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Abstract

Purpose: PSMA overexpression has been associated with aggressive prostate cancer (PCa). 

However, PSMA PET imaging has revealed highly variable changes in PSMA expression in 

response to ADT treatment ranging from increases to moderate decreases. To better understand 

these PSMA responses and potential relationship to progressive PCa, the PET imaging agent, 

[18F]DCFPyL, was used to assess changes in PSMA expression in response to ADT using 

genomically characterized LuCaP patient-derived xenograft mouse models (LuCaP-PDXs) which 

were found to be sensitive to ADT (LuCaP73 and LuCaP136;CS) or resistant (LuCaP167;CR).
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Methods: [18F]DCFPyL (2-(3-{1-carboxy-5-[(6-[18F]fluoro-pyridine-3-carbonyl)-amino]-

pentyl}-ureido)-pentanedioic acid) was used to assess PSMA in vitro (saturation assays) in LuCaP 

tumor membrane homogenates and in vivo (imaging/biodistribution) in LuCaP-PDXs. Control and 

ADT-treated LuCaPs were imaged before ADT (0 days) and 2-, 7-, 14-, and 21-days post-ADT 

from which tumor:muscle ratios (T:Ms) were determined and concurrently tumor volumes were 

measured (caliper). After the 21-day imaging, biodistributions and histologic/genomic (PSMA, 

AR) analysis were done.

Results: [18F]DCFPyL exhibited high affinity for PSMA and distinguished different levels of 

PSMA in LuCaP tumors. Post-ADT CS LuCaP73 and LuCaP136 tumor volumes significantly 

decreased at day 7 or 14 respectively vs controls, whereas the CR LuCaP167 tumor volumes were 

minimally changed. [18F]DCFPyL imaging T:Ms were increased 3–5-fold in treated LuCaP73 

tumors vs controls, while treated LuCaP136 T:Ms remained unchanged which was confirmed by 

day 21 biodistribution results. For treated LuCaP167, T:Ms were decreased (~ 45 %) vs controls 

but due to low T:M values (<2) may not be indicative of PSMA level changes. LuCaP73 tumor 

PSMA histologic/genomic results were comparable to imaging/biodistribution results, whereas the 

results for other tumor types varied.

Conclusion: Tumor responses to ADT varied from sensitive to resistant among these LuCaP 

PDXs, while only the high PSMA expressing LuCaP model exhibited an increase in PSMA levels 

in response to ADT. These models may be useful in understanding the clinical relevance of PSMA 

PET responses to ADT and potentially the relationship to disease progression as it may relate to 

the genomic signature.
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Introduction

Worldwide, prostate cancer (PCa) is one of the leading causes of morbidity and mortality 

in men [1]. Most intermediate and high risk primary and metastatic prostate cancers 

overexpress prostate specific membrane antigen (PSMA), a cell surface glycoprotein (~ 100 

kDa) which exhibits carboxypeptidase and folate hydrolase enzymatic activities [2]. While 

PSMA is expressed at relatively low levels in the normal prostate, its high expression in 

prostate cancer has led to interest in PSMA as both a diagnostic and therapeutic biomarker 

[3–5]. Several small-molecule inhibitors of PSMA have been developed as PET imaging 

agents which have shown superior specificity and sensitivity in identifying PCa lesions 

compared to conventional imaging modalities [6–11].

Prostate cancer is driven by the androgen receptor (AR), and androgen deprivation 

therapy (ADT) is commonly employed as a first-line therapy in advanced PCa [12]. 

ADT encompasses a family of drugs that act by lowering serum testosterone levels or by 

directly blocking binding of androgens to AR. The luteinizing hormone-releasing hormone 

(LHRH) antagonist, degarelix, represents one of several centrally acting anti-androgen 

agents [13, 14]. LHRH antagonists indirectly lower testosterone levels and downregulate 

the AR function which is required for the growth and survival of most PCa [15]. PSMA 
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overexpression has been associated with androgen dependent disease as well as independent 

disease and increased malignancy; however, some studies have revealed differential PSMA 

expression levels in response to ADT [16–19]. Although the relevance of this relationship 

has clinical importance, the relationship between ADT and changes in PSMA expression 

levels are poorly understood. In part, this is due to lack of preclinical PCa models which 

exhibit the genetic diversity observed in PCa patients.

