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ABSTRACT
Purpose: In the context of prostate cancer (PCa) imaging, the aim of this study 

was to optimize (in vitro��WKH�VSHFL¿FLW\�DQG�DVVHVV�SUHFOLQLFDOO\��in vivo) the tumor 

targeting properties of the 123,�VF)Y'�%� DQWLERG\� VSHFL¿F� IRU� SURVWDWH�VSHFL¿F�
membrane antigen (PSMA).

Experimental Design: The 123I-labeling conditions of the antibody fragment 

scFvD2B, produced in an eukaryotic system under GMP-compliant conditions, were 

RSWLPL]HG�DQG�DVVHVVHG�IRU�SXULW\�DQG�LPPXQRUHDFWLYLW\��7KH�VSHFL¿FLW\�DQG�SRWHQF\�
of tumor uptake were tested in three preclinical in vivo models of subcutaneously 

xenografted human tumors expressing different levels of PSMA (LNCaP, naturally 

expressing PSMA; PC3-PIP and LS174T-PSMA, transfected with PSMA) or PC3 and 

LS174T, as negative controls, to assess the clearance, biodistribution and imaging 

potential of 123I-scFvD2B.

Results: The set conditions of production and radiolabeling yielded a reagent 

suitable for human delivery thanks to the purity of the formulation and the high 

immunoreactivity. In all preclinical models 123,�VF)Y'�%�VKRZHG�VSHFL¿F�WDUJHWLQJ�
RQO\�WR�360$�SRVLWLYH�WXPRUV�ZLWK�WKH�¿QDO�VSHFL¿F�DFWLYLW\�UDQJLQJ�XS�WR������0%T�
mg. Despite different levels of PSMA expression, biodistribution analyses and SPECT/

CT imaging demonstrated similar results and maximal signal-to-background ratios 

24 hours after injection. 

Conclusions: Due to its in vitro and in vivo properties, 123I-scFvD2B could be a 

promising tool for the early diagnosis of PCa, and may represent a molecular imaging 

option to monitor disease progression and assist in the clinical management of PCa 

patients.

INTRODUCTION

Prostate cancer (PCa) is the second most frequently 

diagnosed cancer among males worldwide [1]. Due to its 

LQVLGLRXV� EHKDYLRXU�� HDUO\� GLDJQRVLV� RI� 3&D� LV� GLI¿FXOW�

to diagnose in the early phase of the disease and many 

patients present with metastatic disease at diagnosis 

[2]. Conventional imaging techniques such as bone 

scintigraphy, computed tomography (CT), ultrasound, 

and magnetic resonance imaging are currently used to 
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detect primary PCa and metastatic disease; however, 

in order to optimize the management of PCa patients 

improved imaging modalities are needed. In this scenario, 

positron emission tomography (PET) and single photon 

emission computed tomography (SPECT) with emerging 

radiopharmaceuticals may provide accurate staging 

of primary disease, restaging of tumor recurrence, 

and detection of metastatic disease. The possibility to 

VSHFL¿FDOO\� WDUJHW� D� UDGLRWUDFHU� VWURQJO\� HQKDQFHV� WKH�
HI¿FDF\�RI�WKHVH�WHFKQLTXHV�

Among the cell-surface molecules, prostate-

VSHFL¿F�PHPEUDQH�DQWLJHQ��360$���ZKLFK�LV�DVVRFLDWHG�
with metastatic and androgen-independent disease [3], 

represents a promising marker for PCa. Its expression 

SUR¿OH� DQG� ELRORJLFDO� SURSHUWLHV� PDNH� LW� DQ� DWWUDFWLYH�
DQWLJHQ�IRU�FDQFHU�WDUJHWLQJ��360$�LV�RYHUH[SUHVVHG�LQ�
WKH�PDOLJQDQW�HSLWKHOLDO�FHOOV� WKDW�GH¿QH�3&D�>�@�� 111In-

labeled capromab pendetide (ProstaScint®���DQ�DQWL�360$�
murine monoclonal antibody [5, 6] conjugated with a 

derivative of DTPA [7], has been approved for diagnostic 

imaging by the US Food and Drug Administration but 

QRW�E\�WKH�(XURSHDQ�0HGLFLQHV�$JHQF\��DV�LW�KDV�VKRZQ�
VRPH� OLPLWDWLRQV� >�@�� 0DQ\� RQJRLQJ� VWXGLHV� DUH� XVLQJ�
radiolabeled small peptides that bind the extracellular 

GRPDLQ� RI� 360$�� KRZHYHU� DOWKRXJK� VRPH� RI� WKHVH�
peptides show good localization, high tracer uptake in the 

kidneys and salivary glands raised a major concern [9]. 

%HVLGHV�3&D��SUHYLRXV�VWXGLHV�KDYH�IRXQG�360$�
expression in the neovasculature of a wide variety of solid 

tumors including breast carcinoma, gynecological and 

head and neck cancers, renal cell carcinoma, colorectal 

cancer, glioblastoma, and gastric adenocarcinoma [10, 

11, 12], suggesting that this target can be useful also in 

other tumor types, extending the range of application of 

the reagent described herein.

Our monoclonal antibody D2B, obtained by 

conventional hybridoma technology, is directed against the 

H[WUDFHOOXODU�GRPDLQ�RI�KXPDQ�360$�>��@��7KH�DQWLERG\��
DV�HQWLUH�,J*��)�DEƍ�

2
 and Fab formats radiolabeled with 

111In, had previously been evaluated for PCa imaging 

in comparison with ProstaScint® in preclinical models 

where it showed good tumor uptake, markedly better than 

ProstaScint®�>��@�
In order to enhance the typically low tumor 

penetration and slow clearance from the background 

of a whole antibody molecule and improve this critical 

parameter for effective radioimmunotherapy, we reshaped 

the murine monoclonal antibody D2B into a scFv 

polypeptide encompassing the variable regions of the 

heavy and light chains joined by a short peptide linker 

[13]. Due of its reduced size, resulting in faster blood 

FOHDUDQFH� DQG� LPSURYHG� WLVVXH� SHQHWUDELOLW\� >��@�� WKH�
scFv antibody could be an ideal candidate as a diagnostic 

