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ABSTRACT OF THE DISSERTATION

Anti-PSCA minibody for immunoPET imaging of
prostate cancer in preclinical models

by

Scott Matthew Knowles
Doctor of Philosophy in Molecular and Medical Pharmacology

University of California, Los Angeles, 2013

Professor Anna M. Wu, Chair

Prostate stem cell antigen (PSCA) is a cell surface glycoprotein that has low levels

of expression in normal prostate, bladder, and stomach, but is expressed in 83-100%,

and overexpressed in 40-100%, of prostate cancers. PSCA expression has been shown

to correlate with the Gleason score, seminal vesicle and capsular invasion, advanced

clinical stage, androgen independence, MYC gene-amplification, and a poor prognosis.

PSCA is also highly overexpressed in the majority of prostate cancer bone metastases (87-

100%) and many metastases to other sites (67% liver, 67–95% lymph node). ImmunoPET

is a highly flexible imaging technique that can be utilized to image virtually any cell

surface protein using radiolabeled antibodies or antibody fragments. This dissertation

describes the use of a radiolabeled anti-PSCA A11 minibody (scFv-CH3 dimer, 80 kDa)

for immunoPET imaging of PSCA expression in mouse models of prostate cancer and

demonstrates the potential of the A11 minibody for highly specific imaging of local prostate

cancer and metastases in the clinic.

In this work, 124I and 89Zr-DFO radiolabeling of the anti-PSCA minibody are compared.

Imaging with both radionuclides showed specific tumor targeting in 22rv1×PSCA and

LAPC-9 tumors and achieved high contrast imaging in both tumor models. However, 124I-

labeled A11 minibody achieved superior tumor:soft tissue contrast and was determined
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to have higher clinical potential. A quantitative method of µPET imaging of both 124I and

89Zr radionuclides using recovery coefficient based partial volume correction was also

established and validated.

The PSCA promoter contains an androgen response element and expression of PSCA has

been shown to be regulated by androgens in the mouse prostate and in human prostate

cancer biopsy tissue. In the present work, treatment with the second generation anti-

androgen MDV-3100 was demonstrated to cause downregulation of PSCA in LAPC-9

xenografts. In addition, 124I-labeled A11 minibody showed decreased uptake in LAPC-9

xenografts treated with MDV-3100 compared to vehicle controls suggesting a potential

use for the A11 minibody in imaging response to androgen deprivation therapy.

The highest percentage of prostate cancer metastases are osteoblastic bone metastases

and most clinical staging of prostate cancer metastases utilizes 99mTc-MDP or 18F-

Fluoride bone scans to image increases in bone turnover in response to these metastases.

In this work we demonstrate that 124I-labeled A11 minibody has higher sensitivity and

specificity for detecting LAPC-9 intratibial xenografts than 18F-Fluoride bone scans.

The A11 minibody binds only to human PSCA (hPSCA) and does not cross-react with the

murine homologue mPSCA. In order to address the background uptake caused by endoge-

nous hPSCA expression, the creation of an hPSCA knock-in mouse and imaging using the

A11 minibody in this model is described. We found a pattern of hPSCA expression in these

mice similar to the pattern of normal expression in humans. Uptake of 124I-labeled A11

minibody correlated strongly with the expression of hPSCA, but demonstrated that the

overall increase in background uptake of the A11 minibody due to endogenous expression

of human PSCA is minimal.
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The results presented in this work demonstrate robust targeting of PSCA expression

by the A11 minibody and clinical investigation of the A11 minibody for imaging local

prostate cancer and prostate cancer metastases is warranted.
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CHAPTER 1

Introduction

1.1 Prostate cancer

In 2009, prostate cancer was the most frequently diagnosed cancer in the United States

and third leading cause of cancer-related deaths, behind only lung cancer and breast

cancer.1 However, the majority of men diagnosed with prostate cancer are diagnosed

with early stage, low-risk prostate cancer and only a small percentage of these patients

will progress to life-threatening disease.2 Hence, current clinical recommendations have

begun to discourage prostate cancer screening in patients without risk factors as Prostate

Specific Antigen (PSA) blood test based screening has been associated with a large number

of unnecessary biopsies and overtreatment of indolent disease. In patients with low-risk

disease, this overtreatment has lead to high rates of morbidity with minimal survival

benefits. However, in patients with aggressive disease, definitive therapy (radical prosta-

tectomy and/or radiation therapy) must take place before the cancer has metastasized.

The great challenge of treating prostate cancer, therefore, is distinguishing the patients

with indolent disease where conservative active surveillance or “watchful waiting” is the

proper course of care from high-risk cancers that need to be treated aggressively. New

diagnostic tests and imaging modalities that can aid in patient risk stratification are

sorely needed in order to improve patient care.
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FIGURE 8 Five-year Relative Survival Rates Among Patients Diagnosed With Selected Cancers, by Race and
Stage at Diagnosis, US, 1996-2002.
*The rate for localized stage represents localized and regional stages combined. Note: Staging according to Surveillance, Epidemiology,
and End Results (SEER) historic stage categories rather than the American Joint Committee on Cancer (AJCC) staging system. Comparison
of this data to that of previous years is discouraged due to the use of an expanded data set.
Source: Ries LAG, Harkins D, Krapcho M, et al., eds. SEER Cancer Statistics Review, 1975-2003, National Cancer Institute, based on
November 2005 SEER data submission, posted to the SEER Web site, 2006.

The largest improvements in survival have been for
leukemia and non-Hodgkin lymphoma, while cancers of
the lung and pancreas have shown the least improvement.
Relative survival rates cannot be calculated for some

minority populations because accurate life expectancies are
not available. Comparison of cause-specific survival rates of

cancer patients diagnosed from 2002 to 2008 in SEER
registry areas of the United States indicate that all minority
male populations have a greater probability than whites of
dying from cancer within 5 years of diagnosis, although the
difference is small for Hispanic men.6 In contrast, among
women, Asian Americans/Pacific Islanders (69.1%) and

FIGURE 8. Distribution of Selected Cancers by Race and Stage at Diagnosis, United States, 2002 to 2008.
*The proportions of carcinoma in situ of the urinary bladder are 51% for All Races, 52% for Whites, and 37% for African Americans.
Stage categories do not sum to 100% because sufficient information is not available to assign a stage to all cancer cases.
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showed that African Americans remain less likely than whites
to receive standard cancer therapies for lung, breast, colorectal,
and prostate cancers.29 Some studies suggest that African
Americans who receive cancer treatment and medical care
similar to that of whites experience similar outcomes.30

There have been notable improvements in survival over
the past 3 decades for most cancers for both whites and
African Americans (Table 12). Between 1975 to 1977 and
2002 to 2008, overall 5-year relative survival rates increased
19% among whites and 21% among African Americans.

FIGURE 7. Five-Year Relative Survival Rates for Selected Cancers by Race and Stage at Diagnosis, United States, 2002 to 2008.
*The standard error of the survival rate is between 5 and 10 percentage points.
†The survival rate for carcinoma in situ of the urinary bladder is 96% for All Races, 97% for Whites, and 91% for African Americans.

Cancer Statistics, 2013

26 CA: A Cancer Journal for Clinicians

Distant Local Regional Distant All Stages

5-
ye

ar
 S

ur
vi

va
l (

%
)

Figure 1.1: Most prostate cancers are diagnosed as local cancers and have an
excellent prognosis. However, 5-year survival decreases drastically for men with
distant prostate cancer metastases. Reprinted with permission.1

1.1.1 Prostate cancer screening

Clinical screening for prostate cancer is performed primarily by Digital Rectal Exam

(DRE) and Prostate Specific Antigen (PSA) blood testing. Most prostate cancers are located

in the peripheral zone of the prostate and can be palpated by DRE once they are >0.2 mL

in volume, but in practice the positive predictive value (PPV) of DRE is only 24%.3,4 PSA

is a serine protease that is almost exclusively produced in the prostate and has been used

as a serum biomarker for prostate cancer. Serum PSA increases have been shown to aid

in early diagnosis of prostate cancer and serum levels of PSA correlate with the volume

of prostate tissue and hence the tumor stage and whole body disease burden of prostate

cancer.5 However, PSA serum levels are also increased in non-malignant processes such as

benign prostatic hyperplasia (BPH) and prostatitis, leading to high rates of false positives

and low positive predictive value (24-32%).4–6 The positive predictive value of DRE and

PSA testing, however, increases when used in combination (Figure 1.2 A).

In the United States, PSA based screening of the general population increased strongly

between 1988 and 2009 based on the US Preventive Services Task Force, the American

Urological Association, the American Cancer Society, and other organizations’ recommen-

dations for annual PSA testing and DREs for all men older than 50 years of age with

2
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Patients with Positive DRE

PSA (ng/mL) PPV

0–1 2.8–5%
1–2.5 10.5–14%
2.5–4 22–30%
4–10 41%
>10 69%
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tatectomy, 22% of the screening group and 21% 
of the control group underwent irradiation alone, 
and 18% and 21%, respectively, underwent irra-
diation and hormonal therapy. Among subjects 
with stage III tumors, 24% of the screening group 
and 16% of the control group underwent irradia-

tion alone, and 47% and 52%, respectively, under-
went irradiation plus hormone therapy. Among 
subjects with stage IV tumors, 75% of the screen-
ing group and 72% of the control group received 
hormone therapy only. Overall, nearly 11% of the 
subjects in the screening group and 10% of those 
in the control group did not undergo any known 
treatment.

Mortality 
At 7 years, there were 50 deaths attributed to pros-
tate cancer in the screening group and 44 in the 
control group (rate ratio, 1.13; 95% CI, 0.75 to 1.70) 
(Fig. 1B and Table 3). Through year 10, with fol-
low-up complete for 67% of the subjects, the num-
bers of prostate-cancer deaths were 92 in the 
screening group and 82 in the control group (rate 
ratio, 1.11; 95% CI, 0.83 to 1.50). At 10 years, the 
median follow-up time for subjects with prostate 
cancer was 6.3 years in the screening group and 
5.2 years in the control group.

There was little difference between the two 
groups in terms of the proportion of deaths ac-
cording to tumor stage. In the screening group, 
60% of the subjects had stage I or II tumors, 2% 
had stage III tumors, and 36% had stage IV tu-
mors; in the control group, 52% of the subjects 
had stage I or II tumors, 4% had stage III tumors, 
and 39% had stage IV tumors. 

Analyses within strata according to the screen-
ing status at baseline showed no indication of 
any reduction in prostate-cancer mortality in the 
screening group, as compared with the control 
group, in any of the subgroups. Thus, at 7 years, 
among the 34,755 men in the screening group and 
34,590 in the control group who reported having 
undergone no more than one PSA test at base-
line, there were 48 prostate-cancer deaths in the 
screening group and 41 deaths in the control 
group (rate ratio, 1.16; 95% CI, 0.76 to 1.76); at 
10 years, there were 83 deaths in the screening 
group and 75 in the control group (rate ratio, 1.09; 
95% CI, 0.80 to 1.50). Similarly, among 3588 men 
in the screening group and 3760 men in the con-
trol group who reported having had two or more 
PSA tests in the previous 3 years at baseline, there 
were two deaths in the screening group and 
three deaths in the control group at 7 years (rate 
ratio, 0.70; 95% CI, 0.12 to 4.17) and nine deaths 
in the screening group and seven in the control 
group at 10 years (rate ratio, 1.34; 95% CI, 0.50 
to 3.59).
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Figure 1. Number of Diagnoses of All Prostate Cancers (Panel A) and Number 
of Prostate-Cancer Deaths  (Panel B).
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tatectomy, 22% of the screening group and 21% 
of the control group underwent irradiation alone, 
and 18% and 21%, respectively, underwent irra-
diation and hormonal therapy. Among subjects 
with stage III tumors, 24% of the screening group 
and 16% of the control group underwent irradia-

tion alone, and 47% and 52%, respectively, under-
went irradiation plus hormone therapy. Among 
subjects with stage IV tumors, 75% of the screen-
ing group and 72% of the control group received 
hormone therapy only. Overall, nearly 11% of the 
subjects in the screening group and 10% of those 
in the control group did not undergo any known 
treatment.

Mortality 
At 7 years, there were 50 deaths attributed to pros-
tate cancer in the screening group and 44 in the 
control group (rate ratio, 1.13; 95% CI, 0.75 to 1.70) 
(Fig. 1B and Table 3). Through year 10, with fol-
low-up complete for 67% of the subjects, the num-
bers of prostate-cancer deaths were 92 in the 
screening group and 82 in the control group (rate 
ratio, 1.11; 95% CI, 0.83 to 1.50). At 10 years, the 
median follow-up time for subjects with prostate 
cancer was 6.3 years in the screening group and 
5.2 years in the control group.

There was little difference between the two 
groups in terms of the proportion of deaths ac-
cording to tumor stage. In the screening group, 
60% of the subjects had stage I or II tumors, 2% 
had stage III tumors, and 36% had stage IV tu-
mors; in the control group, 52% of the subjects 
had stage I or II tumors, 4% had stage III tumors, 
and 39% had stage IV tumors. 

Analyses within strata according to the screen-
ing status at baseline showed no indication of 
any reduction in prostate-cancer mortality in the 
screening group, as compared with the control 
group, in any of the subgroups. Thus, at 7 years, 
among the 34,755 men in the screening group and 
34,590 in the control group who reported having 
undergone no more than one PSA test at base-
line, there were 48 prostate-cancer deaths in the 
screening group and 41 deaths in the control 
group (rate ratio, 1.16; 95% CI, 0.76 to 1.76); at 
10 years, there were 83 deaths in the screening 
group and 75 in the control group (rate ratio, 1.09; 
95% CI, 0.80 to 1.50). Similarly, among 3588 men 
in the screening group and 3760 men in the con-
trol group who reported having had two or more 
PSA tests in the previous 3 years at baseline, there 
were two deaths in the screening group and 
three deaths in the control group at 7 years (rate 
ratio, 0.70; 95% CI, 0.12 to 4.17) and nine deaths 
in the screening group and seven in the control 
group at 10 years (rate ratio, 1.34; 95% CI, 0.50 
to 3.59).
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of Prostate-Cancer Deaths  (Panel B).

The New England Journal of Medicine 
Downloaded from nejm.org at UC SHARED JOURNAL COLLECTION on May 2, 2013. For personal use only. No other uses without permission. 

 Copyright © 2009 Massachusetts Medical Society. All rights reserved. 

Figure 1.2: The positive predictive value for digital rectal exam rises when used in
conjunction with PSA blood testing (A). PSA Screening in the general population
leads to increased rates of prostate cancer diagnosis (B). However, rates of prostate
cancer-related death are similar between screening and control groups indicating
a lack of survival benefit from PSA based prostate cancer screening in the gen-
eral population (C). (A) Adapted from Heidenreich et al..3 (B, C) Reprinted with
permission.7

earlier testing in high-risk patients.5 However, these recommendations were based on

limited data and in 2009, two randomized controlled clinical studies provided the first real

measurements of the benefits of PSA screening in European and American populations.

The European Randomized Study of Screening for Prostate Cancer (ERSPC) randomized

162,387 men into either a group screened by PSA testing every 4 years or an unscreened

control group. The ERSPC found positive results in 16% of PSA tests—76% of which were

found to be false positives on biopsy (24% PPV).6 The cumulative rate of prostate cancer

diagnosis was 8.2% in the PSA screened group and 4.8% in the control group and prostate

cancer was detected at an earlier grade in the screened group than the control (Gleason

Score <6 72.2% and 54.8%, respectively). After 9 years of median follow up there were 214

prostate cancer deaths in the screening group versus 326 in the control group (RR 0.80,

p = 0.01). However, the ERSPC found that to save one life from prostate cancer 1410 men

would need to be screened and 48 men would need to be treated leading to considerable

3



morbidity. Similar results showing limited benefits to PSA screening were found in the

US Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial which tested

the benefits of PSA screening in 76,693 American men.7 The PLCO study randomized

patients into either a group which received annual PSA screens or a control group which

received usual care (which included a lesser amount of PSA testing). The rate of detected

prostate cancers was significantly higher in the screened group than the control at 7 years

of median follow-up (rate ratio 1.22, 95% CI 1.16 to 1.29, Figure 1.2 B). However, the rate

of prostate cancer-related death was not significantly reduced (rate ratio 1.13, 95% CI

0.75 to 1.70, Figure 1.2 C), and the overall stage at diagnosis was similar between the

groups, though there was a higher number of patients diagnosed with a Gleason score >8

in the control group.

A 2012 meta-analysis of 5 randomized control studies (including ERSPC and PLCO)

on prostate cancer PSA screening likewise found a higher degree of prostate cancer

diagnosis and treatment, but no overall benefit in prostate cancer mortality attributable

to PSA screening.8 Traditional radical prostatectomies, external beam radiation, and

prostate brachytherapy all have significant complication rates with 3–74% of radical

prostatectomy, 0–73% of external beam radiation therapy, and 0–61% of interstitial

prostate brachytherapy patients experiencing urinary incontinence.9 In addition, 60–90%

of men receiving radical prostatectomies experience some degree of erectile dysfunction,

though rates for nerve sparing robot-assisted prostatectomies appear to be lower.9,10

In summary, while PSA screening was successful in increasing the detection rate of

cancers and detecting prostate cancer at an earlier stage, this early detection did not

increase disease specific survival and resulted in higher morbidity due to the high number

of unnecessary biopsies, radiotherapies, and prostatectomies that were performed as a

result of the screening.

While many studies have tried to improve interpretation of PSA serum levels using

concepts such as PSA velocity, PSA density, or PSA doubling time with mixed results, so

4



far none of these methods have demonstrated improvements in disease outcomes.5,11,12

Therefore, largely based on the findings of the two 2009 clinical trials, the US Preventive

Services Task Force withdrew their endorsement of PSA testing in the general population

and now actively recommends against PSA screening.11 However, the recommendations

of other organizations remain mixed with the American Urological Association recom-

mending PSA screening in the general population in men 55 to 69 years of age with

more careful decision making regarding biopsies and treatment and the American Cancer

Society recommending screening in higher risk populations with life expectancy greater

than 10 years.13,14 While PSA screening leads to early diagnosis, better noninvasive tools

are needed for prostate cancer staging and risk stratification in order to decrease prostate

cancer-related morbidity and improve treatment outcomes.

1.1.2 Prostate cancer diagnosis, grading, and staging

The main clinical diagnostic tools providing evidence of prostate cancer include DRE,

serum PSA concentrations, and Transrectal Ultrasound (TRUS).3 However, definitive

diagnosis of prostate cancer is based on histopathological or cytological specimens from

prostate biopsies. Traditionally, 6-8 biopsy cores were obtained under ultrasound guidance

from six anatomical regions of the prostate as well as from areas that appeared hypoechoic

on TRUS. However, even with TRUS guidance, the sensitivity of a single traditional

biopsy session was shown to be only 70-80%.15 This finding resulted in an increase in

the number of biopsy cores sampled from each prostate—which is both more painful

and requires anesthesia.2 However, the increased detection rate of the higher prostate

sampling has reduced the number of repeat biopsy sessions needed for patients with high

clinical likelihood of disease (positive DRE, PSA ≥ 20 ng/mL) but negative initial biopsies.

Prostate biopsy specimens are histologically graded either benign, High Grade Prostatic

Intraepithelial Neoplasia (HGPIN, carcinoma in situ) or as prostate cancer. The prostate

cancer samples are scored using a system developed by Dr. Donald Gleason that grades

5
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No other studies have compared the eff ectiveness of 
the various treatments for men with localised prostate 
cancer, which should not be interpreted as a suggestion 
that radiotherapy should not be used. During the past 
decade, the methods for delivery of radiotherapy in a 
suffi  ciently high dose to a precise target (thus minimising 
damage to surrounding tissue) has improved. For 
patients receiving external-beam radiotherapy, the 
American Urological Association has issued guidelines 
on prostate cancer (panel 3).

Other randomised trials also support the use of high 
radiation doses.93,94 Whether high-dose radiation needs to 
be combined with hormonal therapy when used in 
patients with clinically localised disease is not clear, but 
there seems to be some benefi t for the combination.93

Other ways to deliver radiotherapy precisely are to use 
high-dose brachytherapy, with iridium-192, together with 
external-beam radiotherapy, or to implant radioactive 
seeds, either as monotherapy or in combination with 
external-beam radiation.95 Although no comparative 
studies exist, these radiotherapy options are recom-
mended as equal choices to surgery in some patients 
with localised prostate cancer.59 Other treatment options 
for men diagnosed with localised prostate cancer that 
have been used are high-intensity focused ultrasound 
and cryosurgery.96 Although both treatments were noted 
to decrease the serum PSA values and retain negative 
biopsy result post-therapy in many men, no long-term 
follow-up data are available.97

Treatment with curative intent for locally 
advanced prostate cancer
Some patients with extracapsular extension of the 
tumour can still be off ered treatment with curative 
intent. Radiotherapy has long been the standard option 
for these men. There are two main ways to increase the 
eff ectiveness of radiotherapy in men with locally 

advanced prostate cancer. First, dose escalation to 
greater than 70 Gy seems to result in good biochemical 
control rates, but survival advantages are yet to be 
seen.98,99 Second, the outcome for these patients can be 
improved by the combination of radiation with 
neoadjuvant hormonal therapy or adjuvant hormonal 
therapy. The use of short-term neoadjuvant hormonal 
therapy might result in improved biochemical control 
or local control and also in disease-specifi c survival. 
Longer periods of adjuvant hormonal therapy (up to 
3 years after radiotherapy or indefi nitely) will also result 
in an overall benefi t in survival although benefi t seems 
to be limited to patients with high Gleason scores in 
some studies.100,101 Whether patients who receive 
dose-escalated radiotherapy should receive neoadjuvant 
or adjuvant hormonal therapy, and for how long, and 
when, any adjuvant should be given, has not been 
suffi  ciently studied. Thus, the following treatment 
recommendations can be made: patients with locally 
advanced prostate cancer should be given either 
dose-escalated radiotherapy (greater than 70 Gy) or a 
combination of radiotherapy and adjuvant hormonal 
therapy, as long as they are willing to accept the 
side-eff ects.59 Radical prostatectomy is a less clearcut 
option, because of the diffi  culties in obtaining a free 
margin of resection (ie, total removal of the tumour), in 
patients who have extracapsular disease. However, some 
patients with small tumours that extend outside the 
gland might still be candidates for surgery.59,101

A special group of patients with locally advanced 
prostate cancer are those who have non-organ-confi ned 
prostate cancer (stage pT3) after histopathological 
examination of the resected tumour (radical 
prostatectomy). In one study by Thompson and others,102 
425 men with stage pT3 prostate cancer were randomly 
assigned to immediate postoperative radiation 
(60–64 Gy) or observation and standard care (ie, 
hormonal therapy when needed). There was a diff erence 
in biochemical recurrence, but no signifi cant diff erence 

All men
Prostate cancer at autopsy*
Prostate cancer diagnosed
Prostate cancer deaths

Figure !: Relation between prevalence of prostate cancer at autopsy, 
clinically diagnosed,  and prostate cancer deaths
*Prostate cancer at autopsy implies examination of prostate in men dying from 
reasons other than prostate cancer and undergoing autopsy.

Panel ": American Urological Association’s guidelines for 
treatment

• Low-risk patients: radiation dose higher than 70 Gy might 
decrease the risk of PSA recurrence, but no di! erence in 
survival has been shown89,90

• Intermediate-risk patients: a conventional-dose 
radiotherapy of 70 Gy or less with the use of neoadjuvant 
and concurrent hormonal therapy for 6 months might 
extend survival of patients.91 Higher radiation doses might 
reduce the risk of PSA recurrence, but no di! erence in 
survival has been shown89,90

• High-risk patients: a combination of long-term hormonal 
therapy (up to 3 years) might extend survival compared 
with external-beam radiotherapy alone91,92

PSA=prostate-specifi c antigen.

For more on the American 
Urology Association’s 
guidelines for the management 
of prostate cancer see http://
www.auanet.org/guidelines/
main_reports/proscan07/
content.pdf

∗Prostate cancer at autopsy includes only autopsies performed in
men who died for reasons unrelated to prostate cancer
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tration Cooperative Urological Research Group
(VACURG).5–10 From 1960 to 1975 the VACURG
enrolled roughly 5000 prostate cancer patients in
prospective randomized clinical trials. One of the
outstanding strengths of the Gleason grading system
is that it was tested in this large patient population,
with long-term follow-up that included use of
survival as an end point.

The Gleason grading system is based entirely on
the histologic pattern of arrangement of carcinoma
cells in H&E-stained prostatic tissue sections.
Specifically, the method is one of categorization of
histologic patterns ‘at relatively low magnification
(! 10–40) by the extent of glandular differentiation
and the pattern of growth of the tumor in the
prostatic stroma’.10 Nine growth patterns were
consolidated into five grades and these were
illustrated in a drawing by Dr Gleason (Figure 1).

The five basic grade patterns are used to generate a
histologic score, which can range from 2 to 10, by
adding the primary grade pattern and the secondary
grade pattern. The primary pattern is the one that is
predominant in area, by simple visual inspection.
The secondary pattern is the second most common
pattern. If only one grade is in the tissue sample,
that grade is multiplied by two to give the score.
According to the Gleason approach of 1977, if the

second grade is less than 3% of the total tumor, it is
ignored, and the primary grade is again doubled to
give the Gleason score.8 Gleason sum, Gleason
grade, combined Gleason grade, and category score
have been used as synonyms for Gleason score, but
‘histological pattern score’ was the initial 1974
designation for the sum of the two patterns6 and
‘histologic score’ has endured in usage in the
writings of Gleason.7–10

The assignment of a Gleason score, which is the
addition of the two most common patterns, essen-
tially averages the primary and secondary grades.
This procedure appears to be unique in grading of
human cancers, where, for other malignancies, it is
the worst grade that determines patient outcome.
Peculiarly, for prostatic carcinoma, when there are
two different Gleason grade patterns, the cancer death
rates are intermediate between the rates for patients
with only the pure form of each of those two grades.8–10

The Gleason grading system allows for two
separate grade patterns in an individual tissue
sample, but the histomorphological appearance of
prostatic carcinoma is more heterogeneous than
this. Indeed, in one study,13 an average of 2.7
Gleason grade patterns (range 1–5) was found in
carcinomas in whole prostate glands. Two addi-
tional papers reported that 14–18% of patients had
more than two grades in sections of their prostatic
carcinoma.14,15 In one of these reports,15 3% of cases
had four different Gleason patterns. The number of
grades assigned depends on tumor sample size and
size of the tumor in the whole gland. So, more than
two grades is more often observed in TURP chips
(28% of cases) compared to needle biopsies (4% of
cases),14 and tumors greater than 1–2 cm3 in size
tended to have more than two grades.13,15

There are limited data on how to grade carcino-
mas with more than two grades. Gleason wrote that
the VACURG was unable to acquire enough three-
grade tumors to evaluate their behavior,10 and
proposed an algorithm to provide a Gleason score
in cases with more than two grades.10 Recent data on
radical prostatectomy specimens indicate that a
high-grade Gleason pattern 4 or 5 that is a tertiary
component occupying less than 5% of the tumor
influences pathological stage and progression
rates.16 Therefore, any tertiary high-grade pattern
should be mentioned in surgical pathology reports.
In needle biopsies, Gleason has recommended that
the two highest grades be recorded.10 Another
recommendation for needle biopsy cases in which
more than two patterns are present and the worst
grade is neither the predominant nor the secondary
grade, the predominant and the highest grade
should be chosen to arrive at a score.17 More data
and analyses are needed to establish a definitive
approach to scoring when more than two patterns
are present.

‘Lumping’ or ‘grade compression’ by combining
Gleason scores in attempts to translate to other
grading systems should be avoided. Such groupingFigure 1 Gleason grades: standard drawing.

Gleason grading and prognostic factors
PA Humphrey

293

Modern Pathology (2004) 17, 292–306

Figure 1.3: Relationship between prostate cancer prevalence at autopsy, clinical di-
agnosis, and mortality (A). Reprinted with permission.2 Gleason scores are assigned
based on the two most common histological patterns of the tumor (B). Reprinted
with permission.16

tumors from least aggressive (2) to most aggressive (10) based on the sum of the two most

common morphological patterns present in the tumor (Figure 1.3 B).16 Gleason scores

have a strong correlation with prostate cancer aggressiveness and are generally combined

with PSA testing and clinical tumor staging for estimating the patient prognosis and risk

stratifying patients.16

Prostate cancer staging uses a TNM staging system, with local tumors (T) staged clinically

by digital rectal exam, transrectal ultrasound, or more recently endorectal MRI, though

pathological staging following prostatectomy is considerably more accurate (Table 1.1).17

Currently, lymph node (N) staging can only accurately be done through surgical lymph

node dissection as CT and MRI have inadequate sensitivity (see § 1.2). Rather than

performing lymph node dissection on all patients, the risk of regional metastasis is

instead extrapolated from nomograms using common clinical features such as serum
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PSA, PSA velocity, PSA density, Gleason Score, and local tumor stage.3,18 Surgical lymph

node dissection is only recommended for intermediate to high-risk disease during therapy

planning or radical prostatectomy.3 Staging for distant metastases (M) is generally done

using 99mTc-MDP bone scans which are usually recommended for patients with serum

PSA >10 ng/mL. However, bone scans cannot image metastases to sites other than bone

and may miss a substantial fraction of even bone metastases (see § 1.2 and § 4.1).

Pre-Neoplastic

HGPIN High Grade Prostatic Intraepithelial Neoplasia – carcinoma in situ

Primary Tumor

TX Primary tumor cannot be assessed
T0 No evidence of primary tumor
T1 Clinically inapparent tumor not palpable or visible by imaging

T1a Incidental histological finding in 5% or less of tissue resected
T1b Incidental histological finding in more than 5% of tissue resected
T1c Identified by needle biopsy (e.g. because of elevated PSA)

T2 Tumor confined within the prostate
T2a Involves one half of one lobe or less
T2b Involves more than half of one lobe, but not both lobes
T2c Involves both lobes

T3 Tumor extends through the prostatic capsule
T3a Extracapsular extension (unilateral or bilateral)
T3b Invades seminal vesicle(s)

T4 Tumor is fixed or invades structures other than seminal vesicles

Regional Lymph Node Metastasis

NX Regional lymph nodes cannot be assessed
N0 No regional lymph node metastasis
N1 Regional lymph node metastasis

Distant Metastasis

MX Distant metastasis cannot be assessed
M0 No distant metastasis
M1 Distant metastasis

M1a Non-regional lymph node(s)
M1b Bone(s)
M1c Other site(s)

Table 1.1: TNM Staging in Prostate Cancer. Adapted from Heidenreich et al.3
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1.1.3 Prostate cancer prognosis and therapy

Generally, prostate cancer prognosis is directly related to the patient’s whole body tumor

burden. The majority of patients are diagnosed with prostate cancer limited only to local

disease and can be split clinically into low, intermediate, and high-risk groups based on

the clinical tumor stage, PSA level, and Gleason Score. Patients with low serum PSA

(<10 ng/mL), Gleason Scores of 6 or less, and only small local tumors at the time of diagno-

sis (T1a–T2a) have clinically low-risk disease and generally have an excellent prognosis

(Figure 1.4 A). Depending on the patient’s age and health at the time of diagnosis the best

course of care is often “active surveillance” or “watchful waiting” as the great majority of

these men will die with prostate cancer and not of prostate cancer (Figure 1.3 A).19 For

younger men (life expectancy >10 years) or patients with intermediate-risk local prostate

cancer (stage T2b, PSA > 10 ng/mL, Gleason Score ≥7), or patients with high-risk local

prostate cancer (stage T2c, PSA > 20 ng/mL, Gleason score ≥8), some form of intervention

is often performed. Definitive interventions include external beam radiation therapy,

brachytherapy, and radical prostatectomy with radical prostatectomy showing the best

survival advantage over active surveillance.9,20–22 Pathological staging at the time of

radical prostatectomy provides a better predictor of disease outcomes than clinical staging

demonstrating that current clinical staging methods can be improved (Figure 1.4 B).19

The great majority of patients with clinical stage N1 disease will have systemic disease

progression and the median cancer specific survival is just 8 years.3 However, for patients

whose positive nodal status is only discovered on lymph node dissection at the time of

radical prostatectomy (pN1) 10 year survival is 77%. Recommendations for these patients

are varied with androgen deprivation therapy alone, radical prostatectomy with adjuvant

androgen deprivation, or watchful waiting all considered acceptable options.3
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Figure 1.4: Kaplan-Meier curves of the relationship between clinical risk category
(A) and pathological stage (B) and biochemical remission free survival in men after
robot-assisted radical prostatectomy demonstrates that clinical categorization can
stratify patients by risk but that pathological staging better correlates with disease
outcomes. Reprinted with permission.19

Patients with distant metastases at the time of diagnosis have a poor prognosis with

average survival of 1–2 years, with the exact prognosis varying with the serum PSA, num-

ber of metastases on bone scan, and concentrations of serum markers of bone turnover.2

Typically these patients are treated with systemic androgen deprivation therapy us-

ing chemical castration via treatment with long-acting gonadotropin releasing hormone

(GnRH) agonists and/or anti-androgens.3 Androgen deprivation therapy, however, is pal-

liative and patients develop Castration Resistant Prostate Cancer (CRPC) a median of

2-3 years after beginning androgen deprivation therapy.2,23 Patients with CRPC have a

median survival of 16-18 months from the time of progression.23 Further treatments for

CRPC include second-generation anti-androgens such as abiraterone or MDV-3100 (see

Chapter 3) or chemotherapy, but median survival improves by less than 1–2 years with

these therapies.2,24–26
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1.2 Imaging of prostate cancer

PSA blood testing is an effective way of increasing the rate of prostate cancer detection—

the main limitation of PSA screening has been the lack of a noninvasive, highly specific

method of distinguishing non-malignant, low-risk, and high-risk causes of elevated PSA.