Preclinical studies reported thus far using a few conventional human prostate cancer 

cell lines such as LNCaP do not represent the genetic diversity of PCa found across 

the patient population [18, 20]. With the recent development of patient-derived prostate 

cancer, xenograft mouse models (PDX; LuCaP) in which the genomic and phenotypic 

characteristics of the tumor type have been well characterized a better understanding of the 

relationship between the tumor’s genomics and PSMA responses to ADT may be possible 

[21, 22]. Here, three LuCaP PDX mouse models with varying ADT sensitivities (castrate 

sensitive, CS; castrate resistant, CR) were treated with degarelix and imaged with the 

PSMA PET imaging agent, [18F]DCFPyL, to ascertain changes in PSMA expression levels 

over the treatment time course [21]. In addition, at the end of the study, [18F]DCFPyL 

biodistributions were done from which tumor samples were obtained for histological and 

genomic analysis to ascertain changes in expression levels of PSMA and AR protein and 

genes, respectively, in response to ADT.

Methods

Radiosynthesis of [18F]DCFPyL

2-(3-{1-carboxy-5-[(6-[18F]fluoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido)-

pentanedioic acid, [18F]DCFPyL, was synthesized according to a literature procedure 

[23]. The isolated radiochemical yields ranged from 32 to 43 % with a radiochemical 

purity > 98 %, and molar activity from 1200 to 2600 Ci/mmol (44–96 GBq/μmol).

Xenograft and Drug Treatment Models

Xenograft Models—PC3 Wt (wild type, PSMA negative) and PC3(+) (prostate cancer 

cell line transfected with human PSMA) were provided by Dr. Hisataka Kobayashi [24]. 

PC3(+) and PC3 Wt cell suspensions [2 × 106 cells; PBS:Matrigel (70:30)] from in vitro cell 

culture were subcutaneously implanted (right shoulder) into athymic male mice (FOX/nu, 

Envigo, 5 weeks old) for use as a positive and negative control respectively for in vitro 
and in vivo studies. For the PDX models, athymic nude mice (male; FOX/nu, Envigo, 5 

weeks old) were subcutaneously implanted (right shoulder) with LuCaP73, LuCaP167, or 

LuCaP136 tumor cell suspensions [2 × 106 cells; PBS:Matrigel (70:30)] prepared from 

fresh tumors excised from respective mouse xenografts [21]. When tumors reached the 

appropriate size (> 100 mg), mice were enrolled in imaging studies or euthanized and 

tumors excised and fast-frozen for in vitro saturation binding assays to determine PSMA 

levels (Bmax) for each tumor type and Kd of [18F]DCFPyL (Supplementary information: 

Materials and methods). All animal studies were performed in accordance with NIH 

Guidelines for the Care and Use of Laboratory Animals using IACUC-approved protocols.
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Drug Treatment—Tumor-bearing mice (tumors >100 mg) were randomly divided (based 

on tumor volume) into control and ADT (Firmagon (degarelix), Ferring Pharmaceuticals) 

treated groups. Treated mice were dosed with degarelix (25 mg/Kg) subcutaneously at 

baseline (following imaging) and day 14 [25, 26].

In vivo PET Imaging Studies

Prior to imaging, all mice were anesthetized using isoflurane/O2 (1.5 % to 3 % v/v) 

and imaged (BioPET, Bioscan) at 1 h post [18F]DCFPyL injection (100–150 μCi; iv). 

Whole body images were acquired (2 bed positions; 5 min each) and reconstructed using 

three-dimensional ordered-subset expectation maximums (3D-OSEM) [27]. Mice in both the 

groups were imaged before initiation of ADT treatment (baseline) and at days 2, 7, 14, and 

21 following treatment. Tumors were measured weekly (concurrent with PET imaging) by 

caliper, and the volume was calculated using the ellipsoid formula.

