines, the inter-individual variability
of its efficacy is a major drawback in its clinical use [17]. Better under-
standing of this variability in the efficacy of clopidogrel and other
thienopyridines is vital at a time when the number of PCIs is increas-
ingly rapidly. The loss-of-function polymorphism of the CYP2C19 al-
lele has attracted attention as a potential factor in clopidogrel
efficacy [4-6], while an elegant recent study suggested that PON1 is
a major determinant in the production of the final active metabalite
of clopidogrel [9]. In this study, we measured serum two PON1 activ-
ities in acute coronary syndrome and compared them with platelet
aggregability in patients receiving dual antiplatelet therapy. We
could identify no correlation between PON1 activities and any param-
eter for platelet aggregation in our population. -

Several explanations may exist for the discrepancy between our
result and the previous report. First, genetic divergence between
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Fig. 2. Association between PONT1 activities and platelet aggregation. Platelet aggrega-
tion induced by 5 M ADP, or 5 pg / ml of collagen, or 20 uM TRAP was assessed by
ageregometry, and was expressed as light transmission (%). Serum paraoxonase activ-
ities (U /L) (A) and HTLase activities (U / L) (B) were compared with platelet aggrega-
tion using Spearman’s rank correlation coefficient.
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Table 2
Correlation between serum paraoxonase activities and platelet aggregation.

Paraoxonase HTLase

R P value R Pvalue
ADP 2 pM-LT —0.1252 0.2945 —0.03844 0.7486
ADP 2 pM-Small —0.2083 0.0791 —0.07811 05143
ADP 2 pM- Med —0.1335 0.2636 ~0.01776 0.8823
ADP 2 pM-Large —0.03798 0.7514 0.085 04777
ADP 5 yM-LT —0.08351 0.4856 —0.04392 0.7141
ADP 5 pM-Small —02212 0.0619 —0.09755 0415
ADP 5 pM- Med -~0.2317 0.0501 —0.1055 03776
ADP 5 pM-Large -0.1406 0.2389 ~--0.06589 0.5824
Coll 1 pg/ml-LT -0.1072 0.37 0.02685 0.8222
Coll 1 pg/ml-Small —~0.1524 02012 0.06594 0.5821
Coll 1 pg/ml- Med —0.1174 0.3262 0.04772 0.6906
Coll 1 pg/ml-Large —0.00214 0.9857 0.04327 0.7182
Coll 5 pg/ml-LT ~0.05927 0.6208 —0.01047 0.9304
Coll 5 pg/ml-Small —0.1489 0.212 —0.1001 0.4029
Coll 5 pg/ml- Med —0.1269 0.2881 ~0.03555 0.7669
Coll 5 pg/ml-Large -0.1113 0.352 0.007927 0.9473
TRAP 20 pM-LT -~0.1114 03515 0.01301 0.9136
TRAP 20 pM -Smalt —0.1585 0.1835 —0.1742 0.1434
TRAP 20 M - Med -0.09187 04427 —0.04854 0.6855
TRAP 20 UM -Large -0.05235 0.6623 0.03127 0.7943

LT, light transmission; Small, small aggregates; Med, medium aggregates; Large, Large
aggregates; Coll, collagen; TRAP, thrombin receptor-activating peptide (SFLLRN). “P<0.05,

Caucasian and Japanese patients might affect the result. The Japanese
population is reported to express predominantly the 192R allele of
PONT (192QQ: 18.2%; 192QR: 40.9%; 192RR: 40.9%) [18], whereas
the Caucasian population in a large cohort study tended to express
the 192Q variant (192QQ: 46.3%; 192QR: 43.9%; 192RR: 9.8%) [11].
The Q allele of PON1 genotype was significantly and dose-dependently
associated with decreased serum PON1 activity, whereby 192QQ,
192QR and 192RR had comparatively low, intermediate and high
PONT activity, respectively [11]. In contrast, the frequency of polymor-
phism for CYP2C19, a key enzyme in clopidogrel oxidation, varies
among races, with loss-of-function polymorphisms reportedly being
more common in Asian patients [19,20]. However, even in a genetically
homogenous population, the CYP2C19 allele was reported to account for
only 12% of the variability in clopidogrel efficacy, whereas the PON1

Table 3
Correlation between paraoxonase activities and other laboratory data.

Paraoxonase HTLase

R Pvalue R P value
SBP —0.0953 0443 -0.118 03417
DBP —0.121 0.3294 —0.00797 0.949
HR —0.1096 0.3774 0.02895 0.8161
AHI 0.06843 05735 0.05563 0.6474
Blood suger —0.06266 0.609 0.06714 0.5836
HbAIc —0.08087 0.5121 —0.09806 04263
Triglyceride 0.2958 0.0129* 0.00273 0.9821
Total cholesterol 0.01199 09215 0.1166 0.3365
LDL cholesterol —0.0158 0.8975 0.05602 0.6475
HDL cholesterol -0.01299 0915 0.2646 0.0269*
PAI-1 -0.08214 0.4928 0.01523 0.899
E-selectin —0.0007075 0.9953 —0.1618 0.1746
Soluble Fibrin —0.03224 0.788 ~0.08483 04787
D-dimer —0.2348 0.0471* —02229 0.0598
max CPK -0.1691 0.1616 —0.02521 0.8359
BNP ~0.1306 0.2849 —0.2767 0.0214*
Pulse wave velocity —0.1665 0.1682 —0.04456 0.7141
ABI 0.267 0.0255* —0.01957 0.8722
Ejection fraction 0.2558 0.0339* 0.1632 0.1803

SBP, systolic blood pressure; DBP, diastolic blood pressure; AHI, apnea-hypopnea
index; LDL, tow-density lipoprotein; HDL, high-density lipopuratein; PAI-1, plasmino-
gen activator inhibitor-1; BNP, brain natriuretic peptide; ABI, ankle-brachial index.
*P<0.05.
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Q192R polymorphism was estimated to be responsible for 72.5% of the
variability in ADP-stimulated platelet aggregation after clopidogrel ad-
ministration [9]. It is therefore important that we clarify which poly-
morphism combinations (of PONT and CYP2C19) are the most relevant
in the metabolism of thienopyridines in our population.

The first-generation thienopyridine, ticlopidine, was used instead
of clopidogrel in our study because ticlopidine was the only approved
drug for acute coronary syndrome in Japan during our study period.
We acknowledge the possibility that the rate-limiting enzyme for
ticlopidine metabolism to its active metabolite may differ from that
of clopidogrel. All thienopyridines including ticlopidine, clopidogrel,
and prasugrel are prodrugs that need to be converted into active
metabolite through the formation of thiolactone metabolites (2-
oxo-ticlopidine, 2-oxo-cloipdogrel, and prasugrel thiolactone, respec-
tively (see Supplemental Fig. 1)) [4]. The free active thiol of these ac-
tive metabolites forms disulfide bonds with, and therefore binds
irreversibly to, cysteine residues Cys17 and Cys270 of P2Y;, [21]. It
is of great importance, therefore, to understand whether thiolactone
metabolites of all thienopyridines are hydrolyzed mainly by PONT,
or are instead oxidized by CYP.

We found correlations between PON1 activities and cardiac func-
tion in our study population. PON1 has a protective effect against ox-
idation of lipoproteins, and a PONT polymorphism (the 192Q allele)
that produces decreased levels of PON1 activity was associated with
systemic oxidative stress and higher rates of major cardiovascular
events [11]. It is possible that decreased levels of PON1 activities en-
hance the progression of atherosclerosis in the coronary artery,
resulting in decreased cardiac function after acute coronary syn-
dromes. Indeed, reduced paraoxonase activity was significantly asso-
ciated with a decreased ankle-brachial index in our study. Further
studies are needed to assess the possible mechanisms and biological
effect of PON1, particularly the severity of its effects on cardiac func-
tion after coronary artery disease.

