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Abstract

Background—Androgen deprivation therapy is a first-line treatment for disseminated prostate
cancer (PCa). However, virtually all tumors become resistant and recur as castration-resistant PCa,
which has no durable cure. One major hurdle in the development of more effective therapies is the
lack of preclinical models that adequately recapitulate the heterogeneity of PCa, significantly
hindering the ability to accurately predict therapeutic response.

Objective—To leverage the ex vivo culture method termed patient-derived explant (PDE) to
examine the impact of PCa therapeutics on a patient-by-patient basis.

Design, setting, and participants—Fresh PCa tissue from patients who underwent radical
prostatectomy was cultured as PDESs to examine therapeutic response.

Outcome measurements and statistical analysis—The impact of genomic and chemical
perturbations in PDEs was assessed using various parameters (eg, AR levels, Ki67 staining, and
desmoplastic indices).

Results and limitations—PDE maintained the integrity of the native tumor microenvironment
(TME), tumor tissue morphology, viability, and endogenous hormone signaling. Tumor cells in
this model system exhibited de novo proliferative capacity. Examination of the native TME in the
PDE revealed a first-in-field insight into patient-specific desmoplastic stromal indices and
predicted responsiveness to AR-directed therapeutics.

Conclusions—The PDE model allows for a comprehensive evaluation of individual tumors in
their native TME to ultimately develop more effective therapeutic regimens tailored to individuals.
Discernment of novel stromal markers may provide a basis for applying precision medicine in
treating advanced PCa, which would have a transformative effect on patient outcomes.

Patient summary—In this study, an innovative model system was used to more effectively
mimic human disease. The patient-derived explant (PDE) system can be used to predict
therapeutic response and identify novel targets in advanced disease. Thus, the PDE will be an asset
for the development of novel metrics for the implementation of precision medicine in prostate
cancer.

The patient-derived explant (PDE) model allows for a comprehensive evaluation of individual
human tumors in their native tumor microenvironment (TME). TME analysis revealed first-in-field
insight into predicted tumor responsiveness to AR-directed therapeutics through evaluation of
patient-specific desmoplastic stromal indices.

Keywords
Androgen receptor; Ex vivo; Prostate cancer; Tumor microenvironment

1. Introduction

Prostatic adenocarcinoma (PCa) is the most frequently diagnosed noncutaneous malignancy
and the second leading cause of cancer-related death in American men [1,2]. As prostate
tumor cells are reliant on the androgen receptor (AR), first-line therapy for disseminated
disease involves targeting the AR signaling axis via androgen deprivation therapy (ADT),
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often coupled with antiandrogens [3,4]. Although initially effective, these patients develop
resistance and experience relapse within a median of 3—4 yr on the development of
castration-resistant PCa (CRPC) [5]. Intriguingly, CRPC remains largely AR-dependent due
to aberrant reactivation of AR through multiple distinct mechanisms that promote cell
survival and proliferation [1,6]. Currently, metastatic CRPC remains universally fatal with
no effective cure, highlighting the need to further define mechanisms that control AR
activity and thus develop novel means to target recurrent AR activity.

The lack of adequate preclinical models is a major hurdle in discerning innovative methods
to target AR and effectively combat PCa. Many promising new therapies that perform well
in preclinical evaluations ultimately fail in the clinic, which may reflect the fact that
conventional cell lines lack predictive value for drug treatments in clinical disease [7-11].
Studies suggest that the generation of cell lines results in major genetic alterations, loss of
tumor heterogeneity, and alterations in growth and invasion properties. Furthermore,
culturing cell lines alone deprives them of microenvironmental signal reciprocity. With such
key limitations, cell lines cultured as two-dimensional monolayers are not the ideal
preclinical platform for studying personalized medicine. To overcome these limitations,
patient-derived organoids have recently been developed as three-dimensional culture
methods to better recapitulate the biological characteristics of the original tumor [12-14].
However, this technique still fails to effectively mimic the intricate microenvironmental
influences contributing to human disease. Thus, there remains a need for improved systems
that retain patient-specific genetic alterations and tumor microenvironment (TME) signaling
to more accurately nominate effective therapies.

