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ABSTRACT: The repertoire of methods for the detection and chemotherapeutic treatment of prostate cancer (PCa) is currently
limited. Prostate-specific membrane antigen (PSMA) is overexpressed in PCa tumors and can be exploited for both imaging and
drug delivery. We developed and characterized four nanobodies that present tight and specific binding and internalization into
PSMA+ cells and that accumulate specifically in PSMA+ tumors. We then conjugated one of these nanobodies to the cytotoxic drug
doxorubicin, and we show that the conjugate internalizes specifically into PSMA+ cells, where the drug is released and induces
cytotoxic activity. In vivo studies show that the extent of tumor growth inhibition is similar when mice are treated with commercial
doxorubicin and with a 42-fold lower amount of the nanobody-conjugated doxorubicin, attesting to the efficacy of the conjugated
drug. These data highlight nanobodies as promising agents for the imaging of PCa tumors and for the targeted delivery of
chemotherapeutic drugs.

■ INTRODUCTION

Prostate cancer (PCa) is commonly detected by antibody-
based assays that measure the serum concentration of the
prostate-specific antigen (PSA),1−3 but these assays are prone
to high error rates.4−6 In addition, although chemotherapies
are often used to treat castration-resistant PCa,7 some
potentially effective chemotherapies against PCa, such as
doxorubicin (DOX), do not sufficiently accumulate within
tumors and have a large distribution volume, resulting in low
treatment efficacy and high nonspecific toxicity.8 Novel means
for both the detection of PCa and the targeted delivery of
cytotoxic agents are therefore urgently required.9 One
promising target that can be employed to address both these
issues is the prostate-specific membrane antigen (PSMA);10 a
transmembrane protein that is overexpressed in PCa,11

possibly due to its folate hydrolase activity, which induces
cell proliferation.11−13 PSMA is mostly expressed on the
membranes of PCa cells, although it is also expressed on the
neovasculature of many carcinomas, including PCa.11

Importantly, the overexpression of PSMA is associated with
malignant, castration-resistant PCa, reduced androgen-receptor
expression, and poor PCa prognosis;14−17 therefore, it can be
used to detect PCa, identify the stage of the disease, and

promote personalized, tumor-specific medicine.17,18 Notably,
targeting PSMA can be especially important in the treatment of
aggressive, androgen-independent PCa tumors, where its
expression increases while that of PSA decreases,19 and
where first-line treatments often fail making chemotherapeutic
drugs a necessity.
PSMA has been extensively exploited as a target by multiple

research groups, which presented promising compounds for
PSMA-targeted diagnostics and inhibition, mostly in the field
of nuclear medicine.20−25 Yet, to date, most proteins that were
found to bind the extracellular region of PSMA with a
sufficiently high affinity (nanomolar range) are monoclonal
antibodies or antibody fragments,26−28 which have several
caveats for both molecular imaging and cancer treatment
purposes. For instance, the long serum half-life and broad
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biodistribution of antibodies often reduce the signal-to-noise
ratio29 and maintain them in the circulation for long periods of
time.30 These effects increase toxic side effects when the
antibody is conjugated to a cytotoxic radioisotope or decrease
specificity when the antibody is conjugated to a drug because
the antibody−drug conjugate may internalize into nontumor
cells. Moreover, the large size of antibodies often hinders their
ability to penetrate into the core of the abnormal tumor tissue,
thus dramatically reducing their drug-delivering efficiency.31

Antibody fragments may solve some of these caveats, but they
often show weaker binding and low stability, and they may
expose previously masked immunogenic epitopes.32 While
some nonantibody PSMA binders and inhibitors have been
described and show promising results,21−25,33 other engineered
PSMA-binding peptides show low affinities, namely, at the
high-nanomolar to micromolar range.34,35 An alternative
approach, which combines the advantages of antibodies and

Table 1. Kinetic Binding Constants for the Interaction between PSMA and the NBs, As Measured by SPRa

NB Kon [M
−1 s−1] Koff [s

−1] KD [nM]

NB7 (7.1 × 105) ± (4.5 × 102) (3.9 × 10−5) ± (2.8 × 10−7) 0.055
NB8 (2.0 × 104) ± (4.2 × 101) (1.2 × 10−4) ± (5.3 × 10−7) 6.0
NB13 (3.6 × 104) ± (8.9 × 101) (2.2 × 10−5) ± (9.9 × 10−7) 0.60
NB37 (2.2 × 104) ± (5.3 × 101) (7.5 × 10−5) ± (6.6 × 10−7) 3.4

aValues represent the mean ± SD.

Figure 1. NBs bind to PSMA in vitro and to PSMA-expressing prostate cancer cells. The response units (RU), measured using SPR and a 1:1
Langmuir kinetic model, were used to calculate the affinity (KD) of immobilized NB7 (A), NB8 (B), NB13 (C), and NB37 (D) to PSMA. The
PSMA concentrations were 25, 50, 100, 1600, or 3200 pM for the NB7 sensograms, and 2.94, 5.88, 11.75, 23.50, or 47.00 nM for the NB8, NB13,
and NB37 sensograms. The bottom curve in each sensogram represents the lowest concentration, while the top curve represents the highest
concentration. A FACS analysis (n = 3) was used to determine the binding of these NBs (0.1−1000 nM) to PC3-PIP (PSMA+) cells (E) and to
PC3-flu (PSMA−) cells (F). For convenience, each fluorescence value was normalized to the fluorescence values at the highest and lowest
concentrations of PC3-PIP cells.
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smaller protein scaffolds to exploit the potential of PSMA as a
target, could be found in the form of nanobodies (NBs).
NBs, also known as VHHs, are the single-chain variable

domains of heavy-chain antibodies (HCAb).36,37 As the NB is
the only fragment of the HCAb that mediates antigen binding,
it can be expressed separately from the rest of the HCAb
without reducing affinity,38 resulting in a minute (∼15 kDa),
nonimmunogenic, highly target-specific protein, which is an
excellent candidate for use as scaffold for in vivo imaging and
targeted therapy applications.29,39 Indeed, in two separate
pioneering studies, Evazalipour et al.40 and Zare et al.41

generated anti-PSMA NBs that successfully bound PSMA-
expressing cells, both in vitro and in vivo. However, to generate
a clinically applicable NB−drug conjugate that can specifically
target PSMA, the structure of such compounds, their effects on
PSMA activity and cell viability, and their potential as drug
carriers should be determined empirically.

In the current study, we isolated and selected four NBs from
the serum of a camel injected with a recombinant extracellular
region of human PSMA. Then, we evaluated the structures,
PSMA-binding epitopes, affinities, and specificities of these
NBs and conjugated the most potent NB to DOX, thus
generating a novel NB−drug conjugate that can specifically
target PSMA-expressing cells. Our findings highlight the
potential of using NB-based constructs for both the diagnosis
and treatment of PCa.