Some limitations in this study merit discussion. First, we could as-
sess platelet function testing in the patients treated with ticlopidine,
but not clopidogrel. We cannot exclude the possibility that results
may differ with other thienopyridines, as described above. In addition,
we assessed only the correlation between serum PON1 activities and
platelet response to ticlopidine, and we did not assess gene polymor-
phisms. Although it is accepted that serum PON1 activities are deter-
mined by PONT polymorphism, more data regarding genetic variation
in CYP and PON1 may have extended our findings relating to the mech-
anism(s) of the platelet response during dual antiplatelet therapy. Fi-
nally, the analysis reported here is post hoc analysis of a previously
reported population and the number of participants is limited. We pre-
viously estimated that at least 62-85 participants would be required for
the study (oe=0.05, p=0.20, and expected correlation coefficient,
R=0.30-0.35) [13]. Weak association due to B-error may affect the
strength of any conclusions based on these data.

Conclusions

The current study has demonstrated that serum PONT1 activities did
not influence platelet aggregation in patients receiving thienopyridine
treatment, but was involved in cardiac function. Our data suggest the
need for a re-evaluation of the importance of PON1 (and/or CYP) in
the production of active metabolites from thienopyridines. We may
also need to consider how expression of the rate-limiting enzymes for
thienopyridine metabolism differs between individual drugs and racial
populations. During the preparation of this article, it was reported that
no association exists between PON1 genotype and platelet response to
clopidogrel and stent thrombosis in a post hoc analysis of prospective
studies [22}. Further large-scale prospective studies are required to de-
termine which enzyme (PON1 or CYP) is critical for the production of
active metabolites from thienopyridines, and therefore for cardiovascu-
lar events during thienopyridine administration.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j,thromres.2011.10.033,
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Immune response against serial infusion of factor VIII antigen
through an implantable venous-access device system in

haemophilia A mice
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Summary. Haemophilia A is a life long bleeding disor-
der caused by an inherited deficiency of factor VIII
(FVII). About 30% of haemophilia A patients develop
neutralizing antibodies as a consequence of treatment
with FVIII concentrates. Immune tolerance protocols
for the eradication of inhibitors require daily delivery of
intravenous FVIIL. We evaluated the immune responses
to serial intravenous administration of FVIII in preim-
munized baemophilia A mice. We introduced an
implantable venous-access device (iVAD) system into
haemophilia A mice to facilitate sequential infusion of
FVII. After preimmunization with FVIIL, the haemo-
philia A mice were subjected to serial intravenous
administration of FVIII through the iVAD system. In all
mice with serial infusion of FVIII, high titers of anti-
FVII inhibitory antibodies developed at 10 exposure

days (EDs). However, the anti-FVIII IgG titers were
decreased after 150 EDs of sequential low-dose infusion
of FVIII [0.05 U g™ body weight (BW) five times per
week]. Proliferative response to ex vivo FVII stimula-
tion was significantly suppressed in splenic CD4" T cells
from mice with serial low-dose FVIII infusion compared
with those from mice with high-dose FVII infusion
(0.5 U g™! BW five times per week) or preimmunized
mice. Moreover, splenic CD4* T cells from mice with
serial low-dose infusion of FVII failed to produce
interleukin-2 and interferon-y. These data suggest that
serial infusion of FVIII could induce T-cell anergy in
haemophilia A mice with inhibitor antibodies.

Keywords: anergy, factor VIII, haemophilia A mice, inhib-
itor, venous-access device

Introduction

Haemophilia A is a life-long bleeding disorder caused
by an inherited deficiency of factor VIII (FVIII) because
of mutations in the FVIII gene [1]. About 30% of severe
haemophilia A patients who received replacement
therapy with intravenous FVII products develop neu-
tralizing antibodies that inhibit the function of substi-
tuted FVIII [2,3]. Once an inhibitor develops, treatment
of bleeding episodes is quite difficult due to partial or
complete lack of efficacy of replacement therapy.
Immune tolerance induction (ITT) therapy using regular
applications of FVIII is the only strategy that has been
proven successfully to combine eradication of FVIII
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inhibitors and induction of FVHI-specific immune tol-
erance [2,4].

Central venous-access devices (VADs) are often used
in haemophiliacs undergoing ITI to overcome difficul-
ties of regular venous puncture [5,6]. The fully implant-
able devices offer many advantages compared with
external catheters, because they generally have longer
useful duration with lower rate of infectious complica-
tion and cannot be accidentally displaced [7]. Although
ITI approach was introduced several decades ago, little
is known about the immunological mechanisms that
cause down-modulation of FVII-specific immune
responses and the induction. of long-lasting immune
‘tolerance against FVIIL.

In this study we introduced an implantable VAD
{(iVAD) system into haemophilia A mice to facilitate
serial intravenous infusion of FVII and evaluated
immune responses against FVIII in preimmunized hae-
mophilia A mice. We demonstrated that sequential
administration of FVIII through the iVAD system could
induce T-cell anergy in adult haemophilia A mice with
inhibitors.
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Methods

Animal models

Haemophilia A mice (B6; 12084-F8"¥*%/]) with targeted
destruction of exon 16 of the FVIII gene were kindly
providled by Dr H.H. Kazazian' Jr (University of
Pennsylvania, Philadelphia, PA, USA) [8]. All mice
were housed and used in a pathogen-free facility at Jichi
Medical University, Shimotsuke, Tochigi, Japan. All
animal experiments were performed in accordance with
regulations of the Japanese Council for Animal Care;
Jichi Medical University Animal Care Committee
approval all animal protocols.

iVAD system and intravenous injection of FVIII

Haemophilia A mice aged 12 weeks were anaesthetized
by inhalation with 2.5% isoflurane in the anaesthesia
unit (Univentor, ZTN 08, Malta). An iVAD system
(SoloPort; Instech Laboratories, Plymouth Meeting, PA,
USA) was placed into a pocket of back skin in the chest
wall of each animal (Fig. 1). The catheter was then
tunneled under the skin and introduced into the

A implantation FVIN, iv
of iVAD system (0.05 U gBW™ per 2 weeks)

superior vena cava through a cut-down site of jugular
vein under a zoom stereomicroscope {Nikon, Tokyo,
Japan). The entire system was flushed with saline
solution after insertion. Mice were infused with intra-
venous recombinant human FVII formulated with
sucrose (Kogenate FS; Bayer Healthcare, Leverkusen,
Germany) through the iVAD system.

Assay for FVIII inbibitors

Inhibitory FVIII antibodies were measured according to
the Bethesda assay [9]. In brief, mouse plasma was
serially diluted in Owren’s Veronal Buffer (Dade
Behring, Deerfield, IL, USA), such that the remaining
FVIII activity for each sample was between 25% and
75%, and mixed 1:1 with normal pooled human plasma
at 37°C for 2 h. Residual human FVII activity was
measured by one-stage assay using 50 pL. of FVIII-
deficient human plasma (Kokusai-Shiyaku, Kobe,
Japan) and a 50-pL sample from the previous incuba-
tion on a automated coagulometer (CA-500; Sysmex,
Kobe, Japan). One BU mL™ was defined as the dilution
of plasma containing FVIIl inhibitory activity that
results in 50% inhibition of FVIII activity.

FViY, iv
(0.05 or 0.5 U gBW™, 5 times per week})

o ¢ ¢ ¢ AR | AL

FVIII exposure days: 1 5

6 8 10 12 14 16 18

176 178 180 182 184186

' Frequent infusion through iVAD system

27 59 61

[ !