agent [15]. Biochemical and functional characterization 

of scFvD2B produced in a prokaryotic system showed 

optimal stability and good cell-interaction features 

despite its monovalent binding [13]. Furthermore, we 

demonstrated that the use of 131,�UHVXOWHG�LQ�VLJQL¿FDQWO\�
VWDEOH�WXPRU�VSHFL¿FLW\�ZKLOVW�PLQLPL]LQJ�WKH�EDFNJURXQG�
compared with a radiometal tracer such as 111In [16]. In 

the present study, we optimized the ScFv production 

procedures and radioiodination conditions with 123I 

and we assessed, in two independent laboratories, the 

in vivo tumor targeting and tumor imaging potential of 

123I-scFvD2B in three different xenograft models of human 

WXPRUV�H[SUHVVLQJ�GLIIHUHQW�OHYHOV�RI�360$��7KH�UHVXOWV�
of this study warrant the development of 123I-scFvD2B for 

clinical practice. 

RESULTS

Characterization of scFvD2B from eukaryotic 
system

*03� VF)Y'�%� IURP� WKH� HXNDU\RWLF� V\VWHP� ZDV�
SURGXFHG� DQG� WKHQ� SXUL¿HG� VWDUWLQJ� IURP� D� FORQH� LQ�
ZKLFK� WKH� 0\F� DQG� +LV� WDJV� KDG� EHHQ� UHPRYHG�� 7KH�
product was biochemically characterized in comparison 

to the scFvD2B from the prokaryotic system. The 

WKHRUHWLFDO� 0:V� DQG� S,V� RI� WKH� WZR� VF)Y'�%V� ZHUH�
26,361 and 29,095 Da and 8.80 and 7.88 pI for the 

eukaryotic and prokaryotic reagent, respectively. The 

WKHRUHWLFDO�0:�DQG�S,�HVVHQWLDOO\�FRUUHVSRQGHG�WR�WKRVH�
experimentally determined using mass spectrometry and 

LVROHFWURIRFXVLQJ���������DQG��������'D�DQG�����DQG�����
pI for the eukaryotic and prokaryotic reagent, respectively 

(Figure 1 Supplementary). 

7KH� ELQGLQJ� VSHFL¿FLW\� RI� VF)Y'�%� IURP� WKH�
eukaryotic system was assessed by FACS on LNCaP, PC3-

3,3�DQG�/6���7�360$�FHOOV�DQG�3&���$����DQG�/6���7�
FHOOV��DV�QHJDWLYH�FRQWUROV���DQG�E\�%,$FRUH�RQ�360$��
7KH�)$&6�DVVD\�GHPRQVWUDWHG�UHDFWLYLW\� LQ�DOO�360$�
SRVLWLYH�FHOOV�H[SUHVVLQJ�D�ZLGH�UDQJH�RI�360$�OHYHOV��
no binding was observed in negative controls (Figure 

1A). No change in terms of binding and kinetics was seen 

compared with scFvD2B produced in the prokaryotic 

system (Figure 1B).

123I-scFvD2B radiolabeling

The radiolabeling parameters and bioactivity of 

123I-scFvD2B from the eukaryotic system are reported in 

Table 1 in comparison to data obtained with 123I- scFvD2B 

from the prokaryotic system. An initial experiment, using 

the conditions set for prokaryotic production and 131I (see 

UHI�� >��@���\LHOGHG�JRRG�¿QDO�UHVXOWV�ZLWK�ERWK�UHDJHQWV�
EXW�D�����ODEHOLQJ�HI¿FLHQF\�IRU�WKH�HXNDU\RWLF�SURGXFW�
(data not shown in the Table); this parameter was greatly 

improved in the following six experiments by adding cold 

NaI and using protein concentrations > 8 mg/mL (Table 1). 
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These preparations were used for the in vivo experiments 

at INT reported hereafter. Since trace amounts of TRIS 

PD\�EH�SUHVHQW�LQ�WKH�¿QDO�SUHSDUDWLRQ�HYHQ�DIWHU�FROXPQ�
SXUL¿FDWLRQ�LQ�3%6�DQG�WKLV�LV�QRW�DFFHSWDEOH�IRU�KXPDQ�
delivery, labeling in PBS was then tested in vitro at 

INT and in vivo at Radboud University. These labeling 

FRQGLWLRQV�UHVXOWHG�LQ�TXLWH�YDULDEOH�ODEHOLQJ�HI¿FLHQF\��
ranging from 35.7% to 83.5%. Despite the different 

ODEHOLQJ� HI¿FLHQF\�� DIWHU� SXUL¿FDWLRQ� E\� VL]H� H[FOXVLRQ�
FKURPRWRJUDSK\� WKH� ¿QDO� UDGLRFKHPLFDO� SXULW\� DOZD\V�
exceeded 95%. 

No change in immunoreactivity was observed when 

the scFvD2B from the prokaryotic system was labeled with 

123I or 131I [16], while the immunoreactivity of 123I-scFv 

REWDLQHG� ZLWK� WKH� HXNDU\RWLF� V\VWHP� ZDV� VLJQL¿FDQWO\�
higher than that of 123I-scFv produced in the prokaryotic 

system (PC3-PIP, mean ± SD = 87.0±5.0 and 72.9±2.7, P 

 ��������/1&D3�PHDQ���6'� ����������DQG�����������P = 

0.02 for eukaryotic and prokaryotic, respectively) without 

DQ\�VLJQL¿FDQW�LQFUHDVH�LQ�QRQVSHFL¿F�ELQGLQJ�RQ�360$�
negative cells. The labeling buffer (PBS versus TRIS) did 

QRW�VLJQL¿FDQWO\�DIIHFW�LPPXQRUHDFWLYLW\��7DEOH����
Different ratios between amounts of protein (mg) 

DQG� LVRWRSH� �0%T�� ZHUH� WHVWHG� �VHH� )LJXUH� OHJHQGV��
DQG�GHVSLWH�D����IROG�RU����IROG�LQFUHDVH�LQ�WKH�VSHFL¿F�

DFWLYLW\��VHH�7DEOH����WKH�¿QDO�UHDJHQWV�UHWDLQHG�LQ�WKH�3%6�
IRUPXODWLRQ�WKHLU�DELOLW\�WR�ELQG�360$�in vitro (INT) and 

in vivo (Radboud University).