One exciting advance for personalized medicine is the use of patient-derived xenograft
(PDX) models, which are increasingly used in translational cancer approaches for drug
screening, biomarker development, and preclinical evaluation of therapies through the use of
murine “avatars” in co-clinical trials [15]. However, the time to engraftment is a major
limitation for the PDX model since it can require between 4 and 8 mo to develop “avatars”.
Moreover, although PDXs are effective for many types of cancer, they typically have poor
engraftment rates for genitourinary cancers, including PCa, and fail to recapitulate cancer
heterogeneity and TME characteristics [16—19]. The TME regulates cellular responses to
hormones, growth factors, and therapeutic agents, and is thus a major determinant of
carcinogenesis and response to therapeutic intervention. Thus, models that preserve the
native human TME are vital for effective evaluation of drug responses.

Building on models previously described [9], we used an ex vivo explant model termed
patient-derived explant (PDE) to assess drug responses in clinical PCa specimens. The PDE
system involves a more simplified and rapid approach to culturing of patient tissue
immediately after radical prostatectomy than has been used in current patient-derived
models. Importantly, the PDE maintains native TME integrity, tumor tissue morphology,
viability, and endogenous AR signaling. Tumor cells in this model system exhibited de novo
proliferative capacity, which was an asset when investigating the impact of PDE use for
predicting the efficacy of selected therapies. Lastly, examination of the native TME in the
PDE revealed first-in-field insight into patient-specific desmoplastic stromal indices that
predicted responsiveness to AR-directed therapeutics. In summary, the PDE model more
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closely mimics TME-inclusive human disease and can facilitate the development of novel
metrics for the implementation of precision medicine in PCa.

2. Patients and methods

2.1. Patient selection

We used material from patients undergoing radical prostatectomy at Thomas Jefferson
University (TJU; Philadelphia, PA, USA) and the Royal Adelaide Hospital (Adelaide,
Australia). Matched non-neoplastic and tumor tissues were obtained from each patient’s
prostate after radical prostatectomy. Patient demographics are described in Supplementary
Table 1.

2.2. Explant establishment

Patient de-identified prostate tissues were established as ex vivo explant cultures as
previously described [9,20,21]. The institutional review board of TJU and the human
research ethics committee of the University of Adelaide reviewed the study protocol and
deemed the research to be in compliance with federal regulations [45 CFR 46.102(f)].

2.3. Immunohistochemistry

For histological analysis, formalin-fixed, paraffin-embedded (FFPE) sections were stained
with hematoxylin and eosin (H&E) using standard techniques. For Ki67 analysis, tissues
were stained as previously described [22] and scored by a board-certified clinical pathologist
using an Aperio microscope and software. The following antibodies were used in the Ki67
protocol at 1:50 dilution for immunohistochemistry (IHC) staining of tissue: HIF1a (Novus
Biologicals, Littleton, CO, USA), AR (in house), prostate-specific antigen (PSA; Abcam,
Cambridge, UK) and 5-bromo-2-deoxyuridine (BrdU; BD Biosciences, Franklin Lakes, NJ,
USA). Clinical grade IHC staining was performed by the clinical pathology department at
TJU using a cocktail of antibodies to a-methyl-coA racemase (AMCAR) and the basal cell
markers p63 and HMW keratin. Alkaline phosphatase was used to detect racemase
expression, while 3,3"-diaminobenzidine was used to detect basal cells.

2.4. Enzyme-linked immunosorbent assay

PSA in PDE conditioned culture media diluted 1:50 was detected using a total PSA enzyme-
linked immunosrbent assay (ELISA) kit (ALPCO, Salem, NH, USA).