PET images were analyzed (ASIPro software, Siemens) by drawing regions of interest 

(ROI’s) for LuCaP73, LuCaP136, and LuCaP167 which encompassed the whole tumor 

volume. Additionally, ROIs were drawn for the thigh muscle, from which tumor:muscle 

PSMA PET uptake ratios (T:M) were calculated for each mouse. Statistical significance (P < 

0.05) between the control and treated groups was determined using the student t-test.

Biodistributions, Tumor Histology, and Tumor RT-PCR Analysis

On the last day of imaging, all mice were euthanized (CO2 asphyxiation) 1 h post 

[18F]DCFPyL injection, and necropsy was performed to obtain blood and tissues from each 

animal. Radioactivity associated with each sample was determined by gamma counting 

(counts per minute, CPM). For each tissue, the percentage injected dose per gram 

normalized to a mouse body weight of 30 g (%ID/gnormalized to 30 g mouse), from which 

tumor:blood (T:B) and tissue:muscle (T:M) were calculated as follows:

% ID /gnormalized to 30g mouse

= CPMtissue × Body weight (g) × 100
CPMtotal injected dose × Tissue weight (g) × 30g

(1)

Tumor : Blood Ratio = %ID/gtumor
%ID/gblood

(2)

Tumor : Muscle Ratio = %ID/gtumor
%ID/gmuscle

(3)

Additionally, excised tumors were either fast-frozen or formalin fixed for H&E and 

immunohistochemistry (IHC) staining to determine PSMA, AR, and CD31 levels 

(Supplementary information: Materials and methods). The fast-frozen samples from these 

tumors were used to perform RT-PCR to determine mRNA levels for FOLH1, AR, KLK3, 

and FKBP5 (Supplementary information: Materials and methods).
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Results

In vitro Binding Studies

[18F]DCFPyL exhibited high affinity binding (Kd = 0.83 ± 0.04 nM) to PSMA using PC3(+) 

tumor membrane preparations and high specific binding (85–98 %; Fig. 1). PC3(+) tumor 

membrane preparations [Bmax = 13.95 ± 1.60 femtomoles/μg of protein (fmoles/μg)] had the 

highest PSMA levels compared to the PDX tumor membrane preparations (SI Table 1, Table 

1), which were ~ 7–1400-fold higher than the LuCaP models [Bmax = LuCaP73 (1.87 ± 0.53 

fmoles/μg), LuCaP136 (0.038 ± 0.0017 fmoles/μg), LuCaP167 ( 0.013 ± 0.0054 fmoles/μg)].

Tumor Volume Responses to ADT Treatment in LuCaP PDXs

LuCaP PDXs had variable tumor volume responses to ADT treatment compared to controls 

(Figs. 2a, 3a, and 4a). LuCaP73 and LuCaP136 control tumor volumes increased 1.5- 

to 1.8-fold and 2- to 8-fold, respectively, over the time course, whereas treated tumor 

volumes decreased for LuCaP73 (15–223 %) and LuCaP136 (20–114 %). LuCaP73 and 

LuCaP136 PDXs were sensitive (CS) to ADT treatment; however, LuCaP73 exhibited 

greater sensitivity than LuCaP136 (Figs. 2a and 3a). ADT-treated LuCaP73 tumor volumes 

showed a significant decline on days 7, 14, and 21 compared to control tumor volumes at 

the same times (P < 0.05; Fig. 2a), whereas LuCaP136 tumor volumes showed significant 

decreases at days 14 and 21 compared to controls (P < 0.05; Fig. 3a). LuCaP167, 

characterized as castrate resistant (CR), exhibited slower tumor growth in both control 

(1.7- to 2.5-fold) and treated groups (1.3- to 2.0-fold) compared to the CS LuCaPs and 

demonstrated no significant differences in tumor volumes between the treatment and control 

tumors throughout the study time course (Fig. 4a).

