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Prostate-specific membrane antigen (PSMA) is overexpressed in

prostate cancer (PCa) and a promising target for molecular imaging

and therapy. Nanobodies (single-domain antibodies, VHH) are the

smallest antibody-based fragments possessing ideal molecular im-
aging properties, such as high target specificity and rapid back-

ground clearance. We developed a novel anti-PSMA Nanobody

(JVZ-007) for targeted imaging and therapy of PCa. Here, we report

on the application of the 111In-radiolabeled Nanobody for SPECT/
CT imaging of PCa. Methods: A Nanobody library was generated

by immunization of a llama with 4 human PCa cell lines. Anti-PSMA

Nanobodies were captured by biopanning on PSMA-overexpressing
cells. JVZ-007 was selected for evaluation as an imaging probe.

JVZ-007 was initially produced with a c-myc-hexahistidine (his)

tag allowing purification and detection. The c-myc-his tag was sub-

sequently replaced by a single cysteine at the C terminus, allowing
site-specific conjugation of chelates for radiolabeling. JVZ-007-c-

myc-his was conjugated to 2-(4-isothiocyanatobenzyl)-diethylene-

triaminepentaacetic acid (p-SCN-DTPA) via the lysines, whereas

JVZ-007-cys was conjugated to maleimide-DTPA via the C-terminal
cysteine. PSMA targeting was analyzed in vitro by cell-binding

experiments using flow cytometry, autoradiography, and internali-

zation assays with various PCa cell lines and patient-derived xeno-
grafts (PDXs). The targeting properties of radiolabeled Nanobodies

were evaluated in vivo in biodistribution and SPECT/CT imaging

experiments, using nude mice bearing PSMA-positive PC-310 and

PSMA-negative PC-3 tumors. Results: JVZ-007 was successfully
conjugated to DTPA for radiolabeling with 111In at room tempera-

ture. 111In-JVZ007-c-myc-his and 111In-JVZ007-cys internalized in

LNCaP cells and bound to PSMA-expressing PDXs and, impor-

tantly, not to PSMA-negative PDXs and human kidneys. Good
tumor targeting and fast blood clearance were observed for 111In-

JVZ-007-c-myc-his and 111In-JVZ-007-cys. Renal uptake of 111In-

JVZ-007-c-myc-his was initially high but was efficiently reduced

by coinjection of gelofusine and lysine. The replacement of the
c-myc-his tag by the cysteine contributed to a further reduction

of renal uptake without loss of targeting. PC-310 tumors were

clearly visualized by SPECT/CT with both tracers, with low renal
uptake (,4 percentage injected dose per gram) for 111In-JVZ-

007-cys already at 3 h after injection. Conclusion: We developed

an 111In-radiolabeled anti-PSMA Nanobody, showing good tumor

targeting, low uptake in nontarget tissues, and low renal retention,
allowing excellent SPECT/CT imaging of PCa within a few hours

after injection.
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Prostate cancer (PCa) is the second leading cause of cancer-
related death among men in the western world. Early detection and

accurate staging of PCa is crucial because the survival rate de-

creases dramatically when the cancer has spread beyond the pros-

tate (1). Because of the heterogeneity of PCa, and the lack of

specificity of conventional imaging techniques, there is currently

no universal imaging method approved for detection of early PCa

lesions. Prostate-specific membrane antigen (PSMA) is an interest-

ing target for molecular imaging of PCa, as it is overexpressed in

90%–100% of local PCa lesions, as well as on cancerous lymph

nodes, and bone metastases (2,3), with some reports suggesting

PSMA expression levels are further enhanced in high-grade, meta-

static, and castration-resistant PCa (2,4,5). PSMA is also expressed

in other tissues including normal prostate epithelium, small intes-

tine, renal tubular cells, and salivary glands, but the expression in

these organs is 100–1,000 fold less than in PCa (6).
PSMA, also referred to as glutamate carbopeptidase II (GPCII),

N-acetyl-a-linked acidic dipeptidase I (Naaladase I), or folate

hydrolase, is a type II transmembrane glycoprotein exhibiting glu-

tamate carboxypeptidase and folate hydrolase enzymatic activity.