2.5. Gene expression analysis

RNA was isolated from tissue using TRIzol reagent (Life Technologies, Carlsbad, CA,
USA). cDNA was generated using SuperScript VILO (ThermoFisher, Waltham, MA, USA).
Quantitative PCR was conducted using primers as previously described [23] with PowerSybr
and an ABI StepOne system (ThermoFisher) according to the manufacturer’s specifications.

2.6. shRNA lentiviral infection

Lenti-X HT (open Biosystems, Huntsville, AL, USA) was used to package the shCON and
shAR lentiviral constructs according to the manufacturer’s instructions and as previously
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described [24]. In brief, once generated, the lentiviral constructs were added to the explant
tissue culture medium for 48 h. The lentiviral medium was removed and replaced with fresh
medium containing no lentivirus for an additional 48 and/or 96 h. Tissues were harvested
and fixed as described above.

2.7. TME analysis

Simultaneous multiplex immunofluorescence (SMI) labeling of FFPE tissue sections, image
acquisition, and quantification of pFAK and active as-integrin in the TME were performed
as previously described in detail [25]. High-throughput analysis of the multispectral
monochromatic images acquired was performed using SMIA-CUKIE software (https://
github.com/cukie/SMIA) as previously described [25].

2.7. Statistical analysis

3. Results

Data are presented as mean + standard error of the mean. Statistical significance (p < 0.05)
was determined using Student’s ftest on GraphPad Prism software (www.graphpad.com/
scientific-software/prism).

3.1. The PDE PCa model maintains tumor morphology, viability, and endocrine signaling

A major barrier in the PCa field is the paucity of preclinical models that effectively
recapitulate human disease, thereby limiting mechanistic understanding and the development
of novel therapies to combat the reactivated AR signaling observed in CRPC. Current
preclinical models have limitations that include lack of complete genetic fidelity and loss of
cell-to-cell cross-talk with the TME. The PDE model addresses these shortcomings through
maintenance of the complex tumor heterogeneity and native local TME. To evaluate PDE
utility for assessing therapeutic response in the context of an intact TME, tissue from 24
patients (Supplementary Table 1) was obtained via radical prostatectomy and analyzed.
Tissues were obtained from patients with high-volume PCa, designated as Gleason grade >7.
Tumor and matched non-neoplastic tissue from each patient were subdivided on the day of
resection (day 0) and grafted onto wound-healing sponges as previously described [9,20,21]
before administration of therapeutic agents or appropriate controls (Fig. 1A top).
Histological analysis by a board-certified clinical pathologist revealed that PCa tissue could
be maintained in culture for at least 6 d, retaining tumor and stroma morphology similar to
that seen at the time of resection (Fig. 1A bottom). Moreover, the PDE sustained similar
levels of HIF1a [26], indicating that changes in oxygen supply did not affect tumor biology
throughout the time of ex vivo culture (Fig. 1B).

As the AR is a critical driver of disease initiation and progression, alterations in AR
signaling between original and cultured tissues were assessed by examining the expression
of AR and a well-defined target gene, PSA. As shown in Figure 1C, the PDE model
maintained endogenous AR expression and activity, as determined by IHC for AR and PSA,
after 6 d (Supplementary Fig. 1A, B). Cell type—specific keratin and AMACR staining was
used to validate cancer and non-neoplastic tissue histology [27] and no antibody staining
served as a negative control for IHC (Supplementary Fig. 1C, D). Next, androgen-regulated
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PSA secretion was evaluated over the course of the PDE culture via an ELISA of the culture
medium (Fig. 1D). Tissue from PDE-1 exhibited a delayed response to androgen
deprivation, as PSA levels did not decrease with androgen deprivation until day 6, when
there was a 29.6% reduction in PSA levels. PDE-2 and PDE-3 showed rapid responses, with
46.3% and 54.6% reductions in PSA levels, respectively, after only 2 d of androgen
deprivation. PDE-2 maintained this reduction through day 6. No information for PDE-3 on
day 6 was available; however, observations on days 2 and 4 showed that PSA levels
consistently decreased under androgen deprivation, suggesting that this trend would
probably continue to day 6. Overall, the three PDEs displayed a heterogeneous response to
androgen deprivation in culture, closely recapitulating the patient variability observed in the
clinic (Fig. 1D). Lastly, AR and expression of direct AR target genes assessed by
quantitation of TMPRSS2, KLK3 (PSA), and FKBP5 mRNA levels were determined in the
PDE after 6 d of ex vivo culture in androgen-proficient media (Fig. 1E). On average, tumor
tissue showed higher endogenous AR signaling compared to the matched non-neoplastic
tissue. Combined, these findings indicate that PDEs preserve pathological features of the
original tumors after resection, retain AR signaling, and illustrate patient-specific variances
in response to androgen deprivation.