Blood sampling
(every 2 weeks)

Age({weeks): 12 14 16 18 20 22 24 25

2ARRR

Blood sampling
{every 2 weeks)

micmpaﬁ
fubing

Isolation

o
splenocytes

Fig. 1. Protocol for serial intravenous administration of FVIII through an implantable venous access device (iVAD) system in haemophilia A mice. A.
Haemophilia A mice were implanted an iVAD system at age 12 weeks, then they were preimmunized with intravenous injection of 0.05 U g™! BW
recombinant human FVIII at 16, 18, 20, 22 and 24 weeks. After measurement of anti-FVII inhibitory-antibodies titers, preimmunized mice were frequently
administered with FVIII (0.05 or 0.5 U g’1 BW, five times per week) through the iVAD system. B. (a) The iVAD system consists of a stainless steel port with a
molded silicon rubber and an 1.2 Fr catheter. After incision of the cervical skin in a haemophilia A mouse, the jugular vein was exposed (b), then the catherer
was inserted into superior vena cava by cut—down procedure (c). The other side of the catheter was tunneled to the port that was set beneath the pocket of back

skin (d).

Haemophilia (2012), 18, e323-e330

© 2011 Blackwell Publishing Ltd

—166—



IMMUNE RESPONSE AGAINST SERIAL FVIII INFUSION IN HAEMOPHILIA A MICE €325

Anti-FVIII measurement

Anti-FVIII IgG concentrations were determined by
enzyme-linked immunosorbent assay (ELISA) in
microtiter wells (Nunc, Roskilde, Denmark) coated
with 1 pg mL™" recombinant human FVIIL After block-
ing with 5% bovine serum albumin (BSA) in phosphate-
buffered saline (PBS), serial dilutions of murine plasma
were added at 4°C for 16 h. Each well was washed with
0.5% BSA in PBS containing 0.05% Tween-20. Horse-
radish peroxidase (HRP)-conjugated goat anti-mouse
1gG (Cappel, Aurora, OH, USA) was added at 37°C for
1 h. ABTS Microwell substrate (KPL, Gaithersburg,
MD, USA) was added, and the absorbance at 405 nm
was read. Anti-FVIII antibody concentrations were
calculated from the linear portion of a standard curve
obtained using antihuman FVIII monoclonal antibodies
(kindly provided by Chemo-Sero-Therapeutic Research
Institute, Kumamoto, Japan).

Determination of anti-FVIII IgG subclasses

Microtiter wells were coated with 1 pg mL™ recombi-
nant human FVIIL in PBS for 16 h at 4°C. After blocking
with 5% BSA in PBS, serial dilutions of murine plasma
were added for 2 h at 37°C. The wells were washed
with 0.5% BSA in PBS containing 0.05% Tween-20.
The IgG1, IgG2a, IgG2b and IgG3 subtypes of anti-
FVIII antibodies bound to immobilized human FVIII
were determined by incubation with isotype-specific
rabbit anti-mouse IgGs (Mouse Typer; BioRad, Hercu-
les, CA, USA) for 1 h at 37°C. After washing with 0.5%
BSA in PBS containing 0.05% Tween-20, the wells were
incubated with goat anti-rabbit HRP conjugate for 1 h
at 37°C. Substrate development was performed for
15 min at 25°C, using ABTS Microwell substrate as
described above.

Proliferation assay with [PH]-thymidine
incorporation

Mice splenic CD4* T cells were prepared by depletion of
non-CD4* T cells with the autoMACS cell sorting system
(Miltenyi Biotech GmbH, Bergisch Gladbach, Germany),
according to the manufacturer’s instructions. Antigen-
presenting cells were prepared from mice splenocytes by
depletion of T cells using the magnetic sorting system
with anti-CD90 (Thy1.2)-conjugated microbeads (Milt-
enyi Biotech) followed by irradiation with a single dose of
20 Gy (Gamma Cell; Norton International, ON, Can-
ada), to prevent non-specific proliferative responses
during the in vitro FVIII stimulation assay. To measure
T-cell proliferation, 3 x 10° CD4* T cells per well were
cultured with 0-3 nM human recombinant FVIII in the
presence of antigen-presenting cells derived from FVIII-
immunized mice (five times injection of 0.05 U g™! BW

© 2011 Blackwell Publishing Led

FVIII, every 2 weeks) at 37°C for 72 h in complete
RPMI-1640 (Gibco BRL, Rockville, MD, USA). [*H]-
Thymidine (Amersham Bioscience, Uppsala, Sweden)
was added (0.037 MBq per well) at 37°C for 18 h. Then,
cells were harvested, and [*H]-thymidine incorporation
was determined by scintillation counting (Top count;
Packard, Meriden, CT, USA).

Cytokine assays

Splenocytes were incubated in 24-well plates at
1.0 x 10° cells per well in the absence or presence of
3 nM human recombinant FVIII at 37°C in 5% CO,.
Production of interleukin (IL)-2, IL-4, IL-12 and inter-
feron (IFN)-y by CD4" T cells derived from each mouse
was analyzed at 72 h by ELISA kits (Biotrak ELISA
System; Amersham Biosciences, Piscataway, NJ, USA)
according to the manufacturer’s instructions. In addi-
tion, levels of IL-10 were measured at 96 h by ELISA
system (Biotrak ELISA System).

Statistical analysis

Data are expressed as mean = SE. Normally distributed
variables were compared by Student’s #-test. Variables
not normally distributed were analyzed by two-sided
Mann~Whitney U test. The data were considered
statistically significant at P values < 0.05.

Results

Serial intravenous administration of FVIII through an
iVAD system in preimmunized haemopbilia A mice

We securely implanted venous access devices into
haemophilia A mice at 12 weeks using a zoom micros-
copy, therefore, we could avoid using FVIII concen-
trates for haemostatic control during the procedure
(Fig. 1B). After the operation-related wounds had
healed, we developed immunized mice against FVIII
by intravenous injection of FVII (0.05 U g™ BW) at
2-week intervals. Titers of anti-FVIII inhibitory anti-
bodies of the mice were elevated to 100-400 BU mL™*
after the fifth exposure of FVIIL Thereafter, we
performed serial infusion of FVII into the preimmu-
nized haemophilia A mice through the venous access
device system. High titers (>2000 BU mL™) were
developed after 10 exposure days (EDs) in mice with
administration of FVIII (0.05 U g™! BW five times per
week) and were continued over 100-120 EDs. How-
ever, after 130-150 EDs their titers were gradually
decreased despite continuing sequential stimulation of
FVIII (Fig. 2a). One of the five mice was discontinued at
140 EDs because of bleeding from the site of catheter
insertion (Fig. 2a; LD#3). In contrast, > 2000 BU mL™?
of anti-FVIII inhibitory antibodies were sustained over
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Fig. 2. Effect of serial intravenous administration of FVII on anti-FVHI inhibitory antibody formation in preimmunized haemophilia A mice. Haemophilia A
mice were intravenously immunized with 0.05 U g™ BW FVIII ar 16, 18, 20, 22 and 24 wecks. After measurement of anti-FVII inhibitory-antibodies titers,
preimmunized mice were frequently administered with FVII [(a) 0.05 U g™ BW five times per week; (b) 0.5 U g™ BW, five times per week] through the iVAD
system. The mice were bled at every 2 weeks, and their anti-FVIII inhibitor titers were determined by Bethesda assay.
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Fig. 3. Effect of repeated intravenous infusion of FVIII on FVIlI-specific IgG formation in haemophilia A mice with inhibitors. Haemophilia A mice were
intravenously immunized with 0.05 U g™ BW FVIII at 16, 18, 20, 22 and 24 weeks. After measurement of anti-FVIII inhibitory-antibodies titers, pre-
immunized mice were repeatedly infused with FVIII [(a), 0.05 U g™ BW, five times per week; (b) 0.5 U g™ BW, 5 times per weck. The mice were bled at every
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180 EDs in mice with serial infusion of high-dose FVIIL

for more than 80-100 EDs (Fig. 3a). Interestingly, titers
(0.5 U g~ BW five times per week) (Fig. 2b).