The first clinical tracer for imaging PSMA was based on the mu-

rine anti-PSMA antibody 7E11, binding to an epitope on the

intracellular domain of PSMA. The 111In-labeled version of

7E11, 111In-capromab, commonly known as ProstaScint (Cytogen

Corp.), was approved by the Food and Drug Administration in

1997 for detection of soft-tissue metastases and recurrence of

PCa (7). Its use for staging primary PCa is suboptimal, with an

average sensitivity and specificity of 60% and 70%, respectively

(8). 111In-capromab was also not reliable for the detection of bone

metastases, which are often the initial site of metastasis in ad-

vanced PCa (9). After the discovery of 7E11, next-generation

monoclonal antibodies (mAbs) binding to the extracellular domain
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of PSMA were developed, including mAb J591. Initially devel-
oped for therapeutic purposes, J591 was also evaluated for SPECT
imaging in clinical trials, showing characteristics superior to 111In-
capromab, revealing most soft-tissue and bony metastases (10,11).
Despite improved targeting of J591 and next-generation PSMA
mAb, the major disadvantage of the use of antibodies for imaging
is the slow clearance from nontarget tissues, often requiring sev-
eral days between tracer administration and imaging.
An interesting alternative for molecular imaging of PSMA is the

development of small-molecule PSMA inhibitors. Because PSMA
possesses an enzymatic site in its extracellular domain that cleaves
endogenous substrates such as N-acetylaspartylglutamate and
poly-g-glutamyl folic acid, a series of substrates has been designed.
These small-molecule PSMA inhibitors consist of zinc-binding com-
pounds attached to a glutamate moiety. Several radiolabeled PSMA
small-molecule inhibitors have been synthetized, starting with phos-
phonate and phosphate inhibitors, followed by phosphoramidate-,
thiol-, and urea-based inhibitors, which are discussed in an extensive
review by Mease et al. (12). Some have shown promising results in
early clinical studies, such as 123I-MIP-1072, 123I-MIP-1095 (13), N-[N-
[(S)-1,3-dicarboxypropyl]carbamoyl]-4-18F-fluorobenzyl-L-cysteine
(14), 68Ga-HBED-CC (15), and BAY1075553 (16). These compounds
localize rapidly to tumor lesions, including soft-tissue and bone me-
tastases, but also show high uptake in kidneys and salivary glands,
attributed to PSMA expression in these organs.
Another approach aiming at circumventing the long circulation

time of mAbs is the use of antibody fragments, such as single-
domain antibodies (VHH). Nanobodies display attractive features
for molecular imaging, including fast nontarget tissue clearance,
good tumor penetration capability, and recognition of unique epit-
opes that are less accessible for mAbs (17). In this study, we
describe the development of a Nanobody targeting PSMA and
showing good tumor targeting and fast blood clearance, resulting
in impressive tumor-to-background ratios within a few hours after
injection. The Nanobody was conjugated to a diethylenetriamine-
pentaacetic acid (DTPA) chelator, allowing facile and stable radio-
labeling with 111In at room temperature in a 1-step procedure. The
structure of the Nanobody was optimized to minimize renal re-
tention using a novel method for production and labeling of cys-
tagged Nanobodies. We report on the production and radiolabeling
of anti-PSMA Nanobodies as well as in vitro and in vivo evalua-
tion in patient-derived PCa xenograft models.

MATERIALS AND METHODS

Immunization and VHH Library Construction

A llama (Lama glama) was immunized with 4 androgen-responsive

human-derived PCa cell lines—LNCaP, PC346C, VCaP, and MDA-
PCa-2b—to generate a VHH library targeting PCa. The VHH library

was kindly provided by Dr. Patrick Chames (IBISA). The library
construction is described briefly in the supplemental data (supplemen-

tal materials are available at http://jnm.snmjournals.org).

Selection and Screening by Phage Display

A phage display library was produced by infecting the Nanobody

library with M13 K07ΔpIII hyperphages (Progen Biotechnik). PSMA-
specific Nanobodies were captured by 3 rounds of biopanning. Each

round consisted of a negative selection using wild-type B16 cells
followed by a positive selection on B16-PSMA–transfected cells. A

selection of single clones was tested for PSMA specificity by enzyme-
linked immunosorbent assay and flow cytometry. The enzyme-linked

immunosorbent assay and flow cytometry protocols are described in
the supplemental data.