In vivo PET Imaging and Biodistribution of [18F]DCFPyL

Control and treated LuCaP PDXs were imaged with [18F]DCFPyL to assess changes in 

PSMA expression over the ADT treatment time course; in addition, PC3(+) xenografts were 

also imaged (SI Fig. 2). [18F]DCFPyL images (Figs. 2b, 3b, and 4b) revealed high kidney 

uptake in all groups and differential tumor uptakes in ADT-treated groups compared to 

controls. LuCaP73 and LuCaP136 tumors were readily visualized on PSMA PET, whereas 

LuCaP167 tumors showed lower uptake on PET, which was consistent with the rank order 

of PSMA levels determined in vitro. Quantitative analysis (tumor:muscle ratio; T:M) of PET 

images of the two CS tumor xenograft models showed significant increases of 3–5-fold (P < 

0.05) from 7 to 21 days in LuCaP73 treated vs control tumors (Fig. 2c), while T:M ratios for 

LuCaP136 (CS) treated tumors were not different from control tumors (Fig. 3c). In contrast, 

LuCaP167 (CR) treated tumor T:Ms exhibited a significant decrease (P < 0.05) compared 

to control tumors (Fig. 4c) which because of the low T:Ms may not be representative of a 

change in PSMA-targeted binding.

After the final imaging session, biodistributions were performed to examine the 

accumulation of [18F]DCFPyL in various organs. Biodistributions of [18F]DCFPyL reflected 

the imaging results for the LuCaP tumors as well as in non-target tissues. The non-target 

tissue uptakes were consistent with literature reports with the highest uptakes in the kidneys 

(SI Fig. 3) [28]. ADT-treated LuCaP73 tumors (18.83 ± 0.08 %ID/g) showed an 85 % 
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increase (P < 0.05) in [18F]DCFPyL uptake compared to the control tumors (10.13 ± 

0.45 %ID/g; Fig. 5a). [18F]DCFPyL uptakes in LuCaP136 and LuCaP167 tumors were 

significantly lower (P < 0.05) compared to LuCaP73 tumors for both the groups. Treated 

and control LuCaP136 tumor uptakes were 0.44 ± 0.76 %ID/g and 0.33 ± 0.07 %ID/g 

of [18F]DCFPyL, respectively, whereas[18F]DCFPyL uptake in LuCaP167 treated and 

control tumors were 0.34 ± 0.06 %ID/g and 0.23 ± 0.10 %ID/g respectively. Furthermore 

tumor:muscle (T:M) and tumor:blood (T:B) ratios were calculated to account for the 

variations observed in the input functions and pharmacokinetics of [18F]DCFPyL in the 

treated vs control cohorts. LuCaP73 T:B ratios were significantly increased (61.38 %, P < 

0.05) in treated (40.89 ± 1.69) vs control groups (25.34 ± 1.67; Fig. 5b). Similarly, LuCaP73 

T:M ratios also significantly increased (65 %, P < 0.05) in treated groups compared to 

control groups (Fig. 5c). No significant differences in T:B ratios were found in LuCaP136 

treated (1.32 ± 0.27) and control (1.32 ± 0.44) groups; however, a modest 30 % decrease in 

[18F]DCFPyL T:M ratios was detected in ADT-treated (4.25 ± 1.10) vs control tumors (5.72 

± 0.57; Fig. 5b–c). In LuCaP167, a 21 % decrease in T:B ratios was seen in treated tumors 

(0.28± 0.029) vs control tumors (0.36± 0.049), whereas a ~ 45 % decrease in the T:M ratio 

was observed for LuCaP167 treated tumors (1.80 ± 0.22) compared to control tumors (0.99 

± 0.18; Fig. 5b–c).

Histopathology and Immunohistochemistry

After the final imaging session (day 21), immunohistochemistry for PSMA, AR, and CD31 

was obtained from analysis of tumor samples from treated and control PDX xenografts (Fig. 

5d–g, Table 1). IHC results indicated a ~ 4-fold increase (P < 0.05) in PSMA levels in 

LuCaP73 treated tumors compared to control tumors (Fig. 5d). Conversely, in tumors from 

LuCaP136 and LuCaP167 control and treated xenografts, PSMA protein levels were not 

detectable by IHC. No significant differences in AR levels were observed among treated 

vs control tumors for any of the PDXs (Fig. 5e, Table 1). For CD31 staining, among the 

three tumor types, LuCaP167 control tumors exhibited the highest vessel density compared 

to control LuCaP73 and LuCaP136 tumors. CD31 levels were significantly increased (P 
< 0.05) in ADT-treated LuCaP73 and LuCaP136 tumors compared to respective control 

tumors (Fig. 5f, Table 1). In contrast, no significant change in CD31 levels was observed 

between the treated and control LuCaP167 tumors.