■ RESULTS
Isolation of Anti-PSMA NBs. RNA extracted from the

lymphocytes of a PSMA-injected camel served as the basis for a
NB phage-display library in the size of 107 variants. The phage-
display panning process against PSMA yielded 47 bacterial
colonies that express NB variants, wherein 23 unique NB
sequences were identified. Of these, four NBs whose sequences

Figure 2. Structural analysis of NBs and their PSMA-binding epitopes. (A−C) Solved crystal structures of NB7 (A, red; 2.65 Å, PDB code 6XXN),
NB8 (B, yellow; 1.5 Å, PDB code 6XXO), and NB37 (C, green; 1.5 Å, PDB code 6XXP). CDRs 1, 2, and 3 are labeled in magenta, orange, and
cyan, respectively. (D−F) Structural reconstruction of protein complexes, based on their SAXS-resolved low-resolution structures (gray mesh),
fitted with the crystal structure of PSMA (0.5 mg/mL), either alone (D; PDB code 1Z8L) or with 0.2 mg/mL NB7 (E, red; PDB code 6XXN) or
NB37 (F, green; PDB code 6XXP). The PSMA monomers are labeled individually by Roman numerals; biological dimers are formed by I + II and
III + IV, while nonbiological dimers are formed by I + III and II + IV. (G−H) Computational docking analyses of PSMA and NB7 (G) and of
PSMA and NB37 (H). (G) PSMA monomers are colored in light blue and cyan, while NB7 is colored in red. Key interactions (according to Table
S5) are shown as black dashed lines. (H) PSMA is colored in cyan, and NB37 is colored in green. Key interactions (Table S6) are shown as black
dashed lines. .
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Figure 3. In vivo whole-body NIR imaging of labeled NBs. PC3-flu (PSMA−) and PC3-PIP (PSMA+) PCa cells were co-injected as xenografts into
the left and right upper flanks, respectively, of athymic nude mice. Nine days later, the mice were intravenously injected with fluorescently labeled
NBs (from left to right: NB7, NB13, NB8, and NB37; the KD of each NB is shown in parentheses for convenience) and whole-body images were
captured 3 h (A) and 6 h (B) postinjection and again when the signal was no longer detectable (C); 32 h for NB8 and NB13 and 24 h for NB37.
Mice injected with NB7 still showed a fluorescent signal 56 h postinjection, at which point they were imaged and then euthanized. In each
individual image, the left mouse was injected with tumor cells but not with NBs, the middle mouse was injected with NBs but not with tumor cells,
and the right mouse was injected with both tumor cells and NBs. (D) Quantification of the AF680 fluorescent signals from the dissected organs at
each time point for each NB. PC3-PIP tumors express PSMA, whereas PC3-flu tumors do not.
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repeated several times, and which showed the strongest
binding to PSMA in ELISA, were chosen for purification
(Figure S1A,B). The purified NBs (termed NB7, NB8, NB13,
and NB37 (all sequences are presented in the Supporting
Information) were of the expected size of ∼16 kDa (Figure
S1C), and the yield was 4−18 mg/L culture.
NBs Bind to PSMA with a Pico- to Nanomolar Affinity.

SPR revealed that the in vitro binding affinity of the four
purified NBs to PSMA was in the pico- to nanomolar range but
varied considerably between the NBs (Table 1, Figure 1A−D).
FACS-based titration curves showed that all four NBs bind

to PC3-PIP (PSMA+) prostate cancer cells in a dose-
dependent manner (Figure 1E), but they do not bind to
PC3-flu (PSMA−) cells (Figure 1F). Notably, the FACS
binding curves did not reach a plateau, presumably because the
NBs were internalized into the cells (see below); therefore, this
data set was not used to calculate the KD values. An enzymatic
activity assay revealed that the NBs do not compromise the
enzymatic NAALDase activity of PSMA (Figure S2),
suggesting that they bind to nonfunctional epitopes of the
protein.
NB Structures and Their PSMA Binding Epitopes. The

considerable variability (up to 100-fold) in the KD values of the
four NBs could stem from their potentially different PSMA-
binding epitopes. To test this possibility, the crystal structures
of NB7, NB8, and NB37 were solved at a resolution of 1.5 Å
(NB8, NB37) or 2.65 Å (NB7) (Figure 2A−C, Tables S1−
S3); NB13 crystals could not be obtained under any of the
attempted growth conditions. While the structures of NB8 and
NB37 were very similar (in line with the high homology of
their sequences, which differ in a single amino acid residue),
the structure of NB7 was markedly different and included more
β-sheets and fewer random regions. A SAXS analysis (Figure
S3) indicated that the monomeric PSMA is stable in PBS and
shows concentration-dependent intermolecular interactions,
suggesting that PSMA monomers interact with each other in
the solution, which corroborates with the ability of PSMA to
form dimers.10,42 Scattering curves of the monomeric PSMA in
the presence of increasing NB concentrations show that the
Guinier region (S2 ≤ 0.006 Å−2) was linear, indicating little or
no aggregation in any of the samples (Figure S4). However,
adding low concentrations of NB13 to PSMA, namely, at
PSMA:NB13 ratios between 1:0.5 and 1:3, increased the radius
of gyration (Rg) of PSMA (Figure S5). The Rg of the PSMA−
NB complexes shifted from the original Rg of PSMA (43 Å,
Figure S5) to a higher Rg for NB7 and to a lower Rg for NB8,
NB13, and NB37. The Rg of PSMA alone was comparable to
the calculated Rg value based on the crystal structure of the
PSMA monomer. The distribution of pairwise distances within
the particle (Figure S6) is represented by P(r) (see
Experimental Section). The Dmax of the PSMA P(r) was 115
Å (Figure S7), and the shape of the P(r) distribution indicates
an elongated structure. The binding of PSMA to NB7 and to
NB13 increased Dmax, while its binding to NB8 and to NB37
decreased it (Table S4).
Next, we calculated 20 reconstituted ab initio models from

the data that were averaged using DAMMIN43 and
DAMAVER.44 We used the crystal structures of PSMA,
NB7, and NB37 and fit them to the reconstituted structures of
a sample containing either PSMA alone (0.5 mg/mL) or
PSMA (0.5 mg/mL) with NB7 or NB37 (0.2 mg/mL in each
case) (Figure 2D−F). We assumed that the binding
mechanism of NB8 is similar to that of NB37 due to their

high sequence and structure homologies, and we did not
generate a model of NB13 because we did not have its crystal
structure.
The models suggested that PSMA forms a nonbiological

dimer with interactions between the N-termini of both
monomers (Figure 2D), similar to those observed in the
tetrameric crystal structure of PSMA (PDB code 1Z8L). The
low-resolution structure is asymmetrical such that one
monomer appears to be smaller than the other; notably,
however, this apparent asymmetry could have stemmed from
the presence, in the solution, of both monomers and dimers
such that the average size could reflect the combined size of
both species. The models suggested that in the presence of
NB7, another PSMA monomer is added to the dimer complex
by forming a biological dimer with one of the PSMA
monomers. According to this model, NB7 binds each
monomer in the biological dimer with a different comple-
mentarity-determining region (CDR) (Figure 2E), leading to
an increase in the complex size and in Rg. In the case of the
PSMA−NB37 complex, NB37 appears to bind to PSMA at the
N-terminus (Figure 2F), thus disrupting the nonbiological
dimer, leading to a decrease in Rg.