There has been much research into imaging techniques for prostate cancer in the hopes

that a highly sensitive and specific tool for detecting prostate cancer, distinguishing it

from benign processes, and risk stratifying patients can be developed and serve as a

follow-up test for PSA and to help diagnose and stage prostate cancer. The ideal imaging

modality could be used to weed out false positives on PSA screening before the patient

undergoes an invasive biopsy—saving an unnecessary procedure. It could simultaneously

detect prostate cancer with high sensitivity and high specificity, risk stratify patients

into those that need biopsies and therapies and those with false positive PSAs or low-

risk disease, and aid in staging of patients, detection of metastases, and evaluation of

treatment response.

Prostate cancer imaging can be performed using anatomical imaging such as MRI, CT,

or transrectal ultrasound, but these techniques have been found to be less powerful

in monitoring prostate cancer progression than in other cancers. Combined molecular

imaging and anatomical imaging has the most potential for diagnosis, staging, and risk

stratification in prostate cancer.

1.2.1 Anatomical imaging of prostate cancer

Transrectal Ultrasound

Transrectal US is low cost, but when used alone, has low sensitivity and specificity

approximately equivalent to that of a DRE as only ∼60% of tumors are visible with TRUS
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and the remainder appear isoechoic to the surrounding prostate.3,15 Transrectal US has

limited ability to detect HGPIN and with the earlier diagnosis resulting in smaller tumors

at the time of diagnosis, the sensitivity of transrectal US is falling.15 Transrectal US is

most useful for guiding biopsies and placement of brachytherapy seeds.

X-ray Computed Tomography

X-ray Computed Tomography (CT) has fairly poor delineation of prostate anatomy and its

main role in prostate cancer is in nodal staging. The sensitivity of CT for detecting nodal

metastases is only ∼36% though the sensitivity improves to 76% for detecting tumors

0.6 cm or larger but CT cannot rule out nodal metastases smaller than 1 cm.27 CT has a

limited role in detecting lytic and blastic bone metastases, though MRI and bone scans

are superior.15 Current clinical recommendations are for CT imaging only in the case of

clinical tumor stage ≥T3, Gleason score greater than 7, or PSA ≥20 ng/mL though high

rates of CT imaging are seen in low-risk populations against recommendations.28–30 The

main utility of CT for prostate cancer is in combination with PET scans for anatomical

reference, though CT may be replaced in this role by PET/MRI scanners which have

recently started to become clinically available.31,32

Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI), is the most accurate anatomical modality for imaging

prostate cancer but is only currently recommended if there is a strong clinical suspicion

of prostate cancer despite negative Transrectal US and biopsy.15 Optimal MRI staging

requires either using a strong (3 T) magnet or an endorectal coil and a mid-strength

(1.5 T) magnet to allow sub-millimeter resolution.15 Dynamic contrast enhanced MRI

has a sensitivity of 73% and a specificity of 81% for local prostate cancer.33 Diffusion
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weighted MRI is especially effective in detecting recurrent disease after radiation or

surgery.34 MRI can also stage lymph node metastases with comparable sensitivity to

CT (sensitivity 35%, specificity 90.4%) and these results may be improved by future

use of superparamagnetic nanoparticles as contrast agents (sensitivity 90.5%, specificity

97.8%).15,35 MRI is also able to detect bone metastases with high sensitivity, however

other disease processes (inflammation, infarction, trauma) appear similar to metastases

making definitive diagnosis more difficult.15,36,37 PET/MRI scanners are beginning to

become clinically available and in combination with a specific molecular imaging agent

that will provide a useful tool for prostate cancer diagnosis, staging, and metastasis

detection.

1.2.2 Molecular imaging of prostate cancer

Magnetic Resonance Spectroscopy

Magnetic Resonance Spectroscopy (MRS) adds the ability to MRI to show the relative

concentrations of various chemical metabolites (citrate, creatine, choline, etc.) in a given

volume and as such is hybrid of anatomical and molecular imaging that requires no

administration of a radiotracer.38 As normal prostate is high in citrate and prostate tumor

tissue is low in citrate and high in choline these relative concentrations can help delineate

tumor from non-tumor. In addition to citrate, creatine, and choline, other markers of

proliferation, apoptosis, signaling molecules, and biomarkers of disease progression are

being investigated.15 The addition of MRS to MRI significantly improves tumor detection

in the peripheral zone, decreases inter-reader variability, and yields information regarding

tumor aggressiveness as the MRS results correlate strongly with the Gleason score.15,39

The combined use of MRI/MRS has been suggested to have potential for evaluating

low-risk patients for deferred therapy in addition to its current wider use in advanced

disease.40 A combined MRI / MRS study which utilized both T2 and DWI weighted images
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in a 3 T scanner to image 45 patients with high serum PSA recently showed sensitivity

and specificity of 88% and 61%, respectively, and positive predictive value (PPV) of 73%,

negative predictive value (NPV) of 81% and accuracy of 76%.41 While clinical availability

of MRS scanners is limited, the number of MRS capable MRI scanners is increasing

rapidly and this modality has potential for increasing the utility of MRI based diagnosis

and staging.

Bone Scans

99mTc-Methylene diphosphonate (99mTc-MDP) bone scans are the most commonly utilized

imaging modality for imaging prostate cancer. 99mTc-MDP is adsorbed into the crystalline

structure of hydroxyapatite and tends to accumulate in regions of new bone formation—

allowing imaging of osteoblastic prostate cancer metastases via reactive bone formation.

However, 99mTc-MDP uptake is not specific for prostate cancer and will increase in any

process that induces bone turnover such as trauma and fractures, degenerative diseases

(e.g. osteoporosis), Paget’s disease, and inflammatory processes (e.g. arthritis).15,42 While

99mTc-MDP bone scans were initially reported to have excellent sensitivity in detecting

bone metastases, more recent evidence has called the sensitivity into question. There

are many patients who have negative bone scans and radical prostatectomy only to

have lumbar bone metastases appear at a later date. Most lumbar bone metastases

are seeded through reverse veinous transit from the prostate (Batson venous system)

indicating the metastases were likely present and missed by the initial bone scan.43,44

MRI has also been demonstrated to detect some small intramedullary tumor deposits

with no cortical involvement before the lesion appears on 99mTc-MDP bone scan.36,37

Similarly, 18F-fluorocholine and 18F-Fluoride scans have been demonstrated to image

bone tumors missed by 99mTc-MDP bone scans.45,46 Evaluating response to therapy using

bone scanning is difficult due to the flare phenomenon as bone remodeling due to the
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shrinking tumor causes an increase in signal on bone scans that typically peaks 6 weeks

after initiating therapy.15

18F-Fluoride PET bone scans have demonstrated superior sensitivity to 99mTc-MDP bone

scans in limited clinical studies but have similar problems with specificity and uptake in

other disease processes.46 The diagnostic performance of 18F-Fluoride bone scanning to

that 99mTc-MDP scanning is currently being investigated in a Phase III clinical trial.47

This subject will be discussed in detail in Chapter 4.

18F-Fluorodeoxyglucose

18F-Fluorodeoxyglucose (18F-FDG) is used for imaging in many types of cancers due to the

increased energy requirements and glucose utilization (Warburg effect) of many tumors.

However, 18F-FDG scans typically have low sensitivity (31%) for detecting local prostate

cancer due to the low glucose utilization of well differentiated prostate cancers.48,49 18F-

FDG also has low specificity for imaging local prostate cancer tumors due to increased

uptake in benign prostatic hyperplasia (BPH), prostatitis, post-radiation inflammation,

and post-surgical scar tissue and 18F-FDG is of limited value for imaging local prostate

cancer.50,51 However, 18F-FDG uptake often rises in patients with advanced disease and

metastases and 18F-FDG is somewhat useful for imaging these patents.52 Staging of

pelvic lymph nodes with 18F-FDG has been found to have sensitivity of 75%, specificity of

100%, positive predictive value of 100%, and negative predictive value of 68%.53 18F-FDG

has also been shown to detect many prostate cancer bone metastases, but is less sensitive

than MRI, 99mTc-MDP, and 18F-Fluoride bone scans.54,55 However, higher FDG uptake in

prostate bone tumors is correlated with poor prognosis and decreases in 18F-FDG uptake

are being investigated as a means of predicting therapy response in 18F-FDG positive

tumors.56,57

14



11C-Methionine

11C-methionine is a radiolabeled version of the naturally occurring amino acid and images

increased amino acid transport and protein synthesis of a growing prostate cancer tumor.

11C-methionine has been shown to have higher sensitivity than 18F-FDG for imaging

local prostate cancer and metastases.52,58 11C-methionine was also able to distinguish

between low and high grade tumors to a statistically significant degree.52 There are only

a few clinical studies on 11C-methionine and more investigation is warranted. However,

as would be expected for a radiolabeled amino acid, many non-prostate cancer tissues

and disease processes have high 11C-methionine uptake which will limit specificity and

detection of metastases to sites other than bone. In addition, as a 11C-labeled imaging

modality with a 20 minute half-life, widespread clinical availability seems doubtful as

each PET scan would require a local cyclotron and radiochemist.

11C-Acetate and 18F-Fluoroacetate

Tumor proliferation requires increased membrane lipid synthesis and prostate cancer

relies heavily on fatty acid metabolism for energy. Therefore, 11C-acetate has been in-

vestigated as a prostate cancer imaging probe. 11C-acetate has been shown to have a

higher sensitivity for disease recurrences and regional lymph node metastases detection

than 18F-FDG and was able to detect disease recurrence in 75% of cases.59–62 Imag-

ing with 18F-Fluoroacetate may additionally reduce some of the challenges associated

with 11C based radiolabeling and imaging and 18F-Fluoroacetate has been shown to

have better tumor:organ ratios than 11C-acetate in mouse models, though increase in

urinary excretion due to 18F-labeling may be problematic.63 However, similar to 11C-

methionine, 11C-Acetate and 18F-Fluoroacetate have considerable background uptake in

normal tissues which will be detrimental to soft tissue metastasis detection. Uptake is
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also increased in benign prostatic hyperplasia and prostatitis which may increase the

rate of false positives.64

11C-Choline and 18F-Fluorocholine

Choline is a precursor for the biosynthesis of phospholipids and prostate cancer has been

shown to overexpress choline kinase in support of its demand for cellular membrane

synthesis precursors.65 As such, 11C-choline and 18F-fluorocholine have been investigated

for imaging prostate cancer.65 Similar to 11C-acetate and 11C-Methionine, biodistribution

of 11C-choline shows significant background with accumulation in the pancreas, liver,

kidneys, and salivary glands with variable uptake in the bowel.65 11C-choline has low

urinary excretion which improves local and regional lymph node delineation; however

18F-fluorocholine is excreted in the urine. 11C-choline was found to have a sensitivity of

55-87% and specificity of 62-86% for the imaging of primary prostate cancer, but has been

found to under-stage disease and have lower sensitivity and specificity than MRI.66–69

11C-choline cannot distinguish prostate cancer from benign prostatic hyperplasia and

in vivo uptake does not correlate well with tumor proliferation or aggressiveness.70–72

For locally recurrent and metastatic disease, 11C-choline and 18F-fluorocholine have a

reported sensitivity ranging from 38-98%.65 11C-choline is currently FDA-approved for

imaging patients with recurrent prostate cancer, but the only medical center in North

America to be FDA-approved to prepare and administer 11C-Choline is the Mayo Clinic

in Rochester, Minnesota.

1.2.3 Imaging of biomarker expression in prostate cancer

Imaging of metabolic processes not-specific to prostate cancer will likely always suffer

from difficulty in distinguishing between benign and malignant processes. Progress has
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been made in imaging of prostate cancer specific biomarkers that may allow for highly

specific imaging of both local prostate cancer and metastases.

Transferrin

Many types of cancer, including prostate cancer, have been shown to express signifi-

cantly higher amounts of the transferrin receptor (TFRC) than normal cells. As such,

TFRC has been investigated as a biomarker for imaging prostate cancer. The HiMyc

transgenic mouse model was shown to have increased uptake of a 89Zr-DFO-Transferrin

based imaging agent and uptake was reported to correlate with MYC activation in the

prostate tumors.73 Transferrin and TFRC, however, are iron regulatory proteins and play

a role in many non-malignant processes including inflammation. This lack of specificity

may be detrimental in their use as cancer specific imaging agents as they will likely

show increased uptake in prostatitis, arthritis, and other benign processes. The use of

radiolabeled transferrin as a diagnostic agent in prostate cancer patients has yet to be

investigated clinically.

Bombesin

Prostate cancer, and a variety of other cancers, have been shown to overexpress the

gastrin-releasing peptide receptor (GRPR) while normal prostate and benign prostatic

hyperplasia tend to be GRPR negative.74,75 As such derivatives of bombesin, an analog of

gastrin releasing peptide, have been investigated preclinically as both SPECT and PET

prostate cancer imaging agents.76,77 The limited clinical results with bombesin imaging in

prostate cancer have been encouraging with one study reporting 99mTc-bombesin uptake

in 12/12 patents with prostate cancer with 2/2 normal patients showing low uptake.78,79
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Tumor uptake of bombesin analogs have been shown to be significantly higher than 18F-

fluorocholine in mouse xenograft models, indicating it may be superior to choline-based

imaging.80

18F-Fluorodihydrotestosterone

18F-Fluorodihydrotestosterone (18F-FDHT) binds to the ligand binding domain of the

androgen receptor (AR) and has been used as a prostate cancer imaging agent due to

the universal dependence of prostate cancer on AR signaling.81 AR has been found to be

almost universally expressed in prostate cancer and overexpressed in 30% of castration

resistant disease.81,82 In a study of 20 men with metastatic prostate cancer, 18F-FDHT

showed a sensitivity of 63%, and showed decreased uptake after treatment with flutamide

due to competition for the androgen receptor ligand binding domain.83 Comparison of

18F-FDHT and 18F-FDG shows that both image an overlapping but distinct subset of

metastases with 18F-FDHT uptake in 78% of tumors.84 Use of 18F-FDHT and 18F-FDG in

combination may therefore both increase sensitivity and answer interesting questions

regarding tumor glycolytic and AR expression changes with treatment. For example,

Scher et al. found that MDV-3100 treatment led to differing responses in prostate cancer

tumors with only a subset of tumors that showed MDV-3100 blocking of 18F-FDHT uptake

showing a concordant decrease in glucose utilization by 18F-FDG PET.25 Imaging of

MDV-3100 treatment with 18F-FDHT will be further discussed in Chapter 3.

Prostate Specific Membrane Antigen

Prostate Specific Membrane Antigen (PSMA) is a cell surface glycoprotein with limited

expression in normal prostate and low background expression elsewhere.85 PSMA, how-

ever, is highly overexpressed in local prostate cancers and metastases and its expression

18



correlates with increased tumor aggression, metastatic spread, and resistance to androgen

deprivation.75,86,87 18F- and 68Ga-labeled small molecule inhibitors of PSMA have shown

utility in preclinical models for imaging PSMA expressing prostate cancer tumors with

high specificity.88–92 In addition, a mouse anti-PSMA antibody that targets an intracellu-

lar epitope of PSMA, which is only available for binding on necrotic cells (111In-capromab

pendetide, ProstaScint), was developed and won FDA approval in the 1990s but has low

sensitivity and has shown little clinical use.93 However, preliminary clinical experiments

with a 89Zr-radiolabeled J591 antibody that targets an extracellular domain of PSMA

have been encouraging and uptake of a 64Cu-labeled-J591 antibody has been shown to

correlate with the androgen signaling status of tumors in mouse xenograft models.94,95

Imaging of PSMA with radiolabeled antibodies will be further discussed in § 1.4 as well

as in Chapter 3.

1.3 Prostate Stem Cell Antigen (PSCA)

While the anatomical and molecular imaging modalities discussed above in § 1.2 have

some utility in prostate cancer diagnosis and staging, no imaging technique has been

shown to have the ideal combination of both low uptake in non-target tissue and high

specificity and sensitivity for detecting local prostate cancer and metastases in the clinic.

In this dissertation, I will discuss imaging of Prostate Stem Cell Antigen (PSCA) expres-

sion with the hopes of developing a highly specific imaging agent for prostate cancer.

PSCA is a GPI-linked cell surface glycoprotein belonging to the family of Thy-l/Ly-6

surface antigens and shares 30% homology with stem cell antigen 2 (SCA-2), a marker for

immature lymphocytes for which it is named.96,97 PSCA has limited normal background

expression with reports of low-level protein or mRNA expression in normal prostate,

bladder, stomach, esophagus and the collecting ducts of the kidney.96,98–100 Despite its
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name, PSCA has been shown to be a marker of differentiating cells rather than immature

cells in the prostate.101

PSCA protein is expressed in 83-100% of prostate cancers and is overexpressed in 40-100%

of these cancers (Figure 1.5 and 1.6).99,103,104 Its expression has been shown to correlate

with the Gleason score, seminal vesicle and capsular invasion, advanced clinical stage,

androgen independence, MYC gene-amplification, and a poor prognosis.96,99,104–107 PSCA

expression is not detected in most benign prostatic hyperplasia (BPH) transurethral

resection samples and its detection in these samples has been found to correlate with

eventual prostate cancer development.108,109 PSCA is expressed to a higher degree in

HGPIN than low-grade PIN, and PIN that expresses PSCA is more likely to progress to

cancer than those that do not.108,110 Furthermore, PSCA is highly expressed in the major-

ity of prostate cancer bone metastases (87-100%) and many metastases to other sites (67%

liver, 67–95% lymph node).75,99,102 PSCA has also been investigated as a serum marker

of prostate cancer invasion and metastasis and as a marker of biochemical recurrence

following radical prostatectomy.111,112 Additionally, PSCA overexpression has been found

at the mRNA or protein level in bladder cancer, pancreatic cancer, renal cell carcinoma,

cervical squamous cell carcinoma, ovarian mucinous tumors, endometrial adenocarci-

nomas, non-small cell lung cancer, and hydatidiform moles but has been found to be

downregulated in esophageal cancer and other head and neck squamous cell carcinomas,

gastric cancer, and cancer of the gallbladder.98,113–126

The regulation of PSCA is not well understood. However, the PSCA promoter has been

found to contain an androgen response element and expression has been found to increase

with puberty, decrease with castration, and increase with androgen supplementation in

mice.127–129 In addition, in humans mRNA PSCA expression in HGPIN and prostate can-

cer tumors has been shown to decrease in response to androgen deprivation.130,131 PSCA

regulation in prostate epithelial cells has also been suggested to involve the transcription

factor Yin Yang 1, which is upregulated in many prostate cancers.132 Regulation of PSCA
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Figure 1.5: Anti-PSCA immunohistochemistry of prostate cancer tumors and metas-
tases. PSCA staining shows low background staining in normal prostate (A). In-
creased staining is seen in HGPIN (B), local prostate cancer (C-D), bone metastases
(E-G), and liver metastases (H) with expression correlating with TNM stage. PSCA
expression is detected in many lymph node metastases, but to a significantly lesser
degree than bone metastases (I).102 (A-B) Reprinted with permission from Barbisan
et al.103 (C-E) Reprinted with permission from Gu et al.99 (F-I) Reprinted with
permission from Lam et al.102
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HGPIN
The mean proportions of positive cells were greater
than those in NEp and atrophy. When HGPIN was
adjacent to PCa the values were higher than when
away from it. The proportions in the RPs were slightly
greater than in the CyPs (RP, adjacent: 18 ± 11.58%;
away: 14.67 ± 11.34%; CyP, adjacent: 17.75 ± 12.9%;
away: 13.67 ± 12.78%). The proportions of positive
cells in the two additional CyP specimens with HGPIN
and without PCa were similar to those seen in the away
location in the CyP specimens with PCa (12.87 ±
11.91%) (Figures 1C and 2).

Prostate cancer
The proportions of positive cells were greater than those
in the adjacent HGPIN (Figure 2). The values in the RPs
were slightly higher than in the CyPs (RP: 22.58 ±
13.67%; CyP: 20.25 ± 15.96%) (Figures 1D and 2).

Tables 2 and 3 report the results of the statistical
analysis. The differences between NEp and HGPIN and
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Figure 2. Mean percentages of prostate stem cell antigen (PSCA)-
positive cells in normal-looking epithelium (NEp) [away and adjacent
to prostatic adenocarcinoma (PCa)], atrophy (away and adjacent to
PCa), high-grade prostatic intraepithelial neoplasia (HGPIN) (away
and adjacent to PCa) and in PCa in radical prostatectomy (RP) and
cystoprostatectomy (CyP) specimens (the error bars, or standard error
means, are also shown). See Tables 2 and 3 for statistically significant
differences between compartments.
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Figure 1. Prostate stem cell antigen (PSCA) immunoreactivity in normal-looking epithelium (A), atrophy (B), high-grade prostatic intraepithelial
neoplasia (C) and in prostatic adenocarcinoma and adjacent normal-looking epithelium (D).
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away from PCa. The values in the RPs were slightly
greater than in the CyPs; however, the differences were
not statistically significant.

PSCA overexpression
Figure 3 shows the proportions of cases with PSCA
overexpression. The values increased from atrophy
(away from PCa: 15% in RP and 10% in CyP; and
adjacent: 24% and 20%, respectively), through HGPIN
(away from PCa: 40% in RP and 35% in CyP; and
adjacent: 74% and 64%, respectively), to PCa (100% in
RP and 95% in CyP). The values in the RPs were
slightly greater than in the CyPs, the differences being
not statistically significant (see also the legend for
Figure 3). Cases with PSCA overexpression were not
present in the NEp groups.

Ki-67
The proportions of Ki-67-positive nuclei in the RPs
increased from atrophy and NEp to HGPIN and PCa
(Figure 4), the differences between pairs of compart-
ments being statistically significant (atrophy versus
NEp: P = 0.005; NEp versus HGPIN: P = 0.003; NEp
versus PCa: P < 0.001; atrophy versus HGPIN:
P < 0.001; atrophy versus PCa: P < 0.001; HGPIN
versus PCa: P < 0.001). A similar trend was seen in
the CyPs (NEp versus atrophy: P = 0.014; NEp versus
HGPIN: P = 0.036; NEp versus PCa: P < 0.001; atro-

phy versus HGPIN: P < 0.001; atrophy versus PCa:
P < 0.001; HGPIN versus PCa: P = 0.014). In the
CyPs the values were lower than in the RPs, the
differences being not statistically significant. Correla-
tion between the proportion of Ki-67 positive nuclei
and that of PSCA-positive cells was statistically signif-
icant (r = 0.65, P < 0.02).

Discussion

In a previous preliminary study from our group, PSCA,
CD44, p63, i.e. a marker of the basal cells of the
prostate, and PSA were evaluated immunohistochem-
ically in serial sections of HGPIN of one CyP and one
RP. PSCA-positive cells were CD44 and PSA-positive
and p63-negative. These findings, together with those
by Tran et al.,19 show that PSCA is a marker of late
intermediate prostatic epithelial cells. The regulatory
mechanisms of human PSCA expression in this type of
cell and its biological function are yet to be fully
elucidated.

PSCA expression may be regulated by multiple
factors.20 Watabe et al.21 reported that transcriptional
control is a major component regulating PSCA expres-
sion levels. In addition, induction of PSCA expression
may be regulated or mediated through cell–cell contact
and protein kinase C.22–27

Homologues of PSCA have diverse activities, and
have been involved in carcinogenesis. Signalling
through SCA-2 has been demonstrated to prevent
apoptosis.26 From its restricted expression in interme-
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Figure 4. Mean percentages of Ki67-positive nuclei in normal-
looking epithelium (NEp) [away and adjacent to prostatic adenocar-
cinoma (PCa)], in atrophy (away and adjacent to PCa), in high-grade
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tomy (CyP) specimens (the error bars are also shown; see also text for
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Figure 1.6: Quantification of anti-PSCA immunohistochemistry of normal prostate
(NEp), atrophic prostate, and HGPIN (both away from and adjacent to prostate can-
cer) from radical prostatectomy (RP) and cystoprostatectomy (CyP) prostate cancer
specimens shows PSCA expression both in the proportion of cells expressing it and
percentage of patient samples with overexpression. Reproduced with permission.103

in urothelial and bladder carcinoma cell lines has been reported to be related to cell ad-

hesion and telomerase-related mechanisms.133,134 In addition, in bladder cancer certain

genetic variants of PSCA have been found to have novel transcription start sites that alter

the leader peptide and increase membrane expression of PSCA.135 Tumors in PTEN+/−

and TRAMP transgenic prostate cancer mouse models have been shown to overexpress

PSCA.129 Androgen regulation of PSCA will be further discussed in Chapter 3 and the

effect of PTEN deletion on PSCA expression will be further discussed in Chapter 5.

The function of PSCA is currently unknown. PSCA knockout mice are grossly normal

with no observed phenotype.136 In its role in various cancers, PSCA has been suggested

to be both a tumor suppressor and a tumor promoter.97 Deletion of PSCA in the TRAMP

transgenic prostate cancer mouse model increases the number of metastases and PSCA

overexpression slows cell growth in a gastric cancer cell line.115,136 However, PSCA over-

expression prevents cell death in chicken choroid cells, suggesting its function may be

context dependent.137 Genome wide association studies have found that a number of

PSCA SNPs modulate the risk of gastric, bladder, and prostate cancers in various pop-

ulations, but no somatic mutations of PSCA have been reported in cancers.97,124,138–146
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PSCA lacks a transmembrane domain or intracellular component and a hypothesized

function for PSCA, based on presence of activin type I and II domains in its structure,

is operation as a signaling partner for the TGF-β superfamily, but this function is not

supported by direct experimental evidence.97

Regardless of its function, based on its correlation with advanced clinical stage and metas-

tases in prostate cancer, PSCA has been the subject of research not only as a biomarker

for prostate cancer diagnosis but also as a therapeutic target. Intact antibodies have

been shown to induce cell death in PSCA transfected cell lines in vitro and slow the

growth of PSCA expressing xenografts in vivo through an Fc- and caspase-independent

mechanism, and clinical trials for anti-PSCA antibody therapy of prostate cancer are

ongoing.147–150 PSCA has additionally been the subject of various prostate cancer vac-

cination studies.151–159 PSCA is a promising biomarker for prostate cancer diagnosis

and therapy and further research is needed both for its uses in these roles and into its

mechanistic function.

1.4 Antibody based imaging

The widespread availability of antibodies with unmatched capabilities for identifying

highly specific protein targets, has been extensively exploited for in vitro diagnostics,

and more recently, in vivo therapeutics. Facilitated by the generation of humanized, and

fully human antibodies with reduced immunogenicity, therapeutic antibodies have been

developed which bind specifically to cancer cell surface targets and engage host immune

effector responses or directly induce tumor cell death. Thirteen antibody therapeutics have

been approved by the Food and Drug Administration for treating solid and hematological

malignancies, with dozens more in Phase I to III evaluation.160–162 These clinical successes

validate the delivery of tumor-targeted antibodies to their target antigens in vivo, and open

the possibility of using antibodies as molecular imaging agents. Antibody-based imaging
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can essentially perform immunohistochemistry in vivo to allow cell surface targets to

be profiled in living patients with broad potential applications in cancer detection and

staging, tumor and metastasis phenotyping, stratification of patients into treatment

groups, and evaluation of tumor targeting and therapy response.

Defining the molecular characteristics of a patient’s disease by analysis of biopsy tis-

sue requires decision making based on limited samples; information may be missed if

characterization is limited to small samples from a heterogeneous tumor. Furthermore,

when disease has spread, extrapolation based on an isolated biopsy is limited by the

observation that different metastatic lesions from the same patient often have evolved

different molecular, biochemical, and physiological characteristics.163 Molecular imaging

with radioactive modalities such as positron emission tomography (PET), on the other

hand, provides a noninvasive means to quantitatively assess specific molecular targets,

interactions, and events in the whole body. Additionally, molecular imaging can be em-

ployed serially, to track changes in tumor biology over time, including assessments of

molecular status pre- and post-treatment.

18F-FDG, the most broadly-used radiotracer for PET, revolutionized the management

of many cancers by allowing visualization of whole body tumor burden based on the

increase in glucose utilization.164,165 Imaging of tumor metabolism has been employed for

evaluation of therapeutic efficacy shortly after initiation of therapy in many cancers.166

However, not all tumors show high 18F-FDG uptake and high glucose utilization is not

a process specific to cancers; in particular inflammatory processes can give rise to false

positive FDG-PET scans.167 In addition, while 18F-FDG uptake can correlate with the

aggressiveness of some tumors it reveals little about the molecular phenotype of the tumor.

Molecular profiling of cancer biology using noninvasive imaging will require additional

approaches.
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A plethora of well-characterized cell surface markers have been targeted by antibodies

for noninvasive imaging and assessment of cancer cell biology. Indeed, antibody-based

imaging can be applied to detect cell surface changes caused by many of the famous

hallmarks of cancer.168 Antibodies have been employed for imaging of classical tumor

biomarkers (CEA, TAG-72, EGP-1)169–174 and tissue specific antigens (CD20, PSMA,

PSCA)95,175–184 to localize and diagnose cancer and the tissue of origin. They can be

used to evaluate expression of signaling receptors (HER2/neu, IGF1, EGF1, c-KIT, TGF-

β);95,185–198 changes in adhesion molecules (EpCAM, ALCAM);199,200 markers of tumor

invasion and metastasis (matrix metalloproteases);201 or even changes in glycosylation

patterns present on cancer cells (CA 19-9, Lewis Y).202–204 The tumor microenvironment

is also a rich source of targets: processes such as hypoxia (Carbonic Anhydrase 9),205–207

angiogenesis (fibronectin, VEGF, CD105),208–213 and lymphangiogenesis (LYVE-1)214 can

all be addressed through molecular imaging using antibody-targeted probes.

1.4.1 ImmunoPET

Early development of immuno-imaging in the 1990s focused on planar and SPECT imag-

ing, with a variety of radiolabeled antibodies and fragments receiving regulatory approval

(111In-satumomab pendetide [OncoScint], 111In-capromab pendetide [ProstaScint, anti-

PSMA], 99mTc-arcitumomab [CEA-Scan], 99mTc-nofetumomab merpentan [Verluma]).

These probes, however, failed to achieve widespread clinical use due to shortcomings in-

cluding low sensitivity, difficulties with quantitation, and the murine origin of these first

generation tracers, which frequently provoked immune responses. Issues of immunogenic-

ity have been addressed through development of humanized and fully human antibodies,

now routinely created using protein engineering, display libraries, and transgenic mice.215

Antibody-based imaging is also benefitting from widespread adoption of PET imaging

in clinical oncology. PET is inherently two to three orders of magnitude more sensitive
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Radionuclide Half-Life (hours) β+
max (MeV) β+ Yield (%)

68Ga 1.1 1.90 89
18F 1.8 0.63 97
64Cu 12.7 0.66 18
86Y 14.7 3.15 34
89Zr 78.4 0.90 23
124I 100.2 2.14 24

Table 1.2: Radionuclides for immunoPET

than single-photon-based radioactive imaging such as SPECT, and enables quantitative

imaging at sub-nanomolar concentrations.216 The availability of non-standard positron-

emitting radionuclides, with longer half-lives compatible with the pharmacokinetics of

biological molecules, is also improving (Table 1.2).217 The long biological half-life of intact

antibodies (1-3 weeks) requires using radionuclides with similarly long half-lives, such

as the positron emitting radionuclides 124I and 89Zr, and to a lesser extent 64Cu and

86Y.218–222

Radionuclides can either be conjugated to an antibody directly or attached indirectly

through a linker. Direct labeling of proteins is usually performed via halogenation of

radioiodine onto random tyrosine residues under oxidizing conditions. However, random

conjugation runs the risk of inadvertently damaging the binding capability of an antibody,

particularly if critical tyrosines are present in its binding sites. Additionally, direct halo-

genation (e.g., iodination) is not suitable for antibodies that bind to rapidly internalizing

epitopes, since intracellular catabolism and dehalogenation of the antibody will result in

the rapid clearance of radioiodine and iodotyrosine from the target tissue, resulting in

loss of signal.217,218 Indirect radioisotope conjugation generally employs a bifunctional

linker that contains a radionuclide or chelating group for attachment of radiometals and a

reactive group that can react with -amino groups of lysine residues and/or the N-terminus

of a protein.217,218,223 These chemistries commonly produce stable linkages; following an-

tibody internalization and catabolism, radioactive metabolites are trapped intracellularly.
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Retention of radioactivity will increase the tumor-to-blood ratio over time, improving

contrast and imaging of target tissues. However, radioactive metabolites also accumulate

in organs responsible for general clearance and catabolism such as the liver and kidney.224

The overall background activity due to blood pool or normal tissue activity is a function of

the choice of linker and radionuclide, in conjunction with probe kinetics and clearance,

but if the combination is chosen carefully, increased radionuclide accumulation in the

tumor will lead to successful imaging.

Direct or indirect conjugation chemistries that react with random surface amino acid

residues can reduce the binding affinity of antibodies and derivatives, especially those

with critical tyrosine or lysine residues in the CDRs. Site-specific indirect conjugation

methods have been developed that can target cysteine residues in antibodies, follow-

ing reduction of disulfide bridges. Conjugation and radiolabeling using thiol-reactive

chemistries targeting reduced cysteines (either native or introduced by protein engineer-

ing) reduces the probability of impacting the immunoreactivity of the antibody.225–227

1.4.2 ImmunoPET using intact antibodies

Renewed interest in immunoPET in patients has recently yielded promising results.