against FVIIl were markedly decreased after 80-150
EDs. By contrast, preimmunized mice followed by serial
intravenous infusion of high-dose FVIII (0.5 U g™ BW
five times per week) showed high titer of anti-FVII IgG
over 150-180 EDs (Fig. 3b). One of four mice receiving

Effect of serial intravenous infusion of FVIII on
FVIII-specific IgG and subclasses formation

Anti-FVIII IgG was detectable immediately after serial
infusion of FVIIIL (0.05 U g~* BW five times per week) in
preimmunized haemophilia A mice, and were persisted

Haemopbhilia (2012), 18, e323-e330

sequential high-dose FVIII infusion was discontinued
due to occlusion of central vein catheter at 80 EDs

(Fig. 3b; HD#4). All IgG isotypes of anti-FVIII IgG

© 2011 Blackwell Publishing Led
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Fig. 4. Effect of serial intravenous injection on anti-FVIII IgG subclasses formation in preimmunized haemophilia A mice. (a) Haemophilia A mice (LD1,
open squares; LD#2, open triangles; LD#3, closed triangles; LD#4, closed squares; LD#S, open circles) were intravenously immunized with 0.05 U g™ BW
FVIII at 16, 18, 20, 22 and 24 weceks. After measurement of anti-FVIIT inhibitory antibodies titers, preimmunized mice were repeatedly infused with FVIII
(0.05 U g™* BW five times per week). (b) Haemophilia A mice (HD#1, open squares; HD#2, open triangles; HD#3, open circles; HLD#4, closed squares) were
intravenously immunized with 0.05 U g~! BW FVIII at 16, 18, 20, 22 and 24 weeks. After measurement of anti-FVII inhibitory antibodies titers, preim-
munized mice were repeatedly infused with FVII (0.5 U g™' BW five times per week). Each of the mice was bled at every two weeks just before FVII infusion.
Titers of IgG subclasses (IgG1, IgG2a, IgG2b and IgG3) were determined by ELISA as described in Methods.

antibodies were rapidly increased after serial infusion of
0.05U g and 0.5 U g™' BW of FVII (Fig. 4). How-
ever, in mice with repeated administration of
0.05 U g™! BW FVIII titers of IgG3 subclass antibodies
were decreased after 80-100 EDs (Fig. 4b).

Effect of serial administration of EVIII on anti-factor
VIII CD4* T cells proliferation

Next, we evaluated whether serial infusion of FVIII
exerts a suppressive effect on FVHI-specific T cells,
CD4* T cells obtained after the final injection were
assayed for a T-cell proliferative response to FVIIL. We
observed a dose-dependent CD4* T-cell proliferative
response to FVIII in preimmunized mice (five times
injection of FVIII every two weeks, Fig. 5). In the group
with sequential infusion of 0.5 U g™ BW FVII the T
cells significantly proliferated in response to FVIII
stimulation. By contrast, no response was observed at
any FVIII dose in CD4" T cells from the mice after serial
infusion of 0.05 U g™ BW FVIIL

Effect of serial infusion of FVIII on cytokine
response

Mice that were immunized with FVIH every two weeks
developed splenocytes, which proliferated and produced

© 2011 Blackwell Publishing Ltd
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Fig. 5. Effect of repeated administration of FVIII on anti-factor VII T—cell
proliferation of haemophilia A" mice. Haemophilia A mice were given
intravenous injection of 0.05 Ug™ BW FVII at 16, 18, 20, 22 and
24 weeks. After measurement of anti-FVIII inhibitory-antibodies titers,
preimmunized mice were frequently infused with FVII through the iVAD
system. CD4* T cells of preimmunized mice (1 = 5; open circles), mice with
infusion of FVIIL (0.05 U g™ BW, five times per week; # = 4; closed circles),
and mice with injection of FVIII (0.5 U g™* BW, five times per week; 2 = 3;
closed squares) were obtained three days after final immunization. The
amount of *H-thymidine incorporation was measured under i vitro stim-
ulation with FVIII (0-3 nM) in the presence of the FVIII-immunized mice-
derived antigen-presenting cells by scintillation counting as described in the
Methods. Data are means = SD. *P < 0.05; **P < 0.03 when compared
with the proliferation in the absence of FVIIL
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their cytokine production (IL-2, IL-4, TL-10, IL-12 and IFN-y) were analyzed by ELISA as described in Methods. Values (pg mL™!) are means = SD.

*P < 0.05; **P < 0.03.

IL-2, IL-12 and IFN-y in response to in witro FVIII
stimulation (Fig. 6). In contrast, splenocytes deriving
from mice with serial infusion of 0.05 U g™' BW FVIII
did not increase their production of IL-2 and IFN-y,
although they could secrete IL-12 after addition of
FVIIL. Moreover, 0.5 U g™! BW FVIII-repeated admin-
istrated mice produced significant amounts of 11.-2 and
IL-12, but did not change IFN-y levels even after
stimulation of FVIIL

Discussion

Haemophilia A patients with inhibitors are infused daily
FVIII according to immune tolerance protocols with the
aim of eradicating the antibody [10,11]. Central VADs
have been used to facilitate repeated administration of
clotting factor concentrates in haemophiliac children
requiring ITT [12,13]. We here established a method to
implant a VAD into haemophilia A mice (Fig. 1). We
could prevent exposure to FVIII antigen in the mice
during the surgical procedure, because it is known that
the innate immune system is activated by endogenous
‘danger signals’ such as tissue damage that involves

Haemophilia (2012), 18, e323-e330

necrotic cell death [14]. Indeed, titers of anti-FVIII
inhibitory antibodies of the mice were elevated up to
400 BU mL™ after the fifth intermittent stimulation of
FVIII, in good agreement with previous findings [9].
Central VADs are associated with infectious and
thrombotic complications necessitating the removal
[6], although recent data from the international-ITI
study showed that infectious episodes during ITI may
not influence treatment outcome [15]. In our animal
models, one mouse that had been frequently adminis-
tered 0.05 U g™ BW of FVII exhibited a catheter-
related bleeding (Fig. 2; LD#3), whereas another one
with 0.5 Ug™ BW of FVIII had occlusion of iVAD
system (Fig. 2, HD#4). Nonetheless, the iVAD would
be a useful tool to evaluate immune response against
sequential infusion of FVIII antigen in haemophilia A
mice becanse they could be repeatedly infused more
than 180 times over S0 weeks.

Recent study showed that port systems are suitable for
inhibitor-expressing children with good predictors of ITT
success [16,17]. In our murine model, high titers against
FVIII (>2000 BUmL™! during 50-100 EDs) were
decreased to <500 BU mL™" after 130-150 EDs in all

© 2011 Blackwell Publishing Ltd
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mice with serial infusion of 0.05 U g™! BW of FVIII, even
though they were continually exposed to FVII antigen
(Fig. 2). In contrast, mice administered high-dose
0.5 U g™ BW FVIII five times a week had high titers of
anti-FVIII inhibitory antibodies over 180 EDs, suggest-
ing that dose of FVII antigen might be crucial for the
immune response in haemophilia A mice. We could not
induce immune tolerance in any adult haemophilia A
mouse with sequential infusion of FVIII antigen, accord-
ing to the international consensus in which successful
immune tolerance induction in haemophilia A is cur-
rently defined as both an undetectable inhibitor titer (less
than or equal to 0.6 BU mL™") and normalized FVIII
pharmacokinetics [18]. However, anti-FVIII IgG titers
were markedly decreased to undetectable levels after
80-180 EDs in mice with serial infusion of 0.05 U mL™
FVIII (Fig. 3). The discrepancy between anti-FVIII inhib-
itory titers and anti-FVIII IgG titers may be dependent on
assay methods in which the former was one-stage APTT
measurement and the latter was ELISA using an anti-
FVII monoclonal antibody as standard.