Gene Expression Analysis

Tumor samples from treated and control xenografts were analyzed by RT-qPCR for changes 

in gene expression levels (mRNA) of PSMA (FOLH1), AR, and downstream genes (KLK3 
and FKBP5; Fig. 6). FOLH1 mRNA expression levels were in the same rank order for the 

three tumor types as was observed for PSMA PET uptake with LuCaP73 exhibiting the 

highest FOLH1 levels and LuCaP167 the lowest (Fig. 6a, Table 1). In response to ADT 

treatment, a 3-fold increase (P < 0.05) in FOLH1 mRNA was observed in LuCaP73 and 

LuCaP136 compared to controls, whereas no significant change occurred in LuCaP167 

treated vs control (Fig. 6a, Table 1).

The AR mRNA levels of control and treated LuCaP167 tumors were 40- to 250-fold higher 

compared to LuCaP73 and LuCaP136 control and treated tumors, respectively (Fig. 6b, 
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Table 1) and exhibited greater variability across the 3 tumor types compared to the AR 
protein expression levels determined from IHC (Fig. 5e, Table 1). In response to ADT 

treatment, AR mRNA levels of both LuCaP73 and LuCaP167 were significantly increased 

(2–12-fold) compared to controls, while AR mRNA levels of treated LuCaP136 tumors and 

controls were not significantly different. Although ADT treatment induced compensatory 

increases in AR for LuCaP73 and LuCaP167, the downstream genes, KLK3 and FKBP5, 

exhibited differential responses. KLK3 and FKBP5 mRNA levels of LuCaP167 treated 

tumors were increased compared to controls, but in LuCaP73 treated tumors, KLK3 mRNA 

levels were similar to controls, and FKBP5 mRNA levels were significantly decreased 

compared to controls (Fig. 6c–d, Table 1). LuCaP136 treated and control tumors had the 

lowest AR mRNA levels and exhibited no significant differences in AR mRNA levels 

(Fig. 6b, Table 1); however, KLK3 and FKBP5 mRNA levels of the treated tumors were 

decreased (with a significant decrease for KLK3 mRNA) compared to controls (Fig. 6c–d, 

Table 1).

Discussion

These results show that these LuCaP PDX models which originated from various sites of 

prostate cancer patients may be useful in providing further insights regarding the variability 

of PSMA expression associated with ADT treatment responses and progressive disease [29]. 

In the CS LuCaP models, PSMA levels either increased (LuCaP73) or were unchanged 

(LuCaP136), whereas in the CR model (LuCaP167), a decrease was observed which may 

not be attributed to a specific change in PSMA due to low expression levels. It is important 

to note that the low PSMA expression levels of LuCaP136 and LuCaP167 in a clinical 

setting would most likely be considered PSMA negative. In these preclinical studies, the 

tumors have been implanted subcutaneously purposely on the shoulder to facilitate imaging 

quantitation and minimize background which would not be possible in the clinic. Therefore, 

preclinical PET imaging would be able to visualize changes in tumors with lower PSMA 

levels such as LuCaP136, whereas this may not be the case in the clinical setting. Depending 

upon the location of the tumor within the patient’s body and the associated background as 

well as clearance from non-target tissues (which is dependent on the time that has elapsed 

since the injection of the imaging agent), tumors with low PSMA expression levels may 

be difficult to distinguish from background. Therefore, these PDX models coupled with 

monitoring PSMA expression levels during a treatment paradigm with PSMA PET imaging 

may be useful to gain a better understanding of the relationship of PSMA expression 

in PCa to its genomic signature and therapeutic responses to ADT. Understanding how 

PSMA expression predicts response to ADT could be useful for future patient management 

decisions, and having models that reflect the variability in these responses could be 

particularly useful.