Nanobody Sequencing, Production, and Purification

The sequence of JVZ-007 is shown in the supplemental data.
Selected clones were produced as c-myc-his–tagged proteins to facil-

itate purification by affinity chromatography and detection by flow
cytometry. Production and purification protocols are described in the

supplemental data. Additionally, JVZ-007 Nanobody was produced
with a single cysteine at the C terminus by fusion to SUMO3 (Smt3

ubiquitinlike protein) using the pETM11-SUMO3GFP vector (EMBL).
Primer design and protein production are described in the supplemental

data. The SUMO3 protein was cleaved off by a SUMO-specific pro-
tease, Sentrin-specific protease 2 (SenP2, provided by Guy Salvesen,

Addgene (18)). Digestion was performed overnight at 4�C with a ratio
of 1:10 (w/w) of SenP2 to JVZ-007-cys-SUMO3. His-tagged SenP2

and SUMO3 were removed with a HisTrap FF column (GE Healthcare).

Flow Cytometry

PSMA-specific binding was assessed by flow cytometry on PC-

346C, LNCaP, and PC-3 cells, using an anti–c-myc mouse primary
antibody and a phycoerythrin-conjugated antimouse goat secondary

antibody. The flow cytometry protocol is described in the supplemental
data.

Conjugation to DTPA and Radiolabeling

JVZ-007-c-myc-his was incubated with a 5-fold molar excess of

p-SCN-Bn-DTPA (Macrocyclics) in 0.1 M sodium carbonate buffer

(pH 9.5) for 2.5 h at room temperature. JVZ-007-cys was reduced with
1 mM 2-mercaptoethylamine-HCl in phosphate-buffered saline (PBS),

5 mM ethylenediaminetetraacetic acid for 90 min at 37�C. Reduced
JVZ-007-cys was then incubated with 5 mM maleimide-DTPA for 2 h

at 37�C. Conjugated Nanobodies were then dialyzed for 3 d in a Slide-
A-Lyzer (3.5-kDa cutoff; Life Technologies) against 0.25 M ammo-

nium acetate (NH4Ac), pH 5.5.
Nanobody-DTPA conjugates were labeled with 111InCl3 (Covidien)

in 20 mM sodium acetate, pH 5.0, for 30 min at room temperature.
Radioprotectants (3.5 mM ascorbic acid, gentisic acid, and methionine)

were used to prevent radiolysis. Labeling efficiency was assessed by
instant thin-layer chromatography using silica gel–coated paper (Varian

Inc.) and 0.1 M citrate buffer, pH 5.0, as the mobile phase. After in-
cubation, an excess of DTPA (final concentration, 0.15 mM) was added

to complex free 111InCl3.

Cell Culture, Autoradiography, and Internalization

Cell lines were purchased from the American Type Culture
Collection. B16-PSMA was kindly provided by Marco Colombatti

(University of Verona). Cell culture protocols are described in the
supplemental data.

Binding of 111In-JVZ-007-c-myc-his and 111In-JVZ-007-cys to frozen
cryostat section of PDXs and kidneys (mouse/human) was evaluated

using autoradiography, as described previously (19). Tissue sections were
incubated for 1 h with 111In-JVZ-007-c-myc-his or 111In-JVZ-007-cys

(1029 M). In saturation binding experiments, concentrations ranging
from 1026 to 10212 M of 111In-JVZ-007-c-myc-his were used.

The internalization of 111In-JVZ-007-c-myc-his and 111In-JVZ-007-cys
was assessed using LNCaP and PC-3 cells. Cells were trypsinized and

incubated with 111In-JVZ-007-c-myc-his or 111In-JVZ-007-cys (10210 M)
in RPMI 1640/GlutaMAX (Life Technologies)/20 mM N-(2-hydrox-

yethyl)piperazine-N9-(2-ethanesulfonic acid)/1% bovine serum albumin
(pH 7.4) for 90 min at 37�C or 4�C. JVZ-007-c-myc-his was used for

blocking (1026 M). After incubation, the cells were centrifuged and
washed 2 times with PBS. Cell surface–bound Nanobodies were eluted

using a solution of 50 mM glycine/100 mM NaCl (pH 2.8), and cells
were washed with PBS. Cells were then lysed in 1 M sodium hydrox-

ide to collect internalized Nanobody. Membrane-bound and internal-
ized fractions were counted in a g counter. Binding was expressed as

percentage of added amount of radioactivity per number of cells.
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Biodistribution and SPECT/CT Imaging