Docking Analysis. SAXS results and molecular docking
simulation of NB7 (PDB code 6XXN) with PSMA (PDB code
1Z8L) revealed that NB7 binds to PSMA close to the
dimerization interface and simultaneously interacts with both
monomers (Figure 2G, Table S5). NB7 interacts with one
PSMA monomer mainly via CDR3 and CDR1, while CDR2
and several non-CDR residues interact with the second
monomer in the homodimer (the main contributing
interactions are presented in Figure 2G and are further
detailed in Table S5). According to the docking simulation,
NB37 (PDB code 6XXP) binds to an epitope close to the N-
terminus of PSMA (Figure 2H, Table S6). The predicted
interactions between NB37 and PSMA occur mainly via
CDR2, and some occur via CDR3; the main contributing
interactions are presented in Figure 2H and are detailed further
in Table S6. In total, NB7 has more interactions than NB37, as
the ligand contact surface area of the former is 969.34 Å2, as
compared with 443.72 Å2 of the latter (Table S7).

NBs Accumulate in PSMA-Expressing Tumors in Vivo.
Next, we aimed to determine whether the NBs bind specifically
to PSMA-expressing PCa tumors in vivo and whether
differences between their affinities correlate with their in vivo
accumulation in tumors. To this end, we acquired whole-body
near-infrared (NIR) optical images of nude mice inoculated
with PC3-PIP and PC3-flu xenografts. We captured the images
3 and 6 h after injecting the labeled NB (early and middle time
points, respectively) and again when the fluorescent signal
could no longer be detected in vivo (late time point). In some
mice, the signal was still detectable 56 h after the injection; we
euthanized these mice due to ethical considerations and we
denote the late time point in these cases as >56 h.
At the early imaging time point, the NBs were detected both

in the kidneys and in the PC3-PIP tumors but not in the PC3-
flu tumors. At the middle imaging time point, however, they
were completely cleared from the kidneys and remained only
in the PC3-PIP tumors (Figure 3, A−C). The duration until
the fluorescent signal was no longer detected (late time point)
depended on the affinity of the NB to PSMA such that NBs
with higher affinities (lower KD) required longer durations for
signal clearance (24 h for NB37, 32 h for NB8 and NB13, and
>56 h for NB7). These low clearance rates suggest that all four
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NBs can potentially be used for in vivo applications, such as
clinical imaging and tumor-specific drug delivery. In fact, even
after the fluorescent signal was undetectable by whole-body
imaging, it was still observed in the tumors ex vivo (Figure S8),
where it increased in the PC3-PIP tumors, relative to the
kidneys, over time (Figure 3D). The signal in other organs and
in the PC3-flu tumors was much weaker throughout the
experiment. For example, for NB8 after 3 h, the signal intensity
was 171 000 (counts/cm2)/s in the PC3-PIP tumor and
94 700 (counts/cm2)/s in the kidneys, as compared with
21 300 (counts/cm2)/s in the PC3-flu tumor. This finding
suggests that the NBs accumulated specifically in the PSMA+

tumors and were then cleared predominantly by the kidneys, as
could be expected given the small size of NBs [16 kDa, while
the renal cutoff is ∼60 kDa 45].
NBs Are Internalized into PSMA-Expressing Cells. For

the NBs to be able to deliver chemotherapeutic agents into
PSMA+ prostate tumor cells (a prerequisite for the efficacy of
many existing drugs) they must be internalized specifically into
PSMA+ cells. To test the internalization capability of the four
NBs, we labeled them fluorescently and incubated them with
either live PC3-PIP (PSMA+) or live PC3-flu (PSMA−) cells,
together with a PE-anti-PSMA antibody and a Hoechst nuclear
staining solution. Confocal imaging of the PC3-PIP cells
revealed that the NBs colocalize with PSMA and appear both
in the cell membranes and in clusters inside the cells (Figure
4A−D). Notably, the anti-PSMA antibody was not found

inside the cells in the absence of a NB (Figure 4I), suggesting
that the NB may prompt the internalization of PSMA while it
is still bound to the anti-PSMA antibody. Imaging of the PC3-
flu cells showed that neither the NBs nor the anti-PSMA
antibodies bind to or internalize into the cells (Figure 4E−H).
A long-term internalization assay revealed that NBs with higher
affinities to PSMA (namely, NB7 and NB13) were internalized
into the PSMA-expressing cells much faster than those with
lower affinities (Figure S9). On the basis of the in vitro and in
vivo affinities to PSMA and on the purification yields of each
NB, we chose to generate a NB−drug conjugate using NB7.

Conjugation of NB7cys to DOX. The clustered pattern of
the NBs and PSMA inside the target cells suggests that their
internalization is mediated by intracellular vesicles, as was
previously shown for other PSMA binders.46−51 As both
intracellular vesicles are typically acidic,52−55 we conjugated
NB7 to DOX via the pH-sensitive linker N-(β-maleimidopro-
pionic acid) hydrazide (BMPH) (Figures S10A and S11),
which is hydrolyzed at pH < 6.0.55 We hypothesized that the
acidic conditions in the vesicles would hydrolyze the covalent
bond between the linker and DOX, thus releasing DOX from
the conjugate and enabling it to diffuse outside the vesicles and
into the cytosol, where it could penetrate the nucleus56 and,
presumably, inhibit DNA transcription.
The conjugated protein, termed NB7cysDOX, was purified

using size-exclusion chromatography (Figure S10B). The
addition of DOX to NB7 slightly increased its size (namely,
by ∼700 Da), but the hydrophobic nature of DOX reduced its
elution rate, which allowed us to separate the conjugated from
the nonconjugated proteins. The fluorescence of DOX
(excitation 495 nm and emission 560 nm) led to the
absorbance of only the conjugated protein at 488 nm, which
is sufficiently close to 495 nm, and further distinguished
between the conjugated and nonconjugated protein fractions.
The NB7cysDOX fraction was further evaluated using mass
spectrometry in acidic pH (pH = 4), in which DOX is cleaved
from the linker and, thereby, from the NB. This analysis
revealed that the mass of the conjugated protein is higher by
185 Da than that of NB7cys alone (namely, 16 141 Da, as
compared with 16 326 Da, respectively; Figure S10C); this
difference reflects the combined size of NB7cys and the BMPH
linker, indicating that all NB molecules are conjugated to DOX
and that DOX is released under acidic conditions. A FACS
analysis of the binding of NB7cys and NB7cysDOX to the
PSMA-expressing PC3-PIP cells (Figure S10D) revealed that
the conjugation of DOX does not compromise the binding of
NB7cys to these cells.