3.2. Tumor cells in the PDE model exhibit de novo proliferative capacity

To further characterize PDE tumor biology in response to prolonged culture, the cellular
proliferative index was assessed by determining the percentage of Ki67-positive epithelial
tumor cell nuclei in each specimen. As shown in Figure 2A, B, tumor cells in the PDE
showed an increase in proliferation from 7-19% on day 0 to 34-94% on day 4 and 69-88%
on day 6. Importantly, enhanced proliferation was limited to the tumor cells, as the
surrounding stroma and non-neoplastic tissue showed no change in Ki67 over the day 0
control. Next, to confirm that the increase in proliferative index as assessed by Ki67 was
associated with active DNA replication, cellular uptake of BrdU was analyzed. Nuclear
BrdU staining was concordant with Ki67 positivity, indicating that tumor cells were actively
replicating (de novo proliferation; Fig. 2C). In sum, these findings demonstrate a time-
dependent increase in proliferation of tumor cells, suggesting that the PDE model unmasks
cells with proliferative potential during the culture process. These results highlight one of
the strengths of the PDE model—de novo proliferation—which can be used to evaluate
preclinical impact in response to hormonal stimuli and/or therapeutic agents.

3.3. The PDE model is amenable to both genetic and pharmacological perturbations

As PCa is primarily dependent on AR signaling for cell survival and proliferation, and
CRPC is characterized by aberrant activation of the AR axis, AR remains a primary
therapeutic target in all stages of the disease [1]. First-line therapy to combat disseminated
PCa involves androgen deprivation and/or AR antagonists. To demonstrate the capacity of
the PDE model to evaluate therapeutic response, genetic (shAR) and pharmacological (AR
antagonist) targeting strategies were used. Genetic manipulation of AR was performed by
transducing PDE with a lentiviral-delivered shRNA directed at the AR gene for isogenic
suppression or a GFP-expressing lentivirus to show the efficiency of infection (Fig. 3A and
Supplementary Fig. 2). PDE transduced with shAR lentivirus for 6 d exhibited a notable
decrease in AR protein expression by approximately 50% (Fig. 3A). AR mRNA
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correspondingly decreased to less than 0.2-fold (comparing shAR and shCon in tumor
tissue) on day 6, with shAR indicating efficient knockdown of AR. Furthermore, the
expression of AR target genes (PSA, TMPRSSZ2, and FKBP5) significantly decreased to less
than 0.4-fold compared to shCon in tumor tissue by day 6. Thus, PDEs are amenable to
genetic manipulation of AR impacting its expression and activity ex vivo. In addition, the
proliferative capacity after pharmacological inhibition was determined by scoring Ki67.
PDEs exhibited varying responses to two distinct AR antagonists, enzalutamide and
bicalutamide. While enzalutamide markedly decreased Ki67 staining (~50% reduction),
bicalutamide treatment did not effectively impact Ki67 staining compared to control treated
tissue (Fig. 3B). Nonetheless, both antagonists significantly decreased AR signaling (Fig.
3C). PSAand TMPRSS2 expression decreased by approximately 60%, while FKBP5
trended towards significance after treatment. Furthermore, PCa tissue from 13 different
PDEs demonstrated a broad range of PSA secretory responses to 10 uM enzalutamide
treatment. Of 13 tissue samples, six (46.1%) responded with a >25% decrease in secreted
PSA, five (38.5%) showed no significant change in PSA, and two (15.4%) exhibited a >25%
increase in secreted PSA (Fig. 3D). Similar to the difference in proliferative response
between different AR antagonists in individual samples (Fig. 3B), the broad range of
responses to enzalutamide treatment across multiple patient samples underscores the
heterogeneity of clinical samples, and probably reflects variations in responsiveness across
the patient population as a whole. Together, these data illustrate that AR signaling can be
perturbed both genetically and pharmacologically in the PDE model and indicate the
potential of this system in predicting treatment outcomes and informing personalized
medical decisions.

