




pared to the original iβ2GPI,  whereas the binding of 
NOTA-iβ2GPI was much lower than that of iβ2GPI.  
These results indicated that the NOTA molecule was 
conjugated to lysine residue(s) which are located 
closely or exactly on the phospholipid binding site of 
β2GPI in NOTA-iβ2GPI.  The results also indicated 
that the masking of DOPG in NOTA-iβ2GPI (masked) 
prevented the conjugation of NOTA to the site(s).
　 The radiolabeling of NOTA-conjugated β2GPI  
showed radiolabeling efficiency of 96.4 ,  97.1  and 
88.3  for 64Cu-NOTA-iβ2GPI,  64Cu-NOTA-iβ2GPI 
(masked) and 64Cu-NOTA-nβ2GPI,  respectively.  The 
specific activities of 64Cu-NOTA-iβ2GPI, 64Cu-NOTA- 
iβ2GPI (masked) and 64Cu-NOTA-nβ2GPI were 0.98,  
1.3 and 0.71MBq/µg at the end of purification,  

respectively.
　 ＰＥＴ　 ｉⅿａɡｉｎɡ　 ａｎｄ　 ｂｉｏｄｉｓｔｒｉｂｕｔｉｏｎ　 ｓｔｕｄｉｅｓ．
To observe the in vivo distribution of β2GPI and its 
variants in tumor lesions,  we performed the PET 
studies.  PET imaging of 64Cu-NOTA-iβ2GPI,  64Cu- 
NOTA-iβ2GPI (masked),  and 64Cu-NOTA-nβ2GPI 
was done with tumor-bearing mice at 0,  24 and 48h 
post-injection.  Fig.  6 shows the resulting PET images.  
Considerable intensities could be observed in the 
tumor lesions at 24 and 48h.
　 Following the PET imaging studies,  all mice were 
euthanized for biodistribution studies as shown at Fig.  
7A,  B.  The intensity of each probe was greatest in 
the kidney,  the liver and  the tumor,  in that order.  
The ratios of tumor to blood and tumor to muscle 
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Fig. 6　 PET imaging.  Representative 
PET images of the tumor-bearing mice 
at 0, 24 and 48h after the injections of 
β2GPIs-labeled 64Cu.  Images show the 
maximum intensity projections (MIP) of 
whole bodies.  From top to bottom: a 
mouse injected with 64Cu-NOTA-iβ
2GPI, 64Cu-NOTA-iβ2GPI (masked) and 
64Cu-NOTA-nβ2GPI.  The upper thresh-
olds of PET images were adjusted for 
visual clarity,  as indicated by the scale 
bars.  Considerable intensities were 
observed in the kidney (red arrow), the 
liver (yellow arrow) and the tumor (white 
arrow).
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Fig. 7　 Biodistribution studies of 64Cu-NOTA-conjugated β2GPI variants.  Biodistribution of probes at (A) 24h and (B) 48h in tumor-
bearing mice after they were i.v.-injected with 64Cu-NOTA-iβ2GPI (white bars), 64Cu-NOTA-iβ2GPI (masked) (gray bars) or 64Cu-NOTA- 
nβ2GPI (black bars).  The data were calculated as the % of injected dose per gram of tissue (%ID/g).  The ratios of tumor to blood (C) and 
tumor to muscle (D) at 24 and 48h post-injection are shown.



(Fig.  7C,  D) showed the probes level to attain the 
tumor region which were normalized by the blood and 
the muscle.

Discussion

　 To determine the precise role of β2GPI in angio-
genesis－toward the development of therapeutic 
medication－we performed in vitro and in vivo experi-
ments using purified iβ2GPI and nβ2GPI.  The in vitro 
experiment was conducted because endothelial cells 
have an essential role in the process of vascular 
remodeling.  HUVECs are commonly employed for 
physiological and pharmacological investigations; e.g.,  
studies of blood coagulation,  angiogenesis and fibrino-
lysis.  We used PET imaging in the present in vivo 
study to investigate the intensity level of β2GPI and 
its in vivo distribution,  because PET is noninvasive 
and is directed to the entire body.
　β2GPI was described as the major antigen for 
aCL,  which binds to anionic phospholipids ﹇3︲6﹈.  
The binding of β2GPI to phospholipid via its C-terminal 
loop was reported to be significantly reduced by plas-
min cleavage between K317 and T318 ﹇8,  9﹈.  In this 
study,  we are surprised to discover cleavage sites in 
DV of β2GPI other than the cleavage between K317 and 
T318.  Numerous studies ﹇8,  9,  24,  25﹈ have discussed 
iβ2GPIsʼ plasmin-cleavage including the cleavage site 
at K317︲T318,  but there were few studies regarding the 
molecular weight difference between iβ2GPI and  
nβ2GPI based on SDS-PAGE gel results under non-
reducing condition.
　 The present study is the first to use MALDI-TOF 
MS to confirm the molecular weights of intact/nicked 
β2GPI,  as this is a new approach for both.  The 
MALDI-TOF MS findings clearly showed that the 
average molecular weight of nβ2GPI (38kDa) is quite 
different from that of iβ2GPI (44kDa),  which corre-
sponds to the individual bands of iβ2GPI and nβ2GPI 
in the SDS-PAGE results.  Under reducing conditions,  
the disulfide (S-S) bonds will be reduced by 2︲mercap-
toethanol,  whereas nβ2GPI showed a much different 
size compared to iβ2GPI; ＞935Da larger (from T318 
to C326).  Our results suggest that nβ2GPI has at least 
one more cleavage site upstream of β2GPIʼs domain V 
in which the former plasmin-cleavage site is located 
between K317 and T318.  Further studies are needed to 
explore the roles of nβ2GPI cleavages.