NB7cysDOX Is Cytotoxic to PSMA-Expressing Cells.
To evaluate the ability of the NB7cysDOX conjugate to
internalize specifically to PSMA-expressing cells and the
successive detachment of DOX from the conjugate, we
incubated PC3-PIP and PC3-flu cells for 15 min with Hoechst
33342 (nuclear staining) and with either 1.5 μg/mL DOX
(which is fluorescent) or a molar equivalent of Dylight650-
labeled NB7cys or NB7cysDOX (Figure 5). When incubated
alone with the PCa cells, DOX (a small and hydrophobic
molecule) diffused spontaneously into both PC3-PIP and PC3-
flu cells, where it was found homogeneously scattered
throughout the cytosol. Conversely, as expected from its
PSMA-dependent internalization mechanism (see Figure 4A),
NB7cys accumulated only in PC3-PIP cells, where it was found
mostly in the cell membrane and had begun internalizing into
the cytosol. The distribution of NB7cysDOX was very similar
to that of NB7cys (namely, in defined regions on the
membranes and cytosols of PC3-PIPcells but not of PC3-flu
cells), but DOX was scattered in multiple regions within the
cells, mostly separate from NB7cys (although small amounts of
NB7cys were found within the DOX clusters). To test whether
the DOX released from the internalized conjugate retains its
cytotoxic activity, we incubated PC3-PIP cells for 24 h with 1.5
μg/mL DOX or with an equivalent molar amount of
NB7cysDOX or NB7cys, counted the number of cells in
each well, and compared it to that of untreated cells (Figure
S12A). This assay revealed that the incubation with DOX or,

Figure 4. Confocal imaging of the internalization of NBs into prostate
cancer cells. PC3-PIP (PSMA+) cells (A−D) and PC3-flu (PSMA−)
cells (E−H) were incubated for 10 min with a Hoechst reagent
(nuclei staining, blue), a PE-anti-PSMA antibody (red), and 100 nM
of either NB7 (A, E), NB8 (B, F), NB13 (C, G), or NB37 (D, H),
each labeled with Dylight 488 (green). Alternatively, PC3-PIP cells
were incubated for 10 min with the PE-anti-PSMA antibody without
any NB (I).
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to a greater extent, with NB7cysDOX significantly reduced the
number of cells in the well. Next, in a different set of
experiments, we incubated PC3-PIP cells for 24 h with either

DOX, NB7cys, or NB7cysDOX (as described above) and then
labeled the cells with propidium iodide (PI), a fluorescent
marker of late apoptosis and necrosis. A FACS analysis (Figure
S12B) revealed that whereas treating the cells with NB7cys did
not change the PI signal, treating them with either DOX or, to
a greater extent, NB7cysDOX considerably increased the
signal. Treating PC3-PIP cells with TMRE (a reagent that
labels active mitochondria57) revealed that DOX and
NB7cysDOX similarly reduced the mitochondrial membrane
potential (Figure S12C). Treating the cells with FCCP, which
interrupts the mitochondrial membrane potential and served as
a positive control, also significantly reduced the mitochondrial
membrane potential of the PC3-PIP cells. In contrast, NB7cys
alone did not change the TMRE signal, as compared with
untreated cells. Taken together, these results indicate that
NB7cysDOX is at least as cytotoxic to PSMA+ cells as DOX
alone.

NB7cysDOX Inhibits Tumor Growth in Mice. To test
the activity of NB7cysDOX in vivo, we created PC3-PIP tumor
xenografts in athymic nude mice, and once the tumors reached
∼200 mm3, we intravenously treated them (twice a week for 3
weeks) with either saline (control), 2 mg/kg (2.86 μmol/kg)
commercial DOX, which was previously shown to be effective
in mice and is similar to that used in humans,58 or 1.4 mg/kg

Figure 5. Confocal imaging of the internalization of NB7cys, DOX,
and the NB7cysDOX conjugate into PCa cells. PC3-PIP (PSMA+)
and PC3-flu (PSMA−) cells were incubated with either DOX (green
autofluorescence), NB7cys labeled with Dylight 650 (red), or
NB7cysDOX labeled with Dylight 650 (red). Images were taken
after 15 min of incubation. The separation between the red and green
signals indicates the cleavage of DOX from the NB7cysDOX
conjugate. Some of the DOX molecules were found separate from
NB7cys (white arrows), while others colocalized with NB7cys (yellow
arrows).

Figure 6. In vivo and in situ effects of NB7cysDOX on PC3-PIP (PSMA+) tumors. PC3-PIP xenografts in athymic nude mice were treated with
either saline (control), 2 mg/kg commercial DOX, or 1.4 mg/kg NB7cysDOX. (A) Mean tumor volume after 8 d of treatment (before any mouse
was excluded from the experiment due to ethical considerations). *p < 0.05 versus control (Student’s t test; n = 7 for controls and n = 8 for DOX
and NB7cysDOX). (B) Slope of calculated logarithmic tumor growth in the treated versus control (T/C) groups. *p < 0.05 versus control
(Student’s t test; n = 7 for controls, n = 4 for DOX, and n = 8 for NB7cysDOX; (C) Representative tissue section from a tumor, obtained 4 d after
treatment termination, from one mouse treated with NB7cysDOX and labeled with PE-anti-PSMA (red) and FITC-anti-His (green) to identify
PSMA and NB7, respectively. Blue staining indicates nuclei, and white arrows highlight the colocalization of PSMA and NB7. (D) H&E staining
(top row) and TUNEL (green) and PI (red) staining (bottom row) of tissue sections from tumors obtained 4 d after treatment termination. White
arrows indicate the colocalization of TUNEL and PI. Scale bars apply to all three images in the same row.
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(0.087 μmol/kg) NB7cysDOX, which represents a molar dose
of DOX that is 42-fold lower than that used for DOX alone.
We measured the size of the tumor before each injection, but
some mice had to be euthanized due to ethical considerations
(namely, large tumor burden or physical deterioration) by 8 d
following treatment initiation; in these mice, we estimated the
tumor size in successive time points by extrapolation.59