3.4. Impact of clinically approved and experimental PCa therapeutics on PDE models

Current therapies for advanced PCa involve targeting the AR signaling axis in combination
with various treatments, including taxane-based chemotherapy [28]. To evaluate the impact
of such clinically approved regimens in the PDE system, PCa tissue from individual patients
was treated with 1 pM enzalutamide, 50 nM docetaxel, or the combination for 6 d, at which
point the proliferative index was measured (Fig. 4A, B). Figure 4A and Supplementary
Figure 3 show H&E staining and Ki67 IHC for PDE-14, which did not respond to
enzalutamide treatment alone. However, docetaxel alone or in combination with
enzalutamide effectively reduced proliferation by 83.7% and 63.3%, respectively, compared
to controls. PDE-16 showed minor decreases with single agents (reductions of 16.9% with
enzalutamide and 27.7% with docetaxel) and a greater decrease with the combination
(45.6% reduction in Ki67 positivity). Conversely, PDE-15 showed a more potent response to
docetaxel alone (87.7% reduction) than to enzalutamide alone (24.6% reduction), while the
combination did not influence proliferation. The heterogeneous nature of responses in the
PDE model reflect those observed in the clinical setting, suggesting that PDEs may be able
to predict the efficacy of drug treatment on an individual basis.

Since current preclinical models lack efficacy in predicting therapeutic response, novel
techniques are crucial for the development of clinically relevant targeted therapies. Previous
preclinical studies showed that targeting of DNA repair factors (PARP or DNAPK) or cell
cycle factors (CDK4/6) could be effective in combating a subset of advanced PCa [20,29].
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Clinical trials are under way to test the efficacy and impact of PARP inhibitors and CDK4/6
inhibitors (including palbociclib) [30-32]. To assess the capacity of the PDE system to
evaluate experimental PCa therapeutics, tissues were treated with 2.5 uM veliparib (PARP
inhibitor), 1 uM palbociclib (CDK4/6 inhibitor), or 1 uM NU7441 (DNA-PK inhibitor) (Fig.
4C, D). Overall, five of the nine tissues responded to targeted therapy, as evidenced by a
decrease in the proliferative index compared to the vehicle controls. Veliparib decreased
Ki67 positivity by 99.3% (PDE-20) and 95.9% (PDE-11). DNA-PK inhibition via NU7441
decreased Ki67 positivity by 99.4% (PDE-22) and 84.4% (PDE-10). Lastly, palbociclib
treatment in PDE-21 decreased the proliferative index by 75% (Fig. 4D). Four of the nine
PDEs used (44.4%) did not respond to any one specific treatment tested, which could
suggest clinical therapeutic resistance. In sum, these data further emphasize the capacity of
the PDE system to model patient heterogeneity and its potential to fill the immediate need
for better models to personalize therapeutic regimens in the clinic.