Male NMRI nu/nu mice (8 wk old) were transplanted with PC-310
tumor fragments near the left shoulder and injected subcutaneously
near the right shoulder with PC-3 cells (3 · 106 cells, 200 mL, 66%
RPMI, 33% Matrigel [BD Bioscience]). Three to 4 wk after inoculation,
when tumor size averaged 200 mm3, mice were injected intravenously with
radiolabeled Nanobody (200 mL). Radiolabeled Nanobody was diluted in
PBS containing 0.1% v/w bovine serum albumin. When coinjection of
lysine (20 mg) and gelofusine (4 mg) was performed, radiolabeled Nano-
body was mixed 1:1 with a solution of lysine (400 mg/mL), and 100 mL of
this solution were coinjected with 100 mL of gelofusine (40 mg/mL).

Mice were injected with 0.7 MBq of radiolabeled Nanobody
(amount ranging from 1 to 100 mg) and euthanized 4 or 24 h after
injection for biodistribution studies. Blood, tumor, and relevant
organs and tissues were collected, weighed, and counted in a g

counter. The percentage injected dose per

gram (%ID/g) was determined for each tis-
sue sample.

For SPECT/CT imaging experiments, mice
were injected with 30 MBq of 111In-JVZ007-

c-myc-his (10 mg) or 15 MBq of 111In-
JVZ007-cys (10 mg). Mice were scanned un-

der isoflurane/O2 anesthesia at 3 and 24 h
after injection on a small-animal nano-SPECT

scanner (Mediso) with heated bed. Scanning,
reconstruction, and counting parameters are

described in the supplemental data. All animal
experiments were approved by the Animal

Experiments Committee under the Dutch Ex-
periments on Animal Act and adhered to the

European Convention for Protection of Verte-
brate Animals used for Experimental Purposes

(Directive 86/609/EEC).

Statistical Analysis

Statistical analyses are described in the
supplemental data.

RESULTS

Generation of Anti-PSMA Nanobodies

A PCa-specific Nanobody library was
generated by immunization of a llama with 4 PCa cell lines
(LNCaP, PC346C, VCaP, and MDA-PCa-2b). PSMA-specific
Nanobodies were retrieved by biopanning using phage display
for 3 positive and negative selection rounds with B16-PSMA and
B16 cell lines, respectively. Selection on PSMA-expressing cells
was preferred rather than using the recombinant PSMA protein, to
increase the chance of capturing Nanobodies binding to an
accessible epitope on the extracellular domain of PSMA. Several
distinct PSMA-specific Nanobodies were isolated and sequenced
(data not shown). Selected clones were produced as c-myc-his–
tagged proteins to facilitate purification by affinity chromatogra-
phy and detection by flow cytometry. PSMA-specific binding was
assessed by flow cytometry on PC-346C, LNCaP, and PC-3 cells.
Results of flow cytometry analysis of a few selected Nanobodies

are displayed in Figure 1. JVZ-005, JVZ-
007, and JVZ-012 all bound to PSMA-
expressing LNCaP and PC346C, as shown
by the increase in the geometric mean of
the fluorescence intensity. No binding was
observed on the PSMA-negative PC3 cells,
showing the specificity of the Nanobodies
for PSMA. JVZ-007, showing the highest
binding, was selected for further evaluation
as the imaging probe. Its sequence is in-
dicated in Supplemental Figure 1. JVZ-
007-c-myc-his and JVZ-007-cys were suc-
cessfully produced in bacteria using the
pHEN and pETM11-SUMO3GFP expres-
sion vectors, respectively.

Labeling and In Vitro Binding Studies

JVZ-007-c-myc-his was conjugated to
p-SCN-Bn-DTPAvia lysine residues, to allow
radiolabeling with 111In for SPECT imaging
of PCa. JVZ-007-cys was site-specifically
conjugated with DTPA by reacting it with

FIGURE 1. Flow cytometry analysis of JVZ-005, JVZ-007, and JVZ-012 on LNCaP (A), PC346C

(B), and PC-3 cells (C). Binding was observed on PSMA-positive LNCaP and PC346C cells,

whereas no binding was observed on PSMA-negative PC3 cells. Green 5 in presence of Nano-

body; red 5 in presence of PSMA-antibody (PSMA-Ab); black 5 control, in absence of Nano-

body; x-axis 5 fluorescence intensity; y-axis 5 number of events.