The last time point at which tumors from all live mice were
included in the analysis was 8 d following treatment initiation;
at that time point, the average tumor size was significantly
smaller in mice treated with NB7cysDOX than in those treated
with saline (Figure 6A). An overtime analysis (Figure S13A)
and rate-based growth slopes for treatment/control (T/C;
Figure 6B) revealed that the tumor growth rate was, indeed,
lower in mice treated with NB7cysDOX than in those treated
with saline. Moreover, although the amount of DOX
administered to NB7cysDOX-treated mice was significantly
lower than that administered to DOX-treated mice (who
received a 2 mg/kg dose of DOX), the tumor growth rate was
similar in both groups, indicating the effectiveness of the
NB7cysDOX conjugate relative to DOX administered alone.
Notably, three mice were excluded from the DOX-treated
group for the rate-based analysis, according to the procedure
described in ref 59. In line with these findings, more mice
reached a maximal tumor size (i.e., the size in which mice were
euthanized due to ethical considerations) in the saline-treated
group than in either the DOX-treated or the NB7cysDOX-
treated groups, which were not significantly different from each
other (Figure S13B).
Next, we extracted tumors from the treated mice 4 d after

the final dose of NB7cysDOX and labeled them with PE-anti-
PSMA and FITC-anti-His. A histological analysis revealed that
while PSMA was localized mostly to the membranes of the
tumor cells, NB7cysDOX appeared either colocalized with
PSMA or in the cytoplasm (Figure 6C), indicating that
NB7cysDOX indeed reaches and remains within tumors for at
least 4 days. Staining the tumors with H&E revealed that while
tumors obtained from mice treated with saline were crowded
and strongly labeled by H&E, tumors from mice treated with
DOX or with NB7cysDOX were necrotic, fewer, and with large
vacancies between cells (Figure 6D, top). A TUNEL assay
revealed only a few apoptotic cells in tumors obtained from
saline-treated mice, as compared with significant apoptosis in
tumors obtained from DOX- or NB7cysDOX-treated mice
(Figure 6D, bottom). These findings demonstrate that while
the number of DOX molecules administered to NB7cysDOX-
treated mice is less than 3% of that administered to the DOX-
treated mice, the cytotoxic effect of the drug is similar in both
groups.

■ DISCUSSION AND CONCLUSIONS
The chemotherapeutic treatment options for castration-
resistant PCa are currently limited to taxanes, as most
cytotoxic compounds exhibit high toxicity and severe side
effects, even at doses that provide limited efficacy. In parallel,
our ability to identify PCa tumors and determine their
aggressiveness through imaging also remains a challenge.
Several small-molecule inhibitors and ligands of PSMA have
previously been shown to successfully detect, and potentially
treat, PSMA-expressing tumors, particularity in the field of
nuclear medicine,21,63−67 and some of these small molecules
are clinically used to treat PSMA-expressing PCa lesions.66,68,69

Progress has also been made in the field of antibodies targeting

PSMA, both for PCa detection and for radiotherapy
purposes.70−72 In the current study, we report the develop-
ment of PSMA-binding NBs that can detect PSMA+ PCa
tumor with high specificity and deliver small-molecule
cytotoxic drugs directly into the tumor cells. Our findings
thus implicate NBs as a highly advantageous contribution to
the rather limited repertoire of diagnostic and therapeutic
agents for castration-resistant PCa.
The four NBs that we isolated demonstrated a wide range of

affinities to PSMA, which presumably stems from their
different PSMA-binding epitopes. Such a range of binding
affinities, including in the picomolar range, has not been
demonstrated in either of the two previous studies that
developed anti-PSMA NBs.40,41 In addition, our NBs do not
affect the enzymatic activity of PSMA, which we consider an
advantage because our current understanding of the processes
underlying PSMA overexpression in PCa is limited.
Of the four isolated NBs, NB7 showed the highest

(picomolar) binding affinity to PSMA due to an avidity effect:
it simultaneously interacts with two PSMA monomers via
different CDRs such that when one CDR is detached from
PSMA, the other CDRs remain bound. Consequently, the
dissociation rate of NB7 is very low, resulting in a very low KD
to soluble and cell-expressed PSMA. The different affinities of
the four NBs enable us to designate them for different
potential applications. For example, as the affinity of NB8 and
NB37 to PSMA is relatively low, their clearance from the body
is relatively fast and they are, therefore, more suitable for
diagnostic purposes. In contrast, since the affinity of NB7 to
PSMA is extremely high and its half-life is long and since it can
effectively internalize into tumor cells, NB7 is more suitable for
conjugation to cytotoxic drugs, such as DOX. Notably,
however, these intended functions are not mutually exclusive,
and each of the four NBs could serve for theranostic purposes
in the future.
The NB7cysDOX conjugate accumulated in PSMA+ tumors

and was almost completely internalized, within hours, only to
PSMA+ cells; these characteristics would allow clinicians to
minimize the dosage of the cytotoxic molecule. In addition, a
small fraction (∼5%) of the conjugates remained bound to the
membrane of tumor cells even after 16 h and can effectively
deliver the drug to tumors even if they are not completely
internalized. On the membrane, the conjugate is exposed to
the slightly acidic tumor microenvironment, which could
hydrolyze (although presumably at a lower rate) the bond
between the linker and the drug. The release of the drug into
the tumor microenvironment could be beneficial due to the
“bystander effect”,60,61 i.e., by allowing the drug to penetrate to
other (PSMA-negative or more distant) tumor-related cells
while damaging as few healthy cells as possible. Importantly,
the possible effect of a PSMA-targeting NB−drug conjugate
could potentially be different in humans than in mice due to
the expression of PSMA on the neovasculature of prostate
carcinomas in humans, which was not observed in xenografts.62

To evaluate the efficacy of our NB−drug conjugate, we
chose to use DOX, which is less potent than other available
drugs and is therefore not the standard of care in PCa
chemotherapy. While a low-potency drug better demonstrates
the efficacy of targeted drug delivery as a proof-of-concept,
clinical practice should preferably conjugate NB7cys to more
potent drugs, such as docetaxel and cabazitaxel, which contain
ketone groups that could covalently bind the BMPH linker.
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The efficacy of such conjugates should be tested directly in
future studies.
We conclude that the four presented NBs are promising

candidates for conjugation with cytotoxic small-molecule drugs
due to their high affinity to the antigen and their ability to
internalize into target cells without accumulating in other
organs (as do conventional IgGs). Comprehensive pharmaco-
kinetic, pharmacodynamic, and biodistribution studies are yet
to be conducted, and the toxicity and side effect profiles of
NB7cysDOX are yet to be determined. In addition, it is yet to
be established whether the improved efficacy incurred by the
targeted delivery of the drug is indeed clinically beneficial for
PCa patients, and more clinically relevant methods (e.g., PET/
CT) should be used to determine the efficacy of the NBs in
clinical imaging applications. Notwithstanding, our findings
add to accumulating evidence that strongly implicate NBs and
NB−drug conjugates as promising alternatives for antibody-
based therapeutics and imaging agents. Facilitating the
development of efficient NBs for the detection of tumors
and for the targeted delivery of drugs into specific cells will
greatly enrich the toolbox for treating patients with various
types of diseases.