The [18F]DCFPyL imaging and biodistribution results for the CS LuCaP73 tumor model 

were further confirmed by IHC in which PSMA tumor levels were similarly increased 

in response to ADT compared to controls. However, for LuCaP136 and LuCaP167, 

ADT-treated and control tumor samples IHC results were uniformly negative for PSMA, 

indicating that the low PSMA levels expressed by these two LuCaP models are below the 

detection limits of the IHC staining. However, this was not the case with the [18F]DCFPyL 
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in vitro saturation studies in which PSMA expression levels were detected in tumor 

membrane preparations from all three PDXs. In contrast to IHC results, specific binding 

of [18F]DCFPyL to PSMA was detected in LuCaP136 and LuCaP167 tumor membrane 

preparations indicating that [18F]DCFPyL is capable of detecting lower levels, which would 

be expected with this sub-nanomolar affinity ligand and the predicted binding potential 

(BP) determined from the mathematical binding model, Bmax/Kd (Fig. 1, Table 1) [30, 

31]. Sampling error which is inherent with tumor sectioning may also contribute to 

the differences observed between the PSMA IHC results and in vitro tumor membrane 

preparation and in vivo results which are representative of the PSMA content of the entire 

tumor.

The PSMA protein levels as well as T:M and T:B ratios in LuCaP167 tumors were 

substantially low indicating that the majority of [18F]DCFPyL uptake was not due to 

specific binding to PSMA but rather non-specific uptake (i.e., tumor blood volume) [32]. 

LuCaP167 tumors were highly vascularized compared to the CS LuCaP tumors and when 

treated had similar microvessel densities compared to controls (CD31 IHC; Fig. 5f, Table 1) 

suggesting that the non-specific uptake may relate to increased tumor blood volume. Thus, 

a systemic pharmacokinetic alteration of the input function or metabolism of [18F]DCFPyL 

from ADT treatment would have a greater impact on this non-specific binding compartment 

resulting in a modest but significant difference in the treated group compared to the controls 

which may not be attributable to a change in PSMA-targeted binding. Further T:M ratio 

values < 2 like those observed for LuCaP167 T:M have been shown by statistical analysis 

to represent primarily non-specific interactions rather than specific targeting [32, 33]. In 

other biodistribution studies with PC3 tumor xenografts injected with PC3 Wt cells [PSMA 

negative; no in vitro specific PSMA binding detected (data not shown)], [18F]DCFPyL 

uptakes in these tumors were comparable and, in some cases, lower than those observed with 

LuCaP167 (SI Fig. 4). PC3 Wt T:M ratios were slightly lower than LuCaP167 T:M ratios 

which would further confirm that the majority of the [18F]DCFPyL uptake in LuCaP167 

tumors did not represent specific PSMA binding. In contrast, the biodistribution T:M ratios 

of LuCaP136 were > 2, ~ 5–6, which would be expected to represent PSMA specific 

binding. Further, these T:M ratios would indicate that LuCaP136 expresses ~3 to 4-fold 

higher levels of PSMA than LuCaP167 which is in the same rank order as determined in 
vitro (SI Table 1). Furthermore, because [18F]DCFPyL has high affinity for both human and 

murine PSMA, the tumor uptakes of [18F]DCFPyL in LuCaP136 and LuCaP167 may be a 

combination of uptake associated with PSMA expressed on tumor cells as well as tumor 

neovasculature (although this contribution maybe low) [34, 35].

Similarly, in these LuCaP models, the rank order of the PSMA gene (FOLH1 mRNA) 

tumor expression levels were the same as PSMA tumor protein levels determined by 

[18F]DCFPyL, but corresponding changes of mRNA and protein levels in response to 

ADT differed. Tumor PSMA mRNA levels significantly increased in response to ADT 

for both CS LuCaP models, whereas only LuCaP73 treated tumor PSMA protein levels 

significantly increased compared to controls. Errors in the translation of mRNA to a 

functional protein related to the genomic phenotype may potentially explain this discrepancy 

between the effect of ADT on PSMA protein and mRNA levels. Similar to the PSMA 

mRNA results, tumor microvessel densities significantly increased in both CS LuCaPs in 
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response to ADT which may be expected since PSMA has been shown to be associated with 

tumor neovasculature [35]. The CR LuCaP167 tumor model which had the lowest PSMA 

expression levels of the three LuCaP models exhibited no change in tumor PSMA mRNA 

levels in response to ADT treatment which did not parallel the modest significant decrease 

in [18F]DCFPyL tumor uptake observed in the biodistribution studies which most likely is 

not representative of a change in specific PSMA uptake.