FIGURE 2. (A) Saturation binding of 111In-JVZ-007-c-myc-his on PC-310 frozen sections

using autoradiography. (B) Binding of 111In-JVZ-007-c-myc-his and 111In-JVZ-007-cys to

tumor and kidney frozen sections using autoradiography. High binding is observed on

PSMA-expressing tumor sections (PC310, PC346c, LNCaP, PC82, and PC295) whereas no

binding is observed on the PSMA-negative tumors (PC3, VCaP, PC133, PC339, and PC324)

and kidneys (mouse or human). Bmax 5 maximum binding; DLU 5 digital light unit; KD 5
equilibrium dissociation constant.
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maleimide-DTPA. JVZ-007-cys formed dimers via cysteine bridg-
ing, and mild reduction was necessary to free the thiol in the
cysteine. 111In radiolabeling was performed, with specific activ-
ities up to 60 MBq/nmol, whereas the labeling efficiency always
exceeded 90%. No release of 111In was observed at 4�C up to 72 h
after radiolabeling. Binding to frozen sections of PDXs and kidney
using autoradiography is shown in Figure 2 and Supplemental
Figure 4. Binding affinity of 111In-JVZ-007-c-myc-his was esti-
mated by saturation binding on the PSMA-positive PC-310 tumor,
resulting in an equilibrium dissociation constant value of 27.4 nM
(14.1–40.7, 95% confidence interval). 111In-JVZ-007-c-myc-his
and 111In-JVZ-007-cys showed high binding to all PSMA-expressing

tumor sections (PC310, LNCaP, PC82, and
PC295), with lower binding to the weakly
PSMA-positive PC346c. The absence of
binding was observed on the PSMA-negative
tumors (PC3, VCaP, PC133, PC339, and
PC324). These results are in line with
previous PSMA RNA expression data of
these PDXs (Affymetrix data not shown).
Binding to mouse and human kidneys was
low (,1%) in comparison with PSMA-
positive tumors.
Cell binding assays on PSMA-positive

LNCaP cells (Fig. 3) showed 30% and
37% internalization after 90 min at 37�C,
for 111In-JVZ-007-c-myc-his and 111In-
JVZ-007-cys, respectively. Cell binding
of both tracers was blocked in the presence
of an excess of unlabeled JVZ-007-c-myc-his,
confirming target specificity. Internalization of

111In-JVZ-007-c-myc-his was confirmed by the strongly reduced
amount of radioactivity in the internalized fraction (0.05% of total
binding) observed at 4�C. Low binding (,1% relative to LNCaP
cells) and absence of internalization of 111In-JVZ-007-c-myc-his
was observed for the PSMA-negative cell line PC-3, confirming
Nanobody specificity for PSMA.

Biodistribution and SPECT/CT Imaging

The PSMA-targeting properties of 111In-JVZ-007-c-myc-his
and 111In-JVZ-007-cys were evaluated further in mice bearing
PC-310 and PC-3 tumors. Biodistribution studies are displayed
in Figure 4, showing good tumor targeting, with low background

intensity except for the kidneys. Four hours
after injection, the uptake of 111In-JVZ-
007-c-myc-his in the PC-310 tumor was
3.91 6 1.13 %ID/g. Uptake in the kidneys
was 110.89 6 7.35 %ID/g but could be
reduced to 27.77 6 2.02 %ID/g by coin-
jection of gelofusine and lysine. Increas-
ing doses of JVZ-007-c-myc-his showed
a slight decrease in tumor uptake. Simi-
larly, 111In-JVZ-007-cys in combination
with gelofusine and lysine showed uptake
in PC-310 and PC-3 tumors of 3.70 6 0.29
and 0.18 6 0.05 %ID/g at 4 h after injec-
tion, respectively. Importantly, kidney up-
take was approximately 10-fold lower than
that of JVZ-007-c-myc-his, with values of
only 3.13 6 0.30 and 0.61 6 0.20 %ID/g,
at 4 and 24 h after injection, respectively.
Moreover, 111In-JVZ-007-cys showed higher
tumor-to-background ratios at 4 h after in-
jection than 111In-JVZ-007-c-myc-his, with
a tumor-to-muscle ratio of 104.8 6 27.4
and tumor-to-kidney ratio of 1.2 6 0.1.
The tumor-to-blood ratio was significantly
lower for 111In-JVZ-007-cys (48.1 6 5.1)
than for 111In-JVZ-007-c-myc-his.
SPECT/CT images of mice bearing PC-