■ EXPERIMENTAL SECTION
Animal Procedures. All animal experiments were approved by

the Ethical Committee for Animal Experiments of Israel (author-
ization numbers 11-220-6 and 48-07-2012 for camel and mouse
procedures, respectively). Extensive efforts were made to minimize
the number and suffering of animals used in this study.
Generation and Purification of Anti-PSMA NBs. The protocol

for NB generation was adapted from Pardon et al.73 and Vincke et
al.74 Briefly, a camel (Camelus dromedarius) was immunized seven
times, with 2 weeks between successive injections, with 1 mg of the
purified extracellular domain of PSMA [residues 44−750;10
purchased from Caltech Protein Expression Center, CA]. The RNA
from camel lymphocytes was then isolated and converted to DNA,
and the DNA encoding for VHH was amplified and ligated to a
pMECS vector. This DNA library was transformed to TG1 Escherichia
coli competent cells, and the resulting library (107 clones) was
subjected to selection using phage display through infection with an
M13 helper phage. After two rounds of panning against PSMA, 47
bacterial colonies were individually evaluated for PSMA binding using
ELISA and then sequenced (NIBN sequencing laboratory, Ben-
Gurion University of the Negev, Israel). The DNA encoding for the
four selected NBs (NB7, NB8, NB13, and NB37) and for NB7 with
an added cysteine in the C-terminus (NB7cys) was transformed to
WK6 E. coli. The bacteria were grown in TB medium (17 mM
KH2PO4, 94 mM K2HPO4, 12 g/L peptone, 24 g/L yeast extract,
0.4% glycerol) at 37 °C and 250 rpm until they reached OD600 = 0.5.
Then, 1 mM IPTG was added to the medium and the temperature
was adjusted to 28 °C overnight, followed by a periplasmic extraction
using 12 mL of TES buffer (500 mM sucrose, 200 mM Tris-HCl, 0.5
mM EDTA, pH 8) for 3 h and then using 24 mL of TES buffer
(diluted 1:4) overnight. The NBs were further purified using affinity
chromatography on Ni-NTA gravitational beads (Invitrogen, CA).
The eluted fraction was subjected to FPLC purification using a
Superdex 75 16/600 column (GE Healthcare, MA). The size and
purity of the proteins were evaluated by using SDS−PAGE gel
electrophoresis and mass spectrometry, confirming the expected size
of ∼16 kDa and >95% purity.
Surface Plasmon Resonance Binding Assay. The affinity of

each NB to PSMA was determined by using surface plasmon
resonance (SPR) spectroscopy on a ProteOn XPR36 chip (Bio-Rad,
CA). The chip was activated by using sulfo-NHS (0.1 M N-
hydroxysucc in imide) and EDC [0.4 M 1-ethyl -3 -(3-
dimethylaminopropyl)carbodiimide]. Each NB (0.2 μg) was immo-
bilized in a 10 mM sodium acetate buffer, pH 5.0, at a flow rate of 30

μL/min. Bovine serum albumin (BSA) (3 μg) was immobilized on
the chip as a negative control. Unbound esters were deactivated with
1 M ethanolamine HCl at pH 8.5. The soluble PSMA was then
applied over the chip at concentrations of 2.94, 5.88, 11.75, 23.50, or
47.00 nM (for NBs 8, 13, and 37) or of 25, 50, 100, 1600, or 3200 pM
(for NB7), at a flow rate of 25 μL/min. During this time, the
association between the NBs and PSMA was measured. The
dissociation was measured while flowing 50 μL/min PBST (namely,
a phosphate buffered saline with 0.005% Tween). For each protein
complex, a binding sensorgram was generated by subtracting the
values of the PSMA response to BSA from those of the PSMA
response to the NBs. The dissociation constant (KD) was determined
from the Langmuir 1:1 kinetic model. The temperature throughout
the binding measurements was set at 25 °C.

PSMA Activity Assay. The enzymatic NAALDase activity of
PSMA was determined by using the assay protocol suggested by R&D
systems for recombinant PSMA. Briefly, PSMA was diluted to 0.4 μg/
mL and an Ac-Asp-Glu substrate (Sigma-Aldrich) was diluted to 40
μM in 50 mM HEPES, 0.1 M NaCl, pH 7.5. A working solution was
generated by combining 125 μL of the PSMA and substrate solutions.
For a negative control, the PSMA was deactivated by thermal
denaturation. As a control for inhibition, 0.5 nM commercial PSMA
inhibitor (PMPA, Tocris, Israel) was added to the solution containing
the PSMA and the substrate. NB7, NB8, NB13, and NB37 (100 nM
each) were added to this solution and incubated for 1 h at 37 °C and
then for 5 min at 95 °C. Next, 250 μL of 15 mM phthaldialdehyde
(Sigma-Aldrich) in 0.2 M NaOH and 0.1% β-mercaptoethanol were
added to each sample. The samples were incubated at room
temperature for 10 min, and their fluorescence was measured
(excitation 330 nm, emission 450 nm). The fluorescence value of
the untreated PSMA sample was set as 1, and all other samples were
normalized accordingly.

Cell Binding Assay. PC3-PIP (PSMA-positive, PSMA+) cells and
PC3-flu (PSMA-negative, PSMA−) cells were grown in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS), L-
glutamine, penicillin, and streptomycin (Biological Industries, Israel).
Once the cells reached 70% confluence, 105 cells were added to each
well of 96-well U-shaped bottom plates (Greiner Bio-One, Austria),
centrifuged at 150g for 5 min, and washed with PBSA (namely, PBS +
1 g/L BSA). NBs were added to the cells in concentrations of 0.1, 0.5,
2, 5, 10, 20, 50, 100, 500, or 1000 nM. The cells were incubated with
the NBs for 2 h, followed by three PBSA washing steps. An anti-His
antibody conjugated to fluorescein isothiocyanate (FITC) (Invitro-
gen) was then added at a dilution of 1:100, incubated with the cells
for 1 h, and washed three times with PBSA. The cells were kept on ice
throughout the experiment. The fluorescence of each sample was
measured using an Accuri C6 flow cytometry analyzer (BD
Biosciences, CA). Each experimental condition was repeated three
times. To generate a titration curve, the value for each sample was
determined using the equation

−
−

F F

F F
sample low

high low (1)

where Fsample is the mean fluorescence value, Flow is the fluorescence at
the lowest concentration for PC3-PIP cells, and Fhigh is the
fluorescence at the highest concentration for PC3-PIP cells. A
binding curve was generated using GraphPad Prism 5.0.