123I-scFvD2B clearance

The different rates of clearance of 123I-scFvD2B 

IURP�EORRG��3&��3,3� �360$�SRVLWLYH� WXPRU�� DQG�3&��
�360$�QHJDWLYH� WXPRU�� DUH� VKRZQ� LQ� )LJXUH� ��� 7KH�
determined 123I-scFvD2B ȕ�KDOI�OLIH�ZDV������KRXUV������
&,������������52� ������� LQ�EORRG�������KRXUV������&,�
������������52 = 0.78) in PC3-PIP, and 2.08 hours (95% 

&,������������52 = 0.95) in PC3. Comparison with the 

new formulation and the use of the 123I isotope yielded 

comparable results to the data obtained with 131I-scFvD2B 

produced in a prokaryotic system [16].

Biodistribution studies

$W� ��� KRXUV� DIWHU� LQMHFWLRQ� RI� 123I-scFvD2B, no 

accumulation for all examined tissues was recorded in 

non-tumor-bearing mice (Figure 3A), while preferential 

uptake of 123,�VF)Y'�%�LQ�360$�SRVLWLYH�WXPRUV���,'�J�
PHDQ� �� 6'�  � ����������� ZDV� REVHUYHG� LQ� DQLPDOV�

Table 1: Summary of radiochemical characteristics and bioactivity of scFvD2B after labeling with 123I
Characteristics of 123I-scFvD2B
tested at INT† Radboud 

University†

Host cells for production Prokaryotic Eukaryotic Eukaryotic Eukaryotic

Radiolabeling buffer 75,6�+&O 75,6�+&O PBS PBS

Number of experiments 2 6 7 1

(I¿FLHQF\���� 96.9-100 87.7-98.5 35.7-83.5 65

5DGLRFKHPLFDO�SXULW\���� 98.5-100 98.5-100 �������� >95

6SHFL¿F�DFWLYLW\��0%T�PJ� 59.2-173.9 59.2-181.3 25.9-259 1500

,PPXQRUHDFWLYLW\����
360$�SRVLWLYH�FHOOV���3&��3,3
                                    LNCaP

���������
���������

77.8-93.0

77.0-89.0

85.7-90.7

72.1-79.6 ND*

,PPXQRUHDFWLYLW\����
360$�QHJDWLYH�FHOOV���3&�
                                     A431

0.8

0.7-1.0
�������
0.2-2.5

0.2-1.7

0.1-0.7
ND*

Abbreviation: INT, Istituto Nazionale dei Tumori.

���,17��SUHSDUDWLRQV�XVHG�IRU�LQ�YLWUR�DQG�LQ�YLYR�H[SHULPHQWV��5DGERXG�8QLYHUVLW\�0HGLFDO�&HQWHU��SUHSDUDWLRQ�XVHG�IRU�LQ�
vivo experiments.

�1RW�GHWHUPLQHG�LQ�YLWUR��EXW�WHVWHG�LQ�YLYR�RQ�/6���7�PRGHO�E\�DGGLQJ�FROG�VF)Y'�%��VHH�)LJXUH�����
Data reported represent the range obtained in all the experiments performed.
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Figure 1: A. Flow cytometric analysis of scFvD2B. scFvD2B��VROLG�OLQH��ELQGLQJ�RQ�360$�SRVLWLYH�FHOO�OLQHV��3&��3,3��/1&D3�DQG�
/6���7�360$�� DQG�360$�QHJDWLYH� FHOO� OLQHV� �3&���$�����/6���7���7KH� VKLIW� LQ�ÀXRUHVFHQFH�ZDV� DVVHVVHG� UHODWLYHO\� WR� D� QHJDWLYH�
control (gray histogram, cells incubated with biotinylated Protein L and streptavidin-PE). B. BIAcore analysis: scFvD2B obtained from 

prokaryotic system (Blue line) and from eukaryotic system (Green line) on PC3-PIP lisate; scFvD2B obtained from prokaryotic system 

(Red line) and from eukaryotic system (Purple line) on LNCaP lisate.
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HQJUDIWHG� ZLWK� /1&D3� FHOOV� �)LJXUH� �%��� 7KH� 360$�
positive tumor and kidney to blood ratios were 97.3 and 

6.3, respectively.

A biodistribution study was performed in 

PLFH� EHDULQJ� LQ� RQH� ÀDQN� 360$�SRVLWLYH� DQG� LQ� WKH�
FRQWURODWHUDO� ÀDQN� 360$�QHJDWLYH� WXPRUV� �3&��3,3�
DQG� 3&�� FHOOV�� UHVSHFWLYHO\�� DW� WKUHH�� QLQH�� ��� DQG� ���
KRXUV� SRVW� LQMHFWLRQ��2YHUDOO�� WKH� GDWD� VKRZHG� VSHFL¿F�
localization of the reagent; nine hours post injection the 

XSWDNH� LQ� 360$�SRVLWLYH� WXPRUV� ��,'�J� PHDQ� �� 6'�
 � ����������� ZDV� VLJQL¿FDQWO\� KLJKHU� WKDQ� LQ� EORRG��
NLGQH\V� DQG� 360$�QHJDWLYH� WXPRUV� ��,'�J� PHDQ� ��
6'�  � ����������� ����������� ����������� UHVSHFWLYHO\���
$IWHU����KRXUV��WKH�EORRG�DQG�NLGQH\V�ZHUH�FOHDUHG�ZKLOH�
WKH�XSWDNH�LQ�WKH�360$�SRVLWLYH�WXPRUV�UHPDLQHG�KLJK�
��,'�J�PHDQ���6'� �������������)LJXUH��&���7KH�360$�
SRVLWLYH�WXPRU�WR�EORRG�UDWLRV�ZHUH�����DQG������DW���DQG�
��� KRXUV�� UHVSHFWLYHO\�� WKH� 360$�QHJDWLYH� WXPRU� DQG�
NLGQH\�WR�EORRG�UDWLRV�ZHUH�DURXQG���DW����KRXUV�

7KH�UHVXOWV�ZHUH�FRQ¿UPHG�DOVR�LQ�WKH�H[SHULPHQWV�
SHUIRUPHG� XVLQJ� WKH� /6���7�360$�/6���7� PRGHO�
�)LJXUH� �� 6XSSOHPHQWDU\��� 7KH� 360$�SRVLWLYH� WXPRU�
EORRG� UDWLRV� ZHUH� ����� DQG� ����� DW� �� DQG� ��� KRXUV��
UHVSHFWLYHO\��WKH�360$�QHJDWLYH�WXPRU�DQG�NLGQH\�EORRG�
UDWLRV�ZHUH�DURXQG���DW����KRXUV��&RLQMHFWLRQ�RI�����IROG�
H[FHVV�FROG�UHDJHQW�UHGXFHG�WKH�XSWDNH�LQ�360$�SRVLWLYH�
tumors to background levels. 

Imaging studies

0LFUR63(&7� LPDJLQJ� GDWD� DIWHU� LQWUDYHQRXV�
injection of the 123I-scFvD2B fragment demonstrated 

VLJQL¿FDQW�DQG�VSHFL¿F�XSWDNH�LQ�360$�SRVLWLYH�WXPRUV�
�/6���7�360$���ZKLOH�WKH�VLJQDO�PHDVXUHG�LQ�360$�
QHJDWLYH�WXPRUV��/6���7��ZDV�VLPLODU�WR�WKH�VLJQDO�LQ�WKH�
QRQ�WDUJHW�RUJDQV� �)LJXUH�����7KH� WXPRU�VSHFL¿F�VLJQDO�
ZDV�DOUHDG\�FOHDUO\�GHWHFWDEOH�LQ�360$�SRVLWLYH�WXPRUV�

Figure 2: Clearance of 123I-scFvD2B in tumor-bearing mice. Blood (¿���360$�SRVLWLYH�WXPRU��3&��3,3�����360$�QHJDWLYH�
tumor ( PC3; ���DW�GLIIHUHQW�WLPH�SRLQWV�DIWHU�LQMHFWLRQ�RI�����0%T�������J��VSHFL¿F�DFWLYLW\�>6$@� ����0%T�PJ��123I-scFvD2B (mean of 

��H[SHULPHQWV���9DOXHV�DUH�H[SUHVVHG�DV�PHDQ��,'�J���6'��WKH�QXPEHU�RI�DQLPDOV�UDQJHG�IURP���WR����
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QLQH�KRXUV�DIWHU�LQMHFWLRQ��7R�IXUWKHU�WHVW�WKH�VSHFL¿FLW\�RI�
the reagent, a group of animals was coinjected with a 100-

fold excess of non-labeled antibody, resulting in almost 

XQGHWHFWDEOH�WXPRU�ORFDOL]DWLRQ��)LJXUH����
SPECT/CT performed using the PC3-PIP/PC3 

PRGHO�FRQ¿UPHG� WKH� VSHFL¿F� WXPRU�XSWDNH� LQ�D�PRXVH�
EHDULQJ� D� 360$�SRVLWLYH� WXPRU�� ZKLOH� QR� VLJQDO� ZDV�
REVHUYHG�LQ�WKH�360$�QHJDWLYH�WXPRU�RU�LQ�RWKHU�RUJDQV�
(Figure 3 Supplementary).

DISCUSSION

The aims of this study were the optimization of the 

DQWL�360$�DQWLERG\�IUDJPHQW�VF)Y'�%��WKH�RSWLPL]DWLRQ�

of the radiolabeling procedure with 123I, and the validation 

of 123I-scFvD2B in preclinical models in order to bring it 

WR� WKH�FOLQLF�IRU�3&D� LPDJLQJ��:H�SUHYLRXVO\�SURGXFHG�
scFvD2B in a prokaryotic system and tested that reagent 

radiolabeled with 131I and 111In in preclinical in vivo 

models. 131,�VF)Y'�%�\LHOGHG�D�VLJQL¿FDQWO\�EHWWHU�WDUJHW�
background ratio than 111In-scFvD2B, mainly due to a 

remarkable reduction in kidney uptake [16].

In the roadmap for a useful clinical-grade reagent, 

RXU� ¿UVW� VWHS� ZDV� WR� FKDQJH� WKH� SURGXFWLRQ� V\VWHP� RI�
WKH� DQWLERG\� IUDJPHQW�� ,Q�*03�HXNDU\RWLF� SURGXFWLRQ��
UHPRYDO�RI�WKH�+LV�DQG�0\F�WDJV�SUHVHQW�LQ�WKH�UHDJHQW�
produced in a prokaryotic system, was dictated by the 

need to reduce the immunogenicity and to adhere to the 

Figure 3: Biodistribution and localization after intravenous administration of 123I-scFvD2B to athymic mice. Uptake and 

retention were measured in different organs as decay-adjusted percentage of the injected dose per gram of tissue (% ID/g). A. Biodistribution 

LQ�QRQ�WXPRU�EHDULQJ�PLFH�HYDOXDWHG����KRXUV�SRVW�LQMHFWLRQ�������0%T �����J��6$� �����0%T�PJ��DGPLQLVWHUHG��HUURU�EDUV�UHSUHVHQW�6'�
IURP�WKH�PHDQ�YDOXH�RI���PLFH��B.�%LRGLVWULEXWLRQ�LQ�/1&D3�WXPRU�EHDULQJ�PLFH�HYDOXDWHG����KRXUV�SRVW�LQMHFWLRQ������0%T������J��6$�
 �����0%T�PJ��DGPLQLVWHUHG��HUURU�EDUV�UHSUHVHQW�6'�IURP�WKH�PHDQ�YDOXH�RI���PLFH��C. Biodistribution in PC3-PIP/PC3 tumor bearing 