For example, a 89Zr-N-succinyldesferrioxamine (N-SucDf ) labeled chimeric antiCD44v6

U36 antibody (89Zr-cU36) was evaluated in 20 patients with squamous cell carcinoma of

the head and neck (HNSCC).228 In these patients, 89Zr-cU36 immunoPET detected all

primary tumors and detected metastastatic lymph node levels with a sensitivity of 72%

and specificity of 98%. Detection of lymph node metastases was equivalent or better than

CT/MRI (sensitivity, 60%; specificity, 98%).

ImmunoPET imaging of HER2 expression using 89Zr-N-SucDf-labeled trastuzumab

has also been successful. In a study with 14 HER2 positive breast cancer patients,
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blood pool clearance within the !rst 24 h. Patients in cohorts 2 
and 3 show a much higher relative blood pool activity, indicating 
slow clearance of 89Zr-trastuzumab from the blood pool.

Interval between tracer injection and PET scan
Except in the 10-mg dose group (cohort 1), extensive 89Zr-
 trastuzumab activity was still present in the blood pool 
1–2 days a"er the injection, even while uptake was observed 
in liver, spleen, and kidneys. At 4–5 days a"er the injection, 
89Zr- trastuzumab activity in the blood pool was lower, and 
uptake in tumors had increased. #is is illustrated by means 
of the scans obtained from a patient already on trastuzumab 
treatment (Figure 2a–c). #is representative patient showed a 
slight decrease in blood pool tracer activity and marked 89Zr-
trastuzumab accumulation in the brain metastasis over time.

Scans performed at day 6 or 7 a"er the injection yielded 
decreased image quality because of insu$cient counting statis-
tics. #e optimal time for the scan represents a balance between 
good tumor/nontumor ratios and su$cient radioactive signal. 
#e best time for assessing uptake of 89Zr-trastuzumab in tumor 
lesions was found to be 4–5 days a"er the injection of 37 MBq 
89Zr-trastuzumab.

Visual analysis and quantification of 89Zr-trastuzumab uptake
At visual examination, the spatial resolution and signal/noise 
ratios of the 89Zr-trastuzumab PET scans were superior to those 
from our previous 111In-trastuzumab SPECT study.11

Visual analysis of the PET scans revealed 89Zr-trastuzumab 
biodistribution to liver, spleen, and kidney. #is is in accord-
ance with what was expected for these well-perfused organs. #e 
89Zr-trastuzumab uptake in other nontumor tissues (e.g., lung, 
muscle, bone, and brain) was low.

In cohort 1, one of the two trastuzumab-naive patients showed 
accumulation of 89Zr-trastuzumab in skin and liver metastases.

In both cohort 2 and cohort 3, the majority of the lesions 
previously identi!ed in the patients by computed tomography 
(CT), magnetic resonance imaging (MRI), or bone scans could 

also be seen on the 89Zr-trastuzumab PET scan. Visually, no 
 di%erence was evident between cohorts 2 and 3 with respect 
to the uptake of 89Zr-trastuzumab in tumor lesions. We antici-
pated that, because cohorts 2 and 3 would have su$cient 89Zr-
trastuzumab in the circulation (in contrast to cohort 1), there 
would be su$cient 89Zr-trastuzumab available for accumula-
tion in the tumors in these two cohorts. In addition, because 
the relative uptake values (RUVs) for these two cohorts were 
very similar (as shown in Supplementary Table S1 online), 
the cohorts’ data pertaining to uptake of 89Zr-trastuzumab in 
tumors were pooled (n = 12).

In 6 of these 12 patients, 89Zr-trastuzumab PET did not detect 
all the known lesions.

Known liver lesions were visualized by 89Zr-trastuzumab 
in four of seven patients. No uptake of 89Zr-trastuzumab took 
place in liver lesions in two of the patients in cohort 2 and one 
patient in cohort 3. Figure 3a, an image from a representative 
patient with liver and bone metastases as revealed by CT and 
bone scan, shows a clear distinction between normal and patho-
logical 89Zr-trastuzumab uptake in the liver on the day-5 scan. 
89Zr-trastuzumab PET did not reveal any liver lesions.

At the time of the tracer injection, one of the patients with 
known liver metastases had been receiving trastuzumab treat-
ment for 2 months. A CT scan performed directly a"er the PET 
scan (following 89Zr-trastuzumab administration) showed a 
partial tumor response. #is response, probably associated with 
tumor cell apoptosis and receptor occupation and/or internaliza-
tion, might explain the negative results of the 89Zr-trastuzumab 
PET scan.

Multiple bone lesions, noted on bone scans, CT, or MRI, were 
visualized by 89Zr-trastuzumab PET in seven of nine patients. 
#e two patients in whom the bone lesions did not show uptake 
of 89Zr-trastuzumab were in cohort 3. Representative exam-
ples of 89Zr-trastuzumab uptake in bone lesions are shown 
in Figure 3a–c (Figure 3a and c are also available online as 
rotating 3D projections; see Supplementary Movies S1 and S2 
online). #e various bone lesions in the two patients are shown 
in the 89Zr-trastuzumab PET scans and were in good agree-
ment with 99mTc-HDP bone scans. Figure 4a shows the 89Zr-
 trastuzumab uptake in a vertebral metastasis detected earlier 

1 day p.i.

a b c

2 days p.i. 5 days p.i.

Figure 2 89Zr-trastuzumab biodistribution in time. (a–c) Three 89Zr-
trastuzumab scans of a patient already on trastuzumab treatment (cohort 3) 
show the increase over time in the tumor/nontumor ratio as regards uptake 
of the tracer. Arrow indicates 89Zr-trastuzumab uptake in the only lesion. 89Zr, 
zirconium-89.

a b c

Figure 3 Examples of 89Zr-trastuzumab uptake 5 days after the injection. 
(a) A patient with liver and bone metastases, and (b and c) two patients 
with multiple bone metastases. A number of lesions have been specifically 
indicated by arrows. See Supplementary Movies S1 and S2 online for 
rotating 3D projections of a and c. 89Zr, zirconium-89.

A B C

Figure 1.7: 89Zr-trastuzumab localizes to HER2 expressing tumors 5 days post-
injection. (A) A patient with liver and bone metastases, and (B and C) two patients
with multiple bone metastases. One patient shows high cardiac uptake (B) which
may suggest she is at risk for cardiac side effects to trastuzumab therapy. Reprinted
with permission.188

PET imaging 4-5 days post-injection detected most of the known lesions and some un-

known lesions including primary tumors and metastases in liver, bone, skin, and brain,

in both trastuzumab-naïve patients and patients currently on trastuzumab therapy

(Figure 1.7).188 89Zr-trastuzumab immunoPET detected all known lesions in 6 of 12

patients and was found to have superior resolution and signal/noise ratios compared to

immunoSPECT with 111In-DTPA-labeled trastuzumab.188,229,230

A study of 124I-labeled humanized anti-A33 antibody (124I-huA33) in 25 patients showed

124I-huA33 uptake in 10 of 12 primary tumors with average tumor uptake 3.9-fold higher

than in normal colon.231 124I-huA33 was also able to detect liver metastases in all 10

positive cases with tumor uptake 9.3-fold higher than in normal liver, although detection

of metastases in other sites had lower sensitivity (Nodes: 4/7 cases positive, Lungs: 2/5

cases positive).231 Comparison of 124I-huA33 uptake and A33 expression in biopsied

tumors in 15 patients showed a strong spatial relationship between A33 expression and
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124I-huA33 uptake and a linear relationship between tumor A33 antigen density and

124I-huA33 uptake (r2 = 0.75).232

ImmunoPET has shown utility in distinguishing benign and indolent renal tumors from

malignant clear cell renal carcinomas through imaging expression of Carbonic Anhydrase

9 (CA9), a marker of tumor hypoxia expressed in 94% of clear cell carcinomas.233 In a

Phase I study of 25 patients, immunoPET using 124I-labeled anti-CA9 chimeric cG250

successfully identified 15 of 16 patients with clear cell carcinomas, while all 9 non-clear-

cell renal masses were negative (sensitivity of 94%; specificity of ∼100%).206 124I-cG250

uptake measured by PET was found to correlate both with antigen expression by immuno-

histochemistry and antibody uptake in biopsy samples (PET and digital autoradiography

r = 0.88, p ≤ 10−6 when normalized for residual blood activity).207 Early results from

a Phase III clinical trial using 124I-cG250 for detection of clear cell carcinoma in 226

patients with renal masses reported a specificity of 87% for 124I-cG250 PET/CT versus

47% for CT alone with a sensitivity of 86% versus 76% for CT alone.234 Additionally,

residualizing 89Zr-cG250 antibodies are being investigated in preclinical models and

performed better than 124I-cG250 in mice bearing NU-12 xenografts, with tumor uptake

of 114.7±25.2 %ID/g and 38.2±18.3 %ID/g, respectively.235

1.4.3 Engineering antibody pharmacokinetics for immunoPET

Imaging with intact antibodies typically requires a non-ideal delay of 4-7 days post-

injection before high contrast images can be obtained. Imaging studies with Fab and

F(ab’)2 fragments validated that clearance and rate of tumor penetration of an antibody

can be accelerated by using smaller antibody fragments.236,237 Preclinical studies have

demonstrated that engineered antibody variants with engineered pharmacokinetics can

rapidly accumulate in tumors while clearing the blood quickly, allowing imaging the same

or next day (Figure 1.8 1.9).
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Figure 1.8: The half-lives of ImmunoPET imaging agents can be modified by delet-
ing constant domains to create fragments of varying size (scFv-Fc, Minibody, and
Diabody) and/or by mutations modifying their interactions with the FcRn antibody
rescue receptor (scFv-Fc H310A/H435Q DM). Optimal imaging time points have
high tumor uptake with low blood activity. For intact antibodies, imaging at 96-168
hours provides optimal contrast. Antibody fragments such as scFv-Fc WT (72–120
hrs), scFv-Fc DM (12–48 hrs) minibodies (8–48 hrs), and diabodies (4–8 hrs) are
capable of obtaining high contrast images at earlier time points.

Single-chain Fv fragments (scFv; 25kDa), created by joining antibody variable light (VL)

and variable heavy (VH) domains with a flexible peptide linker, retain the specificity of the

original antibody but have decreased avidity due to their monovalency. Combined with fast

clearance (t1/2 = 0.5−2 hours), this limits the utility of scFv fragments as imaging agents,

but they provide useful building blocks for creating multivalent fragments (Figure 1.8).

Attaching a scFv to an Fc domain via an IgG1 hinge gives covalent scFv-CH2-CH3 dimers

(scFv-Fc; 105 kDa).238,239 Since these retain full Fc interactions with the FcRn salvage

receptor which mediates antibody rescue in the endothelium, liver, and other normal

tissues, their half-lives are similar to intact antibodies.240–242 Mutation of the Fc region

of a scFv-Fc can be used to tune its interaction with FcRn and calibrate the half-life of

the scFv-Fc from the wild type 12 days to a range from 83 to 8 hours (Figure 1.8 and 1.9

B,C).242,243 This strategy has been employed with an anti-HER2 scFv-Fc H310A/H435Q
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Figure 1.9: MicroPET/CT imaging of mice bearing PSCA expressing LAPC-9
prostate cancer xenografts shows various anti-PSCA antibody fragments can tar-
get and image PSCA expression in vivo. Imaging with intact antibodies or scFv-
Fc WildType (WT) requires waiting 5-7 days post-injection before imaging (A-B).
scFv-Fc H310A/H435Q Double Mutant (DM) and minibodies can be imaged the
day after injection (C-D). Diabodies diffuse into tumors and clear quickly enough
to allow for microPET imaging the same day with short lived radioisotopes such
as 18F (E). 124I-labeled probes show bladder signal at early time points due to
clearance of 124I-iodotyrosine and 124I-iodide produced by antibody catabolization
(C-D). 18F-FB-labeled probes often show gallbladder and cecum signal due to ex-
cretion of radiolabeled metabolites in bile (E). All microPET images are displayed
as volume renderings scaled to best show tumor targeting and were adapted with
permission.180–184
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mutant (t1/2 = 7.1 hrs) that at 21 hours post-injection showed 11.8±1.0 %ID/g uptake

with a tumor-to-background ratio of 4.5 in mice bearing MCF-7/HER2 xenografts.187

An alternative approach for antibody fragment half-life reduction is to delete the CH2

domain entirely to create a 80 kDa scFv-CH3 covalent dimer (minibody).244,245 The inter-

mediate size of these fragments, and their lack of interaction with FcRn, yields half-lives

of 5 to 11 hours while allowing for rapid tumor uptake that peaks approximately 4-12

hours post-injection. Imaging with an 124I-labeled anti-CEA minibody245 exhibits better

tumor targeting than similarly sized F(ab’)2 fragments236,246 with 24 hours post-injection

tumor uptake of 29.1 %ID/g and tumor-to-blood ratios of 14.2 in mouse xenograft models.

Imaging with 124I-labeled anti-PSCA minibodies shows uptake at 20 hours equivalent to

the uptake of 124I-labeled intact antibodies at 168 hours, and affinity maturation of anti-

PSCA minibody was found to further improve its utility as an imaging agent (Figure 1.9

D).180,181,183 In addition to CEA and PSCA, 124I- and 64Cu-labeled minibodies against

CD20,175 HER2,185,187 and PSMA,179 and a related small immunoprotein (SIP) which

binds to fibronectin expressed on cancer neovasculature,210,211 have been evaluated in

mouse models and have shown high contrast imaging within 20 hours post-injection with

optimal tumor-to-background ratios generally seen between 20 and 48 hours.

Another promising bivalent antibody fragment, the diabody, consists of scFv dimers

created by shortening the linker in scFv fragments to between 3 and 10 residues such

that the domains cannot self-pair and are force to cross-associate. The resulting 50 kDa

fragment is below the threshold for renal clearance and clears with a terminal half-life of

3 to 7 hours. Diabodies have higher tumor uptake compared to scFvs or Fab fragments,

which has been attributed to their bivalency and higher avidity rather than strictly being

a function of increased serum persistence.247 In murine xenograft models, diabodies

exhibit high tumor penetration and retention while still clearing rapidly enough for same-

day imaging (Figure 1.8 and 1.9 E). This strategy has been successfully demonstrated
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for 124I- and 64Cu-labeled diabodies against PSCA,182 HER2,186,191,192 ALCAM,200 CA19-

9,202 TAG72,171 and CD20.176 Many of these fragments, however, are at risk for reduced

immunoreactivity due to the small number of sites available for random conjugation

and radiolabeling. For this reason, diabodies have been engineered with additional C-

terminal cysteines (cys-diabodies) for site specific addition of chelators using thiol-specific

chemistry.200,248

A further benefit of using the quickly clearing diabodies as imaging agents is the ability

to use 18F (t1/2 = 1.8 hours) and 68Ga (t1/2 = 1.1 hours) for radiolabeling despite their

short physical half-lives. 18F and 68Ga are advantageous due to their higher positron

yields compared to many of the longer-lived PET radionuclides. Both 68Ga and 18F

can be randomly conjugated via amino-reactive bifunctional chelators, or site-specifically

conjugated to cys-diabodies.184,199,249,250 18F-labeled anti-CEA, anti-HER2, and anti-PSCA

diabodies demonstrate signal accumulation in positive tumors within 30 minutes of

injection and high contrast images at 1 to 4 hours post-injection in murine xenograft

studies (Figure 1.9 E).174,184,192

1.4.4 Imaging to guide therapy selection

The molecular information gained from antibody imaging can extend far beyond simply

identifying the presence and location of a tumor. Many available cell surface biomarkers

are informative of tumor biology; imaging based on these markers could be used to stratify

patients into high and low-risk groups, or potentially predict tumor response to therapy.

Indeed, most of the cell-surface biomarkers currently investigated as imaging agents

are also targets of therapeutic antibodies either clinically available or in development.

Antibody-based imaging can both demonstrate the presence of an antigen in a tumor,

and provide a direct measure of antibody delivery in vivo. Finally, antibody imaging can

provide insight into off-target delivery and exposure.
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For example, the use of trastuzumab (anti-HER2) in patients is only effective in the

subpopulation (20-30%) of patients that have HER2 positive breast cancer (as determined

by IHC or FISH at initial diagnosis). However, HER2 expression levels can evolve over

the course of the disease and can be significantly different in primary and metastatic

lesions.163,251 Furthermore, even in patients with HER2 positive lesions, the response

rate to trastuzumab monotherapy is only 34-35% though response rates improve to

72-81% when trastuzumab is combined with chemotherapy.252–255 Imaging with 89Zr-

trastuzumab likewise shows antibody uptake in the majority of HER2 positive tumors,

but some lesions show low uptake.188 These results demonstrate the potential role of

89Zr-trastuzumab imaging as a noninvasive, quantitative measure of which patients and

even which individual tumors are likely to respond to trastuzumab therapy by measuring

not only HER2 expression but also the ability of the antibody to target the tumor. This

concept was illustrated by an immunoSPECT study by Behr et al. using 111In-labeled

trastuzumab to image 20 trastuzumab-naïve women with HER2 positive breast cancer.256

Behr et al. found that all 11 patients showing high 111In-trastuzumab uptake in tumors

prior to therapy had objective responses to trastuzumab. In contrast, an objective response

was observed in only 1 of the 9 women without 111In-trastuzumab tumor uptake.256

Interestingly, results from the same study suggested that cardiac uptake of 111In-trastu-

zumab prior to trastuzumab therapy could predict cardiotoxicity. However, a different

study of 17 patients with HER2-positive breast cancer, in whom trastuzumab therapy had

already been initiated, failed to replicate these results.229 It is possible that the modest

levels of HER2 expressed in the myocardium were largely saturated with unlabeled

trastuzumab, reducing the uptake of 111In-trastuzumab below the threshold for detection.

ImmunoPET, with its much higher sensitivity than SPECT and potential for quantitation,

may be better suited for this application and further studies are needed to determine

whether there is a correlation between uptake and toxicity. Alternatively, an antibody

against a noncompetitive epitope of HER2, may provide the means to image HER2

expression in the presence of saturating levels of trastuzumab.191
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1.4.5 Imaging to estimate dosimetry for radioimmunotherapy

Antibodies have been proven as effective vectors for targeted delivery of radiotherapeutic

isotopes into tumors. The radionuclides most commonly used for radioimmunotherapy

(RIT) include the β-emitters 131I , 90Y, and 177Lu which provide a range of physical half-

lives and β-ranges for treating tumors of various sizes. Several radiolabeled mAbs are

undergoing clinical investigation for use in RIT and two agents, 131I-labeled anti-CD20

tositumomab (Bexxar) and 90Y-labeled murine anti-CD20 ibritumomab tiuxetan (Zevalin),

have been approved by the US FDA for treatment of NHL.219

Ideally, antibody dosing for RIT allows for the highest concentration possible of radia-

tion dose accumulation within tumors while minimizing whole body and especially bone

marrow exposure. Pre-therapy antibody-based imaging can allow whole body biodistribu-

tion to be obtained noninvasively for dose titration. Since 131I and 177Lu emit γ-rays in

addition to therapeutic beta particles, immunoSPECT imaging can be used to evaluate

targeting and dosimetry. Current clinical practice utilizes planar or SPECT imaging of

tracer quantities of 131I-tositumomab to estimate therapeutic doses to tumors before

initiating therapy.257 In addition, evidence shows that patient specific treatment planning

can be further improved by using detailed 3D whole body dosimetry.258,259

Although the gamma emissions of 131I provide a useful tool for estimating dosimetry, the

high energy of the photons results in off-target exposure and can require patient isolation

to reduce exposure to family members and health care personnel. Pure β−emitters, such

as 90Y, minimize exposure to medical personnel and enable outpatient treatment, but

do not allow direct imaging for dosimetry. Instead, the positron emitter 86Y could be

employed for immunoPET as it provides matched chemistry, but its high γ-yields leads to

difficulties with quantification and its short half-life of 14.7 hours limits the time frame

for evaluation of tissue distribution.260 111In and 89Zr have been used, respectively, as

90Y immunoSPECT and immunoPET imaging surrogates. 89Zr-Zevalin immunoPET has
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been found to match 90Y-Zevalin biodistribution in mouse models, and localized to all

known tumors in human patients.261 111In-trastuzumab was found to localize to known

metastatic lesions in 3 of 7 HER2-positive breast cancer patients and provided a means

to estimate dosimetry for potential 90Y-trastuzumab RIT.189

Antibody fragments with engineered pharmacokinetics developed for imaging may also

play a role in therapy. Their rapid tumor penetration and fast blood clearance may be espe-

cially well suited for RIT where the fragments could provide high relative doses to tumors

while minimizing off-target and especially bone marrow exposure. Fab fragments have

been investigated for use as RIT delivery agents, but the data from immunoPET suggests

the improved tumor targeting with minibodies or half-life engineered scFv-Fc fragments

could further optimize RIT and yield even better results.262 An 131I-labeled L19-small

immunoprotein (L19-SIP) targeted to the extra domain B of fibronectin tumor neovascu-

lature marker showed efficacy in mouse models of glioma, head and neck squamous cell

carcinoma, and colorectal cancer, and is in pilot clinical studies in humans.210,263–267

1.4.6 Imaging response to therapy

In addition to predicting which patients are likely to benefit from a certain therapy,

and evaluating off-target effects, immunoPET can potentially play a role in detecting

whether a therapeutic choice is efficacious in a patient by measuring changes in bio-

marker expression well before changes are seen using conventional imaging. For example,

treatment of mice bearing SK-OV-3 xenografts with trastuzumab for 3 days caused a

42% decrease in tumor uptake of 125I-labeled anti-HER2 C6.5 diabody, which binds to

a different non-competitive HER2 epitope, and a dramatic decrease in the PET signal

from a 124I-labeled anti-HER2 C6.5 diabody.191 Similarly, mice bearing BT-474 xenografts

showed a 60% decrease in 125I-labeled anti-HER2 C6.5 diabody uptake after 6 days of

trastuzumab treatment.191
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While immunoPET may be most obviously suited to the monitoring of treatment with

antibody-based therapeutics, it is not limited to this role. Many signaling changes caused

by small molecule drugs or other therapeutic interventions result in changes on the cell

surface. Expression of surface HER2 and secreted VEGF is dependent on HSP90 activity,

which can be inhibited by geldanamycin and its analogs. Serial imaging of mice bearing

HER2 positive xenografts with 68Ga-labeled trastuzumab F(ab’)2 fragments before and

after administration of the HSP90 inhibitor 17-AAG showed an 80% reduction in spe-

cific uptake of the 68Ga-trastuzumab-F(ab’)2 in the treatment group.268 Imaging with

89Zr-labeled intact trastuzumab 24 hours after initiating therapy with another HSP90

inhibitor, PU-H71, likewise saw a 50% reduction in 89Zr-trastuzumab uptake.269 In addi-

tion, treatment for two weeks with the HSP90 inhibitor NVP-AUY922 decreased uptake

of 89Zr-bevacizumab (anti-VEGF) in human ovarian cancer xenografts and these results

correlated well with both changes in expression of VEGF measured by ELISA and mark-

ers of tumor proliferation measured by immunohistochemistry.208 Similarly, treatment

with sunitinib—a tyrosine kinase inhibitor that blocks angiogenesis—decreased uptake

of 89Zr-N-SucDf-labeled anti-VEGF Fab fragments (89Zr-ranibizumab) in human ovarian

cancer xenografts.270 Halting sunitinib treatment caused a rebound in 89Zr-ranibizumab

uptake to levels greater than baseline and 89Zr-ranibizumab uptake was found to corre-

late better with changes in tumor proliferation, vascularization, and histology than either

18F-FDG PET or 15O-water PET.

Expression of many other cell surface markers are known to be modulated in response

to treatment. Studies in prostate cancer biopsies and cell lines have demonstrated the

correlation between PSMA cell surface expression and androgen activity.94,271 Imaging

with a 64Cu-labeled anti-PSMA antibody (64Cu-J591) showed a 48-55% decrease in 64Cu-

J591 uptake in mice bearing 22rv1 xenografts in response to androgen supplementation

and a 43% increase in response to one week of treatment with the anti-androgen MDV3100

in mice bearing LNCaP-AR xenografts (Figure 1.10).94 ImmunoPET detection of PSMA
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6.5%ID/mL]. Twenty-four hours after imaging, mice were ran-
domized into equal cohorts receiving (i) no treatment, (ii) a s.c.
testosterone pellet, or (iii) an s.c. DHT pellet. After 6 d, the
groups were again injected with 64Cu-J591, imaged 16 h after in-
jection, and subsequently euthanized for ex vivo tissue analysis. A
modest reduction in tumor uptake of 64Cu-J591 was observed
7 d after the initial injection in the group receiving no treatment
(0.81 ± 0.08), likely owing to the presence of residual antibody
from scan 1. Nevertheless, testosterone and DHT treatments
greatly reduced the incorporation of 64Cu-J591 in tumor tissue
compared with no-treatment control (0.52 ± 0.1 and 0.45 ± 0.1
respective ratios, P < 0.01; Fig. S5 shows a plot of correlated PET
and biodistribution data, and Table S1 lists SUVmean and bio-
distribution data from the tumor tissue of the full mouse cohort).
Moreover, biodistribution data revealed that 64Cu-J591 uptake
was unaffected in androgen-insensitive host tissues, indicative of

specific pharmacological effects of testosterone andDHT (Fig. 3C;
Table S2 lists biodistribution values from the full mouse cohort).

Androgen Deprivation Therapies Increase 64Cu-J591 Uptake in
Xenografts. Having shown that androgen repression of PSMA
can be quantitatively imaged, we asked whether up-regulation of
PSMA expression can be detected with 64Cu-J591 PET after
treatment with antiandrogens. The preclinical studies of MDV3100
were conducted in LNCaP-AR xenografts and were predictive of
clinical activity; therefore, we conducted our PSMA imaging
studies using the same model. Intact male mice were inoculated
with bilateral s.c. LNCaP-AR xenografts, and basal uptake of
64Cu-J591 was determined (average SUVmean = 30.5 ± 9.3%ID/g).
Mice were then randomized into cohorts receiving (i) vehicle
(daily oral gavage), (ii) castration, or (iii) MDV3100 (daily oral
gavage, 10 mg/kg). Tumor volumes decreased by 10–20% 7 d

Fig. 3. Detection of androgen repression of PSMA in prostate cancer xenografts by PET. (A) Bilateral s.c. CWR22Rv1 xenografts were established in castrate
male mice and imaged by PET with 64Cu-J591 24 h before manipulation (scan 1). Animals were again injected with 64Cu-J591 6 d after hormonal manipulation
(Test., DHT) or no treatment (No Tx), and scan 2 was acquired 16 h after injection on day 7. The ratio of SUVmean values (scan 2/scan 1) shows substantial
reduction in 64Cu-J591 incorporation in the xenografts exposed to testosterone (Test.) and DHT treatment. (B) Representative transverse and coronal slices
(scan 2) of animals bearing CWR22Rv1 xenografts showing visibly reduced uptake in tumors exposed to androgens compared with no treatment. The
positions of the tumors are indicated with arrows. (C) Ex vivo biodistribution data (%ID/g) of the tumors and selected host tissues show that the tumors alone,
and not androgen-insensitive tissues, respond to hormonal manipulation. Fig. S5 shows a graphical representation of the correlation between calculated
SUVmean values and activity measurements acquired ex vivo, Table S1 lists the SUVmean and biodistribution data from the full cohort of mice, and Table S2 lists
the activity measurements (%ID/g) from the host tissues. *P < 0.01 compared with No Tx controls.

Fig. 2. Genetic and pharmacological inhibition of AR blocks androgen suppression of PSMA. (A) LNCaP and CWR22Rv1 (22Rv1) were transfected with
nontargeted (NT) or AR-directed (AR) siRNA pools and treated with vehicle (EtOH) or DHT (10 nM). Whereas basal expression of PSMA is unaffected by AR
knockdown in either cell line at this time point, AR silencing inhibits PSMA suppression by DHT, thus suggesting a role for AR in this process. Cells were
transfected with 100 nM of siRNA, DHT challenge was initiated 24 h after transfection, and cells were harvested 48 h after androgen treatment. (B) Hormone
withdrawal and antiandrogen treatment increase PSMA expression in LNCaP-AR in vitro. Cells were plated in media containing 10% (vol/vol) FBS and treated
with vehicle, MDV3100 (10 μM), or the media was replaced with 10% (vol/vol) CSS (indicated as “-”). After 7 or 14 d, cells were harvested and incubated with
Alexa Fluor 488-labeled J591, and PSMA expression was analyzed by FACS. Mean fluorescent intensities (MFI) were calculated and show that MDV3100 up-
regulates PSMA expression by 7 d, whereas the effects of hormone withdrawal were observed between 7 and 14 d.

9580 | www.pnas.org/cgi/doi/10.1073/pnas.1106383108 Evans et al.after castration or MDV3100 treatment, as expected (Fig. 4A).
After 6 d, the groups were again injected with 64Cu-J591, imaged
16 h after injection, and subsequently euthanized for ex vivo
tumor analysis. Whereas the relative change in intratumoral
uptake of 64Cu-J591 in cohorts receiving no treatment or cas-
tration was minimal (ratios of 1.10 ± 0.2 and 1.13 ± 0.2, re-
spectively), MDV3100 treatment significantly increased the
incorporation of 64Cu-J591 in the xenografts compared with
vehicle (1.43 ± 0.2, P < 0.05; Fig. 4 B and C; Fig. S5 shows a plot
of correlated PET and biodistribution data, and Table S3 lists
SUVmean values from the full mouse cohort).

Discussion
Recent clinical success with two next-generation therapies that
target AR signaling in CRPC, abiraterone and MDV3100, high-
lights the importance of developing noninvasive tools to quanti-
tatively monitor the state of AR pathway activity in patients.
Despite their promise, responses to these compounds are het-
erogeneous and often transient. Reasons for treatment failure are
unclear. Although changes in serum PSA levels can serve as
a surrogate for AR activity, this approach cannot detect variability
in response of independent lesions within the same patient. Here
we provide proof of concept in clinically validated xenograft
models that cell-surface PSMA expression is AR dependent and
can be quantitatively assessed by PET using a humanized mono-
clonal antibody cleared for clinical use.

18F-FDHT, a radioligand that targets the ligand-binding domain
of AR, assesses receptor occupancy but not downstream activity.
Recent studies of 18F-FDHT PET in CRPC patients treated with
MDV3100 found that tumors in nearly all patients showed a de-
crease in 18F-FDHT binding, indicating that MDV3100 can oc-
cupy the AR ligand-binding domain and preclude 18F-FDHT
binding. However, these 18F-FDHT PET “responses” did not
correlate with declines in serum PSA or tumor response (3).
Therefore, 18F-FDHT PET may have utility in optimizing the
dose of antiandrogen required for complete blockade of androgen
binding to AR, but it cannot assess AR pathway activity. By
quantitatively assessing expression of a downstream AR target
gene, 64Cu-J591 PET may identify those patients whose tumors
retain AR activity despite blockade of the AR ligand-binding do-
main and therefore would be ideal candidates for additional, or-
thogonal therapies to fully inhibit AR signaling.

The molecular basis for down-regulation of PSMA expression
by AR remains unclear. Noss et al. (12) localized the DHT-
mediated suppression of PSMA to an enhancer region, but no
androgen response elements have been identified. Recent AR
ChIP-Seq reveals four peaks of AR binding among multiple
introns of PSMA in LNCaP (20). Functional studies are needed to
determine whether these sites mediate AR repression.
The molecular imaging strategy described here could have

near-term clinical impact because the unlabeled J591 antibody
has already been optimized for use in patients (21, 22). Recent
success imaging preclinical prostate cancer models with 89Zr-
labeled rather than 64Cu-labeled J591 (23) adds further confi-
dence that this mAb could be readily adapted for a feasibility
study in patients. Another clinical implication of our finding that
PSMA is up-regulated in response to antiandrogen therapy is that
a toxin-conjugated PSMA-targeted mAb could be an effective
combination therapy with antiandrogens. Indeed, J591 has been
adapted for radioimmunotherapy, and Ab–drug conjugates and
therapeutic doses are well tolerated in patients (24, 25).

Materials and Methods
Detailed information is provided in SI Materials and Methods.

Antibody Radiolabeling. The monoclonal antibody J591 was modified with
1,4,7,10-tetraazacyclododecane-N,N!,N",N!!!-tetraacetic acid (DOTA), by direct
coupling of one of the four carboxylic acid groups of DOTA to the primary
amines in the antibodyprotein structure. The antibodieswere labeledwith 64Cu
by adding 10 μL of 64CuCl2 to 150 μL of DOTA-J591 (3.3 mg/mL, 1.0 M NH4OAc),
and the solution incubated at 37 °C for 20min. Twenty-fivemicroliters of 50mM
diethylenetriaminepentaacetic acid (pH 7.0) was added and the solution in-
cubated for anadditional 5min. The reactionmixturewas thenpurifiedon a10-
mL column of P6 Bio-Gel (Bio-Rad) with an eluant of 1% BSA/saline. The re-
sultant 64Cu-DOTA-J591 had a specific activity of 1.5 GBq/mg (220 MBq/μmol),
an immunoreactivity of >90%, and a radiochemical purity of >99.8%.