　 Several studies showed that iβ2GPI  and nβ2GPI 
have angiogenic properties that could suppress tumor 
growth by blocking the neovascularization ﹇18,  26,  
27﹈.  In the present study,  we find that iβ2GPI inhib-
ited the VEGF-A-induced cell proliferation and 
VEGF-A-stimulated tube formation of HUVECs.  
These results do not contradict those of the Chiu et al.  
﹇28﹈ report that β2GPI suppressed VEGF-induced 
endothelial cell growth and migration.  Similar results 
regarding the cell proliferation and tube formation 
induced by VEGF-A were obtained in the present 
study by incubating HUVECs with nβ2GPI.
　 Our results are also in concurrence with those of 
Sakai et al.  ﹇18﹈ and Beecken et al.  ﹇29﹈,  who 
reported inhibitory effects of nβ2GPI on endothelial 
cell proliferation in vitro and vascularization in vivo.  
Based on our findings,  we propose that intact/nicked 
β2GPI may have inhibitor property against VEGF-A-
dependent angiogenesis.  It is debatable whether  
β2GPI downregulates the VEGF-A or VEGFR︲1/
VEGFR︲2 directly.  Another investigation is required 
to clarify whether intact/nicked β2GPIsʼ role in 
angiogenesis involves direct binding to VEGF-A or 
VEGFR︲1/VEGFR︲2.
　 We used PET imaging with iβ2GPI and nβ2GPI 
to test the recent results studies indicating that intact 
and nicked β2GPI possess angiogenic properties that 
may prove beneficial for the development of therapeu-
tic medicine as an angiogenesis-targeted treatment.  
The imaging study was necessary to evaluate the dis-
tribution of both proteins in tumor-bearing mice.  
Compared to other pancreatic tumor cells (MIA 
PaCa︲2 and PANC︲1),  CFPAC︲1 cells strongly 
expressed microRNA︲21 (miR︲21) which was posi-
tively correlated with the expression of mRNA of 
VEGF ﹇30﹈.  Our present experiment showed that 
CFPAC︲1 cells grew relatively rapidly and secreted 
the largest amount of VEGF-A among the 4 tumor cell 
lines examined,  and for this reason we inoculated 
CFPAC︲1 cells into mice for the PET imaging.  As a 
chelating agent for 64Cu,  we used NOTA.  Zhang et al.  
﹇31﹈ had revealed that NOTA is one of the best che-
lators for the 64Cu-labeling of proteins,  macromole-
cules or nanomaterials.
　 We prepared 3 probes to evaluate the intensity of 
each probe in CFPAC︲1 tumors by PET imaging,  
which are 64Cu-NOTA-iβ2GPI,  64Cu-NOTA-iβ2GPI 
(masked) and 64Cu-NOTA-nβ2GPI.  The binding of 
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NOTA-iβ2GPI (masked) to cardiolipin indicated that 
the affinity to the cardiolipin was similar to that of the 
original iβ2GPI,  even after conjugation with NOTA 
(Fig.  5B).  We suspect that these results reflect the 
ability of NOTA-conjugated β2GPIs to bind cardio-
lipin.  In addition,  the masking effect by DOPG at  
β2GPIsʼ phospholipid binding site influenced the aver-
age number of NOTA-conjugated molecules.
　 Even though the angiogenesis assay results sug-
gested that iβ2GPI more effectively suppressed the 
VEGF-A-dependent cell proliferation compared to  
nβ2GPI,  the three probes showed similar kinetic 
efficiency at 24 and 48h.  In addition,  there were no 
significant differences between them in the PET imag-
ing results.  It is possible that iβ2GPI suppressed the 
HUVEC proliferation as a result of β2GPI expression 
by the endothelial cells ﹇32﹈.
　 We observed the considerable intensities of the  
iβ2GPI variants in the tumor lesions.  A possible 
explanation of this result is that it was caused by the 
binding of β2GPI to some sort of molecule(s) such as 
VEGF-A in the tumor lesions.  However,  we are not 
able to exclude the possibility that the intensities 
observed in the tumor lesions led to the abundant  
circulating blood in the tumors,  which have rich neo-
vascular vessels.  Further investigation is needed to 
investigate the several potential binding activities of  
iβ2GPI and nβ2GPI to other molecules in the tumor 
lesions,  such as annexin II ﹇33﹈,  toll-like receptor 2 
(TLR2) ﹇34﹈,  and other receptors in tumors.
　 In conclusion,  we found that nβ2GPI has at least 
one other cleavage site upstream of the β2GPIʼs DV 
in which the former plasmin-cleavage site between K317 
and T318 is located.  Our findings also demonstrated  
iβ2GPI and nβ2GPI as angiogenesis inhibitors of 
VEGF-A-induced HUVECs cell proliferation and tube 
formation.  These results indicate that β2GPI may be 
physiologically and pathophysiologically important in 
the regulation of angiogenesis.  We explored the dis-
tribution flow of iβ2GPI and nβ2GPI in the tumor 
lesion by labeling them with 64Cu,  creating in vivo 
PET imaging probes.  This led to the discovery that  
iβ2GPI and nβ2GPI have similar distributions in the 
tumor lesions.  Our findings will contribute to the 
further understanding of β2GPI as a potential target 
for the clinical treatment of angiogenesis-related dis-
eases.
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