In contrast to the variability in the LuCaP tumor PSMA levels, androgen receptor tumor 

levels were similar for the three LuCaP models and not affected by ADT treatment (Fig. 

5e). Although the tumor androgen receptor protein levels were unchanged, significant 

differences were observed in AR (mRNA) and associated downstream genes (Fig. 6b–d). 

AR mRNA was significantly increased in response to ADT in LuCaP73 and LuCaP167 

tumors, whereas for LuCaP136 tumors, AR mRNA was unchanged, but the downstream 

genes were significantly decreased. LuCaP136, a model with PTEN loss, exhibited repressed 

AR transcriptional signaling as shown by a minimal baseline gene expression of KLK3 
and FKBP5 as compared to PTEN intact LuCaP73 and LuCaP167; upon treatment, the 

AR that was still present further reduced the levels of KLK3 and FKBP5 gene expression 

(as evidenced by the lack of effectiveness of ADT on reducing tumor volume compared 

to LuCaP73) [21]. This reduction of androgen-responsive gene signaling seems to be a 

characteristic of PTEN loss and has been found to be a frequent genomic alteration observed 

in castrate-resistant prostate cancer (CRPC) and thus emerged as a potential prognostic 

biomarker to distinguish indolent tumors from progressive disease by IHC or in situ 
hybridization of individual tumors [36, 37]. With this example in mind, further PSMA PET 

imaging studies with additional LuCaP PDXs in a treatment model may serve to establish 

how changes in PSMA expression levels in response to ADT may be related to the genomic 

signature and potentially progressive disease.

Although several preclinical studies have reported on the effect of ADT on PSMA, the 

majority of these studies have used conventional PCa cell lines, which do not represent 

the genetic diversity observed in PCa patients [18, 20]. Most of these preclinical studies 

have reported an increase in PSMA levels post-ADT [18, 38, 39]. Collectively, clinical 

studies indicate that the duration of ADT and type of PCa can have a differential impact 

on PSMA levels [20, 40–46]. Our results in these PDX models agree with these clinical 

studies showing variations in response of PSMA expression to ADT. Most PCa patients 

demonstrate an increase in PSMA expression after short-term ADT and a decrease with 

long-term ADT; however, a subset of patients do not follow this response pattern [16, 17]. 

The molecular mechanisms modulating these heterogeneous PSMA responses to ADT has 

yet to be elucidated, and these genomically well-characterized PDX xenografts models could 

be important in providing a better understanding of this association and potentially provide 

clinically relevant information regarding the use of PSMA-targeted therapeutics with or 

without ADT. For instance, those patients that exhibited increased PSMA levels post-ADT 

may benefit from a combination therapy including a PSMA-targeted therapeutic such as 

[177Lu]PSMA-617 which is currently in clinical trials [47]. In contrast, those patients with 

low to undetectable PSMA levels post-ADT would most likely not benefit from additional 

PSMA-targeted therapies; however, PET imaging with other agents such as [18F]sodium 
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fluoride, [18F]FAPI, or [18F]fluorodeoxyglucose may provide better guidance towards the 

most appropriate therapeutics [48–51].