PET Imaging. Animal studies were carried out under Protocol 06-07-012 ap-
proved by the MSKCC Institutional Animal Care and Use Committee. Institu-
tional guidelines for the proper, humane use of animals in research were
followed.Bilateral s.c. xenografts of CWR22Rv1 or LNCaP-AR were established in
the flanks of castrate or intact male mice, respectively. At tumor volumes of 200
mm3, the animals were injected with 30MBq of 64Cu-J591 (20 μg IgG, 200 μL) in
the tail vein. After 16 h, the animals were sedated using 1.5% isofluorane
(Baxter Healthcare) and imaged with a microPET camera (Concorde Micro-
systems). Ten-minute acquisitions were collected with an energy window of

Fig. 4. 64Cu-J591 PET detects up-regulation of PSMA expression in prostate cancer xenografts in response to androgen deprivation therapies. (A) Percentage
change in tumor volumes show that LNCaP-AR xenografts, established in intact male mice, regress after castration (Orch.) or daily oral gavage of MDV3100
(10 mg/kg). Tumor volume measurements were recorded at day 0 and after the final treatment on day 7. (B) To evaluate the effect of antiandrogen therapy
on 64Cu-J591 incorporation, mice were imaged 24 h before the initiation of therapy (scan 1), and after 6 d of therapy mice were again injected with 64Cu-J591
and imaged by PET 16 h after radiotracer injection (scan 2). SUVmean values were calculated, and the ratio for each tumor (scan 2/scan 1) is reported. The
change in 64Cu-J591 uptake associated with vehicle treatment and castration was minimal, but MDV3100 induced a measurable increase in 64Cu-J591 binding,
consistent with the in vitro data. (C) Representative transverse and coronal slices (scan 2) of animals bearing LNCaP-AR xenografts showing increased
intratumoral uptake of 64Cu-J591 in tumors exposed to MDV3100 compared with castration or vehicle. The positions of the tumors are indicated with arrows.
Fig. S5 shows a graphical representation of the correlation between calculated SUVmean values and activity measurements of tumor tissue ex vivo, and Table
S3 lists the SUVmean and biodistribution data from the full cohort of mice. ADTs, androgen deprivation therapies. *P < 0.05 compared with vehicle.
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6.5%ID/mL]. Twenty-four hours after imaging, mice were ran-
domized into equal cohorts receiving (i) no treatment, (ii) a s.c.
testosterone pellet, or (iii) an s.c. DHT pellet. After 6 d, the
groups were again injected with 64Cu-J591, imaged 16 h after in-
jection, and subsequently euthanized for ex vivo tissue analysis. A
modest reduction in tumor uptake of 64Cu-J591 was observed
7 d after the initial injection in the group receiving no treatment
(0.81 ± 0.08), likely owing to the presence of residual antibody
from scan 1. Nevertheless, testosterone and DHT treatments
greatly reduced the incorporation of 64Cu-J591 in tumor tissue
compared with no-treatment control (0.52 ± 0.1 and 0.45 ± 0.1
respective ratios, P < 0.01; Fig. S5 shows a plot of correlated PET
and biodistribution data, and Table S1 lists SUVmean and bio-
distribution data from the tumor tissue of the full mouse cohort).
Moreover, biodistribution data revealed that 64Cu-J591 uptake
was unaffected in androgen-insensitive host tissues, indicative of

specific pharmacological effects of testosterone andDHT (Fig. 3C;
Table S2 lists biodistribution values from the full mouse cohort).

Androgen Deprivation Therapies Increase 64Cu-J591 Uptake in
Xenografts. Having shown that androgen repression of PSMA
can be quantitatively imaged, we asked whether up-regulation of
PSMA expression can be detected with 64Cu-J591 PET after
treatment with antiandrogens. The preclinical studies of MDV3100
were conducted in LNCaP-AR xenografts and were predictive of
clinical activity; therefore, we conducted our PSMA imaging
studies using the same model. Intact male mice were inoculated
with bilateral s.c. LNCaP-AR xenografts, and basal uptake of
64Cu-J591 was determined (average SUVmean = 30.5 ± 9.3%ID/g).
Mice were then randomized into cohorts receiving (i) vehicle
(daily oral gavage), (ii) castration, or (iii) MDV3100 (daily oral
gavage, 10 mg/kg). Tumor volumes decreased by 10–20% 7 d

Fig. 3. Detection of androgen repression of PSMA in prostate cancer xenografts by PET. (A) Bilateral s.c. CWR22Rv1 xenografts were established in castrate
male mice and imaged by PET with 64Cu-J591 24 h before manipulation (scan 1). Animals were again injected with 64Cu-J591 6 d after hormonal manipulation
(Test., DHT) or no treatment (No Tx), and scan 2 was acquired 16 h after injection on day 7. The ratio of SUVmean values (scan 2/scan 1) shows substantial
reduction in 64Cu-J591 incorporation in the xenografts exposed to testosterone (Test.) and DHT treatment. (B) Representative transverse and coronal slices
(scan 2) of animals bearing CWR22Rv1 xenografts showing visibly reduced uptake in tumors exposed to androgens compared with no treatment. The
positions of the tumors are indicated with arrows. (C) Ex vivo biodistribution data (%ID/g) of the tumors and selected host tissues show that the tumors alone,
and not androgen-insensitive tissues, respond to hormonal manipulation. Fig. S5 shows a graphical representation of the correlation between calculated
SUVmean values and activity measurements acquired ex vivo, Table S1 lists the SUVmean and biodistribution data from the full cohort of mice, and Table S2 lists
the activity measurements (%ID/g) from the host tissues. *P < 0.01 compared with No Tx controls.

Fig. 2. Genetic and pharmacological inhibition of AR blocks androgen suppression of PSMA. (A) LNCaP and CWR22Rv1 (22Rv1) were transfected with
nontargeted (NT) or AR-directed (AR) siRNA pools and treated with vehicle (EtOH) or DHT (10 nM). Whereas basal expression of PSMA is unaffected by AR
knockdown in either cell line at this time point, AR silencing inhibits PSMA suppression by DHT, thus suggesting a role for AR in this process. Cells were
transfected with 100 nM of siRNA, DHT challenge was initiated 24 h after transfection, and cells were harvested 48 h after androgen treatment. (B) Hormone
withdrawal and antiandrogen treatment increase PSMA expression in LNCaP-AR in vitro. Cells were plated in media containing 10% (vol/vol) FBS and treated
with vehicle, MDV3100 (10 μM), or the media was replaced with 10% (vol/vol) CSS (indicated as “-”). After 7 or 14 d, cells were harvested and incubated with
Alexa Fluor 488-labeled J591, and PSMA expression was analyzed by FACS. Mean fluorescent intensities (MFI) were calculated and show that MDV3100 up-
regulates PSMA expression by 7 d, whereas the effects of hormone withdrawal were observed between 7 and 14 d.

9580 | www.pnas.org/cgi/doi/10.1073/pnas.1106383108 Evans et al.after castration or MDV3100 treatment, as expected (Fig. 4A).
After 6 d, the groups were again injected with 64Cu-J591, imaged
16 h after injection, and subsequently euthanized for ex vivo
tumor analysis. Whereas the relative change in intratumoral
uptake of 64Cu-J591 in cohorts receiving no treatment or cas-
tration was minimal (ratios of 1.10 ± 0.2 and 1.13 ± 0.2, re-
spectively), MDV3100 treatment significantly increased the
incorporation of 64Cu-J591 in the xenografts compared with
vehicle (1.43 ± 0.2, P < 0.05; Fig. 4 B and C; Fig. S5 shows a plot
of correlated PET and biodistribution data, and Table S3 lists
SUVmean values from the full mouse cohort).

Discussion
Recent clinical success with two next-generation therapies that
target AR signaling in CRPC, abiraterone and MDV3100, high-
lights the importance of developing noninvasive tools to quanti-
tatively monitor the state of AR pathway activity in patients.
Despite their promise, responses to these compounds are het-
erogeneous and often transient. Reasons for treatment failure are
unclear. Although changes in serum PSA levels can serve as
a surrogate for AR activity, this approach cannot detect variability
in response of independent lesions within the same patient. Here
we provide proof of concept in clinically validated xenograft
models that cell-surface PSMA expression is AR dependent and
can be quantitatively assessed by PET using a humanized mono-
clonal antibody cleared for clinical use.

18F-FDHT, a radioligand that targets the ligand-binding domain
of AR, assesses receptor occupancy but not downstream activity.
Recent studies of 18F-FDHT PET in CRPC patients treated with
MDV3100 found that tumors in nearly all patients showed a de-
crease in 18F-FDHT binding, indicating that MDV3100 can oc-
cupy the AR ligand-binding domain and preclude 18F-FDHT
binding. However, these 18F-FDHT PET “responses” did not
correlate with declines in serum PSA or tumor response (3).
Therefore, 18F-FDHT PET may have utility in optimizing the
dose of antiandrogen required for complete blockade of androgen
binding to AR, but it cannot assess AR pathway activity. By
quantitatively assessing expression of a downstream AR target
gene, 64Cu-J591 PET may identify those patients whose tumors
retain AR activity despite blockade of the AR ligand-binding do-
main and therefore would be ideal candidates for additional, or-
thogonal therapies to fully inhibit AR signaling.

The molecular basis for down-regulation of PSMA expression
by AR remains unclear. Noss et al. (12) localized the DHT-
mediated suppression of PSMA to an enhancer region, but no
androgen response elements have been identified. Recent AR
ChIP-Seq reveals four peaks of AR binding among multiple
introns of PSMA in LNCaP (20). Functional studies are needed to
determine whether these sites mediate AR repression.
The molecular imaging strategy described here could have

near-term clinical impact because the unlabeled J591 antibody
has already been optimized for use in patients (21, 22). Recent
success imaging preclinical prostate cancer models with 89Zr-
labeled rather than 64Cu-labeled J591 (23) adds further confi-
dence that this mAb could be readily adapted for a feasibility
study in patients. Another clinical implication of our finding that
PSMA is up-regulated in response to antiandrogen therapy is that
a toxin-conjugated PSMA-targeted mAb could be an effective
combination therapy with antiandrogens. Indeed, J591 has been
adapted for radioimmunotherapy, and Ab–drug conjugates and
therapeutic doses are well tolerated in patients (24, 25).

Materials and Methods
Detailed information is provided in SI Materials and Methods.

Antibody Radiolabeling. The monoclonal antibody J591 was modified with
1,4,7,10-tetraazacyclododecane-N,N!,N",N!!!-tetraacetic acid (DOTA), by direct
coupling of one of the four carboxylic acid groups of DOTA to the primary
amines in the antibodyprotein structure. The antibodieswere labeledwith 64Cu
by adding 10 μL of 64CuCl2 to 150 μL of DOTA-J591 (3.3 mg/mL, 1.0 M NH4OAc),
and the solution incubated at 37 °C for 20min. Twenty-fivemicroliters of 50mM
diethylenetriaminepentaacetic acid (pH 7.0) was added and the solution in-
cubated for anadditional 5min. The reactionmixturewas thenpurifiedon a10-
mL column of P6 Bio-Gel (Bio-Rad) with an eluant of 1% BSA/saline. The re-
sultant 64Cu-DOTA-J591 had a specific activity of 1.5 GBq/mg (220 MBq/μmol),
an immunoreactivity of >90%, and a radiochemical purity of >99.8%.

PET Imaging. Animal studies were carried out under Protocol 06-07-012 ap-
proved by the MSKCC Institutional Animal Care and Use Committee. Institu-
tional guidelines for the proper, humane use of animals in research were
followed.Bilateral s.c. xenografts of CWR22Rv1 or LNCaP-AR were established in
the flanks of castrate or intact male mice, respectively. At tumor volumes of 200
mm3, the animals were injected with 30MBq of 64Cu-J591 (20 μg IgG, 200 μL) in
the tail vein. After 16 h, the animals were sedated using 1.5% isofluorane
(Baxter Healthcare) and imaged with a microPET camera (Concorde Micro-
systems). Ten-minute acquisitions were collected with an energy window of

Fig. 4. 64Cu-J591 PET detects up-regulation of PSMA expression in prostate cancer xenografts in response to androgen deprivation therapies. (A) Percentage
change in tumor volumes show that LNCaP-AR xenografts, established in intact male mice, regress after castration (Orch.) or daily oral gavage of MDV3100
(10 mg/kg). Tumor volume measurements were recorded at day 0 and after the final treatment on day 7. (B) To evaluate the effect of antiandrogen therapy
on 64Cu-J591 incorporation, mice were imaged 24 h before the initiation of therapy (scan 1), and after 6 d of therapy mice were again injected with 64Cu-J591
and imaged by PET 16 h after radiotracer injection (scan 2). SUVmean values were calculated, and the ratio for each tumor (scan 2/scan 1) is reported. The
change in 64Cu-J591 uptake associated with vehicle treatment and castration was minimal, but MDV3100 induced a measurable increase in 64Cu-J591 binding,
consistent with the in vitro data. (C) Representative transverse and coronal slices (scan 2) of animals bearing LNCaP-AR xenografts showing increased
intratumoral uptake of 64Cu-J591 in tumors exposed to MDV3100 compared with castration or vehicle. The positions of the tumors are indicated with arrows.
Fig. S5 shows a graphical representation of the correlation between calculated SUVmean values and activity measurements of tumor tissue ex vivo, and Table
S3 lists the SUVmean and biodistribution data from the full cohort of mice. ADTs, androgen deprivation therapies. *P < 0.05 compared with vehicle.
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Figure 1.10: Expression of PSMA in prostate cancer is regulated by androgens.
Testosterone supplementation decreases PSMA expression and uptake of a 64Cu-
DOTA-labeled anti-PSMA intact antibody in mice bearing bilateral 22rv1 prostate
cancer xenografts (A). Androgen receptor inhibition with MDV-3100 on the other
hand increases PSMA expression and uptake of 64Cu-DOTA-labeled anti-PSMA in
mice bearing bilateral LNCaP AR prostate cancer xenografts (B). Reprinted with
permission.94

could thus provide a path for quantitative monitoring of successful androgen blockade in

patients.

While imaging of treatment response to targeted therapeutics is a valuable tool, the great

majority of current cancer therapy relies on radiation and non-targeted chemotherapy

agents. ImmunoPET holds promise for demonstrating early therapy response in these

patients as well. For example, an anti-PSMA antibody (7E11) targeted to an intracellular

epitope of PSMA that only becomes available for binding in dead or dying cells shows

increased binding to cells that are irradiated or treated with flutamide or etoposide.272

Likewise, 89Zr-DFO-labeled 7E11 shows a 112% increase in uptake in irradiated LNCaP

prostate cancer xenografts compared to non-irradiated controls and shows excellent ex

vivo colocalization with markers of apoptosis and necrosis.272 Determination of successful

treatment can also be performed using PET imaging of apoptosis markers directly. Non-

antibody-based imaging of apoptosis has been accomplished using radiolabeled annexin V
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and has been shown to predict successful therapy outcomes in preclinical models.273 Anti-

bodies are also being investigated for these uses: a 111In-labeled anti-TRAIL antibody has

shown increased tumor uptake in mouse models following treatment with paclitaxel.274

1.4.7 Conclusion

Prostate cancer diagnosis and staging could benefit from a highly specific imaging modal-

ity that is able to differentiate cancers that need to be treated aggressively from indolent

disease. PSCA is a cell surface glycoprotein that correlates with the aggressiveness,

invasiveness, and metastatic potential of prostate cancer tumors and could serve as a

biomarker for disease diagnosis and risk stratification.

Antibody-based imaging can be employed to detect virtually any cell surface tumor

biomarker, and thoughtful target selection can yield valuable information about tumor

location, phenotype, susceptibility to therapy, and treatment response. Furthermore,

development of rigorous quantitation can expand the uses of immunoPET in therapy

planning and evaluation of treatment responses. Intact antibodies have been successfully

employed as imaging agents in clinical settings; however, broad implementation has

been hindered by the need to inject antibody-based tracers 4-7 days prior to imaging.

Antibody derivatives engineered with accelerated kinetics, such as minibodies, small

immunoproteins, diabodies, and scFv-Fc have shown promise for quantitative imaging

the same or next day after administration. Recent advances in immunoPET show promise

for detection and characterization of tumors, selection and administration of targeted

therapeutics including radioimmunotherapy, and monitoring of tumor responses and

off-target effects, through noninvasive imaging methods.

In this dissertation, I will therefore investigate the use of the anti-PSCA A11 minibody

for imaging prostate cancer. In Chapter 2, I will characterize the A11 minibody in vitro
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and in vivo, compare imaging with 89Zr- and 124I-labeled A11 minibody, and establish

methods of quantitative imaging with both radionuclides. In Chapter 3, I will evaluate

the ability of 124I-labeled A11 minibody to image PSCA downregulation in response to

androgen deprivation therapy. In Chapter 4, I will compare 124I-labeled A11 minibody

to 18F-Fluoride bone scans for imaging bone tumors in an intratibial xenograft model.

And in Chapter 5, I will evaluate the background uptake of 124I-labeled A11 minibody in

human-PSCA knock-in mice.
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CHAPTER 2

Quantitative immunoPET of prostate cancer

xenografts with 89Zr and 124I-labeled

anti-PSCA A11 Minibody

2.1 Introduction

For my dissertation work, I had the pleasure of inheriting the work of a number of

scientists and will briefly describe the decade of research that preceded mine on the

anti-PSCA minibody project.

2.1.1 Development of the A11 minibody

Comparison of imaging with the humanized PSCA antibody and the humanized minibody

confirmed that the minibody could obtain imaging results equivalent to that of the intact

antibody, but at a much earlier time point (20 hours vs 168 hours).181 However, in the

process of reformatting the initial murine antibody into a humanized minibody, the

apparent affinity was reduced from KD = 2 nM (1G8) to KD = 50 nM (2B3 minibody).

Dr. Eric Lepin and Dr. Yu Zhou performed affinity maturation of the minibodies by
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Molecular Weight Isoelectric Point (pI) Extinction Coefficient (ε)

A11 Minibody 78.53 kDa 7.21 133825 Mol−1 cm−1

Table 2.1: Theoretical properties of A11 minibody (scFv-CH3 Dimer) as calculated
by the ProtParam function of the ExPASy Bioinformatics Resource Portal.277

random mutagenesis and yeast display to create three affinity-matured minibodies A2,

A11, and C5 with apparent affinities of 11 nM, 16 nM, and 26 nM, respectively.183 These

affinity-matured minibodies were then screened in vivo in mice bearing LAPC-9 tumors.

A11 minibody performed better than A2 or C5 minibodies in this model and similarly

outperformed the parental 2B3 minibody in mice bearing Capan1 pancreatic cancer

tumors that express moderate levels of PSCA (∼30,000 receptors per cell).183 This antibody

fragment, the A11 minibody, was chosen as our clinical candidate and will be the subject

of my dissertation.

2.1.2 Production and purification of the A11 minibody

Transfection of NS0 cells with a pEE12 glutamine selection vector (Lonza) and selection

of a highly expressing clone (A11.1 2C3) was performed by Mr. Felix Bergera. This

highly expressing clone was subsequently provided to Dr. Paul Yazaki at the City of

Hope for production and purification in their clinical Good Manufacturing Practices

(cGMP) facility. The A11.1 2C3 clone was grown in glutamine-free DMEM containing

2% dialyzed-FBS, and 2% Glutamine Synthase substrate and was found to produce

∼50 mg/L in T flasks and 1-2 g/L in the hollow-fiber bioreactors used for large scale

production. Purification was optimized and performed using an ÄKTA 100 Explorer

system (GE Healthcare) using a multimodal chromatography method as previously

described.278 Briefly, supernatant harvested from the A11.1 2C3 clone grown in a hollow-

fiber bioreactor was first conditioned with Dowex AG1×8 (cholestyramine) media (5% v/v),

incubated overnight at 4◦C with gentle mixing, and then removed by vacuum filtration.
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Igκ Leader VL
METDTLLLWVLLLWVPGSTGDIQLTQSPSTLSASMGDRVTITCSASSSVRFIH 53

CDR L1

VL
WYQQKPGKAPKRLIYDTSKLASGVPSRFSGSGSGTDFTLTISSLQPEDFATYY 106

CDR L2

VL Linker VH
CQQWGSSPFTFGQGTKVEIKGSTSGGGSGGGSGGGGSSEVQLVEYGGGLVQPG 159

CDR L3

VH
GSLRLSCAASGFNIKDYYIHWVRQAPGKGLEWVAWIDPENGDTEFVPKFQGRA 212

CDR H1 CDR H2

VH IgG1 Hinge
TMSADTSKNTAYLQMNSLRAEDTAVYYCKTGGFWGQGTLVTVSSEPKSCDKTH 265

CDR H3

Linker CH3
TCPPCGGGSSGGGSGGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIA 318

CH3
VEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEA 371

CH3
LHNHYTQKSLSLSPGK* 387

Figure 2.1: Annotated Amino Acid Sequence of the A11 minibody. The Igκ leader
peptide is cleaved during secretion of the minibody resulting in an unglycosylated
minibody with a predicted dimeric molecular weight of 78.5 kDa. The complemen-
tarity determining regions (CDRs) were determined using an enhanced Chothia
numbering scheme.275
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A

B

Figure 2.2: Overlay of the ten lowest energy structures of the A11 variable fragment
as computed by the RosettaAntibody variable region homology modeling server (A)
and a surface rendering of the lowest energy structure (B).276 Light chain CDRs are
shown in red. Heavy chain CDRs are shown in blue.
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Figure 8.
SDS-PAGE of purification process stages

Gagnon et al. Page 18
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Figure 2.3: SDS-PAGE and Western Blots showing the process of purifying the
A11 Minibody. AG indicates supernatant after conditioning with AG×8, MMC is
multimodal cation exchange purification, AX is anion exchange purification, and
HA is hydroxyapatite purification. Reproduced with permission.278

The supernatant was then loaded onto to a CaptoMMC multimodal cation exchange

column in pH 6 MES and eluted with with 20 mM Tris, 75 mM NaCl at pH 8.5. The

protein eluted from the MMC column was then bound to a UNOSphere Q anion exchange

(AX) column in 20 mM Tris at pH 8.5 and eluted with 20 mM Tris, 225 mM NaCl at

pH 8.5. This MMC and anion exchange purified protein was finally purified using a

hydroxyapatite (HA) column by loading with 25 mM NaPO4 at pH 7 and elution with a

linear gradient to 10 mM NaPO4 and 1 M NaCl at pH 7 to obtain the final product.

I was the grateful recipient of this humanized, affinity matured, cGMP produced and

purified A11 minibody at the start of my work on this project and all of the work described

in the subsequent chapters utilizes this protein.

2.1.3 ImmunoPET radionuclides

The slow clearance of most immunoPET radiotracers requires late imaging time points

(≥ 20 hours post-injection) that are beyond the limits of the most frequently used PET

radionuclide, 18F, due to its short physical half-life (Table 2.2). Though strides have been

made in optimizing fast-clearing immunoPET tracers that allow for 18F labeling, the two
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Radionuclide Half-life β+ Max β+ Mean β+ Max Positron Other γ-rays∗ Residualizing†

Energy Range Range Yield (Abundance)
[hrs] [MeV] [mm] [mm] [ % ] [keV]

18F 1.8 0.6 0.5 2.3 97% No Yes
89Zr 78.4 0.9 1.1 3.6 23% 909 (100%) Yes
124I 100.2 2.1 3.0 10.2 24% 603 (60%) No
∗124I also emits 723 keV (10%), 1691 keV (10%), and other γ-rays (6%) with lower abundance.
† Assumes antibody radiolabeling with 18F-SFB, 89Zr-DFO, and direct 124I iodination.

Table 2.2: Positron Emitting Radionuclides for immunoPET.

most promising positron emitting radionuclides for mid- to late-time-point immunoPET

are 124I and 89Zr due to their long physical half-lives.174,184,192 Both 124I and 89Zr have

advantages and disadvantages for use as PET tracers and differ with regard to physical

properties, conjugation and required chelators, clearance, and uptake.

124I and 89Zr, both suffer from low positron yields and emission of γ-rays which increase

the absorbed dose to the patient. Quantitative PET imaging with 124I provides a challenge

due to simultaneous emission of a 606 keV γ-ray with 52% of positrons. This 606 keV

γ-ray falls into the energy window of most PET scanners and causes prompt gamma

coincidences which increase the measured background in PET imaging by a factor ranging

from 2.5 to 10 times that of 18F.279 89Zr, on the other hand, emits a 909 keV γ-ray with

100% of positrons but prompt gamma coincidences do not occur both because the γ-ray

and positron emission are not simultaneous and the γ-ray is out of the scanner energy

window.280,281

PET imaging with 124I and 89Zr also suffers from lower effective resolution than 18F PET

as the increased positron emission energy of 124I and 89Zr leads to a longer mean positron

range.217 This increased positron range in turn contributes to a higher partial volume

effect (PVE) due to positrons traveling into voxels that neighbor where they were actually

emitted. The PVE results in a lower measured activity in a hot Region of Interest (ROI)

surrounded by a cold background than the true value due to positrons “spilling out” of

the ROI, especially for small volumes.282 The reverse is also true: a cold ROI surrounded
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by a high activity background will have a higher measured value than the true value

due to activity “spilling into” the ROI. The PVE is not strictly a function of positron

range: scanner resolution and misalignment of the image voxel grid and the tumor also

play a large role. However, the long positron range of 124I has been found to significantly

increase the PVE in clinical PET scanners even in volumes 35 mm in diameter.283 The

increased PVE due to positron range will especially impact small animal scanning with

micro-Positron Emission Tomography (µPET) where the scanner resolution (1.1-3.0 mm)

finer than the mean positron range of 124I, approaches the mean positron range of 89Zr,

and the largest contributor to the partial volume effect is the positron range.280,284,285

In addition to their differences in the physical properties, 124I and 89Zr differ in regards

to protein chemistry and biological metabolism and can yield distinctly different results

when used for immunoPET radiolabeling. 124I is generally randomly conjugated to ty-

rosines present in the antibody under oxidizing conditions. Once an 124I-labeled antibody

is internalized and degraded, the 124I or 124I-iodotyrosine released is free to diffuse from

the tissue, resulting in a loss of signal over time in target tissue, but also low signal in

background tissues and tissues of clearance.286 89Zr, on the other hand, is most commonly

conjugated onto antibodies in a two-step process using the chelator desferrioxamine which

has previously been conjugated onto primary amines (N-terminus and lysines) or free

thiols (reduced cysteines) of the antibody.225,281 On internalization and catabolism, 89Zr-

labeled radio-metabolites are trapped in cellular lysosomes allowing for higher retention

of signal over time in target tissue than with 124I.281 Residualizing radiolabels such as

89Zr, however, often see higher uptake in organs of normal clearance (liver and kidney)

and higher background uptake in other tissues that passively uptake the antibody.

A robust comparison of 124I-labeled A11 (124I-A11) and 89Zr-DFO-labeled A11 (89Zr-A11)

described in this chapter and the response to therapy imaging to be described in Chapter 3

necessitated quantification of tumor targeting through µPET alone without the luxury of
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ex vivo biodistribution data. As such, a method of in vivo quantification for both 89Zr and

124I-labeled antibodies will be established and verified here.

2.2 Methods

2.2.1 Protein production and purification

Production and purification of the anti-PSCA A11 affinity matured minibody derived from

1G8 was described in § 2.1.2 and was stored in sterile conditions at 4◦C at 4.75 mg/mL.

Murine 1G8 anti-PSCA intact antibody was a kind gift from the lab of Dr. Robert Reiter

and was produced and purified as previously described.149 Soluble human PSCA antigen

was generated as a PSCA-murine Fc (PSCA-mFc) fusion protein in mammalian NS0 cells

transfected with a pEE12 vector (Lonza). The supernatant was loaded onto a Protein

A column in PBS using an ÄKTA Purifier (GE Healthcare). Bound protein was eluted

with PBS containing 9% (v/v) 0.1 M Citrate, pH 2.1. Eluted fractions were neutralized

upon collection with 5% (v/v) 1 M Tris, pH 8.0. Fractions containing PSCA antigen

were identified by SDS-PAGE and western blot, combined, dialyzed into PBS (Slide-A-

Lyzer, Pierce), concentrated using VivaSpin centrifugal concentrator (Vivascience, MWCO:

30,000), and stored at 4◦C.

2.2.2 Cell lines and xenografts

22rv1 (PSCA-negative) cell lines were obtained from American Type Culture Collection

(ATCC). 22rv1 cells retrovirally transfected with PSCA driven by a CMV promoter

(22rv1×PSCA) as previously described and LAPC-9 cells were obtained from the lab of

Dr. Robert Reiter.148,287 22rv1 and 22rv1×PSCA cell lines were grown in RPMI 1640

supplemented with 10% FBS and 1% penicillin-streptomycin (100 IU/mL and 100µg/mL
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respectively). 22rv1 and 22rv1×PSCA xenografts were implanted bilaterally by injecting

1×106 viable cells in 200µL 1:1 PBS:Matrigel (BD Bioscience) subcutaneously into the

contralateral shoulders of male nude mice. Viable cells were counted via trypan blue

exclusion using a ViaCount cell viability counter (Beckman Coulter). LAPC-9 tumors were

passaged surgically between male SCID mice as previously described (see § 3.2.1).287 The

22rv1 and 22rv1×PSCA tumors were allowed to grow for two weeks before imaging. LAPC-

9 tumors were allowed to grow for 3-4 weeks. All animal experiments were conducted in

compliance with a protocol approved by the Institutional Animal Care and Use Committee

of the University of California, Los Angeles.

2.2.3 A11 minibody characterization

The annotated sequence of the A11 minibody is shown in Figure 2.1. Calculation of

predicted A11 minibody properties was performed using the ProtParam function of the

ExPASy Bioinformatics Resource Portal Table 2.1.277 Modeling of the A11 minibody

structure was performed using the RosettaAntibody variable region homology modeling

server (Figure 2.2).276 This server searches the VL and VH sequences of an antibody

against a database of known structures to find the most homologous antibody structure

and CDR loops. It then assembles a crude structure using the homologous structure as a

template and computes a side-chain optimized model.

A11 minibody was run on SDS-PAGE and size exclusion chromatography in order to

confirm that A11 exists as a covalent dimer of scFv-CH3. 4µg of A11 minibody was run

on SDS-PAGE 4-12% gradient gels (Invitrogen) with a Novex Sharp Ladder (Invitrogen)

under both non-reduced and reduced (10 mM DTT) conditions and stained with Instant

Blue (Expedeon). Size exclusion chromatography was performed using an ÄKTA Purifier

Fast Protein Liquid Chromatography (FPLC) system with a Sephadex 200 size-exclusion

column (GE Healthcare). 25µg of the A11 minibody was loaded into the column and run
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at 0.5 mL/min while measuring the absorbance of the flow through at λ = 280 nm. An

intact antibody (Herceptin, 160 kDa), a scFv-Fc (105 kDa), and a diabody (55 kDa) were

run under the same conditions to serve as controls. The resulting curves were normalized

to maximum absorbance and displayed in Graphpad Prism.

2.2.4 Cell binding

PSCA expression per cell for LAPC-9, 22rv1, and 22rv1×PSCA was determined by quan-

titative flow cytometry. LAPC-9 tumors were reduced to single cell suspensions by in-

cubation in 1 mg/mL collagenase IV (Sigma) in HBSS supplemented with 3 mM CaCl2

for 1 hour at 37◦C and passaged through 18 and 24 gauge needles followed by a 70µm

cell strainer (BD Biosciences). 5×105 22rv1, 22rv1×PSCA, and LAPC-9 cells were incu-

bated with 250µL of 16µg/mL (∼100 nM) 1G8 mouse anti-PSCA antibody followed by

8µg/mL (∼50 nM) Dylight-649 conjugated anti-mouse-Fcγ secondary antibody (Jackson

ImmunoResearch). Following secondary antibody incubation, samples were incubated

with Alexa-488 anti-PSMA antibody (FOLH1, BioLegend) and stained with 7-AAD (BD

Biosciences), as per the manufacturers’ instructions, to allow gating for viable epithelial

cells in the digested LAPC-9 tumors (Figure 3.2). To quantitate the mean number of PSCA

antigens expressed per cell, calibration beads (QIFIKIT, Dako) were incubated simultane-

ously with the cell samples with an identical concentration of secondary antibody as per

the manufacturer’s instructions. Acquisition was performed with an LSRII flow cytometer

(BD Biosciences) and analysis was performed with FlowJo 9.3.2. Quantitative receptors

per cell were extrapolated in FlowJo using the known values from the QIFIKIT and Flow

Jo’s “Define Calibration” feature. Receptors per cell were corrected for the background

fluorescence and non-specific binding of the secondary antibody by subtraction of the

“secondary only” flow sample for each cell type.
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2.2.5 Iodination of anti-PSCA A11 minibody

Typically 25µg of A11 minibody in PBS was iodinated with ∼4µCi/µg of 124I in tubes

precoated with Iodogen reagent (Pierce) in 15 minute reactions.243 The radioiodine was

delivered from IBA Molecular or 3D Imaging in a low molarity NaOH (0.02-0.05 M). Prior

to addition of the radioiodine to the reaction vessel an equimolar amount of hydrochloric

acid was used to neutralize the sodium hydroxide, the mixture was adjusted to contain 0.1

M phosphate buffer, and potassium iodide was added in a half molar ratio to the minibody.

The conjugation was performed in 100-120µL reactions with the mixture diluted with

PBS or split into multiple reaction Iodogen tubes as required. After 15 minutes in the

Iodogen coated tube, the reaction mixture was transferred to a microcentrifuge tube to

stop the reaction.

2.2.6 Desferrioxamine conjugation and 89Zr radiolabeling

Anti-PSCA A11 minibody was conjugated to the chelator desferrioxamine (DFO-A11) by

incubation with a 3-fold molar excess of p-isothiocyanatobenzyl-desferrioxamine (SCN-

DFO, Macrocyclics) for 30 minutes (pH 9.0, 37◦C) followed by removal of free DFO and

buffer exchange into PBS using a PD-10 column (GE Healthcare) and concentration

using a VivaSpin centrifugal concentrator (Vivascience, MWCO: 30,000).288,289 89Zr-

DFO-A11 (89Zr-A11) was prepared by incubating DFO-A11 with ∼4µCi/µg 89Zr-Oxalate

(Washington University in St. Louis) at pH 7.0 for 1 hour at room temperature.289

2.2.7 Labeling efficiency, purification, immunoreactivity, and stability

In order to measure the labeling efficiency of each radiolabeling reaction, a small amount

of the radiolabeled antibody was diluted and 1-2µL (∼100,000 CPM) was spotted on a
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instant thin layer chromatography strip (ITLC, Biodex Medical Systems). ITLC was then

performed using either normal saline (124I-A11) or 20 mM Citrate pH 5.0 (89Zr-A11) as

the mobile phase.

