
Targeting Prostate Cancer Cells In Vivo
Using a Rapidly Internalizing Novel Human
Single-Chain Antibody Fragment

Jiang He1,2, Yong Wang3, Jinjin Feng1, Xiaodong Zhu3, Xiaoli Lan1, Arun K. Iyer1, Niu Zhang3, Youngho Seo1,
Henry F. VanBrocklin1,2, and Bin Liu2,3

1Department of Radiology and Biomedical Imaging, Center for Molecular and Functional Imaging, University of California at San
Francisco, San Francisco, California; 2Helen Diller Family Comprehensive Cancer Center, University of California at San
Francisco, San Francisco, California; and 3Department of Anesthesia, University of California at San Francisco,
San Francisco, California

Human antibodies targeting prostate cancer cell surface epi-
topes may be useful for imaging and therapy. The objective of
this study was to evaluate the tumor targeting of an internalizing
human antibody fragment, a small-size platform, to provide high
contrast in a mouse model of human prostate carcinoma.
Methods: A prostate tumor–targeting single-chain antibody
fragment (scFv), UA20, along with a nonbinding control scFv,
N3M2, were labeled with 99mTc and evaluated for binding and
rapid internalization into human prostate tumor cells in vitro
and tumor homing in vivo using xenograft models. For the in vitro
studies, the labeled UA20 scFv was incubated at 37�C for 1 h
with metastatic prostate cancer cells (DU145) to assess the total
cellular uptake versus intracellular uptake. For the animal stud-
ies, labeled UA20 and N3M2 scFvs were administered to athymic
mice implanted subcutaneously with DU145 cells. Mice were im-
aged with small-animal SPECT/CT with concomitant biodistribu-
tion at 1 and 3 h after injection. Results: The UA20 scFv was
labeled in 55%265% yield and remained stable in phosphate
buffer within 24 h. The labeled UA20 scFv was taken up specifi-
cally by prostate tumor cells. Internalization was rapid, because
incubation at 37�C for less than 1 h resulted in 93% internaliza-
tion of total cell-associated scFvs. In animal studies, SPECT/
CT showed significant tumor uptake as early as 1 h after injec-
tion. At 3 h after injection, tumor uptake was 4.4 percentage
injected dose per gram (%ID/g), significantly greater than all or-
gans or tissues studied (liver, 2.7 %ID/g; other organs or tissues,
,1 %ID/g), except the kidneys (81.4 %ID/g), giving tumor-to-
blood and tumor-to-muscle ratios of 12:1 and 70:1, respectively.
In contrast, the control antibody exhibited a tumor uptake of only
0.26 %ID/g, similar to that of muscle and fat. Tumor-specific tar-
geting was evidenced by reduced tumor uptake of nearly 70% on
administration of a 10-fold excess of unlabeled UA20 scFv. Kid-
ney uptake was nonspecific, consistent with the route of excre-
tion by scFvs. Conclusion: The UA20 scFv showed rapid and

specific internalization in prostate tumor cells in vitro and accu-
mulation in prostate tumor xenografts in vivo, demonstrating
the potential for future development for prostate cancer imaging
and targeted therapy.
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Prostate cancer is the second leading cause of mortality
and morbidity in American men. Current methods including
a prostate-specific antigen test and imaging technology for
detecting prostate cancer are limited, leaving most early
malignancies undiagnosed and sites of metastasis in
advanced disease undetected (1,2). Major deficiencies also
exist in the treatment of prostate cancer, especially
metastatic disease. To improve the detection and therapy
of prostate cancer, targeting ligands that selectively home to
prostate cancer cells but not normal cells are needed.