3.5. Initial tumor-permissive stromal pattern in the PDE model indicates possible
resistance to enzalutamide

A normal stroma, encompassing naive fibroblastic cells and self-derived extracellular
matrix, enforces cellular homeostasis and naturally suppresses tumor development [33-36].
However, it has been reported that desmoplasia, a chronic fibrosis-like state that typically
accompanies epithelial carcinomas, plays critical roles in both promoting and preventing
tumor progression [19,25,37]. Two stromal signatures based on combined levels of
constitutively active pFAK and the active conformation of asp;-integrin (active as-integrin)
were recently developed that are indicative of the two types of desmoplasia: tumor-
permissive, with high pFAK plus active as-integrin; and tumor-restrictive, with low pFAK
plus active as-integrin [19,25,33]. An example stroma characterized as tumor-permissive on
the basis of constitutively high pFAK and active as-integrin is shown in Fig. 5A, B. Tumor
areas were recognized as cytokeratin-positive, while areas negative for cytokeratin and
positive for vimentin identified areas (or masks) indicative of stroma (Fig. 5A). With tumor
and stroma boundaries identified, SMI was implemented and levels of stromal pFAK and
active as-integrin were measured. Elevated pFAK and active ag-integrin levels relative to
matched non-neoplastic tissue were observed, so the stroma of the tumor tissue was assessed
as tumor-permissive (Fig. 5B). Sample PDE-11 exhibited a higher level of active stroma
(tumor-permissive stromal pattern, with high pFAK and active as-integrin) than PDE-24 in
both its normal and tumor samples on day 0 (Fig. 5B, C). Interestingly, when treated with
enzalutamide, PDE-24 exhibited a further increase in the levels of pFAK and active as-
integrin (Fig. 5C), perpetuating the tumor-permissive stromal traits despite the presence of a
potent antitumor agent. To evaluate the biological impact of enzalutamide treatment in these
tissues with a permissive stromal pattern, the proliferative index was assessed via Ki67 IHC.
Both PDE-24 and PDE-11 maintained similar levels of Ki67 positivity with no significant
decrease in proliferative index on AR antagonist treatment (Fig. 5D). Taken together, these
results suggest that the initial desmoplasia state, rather than changes during treatment, could
be predictive of de novo resistance to enzalutamide treatment.
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3.6. Enzalutamide reinforces the tumor-restrictive desmoplastic stromal pattern in the PCa

PDE model

In contrast to the tumor-permissive pattern, low pFAK plus active ag-integrin represents a
desmoplastic tumor-restrictive stromal pattern. As before, stromal areas were recognized via
cytokeratin-negative and vimentin-positive masks, while the tumor region was identified via
increased cytokeratin-positive staining (Fig. 6A). SMI and quantification of pFAK and as-
integrin of PDE-13 showed low pFAK in the stroma of the tumor tissue compared to the
matched non-neoplastic tissue on day 0 (Fig. 6B). PDE-21 and PDE-12 also exhibited
tumor-restrictive stromal patterns, with low pFAK and low or unchanged active as-integrin
in the stroma of tumor tissue compared to non-neoplastic tissue on day 0 (Fig. 6C).
Intriguingly, AR antagonist treatment caused a significant reduction in pFAK and as-
integrin in PDE-21, thereby enhancing the tumor-restrictive traits (Fig. 6C). These
desmoplastic traits indicate that the stroma was inactive at the initiation of PDE generation,
and therefore incapable of protecting the tumor against treatment. Thus, to evaluate the
biological impact of enzalutamide treatment in these samples with a tumor-restrictive
stromal pattern, the proliferative index was assessed via Ki67 IHC. All three PDE samples
(21, 12, and 13) showed a decrease in Ki67 positivity of 51.3%, 78.1%, and 37.0%,
respectively (Fig. 6D). Thus, low pFAK in the stroma of PCa tumor tissue compared to non-
neoplastic tissue before therapeutic intervention reflects an inactive tumor-associated stroma
that does not interfere with AR antagonist treatment, resulting in significantly lower
proliferation on treatment. Combined, these data further suggest that the initial desmoplasia
state could predict responsiveness to AR antagonist treatment and provide evidence that the
TME influences and/or informs PCa behavior.