Protein Crystallization, Data Collection, Structure Determi-
nation, and Refinement. NB7, NB8, and NB37 (5 mg/mL) were
mixed at a 1:1 (v/v) ratio with a reservoir solution and crystallized, at
room temperature, by the sitting-drop vapor diffusion method over a
reservoir containing either 1.7 M ammonium sulfate and 6.57% 2-
propanol (for NB7); 0.1 M trisodium citrate, pH 3.5, and 3 M NaCl
(for NB8); or 0.1 M trisodium citrate, pH 3.5, and 25% polyethylene
glycol 3350 (for NB37). The crystals were then harvested,
cryoprotected, and flash-cooled in liquid nitrogen. X-ray diffraction
(XRD) data were collected at beamline ID30B of the European
Synchrotron Radiation Facility (ESRF, Grenoble, France). Data were
collected at 100 K from one crystal of each NB that diffracted to a
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maximum resolution of 1.5 Å for NB8 and NB37 and of 2.65 Å for
NB7. The NB7 crystal belongs to the space group P21, with unit cell
dimensions of a = 53.563 Å, b = 171.716 Å, and c = 83.479 Å, and it
contains eight copies of the protein in the asymmetric unit. The NB8
crystal belongs to the space group I222, with unit cell dimensions of a
= 55.945 Å, b = 68.857 Å, and c = 75.647 Å, and it contains one copy
of the protein in the asymmetric unit. The NB37 crystal belongs to
the space group I222, with unit cell dimensions of a = 55.949 Å, b =
69.087 Å, and c = 75.869 Å, and it contains one copy of the protein in
the asymmetric unit. X-ray data were merged and scaled using XDS75

and solved by molecular replacement using Phaser76 in CCP4.77

Protein Data Bank (PDB) code 5M7Q was used as a search model.
Refinement included alternating cycles of manual rebuilding in
COOT78 and automated refinement using Phenix.79 The coordinates
and structure factors were submitted to the PDB under the accession
codes 6XXN (NB7), 6XXO (NB8), and 6XXP (NB37).
Small-Angle X-ray Scattering, Analysis, and Three-Dimen-

sional Structure Reconstruction. The small-angle X-ray scattering
(SAXS) of monomeric PSMA was measured in PBS at a final
concentration of 0.5−3 mg/mL. For PSMA−NB complex samples,
the concentration of PSMA was 0.5 mg/mL and the concentrations of
the NBs were 0.1−0.5 mg/mL. Measurements were performed in
beamline BM29 at the ESRF. The X-ray wavelength was 1.5 Å, and
the temperature was 4 °C. The detector was Pilatus 1 M, and the
sample-to-detector distance was set at 2.86 m, with a scattering vector
(q) range of 0.0025−0.5 Å−1. At a scattering angle of 2θ, the
magnitude of the scattering vector (q) is defined as

π θ
λ

=q
4 sin

(2)

The experimental SAXS data for all samples were linear in the low
q, Guinier region. The radii of gyration (Rg) were derived from data in
the qRg < 1 region by using the Guinier approximation:

=I q I
R q

( ) (0) exp
3

g
2 2

(3)

We analyzed the small-angle region (0.012 < q < 0.08 Å−1) of the
scattering profiles using the Guinier approximation embedded in the
GNOM method.80 The scattering curve reflects structural character-
istics in reciprocal space. Scattering profiles were translated into real
space by Fourier transformation, resulting in the pairwise-distance
distribution function P(r). This function reflects the distances
between pairs of scattering points within the macromolecule, allowing
the determination of the maximum dimension of the particle (Dmax).
To obtain a reliable quantification of Dmax, we incorporated GNOM
with in-house scripts.81 The Rg of monomeric PSMA extracted from
SAXS data was compared to the calculated Rg from the crystal
structure of monomeric PSMA (PDB code 3D7D) using CRYSOL.82

The overall three-dimensional ab initio models of PSMA and PSMA−
NB complexes were restored from the experimental scattering data by
using Dammin.44 Shape reconstruction was performed to represent
the molecular shape as a closely packed sphere assembly within a
search volume defined by Dmax, chosen with a χ2 < 1.3 for all models.
For all samples, 20 low-resolution models were averaged using the
program DAMAVER43 to yield an averaged model representing the
general structural features of each reconstruction.
Computational Analysis of Binding Epitopes. The protein

crystal structure of PSMA was selected for the docking procedure
(PDB code 1Z8L).10 NB37 (PDB code 6XXP) and NB7 (PDB code
6XXN) were docked to a monomer form and to a homodimer form of
the PSMA crystal structure by using Discovery Studio 4.5 (Biovia,
Dassault Systems, San Diego, CA) with ZDOCK.83,84 The ZRANK
method was then used to quickly and accurately rerank the docked
protein complexes predicted by ZDOCK.85 For each docking
simulation, the final top 2000 complexes of docking solution
orientations were clustered into groups. Classification was based on
the spatial proximities of the solution, using a maximal ligand interface
RMSD cutoff of 6 Å from the cluster center and an interface cutoff of
9 Å, which defines the interface region between PSMA and the NB, to

obtain better defined clusters. This process allowed us to select the
most promising docking solutions for further analysis. The geometry
of the selected docking solution was optimized by using an energy
minimization protocol and the Biovia Smart Minimizer algorithm.86,87

For the selected minimized solution, the binding interface between
two protein domains was identified and the interactions between the
domains were calculated. The interface residues (namely, residues
whose solvent-accessible surface area is different when the proteins
are in a complex versus isolated) were identified, and the types of
interaction (hydrogen bonds, electrostatic and hydrophobic inter-
actions, etc.) were determined. Prior to docking all proteins, PSMA
and the NBs were subjected to the Prepare Protein protocol, which
corrects the enumeration of hydrogens by using either standard88 or
predicted89 pKa values for Asp, Glu, Arg, Lys, His, Tyr, Cys, and the
N-termini and C-termini of each chain, which are titratable. The
outcomes of using this protocol are the preferred hydrogen
representations and protonation states of chain termini and side
chains.

In Vivo Optical Imaging. Tumor xenografts were generated in 6-
week-old male athymic nude mice by using PC3-PIP and PC3-flu
cells. Each mouse was simultaneously injected subcutaneously with 2
× 106 cells of each line, diluted 1:1 with Matrigel (Corning, USA);
PC3-PIP cells were injected above the right upper flank, while PC3-flu
cells were injected above the left one. Nine days after the inoculation,
as the tumors reached a size of ∼200 mm3, these mice were injected
intravenously with 1.5 nmole of either NB7, NB8, NB13, or NB37
(four mice per group) labeled with NHS-ester AlexaFluor680
(Invitrogen). In addition to these 16 mice, four tumor-bearing mice
were not injected with any NB, while four other mice were injected
with the labeled NBs (a different NB per mouse) but were not
implanted with a xenograft. The mice were anesthetized with
isoflurane at different time points (see below) and the distribution
of the fluorescently labeled protein was measured in near-infrared
(NIR) optical imaging using the IVIS Lumina system (PerkinElmer,
USA). Exposure time was set at 1 s. The fluorescence signal was
measured at the time of injection and 0.5, 1, 2, 3, 6, 10, 18, 24, 28, 32,
36, 48, and 56 h after injection. Images of the mice were acquired 3
and 6 h after injection and again when a signal was no longer detected
(24−56 h after injection). At each time point, one mouse from each
group of tumor-bearing mice that had been injected with a NB was
euthanized for an ex vivo quantification of the fluorescent signal in its
organs, using the Living Image software.