Typically the A11 minibody was separated from any remaining free 124I or 89Zr by

size exclusion using Micro Bio-Spin size exclusion columns (Bio-Rad). The purity of

radiolabeled minibody was then again measured by ITLC. The minibody was then diluted

in normal saline containing 0-1% HSA, and administered to mice via tail vein injection

(typically ∼ 25µg A11, 50–150µCi per mouse). At this time a standard consisting of 1% of

the dose injected into each mouse was made by volume and set aside for conversion of

biodistribution counts per minute into %ID/g.

In order to determine the immunoreactive portion of the radiolabeled 124I-A11 and

89Zr-A11, three confluent T75 flasks of both 22rv1 and 22rv1×PSCA cells, either freshly

trypsinized or previously frozen for this use, were resuspended in 1 mL of 1%FBS/PBS.

∼30,000 CPM of purified radiolabeled A11 were added to the cells and incubated with

constant agitation at room temperature for 1 hour. The cell pellet was then separated from

the supernatant by spinning for 5 minutes at 500× g, washed once, and both fractions

were counted in a gamma counter. Immunoreactivity is expressed as the percentage of

radiolabeled A11 bound to the 22rv1×PSCA cells. The assumption is that with a small

amount of antibody (<0.5 pMol) added to a large excess of antigen (three T75 flasks

contain ∼50×106 22rv1×PSCA cells bearing >200 pMol PSCA antigens), virtually all of

the functional antibody will be cell bound whereas the antibodies that are damaged by the

radiolabeling process will remain in the supernatant. The 22rv1 cells serve as a negative

control to verify that the cell binding was specific for PSCA expressing cells and not the

result of passive cell uptake or any Fc-receptor interactions.
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The stability of the radiolabel for both 124I-A11 and 89Zr-A11 was measured in vitro by

incubation in 1%FBS/PBS and mouse serum for 44 hours at 37◦C followed by remeasuring

the radiochemical purity by ITLC.

2.2.8 Affinity studies

The affinity of the A11 minibody was measured by flow cytometry using 22rv1 and

22rv1×PSCA cells. Samples consisting of 1×105 22rv1 and 22rv1×PSCA cells were each

incubated with 400µL of in 1%FBS/PBS at fifteen concentrations of A11 minibody ranging

from 0 to 512 nM for 1 hour at 4◦C in independent triplicate. The samples were then

washed and incubated with 250µL of 8µg/mL (∼50 nM) Dylight-649 anti-human-Fcγ

(Jackson ImmunoResearch) secondary antibody for 1 hour. Following incubation with

the secondary antibody, the cells were washed, resuspended, and run on an LSRII flow

cytometer. The resulting data was analyzed in FlowJo 9.3.2 to determine the mean

fluorescence intensity (MFI) of cells in each sample and GraphPad Prism 6.0 was used

to fit the data to a one-site saturation model: MFI−BG= BMax[A11]
[A11]+KD

where [A11] is the

concentration of A11 in nM, BG is the average MFI of the 0 nM (secondary only) samples,

BMax is the fitted maximum MFI, and KD is the measured apparent affinity constant of

A11 in nM.

The apparent affinity (KD), on rate (kon) and off rate (kof f ) of unmodified A11, DFO-A11,

and A11 conjugated to non-radioactive iodine, were measured by quartz crystal microbal-

ance using an Attana Cell A200. Recombinant human PSCA-mFc antigen (40µg/mL)

was covalently linked to LNB-carboxyl coated QCM chip by amine coupling in 0.1M

Ethanolamine (pH 5.0). The chip was then quenched, equilibrated, and primed. The

running buffer for all experiments was HEPES Buffered Saline/Tween pH 7.0 (10mM

HEPES, 150mM NaCl, and 0.005% [v/v] Tween 20). The flow rate was set to 25µL/min

and the temperature was set to 22◦C for all binding studies. Five serial dilutions (320 to
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20 nM) of each construct were incubated with the PSCA-mFc coated biosensors in random

order (n = 3). Binding was followed by a five minute disassociation period. The chip was

regenerated using 0.1 M Glycine pH 2.5 between each sample. Each concentration was

preceded by a blank buffer injection which was subtracted from the following sample

to account for bulk shifts. Binding parameters were determined by global fitting of the

kinetic profiles to a mass transport limited binding model using the Attana Evaluation

software.

2.2.9 In vitro cellular antibody uptake

22rv1 and 22rv1×PSCA cells were grown to 75% confluence in 12 well plates for 2 days.

The cells were then pre-incubated for 1 hour at 4◦C in growth media containing 5µg/mL

(∼60 nM) of either 124I-A11 or 89Zr-A11. After the pre-incubation, cells other than the

zero time point were warmed to 37◦C for the remainder of the experiment. At each time

point (0-44 hours), the supernatant and washes (1%FBS/PBS), the cell bound fraction

(150 mM NaCl, 0.1 M Glycine pH 2.5), and the internalized fraction (PBS, 10 mM Tris,

0.5% SDS, pH 7.4) were each collected and activity was measured with a gamma counter

(WIZARD3, Perkin Elmer). The experiment was performed in triplicate and data were

normalized to the total activity in each well.

2.2.10 Small animal µPET/CT

Approximately 25µg of 124I-A11 or 89Zr-A11 with purity ≥98% was administered to

tumor bearing mice via tail vein injection. Prior to 124I-A11 administration thyroid

and stomach uptake of radioiodine were blocked, respectively, with Lugol’s iodine and

potassium perchlorate as previously described.183 At 6, 20, and 44 hours post-injection,

mice were anesthetized with 1.5% isoflurane anesthesia and imaged with 10 minute
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acquisitions on an Inveon µPET scanner (Siemens) followed by a µCT scan (MicroCAT II,

Imtek). µPET images were reconstructed by non-attenuation or scatter corrected filtered

back projection and were analyzed and displayed using AMIDE.290 One mouse from each

group also received a two hour dynamic µPET scan at the time of injection and additional

scans at 4, 8, and 12 hours post-injection. Co-registration of the µPET and µCT scans was

performed automatically using empirically determined scanner alignments.

2.2.11 Biodistribution

Following the final imaging time point (44 hours), mice were sacrificed and dissected.

Blood, tumors, and other organs were then weighed and counted in a gamma-counter (WIZ-

ARD3, Perkin Elmer). The results were converted to %ID/g using a standard consisting

of 1% of the injected dose made at the time of radiolabeling.

2.2.12 Image quantitation and partial volume correction

µPET cylinder factors were measured by scanning a 2.5 cm diameter cylinder containing

various concentrations of 124I or 89Zr. The mean PET value of each scan was obtained from

a 1.5 cm diameter ROI drawn at the center of the cylinder to avoid partial volume effects

and the cylinder factor was calculated by linear regression of the known and PET values.

Generation of recovery coefficient (RC) curves for partial volume correction was performed

by imaging spheres of varying size filled with identical concentrations of either 124I or

89Zr. Spheres of 8.0 mL, 4.0 mL, 2.0 mL, 1.0 mL, 0.5 mL, 250µL, 125µL, 63µL, and 31µL

volumes (Data Spectrum Corporation) were measured. In addition 20µL, 10µL, and 5µL

volumes were measured in 0.5 mL microcentrifuge tubes as appropriately sized hollow

spheres are not commercially available. The mean 124I or 89Zr concentration obtained

for each diameter ROI was converted into a RC by dividing the mean value measured by
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µPET by the known value. The resulting curve was fit to a 2 parameter sigmoid function

(Equation 2.1), modified from Jentzen et al., where a and b are fitting parameters and d

is the diameter of the ROI in mm.283

RC = 1
1+ (a/d)b (2.1)

Tumor uptake values (%ID/gROI) and volumes were quantified by drawing elliptical ROIs

over the entire tumor using the µCT. The mean PET activity of the ROIs was converted

to %ID/g using the decay corrected injected dose and the cylinder factors for 89Zr and

124I, respectively, under the assumption that the density of the tumors was 1 g/mL. The

RC of the ellipsoidal ROI was estimated by spherical approximation of the tumor volume

(d = 3
√

6V
π

). The partial volume corrected %ID/g (%ID/gPVC) was then calculated using

Equation 2.2 where %ID/gbkg is the background activity obtained from the mean of three

small equal volume ROIs drawn in the non-specific tissue around the tumor.291,292 The

subtraction of %ID/gbkg before dividing by the RC allows for simultaneous correction for

spill-in and spill-out effects with no partial volume correction in the case where the ROI

is drawn in a uniform background.291 Validation of the partial volume correction method

was performed by comparison of µPET values to ex vivo biodistribution data in mice

sacrificed immediately after imaging. Percent error for this comparison was calculated as

Equation 2.3 where %ID/gBiodist is the uptake value obtained from ex vivo biodistribution.

%ID/gPVC = %ID/gROI −%ID/gbkg

RC
+%ID/gbkg (2.2)

%Error= %ID/gROI − %ID/gBiodist

%ID/gBiodist
(2.3)
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Blood uptake was similarly quantified using an ROI over the heart. The %ID/gROI value

was partially volume corrected using Equation 2.2 with %ID/gbkg measured by the average

of 3 small ROIs of equal volume placed randomly in the lungs. The partial volume

corrected value was then compared to the blood uptake at the time of biodistribution.

2.2.13 Data analysis

Except where indicated otherwise all values are reported as mean ± SD. Statistical

analysis was performed using a two-tailed Student t-test at the 95% confidence level (p <
0.05). Linear and non-linear least squares curve fitting was performed using GraphPad

Prism 6.0. The linear fits of %ID/gROI versus %ID/gBiodist and Tumor Mass versus CT

Volume were weighted by 1/y2 as the error of both the µPET value and CT volume are

proportional to their absolute value. All µPET/CT images are displayed as full thickness

maximum intensity projections.

2.3 Results

2.3.1 Antibody and cell line characterization

SDS-PAGE and size exclusion confirm the A11 minibody is assembled as a covalent scFv-

CH3 80 kDa homodimer comprised of 40 kDa subunits (Figure 2.4 B and C). Quantitative

flow cytometry with the murine 1G8 anti-PSCA antibody (n = 3) shows little or no

expression of PSCA on 22rv1 cells, expression of 2.2×106 PSCA antigens on 22rv1×PSCA

cells, and expression of 4.5×105 PSCA antigens on LAPC-9 cells (Figure 2.5 A). Flow

cytometry shows specific binding of the A11 minibody to 22rv1×PSCA cells with an

apparent affinity of 13.7±1.4 nM SEM (Figure 2.4 B). Measurement of A11 minibody

binding on immobilized PSCA-mFc antigen using a quartz crystal microbalance shows an
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apparent affinity of KD = 3.91 nM. No loss of affinity is seen with iodinated A11 minibody

(KD = 3.43 nM) and only a small decrease in affinity is seen with DFO-conjugated A11

minibody (KD = 6.75 nM) allowing for a direct comparison of 124I and 89Zr radiolabels

with minimal effects from differences in minibody affinity (Figure 2.6).

2.3.2 Antibody cell binding and uptake

In vitro antibody uptake experiments demonstrate antigen specific binding and inter-

nalization of both 124I-A11 and 89Zr-A11 on 22rv1×PSCA cells. However, 89Zr-A11 radio-

metabolites accumulate intracellularly to a higher degree than 124I-A11 radio-metabolites

over a 44 hour time period (Figure 2.5 C). These results are consistent with slow inter-

nalization of the PSCA antigen, residualization of the 89Zr-A11 radio-metabolites, and

non-residualization of the 124I-A11 radio-metabolites as expected. 22rv1 cells show no

membrane binding or internalization of 89Zr-A11 or 124I-A11 at any time point (data not

shown).

2.3.3 Radiolabeling

124I-A11 and 89Zr-A11 had mean specific activities of 3.8±1.0µCi/µg (n = 7) and 3.1±
1.0µCi/µg (n = 3), respectively, with radiochemical purity ≥ 98%. Immunoreactivity of 124I-

A11 and 89Zr-A11 were found to be 76.1±9.7% (n = 7) and 52.0±9.2% (n = 3), respectively,

as measured by cellular association with excess 22rv1×PSCA cells with ≤ 5% binding to

the negative control 22rv1 cell line. Stability of 89Zr-A11 and 124I-A11 in both 1%FBS/PBS

and mouse serum was ≥ 95% at 44 hours.
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Figure 2.4: Cartoon representation of a minibody compared to an intact antibody
(A). SDS-PAGE (B) and size exclusion chromatography (C) confirm that the A11 mini-
body exists overwhelmingly as a covalent scFv-CH3 dimer with minimal amounts of
monomer present.
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Figure 2.5: Quantitative flow cytometry shows no expression of PSCA on 22rv1
cells, high expression on 22rv1×PSCA cells, and intermediate expression on dis-
associated LAPC-9 tumor cells (n = 3 each) (A). The binding of the A11 minibody
to 22rv1×PSCA cells has an apparent affinity of 13.7± 1.4 nM as measured by
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demonstrates that PSCA slowly internalizes and that upon internalization 89Zr
residualizes and accumulates in cells to a higher degree than 124I (E). Error bars
shown as ± SEM.
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Figure 2.6: Affinity Measurements of A11 minibody, Iodinated A11, and DFO-
conjugated A11 binding to immobilized PSCA antigen as measured by quartz crystal
microbalance. Bold line is the mass transport limited binding model fit from n = 3
measurements at each concentration (320–20 nM, shown as dotted lines).

2.3.4 In vivo characterization of 124I-A11 and 89Zr-A11 minibody

Both 124I-A11 and 89Zr-A11 demonstrate specific uptake in antigen positive 22rv1×PSCA

tumors with uptake significantly higher than in 22rv1 control tumors (p < 0.0001 for

each, Figure 2.7). LAPC-9 tumors showed similarly high levels of uptake and high con-

trast imaging was obtained with both radiotracers (Figure 2.8). 89Zr-A11 demonstrates

significantly higher tumor uptake and higher tumor:blood ratios than 124I-A11 in both

22rv1×PSCA (Table 2.3) and LAPC-9 xenografts (Table 2.4) at 44 hours post-injection.

However, 89Zr-A11 also demonstrates non-specific background uptake especially in the

liver, kidneys, and spleen, but also in all other tissues measured which all show activity

higher than blood at 44 hours post-injection. Mice injected with 124I-A11, on the other

hand, show uptake lower than blood in all organs other than the 22rv1×PSCA and LAPC-

9 tumors. 124I-A11 shows 22rv1×PSCA:22rv1 tumor ratios of 13.3 and a tumor:muscle

ratios of 133.3 whereas with 89Zr-89 the 22rv1×PSCA:22rv1 tumor ratio was 4.9 and the
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tumor:muscle ratio was 15.9. In fact, other than tumor:blood ratio, every tumor:non-tumor

ratio is higher for 124I-A11 than for 89Zr-A11 in both 22rv1×PSCA bearing nude mice and

LAPC-9 bearing SCID mice allowing for much better image contrast with 124I-A11 than

with 89Zr-A11 (Figure 2.7 and 2.8).

2.3.5 PET scanner calibration

No loss of linearity in the PET scanner response to 124I is seen down to ∼150 nCi/mL

(Figure 2.9). The calibration curve allows for conversion from arbitrary PET Units into

124I concentration with a cylinder factor of 1.417×10−7±7.2×10−10 PET Units/nCi/mL

determined by linear fitting (r2 = 0.9995). The background value (−1.129×10−7±5.598×
10−7) was negligible and was ignored in all calculations. Similarly, imaging of 89Zr shows

a linear PET scanner response over the activity range measured with a cylinder factor

of 1.804× 10−7 ± 5.7× 10−10 PET Units/nCi/mL (r2 = 0.9999). The background value

(8.799×10−7 ±7.532×10−7) was also negligible and ignored in all calculations.

2.3.6 Quantification of 124I-A11 and 89Zr-A11 µPET and comparison to biodis-

tribution

Recovery Coefficient (RC) curves generated for 124I and 89Zr demonstrate that the higher

positron emission energy and longer mean positron range of 124I has a detrimental

effect on effective scanner resolution and increases the partial volume effect compared

to 89Zr (Figure 2.10). Comparison of non-partial volume corrected µPET ROI analysis

and biodistribution reveals a large underestimate of tumor uptake for both 124I and

89Zr, especially for small tumors (−43.7±15.7% and −24.09±19.49% mean percent error,

respectively, Figure 2.10: bottom panel in blue). Recovery coefficient based partial volume

correction both improves correspondence with ex vivo biodistribution and reduces the
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Figure 2.7: Zr-89 vs I-124 ImmunoPET in mice bearing 22rv1 (Left) and
22rv1×PSCA (Right) subcutaneous tumors. µPET images are shown as full thick-
ness maximum intensity projections (A) and ex vivo biodistribution (B) show higher
positive tumor contrast when imaging with 124I-A11 as compared to 89Zr-A11, de-
spite lower absolute uptake.
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124I-A11 89Zr-A11

n %ID/g ± SD n %ID/g ± SD p

22rv1×PSCA 11 3.62 ± 1.18 4 7.87 ± 0.52 <0.0001
22rv1 8 0.34 ± 0.26 4 1.63 ± 0.18 <0.0001
Blood 13 0.41 ± 0.11 4 0.26 ± 0.05 0.03
Liver 13 0.12 ± 0.02 4 9.19 ± 0.74 <0.0001
Kidney 13 0.21 ± 0.08 4 23.39 ± 2.82 <0.0001
Spleen 10 0.14 ± 0.04 4 4.22 ± 1.50 <0.0001
Heart 13 0.12 ± 0.04 4 2.54 ± 0.33 <0.0001
Lung 11 0.37 ± 0.12 4 1.64 ± 0.24 <0.0001
Stomach 10 0.19 ± 0.07 4 0.99 ± 0.17 <0.0001
Bladder 8 0.17 ± 0.09 4 2.11 ± 0.55 <0.0001
Prostate 8 0.11 ± 0.03 4 1.17 ± 0.14 <0.0001
Testicles 5 0.11 ± 0.03 4 3.98 ± 1.57 0.001
Small Int. 5 0.07 ± 0.02 4 1.20 ± 0.13 <0.0001
Large Int. 5 0.07 ± 0.03 4 1.64 ± 0.70 0.001
Bone 5 0.02 ± 0.01 4 2.54 ± 0.28 <0.0001
Muscle 12 0.03 ± 0.01 4 0.50 ± 0.08 <0.0001
Carcass 13 0.10 ± 0.03 4 1.39 ± 0.11 <0.0001

Pos:Neg Tumor 5 13.31 ± 5.59 4 4.87 ± 0.52 0.02
Tumor:Blood 11 8.65 ± 2.62 4 30.36 ± 5.05 <0.0001
Tumor:Muscle 10 133.33 ± 51.9 4 15.86 ± 2.10 0.0008

Table 2.3: 44 hr biodistribution of male nude mice bearing 22rv1 (negative) and
22rv1×PSCA (positive) xenografts.
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Figure 2.8: 89Zr-A11 vs 124I-A11 immunoPET in SCID mice bearing bilateral
LAPC-9 subcutaneous tumors at 44 hours post-injection shows higher contrast in
tumors imaged with 124I-A11 despite higher absolute uptake in tumors imaged with
89Zr-A11. µPET images are shown as full thickness maximum intensity projections.

124I-A11 89Zr-A11

n %ID/g ± SD n %ID/g ± SD p

LAPC-9 9 3.63 ± 0.59 6 9.33 ± 0.87 <0.0001
Blood 5 0.65 ± 0.11 3 0.74 ± 0.17 0.41
Liver 5 0.19 ± 0.01 3 14.61 ± 0.11 <0.0001
Kidney 5 0.26 ± 0.03 3 16.10 ± 2.74 <0.0001
Spleen 5 0.27 ± 0.04 3 24.81 ± 6.64 <0.0001
Heart 5 0.32 ± 0.06 3 4.14 ± 0.45 0.0001
Stomach 5 0.38 ± 0.09 3 1.74 ± 0.26 <0.0001
Lung 5 0.54 ± 0.08 3 2.74 ± 1.02 0.002
Muscle 5 0.05 ± 0.02 3 0.67 ± 0.11 <0.0001
Carcass 5 0.13 ± 0.02 3 1.82 ± 0.12 0.0001

Tumor:Blood 9 5.58 ± 1.07 6 13.16 ± 3.34 <0.0001
Tumor:Muscle 9 74.01 ± 29.1 6 14.03 ± 1.84 0.0003

Table 2.4: 44 hr biodistribution of male SCID mice bearing bilateral LAPC-9
xenografts.
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Figure 2.9: Inveon µPET calibration for 124I and 89Zr. µPET scanning of 124I and
89Zr at a variety of concentrations shows a linear µPET scanner response. The
slope of each linear regression has units of PET Units/nCi/mL and was used as the
cylinder factor for the respective radionuclide.

variance for both 124I and 89Zr uptake resulting in respective mean percent errors of

−0.4±13.5% and 5.19±8.45% after partial volume correction (Figure 2.10: bottom panel

in red).

Dynamic imaging of both 124I-A11 and 89Zr-A11 shows peak uptake in 22rv1×PSCA

tumors at 12 hours post-injection. Tumor uptake then falls 49% from its peak over the

next 32 hours for the 124I-labeled minibody where catabolized radio-metabolites do not

residualize and can diffuse from the tumor. 89Zr-labeled radio-metabolites, on the other

hand, residualize and diffuse more slowly out of the tumor, and hence 22rv1×PSCA tumor

uptake decreases by only 19% between 12 and 44 hours (Figure 2.11 A and B). Averages

from serial imaging of 22rv1×PSCA bearing mice with 89Zr-A11 and 124I-A11 at 6, 20, and

44 hours post-injection similarly show significantly higher uptake and higher retention

of 89Zr-A11 (n = 4) than 124I-A11 (n = 6) at all time points (Figure 2.11 D). Quantitation

of dynamic imaging also demonstrates that while a left ventricular ROI can be utilized

for estimating the activity in the blood pool with 124I-A11 by µPET, the quantification of

the blood activity of 89Zr-A11 using this method is confounded by non-specific uptake in

the heart wall in excess of that present in the blood. The “spill-in” from the heart wall
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Figure 2.10: Recovery coefficient curves for 124I and 89Zr show a higher partial
volume effect for 124I than for 89Zr. Quantitation of tumor uptake from µPET images
shows that non-PVC corrected ROIs underestimate uptake of 124I-A11 and 89Zr-A11
especially for tumors of small size. Partial volume corrected µPET data shows better
correspondence with biodistribution for both 124I-A11 and 89Zr-A11.
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Figure 2.11: Quantification of dynamic and serial imaging with 124I-A11 (A) and
89Zr-A11 (B) demonstrates higher uptake and retention of the A11 minibody with
89Zr-labeling than with 124I-labeling. Blood uptake as quantified by a heart ROI
shows artificially elevated signal for 89Zr-A11 at late time points due to non-specific
uptake in the heart wall leading to an underestimate of the Tumor:Blood ratio when
quantified with heart ROIs. However, 124I-A11 blood activity and tumor:blood ratios
can be accurately quantified by this method (C). Serial imaging of 89Zr-A11 (n = 4)
and 124I-A11 (n = 6) mice bearing 22rv1×PSCA xenografts confirms the results of
the dynamic scans (D). *** indicates p < 0.0001.
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results in an overestimation of blood activity of 89Zr-A11 at late time points and negates

the ability to accurately quantify blood activity and tumor:blood ratios from a heart ROI

(Figure 2.11 B and C). At 44 hours post-injection, comparison of blood activities by µPET

heart ROI and ex vivo biodistribution shows excellent correspondence for 124I-A11 (0.56

± 0.13 %ID/gBiodist vs 0.59 ± 0.19 %ID/gPVC, n = 20, p = 0.593) but poor correspondence

for 89Zr-A11 with the heart ROI significantly overestimating the activity in the blood

pool (0.47 ± 0.27 %ID/gBiodist vs 2.02 ± 0.47 %ID/gPVC, n = 7, p < 10−5). Similarly µPET

quantification of tumor:blood ratios using tumor and heart ROIs is accurate for 124I-A11

(Mean Tumor:Blood = 6.00 ± 2.39 biodistribution vs 5.93 ± 2.75 µPET, n = 28, p = 0.92)

but greatly underestimates the tumor:blood ratio for 89Zr-A11 (Mean Tumor:Blood =

20.04 ± 9.67 biodistribution vs 4.41 ± 0.93, n = 10, p < 0.0001).

2.3.7 Complete biodistribution for 124I-A11

A complete biodistribution was performed for mice bearing 22rv1×PSCA tumors at 6, 20,

and 44 hours post-injection. The biodistribution shows rapid clearance of the 124I-A11

minibody from all organs in the mouse other than the 22rv1×PSCA tumor (Table 2.5). The

biodistribution results correlate well with the 6, 20, and 44 hours time point %ID/gPVC

quantification (Figure 2.11 D). However, the 6 and 20 hour time point biodistribution

mice were not imaged and hence a direct comparison of early time point %ID/gPVC and

%ID/gBiodist and computation of mean percent error is not possible.

2.4 Discussion

The A11 minibody shows strong, high affinity binding to both PSCA-mFc antigen (KD =

3.91 nM) and 22rv1×PSCA cells (KD = 13.7 nM) with negligible non-specific binding to

22rv1 cells. The minibody shows minimal decreases in affinity with tyrosine modification
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6 Hours (n = 4) 20 Hours (n = 4) 44 Hours (n = 5)
%ID/g ± SD %ID/g ± SD %ID/g ± SD

22rv1×PSCA Tumor 6.51 ± 2.35 6.02 ± 2.58 3.55 ± 1.29
Blood 11.82 ± 0.69 2.72 ± 0.51 0.52 ± 0.08
Lungs 4.00 ± 0.66 1.32 ± 0.49 0.39 ± 0.13
Kidney 4.21 ± 0.46 1.14 ± 0.24 0.29 ± 0.05
Stomach 3.55 ± 0.65 1.15 ± 0.32 0.22 ± 0.07
Bladder 7.44 ± 5.53 0.82 ± 0.15 0.20 ± 0.11
Spleen 2.04 ± 0.45 0.54 ± 0.16 0.15 ± 0.03
Heart 3.48 ± 0.70 0.81 ± 0.16 0.15 ± 0.03
Liver 2.68 ± 0.37 0.54 ± 0.13 0.14 ± 0.02
Testicles 2.66 ± 0.92 0.57 ± 0.09 0.11 ± 0.04
Prostate & Sem. Vesc. 1.48 ± 0.45 0.54 ± 0.09 0.11 ± 0.03
Carcass 1.25 ± 0.15 0.38 ± 0.05 0.10 ± 0.01
Small Intestine 1.55 ± 0.18 0.35 ± 0.07 0.07 ± 0.01
Large Intestine 1.06 ± 0.19 0.26 ± 0.05 0.07 ± 0.03
Gall Bladder 1.11 ± 0.50 0.39 ± 0.11 0.04 ± 0.04
Muscle 0.43 ± 0.09 0.15 ± 0.09 0.03 ± 0.00
Femur 0.48 ± 0.17 0.16 ± 0.05 0.02 ± 0.01
Brain 0.34 ± 0.07 0.08 ± 0.01 0.01 ± 0.00
Lymph Nodes 0.83 ± 0.36 0.27 ± 0.12 0.00 ± 0.00
Bone Marrow 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Tumor:Blood 0.55 ± 0.17 2.14 ± 0.50 7.01 ± 2.64
Tumor:Muscle 15.25 ± 4.42 45.31 ± 21.2 129.42 ± 47.8

Table 2.5: Biodistribution of 124I-labeled A11 minibody in mice bearing
22rv1×PSCA tumors at 6, 20 and 44 hours post-injection
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(direct iodination) or lysine modification (SCN-DFO conjugation) at low modification ratios.

Both 124I-A11 and 89Zr-A11 show membrane binding and internalization on 22rv1×PSCA

cells with minimal binding to 22rv1 cells further indicating the radiolabeled protein of

both varieties is functional. However, the immunoreactivity was significantly lower for the

lysine modified 89Zr-A11 minibody (p = 0.007) and limited data with 1:10-1:200 excesses

of NHS-Fluorescein suggest the A11 minibody is at least sensitive to lysine conjugation

at high modification ratios. Comparison of internal uptake for 124I-A11 and 89Zr-A11 on

22rv1×PSCA cells indicate that the 89Zr-labeled radio-metabolites have a slower rate of

diffusion from the cells as expected for a residualizing radiolabel.

124I-A11 and 89Zr-A11 both show uptake in PSCA expressing 22rv1×PSCA and LAPC-9

tumors and result in high contrast µPET imaging. The rapid clearance of the minibody

is advantageous for imaging with 124I-A11 where excellent tumor contrast is seen with

uptake nearly an order of magnitude higher in the tumor than in any other organ at 44

hours post-injection. The residualizing nature of 89Zr-A11 results in higher uptake and

retention of tumor activity in both 22rv1×PSCA and LAPC-9 tumor models resulting in

higher tumor:blood ratios at 44 hours than obtained with 124I-A11. 89Zr-A11 however,

displays increased background compared to 124I-A11 in all non-tumor tissue of both nude

and SCID mice and results in lower tumor:soft tissue contrast for 89Zr-A11 by both µPET

imaging and biodistribution. The non-specific uptake in the bone and liver for 89Zr-A11

are especially problematic as these are common sites of prostate cancer metastases and

may interfere with the detection of tumors in these locations.

Quickly clearing antibody fragments such as a minibody generally have lower uptake

in tumors than intact antibodies due to shorter time allowed for extravasation from the

vasculature and diffusion into the tissue. However the minibody’s short residence time in

the blood compensates for the lower absolute tumor uptake allowing higher tumor:blood

ratios and improved imaging contrast at early time points.181,293 The short half-life of the

A11 minibody (t1/2β ≈ 6 hours) also has the benefit of reducing the radioactivity exposure
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and absorbed dose to the patient.124I-A11 minibodies and its radio-metabolites clear

the body quickly and 124I-labeled probes are usually only dose limited by bone marrow

dose via cross-exposure from the blood which will decrease when using quickly clearing

124I-labeled minibodies.294 The increased background uptake of 89Zr-A11 and its radio-

metabolites, on the other hand, will result in smaller improvements in patient dosimetry

for the minibody as compared to an intact antibody. Dosimetry studies of other 89Zr-DFO-

labeled antibodies have suggested that non-specific accumulation of the radio-metabolite

in the liver or kidney will be dose limiting, which will also likely be the case for 89Zr-A11

minibody.95,228,295

Quantification of PET data from 89Zr and 124I is more challenging than with 18F, due

to their lower positron yield and higher positron emission energy which leads to a long

mean positron range, especially for 124I. Though the 603 keV γ-ray of 124I falls into the

energy window of the Inveon scanner and elevates measurements of relatively cold image

areas, µPET shows a remarkably linear response to varying concentrations of both 124I

and 89Zr (Figure 2.9).279 The increased positron range of 89Zr and especially 124I, however,

lead to a large partial volume effect that cannot be ignored when quantifying µPET

imaging data with these isotopes. Measurements of in vivo tumor uptake without partial

volume correction underestimate the amount of uptake especially for small tumors and

significant differences in uptake between tumor groups could easily be observed simply

due to differences in the mean size of the tumors imaged. Correcting for the partial

volume effect is especially important when imaging response to therapy where what

appears to be a downregulation of immunoPET uptake with treatment could simply be

an artifact of a smaller average tumor in the treated group.

The partial volume correction method used here requires fairly precise approximation

of tumor volumes both for accurate determination of the mean PET uptake and for

determination of the tumor volume from which the recovery coefficient is calculated.

Though precise determination of tumor volume is time consuming and some intra-operator
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Figure 2.12: Comparison of tumor masses and CT volumes approximated with
ellipsoidal ROIs shows excellent correspondence. Linear fitting was weighted by
1/y2 as volume error is proportional to tumor size.

variability can be expected with any manual ROI drawing procedure, determination of

tumor volumes from CT has been found to be more accurate than determination of

tumor volume through the use of PET data or caliper measurements with excellent

correspondence between observers (r2 = 0.97).296 The CT tumor volumes determined here

correspond very well with ex vivo tumor masses with the CT volumes only underestimating

the tumor mass by 8% on average (slope = 0.92, r2 = 0.9557, Figure 2.12). Most of the

underestimate of the tumor volume is due to measurements of larger tumors which tend to

be more irregularly shaped and therefore more difficult to approximate with an ellipsoid

ROI. However, precise determination of tumor volume for partial volume correction is

less important for large tumors as the recovery coefficient curve approaches one at large

diameters.
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Despite the limitations of manual ROI drawing, the partial volume corrected estimation of

tumor activity is considerably more accurate and less noisy than other common methods

of quantification, including the commonly used estimation from the maximum voxel in

the image which both exhibits a strong partial volume effect and is more noisy than using

the mean value making partial volume correction harder to apply (13.9±30.8% 124I mean

percent error and 10.87±26.57% 89Zr mean percent error, Figure 2.13). Other methods of

drawing ROIs including using a isocontour ROI set to 50 or 75% of the maximum PET

voxel ( %ID/g 50 / SUV50 or %ID/g 75 / SUV75) or using the average of small ROIs placed

on the area of peak tumor uptake were initially explored but quickly ruled out.173,175,297

These methods also both showed a strong partial volume effect and had a much larger

amount of noise than the %ID/gmean method. The isocontour ROIs methods were addi-

tionally not able to quantify the activity in small positive tumors or negative tumors that

were close to background as selecting an isocontour ROI with the appropriate cut-off value

for these tumors resulted in selection of the entire mouse. Additionally measurements of

tumor volume by CT has been shown to be more accurate than measurements by PET

(r2 = 0.97 and 0.75, respectively).296 These combined effects made the small ROI and

isocontour ROI methods worse than both the %ID/gmean based PVC method used here

which achieved the best correspondence to biodistribution but requires a large amount

of manual ROI drawing and the %ID/gmax method which both required the smallest

amount of manual effort and had better correspondence to biodistribution data than the

isocontour or small ROI methods in the initial dataset explored. A simpler, commonly used

method of recovery coefficient correction based PVC without correcting for the background

(%ID/gPVC = %ID/gROI/ RC) was also evaluated but was found to overestimate the uptake

in small tumors.