Prostate-specific membrane antigen (PSMA), an estab-
lished biomarker for prostate cancer, has been the focus of
various efforts to develop probes for use in the diagnosis
and therapy of prostate cancer, including small-molecule
inhibitors, peptides, and antibodies (3–9). Particularly,
a variety of low-molecular-weight PSMA inhibitors, urea-
based inhibitors, and near-infrared dye–conjugated phos-
phinate inhibitors have been used for the in vivo imaging of
human prostate cancer xenografts in athymic nude mice
(10–14). However, urea-based compounds are rapidly re-
versible inhibitors of PSMA. Current prostate tumor imag-
ing agents based on small-molecule inhibitors of PSMA
show promise but require further optimization with regard
to pharmacokinetics, especially rapid renal clearance (11).

There have been extensive efforts to develop monoclonal
antibody imaging and therapeutic agents against prostate
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cancer. Several anti-PSMA monoclonal antibodies have
been developed and used (15–18). One murine antibody
that targets PSMA, ProstaScint (capromab pendetide;
Cytogen/EUSA), has been approved by the Food and Drug
Administration as a diagnostic imaging agent for pelvic
lymph node spread in newly diagnosed patients with
biopsy-proven prostate cancer and for recurrence in post-
prostatectomy patients. Capromab pendetide is not ap-
proved for detecting bone metastasis. The mechanism of
capromab pendetide accumulation is less than straightfor-
ward because this murine antibody targets an intracellular
epitope of PSMA. Over the years, there have been efforts to
develop monoclonal antibodies that recognize additional
prostate cancer antigens. Recent examples include anti-
bodies against prostate stem cell antigen by Reiter’s group
(discussed in Lam et al. (19)) and Wu’s group (discussed in
Olafsen et al. (20,21) and Leyton et al. (22,23)) and novel
antigens such as mindin/RG-1 (24,25). Although high
affinity is an important variable of a useful antibody-based
imaging agent, affinity alone is insufficient in selecting
antibodies with superior imaging and in vivo targeting
functions. It has been shown that monoclonal antibodies
with high affinity may impair efficient tumor penetration
and reduce uptake efficiency in vivo (26). Biodistribution
studies with single-chain antibody fragments (scFvs)
against HER2-expressing SK-OV-3 xenografts demon-
strated that quantitative tumor retention did not increase
with enhancements in affinity beyond 1029 M (26).

In addition to high affinity to an extracellular epitope,
other variables such as internalization and clearance play
significant roles in modulating the efficiency of tumor
accumulation of antibodies in vivo. We have recently
combined phage antibody library selection with laser-
capture microdissection to identify internalizing human
scFvs that bind to prostate tumor cells in situ (27). A panel
of human scFvs have been identified that possess properties
that the selection was designed to capture (27): binding to
prostate tumor cell lines including hormone-refractory
metastatic lines, binding to prostate tumor cells in situ,
and binding to internalizing epitopes and thereby the ability
to mediate intracellular delivery of small-molecule pay-
loads to tumor cells (28). These scFvs thus recognize
clinically represented tumor cell surface antigens and offer
the potential to deliver high levels of imaging probes to
tumor cells but not normal tissues based on intracellular
delivery strategies. The present study investigated the
tumor-targeting potential of one of these rapidly internal-
izing scFvs.

MATERIALS AND METHODS

Expression and Purification of Prostate
Tumor–Targeting scFv

The scFv gene was subcloned from the phage vector into the
secretion vector pUC119mycHis, resulting in the addition of a
c-myc epitope and a hexahistidine tag at the COOH terminus of
the scFv. scFv protein was harvested from the bacterial periplasm

and purified by immobilized metal affinity chromatography and
gel filtration (28–32). After overnight dialysis in phosphate-
buffered saline, antibody purity was determined by gel electro-
phoresis, and concentration was determined using NanoDrop
(NanoDrop Products/Thermo Scientific).