PLFH�HYDOXDWHG�DW����������DQG����KRXUV�SRVW�LQMHFWLRQ������0%T������J��6$� ����0%T�PJ��DGPLQLVWHUHG��HUURU�EDUV�UHSUHVHQW�6'�IURP�WKH�
mean value of 3 to 6 mice.
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GLUHFWLRQV�RI�WKH�UHJXODWRU\�DJHQF\��:KHUHDV�QR�FKDQJH�
LQ�DI¿QLW\�ZDV�VHHQ�LQ�WKH�WZR�SURGXFWV��WKLV�PRGL¿FDWLRQ�
UHVXOWHG� LQ� D� 0:� GHFUHDVH� DQG� D� S,� LQFUHDVH� RI� WKH�
HXNDU\RWLF�UHDJHQW��,W�KDV�EHHQ�UHSRUWHG�WKDW�PRGL¿FDWLRQ�

of these parameters may change the biodistribution and 

targeting properties of radiolabeled reagents, with a 

reduction of kidney and liver accumulation as described 

E\�+RIVWU|P�HW�DO�>��@��

)LJXUH����5HSUHVHQWDWLYH�63(&7�&7� LPDJHV� LQ�/6���7�360$�/6���7�PRGHO�DIWHU� LQWUDYHQRXV�DGPLQLVWUDWLRQ�RI 

123I-scFvD2B. 360$�SRVLWLYH�WXPRU�/6���7�360$��ULJKW�ÀDQN��DQG�360$�QHJDWLYH�WXPRU�/6���7��OHIW�ÀDQN��HYDOXDWHG�DW������DQG�
���KRXUV�SRVW�LQMHFWLRQ��/HIW�����0%T�����J��6$� ������0%T�PJ��DGPLQLVWHUHG��5LJKW�����0%T�DGPLQLVWHUHG�SOXV�D�����IROG�H[FHVV�RI�
cold scFvD2B.
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The second step was to replace 131I with 123I; in fact, 

the physical properties of 123I (half-life 13 hours compared 

with 8,021 days, gamma emission of 159 keV compared 

to 971 keV, lack of beta emission) are highly favourable 

for diagnostic purposes, with an expected higher target/

background ratio and reduced radiation exposure for 

KHDOWKFDUH� SURIHVVLRQDOV�� 2XU� SUHVHQW� ¿QGLQJV� GR� QRW�
DOORZ�XV�WR�DVFHUWDLQ�ZKLFK�RI�WKHVH�PRGL¿FDWLRQV�GURYH�
the improvement in the immunoreactivity of eukaryotic 

123I-scFvD2B with respect to the prokaryotic product, 

because we did not evaluate how single parameters 

LQÀXHQFHG�WKH�LPSURYHPHQW�RI�WKH�UHDJHQW��+RZHYHU��ZH�
minimized the uptake in normal tissues and improved 

WKH� XSWDNH� LQ� DQWLJHQ�SRVLWLYH� WXPRUV�� 0RUHRYHU�� WKH�
UDGLRODEHOLQJ�SURFHGXUHV�ZHUH�PRGL¿HG�E\� LQWURGXFLQJ�
ascorbic acid instead of BSA and a sodium phosphate 

buffer instead of TRIS (which is not accepted by the 

regulatory agency for use in humans) without any loss 

RI�UHDFWLYLW\��(YHQ�D�����RU����IROG� LQFUHDVH� LQ�VSHFL¿F�
activity did not reduce the immunoreactivity of the 

reagent.

$V� WKH� ¿QDO� VWHS�ZH� DVVHVVHG� WKH� ELRGLVWULEXWLRQ�
and imaging of 123I-scFvD2B in three preclinical in vivo 

models and two different laboratories. Comparison of 

blood and tumor clearance of 123I-scFvD2B with data 

obtained previously with 131I-scFvD2B [16] suggested 

an improvement due to a clear trend toward a shorter 

FLUFXODWRU\� KDOI�OLIH� DQG� D� ORQJHU� UHWHQWLRQ� LQ� 360$�
SRVLWLYH�WXPRUV��7KH�¿UVW�PRGHO�WR�FRQ¿UP�WKH�DELOLW\�WR�
WDUJHW�360$�ZDV�WKH�/1&D3�FHOO� OLQH��ZKLFK�QDWXUDOO\�
expresses the target antigen of interest. To demonstrate 

WKH�VSHFL¿FLW\�ZH�DOVR�XVHG�3&��3,3�FHOOV��L�H���3&D�WXPRU�
FHOOV� WUDQVIHFWHG�ZLWK� 360$�� LQ� SDUDOOHO�ZLWK� LVRJHQLF�
RULJLQDO� 360$�QHJDWLYH� 3&�� FHOOV��$� WKLUG� SUHFOLQLFDO�
PRGHO� H[SUHVVLQJ� YHU\� ORZ� 360$� OHYHOV� �/6���7�
360$��ZLWK�UHVSHFW�WR�WKH�RWKHU�WZR�PRGHOV�ZDV�DQDO\]HG�
in a different laboratory under different experimental 

conditions. Despite these differences, comparable highly 

VSHFL¿F�ORFDOL]DWLRQ�ZDV�REWDLQHG�LQ�DOO�PRGHOV�DQG�WKH�
biodistribution in normal organs was characterized by low 

background in kidneys, liver and spleen. Additionally, 

LQ�WKH�/6���7�360$�PRGHO�WKH�VSHFL¿FLW\�ZDV�IXUWKHU�
GHPRQVWUDWHG� XVLQJ� ERWK� WKH� LVRJHQLF� RULJLQDO� 360$�
positive cell line and excess cold antibody. 

In the context of clinical translation, clear tumor 

visualization with 123I-scFvD2B at a time point, around of 

six-eight hours post injection, provides the basis for easier 

management of PCa patients. In fact, clinical imaging on 

the day of injection versus the need for a second visit to 

the clinic three to six days after injection, as required with 

a ProstaScint
�

 exam, makes it possible to avoid extended 

radioexposure to both patients and bystanders. Imaging 

acquisition at earlier time points are impaired due to high 

blood levels of the reagent.