In summary, residualizing radiolabels such as 89Zr are essential for imaging rapidly

internalizing antigens where the radiolabel can be accumulated and concentrated intra-

cellularly—using non-residualizing antibodies on rapidly internalizing antigens will

result in low tumor uptake due to internalization and loss of signal through diffusion.

73



0 2 4 6 8

0

2

4

6

8

Biodistribution (%ID/g )

R
O

I (
%

ID
/g)

y = x – 0.309
r2 = 

0.977%ID/gMax

0.780

0.0 0.5 1.0 1.5 2.0

-100 %

-50 %

0 %

50 %

100 %

150 %

200 %

250 %

300 %

Tumor Mass (g)

%
 E

rr
or

 

0 4 8 12

0

4

8

12

Biodistribution (%ID/g)

R
O

I (
%

ID
/g)

y = x  –  1.94

r2 = 

0.722

0.752

%ID/gMax

0.0 0.5 1.0 1.5 2.0

-100 %

-50 %

0 %

50 %

100 %

150 %

200 %

250 %

300 %

Tumor Mass (g)

%
 E

rr
or

 

89Zr124I

Figure 2.13: Quantification of tumor activity by the maximum voxel in the tumor
(%ID/gmax) exhibits a strong partial volume effect and yields noisier data than with
the mean value—making it more difficult to apply partial volume correction.
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When imaging non-internalizing antigens, on the other hand, image contrast is improved

by using a non-residualizing radiolabel such as 124I due to lower non-specific accumu-

lation. With slowly internalizing antigens, such as PSCA, the choice of a residualizing

or non-residualizing radiolabel is a compromise between higher tumor uptake for the

residualizing label and lower background for the non-residualizing label that will vary

with the choice of particular antigen and imaging agent half-life. For imaging of PSCA

expression with the A11 minibody, this balance clearly lies with the non-residualizing

124I radiolabel.

Quantitative µPET imaging with 124I and 89Zr must take into account the long mean

positron range of these isotopes. Partial volume correction even with a simple recovery

coefficient based method and a spherical approximation of the tumors greatly improves

the correspondence between µPET and ex vivo quantification. Further improvement can

likely be seen with more advanced partial volume correction methods.298
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CHAPTER 3

ImmunoPET imaging of PSCA

downregulation in response to androgen

blockade

3.1 Introduction

The mainstay of metastatic prostate cancer therapy is androgen deprivation therapy

via chemical castration with GnRH agonists either alone or in combination with anti-

androgens such as flutamide. However, androgen deprivation therapy is considered pallia-

tive and patients progress to Castration Resistant Prostate Cancer (CRPC) a median of

2-3 years after initiating treatment after which median survival is only 16–18 months.23

The great majority of CRPC remains androgen receptor (AR) positive but acquires resis-

tance to the initial androgen deprivation by a variety of mechanisms. These mechanisms

include upregulation of AR expression (20-30%), upregulation of kinases or co-factors that

support AR activation, increased production of androgens from extra-testicular sources

(e.g. adrenal cortex), point mutations that allow other steroids (e.g. DHEA, androstenediol,

estradiol, progesterone) or even anti-androgens (e.g. flutamide, bicalutamide) to act as

androgen receptor agonists (10-50%), or through the generation of constitutively active

splice variants that lack the AR c-terminal ligand binding domain (∼24%).23,82,299–303
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MDV-3100 is a second generation anti-androgen that has recently won FDA approval,

under the generic name enzalutamide and the trade name Xtandi, for treatment of CRPC.

MDV-3100 has high potency and high affinity for the androgen receptor and acts on the

C-terminal AR ligand binding domain to prevent AR nuclear translocation, DNA binding,

and co-activator recruitment.304,305 MDV-3100 slows growth and induces apoptosis in

the VCaP prostate cancer cell line whereas the anti-androgen bicalutamide does not.305

MDV-3100 also results in downregulation of androgen receptor activity reporter genes

in LNCaP-AR cells in vitro and in shrinkage of LNCaP-AR tumors in vivo whereas

bicalutamide increases expression of the androgen receptor reporter gene through its

partial agonist activity and only slows the growth of the LNCaP-AR tumors.305 MDV-3100

treatment has also been shown to have a larger repression of androgen dependent genes

and shorter time period to maximal efficacy than castration in mouse models.94

MDV-3100 remains effective in the majority of patients with CRPC who have failed

therapy with chemical castration and/or first generation anti-androgens. A phase I/II

study of MDV-3100 showed 57% of pre-chemotherapy and 45% of post-chemotherapy

patents have PSA decreases >50% with MDV-3100 monotherapy.25 MDV-3100 resulted

in tumor shrinkage in 22% of patients with soft-tissue disease and stabilized tumors in

56% of patients with bone lesions.25 A phase III study showed a 50% PSA decrease in

54% of patients who had previously failed both androgen deprivation and chemotherapy

regimens. MDV-3100 was found to prolong median survival by 4.8 months over placebo

in this patient population.24 However, many patients did not respond to therapy with

MDV-3100 and many initial responders develop resistance rapidly.

Molecular imaging could allow for earlier determination of whether a chosen anti-androgen

therapy is effective in a patient by imaging activity of the androgen signaling axis. While

PSA blood tests can measure the response of the tumors in aggregate, they cannot detect

whether only a subset of lesions failed to respond to therapy. Molecular imaging of AR

activity could yield more detailed information regarding individual tumor response to
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therapy and development of resistance to androgen blockade through the reactivation of

AR pathways. Scher et al. used 18F-FDHT to image patients before and after MDV-3100

therapy and saw a 20–100% decrease in patients treated with MDV-3100.25 However,

decreased 18F-FDHT uptake in tumors only confirms that MDV-3100 is successfully

occupying the AR ligand binding domain and blocking 18F-FDHT binding—it does not

confirm a corresponding decrease in downstream androgen receptor activity. Since many

patients have constitutively activating AR mutations, imaging the activity of the andro-

gen receptor rather than the AR ligand binding domain concentration and occupancy

would likely correlate better with outcomes. 18F-FDG PET scans done on the same 22

patients as the 18F-FDHT scans by Scher et al. confirm this limitation. Only 45% of

patients saw decreases in SUVmax of 25% or more by 18F-FDG PET even though all of

these patients saw decreases in uptake by 18F-FDHT PET, indicating that a decrease in

18F-FDHT uptake does not necessarily predict a metabolic response.25 Another limitation

of 18F-FDHT imaging is that a main resistance mechanism to MDV-3100 therapy has

been suggested to be through the generation of constitutively active truncated AR splice

variants that lack the ligand binding domain.299 These AR splice variants are detected in

24% of CRPC metastases even before MDV-3100 therapy which could account for many of

the non-responders.299–301,306 18F-FDHT would not be able to image tumors developing

MDV-3100 resistance through this mechanism and 18F-FDHT uptake might actually

show a decrease in these patients.

As discussed in § 1.4.6, imaging of response to androgen blockade in prostate cancer has

been demonstrated using a 64Cu-labeled anti-PSMA antibody.94 Evans et al. demonstrated

that PSMA expression increases in response to androgen deprivation and decreases in

response to androgen supplementation in LNCaP-AR cells in vitro. They then showed a 43

± 10% increase (p < 0.05) in uptake of a 89Zr-DFO-J591 anti-PSMA over baseline imaging

in mice bearing LNCaP-AR xenografts treated with MDV-3100, and a decrease in uptake

in mice treated with dihydrotestosterone (55 ± 10% decrease, p<0.01) or testosterone (48 ±
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10% decrease, p<0.01). However, the difference in uptake between the two groups was not

significant before normalizing by baseline imaging—making interpretation difficult.94,307

Imaging with a murine anti-PSA 5A10 antibody that binds only to catalytically active

“free” PSA, which is primarily located in prostate tissue, shows 55% increase in uptake

in LNCaP-AR tumors in mice supplemented with testosterone and decreased uptake in

a dose-dependent manner (maximum 85% decrease at 80 mg/kg) in mice treated with

MDV-3100.307 These results were significant on an absolute level and were encouraging

for the ability to image androgen receptor activity in vivo without the need for a baseline

scan. However, likely due to the fact that the “free” PSA is primarily in the perivascular

space and not cell bound, the 89Zr-labeled 5A10 antibody cleared the tumor rapidly and

achieved a maximum tumor:blood ratio of only 2.9 ± 1.5 and a tumor:muscle ratio of

only 22.8 ± 21.7 at 24 hours post-injection in the untreated LNCaP-AT tumors, limiting

PET contrast and the utility of 89Zr-5A10 as a diagnostic agent. Additionally, one of the

main limitations of PSA blood tests—that PSA expression is also increased in benign

prostatic hyperplasia and other non-malignant processes—will also limit the specificity

and usefulness of PSA based immunoPET imaging. Furthermore, the murine antibody

used in this study has limited potential as a clinical imaging agent and the results need

to be replicated using a human antibody before this imaging agent has potential for use

in humans.

It has previously been shown that the PSCA promoter contains an androgen response

element and that PSCA expression is regulated by androgens in the normal mouse

prostate (see § 1.3).127,129 Androgen ablation has also been shown to decrease PSCA

expression at the mRNA level in human HGPIN and prostate cancer.130,131 I therefore

hypothesized that PSCA expression can serve as a reporter for the activity of the androgen

receptor and that the resulting change in PSCA expression can be measured in vivo using

immunoPET imaging with the A11 minibody. In this Chapter, I will investigate this
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hypothesis using SCID mice bearing LAPC-9 xenografts, treated with either MDV-3100

or a vehicle control.

3.2 Methods

3.2.1 LAPC-9 xenograft model

LAPC-9 tumors were passaged surgically in male SCID mice as previously described.287

Between experiments, cells were frozen in IMDM supplemented with 40% FBS and 10%

DMSO either as tumor fragments that would be thawed and implanted surgically or as

single cell suspensions following digestion with 0.1% Pronase as in § 4.2.2. Initial tumor

implantation was either performed by injecting 1–2×106 single cells subcutaneously in

1:1 IMDM:Matrigel or by surgical implantation of a tumor fragment. Surgical passaging

was performed by sacrificing an LAPC-9 tumor bearing mouse, removing the tumor using

sterile instruments, and dividing the tumor into 1–2 mm pieces that could be surgically

implanted into the next mouse. The recipient SCID mouse was then shaved, the skin was

sterilized with alternating scrubs of alcohol and betadine solutions, a small incision was

made, and a 0.5–1 cm pocket was created. The LAPC-9 tumor piece was inserted and the

incision was closed using absorbable vicryl sutures. A single 1 cm tumor could reliably be

expanded to ≥20 tumors using this method whereas the yield of Pronase digestion of an

equally sized tumor typically provided only enough viable LAPC-9 cells for 7-8 tumors.

LAPC-9 tumors were allowed to grow for 3-4 weeks before imaging.

2-3 times per week mice were anesthetized with 1.5% isoflurane and tumors were mea-

sured using digital calipers. The tumor volume was approximated using the ellipsoid

approximation formula of V = x2 y
2 where x is the diameter of the tumor in the smaller

direction and y is the diameter of the tumor in larger direction.296
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3.2.2 Treatment with MDV-3100

Once tumors had reached an appropriate size or immediately following pre-treatment

imaging, mice began treatment with either 40 mg/kg MDV-3100 (ChemScene) or vehicle

only by daily gavage. The vehicle consisted of 300µL of water with 1% carboxymethyl-

cellulose (CMC, Sigma-Aldrich), 0.1% Tween-80 (Sigma-Aldrich) and 1.6% DMSO. The

MDV-3100 was stored in 5µL aliquots of DMSO at -80◦C until just before the gavage in

order to minimize freeze thaw cycles and time in an aqueous environment.

3.2.3 Quantitative flow cytometry

Following 7 days of treatment with MDV-3100 or vehicle, mice were sacrificed and LAPC-9

tumors were reduced to single cell suspensions by incubation in 1 mg/mL collagenase

IV (Sigma) in HBSS supplemented with 3mM CaCl2 for 1 hour at 37◦C. The cells were

then passaged through 18 and 24 gauge needles followed by a 70µM cell strainer. 22rv1,

22rv1×PSCA, and LAPC-9 cells were incubated with 16µg/mL of 1G8 mouse anti-PSCA

mAb for 1 hour at 4◦C. Both the cells and calibration beads (Dako QIFIKIT) were then

stained under identical conditions with (8µg/mL, 50 nM) Dylight-649 conjugated anti-

Mouse Fcγ. After the secondary stain, the cells were washed in 2% Mouse Serum/PBS

and a tertiary stain with 8µg/mL (50 nM) Alexa-488 conjugated murine anti-PSMA

antibody (Biolegend) was performed in order to allow gating for PSMA+ LAPC-9 epithelial

cells and remove PSMA− tumor stroma from the analysis. Finally, 10µL of 7-AAD (BD

Biosciences) was added ∼20 minutes before acquisition to allow for gating of live cells.

The final analyzed population was FSC and SSC gated, 7-AADLow, PSMA+ (Figure 3.2

C). 22rv1×PSCA and 22rv1 cells were used as positive and negative controls. Control

experiments were performed for all samples consisting of the unstained cells and cells

stained with only the secondary and tertiary Dylight-649 anti-Mouse Fcγ and Alexa-

488 anti-PSMA antibodies. Acquisition was performed with an LSRII flow cytometer
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(BD) and analysis of flow cytometry data was performed in FlowJo 9.3.2 (TreeStar).

Quantification of PSCA receptor density using the QIFIKIT calibration beads coated

with 5 different numbers of mouse-Fc and incubated under identical secondary antibody

conditions was performed using FlowJo 9.3.2’s automatic "Define Calibration" feature.

Background staining of the secondary and tertiary only samples was subtracted from the

quantification of PSCA antigen density calculated from the experimental samples.

3.2.4 Imaging and biodistribution

Following ∼3 weeks of tumor growth the A11 minibody was labeled with 124I as in § 2.2.5

with the exception that ∼50µg of 124I-labeled A11 minibody was injected into each mouse.

The mice were imaged at 44 hours post-injection by µPET/CT. Immediately following

imaging the mice were randomized into treatment groups—one cohort of mice was treated

with 40 mg/kg MDV-3100 and the other cohort with vehicle for seven days. After seven

days of treatment one mouse from each group underwent a µPET/CT scan to confirm that

minimal signal was retained from the first imaging injection, and then all mice were again

injected with ∼50µg of 124I-labeled A11 minibody and imaged at 44 hours post-injection.

After the post-treatment scan, all mice were sacrificed and biodistribution was performed

as described in § 2.2.11. µPET image analysis was performed with quantification of tumor

volume and uptake with partial volume correction as described in § 2.2.12.

3.2.5 Histology

After the last imaging time point and weighing of tumors for biodistribution, tumor

samples were fixed in 10% phosphate buffered formalin before gamma-counting. These

tumors were then stored in formalin for ≥ 42 days until 124I activity was undetectable.

At this time they were delivered to UCLA’s Translational Pathology Core Laboratory for
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paraffin embedding, sectioning, H&E staining, and slide scanning. The percent of tumor

necrosis in each histologic section was calculated using Fiji (“Fiji is Just ImageJ”) using

a macro partially generated via the Threshold Colour ImageJ plugin to select necrotic

tumor regions with a large predominance of eosin staining (Figure 3.1, see Appendix B

for macro code).308–310 The percent necrosis was calculated by the number of thresholded

pixels in the necrotic image divided by the number of thresholded pixels in the total tumor

image.

H&E Total Tumor Necrotic

Figure 3.1: Quantification of tumor necrosis using ImageJ based color segmentation.
Percent necrosis was calculated as the number of black pixels in the Necrotic image
divided by the number of black pixels in the Total Tumor image.

3.3 Results

3.3.1 Changes in PSCA expression with MDV-3100 treatment

Quantitative flow cytometry on digested LAPC-9 tumors following 7 days of treatment

with MDV-3100 (40 mg/kg) or vehicle shows that MDV-3100 treatment downregulates

PSCA expression approximately 62.8±4.9% (p < 0.0001,n = 4) compared to the vehicle

treated control (Figure 3.2). Mean PSCA expression is 4.75×105 for vehicle treated mice

whereas mice treated with MDV-3100 express only 1.65×105 PSCA antigens per cell.
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Figure 3.2: Flow cytometry histogram showing downregulation of PSCA in LAPC-
9 tumor cells in response to treatment with MDV-3100 as compared to a vehicle
treated mouse (A). Also shown are positive (22rv1×PSCA) and negative (22rv1)
controls (B) and back-gate analysis showing the fully gated FSC/SSC, 7-AADLow,
PSMA+ population used for the analysis (C). The x-axes of the histograms were
rescaled from Dylight 649 fluorescence intensity to units of absolute PSCA antigens
per cell using FlowJo and QIFIKIT calibration beads.
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Figure 3.3: Serial caliper measurements in mice treated with MDV-3100 and vehicle
control

3.3.2 Tumor growth

Tumor growth between the vehicle and MDV-3100 treated cohorts showed no differences

in tumor volume by tumor caliper measurements (Figure 3.3). Two-way ANOVA shows

no significant difference between the growth curves either for all time points (p = 0.33)

or after initiating therapy (p = 0.41). However, significantly smaller tumors in the MDV-

3100 treated mice are seen at the last time point following 7 days of therapy (p = 0.048,

adjusted for multiple comparisons via Holm-Šidák).

3.3.3 Radiolabeling

Specific activity for the pre-treatment imaging was 1.23µCi/µg with injected radiochem-

ical purity of 93.8% and immunoreactivity of 72.7%. The post-treatment imaging had

specific activity of 2.38µCi/µg, radiochemical purity of 98.6%, and immunoreactivity of

83.3%.
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3.3.4 ImmunoPET imaging of response to therapy

Partial volume corrected µPET quantification shows equivalent tumor volumes and

uptake in the two groups before treatment is initiated (2.43 ± 0.428 %ID/g Vehicle, 2.65 ±
0.72 %ID/g MDV-3100, p = 0.46, Figure 3.5). After one week of treatment with MDV-3100

tumor volumes show no significant difference (p = 0.54). However, following treatment

the uptake in the MDV-3100 treated cohort is 29% lower than in the control group by

partial volume corrected µPET (3.70±0.20 %ID/g Vehicle vs 2.61±0.23 %ID/g MDV-3100,

p < 0.003, Figure 3.4 and 3.5) and 24.0% lower than in the vehicle treated controls by

biodistribution (p = 0.03, Table 3.1).

Normalizing post-treatment imaging by the pre-treatment similarly shows uptake in the

MDV-3100 treated group 32% lower than the vehicle treated group (p = 0.0003). However,

rather than the MDV-3100 treated group decreasing from the baseline scan, we find that

the MDV-3100 treated group is not significantly changed from pre-treatment (Pre:Post

treatment ratio 1.10 ± 0.16, p = 0.90) and rather the difference post-treatment is due to

an increase in the vehicle treated group between the scans (Pre:Post treatment ratio 1.61

± 0.26, p = 0.0002, Figure 3.6).

3.3.5 Histology

Quantification of necrotic area in H&E staining of LAPC-9 tumors treated with either

vehicle control or MDV-3100 (Figure 3.7 A) shows no difference in necrosis between

the two groups (15.8 ± 7.4% Vehicle, 11.2% 6.2% MDV-3100, p = 0.20, Figure 3.7 B).

Regression analysis of the % Necrotic tissue versus A11 minibody uptake shows positive

but non-significant correlation for both Vehicle (r2 = 0.38, p = 0.10) and MDV-3100 treated

tumors (r2 = 0.12, p = 0.39).

86



Vehicle

MDV-3100 
(40 mg/kg)

5.0 %ID/g

0.5 %ID/g
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A11 minibody in LAPC-9 tumors.
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Figure 3.5: Quantification of A11 minibody imaging by µPET/CT shows no differ-
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Vehicle MDV-3100

n %ID/g ± SD n %ID/g ± SD p

LAPC-9 9 3.63 ± 0.59 9 2.75 ± 0.95 0.03
Blood 5 0.65 ± 0.11 5 0.61 ± 0.14 0.63
Liver 5 0.19 ± 0.01 5 0.18 ± 0.03 0.48
Kidney 5 0.26 ± 0.03 5 0.26 ± 0.08 0.95
Heart 5 0.32 ± 0.06 5 0.25 ± 0.05 0.08
Lungs 5 0.54 ± 0.08 5 0.62 ± 0.19 0.42
Spleen 5 0.27 ± 0.04 5 0.36 ± 0.11 0.15
Stomach 5 0.38 ± 0.09 5 0.30 ± 0.05 0.14
Tail 5 0.56 ± 0.27 5 0.59 ± 0.25 0.86
Muscle 5 0.05 ± 0.02 5 0.05 ± 0.01 0.92
Carcass 5 0.13 ± 0.02 5 0.12 ± 0.02 0.57

Tumor:Blood 9 5.58 ± 1.07 9 4.51 ± 1.32 0.08
Tumor:Muscle 9 74.0 ± 29.1 9 53.6 ± 17.7 0.09

Table 3.1: Biodistribution of male SCID mice bearing LAPC-9 xenografts at 44
hours post-injection after decreased uptake of 124I-labeled A11 minibody in MDV-
3100 (40 mg/kg) treated xenografts compared to vehicle control after 7 days of
treatment.
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Figure 3.6: Post-treatment A11 minibody uptake normalized by pre-treatment
imaging.
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Figure 3.7: [H&E staining of LAPC-9 tumors treated with either MDV-3100 or vehi-
cle control (A). Quantification of the % Necrotic tissue in each tumor (B). Regression
analysis of the relationship between % Necrotic tissue and tumor uptake of A11
minibody (C).
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3.4 Discussion

The PSCA promoter has previously been found to contain an Androgen Response Element

and PSCA expression has been shown to be regulated by androgens in normal mouse

prostate.127,129 Here we found that treatment of mice bearing naturally PSCA expressing

LAPC-9 xenografts with the anti-androgen MDV-3100 causes a significant, nearly 3-fold,

downregulation of PSCA in vivo. While mRNA expression data from human prostate

cancer samples following treatments with anti-androgens has shown a downregulation

of PSCA expression, these experiments are the first to establish a causal relationship

between androgen receptor blockade and downregulation of PSCA in human cancer

xenografts on a per cell basis and suggests that PSCA may be used as a reporter gene for

androgen pathway activation in patients.

LAPC-9 xenografts treated with either MDV-3100 show no significant differences in

volume compared to vehicle treated controls by CT. However, the MDV-3100 treated mice

show significantly lower uptake of the 124I-A11 minibody than vehicle controls by both

partial volume corrected µPET imaging and biodistribution suggesting that quantitative

imaging of PSCA expression may be able to noninvasively measure the status of androgen

receptor signaling in vivo and yield results before changes in tumor volume can be

observed. Interestingly, despite the lack of significant difference between tumor masses by

biodistribution or volumes by CT post-treatment, the non-partial volume corrected %ID/g

obtained from imaging fails to show a significant difference between the treatment and

control groups (p = 0.089) unless the two tumors smaller than 50 mg are excluded from

the analysis (p = .024). This demonstrates the necessity of partial volume correction when

comparing tumor uptake in different groups of mice by µPET as even groups of tumors

with non-significantly different tumor volumes can show higher variance that masks the

difference between the groups due to the pooling of small and large tumors with different

partial volume effects. One could also imagine a situation where a given treatment
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does retard tumor growth or shrink tumors during the course of treatment resulting in

significantly different tumor sizes between the groups post-treatment. Quantification by

non-partial volume corrected µPET could easily lead to a significant difference between

the two groups of tumors solely based on differences in the recovery coefficients due to the

differently sized tumors with no true differences in radiotracer uptake (See Chapter 2).

Alternatively, an increase in radiotracer uptake due to treatment could be missed due to

this effect.

While the decrease in A11 minibody uptake with MDV-3100 treatment is significant by

both partial volume corrected µPET/CT and biodistribution, the picture is complicated

by comparison to the pre-treatment imaging. Rather than a simple decrease in A11

minibody uptake in the MDV-3100 treated mice compared to the pre-treatment imaging,

we instead see an increase in the vehicle treated mice leading to the significant difference

post-treatment. A11 minibody uptake increased by 59.7±8.5% (p = 0.0002) in the vehicle

treated mice compared to the pre-treatment imaging while the MDV-3100 treated mice

show no significant difference between pre- and post-treatment scans (p = 0.90). These

results can not be explained by differences in tumor volumes, masses, or necrosis between

the tumors as no significant differences in these variables were observed. The result

was also not likely due to residual activity from the pre-treatment scan remaining in

the tumors as mice scanned 5 days after the initial imaging experiment showed minimal

residual activity that would only result in a 1.6% mean increase to the post-treatment

quantification results, even while neglecting the fact that residual uptake would further

decrease before the post-treatment imaging 2 days later. Furthermore, the residual uptake

was approximately equal between the MDV-3100 and vehicle treated groups. Regardless

of the cause of the baseline shift between pre- and post-therapy scans, normalizing of

post-treatment uptake values by pre-treatment imaging reduces the intra-cohort variance

and results in a lower p-value (p = 0.0003) compared to the non-normalized data.
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The significant difference between the tumor group volumes when measured by digital

calipers following treatment with MDV-3100 was not replicated when measuring the

volumes by CT. Whether the difference was due to some consistency difference (“squishi-

ness”) between the treatment groups that would affect caliper measurements but not

CT measurements, an example of observer bias (the treatment groups were not blinded),

or random measurement errors is unknown. However, as CT measurements have been

shown to be more reproducible and more accurate than caliper measurements for mea-

suring tumor volumes and there were no differences in tumor mass between the groups,

we concluded there was no real difference in tumor size caused by 7 days of treatment

of MDV-3100. This result was not surprising as while both castration and MDV-3100

treatment has been shown to shrink the size of LNCaP-AR xenografts within 7 days

of initiating treatment, LAPC-9 tumors in castrated mice require >2 weeks to show

significantly different volumes from uncastrated controls.94,287 Furthermore, LAPC-9

tumors do not shrink with castration and instead the therapy appears to be cytostatic.287

Therapy with an anti-androgen similar to MDV-3100 (RD-162) was similarly shown to

require 12-14 days of treatment to show significant differences in tumor volumes from

vehicle controls in both LNCaP/HR and LAPC-4/AR xenograft models (see supplemental

information of Tran et al.305

The dose of antibody injected in these experiments (50µg) is larger than that used in

other chapters (3–25µg). This is due to a combination of factors. Firstly, the modeling

work of Thurber and Weissleder suggests that in vivo changes in antigen expression can

only be measured with immunoPET when the binding of the antibody to the antigen is

relatively close to saturation. In this case, the tumor uptake of the radiotracer is limited

by the amount of available antigen and not simply by the rate of antibody diffusion

into the tumor.311 Data presented in § A.2 shows that at 44 hours post-injection only

∼3% of 22rv1×PSCA binding sites were occupied by A11 minibodies in vivo when they

were injected with 25µg of A11 minibody. In tumors that average 1×105 to 5×105 PSCA

antigens per cell the antigen saturation was ∼15% at 44 hours. The data presented in
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§ 2.3.6 indicate there is an approximately 50% decrease in membrane bound minibody

between peak uptake at 12 hours post-injection and uptake at 44 hours when imaging.

Naïve extrapolation from these results suggests we are at best approaching 30% maximum

antigen saturation for a tumor with 1×105 to 5×105 PSCA antigens per cell. Therefore,

in order to more closely approach antigen saturation and be better able to measure

antigen receptor density in vivo, the dose of A11 minibody was increased. The desire

for a large protein dose to compete for binding sites and allow measurements of antigen

receptor density, however, had to be balanced with the suggestion based on in vitro data

that the minibody may have a therapeutic effect which we wanted to minimize in this

serial imaging therapy experiment (see § A.1). We hoped that the doubled protein dose

would push the tumors into Thurber and Weissleder’s antigen limited scenario that would

allow for measurements of the PSCA receptor downregulation in response to MDV-3100

treatment. While these methods were successful in measuring a difference in antigen

receptor density between MDV-3100 and vehicle treated tumors, a true optimization of

the protein dose for imaging changes in PSCA expression in vivo remains to be done.

In summary, anti-androgen therapy using MDV-3100 decreased the levels of PSCA expres-

sion by nearly a factor of 3 in LAPC-9 subcutaneous xenografts and imaging of LAPC-9

xenografts in MDV-3100 treated mice showed significantly lower uptake of A11 minibody

than vehicle treated controls. However, further investigation is required to determine the

cause of increased uptake in the vehicle treated tumors between pre- and post-treatment

scans.
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CHAPTER 4

Comparison of A11 minibody immunoPET to

bone scans in mice bearing intratibial

xenografts.

4.1 Introduction

Metastases and especially bone metastases continue to represent the primary cause of

morbidity and mortality in prostate cancer and are the most important determinant of

prostate cancer prognosis and treatment decisions.17,43,312 Most guidelines recommend

the treatment of local prostate cancer with either active surveillance, radiation therapy,

or surgical intervention depending on the extent of the local prostate cancer and age

of the patient.3,9 Detection of metastatic lesions, however, is generally an indication to

begin androgen deprivation therapy with chemical castration using GnRH agonists and/or

treatment with anti-androgens, though androgen deprivation therapy is sometimes used

for intermediate or high-risk patients with only local disease.3,313 Autopsy studies have

shown that hematogenous metastases can be found in ∼35% of prostate cancer patients

with bone (83-90%), lung (46-50%), liver (25-66%), soft-tissue (40%), dura (26%), pleura

(21%), and adrenal (13-23%) metastases detected most frequently.43,314 Distant lymph

node metastases can be found in 33-63% of patients, most commonly to paraaortic (∼ 80%)
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or pelvic lymph nodes (∼ 58%) and the subsets of patients with tumors to these locations

also presented with hematogenous metastasis 84% of the time.43,314

Despite the large influence of bone metastasis on patient prognosis and therapy decisions,

the current methods of detecting prostate cancer metastases are unsatisfactory and

presence of metastasis often must be inferred based on other risk factors such as a rising

PSA in a patient who has received a radical prostatectomy.315,316 PET imaging with 18F-

FDG, 18F-FDHT, 11C-choline, 18F-choline, and 11C-acetate have each shown some utility

in detecting metastases but each have limitations that have prevented their wide-spread

clinical use in this role (see § 1.2). Most current clinical monitoring for metastasis utilizes

99mTc-Methylene diphosphonate (99mTc-MDP) planar or SPECT imaging of osteoblastic

response to a prostate cancer bone metastasis. Bone scans are clinically recommended for

symptomatic patients and asymptomatic men with serum PSA >10 ng/mL.15 Recently

18F-Fluoride (PET) bone scans have been shown to be more sensitive than 99mTc-MDP

and led to improved detection of prostate cancer metastases.42,45,46,317

Both 99mTc-MDP and 18F-Fluoride bone scans, however, are not an ideal means of imaging

prostate cancer. Firstly, both are obviously restricted to imaging bone tumors and not

metastases to other sites and up to 19% of patients have been found to have soft-tissue

metastases without bone metastases.43 Furthermore, while 99mTc-MDP bone scans were

initially reported to have very high sensitivity in detecting metastatic prostate cancer

bone lesions, more recent evidence has contradicted those initial studies and indicated

that a significant portion of bone tumors are missed. While determining true sensitivity

for prostate cancer bone imaging is difficult due to the lack of a true gold standard,

there have been many reports of patients having negative bone scans at the time of

radical prostatectomy and lymphadenopathy only to have bone metastases appear at later

dates. Most lumbar bone metastases are seeded through reverse veinous transit from the

prostate (Batson venous system) indicating the metastases were likely present and missed

by the initial bone scan.43,44 There have also been reports of intrameduallary tumors
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appearing on MRI scans before a lesion is detected on 99mTc-MDP bone scans.36,37,316

18F-Fluoride bone scans and 18F-fluorocholine have also been demonstrated to image

lesions missed by 99mTc-MDP bone scans.45,46

18F-Fluoride bone scans have shown improved sensitivity over 99mTc-MDP bone scans

in the initial small clinical trials and are currently the subject of a Phase III study to

determine whether their use improves detection of prostate cancer bone metastases.46,47

However, while the sensitivity of prostate cancer detection may be improved using 18F-

Fluoride bone scans, bone scans in general have considerable false positive rates for

any benign process that increases bone formation.42 Causes of false positive bone scans

include: trauma and fractures, degenerative diseases (e.g. osteoporosis), Paget’s disease,

and inflammatory processes (e.g. arthritis).15,42 Though many of these false positives can

be ruled out using PET/CT, these diseases are relatively common in the elderly patients

most likely to develop prostate cancer, and there is a considerable need for a molecular

imaging agent that is specific for prostate cancer.