DOX Conjugation to NB7cys. The doxorubicin conjugate
(presented in Figure S10) (1) was synthesized according to standard
procedures (Figure S10A). N-(β-Maleimidopropionic acid) hydrazide
trifluoroacetic acid salt (2, 39 mg, 0.13 mmol) was added to a solution
of doxorubicin hydrochloride (DOX, 3, 29 mg, 0.05 mmol) in 10 mL
of anhydrous methanol. Trifluoroacetic acid (3 μL) was added to the
reaction mixture, which was then stirred at room temperature for 18 h
in the dark. The reaction mixture was concentrated to a volume of 1
mL and added dropwise to acetonitrile (20 mL) while stirring. The
resulting solution was allowed to stand at 4 °C for at least 24 h. The
final product (1) was isolated by centrifugation, washed with fresh
1:10 methanol/acetonitrile solution, and dried under vacuum to yield
1, 25 mg, 71% yield. 1H NMR (DMSO-d6) δ = 10.46 (s, 1H), 7.94−
7.92 (m, 2H), 7.67 (dd, J = 7.4 and 3.4 Hz, 1H), 6.87 (s, 2H), 5.78 (t,
J = 4.9 Hz, 1H), 5.51 (s, 1H), 5.40 (d, J = 3.9 Hz, 1H), 5.26 (d, J =
2.0 Hz, 1H), 4.91 (t, J = 7.8 Hz, 1H), 4.40 (t, J = 4.4 Hz, 2H), 3.99 (s,
4H), 2.73 (d, J = 15.6 Hz, 1H), 2.34−2.24 (m, 2H), 2.15−2.10 (m,
2H), 1.88−1.81 (m, 2H), 1.71−1.66 (m, 2H), 1.14 (d, J = 6.8 Hz,
3H) ppm (Figure S11). MS (ESI) calculated for C34H37N4O13 [M +
H]+: 709.23; observed, 709.14. By use of maleimide-based chemistry,
NB7cys was then conjugated to 1 at a molar ratio of 1:20 (24 h at 4
°C). NB7cysDOX was separated from the unconjugated NB7cys by
FPLC using Superdex 75 10/300 (GE Healthcare, MA). The
conjugation of DOX to the protein was verified based on absorbance
at 488 nm during the FPLC run and by mass spectrometry.

Confocal Imaging. The NBs were labeled at a 1:3 molar ratio
with Dylight 488 NHS-ester (Thermo Scientific, IL). Phycoerythrin
(PE)-anti PSMA antibody (BioLegend, CA) and Hoechst 33342
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(Invitrogen) were incubated for 15 min with 3 × 104 PC3-PIP or
PC3-flu cells, which were grown overnight in an 8-well μ-slide (ibidi
GmbH, Germany) in the presence or absence of 100 nM labeled NB.
NB7cys and NB7cysDOX were labeled at a 1:3 molar ratio with
Dylight 650 NHS-ester. Hoechst 33342 and 1.5 μg/mL DOX (Teva,
Israel) or an equivalent molar amount of labeled NB7cys or labeled
NB7cysDOX were incubated with PC3-PIP and PC3-flu cells, grown
as described above. The cells were imaged with an Olympus FV1000
confocal microscope (Olympus, Japan), with a long-working distance
×60/1.35 numerical aperture, oil-immersion objective.
Time-Dependent Quantification of NB Internalization. NB7,

NB8, NB13, and NB37, each labeled with Dylight488, were
individually incubated for 1 h (at 100 nM) in a 96-well plate. On
each well, 1.5 × 104 PC3-PIP cells were seeded and grown overnight,
and then the wells were imaged every 40 min for a total of 16 h, using
the Operetta CLS high-content analysis system http://www.
perkinelmer.com/Product/operetta-cls-system-hh16000000 (Perki-
nElmer). Each well was imaged as 24 fields, which were later
combined to create an image of the entire well. Using the Operetta
analysis software, the cells were qualitatively classified into two groups
according to the distribution of NBs: (i) mostly on the cell membrane
and (ii) mostly inside the cytoplasm. The number of cells in each
group was quantified at each time point, and the ratio between the
numbers of cells in each group was calculated.
Cell Quantification Assay. PC3-PIP cells (5 × 104) were seeded

in 24-well plates. After the cells were attached to the plate, they were
either left untreated or were treated with DOX (1.5 μg/mL) or an
equivalent molar amount of NB7cys or NB7cysDOX. After 24 h of
treatment, the number of cells in each well was counted using the
Countess II automated cell counter (Invitrogen).
Cell Viability Assay. PC3-PIP cells were grown and treated as

described in the Cell Quantification Assay section above. The cells
were harvested, incubated with 0.5 μg of propidium iodide (PI;
Biolegend), and their fluorescence intensity was measured in a BD C6
flow cytometer.
Mitochondrial Potential Assay. PC3-PIP cells (2 × 104) were

seeded on 96-well plates. After the cells adhered to the plate, they
were treated with either 1.5 μg/mL DOX or an equivalent molar
amount of NB7cys or NB7cysDOX, or they were left untreated as a
control. After 24 h, tetramethylrhodamine ethyl ester (TMRE;
Abcam, U.K.) was added according to the protocol provided by the
manufacturer. Fluorescence intensity was measured at an excitation
wavelength of 549 nm and an emission wavelength of 575 nm.
Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)
served as a negative control, used according to the manufacturer’s
protocol.
In Vivo Tumor Growth Inhibition. PC3-PIP xenografts were

grown in athymic nude mice, as described in the In Vivo Optical
Imaging section above. When the average tumor size reached 200
mm3, the mice were divided into three groups (controlled for average
tumor size), each subjected to a different treatment: 150 μL of saline
(n = 7), 2 mg/kg DOX (n = 8), or 1.4 mg/kg (∼40 μg) NB7cysDOX
(n = 8). The treatment was administered to the tail vein twice a week
for three consecutive weeks. At each sample point, the tumor volume
was calculated (V = 0.5 × L × W × H), as previously described.90 A
mouse was euthanized when tumor volume reached 1500 mm3 or
when its physical condition deteriorated, according to the guidelines
of the Committee for the Ethical Care and Use of Animals in
Research at BGU. The estimated tumor volume prior to euthanasia
and the rate-based T/C were determined as described previously.59

Histology. Four days following the final dose of each treatment in
the in vivo tumor growth inhibition assay, the mice were euthanized
and their xenografts were fixated in 4% formaldehyde and embedded
in paraffin. Tumor sections (5 μm thickness) were subjected to
hematoxylin and eosin (H&E) staining, TUNEL assay, and
immunofluorescence (IF), as previously described.91,92 For IF, anti-
PSMA conjugated to PE and anti-HIS conjugated to FITC were used
to detect PSMA and NB7cysDOX, respectively. 4′,6-Diamidino-2-
phenylindole (DAPI) was used for nuclei staining. H&E-stained
sections were visualized using a panoramic MIDI II scanner

(3DHISTECH Kft., Hungary). TUNEL, PI, and IF were visualized
in a confocal microscope.

Statistical Analyses. Unless indicated otherwise, each experiment
was performed in triplicate and the results indicate the mean ± SEM.
Statistical significance was determined using Student’s t test.
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