It is known that an antibody molecule, in the 

intact format, have a long life in vivo, for IgG antibody 

the plasma half-life is 2-3 days; on the contrary, a scFv 

being an antibody fragment (6 time smaller than an entire 

antibody) is rapidly cleared from blood circulation. In fact, 

DV�GHPRQVWUDWHG�LQ�¿JXUH����QR�123I-scFvD2B was detected 

in the blood after 15 hours allowing us to reduce the time 

of diagnosis as compared with the only FDA approved 

antibody Prostascint®. 

In conclusion, since the current guidelines for 

patients with PCa indicate that they may be managed 

with different treatments ranging from active surveillance 

to external-beam radiation or brachytherapy to radical 

prostatectomy, a powerful reagent such as 123I-scFvD2B 

could represent a useful molecular imaging option to 

characterize and stage primary PCa, monitor disease 

progression, and assess the response to treatment; all these 

evaluations would ultimately lead to better management of 

3&D�SDWLHQWV��,Q�DGGLWLRQ�360$�H[SUHVVLRQ�LV�GUDPDWLFDOO\�
up-regulated in poorly differentiated, metastatic and 

hormone-refractory carcinomas, as well as after androgen 

deprivation therapy and in lymph node metastases and for 

this reason we assume that the uptake in this cohort of 

patients could be optimal [18]. 

0RUHRYHU�� JLYHQ� WKH� HQFRXUDJLQJ� UHVXOWV� RI� QHZ�
3&D�WDUJHW�WKHUDSLHV�WKDW�DUH�EDVHG�RQ�360$�UHFRJQLWLRQ��
i.e., ADC therapies [19] or immunological therapies 

>��@�� WKH� DYDLODELOLW\� RI� 360$�WUDFNLQJ� UHDJHQWV� WKDW�
act as predictive biomarkers for patient selection and 

management helping to assess treatment response and 

biochemical recurrence, could be of interest.

0$7(5,$/6�$1'�0(7+2'6

Characterization of scFvD2B from eukaryotic 
production

The scFvD2B used in this study was produced 

LQ� *03�FRPSOLDQW� FRQGLWLRQV� LQ� D� HXNDU\RWLF� V\VWHP�
�([FHOO*HQH�� VWDUWLQJ� IURP� D� FORQH� LQ� ZKLFK� WKH�0\F�
WDJ� DQG�+LV� WDJ�ZHUH� UHPRYHG��7KH� DQWLERG\� IUDJPHQW�
ZDV�SXUL¿HG�XVLQJ�D�+L7UDS�3URWHLQ�/�FKURPDWRJUDSK\�
FROXPQ��*(�+HDOWKFDUH�/LIH�6FLHQFHV��DFFRUGLQJ�WR�WKH�
manufacturer’s instructions and characterized for integrity 

and biochemical and biological activity as described 

elsewhere [13, 16]. 

The theoretical and experimental molecular weight 

�0:�� DQG� LVRHOHFWULF� SRLQW� �S,�� RI� VF)Y'�%�SURGXFHG�
in a prokaryotic system and an eukaryotic system were 

determined. The theoretical values were obtained using 

the ExPASy tool (http://web.expasy.org/compute_pi/); 

H[SHULPHQWDO�0:�DQG�S,�ZHUH�FDOFXODWHG�E\�6(/',�72)�
(Bio-Rad laboratories) analysis and isoelectrofocusing 

JHO��S+������XVLQJ�WKH�3KDVW6\VWHP��*(�+HDOWKFDUH�/LIH�
Sciences), respectively.
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Cell lines

The PC3, LNCaP (human prostate cancer), 

/6���7��FRORQ�FDUFLQRPD��DQG�$�����YXOYDU�HSLGHUPRLG�
carcinoma) cell lines were purchased from the American 

Type Culture Collection (ATCC). The PC3-PIP cell line, 

ZKLFK� LV� LVRJHQLF� WR� 3&�� DQG� VWDEO\� H[SUHVVHV� 360$�
>��@��ZDV�NLQGO\�SURYLGHG�E\�'U�:��+HVWRQ��&OHYHODQG��
2+���/6���7�FHOOV�ZHUH�WUDQVIHFWHG�ZLWK�KXPDQ�360$�
DV�GHVFULEHG�>��@�DQG�WKH�UHVXOWLQJ�/6���7�360$�FORQH�
VWDEO\� H[SUHVVHG� 360$�� &HOO� OLQHV� ZHUH� VXEMHFWHG� WR�
short tandem repeat analysis in accordance with the 

$7&&�JXLGHOLQHV��DQG�WKH�JHQHWLF�SUR¿OHV�ZHUH�FRPSDUHG�
with those of publicly available databases to verify their 

authenticity. Cells were maintained in vitro at 37°C in a 

KXPLGL¿HG�DWPRVSKHUH�RI����&2
2
/95% air as follows: 

/6���7�360$� FHOOV� ZHUH� PDLQWDLQHG� LQ� 530,� �����
and 10% fetal bovine serum (FBS) in the presence of 0.3 

PJ�P/�*�����/6���7�FHOOV�ZHUH�PDLQWDLQHG�LQ�(DJOH¶V�
minimal essential medium and 10% FBS; the other cell 

OLQHV�ZHUH�PDLQWDLQHG�LQ�530,������DQG�����)%6��

Flow cytometric analysis

For cell surface staining, LNCaP, PC3-PIP, 

/6���7�360$�DQG��DV�QHJDWLYH�FRQWUROV��3&���$����DQG�
/6���7�FHOOV�ZHUH�LQFXEDWHG�ZLWK�����J�P/�VF)Y'�%�LQ�
phosphate-buffered saline (PBS) with 0.03% bovine serum 

albumin (BSA) for one hour on ice. After incubation, 

samples were washed three times in PBS and incubated for 

RQH�KRXU�ZLWK����J�P/�RI�ELRWLQ\ODWHG�3URWHLQ�/��6LJPD��
on ice. Cells were washed three times in PBS and reacted 

ZLWK� 6WUHSWDYLGLQ�3(� �������� ,QYLWURJHQ�� IRU� VWDLQLQJ��
7KH\�ZHUH� WKHQ� UXQ� WKURXJK�D�)RUWHVVD�ÀRZ�F\WRPHWHU�
(BD Biosciences) and analyzed using the FlowJo software 

package.