In haemophilia A patients, several researchers re-
ported that IgG4 is the major component of anti-FVIII
antibodies, although all IgG subclasses have been found
[19,20]. In murine models, we showed that kinetics of
anti-FVII IgG1, IgG2a and IgG2b titers of haemophilia
A mice with serial infusion of 0.05 Ug™" BW FVIII
were similar to those administered 0.5 U g™ BW FVIII
(Fig. 4). In contrast, titers of anti-FVIII IgG3 subclass
were decreased after 50-100 EDs in mice with serial
infusion of 0.05 Ug™1 BW FVII. The Thl immune
response is believed predominant in patients with
inhibitors in the long term [21], and was also the
predominant response in mice that developed antibodies
after challenge in adulthood [22,23]. We demonstrated
a dose-dependent CD4* T-cell proliferative response to
FVII in preimmunized mice (five times injection of
FVIII every 2 weeks), which is compatible with previous
studies demonstrating that human FVII is highly
immunogenic in haemophiliac mice (Fig. 5) [24]. Inter-
estingly, we observed that haemophilia A mice with
sequential infusion of 0.05 U g™ BW FVIII after 180
EDs failed to develop CD4* T-cell proliferative response
to in vitro stimulation of FVII antigen (Fig. 5). These T
cells could not produce any IL-2, IL-4, IL-10, nor IFN-y
(Fig. 6), whereas those from mice immunized with five-
times infusion of 0.5 Ug™ BW FVII were able to
secrete significant amounts of IL-2, IL-12 and IFN-y. It

References 3 Hoyer LW. Why do so many haemophilia A

is known that Th1l cells are initiators of antibody
responses, and that they participate in class switching
by releasing IFN-y, which preferentially induces IgG2a
and IgG3 in mouse [25]. Consequently, the FVIII-
specific Th1 cytokine response may be partially sup-
pressed by serial administration of FVIII in haemophilia
A mice with inhibitors.

Several potential mechanisms of ITI have been
identified [26]. These include clonal deletion (i.e.
removal of immune-response cells through programmed
cell death or apoptosis), anergy (failure of immune cells
to respond to the FVIII molecule), or ignorance (i.e. the
immune-response cells are ‘blind’ to the presence of
FVIII). Our data suggest that sequential exposure of
FVIII antigen could partially block anti-FVIII inhibitory
antibody production, inducing T-cell anergy in haemo-
philia A mice with inhibitor, although our murine ITI
model against heteroantibodies is fundamentally differ-
ent from human ITI therapy against alloantibodies.
However, further evaluation using completely continu-
ous infusion system for the exposure of FVIIl antigen
will be necessary to confirm its efficacy in inducing
immune tolerance [27]. Furthermore, understanding of
the underlying mechanisms of immune tolerance in-
duced by serial administration of FVIII is essential for
the development of this strategy for haemophilia A
patients with inhibitors.
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NF-kB Activity Regulates Mesenchymal Stem Cell
Accumulation at Tumor Sites
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Abstract

Mesenchymal stem cells (MSC) accumulate at tumor sites when injected into tumor-bearing mice, perhaps
offering cellular vectors for cancer-targeted gene therapy. However, the molecular mechanisms involved in
MSC targeting the tumors are presently little understood. We focused on MSC-endothelial cell (EC) adhesion
following TNF-o. stimulation in an attempt to elucidate these mechanisms. Interestingly, stimulation of MSCs
with TNF-o enhanced the adhesion of MSCs to endothelial cells in vitro. This adhesion was partially inhibited
by blocking antibodies against vascular cell adhesion molecule-1 (VCAM-1) and very late antigen-4 (VLA-4). It
is well known that TNF-o induces VCAM-1 expression via the NF-xB signaling pathway. Parthenolide has an
anti-inflammatory activity and suppressed NF-xB activity by inhibition of IxBo phosphorylation after TNF-o
stimulation and strongly inhibited TNF-0-induced VCAM-1 expression on MSCs. /n vivo imaging using
luciferase-expressing MSCs revealed that the bioluminescent signal gradually increased at tumor sites in mice
injected with untreated MSCs. In contrast, we observed very weak signals at tumor sites in mice injected with
parthenolide-treated MSCs. Our results suggest that NF-kB activity regulates MSC accumulation at tumors,
by inducing VCAM-1 and thereby its interaction with tumor vessel endothelial cells. These findings have
implications for the ongoing development of efficient MSC-based gene therapies for cancer treatment. Cancer

364

Res; 73(1); 364-72. ©2012 AACR.

Introduction

Mesenchymal stem cells (MSC) are nonhematopoietic stem
cells with high-proliferative potency and have the ability to
differentiate into multiple lineages. They are detected in
several adult and fetal tissues, including bone marrow, adipose
tissue, and umbilical cord blood. MSCs have generated a great
deal of interest in their potential use in regenerative medicine
due to their ability to migrate to damaged tissues and to
produce cytokines. Furthermore, MSCs can be easily geneti-
cally modified with viral vectors to be used as novel cellular
vehicles in gene therapy protocols. MSCs are also used to treat
severe acute GVHD, because they accumulate at inflammatory
lesions and have immunomodulatory activity.

Interestingly, recent studies indicated that MSCs also have
the ability to accumulate in tumors. Therefore, they can be
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used as cellular vehicles for cancer-targeted gene therapy.
Intravenous injection of engineered MSCs expressing IFN-
was reported to inhibit the growth of melanoma pulmonary
metastasis (1) and breast cancer (2) in mice and also
prolonged the survival of mice with glioma xenografts (3).
Furthermore, interleukin (IL)-12, which improves immune
surveillance against cancer cells (4), and chemokine CX3CL1
(fractalkine), which is able to activate T cells and natural
killer (NK) cells (5), were used as therapeutic molecules. We
have also shown that retrovirus vector-producing MSCs also
effectively inhibit tumor growth (6). In this context, treat-
ment has been developed using retroviral vectors expressing
the thymidine kinase of herpes simplex virus combined with
the prodrug ganciclovir.

The ability of MSCs to specifically localize the multiple
tumors, makes them extremely attractive for targeted cancer
therapy. The most likely cause of preferential migration was
considered to be the release of chemotactic gradients from
tumor tissues. MSCs have a variety of chemokine and cytokine
receptors and respond functionally to ligands in vitro. Tumors
are known to produce a large amount of chemokines and
cytokines, which could serve as ligands for the receptors on
MSCs (7). Therefore, the mechanism of MSC accumulation at
the site of tumors seems to be based on their migratory ability.
Nevertheless, although various growth factors and chemo-
kines, such as platelet-derived growth factor (PDGF), hepato-
cyte growth factor (HGF), and stromal cell-derived factor-1o.
(SDF-10t) may be involved, the detailed molecular mechanisms
of MSC accumulation at tumors are poorly understood.

Cancer Res; 73(1) January 1, 2013
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Mechanisms of MSC Accumulation at Tumor Sites

In the present study, we focused on MSC~endothelial cell
(EC) adhesion following TNF-o. stimulation in an attempt to
elucidate the mechanism of MSC accumulation at tumors.