Preparation of [99mTc(CO)3(OH2)3]1. The precursor
[99mTc(CO)3(OH2)3]1 was formed quantitatively by carbonylation
of the 99mTcO4

2 in 1 step. The carbonyl kit (IsoLink; Tyco/
Mallinckrodt) was used to prepare the [99mTc(CO)3] moiety. A 10-
mL penicillin vial containing potassium boranocarbonate (8.5 mg,
63 mmol), sodium tetraborate�10H2O (2.9 mg, 8.0 mmol), Na-
tartrate 2H2O (15.0 mg, 53 mmol), and Na2CO3 (4.0 mg, 38 mmol)
was fitted with a rubber septum and the vial flushed with N2 gas
for 15 min. 99mTc-generator eluant (3702740 MBq [10–20 mCi])
in 1,000 mL of saline was added by a syringe, and the solution was
heated to 100�C for 30 min. After cooling on an ice bath, the
alkaline solution was neutralized to final pH 6.0–6.5 by the
addition of 180–200 mL of 1 M HCl. Quality control was
performed by gradient high-performance liquid chromatography
and C-18 Sep-Pak cartridge column (Waters Corp.).

Antibody Radiolabeling. An aliquot (20–50 mL) of scFvs
(UA20 or control N3M2, 2 mg/mL) was mixed with 100–500
mL of [99mTc(CO)3(OH2)3]1 solution, and the mixture was heated
at 37�C for 60 min. The reaction mixture was cooled down to
room temperature and the product isolated using a PD-10 gel-
filtration column (GE Healthcare) eluted with phosphate-buffered
saline (pH 7.2) as described previously (33). Both size-exclusion
high-performance liquid chromatography and thin-layer chroma-
tography analyses were used to characterize the labeled scFvs.

In Vitro Cell Culture Assay
The internalization experiments were performed as described

previously (27,28). Briefly, 1 million DU145 cells were seeded per
well and incubated in RMPI 1640 medium containing 10% fetal
bovine serum at 37�C for 3 h. Approximately 150 kBq of 99mTc-
labeled scFv in a final concentration of 5 nmol/L were added to
the medium, and the cells were incubated at 37�C in 5% CO2 for
various times. The cells were washed twice with phosphate-
buffered saline (pH 7.2) and then washed twice with glycine
buffer (0.05 mol/L of glycine solution, 150 mmol/L of NaCl,
pH-adjusted to 2.8 with 1N HCl) to distinguish between cell
surface–bound (acid-releasable) and internalized (acid-resistant)
radioligand. Finally, cells were lysed with 1N NaOH at 37�C for
10 min. The radioactivity was measured on a g-counter and
expressed as the percentage of applied activity normalized to
1 million cells. As a control for surface stripping, the experiment
was performed in parallel at 4�C to determine the fraction
removed by glycine wash. The data were used to calculate the
efficiency of surface stripping to normalize results obtained from
experiments done at 37�C. As a control for nonspecific uptake, the
experiment was repeated with the addition of a 10-fold excess of
cold scFv.

Animal Studies
Animal procedures were performed according to a protocol

approved by the University of California San Francisco Institu-
tional Animal Care and Use Committee.

Xenograft Model
Six-week-old male nu/nu mice were purchased from Charles

River Laboratories. For tumor inoculation, 1 · 106 DU145 cells in
100 mL of phosphate-buffered saline were administered sub-
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cutaneously to seed xenograft tumors in one or both flanks of the
animal. Growing tumors were palpated, and the diameters were
measured by calipers. The experiment started when the tumor
reached 3–5 mm in diameter.

Biodistribution Studies
Tumor-bearing nude mice in groups of 4 animals were injected

with 18.5–37.0 MBq (0.5–1.0 mCi) of 99mTc-labeled UA20 (5–10
mg of UA20) or the control nonbinding N3M2 scFv. The mice
were euthanized and dissected at 1 and 3 h after injection of
labeled antibodies. Blood, tumor, and major organ specimens were
collected and weighed. The radioactivity in the tissues was
measured against known activity standards using a g-counter
(Wizard; Perkin Elmer). The percentage injected dose per gram
(%ID/g) was determined. Tumor-targeting specificity was evalu-
ated in 1 group (blocking group) by the administration of a 10-fold
excess of unlabeled UA20 1 h before the administration of 99mTc-
labeled UA20.