BIAcore analysis

The binding of scFvD2B obtained in a eukaryotic 

or prokaryotic system was evaluated at 25 °C by surface 

plasmon resonance using a Biacore 2000 instrument 

HTXLSSHG� ZLWK� UHVHDUFK�JUDGH� &0�� VHQVRU� FKLSV�
(Biacore AB). The antibody 7E11, which recognizes the 

F\WRSODVPLF� WDLO� RI� 360$�� ZDV� LPPRELOL]HG� RQ� &0��
sensor chips as described previously [23]. LNCaP and 

PC3-PIP lysates (0.5 mg/mL) were injected three times 

DW�D�ÀRZ�UDWH�RI�����/�PLQ� IRU����PLQXWHV� LQ�RUGHU� WR�
HQDEOH�WKH�FDSWXUH�RI�VROXEOH�360$�SUHVHQW�LQ�WKH�O\VDWH�
by 7E11 immobilized on the sensor chip. Both ScFvD2B 

ZHUH�LQMHFWHG�DW����Q0�DW�D�ÀRZ�UDWH�RI�����/�PLQ�IRU�
3 minutes. The data obtained were analyzed with the 

BIAevaluation software 3.2.

123I-scFvD2B radiolabeling

Radioiodination of scFvD2B with 123I was performed 

according to the procedures of the two independent 

ODERUDWRULHV�LQ�0LODQ�DQG�1LMPHJHQ��)RU�WKH�/1&D3�DQG�
PC3-PIP models, Na 123,��*(�+HDOWKFDUH���DORQJ�ZLWK�FROG�
NaI as carrier, was oxidized in an iodogen-coated tube 

�3LHUFH��ZLWK�����P/�RI�LRGLQDWLRQ�EXIIHU�����P0�75,6�
+&O��S+�����������0�1�D&O�RU�3%6��IRU���PLQXWHV�DW�URRP�
temperature and then added to scFvD2B for 10 minutes 

DW�URRP�WHPSHUDWXUH��UDQJH��������0%T�123I per mg of 

VF)Y'�%���7KH�UDGLRODEHOHG�UHDJHQW�ZDV�SXUL¿HG�XVLQJ�D�
3'����GHVDOWLQJ�FROXPQ�DQG�HOXWHG�ZLWK�����P0�VRGLXP�
SKRVSKDWH�EXIIHU��S+������DQG�����P0�1D&O�FRQWDLQLQJ�
ascorbic acid 10 mg/mL. The fractions corresponding 

to the radioactive peaks were pooled and counted in a 

Packard Cobra II automatic gamma counter. The labeling 

HI¿FLHQF\� DQG� WKH� UDGLRFKHPLFDO� SXULW\�� FDOFXODWHG� DV�
the amount of radioactivity associated with the protein 

versus the free fraction available after the reaction, were 

determined by instant thin-layer chromatography on silica 

gel strips (ITLC-SG; Gelman Sciences) using a methanol/

physiologic sodium chloride solution (1:1, v/v) as the 

mobile phase, read by a Cyclone Storage Phosphor System 

(PerkinElmer), and analyzed by the Optiquant image 

analysis software (Packard). 

)RU�WKH�/6���7�PRGHO��VF)Y'�%�ZDV�UDGLRLRGLQDWHG�
with 123,�DV�GHVFULEHG�DERYH�ZLWK�PLQRU�PRGL¿FDWLRQV�����
0%T�1D�123I, along with cold NaI as carrier, was added 

WR�D�YLDO�FRDWHG�ZLWK�����ȝJ� LRGRJHQ� LQ�����P/�RI�����
0� SKRVSKDWH� EXIIHU�� S+� �����$IWHU� �� PLQXWHV� DW� URRP�
WHPSHUDWXUH�����ȝJ�VF)Y'�%�ZDV�DGGHG�DQG�LQFXEDWHG�IRU�
���PLQXWHV�DW�URRP�WHPSHUDWXUH��7KH�ODEHOLQJ�HI¿FLHQF\�
was determined using ITLC-SG (Agilent Technologies) 

ZLWK�����0�FLWUDWH�EXIIHU��6LJPD�$OGULFK���S+������DV�WKH�
PRELOH�SKDVH��7KH�UHDFWLRQ�PL[WXUH�ZDV�SXUL¿HG�RQ�D�3'�
10 column and eluted with PBS containing 0.5% BSA 

(Sigma-Aldrich). 

Immunoreactivity

7KH�VSHFL¿F�LPPXQRUHDFWLYLW\�RI�123I-scFvD2B was 

evaluated using 1×107 freshly detached cells incubated 

ZLWK�WUDFH�DPRXQWV�RI�UDGLRODEHOHG�VF)Y'�%�LQ������/�RI�
0.03% BSA in PBS for three hours at room temperature 

with gentle rotation. Then the cells were washed three 

times with cold buffer. The activity in the supernatants and 

in the cell pellets was determined in the gamma counter. 

The immunoreactivity was calculated as follows: (cell 

pellet radioactivity/cell pellet and unbound radioactivity) 

×100.
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Preclinical animal models

All protocols were approved by the Ethics 

Committee for Animal Experimentation of the Fondazione 

IRCCS Istituto Nazionale dei Tumori (INT) or the Dutch 

$FW� RQ� $QLPDO� ([SHULPHQWV� �:2'�� DQG� SHUIRUPHG�
according to institutional guidelines and the “Guidelines 

IRU�WKH�:HOIDUH�DQG�8VH�RI�$QLPDOV�LQ�&DQFHU�5HVHDUFK´�
>��@�� 3URFHGXUHV� LQYROYLQJ� DQLPDOV� DQG� DQLPDO� FDUH�
were in conformity with INT institutional guidelines that 

comply with national and international laws and policies 

(D.L. 116/92 and subsequent implementing circulars). 