Materials and Methods

Cell culture

Bone marrow-derived human MSCs (Lonza Walkersville,
Inc.) were cultured in mesenPRO RS medium (Invitrogen).
HEK293-derived AD-293 cells (Stratagene), human embryonic
fibroblasts WI-38 (RIKEN BRC), human colon adenocarcinoma
cell lines SW480 (Cell Resource Center for Biomedical Research
Institute of Development, Aging and Cancer, Tohoku Univer-
sity, Miyagi, Japan), and SW480/RFP that was generated by
transduction of SW480 with red fluorescent protein-expressing
retrovirus vectors (RV-RFP), were grown in Dulbecco’s Mod-
ified Eagle's Medium (DMEM)/F-12 medium (Invitrogen) sup-
plemented with 10% FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin (P/S). Human endothelial progenitor cells
(ApproCell Inc.) were cultured in endothelial progenitor cells
grown medium (ApproCell Inc.). Human colon adenocarcino-
ma cell lines Colo205 (Cell Resource Center for Biomedical
Research Institute of Development, Aging and Cancer Tohoku
University) and Colo205/RFP that was generated by transduc-
tion with RV-RFP, were grown in RPMI medium (Invitrogen)
supplemented with FBS and P/S. All cultures were kept in an
incubator at 37°C and 5% CQ,.

Adenoviral vectors

Adenoviral vectors expressing a GFP were constructed by
an improved ir vitro ligation method (8, 9). The shuttle plasmid
pHMCA5-GFP contains a CA promoter (a B-actin promoter/
CMV enhancer with a B-actin intron), GFP gene, and a bovine
growth hormone (BGH) polyadenylation signal, all of which
are flanked by I-Ceul and PI-Scel restriction sites. I-Ceul/
PI-Scel-digested pHMCA5-GFP was ligated with I-Ceul/
PI-Scel-digested pAdHM4, resulting in pAdHM4-CAGFP.
pAdHM41-K7-CAGFP was constructed by ligation of I-Ceul/
PIScel-digested pHMCA5-GFP with I-Ceul/PI-Scel-digested
pAdHM41-K7 (10). Viruses (Ad5-GFP and AdK7-GFP) were
generated by transfection of Pacl-digested pAdHM4-CAGFP
and pAdHM41-K7-CAGFP, respectively, into AD-293 cells with
SuperFect (Qiagen) according to the manufacturer’s instruc-
tions. Each virus was purified by CsCl, step gradient ultracen-
trifugation followed by CsCl, linear gradient ultracentrifuga-
tion. Virus particles and biologic titers of each vector prepa-
ration were determined as described by Mittereder and col-
leagues (11). We also created Ad vectors expressing luciferase
(Luc) using the shuttle plasmid pHMCAS5-Luc, which contains
the Luc gene derived from pELuc-test (Toyobo Co. Ltd.). MSCs
and fibroblasts were seeded in culture plates or flasks at a
density of 1 x 10* cells/cm? and the next day the cells were
treated with each adenovirus vector for 1.5 hours. The medium
containing the vectors was removed and replaced with fresh
medium.

Animal models
All animal experiments were approved by the Jichi Medical
University (Tochigi, Japan) ethics committee and carried out in

accordance with the NIH Guide for the Care and Use of
Laboratory Animals. To create turnor-bearing mice, SW480/
REP cells (3 x 10%) were subcutaneously inoculated into 4- to 6-
week-old male Balb/c nu/nu mice (Clea Japan Inc.). The mice
were used for experiments 7 days after inoculation.

Immunohistochemistry

Cultured MSCs and fibroblasts were transduced with AdK7-
GFP at a concentration of 3,000 virus particles per cell (vp/cell).
Two days after transduction, cells were injected into the left
ventricular cavities (1 x 10° day 0) of tumor-bearing mice.
Mice were sacrificed on day 4, and 7-pm serial cryosections
from frozen tissues were processed. Immunohistochemistry
was conducted with fluorescein isothiocyanate (FITC)-conju-
gated anti-GFP antibody (ab6662; Abcam Inc.) on tumor
cryosections to detect MSCs or fibroblasts. Nuclei were stained
with 4',6-diamidino-2-phenylindole (DAPI; Vector Laborato-
ries, Inc.). Images were obtained with a fluorescence micro-
scope (BZ-9000; Keyence). SW480/RFP cells (3 x 10°) were
subcutaneously inoculated into 4- to 6-week-old male Balb/c
nu/nu mice. Mice were sacrificed on day 11, serial sections
from tumor tissues were processed. Immunohistochemistry
was conducted with anti-mouse CD34 monoclonal antibody
(MEC14.7; GeneTex Inc.) on tumor section to detect tumor
blood vessels. Histofine Simple Stain Mouse MAX PO (Nichirei’
Biosciences, Inc.) was used as a horseradish peroxidase-

- conjugated secondary antibody, and 3,3'-diaminobenzidine

(DAB) solution was used for brown color development. Sec-
tions were then counterstained with Hematoxylin (Wako Pure
Chemical Industries, Ltd.). Images were obtained with a fluo-
rescence microscope (BZ-9000).

In vivo imaging of homing ability to tumors

Cultured MSCs and fibroblasts were transduced with AdK7-
Luc at a concentration of 3,000 and 680 vp/cell, respectively.
Two days after transduction, cells were injected into the left
ventricular cavities (1 x 10°, day 0) of tumor-bearing mice, and
then optical bioluminescence imaging was conducted to peri-
odically trace the cells using an ir vivo imaging system (IVIS;
Xenogen). To detect bioluminescence from MSCs or fibro-
blasts, the reporter substrate p-luciferin (leda Chemical Co.,
Ltd.) was injected into the mouse peritoneum (75 mg/kg body
weight) for scanning. The luminescent intensity at tumor sites
was analyzed using Living Image software (Xenogen).

In vitro migration assays

Cultured MSCs or fibroblasts were serum-starved for 12
hours. One hundred microliters of tumor conditioning medi-
um (CM), or serum-free medium supplemented with PDGF-BB
(10 ng/mL), HGF (30 ng/mL), fibroblast growth factor-B (FGF-
f; 20 ng/mL), SDF-1a (150 ng/mL), VEGF-A (25 ng/mL), or
monocyte chemoattractant protein-1 (MCP-1; 100 ng/mL) was
added to the lower wells of migration chambers (8-um pore
size; Neuro Probe, Inc.); MSCs or fibroblasts (4 x 10%) were
added to the upper wells. All recombinant proteins were
purchased from R&D systems Inc.. Medium alone (DMEM/
F-12) was used as a negative control and treatment with 30%
FBS was the positive control. After incubation for 24 hours at
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37°C, cells were labeled with CyQUANT NF dye, and cells
attached to the lower surface of the filters were detached with
trypsin. Fluorescent intensity was measured using a fluoros-
can, and the number of adherent cells was quantified using a
standard curve constructed by a known number of cells.

Flow cytometric analysis of adhesion molecules
Cultured MSCs, fibroblasts or endothelial cells were stim-
ulated with TNF-o. and harvested by trypsinization, Cell
aliguots were incubated with FITC-conjugated monoclonal
antibodies (BD) against vascular cell adhesion molecule-1
(VCAM-1), CD49d, CD29 (Integrin-P1), and analyzed by flow
cytometry (FACScan; BD Biosciences). For each analysis, an
aliquot of cells was also stained with isotype control immu-
noglobulin G (IgG)-conjugated to FITC as a negative control.