SPECT/CT
Mice were imaged with a dedicated small-animal SPECT/CT

system (X-SPECT; Gamma Medica Ideas, Inc.). For anatomic
correlation, small-animal CT was performed after the intravenous
injection of 18.5–37.0 MBq of 99mTc-UA20. The mouse was
placed on the bed and positioned in front of a 2.0-mm-diameter
pinhole collimator. The spatial resolution and sensitivity of the
pinhole SPECT system have been characterized from phantom
studies, and for this imaging geometry, the system spatial
resolution was 1.1 mm, with a sensitivity of 4,600 counts/min/
MBq (170 counts/min/mCi). A planar image of the line source
attached to the holder was acquired for postacquisition correction
of misalignment error. SPECT scans were obtained at 1 and 3 h
after injection of the radiolabeled antibody, and 64 projection
views were acquired over a 360� rotation in a 256 · 256 matrix.
The acquisition time was 20–60 min.

Statistical Analysis
All quantitative data are reported as mean 6 SD. Statistical

analysis was performed using a 2-tailed t test; data differences
were considered statistically significant for P values of 0.05 or less.

RESULTS

In Vitro Characterization of 99mTc-Labeled UA20

The UA20 scFv was radiolabeled with 99mTc and in-
vestigated for cell binding and internalization in vitro using
the prostate cancer cell line DU145. The 99mTc-labeling
yield from [99mTc(CO)3(OH2)3]1 was 55%265% at the
described condition. The radiochemical purity of the final
radiolabeled scFvs after purification was greater than 95%,
and the specific activity was 7.4 MBq/mg (5 · 105 Ci/mol).
The labeling of scFv by complexing 99mTc with the
hexahistidine tag, as previously reported (32), was stable
as confirmed in phosphate buffer for 24 h.

The binding affinity of 99mTc-labeled UA20 was also
measured by incubating DU145 cells with increasing
concentrations (between 0.5 and 100 nM) of UA20 at
4�C, showing a dissociation constant of 5.5 nM (Fig. 1A).
Labeled UA20 was rapidly internalized on binding to the
tumor cell surface, with 93% of total cell accumulation due
to internalization at 37�C within the first hour of incuba-
tion. The observed binding was specific because it was
inhibited by an excess of unlabeled UA20 (Fig. 2), which
showed only about 6% cell-associated activity, much lower
than the study groups (P , 0.01). Although we did not
perform the Lindmo assay (34) to determine whether 100%
of our antibodies were active, these results nonetheless
demonstrate that the UA20 scFv binds with high affinity to
prostate tumor antigen and that the site-specific labeling of
UA20 scFv with 99mTc through the hexahistidine tag had
not significantly compromised its binding affinity.

Biodistribution of 99mTc-Labeled UA20 scFv and
Small-Animal SPECT/CT

UA20 and control N3M2 scFvs were labeled with 99mTc
and investigated for in vivo prostate tumor–targeting in
DU145 xenograft models. The labeled UA20 and control
scFvs were administered to athymic mice implanted sub-

FIGURE 1. Cell binding and internalization of 99mTc-labeled UA20. (A) Binding curves of 99mTc-labeled UA20. Varying
concentrations of antibodies were incubated with prostate cancer cell line DU145 at 4�C for 1 h, and number of cell-associated
antibody molecules is plotted. (B) Internalization of 99mTc-labeled UA20 after 1 h of incubation with prostate cancer cell line
DU145 at 37�C. Percentage internalization is calculated from internalized amount over total bound amount.
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cutaneously with DU145 cells. Mice were imaged with
small-animal SPECT/CT and sacrificed at 1 and 3 h after
injection to assess biodistribution. As shown in Table 1 and
Figure 3, 99mTc-UA20 was rapidly distributed and reached
low levels in the blood and all normal organs or tissues
studied, except the kidneys, giving a remarkably high
tumor-to-blood ratio of 12:1 and tumor-to-muscle ratio of
70:1 as early as 3 h after injection. Small-animal SPECT/
CT showed strong tumor accumulation (Figs. 4A and 4C).
The tumor was visualized as early as 1 h after injection.
At 3 h after injection, tumor uptake was 4.4 %ID/g, liver
uptake was 2.7 %ID/g, and kidney uptake was 81.4 %ID/g.
The remaining organ or tissue uptakes were lower than
1 %ID/g. In contrast, the control N3M2 scFv exhibited
a tumor uptake of only 0.26 %ID/g, significantly lower than
UA20 (P , 0.01), similar to muscle and fat, and much
lower than most other organ or tissues. Kidney uptake of
the control N3M2 scFv was 81.5 %ID/g, similar to that of