310 and PC-3 tumors 3 h after injection of
111In-JVZ-007-c-myc-his and 111In-JVZ-007-
cys are shown in Figure 5. PSMA-expressing

FIGURE 3. (A) Internalization of 111In-JVZ-007-c-myc-his in LNCaP and PC-3 cells, after

incubation for 90 min at 37°C and 4°C. (B) Comparison of internalization of 111In-JVZ-007-c-

myc-his and 111In-JVZ-007-cys in LNCaP cells after incubation for 90 min at 37°C. 111In-JVZ-

007-c-myc-his and 111In-JVZ-007-cys internalized in PSMA-expressing LNCaP cells at 37°C.

FIGURE 4. Biodistribution studies in mice bearing PC-310 and PC-3 tumors. Effect of coinjec-

tion of gelofusine and lysine (A) and dose (B) on biodistribution of 111In-JVZ-007-c-myc-his (10 μg)
at 4 h after injection (A). (C) Biodistribution at 4 and 24 h after injection of 111In-JVZ-007-cys

(10 μg) with coinjection of gelofusine and lysine. (D) Tumor-to-organ ratios at 4 h after injection

of 111In-JVZ-007-c-myc-his (10 μg) or 111In-JVZ-007-cys (10 μg) with coinjection of gelofusine

and lysine.
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PC-310 tumor could be clearly visualized with high contrast on the
right shoulder, whereas no uptake was observed in PC-3 tumor on
the left shoulder. Signal intensity in kidneys after injection of 111In-
JVZ-007-c-myc-his was very high but could be efficiently reduced by
a coadministration of gelofusine and lysine. Importantly, kidney
signal intensity of 111In-JVZ-007-cys was markedly lower.

DISCUSSION

Development of PSMA-based imaging tracers for PCa has
increased tremendously in the past few years. After the approval
of the PSMA mAb 111In-capromab as an imaging agent in 1997,
a panel of novel PSMA-targeted imaging agents was developed,
including next-generation antibodies, antibody fragments, aptamers,
and PSMA inhibitors (12). PSMA small-molecule inhibitors local-
ize rapidly to tumor lesions, including soft-tissue and bone metas-
tases, but also show a high uptake in the kidneys and salivary

glands. The high uptake of PSMA inhibitors in these organs
was attributed to PSMA expression, although the expression of
PSMA in these organs was shown to be 100- to 1,000-fold lower
than in PCa (6). This lower PSMA expression in normal organs
may suggest that other (receptor-mediated) processes may be in-
volved in tracer uptake in normal organs as well.
In parallel to these developments, alternative strategies have