Assay for TNF-o produced in tumor-bearing mice

SW480/REP (3 x 10°) cells were subcutaneously inoculated
into nude mice. Seven days after inoculation, mice were
anesthetized with an overdose of isoflurane inhalation. The
blood was collected and allowed to coagulate overnight on ice.
After centrifugation of the samples (2,000 x g, 30 minutes, 4°C),
the serum was removed and stored at —70°C. Tumor, spleen,
and liver tissues were homogenized in 1.5 mL of o-minimum
essential medium using a tissue homogenizer. The homoge-
nates were then centrifuged (2,000 % g 30 minutes, 4°C), and
the supernatant was removed and recentrifuged (14,000 x g 30
minutes, 4°C). Serum and supernatants from tissue homoge-
nates were kept at —70°C until use. TNF-0. was assayed using a
commercially available ELISA kit (mouse TNE-o. Instant ELISA;
Bender MedSystems) according to the manufacturer's
protocols.

In vitro adhesion assays

For adhesion assays, endothelial cells (at 4 passages) were
cultured to confluence on fibronectin-coated 96-well plates
(20 ng/mlL; Sigma-Aldrich, Inc.) and treated with TNF-a
(10 ng/mL) for 12 hours before assaying. MSCs and fibro-
blasts were treated with TNF-a (10 ng/mL) 12 hours before
the adhesion assays and incubated with isotype control IgG
or anti-VCAM-1 or very late antigen-4 (VLA-4; 10 pg/mL)
monoclonal antibodies (mAb) for 1 hour. Cells were labeled
with CyQUANT NF dye, and 1 x 10" cells were seeded onto
endothelial cells. After 30 minutes of incubation at 37°C,
wells were washed thoroughly 3 times with PBS to remove
nonadherent cells. Fluorescent intensity was measured
using a fluoroscan, and the number of adherent cells was
quantified using a standard curve constructed by a known
number of cells. In some experiments, MSCs and fibroblasts
were pretreated for adhesion studies with one of the
following substances: TNF-a (10 ng/mL), anti-VCAM-1 anti-
body (mouse monoclonal anti-rat, clone 5F10, 10 pg/mlL,
Eurogentec), or anti-VLA-4 antibody (mouse monoclonal
anti-rat, clone 1A29, 10 pg/mL, Research Diagnostics).

Parthenolide treatment of MSCs
Parthenolide (Biomol) was reconstituted in dimethyl sulf-
oxide (DMSO; Sigma-Aldrich, Inc.) to a stock concentration of

0.4 mol/L and subsequently diluted in PBS, MSCs were treated
with parthenolide (5 wmol/L) for 6 hours before experiments.
To assess the effect of parthenolide treatment of transgene
expression, cells were reseeded into 96-well plates, and lucif-
erase assays were conducted using luciferase-expressing MSCs.
Cell viability after parthenolide treatment was also examined
with Cell Proliferation Kit II [2,3-bis[2-methoxy-4-nitro-S-
sulfophenynl]H-tetrazolium-5 carboxanilide inner salt (XTT);
Roche Diagnostics GmbH] according to the manufacturer's
instructions.

Western blotting

Western blot analysis was conducted to measure the NF-xB
pathways. Next, MSCs were pretreated with parthenolide or
vehicle (DMSO) for 6 hours, and then cultured with TNF-o(
(10 ng/mL) for 3 minutes. Cells were lysed in radioimmunopre-
cipitation assay (RIPA) buffer containing protease inhibitor
(Pierce Biotechnology). Protein extracts were electrophoresed
on a 4% to 12% Bis-Tris gel (Invitrogen), and transferred to
polyvinylidene difluoride (PVDF) membranes. Membranes were
incubated in PVDF blocking reagent (TOYOBO), and then incu-
bated with primary antibodies against the following proteins:
IxBo, phospho-IxBo (Ser32), NF-xB p65, phospho-NF-xB p65
(Ser536), and o-tublin (Cell Signaling Technology), followed by
incubation with horseradish peroxidase-conjugated goat anti-
rabbit IgG or -mouse IgG1 secondary antibody, and detected
using a Western blotting detection system (GE Healthcare).

Immunocytochemistry

To visualize p65 nuclear translocation, MSCs were pre-
treated with parthenolide or vehicle (DMSO) for 6 hours and
then cultured with TNF-o (10 ng/mL) for 20 minutes. Cells were
fixed with 4% fomaline and permiabilized with Triron-X 100.
After washing with PBS, slides were incubated with rabbit anti-
p65 antibody (Cell Signaling Technology), followed by incuba-
tion with Alexa Fluor 488-conjugated goat anti-rabbit IgG
secondary antibody. The actin cytoskeleton was stained with
Alexa Fluor 546-conjugated phalloidin (Invitrogen); nuclei
were stained with 1,5-bis{[2-(di-methylamino) ethyl]amino}-
4,8-dihydroxyanthracene-9,10-dione (DRAQ)-5 dye (Invitro-
gen). Cells were examined using Keyence BZ-9000.

Results

In vivo imaging of MSC accumulation in tnmors

We used bone marrow—derived human MSCs, which
expressed characteristic phenotypic markers for MSCs and
differentiated into adipocyte, osteocyte, and chondrocyte
under specific culture conditions (Supplementary Fig. S1).
Then, fiber-modified adenovirus vectors (AdK7) were used for
efficient transduction of MSCs and fibroblasts in this study.
When the cells were transduced with GFP-expressing AdK7
vectors at a density of 3,000 vp/cell, transduction efficiency was
almost 100% (Supplementary Fig. S2A and $2B). The biolumi-
nescent intensity of MSCs transduced with luciferase-expres-
sing Ad vectors at 3,000 vp/cell was equal to that of fibroblasts
transduced at 680 vp/cell (Supplementary Fig. S2C). Mice
injected with GFP-expressing MSCs or fibroblasts were sacri-
ficed 4 days after injection for immunohistochemical analysis.
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Mechanisms of MSC Accumulation at Tumor Sites
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Figure 1. Tumor homing ability of MSCs in vivo. A, subcutaneous tumors were induced by injection of SW480/RFP cells (3 x 1 0°) in nude mice (day 0). Cultured
MSCs or fibroblasts were transduced with GFP-expressing adenovirus vectors 2 days before injection (day 5) and were injected into the left ventricular cavity
(1 x 10°, day 7). Mice were sactrificed on day 11, and immunohistochemistry was conducted with anti-GFP antibody on tumor cryosections to detect
MSCs or fibroblasts. Top, fluorescent microscopy view of MSC detection; MSCs (left), RFP-labeled tumor cells (center), nucleic staining with DAPI and merge
(right). Bottom, fluorescent microscopy view of fibroblast detection; fibroblasts (left), RFP-labeled tumor cells (center), nucleic staining with DAPI and
merge (right). Data shown are from 1 representative experiment of 3 carried out. Scale bar, 100 um. S, stroma; T, tumor. B, luciferase-expressing MSCs were
injected into tumor-bearing mice via the left ventricular cavity (1 x 10%, day 7). Optical bicluminescence imaging was conducted to periodically trace
the cells using IVIS. Top, biodistribution of MSCs as detected by luminescence. Bottom, tumor site detected by red fluorescence. Data shown are

from 1 representative experiment of 8 carried out. C, luciferase-expressing fibroblasts were injected into tumor-bearing mice and VIS imaging was conducted
as described earlier. Top, biodistribution of fibroblasts indicated by luminescence. Bottom, tumor site indicated by red fluorescence. Data shown are
from 1 representative experiment of 7 carried out. D, bioluminescent intensity at tumor sites was quantified using analysis software. The data are expressed as
mean + SD (7 = 8 for MSCs and n = 7 for fibroblasts). *, P < 0.05; **, P < 0.01 compared with fibroblasts at the same time.

MSCs identified with anti-GFP antibody were detected in the
boundaries of tumors and tumor stroma. However, we found
no GFP-positive fibroblasts in the tumor tissues (Fig. 1A). We
also used bioluminescence imaging to quantitatively investi-
gate the tumor tropism of MSCs. We injected luciferase-
expressing MSCs or fibroblasts into mice through the left
ventricular cavity, and then conducted optical biolumines-
cence imaging to periodically trace the cells using IVIS. In
mice injected with luciferase-expressing MSCs, optical biolu-
minescence at tumor sites became pronounced over time (Fig.
1B), and signal intensity gradually increased (Fig. 1D). In
contrast, we observed no signal at the tumor sites in mice
injected with luciferase-expressing fibroblasts (Fig. 1C and D).