the UA20 scFv and consistent with the route of scFv
clearance in vivo.

The in vivo tumor targeting of 99mTc-labeled UA20 scFv
at both tumor sites (Fig. 4B) was successively blocked by
the administration of a 10-fold excess of nonradiolabeled
UA20 scFv at 1 h before injection of 99mTc-labeled UA20
scFv, with tumor uptake decreasing by about 70%, further
demonstrating the in vivo targeting specificity of the UA20
scFv (P , 0.02).

DISCUSSION

We report here the in vivo tumor targeting of a novel
internalizing scFv (UA20) in human prostate cancer
xenografts in nude mice. This fully human antibody
fragment was originally identified by selecting a phage
antibody display library on prostate tumor tissue speci-
mens using a laser-capture microdissection–based strategy
that enriched scFvs targeting internalizing epitopes
present on prostate tumor cells in situ and metastatic
prostate cancer cell lines. In vitro studies have demon-
strated that this UA20 scFv is taken up specifically by
targeted prostate tumor cells but not the control non-
tumorigenic cells (27). Successful validation of the in
vivo tumor-targeting function of this antibody in a hu-
man prostate cancer xenograft mouse model would facil-
itate its translational development for potential clinical
applications.

Several important findings have been uncovered by this
study. First, the UA20 scFv showed a strikingly rapid
internalizing activity in vitro and efficient tumor targeting
in vivo. In cell culture studies, over 90% of the total cell-
bound UA20 was internalized within 1 h after incubation at
37�C. For in vivo studies, the UA20 scFv was rapidly
cleared from blood and accumulated in tumor in significant
amounts at 1 h after injection. Rapid clearance was seen for

FIGURE 2. Specificity of scFv internalization. Ten-fold
excess of cold UA20 scFv was mixed with 99mTc-labeled
UA20 scFv and incubated with DU145 cells at 37�C for 1 h.

TABLE 1. Biodistribution of 99mTc-Radiolabeled UA20 (at 1 and 3 Hours After Injection) and Control N3M2 scFvs
(at 3 Hours After Injection) in Nude Mice Bearing Prostate Tumor Xenografts (n 5 4)

Site

UA20

N3M2 UA20 blocking1 h 3 h

Tumor 3.71 6 0.23 4.40 6 0.35 0.26 6 0.11 1.40 6 0.50

Liver 13.2 6 1.14 2.74 6 0.24 13.8 6 1.65 2.50 6 0.40
Heart 0.36 6 0.08 0.13 6 0.06 0.64 6 0.13 0.20 6 0.07

Kidneys 100 6 9.42 81.4 6 7.89 81.5 6 8.23 101 6 15.6

Lung 1.51 6 0.17 0.57 6 0.12 1.38 6 0.21 1.21 6 0.32

Spleen 5.44 6 0.47 0.84 6 0.11 6.68 6 0.07 0.53 6 0.32
Stomach 0.14 6 0.02 0.64 6 0.22 0.56 6 0.19 0.81 6 0.04

Small intestine 0.65 6 0.07 0.80 6 0.16 1.15 6 0.28 0.54 6 0.11

Large intestine 1.48 6 0.23 0.81 6 0.31 1.03 6 0.25 0.63 6 0.34
Muscle 0.13 6 0.02 0.06 6 0.01 0.35 6 0.12 0.10 6 0.04