Bone scans also have problems measuring response to therapy due to the flare phe-

nomenon. With effective therapy, the bone uptake of 99mTc-MDP and 18F-Fluoride often

increases due to bone healing in response to the shrinking tumor. This flare can last for

months after successful therapy has been initiated and lesions may continue to appear

on bone scans long after the viable tumor is no longer present.15,316 While researchers

have investigated utilizing bone scan flares either to increase sensitivity or as a marker

of treatment success, difficulty in distinguishing between successful therapy and a pro-

gressing tumor makes evaluating treatment response using bone scan flaring a less than

ideal solution.318,319

Imaging of prostate cancer metastases with an imaging agent specific to the tumor itself

instead of imaging a downstream process may yield both higher sensitivity and specificity

for detecting prostate cancer bone metastases in patients. Since PSCA has been shown
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to be highly overexpressed in the great majority of prostate cancer bone tumors (87-

100%), anti-PSCA immunoPET imaging may have utility in this role.99,102 As such, in

this chapter PSCA expressing intratibial xenograft models will be used to compare the

sensitivity of the A11 minibody to 18F-Fluoride imaging of bone remodeling for detecting

bone tumors.

4.2 Methods

4.2.1 Cell lines

The 22rv1 and 22rv1×PSCA cell lines described in § 2.2.2 were transfected with Firefly

Luciferase (Fluc)-IRES-mCherry and FLuc-IRES-GFP respectively using lentiviral trans-

fection in conjunction with UCLA’s Vector Core. The transfected cells were stained with

1G8 murine anti-PSCA antibody, followed by Dylight 647 conjugated Goat anti-mouse

Fcγ-specific secondary antibody (Jackson Immuno) and were sorted twice by FACS to

create 22rv1 FLuc-IRES-mCherry and 22rv1×PSCA FLuc-IRES-GFP cell lines that stably

expressed their fluorescent markers through more than 12 passages. The 22rv1×PSCA

FLuc-IRES-GFP line was simultaneously sorted for the highly PSCA expressing cell

population. Quantitative flow cytometry was performed to quantify the PSCA expression

on these cells as in § 2.2.2.

In addition LNCaP×PSCA cells, transfected with the same lentiviral PSCA construct as

22rv1×PSCA cells and LAPC-9 were obtained from the lab of Dr. Robert Reiter at UCLA.

The 22rv1 and LNCaP cell lines were cultured in RPMI 1640 supplemented with 10%

FBS and 1% Penicillin and Streptomycin.
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Figure 4.1: Radiographs illustrating needle placement for intratibial injections.

4.2.2 Intratibial models

Single cell suspensions of LAPC-9 cells were prepared by digesting freshly excised and

diced LAPC-9 subcutaneous xenografts in 0.1% Pronase (Sigma) in Iscove’s Modified

Dulbecco’s Medium (IMDM, Gibco) for 18 minutes at room temperature as previously

described.320–323 The cells were then passaged through 18 gauge needles and strained

through a 70µm cell strainer (BD Biosciences) to remove tumor clumps. For each of the

tumor models, cells were counted by trypan blue exclusion and 1×105 viable cells were

prepared in 10µL of 1:1 Media:Matrigel in an 300µL insulin syringe bearing a fixed 28

gauge needle. Male nude (22rv1 and 22rv1×PSCA) or SCID (LNCaP×PSCA and LAPC-9)

mice were anesthetized with 1.5% isoflurane and intratibial tumors were injected by

bending the mouse’s knee and drilling the needle through the proximal end of the tibial

plateau with a twisting motion. Once the needle tip entered the intramedullary space

of the tibial metaphysis (Figure 4.1), the cells were slowly injected and the needle was

removed.324 A sham injection, where the needle was inserted using the same method, but

only Media:Matrigel was injected, was performed on the contralateral leg.
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Tumor growth was followed in mice bearing firefly luciferase transfected 22rv1 and

22rv1×PSCA tumors beginning 5-7 days post-injection by optical imaging. 150 mg/kg of

D-Luciferin (GoldBio) in 100µL of PBS was injected intraperitoneally and following a 15

minute uptake period the mice were imaged in an IVIS Lumina II cooled CCD optical

imager (Caliper Life Sciences). Only mice showing a signal on optical imaging received

bone scans and immunoPET imaging. For non-luciferase transfected 22rv1×PSCA, LAPC-

9, and LNCaP×PSCA intratibial tumors, all mice were serially imaged with bone scans

and immunoPET at 4, 6, and/or 8 weeks post-intratibial injection. Only those mice with

intratibal tumor establishment confirmed by gross and/or histological analysis were

included in the analysis.

4.2.3 18F-Fluoride and A11 minibody imaging

Intratibial xenograft bearing mice were injected with ∼100µCi of 18F-Fluoride in 100µL of

saline via tail vein injection. After an hour of conscious uptake the mice were anesthetized

with 1.5% isoflurane, their bladders were manually expressed, and the mice were imaged

with a 10 minute acquisition on an Inveon µPET scanner (Siemens) followed by a µCT

scan. µPET and µCT were automatically co-registered based on empirically determined

scanner alignments. Alignment was manually verified using the bladder as a fiduciary

marker and adjusted if necessary. Uptake ( %ID/g) was then quantified from the co-

registered µPET/CT images by manually deleting the entire skeleton other than the

tibias on the µCT and using isocontour ROIs (≥ 200 Hounsfield units) to capture a region

encompassing either only the tumor bearing tibia or the sham tibia. The mean value

of the µPET scan was converted to %ID/g using the decay corrected injected dose of

18F-Fluoride and the reference cylinder factor for 18F (1.51×10−7 PET Units/nCi/cc) which

was obtained from the Crump imaging core. All images are displayed on identical %ID/g

scales using AMIDE.
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Either immediately following the 18F bone scan or the day following the bone scan

the intratibial tumor bearing mice were injected with ∼3µg 124I-labeled A11 minibody

radiolabeled as described in § 2.2.5 except for the much higher concentration of 124I used

here (∼30–50µCi/µg). 44 hours after A11 minibody injection, the mice again received

µPET and µCT scans. The mice were then either kept for serial imaging at later time

points or at the last time point sacrificed for biodistribution as described in § 2.2.5. The

images were analyzed using the same method as for the 18F-Fluoride bone scans with

manual verification of the co-registration and isocontour ROIs drawn over each tibia on

the µCT via the same method. The cylinder factor for 124I (1.42×10−7 PET Units/nCi/cc)

was measured as described in § 2.3.5. No partial volume correction was performed on

either the 18F-Fluoride or 124I-A11 immunoPET as determining the tumor volume by CT

would be too arbitrary to be reproducible and hence only quantification of the entire tibia

was performed without attempting to approximate the tumor boundaries.

4.2.4 High resolution ex vivo µCT and histology

Following biodistribution, tibias were stored in 10% phosphate buffered formalin until

radioactivity had decayed. The decayed tibias were then analyzed by high resolution ex

vivo µCT and/or embedded in paraffin and sectioned for histological analysis and H&E

staining in conjunction with the UCLA Tissue Pathology Core Laboratory.

Ex vivo µCT of the tibial samples was performed on a µCT 40 (SANCO Medical) at 20µm

resolution. The raw CT image stack was cropped using AMIDE and exported to DICOM

using (X)MedCon. Volume renderings were generated with OsirX 5.6 and displayed with

a logarithmic inverse color lookup table with minimum and maximum values of 500 and

700 Hounsfield units.
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4.2.5 Data analysis

Statistical analysis of both the bone scans and the immunoPET scans was performed

using two-way repeated measure ANOVA with intra-time-point significance testing and

adjustments for multiple comparisons performed using the Holm-Šidák method. As the

variance of the A11 immunoPET dataset increases significantly as the uptake increases, a

log-transformation was applied to make the data fulfill the homoskedasticity requirement

of both ANOVA and Holm-Šidák before significance testing. Unless indicated in the figure

legend, all µPET images are displayed as full thickness maximum intensity projections

with the mouse displayed face-down. However, optical imaging was performed in the

face-up orientation for best view of the intratibial xenograft. Therefore, all optical imaging

in this chapter is displayed in mirror image to allow for direct comparison with µPET

bone scans and A11 immunoPET.

4.3 Results

4.3.1 Cell lines

Lentiviral transfection of 22rv1 with FLuc-IRES-mCherry and 22rv1×PSCA with Fluc-

IRES-GFP created PSCA positive and negative cell lines with stable expression of FLuc

(Figure 4.2 A). Quantitative flow cytometry (n = 3) shows expression of 2.3×106 ± 5.1×105

mean PSCA antigens per cell on 22rv1×PSCA FLuc-IRES-GFP cells and 3900 ± 3600

mean PSCA antigens per cell on 22rv1 FLuc-IRES-mCherry cells.
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Figure 4.2: Transfection of 22rv1 with FLuc-IRES-mCherry and 22rv1×PSCA with
Fluc-IRES-GFP and FACS sorting created FLuc expressing PSCA positive and
negative cell lines (A). Expression of Fluc allows for monitoring of tumor growth by
optical imaging with both 22rv1 FLuc-IRES-mCherry (left leg) and 22rv1×PSCA
FLuc-IRES-GFP (right leg) intratibial xenografts (B).
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4.3.2 Radiolabeling

Radiolabeling of 3µg A11 minibody per mouse with ∼30–50µCi/µg of 124I (n = 8) resulted

in a mean labeling efficiency of 54 ± 21% and a mean specific activity of 23.7 ± 6.5µCi/µg.

After purification by size exclusion, the mean purity of the protein injected was 95 ± 5%

with an immunoreactivity of 62 ± 5% on 22rv1×PSCA cells and 5 ± 5% binding to the

negative control 22rv1 cell line.

4.3.3 Comparison of 18F-Fluoride ion bone scans and 124I A11 minibody Im-

munoPET in mice bearing 22rv1 and 22rv1×PSCA intratibial xenografts

Take rates for 22rv1 intratibial xenografts were high (5/7) but 22rv1×PSCA (2/36) and

LNCaP×PSCA (0/4) were low. Only one mouse with a 22rv1×PSCA intratibial tumor was

able to be imaged. Histology of 22rv1 and 22rv1×PSCA mice confirmed a mixed osteolytic

and osteoblastic tumor phenotype in-line with previous reports (Figure 4.3).325,326 Bone

scans of the 22rv1 and 22rv1×PSCA mice, show consistent increases in the intratibial

xenograft bearing tibia at 6 weeks post-xenograft-injection (Figure 4.5 and 4.4). However,

the high uptake in the knee and rest of the skeleton illustrates the lack of specificity of

this imaging modality and the difficulty of distinguishing true and false positives.

A11 minibody immunoPET of mice bearing 22rv1 intratibial tumors (n = 5) showed no

distinguishable intratibial uptake by µPET and showed only a small increase in tibial

uptake (0.36 ± 0.19 %ID/g) compared to the contralateral sham tibia (0.08 ± 0.02 %ID/g)

by biodistribution (Table 4.1, p = 0.025 by paired two-tailed t-test). The small increase in

intratibial uptake in the 22rv1 tumor was less than the blood activity (0.40 ± 0.11 %ID/g)

and was likely a result of the enhanced permeability and retention (EPR) effect uptake due

to malformed tumor vasculature. The one mouse with a histologically confirmed intratibial

22rv1×PSCA tumor showed higher uptake in the 22rv1×PSCA bearing tibia compared
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Figure 4.3: H&E Staining of 22rv1 and 22rv1×PSCA intratibial xenografts shows
mixed osteolytic (blue dashed arrows) and osteoblastic (solid red arrows) type tumor
formation.

to the sham tibia control at two weeks and six weeks post-injection by immunoPET

(Figure 4.4). Biodistribution of this mouse at 6 weeks post-injection showed uptake of

3.31 %ID/g for the 22rv1×PSCA tibia, 46.9 times higher than the sham tibia, 8.5 times

higher than tibias bearing 22rv1 tumors, and 10.7 times higher than blood despite the

excess weight of bone and other non-tumor tissue in the tibia (Table 4.1). Significance

testing of the 22rv1×PSCA tibial uptake (n = 1) against the distributions for the 22rv1

tibias (n = 5) and the pooled sham tibias (n = 6) by one-way ANOVA shows significantly

increased uptake (p < 0.0001) uptake in the 22rv1×PSCA tibia in both cases despite the

small sample size.

4.3.4 Comparison of 18F-Fluoride ion bone scans and 124I A11 minibody Im-

munoPET in mice bearing LAPC-9 intratibial xenografts

18F-Fluoride bone scans of mice bearing LAPC-9 intratibial xenografts show a large

amount of non-specific uptake and a qualitative increase in the positive tibia over the

negative tibia in only 16.7% of mice at 4 weeks (1/6), 50% (3/6) at 6 weeks, and 50% (1/2)
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Figure 4.4: Comparison of optical imaging, 18F-Fluoride Bone Scan, and A11 im-
munoPET in a mouse bearing a 22rv1×PSCA intratibial xenograft at 2 and 6 weeks
post-xenograft-implantation. At 2 weeks post-injection, no appreciable increase in
uptake can be observed in the tibia bearing the 22rv1×PSCA xenograft with the
18F-Fluoride bone scan while a small increase in intramedullary uptake in the tu-
mor bearing tibia can be seen by 44 hr A11 immunoPET. At 6 weeks post-xenograft
implantation, both 18F-Fluoride bone scans and A11 immunoPET show increased
uptake in the tumor bearing tibia. However, the signal is much easier to distinguish
in the A11 immunoPET scan due to the higher specificity of the radiotracer and
lower background in normal tissue. The 2 week A11 immunoPET image is displayed
as a 2 mm thick coronal slice through both tibias with a corresponding 2 mm thick
sagittal slice through the left tibia as the intramedullary signal is too low to be
displayed on a full thickness maximum intensity projection.
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Figure 4.5: Comparison of optical imaging, 18F-Fluoride Bone Scan, and A11 im-
munoPET in mice bearing 22rv1 intratibial xenograft 6 weeks post-xenograft-
implantation. 18F-Fluoride bone scans show increased uptake in the tumor bearing
tibia, but with significant background. A11 minibody immunoPET, however, shows
no uptake in the 22rv1 intratibial tumor indicating the uptake in 22rv1×PSCA and
LAPC-9 mice is antigen specific. Three of the A11 immunoPET scans are shown as
full thickness maximum intensity projections of the µPET data only due to a CT
scanner malfunction.
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22rv1 (n = 5) 22rv1×PSCA (n = 1)
Intratibial Tumor Intratibial Tumor

%ID/g ± SD %ID/g

Blood 0.40 ± 0.11 0.31
Positive (Left) Tibia 0.36 ± 0.19 3.31
Left Calf Muscle 0.11 ± 0.06 0.93
Left Femur 0.07 ± 0.02 0.10
Negative (Right) Tibia 0.08 ± 0.02 0.07
Right Calf Muscle 0.05 ± 0.02 0.05
Right Femur 0.07 ± 0.02 0.05
Liver 0.14 ± 0.01 0.11
Kidney 0.24 ± 0.05 0.19
Carcass 0.09 ± 0.03 0.08

Pos Tibia:Blood 10.71
Pos Tibia:Neg Tumor Tibia 9.20
Pos Tibia: Sham Tibia 46.86
Pos Tibia:Negative Muscle 70.04

Table 4.1: 44 hour biodistribution of mice bearing 22rv1 and 22rv1×PSCA intratib-
ial xenografts

at 8 weeks (Figure 4.6). Quantification of the 18F-Fluoride bone scans shows an overall

increase in tibial uptake of 18F-Fluoride in the tumor bearing tibia for all time points

in aggregate (p = 0.01, two-way repeated measures ANOVA), with no trend in increased

uptake in the positive tibia over time (p = 0.893). The negative tibias show a large amount

of non-specific background uptake, especially in the knee, which leads to a large degree of

overlap between the positive and negative tibias and makes quantitative determination

of a positive signal due to tumor growth difficult. In fact, the increase in 18F-Fluoride

uptake in the positive tibia only reaches significance in aggregate across time points and

fails to reach significance for any individual time point on its own (Figure 4.8).

A11 minibody immunoPET imaging shows intratibial tumor targeting which can be

appreciated above blood activity in 67% of mice (4/6) at 4 weeks, 100% of mice (6/6) at 6

weeks and 100% of mice at 8 weeks (2/2) post-xenograft implantation (Figure 4.7). When

rescaled, the two mice with low uptake at 4 weeks both appear to show a small amount of
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uptake in the location of the xenograft but the tumor is hard to distinguish as it appears

below the blood pool likely due to the small size of the tumors and the partial volume effect

(data not shown). Imaging of two mice at 8 weeks post-intratibial tumor implantation

shows that the tumor has invaded through the bone and into the surrounding muscle.

Quantification of the serial A11 immunoPET scans shows an overall increase in tibial

uptake of the A11 minibody in the tumor bearing tibia across all time points (p < 0.0001,

two-way repeated measures ANOVA), with an increase in the positive tibia over time (p =
0.001). Due to the high specificity of the A11 minibody and universally low background

in normal bone, the positive tibia has significantly higher uptake at all time points

(Figure 4.9). The high specificity of A11 minibody, therefore, allows for highly sensitive

imaging of bone tumors as any bone uptake above blood can be interpreted as a PSCA

expressing tumor.

Biodistribution of the LAPC-9 mice at 6 (n = 4) or 8 weeks (n = 2) post-tumor-implantation

confirms the results of the immunoPET imaging (Table 4.2). The 6 week post-implantation

mice show an average of 1.51 ± 0.79 %ID/g uptake in the positive tibia and 0.08 ± 0.03

%ID/g in the negative tibia (p = 0.02, Figure 4.12). At 8 weeks post-injection the uptake is

similar with 1.50 ± 0.35 %ID/g in the positive tibia and 0.12 ± 0.00 %ID/g in the negative

tibia.

Gross analysis and histology confirm the presence of an osteoblastic intratibial tumor in

each mouse (Figure 4.10). Histology of LAPC-9 bearing tibias shows osteoblastic tumor

formation, consistent with previous reports, whereas histology of sham injected tibias

shows normal bone marrow (Figure 4.11).320–323,327–331 For the mice that grew muscle

tumors due to missed intratibial injections, neither gross analysis, nor histology, showed

the presence of tumor cells in the intramedullary space and on biodistribution only the

ipsilateral muscle uptake of A11 minibody was elevated due to the tumor presence. High

resolution ex vivo µCT imaging of the LAPC-9 xenograft bearing tibias and the sham
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0.5 %ID/g

0.5 %ID/g

Figure 4.6: Serial 18F-Fluoride bone scans of mice bearing LAPC-9 intratibial
xenografts. Clear determination of increased signal in tumor bearing tibias is diffi-
cult due to the large degree of non-specific uptake. However, a qualitative increase
in the positive tibia over the negative tibia can be seen in 16.7% of mice at 4 weeks
(1/6), 50% (3/6) at 6 weeks, and 50% (1/2) at 8 weeks. Each column displays serial
imaging of the same mouse and each location is matched with the corresponding
A11 immunoPET in Figure 4.7.
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Figure 4.7: Serial immunoPET imaging of mice bearing LAPC-9 intratibial
xenografts with the A11 minibody. Intratibial tumor targeting can be appreciated
above blood activity in 67% of mice (4/6) at 4 weeks and 100% of mice (6/6) at 6
weeks and 100% of mice at 8 weeks (2/2) post-xenograft implantation. Each column
displays serial imaging of the same mouse and each location is matched with the
corresponding 18F-Fluoride bone scan in Figure 4.6. All mice are displayed on the
scale indicated on the right except for those with a scale indicated directly above
them.
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Figure 4.8: Quantification of serial 18F-Fluoride imaging in mice bearing LAPC-9
intratibial tumors.
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Figure 4.9: Quantification of serial A11 immunoPET imaging in mice bearing
LAPC-9 intratibial tumors. Significance testing was computed on the log transform
of A11 minibody uptake to equalize variance among the samples and time points.
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controls shows spiculated bone formation in the LAPC-9 bearing tibias with sham injected

tibias showing normal appearing bone (Figure 4.10).

4.4 Discussion

While 22rv1 had a high rate of intratibial establishment, 22rv1×PSCA had a very low

rate of establishment despite a large amount of troubleshooting. In brief, despite varying

the person performing the injection, the number of cells injected (1×105-3×105), the type

of needles used to inject (insulin syringe or Hamilton syringe), the strain of mouse (Nude

n = 32, SCID n = 4), and the cell line (22rv1×PSCA n = 4, 22rv1×PSCA FLuc-IRES-GFP

n = 32) only 2 mice had histologically confirmed 22rv1×PSCA intratibial tumors despite

36 injections. Both of the mice in which tumors established were in nude mice using

insulin syringes for injection of 1×105 22rv1×PSCA FLuc-IRES-GFP cells. Of these two

mice, only one was imaged (at two and six weeks post-tumor-inoculation). A subset of the

remaining mice had a tumor grow in the muscle surrounding the tibia due to a missed

injection (5/36), but the majority of the mice showed no signal on optical imaging and never

developed a tumor (25/36). The reason for the low intratibial tumor take rate in PSCA

transfected 22rv1 cell lines is unknown especially considering that 22rv1 FLuc-IRES-

mCherry not transfected with PSCA had a much higher rate of intratibial establishment

(5 out of 7 mice, with 1 mouse growing a muscle tumor, and 1 mouse showing no signal

on optical imaging) and that both 22rv1 and 22rv1×PSCA have 100% take rates for

subcutaneous xenografts. Of note, the four SCID mice injected with LNCaP×PSCA cells

also failed to grow tumors of any sort despite published reports of the parental LNCaP

cell line having high rates of intratibial establishment in SCID mice (53-100%).330,332

Whether the low take rates for 22rv1×PSCA and LNCaP×PSCA cell lines is due to the

high expression of PSCA or an artifact of the lentiviral PSCA transfection remains to be

explored. Much higher success rates were obtained with the LAPC-9 intratibial model
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LAPC-9 Sham LAPC-9 Sham LAPC-9 Sham

Figure 4.10: At 6 weeks post-tumor innoculation tibias bearing LAPC-9 intratibial
xenografts grossly show bone marrow displacement by the tumor. High-resolution
ex vivo µCT demonstrates osteoblastic changes in the LAPC-9 injected tibias with
normal appearing sham controls. Despite the osteoblastic changes in the LAPC-9
bearing tibias only small increases in uptake are seen on 18F-Fluoride bone scans.
These tibias correspond to those of the rightmost three mice at the 6 week time
point in Figure 4.6 and Figure 4.7
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Figure 4.11: Histology of LAPC-9 bearing tibias shows tumor interspersed with
osteoblastic bone formation whereas histology of sham tibias shows normal bone
marrow.
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Figure 4.12: Biodistribution of LAPC-9 intratibial xenografts at 44 hours post-
injection shows significantly increased uptake in the tumor bearing tibia both by
two-way ANOVA (p = 0.006) and by intra-time-point significance testing.

LAPC-9 Intratibial Xenograft

6 weeks 8 weeks

n %ID/g ± SD n %ID/g ± SD

Blood 4 0.57 ± 0.15 2 0.45 ± 0.11
Positive (Left) Tibia 4 1.51 ± 0.79 2 1.50 ± 0.35
Left Calf Muscle 4 0.45 ± 0.33 2 2.54 ± 1.26
Left Femur 4 0.10 ± 0.03 2 0.14 ± 0.03
Sham (Right) Tibia 4 0.08 ± 0.03 2 0.12 ± 0.00
Right Calf Muscle 4 0.06 ± 0.02 2 0.07 ± 0.01
Right Femur 4 0.10 ± 0.03 2 0.13 ± 0.00
Liver 4 0.14 ± 0.02 2 0.28 ± 0.04
Kidney 4 0.24 ± 0.04 2 0.37 ± 0.04
Spleen 3 0.18 ± 0.08
Heart 3 0.21 ± 0.04
Lung 3 0.32 ± 0.07
Carcass 4 0.12 ± 0.04 2 0.25 ± 0.05

Pos Tibia:Blood 4 2.85 ± 1.49 2 3.55 ± 1.68
Pos:Neg Tibia 4 18.98 ± 7.10 2 12.50 ± 2.98
Pos Tibia:Muscle 4 27.16 ± 15.5 2 20.08 ± 0.80

Table 4.2: 44 hour biodistribution of mice bearing LAPC-9 intratibial xenografts
at 6 and 8 weeks post-tumor implantation. Some elevation of signal in the calf
muscle ipsilateral to the xenograft can be seen due to tumor invasion through the
bone, especially at 8 weeks post-tumor-injection. Positive Tibia:Muscle ratios were
calculated using the contralateral calf muscle.
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which naturally expresses PSCA. Out of 16 injected mice, 38% (6/16) had histologically

confirmed tumors, 19% (3/16) grew muscle tumors from missed injections, and 44% (7/16)

showed no tumor formation.

Bone scans of 22rv1 and 22rv1×PSCA mice, which formed mixed osteoblastic and os-

teolytic bone lesions, show a qualitative increase in bone uptake in the tumor bearing

tibia in 100% of mice (6/6) at 6 weeks post-injection. Bone scans of LAPC-9 mice, which

form purely osteoblastic tumors, show qualitative increases in only 50% (3/6) mice at 6

weeks. The difference between the 22rv1 and LAPC-9 bone scans at 6 weeks may be a

function of tumor growth rate. However, all LAPC-9 mice show osteoblastic changes in

the bone on ex vivo µCT and histology, indicating that the bone scans missed a significant

number of osteoblastic lesions likely due to their proximity to the non-specific uptake

in the tibial growth plate illustrating the problems caused by non-specific uptake of

18F-Fluoride. Quantification of the LAPC-9 bone scans likewise revealed that while there

was a significant increase in uptake overall, no significant increase was seen for any time

point individually due to the large overlap in uptake between the tumor bearing tibia and

the sham control.

Comparison of the bone scans results of both 22rv1×PSCA and LAPC-9 xenograft models

with A11 minibody immunoPET at 6 weeks post-tumor-injection reveals the immunoPET

imaging is more sensitive for imaging PSCA expressing bone tumors with the only

mouse bearing a 22rv1×PSCA tibia showing uptake and 100% (6/6) mice bearing LAPC-9

intratibial xenografts showing uptake. In contrast with the bone scans, A11 minibody

based immunoPET shows highly specific imaging with minimal activity anywhere in

the mouse besides in PSCA expressing tumors which allows easier interpretation of

scan results likely resulting in higher specificity and positive predictive value of positive

lesions with anti-PSCA immunoPET than for 18F-Fluoride bone scans.
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Quantification of A11 minibody uptake by µPET and biodistribution shows good corre-

spondence at the 6 week time point (1.08 ± 0.71 %ID/gROI vs 1.51 ± 0.79 %ID/gBiodist,

n = 4) but an overestimation of the tibial signal at the 8 week time point (2.77 ±1.93

%ID/gROI vs 1.50 ± 0.35, n = 2). This overestimation of the signal by µPET for 8 week

old mice is likely due to “spill-in” from the muscle tumor surrounding the tibia since the

tumor has invaded through the tibia and into the muscle at this time point. The strong

signal from the combined tibia and muscle, however, demonstrates an additional advan-

tage of immunoPET over bone scans. While bone scans are limited to the detection of

relatively large bone metastases that cause osteoblastic changes in the surrounding bone,

immunoPET imaging cannot only image tumors before changes are seen on bone scan,

but also tumors in locations other than bone. Lymph node metastases, lung metastases,

liver metastases, and metastases to other locations may be able to be imaged with A11

minibody immunoPET adding to its diagnostic value as up to 19% of patients have been

found to have only visceral metastases with no bone involvement.314

It should be noted that the measurements of tibial uptake both by ex vivo gamma counting

and µPET using isocontour ROIs over the entire tibia underestimate the actual uptake in

the LAPC-9 tumors by a large margin. While measurements using the entire tibia was

the least biased method of comparing both A11 immunoPET and bone scans and in vivo

and ex vivo measurements using the A11 minibody, these measurements underestimate

the uptake in the actual LAPC-9 intratibial tumor itself as the tumor makes up only

a fraction of the ROI volume or tibial mass which also includes bone and other non-

tumor tissue. This underestimate will be larger for the early imaging time points where

the tumor is smaller. While this effect could theoretically be corrected for using partial

volume correction as in Chapter 2, estimation of the size of the tumor by CT is practically

impossible. While the actual LAPC-9 intratibial tumor uptake might be better estimated

using the maximum PET voxel or a PET isocontour ROI over the positive lesion rather

than the mean PET value over the whole tibia, these results would be impossible to

compare with both the 18F-Fluoride bone scans, as the non-specific signal from the knee
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is usually higher than the tumor itself, or with ex vivo biodistribution as the comparison

would require separation of the intratibial tumor and bone before gamma counting.

The experiments presented in this chapter use A11 minibody of higher specific activity

(∼24 ± 6.5µCi/µg) than those presented in other chapters. Despite the high specific

activity only a small decrease in immunoreactivity is seen with the ∼24 ± 6.5µCi/µg

124I-labeled A11 showing immunoreactivity of 62 ± 5% (n = 8) compared to 76.1±9.7%

(n = 7) for the 3.8±1.0µCi/µg 124I-labeled A11 utilized in Chapter 2. While the decrease

in immunoreactivity was significant (p = 0.017), it is not clear that minor changes in

immunoreactivity have significance in vivo (Figure A.5) and utilizing tracer doses of high

specific activity A11 minibody has a number of advantages. Firstly, the A11 minibody

has a therapeutic effect in vitro (Figure A.1) and using tracer doses will minimize any in

vivo cell killing by the minibody in these serial imaging experiments. Secondly, and more

importantly, using small amounts of protein results in higher tumor:blood ratios and

higher image contrast in subcutaneous xenograft models (Figure A.6) and also likely led

to better image contrast in these intratibial models. Finally, these results are encouraging

as the smaller doses of protein used here (∼0.1 mg/kg) more closely match the doses

planned for use in Phase I clinical trials with the minibody (∼0.07–0.5 mg/kg) than the

doses used in Chapter 2 (∼1 mg/kg), and indicate that the doses planned for the Phase I

trial are appropriate.

In summary, imaging with high specific activity A11 minibody demonstrated better

sensitivity and specificity than 18F-Fluoride bone scans in detecting the growth of LAPC-9

intratibial tumors in vivo and immunoPET imaging with the A11 minibody has potential

for use in metastasis detection in a clinical setting.
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CHAPTER 5

Imaging of hPSCA knock-in mice

5.1 Introduction

All of the imaging work presented so far in this dissertation has used immunocompromised

mice bearing human cancer xenografts to verify and quantify A11 minibody targeting to

PSCA expressing prostate cancer in vivo. However, while both normal mice and humans

show limited expression of PSCA in the transitional epithelium of the prostate, bladder,

and stomach, the nude and SCID mice utilized in the xenograft studies described so far

express murine PSCA (mPSCA) which is not recognized by the A11 minibody and as

such, do not allow us to assess uptake caused by normal background expression of human

PSCA (hPSCA).

In order to address these shortcomings, human PSCA knock-in (hPSCA KI) mice with

the hPSCA gene driven by the mPSCA promoter were developed by Dr. Chau Tran in Dr.

Robert Reiter’s group at UCLA. Transgenic mice that express hPSCA in normal tissues

will enable the preliminary assessment of the impact of background antibody uptake

on A11 minibody imaging performance. In this chapter, I will assess the ability of the

A11 minibody to image changes in background expression of hPSCA between age and
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background matched wild-type and hPSCA knock-in mice. I will also discuss our initial

attempts at breeding an hPSCA expressing transgenic prostate cancer model.

5.2 Methods

5.2.1 hPSCA transgenic development

The transgenic mice used in these experiments were generated by Dr. Chau Tran in the

lab of Dr. Robert Reiter. Human PSCA (hPSCA) cDNA was recombinantly inserted into

exon 1 of the mPSCA gene resulting in an hPSCA knock-in driven by the murine PSCA

promoter in a C57Bl/6 background (Figure 5.1).

5.2.2 RT-PCR and immunohistochemistry

The hPSCA KI mouse lines were evaluated for hPSCA expression in major organs by

RT-PCR and immunohistochemistry by Dr. Chau Tran as previously described.99,101

Briefly, IHC was performed using the 1G8 intact anti-hPSCA antibody on formalin fixed

mouse tissue sections. Antigen retrieval was performed using a citrate buffer, pH 6.0 in a

commercial steamer. After incubation with 1G8 anti-PSCA antibody for 50 minutes the

slides were treated with HRP-conjugated rabbit anti-mouse IgG and antibody localization

was performed with diaminobenzidene.

RT-PCR for hPSCA expression was performed with 1µg of DNAase-treated RNA using

expression of GAPDH as a loading control. The forward and reverse primer with sequences

are shown in Table 5.1 and the RT-PCR conditions are shown in Table 5.2.
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Figure 5.1: Strategy for generation of human PSCA knock-in mice. This work was
performed by Dr. Chau Tran.

Gene Forward Primer (5’ → 3’) Reverse Primer. (5’ → 3’) Cycles

PSCA TGACCATGAAGGCTGTGCTGCTT TCGGTGTCACAGCACGTGATGTTC 25
GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 20

Table 5.1: RT-PCR Primers

Step Cycles Temp. Time

Denature 1 95◦C 40 s

Denature 20-25 95◦C 40 s
Anneal 60◦C 40 s
Extend 72◦C 40 s

Extend 1 72◦C 3 min
End 1 4◦C ∞

Table 5.2: RT-PCR Protocol
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5.2.3 Imaging and biodistribution of hPSCA knock-in mice

Radiolabeling of the A11 minibody with 124I was performed as described in § 2.2.5. 25µg

of 124I-labeled A11 minibody was injected per mouse. Imaging of the hPSCA KI mice was

performed in a microPET 220 Focus PET scanner (Concorde Microsystems).