been pursued using smaller variants of mAb, such as antigen-
binding fragments (Fab) and F(ab9)2 (20), and minibodies or dia-
bodies (21,22), aiming to circumvent the long circulation time of
mAb. These antibody fragments have shown fast target recogni-
tion and rapid blood clearance but also show unspecific accumu-
lation in the liver and kidneys. A more recent approach is the use
of Nanobodies (VHH), the smallest antibody-based fragments (12–
15 kDa), offering ideal characteristics for molecular imaging. Be-
cause of their small size below the renal threshold for glomerular
filtration (60 kDa), they are mainly cleared via the renal pathway.
Moreover, it is possible to humanize Nanobodies for clinical trans-
lation using the recently described universal humanized Nanobody
scaffold technique (23). Nanobodies targeting PSMA were devel-
oped, showing moderate tumor targeting, low liver uptake, and
high kidney uptake (24). Retention of tracers in the kidneys might
be the result of a combination of different factors, including glo-
merular filtration by the kidneys, PSMA-specific binding, and
trapping of metabolites in the lysosomes of renal tubular cells.
Tracer retention in the kidneys is not desirable, because it may
interfere with visualization of small tumor lesions in the vicinity
of the kidneys and especially with staging of PCa. Renal tracer
retention also limits the application of the PSMA tracer for radio-
nuclide therapy by inflicting a high dose to the kidneys. We have
developed a Nanobody (JVZ-007) that shows good tumor target-
ing in PSMA-expressing PC-310 PDX tumors. JVZ-007 was ini-
tially produced with a c-myc-his-tag and conjugated to p-SCN-
Bn-DTPA via the lysine residues, to allow radiolabeling with
111In for SPECT imaging of PCa. 111In-JVZ-007-c-myc-his was
internalized in LNCaP cells and showed high binding on all
PSMA-expressing PDX sections in vitro, whereas low binding
to the PSMA-negative PDX sections was observed and 50-fold-
lower binding to the human kidney than the PC-310 tumor, in-
dicating the markedly lower expression levels of PSMA in the
kidney. 111In-JVZ-007-c-myc-his was evaluated further in mice
bearing PC-310 tumors, showing good tumor targeting as early
as 4 h after injection, with low background intensity, except for the
kidneys. It was recently described that renal retention of an anti–
epidermal growth factor receptor Nanobody could be reduced by
coinjection of gelofusine and lysine (25). Indeed, efficient reduc-
tion of renal uptake of our anti-PSMA Nanobody was obtained
when gelofusine and lysine were coadministered. These results
support that high renal uptake may be due to reabsorption in the
renal promixal tubule after glomerular filtration. Moreover, studies
from D’Huyvetter et al. (26) have also shown that the his-tag plays
a major role in the high retention of radiolabeled Nanobodies in
the kidneys. Therefore, we have engineered a new Nanobody
construct, based on JVZ-007, in which the c-myc-his tag was
removed. In addition, we introduced a cysteine at the C terminus
for site-specific coupling to maleimide-DTPA. For this purpose
we used the pETM11-SUMO3GFP expression vector, allowing
production of a protein with a C-terminal cysteine and retrieval
of the protein by cleavage of SUMO3 by a specific protease. 111In-
JVZ-007-cys showed similar binding on PSMA-expressing cells
and PDXs. More importantly, a further drop in renal uptake to

FIGURE 5. SPECT/CT images of mice bearing PC-310 (left shoulder)

and PC-3 (right shoulder) tumors. (A) Images acquired at 3 h after in-

jection of 111In-JVZ-007-c-myc-his with coinjection of PBS (left) or gelo-

fusine and lysine (right). (B) Images acquired 3 h (left) and 24 h (right)

after injection of 111In-JVZ-007-cys with coinjection of gelofusine and

lysine. Scale from 0 to 0.2 kBq (A); 0 to 0.015 kBq (B, left); 0 to 0.005

kBq (B, right). PSMA-expressing PC-310 tumor could be clearly visual-

ized with high contrast on left shoulder, whereas no uptake was ob-

served in PC-3 tumor on right shoulder.
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3 %ID/g was observed at 4 h after injection, without loss of tumor
targeting. In comparison, these renal uptake values in mice were
superior to those found with other PSMA tracers: 100 %ID/g for
68Ga-HBED-CC-PSMA (1 h) (27) and 111In-D2B-Fab fragments (4
h) (20). Kidney uptake of 78 and 36 %ID/g was reported for 123I-
MIP-1095 and 123I-MIP-1072 (4 h), respectively (28). Tumor-to-
blood and tumor-to-muscle ratios obtained with 111In-JVZ-007-cys
at 4 h after injection were superior to those obtained with 111In-
D2B-Fab fragments (20) and comparable to those obtained with 123I-
MIP-1095, in LNCaP xenograft mice (4 h) (28). The novel method
described here for production and site-specific labeling of cys-tagged
Nanobodies could have a significant impact for the clinical imple-
mentation of a wide range of Nanobodies. The site-specific coupling
offers a well-defined labeling procedure, while the absence of the
c-myc-his-tag limits reabsorption in renal tubular cells. This minimal
renal retention also broadens the applicability of this Nanobody to
radionuclide therapy.

CONCLUSION

We developed a specific anti-PSMANanobody containing a cysteine
for site-specific conjugation to radioactive labels. The 111In-radiolabeled
anti-PSMA Nanobody shows good tumor targeting and fast blood
clearance, allowing SPECT/CT imaging within a few hours after
injection. Unlike most radiolabeled small-molecule PSMA inhibitors,
anti-PSMA Nanobody JVZ-007 displays a low kidney uptake. These
results warrant further evaluation of anti-PSMA Nanobody JVZ-007
for detection and radionuclide therapy of metastatic lesions in PSMA-
expressing PCa, for which few treatment options are currently available.
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