Fat 0.11 6 0.01 0.07 6 0.01 0.23 6 0.08 0.42 6 0.30

Blood 0.68 6 0.22 0.37 6 0.14 1.97 6 0.36 0.57 6 0.24

Additional control (cold UA20 blocking) was also performed with 10-fold excess of cold UA20 scFv injected 1 h before injection of
99mTc-radiolabeled UA20. Biodistribution of 99mTc-radiolabeled UA20 at 3 h after injection was shown for this control experiment (UA20

blocking). Data are %ID/g 6 SD.
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all normal organs except the kidneys (the site of scFv
excretion). The rapid clearance and efficient tumor target-
ing make it feasible in the future to label the UA20 scFv
with positron-emitting residualizing radiometal isotopes
with short half-lives such as 68Ga for PET. Second, there
is a remarkable time-dependent increase in target-to-non-
target ratio. For example, the tumor-to-muscle ratio in-
creased from 20 at 1 h after injection to 70 at 3 h after
injection. Likewise, the tumor-to-blood ratio increased
from 5 at 1 h after injection to 12 at 3 h after injection.
Therefore, for this UA20 scFv, there is a temporal ampli-
fication of the difference between tumor and nontarget
organs or tissues, which may be exploited for enhancing
contrast for imaging and therapeutic strategies.

Both the UA20 and the control N3M2 scFvs have a high
uptake at the kidney, consistent with the route of scFv
clearance in the body. Alternatively, this high uptake may
be attributed in part to the histidine bidentate chelator (32).
In any case, additional engineering of the UA20 scFv or
modification of radiolabeling strategies may further in-

crease the kidney clearance rate and reduce the background
activity. Finally, developing other forms such as diabody,
minibody, or Affibody (Affibody AB) could further im-
prove the tumor binding and homing efficiency and overall
molecular pharmacokinetics (20,33,35,36).

Immunohistochemistry studies have shown that the
UA20 antibody binds to prostate tumors but not a panel
of normal tissues studied (27) including the kidneys, heart,
brain, lungs, liver, and colon. The apparent cell surface
density of the antigen bound by the UA20 antibody, as
measured by cell-binding assay, was about 2.7 · 106

receptors per cell (He and Liu, unpublished data, 2009).
We are currently identifying the tumor antigen targeted by
the UA20 antibody by a novel expression-cloning ap-
proach that we have developed on the basis of yeast
surface human cDNA display (37–39) and by direct
immunoprecipitation and mass spectrometry analysis
(40). Identification of the UA20 antigen could provide
an entry point to further study prostate tumor develop-
ment, including metastases; allow additional studies on
tissue distribution; and further optimize lead antibodies to
improve affinity and internalization kinetics.

CONCLUSION

A novel human scFv (UA20), which was previously
identified by selecting a phage antibody display library on
human prostate cancer tissues by laser-capture microdis-
section, has been successfully radiolabeled with 99mTc
using a single amino acid chelate–tricarbonyl strategy.
The labeled scFv showed rapid internalization in vitro
and efficient tumor targeting in vivo in the human prostate
cancer cell xenografts, demonstrating potential use in
targeted imaging and therapy development.
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FIGURE 3. Tumor-to-nontumor ratio
of 99mTc-labeled UA20 in prostate can-
cer xenograft mice at 1 (h) and 3 h (n)
after injection. Ratio is determined by
dividing tumor uptake (%ID/g) by non-
tumor uptake in each individual mouse
and averaging (n 5 4 in each group).

FIGURE 4. Small-animal SPECT/CT of nude mice bearing
DU145 xenograft at front flank. (A) Image taken at 3 h after
injection of 99mTc-UA20 scFv. (B) Image taken at 3 h after
injection of 99mTc-labeled UA20 scFv. In this experiment,
10-fold excess of unlabeled UA20 scFv was injected 1 h
before injection of 99mTc-UA20 scFv. (C) Representative
image of 3-dimensional rendering of tumor targeting by
99mTc-labeled UA20 scFv.
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