In vitro migration assays

We analyzed the effects of several growth factors {specifi-
cally PDGF-BB, HGF, and VEGF), chemokines (specifically
MCP-1 and SDF-1a), and SW480 culture-conditioned medium
on MSC and fibroblast migration. These factors are commonly
expressed in tumor tissues, and are thought to be potential

mediators of MSC tropism. We also used serum-free medium
as a negative control and medium containing 30% FBS as a
positive control. Migration was quantified by direct labeling
and counting of cells by a fluorometer (Fluoroskan Ascent FL;
Thermo Labsystems). Exposure to PDGF, HGF, or conditioned
medium from SW480 cells stimulated significant MSC migra-
tion, whereas VEGF and SDF-1a had no significant effect as
compared with serum-free medium (Fig. 2). We compared the
migration capacity of MSCs and fibroblasts, the factors that
attracted MSCs also induced migration of fibroblasts. Rather, it
seems that fibroblasts were more strongly attracted to these
factors than MSCs.

In vitro adhesion assays

The tumors generated in mice in this study strongly induced
tumor stroma with defined blood vessels, and MSCs specifically
accumulated in this stroma (Fig. 3A). Therefore, we propose a
hypothesis as follows: factors, as indicated in Fig. 2, attract both
MSCs and fibroblasts to the tumor microenvironment, but
importantly, MSCs significantly adhere to endothelial cells as
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Figure 2. Migratory capacity of MSCs and fibroblasts (FB) in response to
growth factors, chemokines, and conditioned medium from SW480 cells.
MSCs orfibroblasts were serum-starved for 12 hours. Cells (4 x 10%) were
added to upper wells of migration chambers. Then, tumor conditioning
medium, serum-free medium supplemented with PDGF-BB (10 ng/mL),
HGF (30 ng/mL), SDF-1a (150 ng/mL), VEGF-A {25 ng/mL), or MCP-1
(100 ng/mL) were added to the lower wells. Treatment with medium alone
(DMEM/F-12) was used as a negative control and treatment with 30%
FBS was used as the positive control. The contents of the upper

wells and lower wells were separated by polycarbonate filters (8 pm).
The data are expressed as mean = SD (n = 8 per cell type). Values are
presented as mean - SE. *, P<0.05 and**, P <0.01 compared with each
control.

compared with fibroblasts. Therefore, only MSCs migrate and
accumulate at tumor sites via blood vessels in tumor stroma. We
speculated that inflammatory cytokines (specifically TNF-r) are
required for induction of adhesion molecule expression. First, we
measured TNF-o. levels in tumor tissues by ELISA. The TNF-o.
level is significantly higher in tumor tissues as compared with
liver and spleen (Fig. 3B). Similar results were also observed in
another experiments using Colo205 tumor cells (Supplementary
Fig. 53). Then, we assessed the expression of adhesion molecules
on endothelial cells, MSCs, and fibroblasts by fluorescence-
activated cell sorting analysis. After TNF-o stimulation, endo-
thelial cells and MSCs significantly expressed adhesion mole-
cules including VCAM-1 and VLA-4, compared with fibroblasts
(Fig. 3C). We also examined the ir vitro adhesion of MSCs to
endothelial cells. MSCs effectively adhered to endothelial cells as
compared with fibroblasts (Fig. 3D). Furthermore, this adhesion
was partially inhibited by blocking antibodies against VCAM-1
and VLA-4,

Effects of parthenolide on MSC migration and adhesion

We propose a hypothesis that if TNF-o.—induced VCAM-1
expression is inhibited, MSC accumulation at tumors is also
attenuated. It is well known that TNF-o. induces VCAM-1
expression through the NF-xB signaling pathway. We used
parthenolide, a sesquiterpene lactone that occurs naturally in
the Feverfew plant. Although parthenolide has several biologic
activities, we focused on its suppressive effect on NF-xB
activity. At first, there were no differences in migratory capac-
ity toward growth factors or chemokines with or without
parthenolide treatment (Fig. 4A). Next, we assessed the inhib-
itory effect of parthenolide on NF-xB activity: MSCs were
pretreated for 6 hours, and then were stimulated with TNF-
o for 3 minutes. Parthenolide suppressed p65 nuclear trans-
location through the inhibition of IxBa phosphorylation (Fig.

4B and C) and strongly inhibited the TNF-o~induced VCAM-1
expression on MSCs (Fig. 4D). Consequently, and MSC-EC
adhesion was strongly inhibited by parthenolide treatment
similarly to anti-VCAM-1 blocking antibody (Fig. 4E).

In vivo imaging of parthenolide-treated MSCs

First, we examined the effect of parthenolide treatment on
transgene expression and cell viability. There were no signif-
icant effects on transgene expression and cell viability after
parthenolide treatment (Fig. 5A and B). Next, we conducted in
vivo imaging using IVIS. We observed definite bioluminescence
at tumor sites in the mice injected with untreated MSCs
(Fig. 5C), and bioluminescent intensity was gradually increased
(Fig. 5E), as indicated earlier (Fig. 1B). In contrast, we could not
observe definite accumulation at the tumor sites in mice
injected with parthenolide-treated MSCs (Fig. 5D and E).
Similar results were also obtained by experiments using
Colo205 tumor-bearing mice (Supplementary Fig. S4).

Discussion

In this study, we showed that MSC accumulation at tumor
sites would be related not only to migratory capacity toward
growth factors and chemokines, but also to MSC-EC adhesion
following activation by TNF-o.. We further showed that NF-xB
activity regulates MSC accumulation at tumor sites through
the induction of VCAM-1 expression and the resultant inter-
action with tumor blood vessel endothelial cells.

It is thought that MSCs are mobilized into action following
tissue damage, such as injury or inflammation typically accom-
panied by the release of inflammatory cytokines from the
damaged tissues, leading to the recruitment of MSCs to the
target. Tumors have a microenvironment consisting of large
numbers of inflammatory cells (12). This microenvironment
promotes the recruitment of MSCs via various soluble factors
secreted by the tumor and inflammatory cells, including EGF,
VEGF-A, FGF, PDGF, SDF-1a, IL-8, IL-6, granulocyte colony-
stimulating factor (G-CSF), granulocyte-macrophage colony-
stimulating factor (GM-CSF), MCP-1, HGF, TGF-B1, and
urokinase-type plasminogen activator (uPA; ref. 13). However,
in our experimental settings, although systemically injected
MSCs accumulated at the tumors, subcutaneously injected
MSCs did not (data not shown). We also compared the migra-
tion capacity of MSCs and fibroblasts toward growth factors
and chemokines in vifro. Rather, it seems that fibroblasts were
more strongly attracted to these factors than MSCs. Our results
suggest that the mechanism of MSC accumulation cannot be
explained solely by cytokine-mediated migration. Therefore, we
need different viewpoints to clarify the mechanism.

The tumors generated in this study strongly induced tumor
stroma with large numbers of blood vessels, and MSCs in
particular accumulated in the boundaries between the tumors
and tumor stroma. Furthermore, MSC accumulation at the site
of the tumors was observed only when cells were injected via
the left ventricular cavity. Therefore, we focused on MSC-EC
adhesion to elucidate the mechanisms involved.

It has previously been reported that the interaction of MSCs
with the vascular endothelium resembles leukocyte chemo-
taxis (14). To analyze these interactions, we referred to a model
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