Three different animal models were obtained by 

subcutaneous injection of the following cell lines in the 

ÀDQN� RI� DWK\PLF� PLFH��$�� /1&D3�� D� KXPDQ� 3&D� FHOO�
OLQH�WKDW�QDWXUDOO\�H[SUHVVHV�360$��%��3&��3,3��360$�
SRVLWLYH��DQG�3&���360$�QHJDWLYH���D�KXPDQ�3&D�ERQH�
metastasis cell line; C) /6���7�360$��360$�SRVLWLYH��
DQG�/6���7� �360$�QHJDWLYH��� D� FRORQ� FDUFLQRPD� FHOO�
line.

For the LNCaP and PC3 models, male CD1 athymic 

mice (6-7 weeks old) were purchased from Charles River 

Laboratories and acclimatized for at least one week 

EHIRUH�WXPRU�FHOO�LQMHFWLRQ��2QH�YROXPH������/��RI�VDOLQH�
containing 5×106 cells (LNCaP, PC3-PIP or PC3) was 

PL[HG�ZLWK�WZR�YROXPHV�RI�0DWULJHO��%'�%LRVFLHQFHV��
DQG�LQMHFWHG�VXEFXWDQHRXVO\�LQWR�WKH�DQLPDOV¶�ÀDQNV�

)RU� WKH� /6���7� PRGHOV�� PDOH� DWK\PLF� PLFH�
(8-weeks old) were purchased from Janvier Labs and after 

acclimatization were subcutaneously injected with 1×106 

/6���7�FHOOV�LQ�WKH�OHIW�ÀDQN�DQG��î��6�/6���7�360$�
FHOOV�LQ�WKH�ULJKW�ÀDQN�

In each model, tumor growth was monitored over 

time and when the tumors reached an appropriate volume 

���������PP3), non-tumor-bearing mice or mice bearing 

WXPRUV� LQ� RQH�RU� ERWK�ÀDQNV�ZHUH� LQMHFWHG�via the tail 

vein with 123,�VF)Y'�%��,Q�WKH�/6���7�PRGHOV��D�JURXS�
of animals was coinjected with a 100-fold excess of cold 

scFvD2B.

Clearance from blood and tumor and ex vivo 
biodistribution 

Blood was collected at different time points after 

123I-scFvD2B injection. At the end of the experiment 

the animals were euthanized and tissues of interest were 

dissected. Blood and tissue samples were wet-weighed 

and counted in a gamma counter with internal standard to 

FRUUHFW�GHFD\��0HDVXUHPHQWV�ZHUH�H[SUHVVHG�DV�SHUFHQWDJH�
of the injected dose per gram of tissue (%ID/g). 

63(&7�&7

Animals from the PC3-PIP/PC3 model were injected 

LQWUDYHQRXVO\� ZLWK� ���� 0%T� 123I-scFvD2B. Twenty-

four hours after injection mice were anesthetized with 

ketamine/xylazine (80/10 mg/kg) and subjected to SPECT/

CT (Symbia Intevo T6 system, Siemens; acquisition time 

30 min). 

$QLPDOV� IURP�WKH�/6���7�360$�/6���7�PRGHO�
ZHUH�LQMHFWHG�LQWUDYHQRXVO\�ZLWK������0%T�123I-scFvD2B 

SHU�PRXVH��$W� WKUHH�� QLQH� DQG� ��� KRXUV� DIWHU� LQMHFWLRQ�
PLFH� ZHUH� DQHVWKHWL]HG� ZLWK� LVRÀXUDQH�2

2
 and images 

were acquired using a U-SPECT II microSPECT/CT 

VFDQQHU��0,/DEV��ZLWK�D�����PP�GLDPHWHU�PXOWL�SLQKROH�
collimator tube (acquisition time 20-90 min).

Statistical analysis

Statistical analyses were performed with GraphPad 

Prism, version 5.02. Immunoreactivity was analyzed 

by two-tailed t-test; a P value < 0.05 was considered 

VLJQL¿FDQW��7KH�EORRG�DQG�WXPRU�FOHDUDQFH�FXUYHV�ZHUH�
GH¿QHG�XVLQJ�RQH�SKDVH�GHFD\�IXQFWLRQ�WR�¿W�WKH�DFWLYLW\�
measurement in the blood or tumor(s) and to calculate 

the blood terminal half-life (t
1/2 
ȕ��DQG�LWV�����FRQ¿GHQFH�

LQWHUYDOV��&,���WKH�JRRGQHVV�RI�¿W�ZDV�GH¿QHG�E\�5�VTXDUH��
The results of in vivo biodistribution were expressed as 

mean ± standard deviation (SD).

Abbreviations

360$�� 3URVWDWH� 6SHFL¿F� 0HPEUDQH�
Antigen; scFv: single chain fragment variable; 

PCa: Prostate Cancer; SPECT/CT: Single photon 

emission computed tomography; PET: positron 

emission tomography; CT: computed tomography; 

DTPA: diethylenetriaminepentaacetic acid; IgG: 

,PPXQRJOREXOLQH��*03��JRRG�PDQXIDFWXULQJ�SUDFWLFHV��
0:��PROHFXODU� ZHLJKW�� S,V�� LVRHOHFWULF� SRLQWV�� )$&6��
Fluorescence-activated cell sorting; ID: injected dose; 

SELDI-TOF: Surface-enhanced laser desorption/

LRQL]DWLRQ�ZLWK�WLPH�RI�ÀLJKW��,7/&�6*�,QVWDQW�7KLQ�/D\HU�
&KURPDWRJUDSK\�0HGLXP�ZLWK�D�VLOLFD�JHO�

$&.12:/('*0(176

:H�ZRXOG�OLNH�WR�WKDQN�'U��:��+HVWRQ��'HSDUWPHQW�
RI�&DQFHU�%LRORJ\��&OHYHODQG�&OLQLF�0DLQ�&DPSXV��IRU�
SURYLGLQJ� WKH�3&��3,3� FHOO� OLQH��9��1DVDUL��0��7HVWRQL�
DQG� 0�� 0LUD� �1XFOHDU� 0HGLFLQH� ,17�� IRU� DVVLVWDQFH�
in imaging. Dr. Francesco Caroli (Department of 

([SHULPHQWDO�2QFRORJ\�DQG�0ROHFXODU�0HGLFLQH���,17��
for technical assistance.
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