Following µPET and µCT imaging, mice were sacrificed and dissected as described in

§ 2.2.10. The prostates and/or other organs were stored in PBS until the imaging experi-

ment was complete. Following the last in vivo µPET scan, the prostates and other organs

of interest were arranged on a disposable plastic bed and imaged via ex vivo µPET/CT in

order to visualize the location and intensity of the PET signal without interference from

the bladder. Following ex vivo µPET/CT, the prostate and other tissues were quantified

by gamma-counting as described in § 2.2.5.

5.3 Results

5.3.1 Characterization of hPSCA knock-in mice

Three strains of hPSCA KI mice were generated. Expression of hPSCA was detected in

prostate, bladder and stomach of heterozygous hPSCA-KI mice by both IHC and RT-PCR

as expected. Strain hP4 was chosen for the hPSCA KI imaging experiments and breeding

into the transgenic prostate cancer model as it best mimicked the human pattern of

hPSCA expression (high in prostate expression, low in stomach expression (Figure 5.2).

Other organs showed much lower or no expression of hPSCA by RT-PCR (Figure 5.3) and

Table 5.3).
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Figure 5.2: Immunohistochemistry of hPSCA knock-in mice shows hPSCA expres-
sion in the prostate, bladder and stomach of these mice. Also shown is hPSCA
staining in normal human prostate for comparison. This work was performed by Dr.
Chau Tran.
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Figure 5.3: RT-PCR of hPSCA knock-in mice shows hPSCA expression in the
prostate, bladder, and stomach. This work was performed by Dr. Chau Tran.
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Organ hPSCA KI mRNA Previous Reports on
mPSCA expression

Bladder ++++ Medium
Testis ++ Low
Colon ++ Low
Thymus + N/A
Kidney ± Low
Lung ± N/A
Liver Negative Negative
Spleen Negative Negative
Heart Negative Negative
Intestine Negative Negative
Esophagus Negative Negative

Table 5.3: Expression of hPSCA mRNA in knock-in mice shows low background in
tissues other than the prostate, stomach, and bladder in line with previous reports.
This work was performed by Dr. Chau Tran.

5.3.2 Imaging of hPSCA knock-in mice

Imaging of hPSCA KI mice with the A11 minibody at 20 hours post-injection showed

increased uptake in the stomach of these mice compared to wild-type controls in vivo

(Figure 5.4). Evaluation of bladder and prostate uptake in vivo was confounded by high

bladder activity from urinary excretion in both the hPSCA KI and wild-type mice. However,

ex vivo µPET and biodistribution show increased uptake in the prostate, stomach, and

bladder of the hPSCA mice over WT controls (Table 5.4, Figure 5.5). No other significant

differences were observed in any of the other organs surveyed.
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hPSCA knock-inWild-Type
High

Low

Figure 5.4: µPET imaging of hPSCA KI mice at 20 hours post-injection shows
increased uptake in the stomach over WT controls with no unexpected uptake in
other sites. All mice received approximately the same dose of 124I-labeled A11 mini-
body and are displayed on an identical, but arbitrary, absolute scale as maximum
intensity projections.

Wild-Type (n = 4) hPSCA KI (n = 4)
%ID/g ± SD %ID/g ± SD p

Prostate 0.49 ± 0.08 0.83 ± 0.26 0.044
Bladder 1.65 ± 0.51 3.21 ± 0.84 0.019
Stomach 0.80 ± 0.10 2.66 ± 1.34 0.002
Blood 4.67 ± 0.41 5.27 ± 0.95 0.29
Liver 1.09 ± 0.06 1.23 ± 0.25 0.32
Spleen 1.31 ± 0.07 1.43 ± 0.37 0.54
Kidney 1.86 ± 0.21 2.05 ± 0.49 0.50
Lung 2.80 ± 0.51 2.92 ± 0.66 0.78
Pancreas 0.51 ± 0.03 0.63 ± 0.19 0.26
Muscle 0.38 ± 0.07 0.43 ± 0.05 0.30

Table 5.4: 20 hour biodistribution of A11 minibody uptake in hPSCA knock-in
mice versus wild-type controls shows significantly increased uptake limited to the
prostate, stomach, and bladder of the knock-in mice. The uptake of the A11 minibody
in these mice correlates strongly with the expression of hPSCA by both IHC and
RT-PCR. Significant p-values (p < 0.05) are shown in bold.
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Figure 5.5: Ex vivo imaging of hPSCA KI mice at 20 hours post-injection shows
increased uptake in the prostate, stomach, and bladder over WT controls.

5.4 Discussion

Imaging results in the hPSCA KI mice showed increased uptake in the prostate, stomach,

and bladder of these compared to wild-type controls with no significant difference observed

in any of the other organs surveyed. These results correlate strongly with the expression

of hPSCA in these mice both by immunohistochemistry and RT-PCR and demonstrate

the ability of the A11 anti-PSCA minibody to image fairly subtle increases in hPSCA

expression. Furthermore, these results were encouraging as the background uptake of

the antibody showed low background in the liver, bones, lungs, and other sites of common

prostate cancer metastasis as expected. The small degree of background uptake of the A11

minibody from hPSCA expression in prostate, bladder and stomach is not large enough

to act as a significant antigen sink for the anti-PSCA minibody. However, background

bladder and prostate uptake may interfere with detection of local prostate cancer and

possibly regional lymph node metastasis.

In addition, the hPSCA KI model has the potential to be bred into transgenic prostate

cancer models to evaluate the ability of the A11 minibody to image prostate cancer as
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it progresses in vivo. Our initial attempt at an hPSCA expressing transgenic prostate

cancer model crossed the hPSCA+/+ KI mice into a model with a prostate specific deletion

of PTEN driven by the probasin promoter.333 The hPSCA KI PTENLox/Lox Pb Cre+ model

was chosen as the transgenic prostate cancer model of choice as previous reports had

shown that mPSCA expression was elevated with global heterozygous PTEN deletion.129

The hPSCA KI PTENLox/Lox Pb Cre+ model was found to have some significant downsides

when imaging with the hPSCA minibody. While histology shows thickened glandular

structures that resemble prostate intraepithelial neoplasia at an early age and increased

hPSCA expression over hPSCA KI Pb Cre− controls was detected in the prostates by both

IHC and RT-PCR, the bulk of the enlarged prostates in aged hPSCA KI PTENLox/Lox Pb

Cre+ mice was found to be from fluid retention especially in the anterior prostate rather

than consisting of solid tumors. Fluid retention in the anterior prostate in mPSCA KI

PTENLox/Lox Pb Cre+ mice has also been reported by other researchers.334

This fluid buildup increased with age and tended to form cysts that interfered with

evaluation of A11 minibody targeting to PSCA. Aged mPSCA KI PTENLox/Lox Pb Cre+

controls—which do not express any hPSCA and should have the same specific prostatic

uptake of the A11 minibody as the wild-type mice—confirmed that the cystic inclusions

had the potential to non-specifically accumulate the A11 minibody radiotracer through

enhanced permeability and retention (EPR) effects. Significant fluid buildup was not

grossly noticeable in mice younger than 12-16 weeks of age in either the hPSCA KI

PTENLox/Lox Pb Cre+ model or the mPSCA KI PTENLox/Lox Pb Cre+ model as also reported

by other researchers.334 However, imaging of 12 week old aged matched mPSCA KI

PTENLox/Lox Pb Cre+ and hPSCA KI PTENLox/Lox Pb Cre+ mice revealed that even before

large amounts of cystic formation occurs there is non-specific uptake in the mPSCA KI

PTENLox/Lox Pb Cre+ mice and no significant increase in the hPSCA KI PTENLox/Lox Pb

Cre+ mice.
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Interestingly, unlike in the hPSCA KI mice compared to wild-type there was no significant

difference in stomach uptake in the hPSCA KI PTENLox/Lox Pb Cre+ mice over mPSCA

KI PTENLox/Lox Pb Cre+ mice indicating that the PSCA detected by RT-PCR and IHC in

these mice might be unavailable for binding by the A11 minibody. Hypotheses for the lack

of binding to PSCA in this model include cytoplasmic expression of hPSCA, glycosylation

of hPSCA in a way that prevents A11 binding, or rapid internalization of hPSCA that

leads to low signal by the 44 hour imaging time point used here. All of these hypotheses

are unappealing as the hPSCA KI model has been shown to express hPSCA on the cell

surface and have specific targeting, immunohistochemistry shows binding of the 1G8

antibody to the form of PSCA expressed, and rapid internalization of PSCA has not been

observed in any other model.

Future experiments are required to confirm that hPSCA is expressed on the cell surface

of the prostate cells in the hPSCA KI PTENLox/Lox Pb Cre+ tumor model in a form that

A11 can bind to. Regardless, the development of fluid filled cysts in this model limits the

ability of the A11 minibody to follow the progression of the cancer and alternative tumor

models are needed. The hPSCA KI PTENLox/Lox Pb Cre+ mice may potentially be crossed

with a model that overexpresses KRAS to generate hPSCA+/+ KI KRASLox/W PTENLox/Lox

Pb Cre+ mice.335 Alternatively, the hPSCA knock-in mice can be crossed into the TRAMP

prostate cancer model that has been also shown to overexpress PSCA.129 Both the KRAS

and TRAMP models form solid tumors that should better allow addressing whether

the A11 minibody can image PSCA upregulation in prostate cancer tumors without the

interference of non-specific uptake due to fluid retention.

In summary, the A11 minibody is able to image subtle differences in hPSCA expression

and has increased uptake in the prostates, bladders, and stomachs of hPSCA KI mice

correlating with hPSCA expression in these mice. The level of background uptake of A11

minibody uptake was low and not expected to interfere with imaging of hPSCA expressing

tumors and metastases. Further work is needed in developing a transgenic prostate cancer
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model that mimics human disease and develops hPSCA expressing invasive prostate

cancer tumors with minimal fluid retention in order to evaluate the ability of the A11

minibody to image local prostate cancer.
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CHAPTER 6

Conclusion

In this dissertation, I compared radiolabeling of the A11 minibody with 124I and 89Zr and

determined that while both are able to specifically image PSCA expressing tumors with

high contrast, the 124I-labeled minibody results in superior imaging performance in both

22rv1×PSCA and LAPC-9 xenograft models. In addition, I validated means of quantita-

tive imaging with 124I- and 89Zr-labeled antibodies using recovery coefficient based partial

volume correction, showed that androgen deprivation of LAPC-9 tumors results in down-

regulation of PSCA cell surface expression and leads to lower A11 minibody uptake than

in vehicle treated controls, determined that the A11 minibody outperforms 18F-Fluoride

bone scans in detecting PSCA expressing intratibial xenografts, and demonstrated that

the background uptake of the A11 minibody caused by endogenous expression of PSCA in

hPSCA knock-in mice is minimal.

The majority of local prostate cancer tumors and metastases express PSCA and its

expression correlates with tumor grade, stage, invasiveness, and metastatic potential. In

all of the models explored in this work, the anti-PSCA A11 minibody showed the ability

to specifically target PSCA expressing cells in vivo and image PSCA expression with high

contrast indicating that the A11 minibody has potential diagnostic utility in noninvasive

imaging and staging of prostate cancer. The rapid targeting and fast blood clearance of the

minibody allowed for high contrast imaging at relatively early time points (20-44 hrs) in
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mice. Use of the minibody in the clinic would likely result in smaller radiation doses to the

patient and faster turn around times between probe injection and imaging than possible

with intact antibody immunoPET imaging agents. While urinary excretion of 124I-iodine

and 124I-iodotyrosine has the potential to interfere with detection of local prostate cancer

using 124I-labeled A11 minibody, we found success with combining volume loading and

diuresis to lower the activity in the urine to nominal levels that do not interfere with

prostate visualization in mice and are confident that similar methods can be utilized in

humans.

One of the main potential uses of the A11 minibody lies in highly specific detection of

prostate cancer metastases and especially bone metastases. In this work, the A11 mini-

body achieved higher sensitivity and specificity than 18F-Fluoride bone scans for detecting

intratibial xenografts. The A11 minibody, therefore, warrants clinical investigation for

its utility in metastatic prostate cancer detection. To this end, an Investigational New

Drug application has been filed with the FDA and upon approval we plan to compare

the sensitivity and specificity of the A11 minibody and bone scans for imaging men with

metastatic prostate cancer.

The potential ability of the A11 minibody to image prostate cancer with high sensitivity

and specificity has important implications for diagnostic imaging and treatment decisions.

Increased sensitivity for detecting metastases will allow for better patient risk stratifica-

tion and therapy choices. Furthermore, the decrease in A11 minibody uptake in tumors

treated with anti-androgens has clinical potential for monitoring therapy response and

measuring the development of castration resistance in each tumor individually. As the

response to anti-androgen therapy and development of androgen independence can be

quite heterogeneous in various local and metastatic tumors, determination of whether

a subset of tumors fails to respond to treatment could potentially allow for targeted

therapies (e.g. external beam radiation, microwave ablation, cryoablation) to have a role

in treating metastatic disease.
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PSCA itself is also currently being investigated as a therapeutic target for antibody

therapy of both prostate and pancreatic cancer.150,336 However, immunohistochemical

staining for PSCA expression in biopsy samples has been found to be a relatively poor

predictor of which patients will respond to treatment with anti-PSCA antibodies in

pancreatic cancer.336 Quantitative immunoPET of anti-PSCA expression may be used to

stratify patients into treatments groups and choose the patients most likely to benefit

from this immunotherapy as it can not only measure the expression of PSCA in each

tumor noninvasively but also confirms that the PSCA is cell surface bound and that

antibodies are able to penetrate into the tumor.

In conclusion, A11 minibody imaging of prostate cancer has many potential clinical

uses and imaging should be investigated in the clinic. A11 minibody immunoPET also

has potential for imaging pancreatic cancer and other cancers that express PSCA and

investigation into these uses should continue.
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APPENDIX A

Further characterization of the A11

minibody

A.1 In vitro therapeutic effect of the A11 minibody

A.1.1 Methods

The effect of the A11 minibody on cell growth and viability was measured via an in vitro

survival assay. 5×105 22rv1 and 22rv1×PSCA cells were plated in 6 well plates in tripli-

cate in growth media. Following 24 hours of growth, the 0 time point cells were counted

and the media of the remaining cells was changed to either growth media containing

10µg/mL A11 minibody or growth media with an equivalent amount of PBS. Counting

consisted of trypsinizing the wells with 300µL of TrypLE (Invitrogen) for 5 minutes,

stopping the trypsinization with 500µL of growth media. The cells were then collected

and the well was washed twice with 1 mL of media. The cells were then centrifuged

(500×g, 5 minutes), resuspended in 1mL of RPMI 1640 and the total viable cell number

and the percentage of viable cells were quantified by trypan blue exclusion in a ViCell

cell viability counter (Beckman Coulter). Three wells each of each cell line and condition

were counted in an identical manner at 24, 48, 72, and 96 hours.
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Figure A.1: Cell survival assay shows that while the A11 minibody has no effect
on the growth or survival of 22rv1 cells, 22rv1×PSCA cells show decreased cell
numbers (p < 0.0001, two-way ANOVA) and increased cell death (p < 0.0001, two-
way ANOVA) when exposed to 10µg/mL A11 minibody in vitro. Error bars shown
are ± SEM.

A.1.2 Results and Discussion

In vitro incubation of 10µg/mL A11 minibody with 22rv1 cells shows the minibody is

non-toxic and has no effect on the rate of growth or viability of 22rv1 cells. However,

22rv1×PSCA cells show a decrease in cell number and in cell viability when incubated

with 10µg/mL (125 nM) of the A11 minibody indicating that the minibody has a direct

cell killing effect on 22rv1×PSCA cells. A similar result has been shown both in vitro

and in vivo with intact mouse anti-PSCA 1G8 antibodies (20µg/mL, 125 nM) .148,149

While the mechanism of cell killing by anti-PSCA antibodies is unknown it has been

shown to be both caspase and Fc-independent and requires PSCA cross-linking.149 The

cell killing effect of the A11 minibody is not ideal for an imaging agent that ideally

should be inert and not cause changes in tumors it is trying to measure. This effect

needs to be taken into consideration for serial imaging experiments—the dose of A11
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minibody should be minimized to prevent changes in tumors caused by A11 minibody

administration. However, the cytotoxic effect of the A11 minibody is interesting for

therapeutic applications. While the short half-life of the minibody would likely require

more frequent dosing than intact antibodies to maintain therapeutic concentrations, its

small size may be better suited for diffusing into poorly vascularized tumors.

A.2 Variance of A11 minibody uptake with antigen expression

A.2.1 Methods

The effect on A11 uptake caused by varying the mean antigen concentration in tumors

was analyzed using an in vivo dilution experiment by creating tumors from mixtures of

22rv1 FLuc-IRES-mCherry and 22rv1×PSCA FLuc-IRES-GFP cells which were described

in § 4.2.1. 1×106 cells were injected into the right shoulder of male nude mice in mixtures

of 25%, 50%, 75%, and 100%, PSCA expressing cells (n = 4 each). Each mouse also received

a contralateral control tumor consisting only of 22rv1 FLuc-IRES-mCherry cells.

The tumors were allowed to grow for 2 weeks at which point the mice were imaged

with 124I-labeled A11 minibody. Following imaging, the mice were sacrificed and ex vivo

biodistribution was performed as in § 2.2.5. Immediately following biodistribution the

tumors were reduced to single cell suspension by placing them in 1 mg/mL collagenase IV

in HBSS supplemented with 10mM HEPES and 3mM CaCl2 for 3 hours at 37◦C followed

by passaging them through 18 and 24 gauge needles. The digested cells were then stained

with either only 8µg/mL (∼ 50 nM) Dylight-647 anti-humanFcγ secondary antibody or

8µg/mL (100 nM) A11 minibody followed by the secondary antibody to quantify both

A11 minibody bound in vivo and total antigen on the cell, respectively. Unstained tumor

digestions, and unstained, secondary only, and A11 minibody plus secondary samples

of 22rv1 FLuc-IRES-mCherry and 22rv1×PSCA FLuc-IRES-GFP were used as controls.
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The cell samples were saved until their radioactive signal was undetectable by geiger

counter then run on an LSRII flow cytometer collecting GFP, mCherry, and Dylight 647

channels. The percentage of GFP+ cells was calculated by GFP+
GFP++mCherry+ ignoring the

nonfluorescent stromal component of the tumor. The mean amount of PSCA expressed

per tumor cell was calculated by the percentage of GFP+ cells in the tumor times the

amount of PSCA expressed per GFP+ cell. In vivo receptor occupancy was calculated

by RO = A11Bound
A11Total

where A11Total and A11Bound were the Dylight 647 MFIs of the excess

A11 plus secondary and the secondary only samples, respectively, with the background

fluorescence of the unstained samples subtracted from each.

A.2.2 Results and Discussion

Modeling work by Thurber and Weissleder has suggested that there are two general

cases for what determines the extent of antibody uptake in a tumor. In the first case, the

available binding sites are close to saturation and tumor uptake is antigen limited. The

second case is diffusion limited—there are freely available binding sites but antibody

uptake in the tumor is limited by the rate that the antibody can extravasate from the

vasculature and diffuse into the tissue.

There have been a few experimental attempts to measure the relationship between tumor

antigen density and tumor uptake of a radiolabeled antibody. McLarty et al. used a variety

of cell lines that express varying amounts of HER2 and injected 111In-labeled trastuzu-

mab in order to investigate the relationship between antigen expression and antibody

uptake.337 McLarty et al. found that with raw %ID/g there is very little trend between

antibody tumor uptake and antigen receptor density. However, since a variety of different

cell lines were used in the tumor model, all with different permeability characteristics,

normalizing the mean uptake of a tumor cell line for the mean permeability and vascu-

larity of that xenograft model using non-specific radiotracer of equal size (111In-labelled
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Figure A.2: Heterogeneous tumors can be digested and analyzed by flow cytome-
try for their mCherry+ (22rv1) and GFP+ (22rv1×PSCA) content. Untransfected
22rv1×PSCA xenografts show no fluorescence in GFP or mCherry channels (A).
22rv1-mCherry (B) and 22rv1×PSCAhigh-GFP (C) xenografts show fluorescence
only in their respective channels. The percentage of PSCA expressing tumor cells
in heterogeneous tumors made from injecting mixtures of 22rv1-mCherry and
22rv1×PSCAhigh-GFP cells can be quantified ex vivo by this method (D and E).
The bottom panel shows flow cytometry (B-E) after addition of saturating amounts
of A11 minibody and shows that in vivo expression of PSCA can be detected on
22rv1×PSCAhigh-GFP cells but not 22rv1-mCherry cells. The middle panel displays
the degree of A11 minibody binding to 22rv1×PSCAhigh-GFP in vivo and that the
amount of A11 bound per cell (receptor occupancy) is inversely proportional to the
percentage of PSCA expressing cell in the tumor.
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Figure A.3: Tumor uptake of A11 minibody as a function of antigen expression as
quantified by flow cytometry shows an increase in A11 uptake with any level of
PSCA expression (A). The percent of PSCA antigens occupied by A11 minibody on
22rv1×PSCAhigh-GFP cells in vivo as a function of the mean amount of antigens
per tumor cell shows that only ∼ 3% of PSCA binding sites are occupied in tumors
that consist entirely of 22rv1×PSCAhigh-GFP cells whereas ≥25% of receptors are
occupied in tumors that contain only 1.5-3% GFP+ cells (B).
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Figure A.4: Tumor uptake of A11 minibody by biodistribution as a function of
antigen expression. In the range greater than ∼30,000 mean PSCA antigens per
cell factors other than the amount of antigen present in the tumor (e.g. vascularity
and permeability) dominate the uptake of the A11 minibody into 22rv1 tumors.
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murine IgG), reveals a strong relationship between antigen expression and normalized

tumor uptake.

We hoped to use mixing of our 22rv1 and 22rv1×PSCA cell lines in a limiting dilution

experiment to determine the relationship between antigen receptor density and tumor

uptake in a model relatively controlled for vascularity and permeability. Our matched tu-

mor cell lines 22rv1, 22rv1-mCherry (∼ PSCA/cell), 22rv1×PSCA (3900 ± 3600 PSCA/cell)

and 22rv1×PSCAhigh-GFP (2.3×106 ± 5.1×105 PSCA/cell) allowed for investigation of the

dependence of tumor antigen density on uptake of the A11 minibody using a limiting

dilution model created by mixing 22rv1-mCherry and 22rv1×PSCAhigh-GFP cells and

injecting them subcutaneously. Imaging of these tumors and quantification of the amount

of GFP+ verses mCherry+ cells in the tumor by ex vivo flow cytometry allows for analysis

of the relationship between the amount of antigen in the tumor and antibody uptake into

the tumor.

Imaging of this limiting dilution mixed 22rv1-mCherry and 22rv1×PSCAhigh-GFP tumors

reveals that tumors were easily imaged with A11 immunoPET with as few as 1.5% of

their tumor cells expressing a high level of antigen (mean ∼33,000 PSCA antigens / tumor

cell) validating the fact the immunoPET can image rare cell populations in a tumor.

However, over the tested range (∼3×104 to 2.3×106 mean PSCA antigens per tumor cell)

no trend is seen in uptake with all heterogeneous tumors containing any amount of

22rv1×PSCAhigh-GFP cells showing an equivalent amount of A11 minibody uptake by

both flow cytometry and biodistribution (Figures A.3 A and A.4). Ex vivo analysis of the

in vivo receptor occupancy by digestion of the tumors and flow cytometry reveals that in

tumors consisting entirely of 22rv1×PSCA cells, only ∼3% of the binding sites are occupied

at 44 hours minibody post-injection. Even in the case of tumors which have only 1.5-3%

of their cells made up of 22rv1×PSCA cells only 25-30% of the antigen binding sites are

occupied at 44 hours minibody post-injection (Figure A.3 B). Dynamic imaging (§ 2.3.6)

shows that the uptake of 124I-labeled A11 minibody in 22rv1×PSCA tumors decreased
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49% between 12 and 44 hours imaging time points indicating that at no time-point are we

approaching antigen saturation in our limiting dilution model even for tumors consisting

of small numbers of PSCA expressing cells.

The lack of the trend in the uptake values combined with the low percent receptor

occupancy suggests that we are in Thurber and Weissleder’s diffusion limited case where

factors other than the amount of antigen present in the tumor (e.g. vascularity and

permeability) dominate the uptake of the A11 minibody even in our model consisting

entirely of the same parental cell line.311 One method that may make it possible to

measure antigen concentration in this model would be to increase the percent antigen

saturation in the tumors to attempt to make the antibody uptake antigen limited. This

could be accomplished either by increasing the amount of antibody injected into each

mouse, or by using a longer half-life imaging agent such as an intact antibody or scFv-Fc

that tend to have higher absolute tumor uptakes due to their longer half-lives (see § 1.4.3

and Chapter 3).293

An alternative method to measure the amount of antigen present in the tumor would be

to normalize for the vascularity and permeability for each individual tumor. The method

used by McLarty et al., however, only is feasible when measuring the mean antibody

uptake for a cell line as a whole and cannot be used to normalize for vascularity and

permeability of an individual tumor as it would require a separate imaging experiment

with a non-specific antibody fragment.337 When using 124I-labeled minibodies we would

need to wait a minimum of a week between imaging experiments for the probe to clear

during which time the xenograft will change and the vascularity and permeability control

will no longer be valid. Though the time difference between imaging experiments would be

less of an issue in more slowly growing human disease, the necessity of giving a patient two

radiolabeled injections makes this method unlikely to become common practice. In order

to establish a method of measuring the permeability, vascularity, antigen receptor density,

rates of diffusion into the tumor, and receptor internalization in vivo, a collaboration
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was established with Moses Wilkes and Dr. Henry Huang who are attempting to build

a quantitative diffusion-limited parametric model for antibodies in vivo that can obtain

these parameters from an individual tumor by curve fitting of dynamic µPET imaging

(See § 2.3.6).338,339 The tumor blood volume (proportional to vascularity) and permeability

terms fit with low uncertainty with only a few dynamic imaging data points required

and we are hopeful this method will mature into one capable of quantitatively measuring

tumor antigen density with only one radiolabeled antibody injection required.

A.3 Further analysis of biodistribution results

A.3.1 Methods

Subcutaneous imaging experiments using 124I-labelled A11 minibody with the 22rv1

and 22rv1×PSCA xenograft models (n = 14) were tested for correlation between the

positive tumor, negative tumor, blood activity, immunoreactivity, and mass of the tumors

(Figure A.5) by regression analysis.

The protein dose administered to each mouse was computed for each 22rv1×PSCA subcu-

tanous xenograft from the specific activity and the injected dose. Regression analysis of

antibody dose verses tumor uptake and tumor:blood ratios was performed. In addition

to the mice described in Chapter 2, mice bearing 22rv1 and 22rv1×PSCA subcutaneous

xenografts (n = 3) were injected with ∼3µg of high specific activity A11 minibody radiola-

beled as in Chapter 4 for use in this analysis.
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Figure A.5: Correlation of positive tumor uptake of the A11 minibody with im-
munoreactivity, tumor mass, blood activity, and negative tumor activity at 44 hours
post-injection shows no correlation between uptake and tumor mass or immunore-
activity. However the correlation between both 22rv1×PSCA and 22rv1 uptake and
blood are significant.

143



A.3.2 Results and Discussion

Trends in A11 minibody uptake into 22rv1×PSCA tumors

No correlation was found between the uptake of A11 in the positive tumor and the

immunoreactivity of the radiolabeling (r2 < 0.005, p = 0.80) indicating that experiment to

experiment variation of the immunoreactivity is probably an artifact of the measurement

assay. There is likewise no correlation between uptake in the positive tumor and tumor

mass uptake indicating that varying necrosis likely is not the cause of the variance in

tumor uptake seen from mouse to mouse (r2 = 0.03, p = 0.54). Significant correlation

was however found between the positive tumor activity and blood activity (r2 = 0.49,

p = 0.006) and between the negative tumor and the blood activity (r2 = 0.55, p = 0.02).

The correlation between the negative tumor and blood was expected as most of the activity

in the negative tumor is thought to be from passive blood pooling and the enhanced

permeability and retention effect. The correlation between the positive tumor and blood

is also logical as the diffusion gradient for antibody leaving the tumor will be inversely

proportional to the blood activity. In addition, a non-significant correlation was seen

between positive tumor and negative tumor uptake but this effect is likely a result of

each term’s co-linearity with the blood activity. (r2 = 0.34, p = 0.09).

Effect of protein dose on antibody uptake in the tumor

A non-significant trend between lower protein dose and higher uptake of A11 minibody in

22rv1×PSCA tumors was seen (r2 = 0.13, p = 0.15). However, the trend in tumor:blood

ratios was strong (r2, p = 0.001) indicating that lower protein doses than those used in

Chapter 2 will yield improved imaging contrast.
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Figure A.6: Dose of 124I-labeled A11 injected vs tumor uptake and tumor:blood
ratios with linear trend line and 95% confidence intervals. Smaller protein doses
show a non-significant trend towards increased tumor uptake. However, imaging
contrast and tumor:blood ratios are significantly improved when imaging with small
protein doses.

These results are logical as smaller protein doses would be expected to have less competi-

tion for antigens near tumor vasculature and hence higher tumor uptake and the trend

will be stronger for tumor:blood ratios due the the decreased variance (see Figure A.5).

These results indicate that the optimal dose for high contrast detection is small and

perhaps only limited by the achievable specific activity of the protein. Research with

other antibody fragments has found the highest uptake ( %ID/g) at ≤1µg/mouse but the

optimal dose will vary with the size, affinity, antigen expression, and blood half-life of the

imaging agent and a true dose optimization for the A11 minibody imaging remains to be

performed.340,341

The optimal protein dose for A11 minibody imaging is also likely context dependent.

When attempting to measure cell surface antigen expression, competition for binding

sites is required and higher protein doses that approach antigen saturation will yield

better results (see § A.2 and § 3.4).
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APPENDIX B

ImageJ histology quantification macro

B.0.3 Quantify tumor area

min=newArray ( 3 ) ;
max=newArray ( 3 ) ;
f i l t e r =newArray ( 3 ) ;
a=getT i t l e ( ) ;

/ / Sp l i t into Hue Saturation and Brightness Channels
run ( "HSB Stack " ) ;
run ( " Convert Stack to Images " ) ;
selectWindow ( "Hue" ) ;

rename ( "0" ) ;
selectWindow ( " Saturation " ) ;

rename ( "1" ) ;
selectWindow ( " Brightness " ) ;

rename ( "2" ) ;

/ / Set Hue Fi l t e r
min[0 ]=0 ;
max[0]=255;
f i l t e r [0]= " pass " ;

/ / Set Saturation F i l t e r
min[1 ]=0 ;
max[1]=255;
f i l t e r [1]= " pass " ;

/ / Set Brightness F i l t e r
min[2 ]=0 ;
max[2]=230;
f i l t e r [2]= " pass " ;

/ / Execute F i l t e r s

146



f o r ( i =0; i <3; i ++) {
selectWindow ( " "+ i ) ;
setThreshold (min[ i ] , max[ i ] ) ;
run ( " Convert to Mask" ) ;
i f ( f i l t e r [ i ]== " stop " ) run ( " Invert " ) ;

}

/ / Merge Results
imageCalculator ( "AND create " , "0" , "1" ) ;
imageCalculator ( "AND create " , " Result o f 0" , "2" ) ;
f o r ( i =0; i <3; i ++) {

selectWindow ( " "+ i ) ;
c l ose ( ) ;

}
selectWindow ( " Result o f 0" ) ;
c l ose ( ) ;
selectWindow ( " Result o f Result o f 0" ) ;
rename ( a ) ;

/ / Enclose from whole tumor boundary , Measure
run ( " F i l l Holes " ) ;
run ( " Set Measurements . . . " , " area l imit display add red i rec t=None decimal=3" ) ;
run ( "Measure" ) ;

B.0.4 Quantify necrotic area

min=newArray ( 3 ) ;
max=newArray ( 3 ) ;
f i l t e r =newArray ( 3 ) ;
a=getT i t l e ( ) ;

/ / Sp l i t into Hue Saturation and Brightness Channels
run ( "HSB Stack " ) ;
run ( " Convert Stack to Images " ) ;
selectWindow ( "Hue" ) ;

rename ( "0" ) ;
selectWindow ( " Saturation " ) ;

rename ( "1" ) ;
selectWindow ( " Brightness " ) ;

rename ( "2" ) ;

/ / Set Hue Fi l t e r
min[0]=216;
max[0]=255;
f i l t e r [0]= " pass " ;

/ / Set Saturation F i l t e r
min[1]=23;
max[1]=77;
f i l t e r [1]= " pass " ;

/ / Set Brightness F i l t e r
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min[2 ]=0 ;
max[2]=255;
f i l t e r [2]= " pass " ;

/ / Execute F i l t e r s
for ( i =0; i <3; i ++) {

selectWindow ( " "+ i ) ;
setThreshold (min[ i ] , max[ i ] ) ;
run ( " Convert to Mask" ) ;
i f ( f i l t e r [ i ]== " stop " ) run ( " Invert " ) ;

}

/ / Merge Results
imageCalculator ( "AND create " , "0" , "1" ) ;
imageCalculator ( "AND create " , " Result o f 0" , "2" ) ;
f o r ( i =0; i <3; i ++) {

selectWindow ( " "+ i ) ;
c l ose ( ) ;

}
selectWindow ( " Result o f 0" ) ;
c l ose ( ) ;
selectWindow ( " Result o f Result o f 0" ) ;
rename ( a ) ;

/ / F i l l in small holes in necrot i c areas and remove small , thin , Eosin stained
Areas , measure

run ( " Close−" ) ;
run ( " Erode " ) ;
run ( " Set Measurements . . . " , " area l imit display add red i rec t=None decimal=3" ) ;
run ( "Measure" ) ;
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