Conclusion

Tumor regression responses to ADT in these LuCaP PDXs were consistent with the 

spectrum of responses observed in PCa patients ranging from highly sensitive (CS) 

to resistant (CR). In the CS PDX model with the highest PSMA expression levels, 

[18F]DCFPyL tumor uptakes were increased in response to ADT indicating an increase 

in PSMA which is similar to responses to ADT that have been observed clinically in PCa 

patients. Since these LuCaP PDXs are representative of the molecular heterogeneity of 

patient PCa tumors, the results obtained using these xenografts may establish the clinical 

relevance of PSMA expression as a biomarker predictive of ADT response.
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Fig. 1. 
Representative plots of in vitro saturation binding studies using tumor membrane 

preparations from LuCaP [LuCaP73 (a), LuCaP136 (b), and LuCaP167 (c) or PC3(+) [PC3 

cells transfected with human PSMA(d)] xenografts. For each plot: Bt = bound total; Bnsp = 

bound non-specific; Bsp = bound specific (Bt-Bnsp=Bsp), n= 2 or 3.
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Fig. 2. 
a Comparison of % changes in tumor volumes from baseline in control and ADT-treated 

LuCaP73 tumor-bearing mice at baseline (0), 2, 7, 14, and 21 days (mean ± SE, n = 5–7 

mice; *significant difference between groups, P < 0.05). b Representative [18F]DCFPyL 

PET images (60 min post-injection) in LuCaP73 control and ADT-treated tumor-bearing 

mouse over the course of therapy. Green, blue, and grey arrows indicate tumor, kidneys, and 

bladder respectively. c LuCaP73 tumor:muscle ratios calculated from PET image analysis 

in control and treated groups (mean tumor:muscle ratios ± SE, n = 5–7 mice; *significant 

difference between groups, P < 0.05).
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Fig. 3. 
a Comparison of % changes in tumor volumes from baseline in control and ADT-treated 

LuCaP136 tumor-bearing mice at baseline (0), 2, 7, 14, and 21 days (mean ± SE, n = 5–7 

mice; *significant difference between groups, P < 0.05). b Representative [18F]DCFPyL 

PET images (60 min post-injection) in LuCaP136 control and ADT-treated tumor-bearing 

mouse over the course of therapy. Green, blue, and grey arrows indicate tumor, kidneys, and 

bladder respectively. c LuCaP136 tumor:muscle ratios calculated from PET image analysis 

in control and treated groups (mean tumor:muscle ratios ± SE, n = 5–7 mice; *significant 

difference between groups, P < 0.05).
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Fig. 4. 
a Comparison of % changes in tumor volumes from baseline in control and ADT-treated 

LuCaP167 tumor-bearing mice at baseline (0), 2, 7, 14, and 21 days (mean ± SE, n = 5–7 

mice; *significant difference between groups, P < 0.05). b Representative [18F]DCFPyL 

PET images (60 min post-injection) in LuCaP167control and ADT-treated tumor-bearing 

mouse over the course of therapy. Green, blue, and grey arrows indicate tumor, kidneys, and 

bladder respectively. c LuCaP167 tumor:muscle ratios calculated from PET image analysis 

in control and treated groups (mean tumor:muscle ratios ± SE, n = 5–7 mice; *significant 

difference between groups, P < 0.05).
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Fig. 5. 
[18F]DCFPyL biodistribution (a), tumor to blood ratios (b; T:B), and tumor:muscle ratios 

(c; T:M) in control and ADT (degarelix) treated LuCaP73, LuCaP136, and LuCaP167 

tumor-bearing mice. Biodistribution was performed at 60 min post [18F]DCFPyL injection. 

Each bar represents mean %ID/g ± SE (a), mean T:B± SE (b), or T:M ± SE (c); n = 5–7. 

(d)–(f) Quantitative histological analysis of PSMA (d, H-score), androgen receptor (e, AR, 

H-score), and CD31 (f, tumor microvessel density). Each bar in (d) and (e) represents mean 

H-score ± SD. Each bar in (f) represents the number of vessel/μm2 ± SD. (g) Representative 

H&E and IHC staining of tumor sections showing expression of PSMA, AR, and CD31; 

*significant difference in the control group versus the treated group (P < 0.05).
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Fig. 6. 
RT-qPCR analysis of FOLH1 (a), AR (b), KLK3 (c), and FKBP5 (d) in LuCaP73, 

LuCaP136, and LuCaP167 PDXs obtained from control and ADT (degarelix) treated mice; n 
= 3–4/group; ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001. All the mRNA values 

were normalized to hypoxanthine-guanine phosphoribosyltransferase 1 (HPRT1).
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