4. Discussion

One significant barrier in developing more effective therapies for PCa is the lack of adequate
preclinical models to effectively mimic human disease in the laboratory. This significantly
hinders the ability to accurately predict individual therapeutic responses. Recent reports
characterized and used PDE as a method to culture patient tumors ex vivo and effectively
recapitulate the heterogeneity and microenvironment of human cancers [20,22,29,38,39].
Building on those initial studies, the present study showed that the PDE model has several
advantages: (1) maintenance of endogenous tumor morphology, viability, and AR signaling
ex vivo; (2) a capacity for de novo proliferation in tumor cells that is an asset when
examining the impact of therapeutic interventions; (3) amenability to both genetic and
pharmacological perturbations impacting individual tumor growth; and (4) retention of the
native, intact TME architecture that could potentially predict response to therapy. In short,
the PDE model allows comprehensive evaluation of individual tumors in their native
microenvironment; understanding the relationship between this microenvironment and tumor
progression could ultimately be leveraged to develop more effective therapies.

In order to understand the role of patient-specific cancer alterations in tumorigenesis that
impact therapeutic sensitivity, in vitro and in vivo model systems that accurately reflect
genetic diversity are crucial. The PDE model complements current techniques and
overcomes selected limitations of existing tissue-derived systems. Preclinical models such as
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cell lines, mouse models, organoids, and xenografts have been extensively used to evaluate
the effectiveness of various therapies, leading to key discoveries. Although many of these
techniques have yielded promising preclinical results, the translational impact has been
limited [7-10]. One explanation for the disappointing clinical results from existing
preclinical models is their inability to recapitulate the heterogeneity between individual
tumors; moreover, they represent a limited spectrum of disease phenotypes. Importantly,
primary patient-derived xenografts (PDXs) and organoids have been used to overcome that
limitation and have had success for several cancer types [40-42]. However, PDXs have poor
engraftment rates for genitourinary cancers such as PCa. Thus, mechanistic studies using
PDX have proved challenging in the PCa field. Patient-derived organoids have been used as
a means to develop multicellular entities capable of self-renewal and self-organization [43—
45]. Similar to the PDE model, the organoid system allows for examination of the TME and
its impact on tumorigenesis [46,47]. However, a limitation of this technique is that organoids
are purely epithelial cultures lacking intact stromal, vascular endothelial, and/or immune
cells. Importantly, the strength of the PDE model is that it maintains an intact TME that
includes several stromal cell types, allowing in-depth investigation into stromal effects
during tumorigenesis and/or drug treatments (Figs. 5 and 6). In addition, establishing
organoids from primary PCa tissue material is technically challenging and has low efficiency
rates [8], whereas the PDE model described here is rapid and technically simple.

Although the PDE model overcomes several limitations of existing tissue-derived systems, it
does have some limitations. The PDE technique is ex vivo and thus is not a model in which
to study de novo recruitment of immune cells. With that caveat in mind, ongoing studies
have been designed to evaluate the impact of targeted therapies on existing immune cell
function within the TME [48,49]. An additional limitation of PDEs is that they can only be
cultured for a finite amount of time. Furthermore, the amount of tissue yielded by the PDE
system is limited by the amount of starting material received following surgery. Nonetheless,
the PDE model allows for discernment and manipulation of patient-specific characteristics
(Figs. 3-6) and thus elegantly complements existing model systems.

Since the PDE model recapitulates the heterogeneity of responses observed in the clinical
setting, this technique is currently being used in parallel with ongoing clinical trials
assessing taxane-based chemotherapeutics (NCT02218606), DNA damage, and cell cycle
inhibitors (NCT02555189) in metastatic PCa. These “co-clinical” trials use material
obtained from needle biopsies before, during, and after progression on therapy. The goal is
to query if the PDE system could serve as a rapid readout for therapeutic response at a
patient-specific level. In sum, the PDE model complements existing tools aimed at
discerning the molecular underpinnings of cancer biology, while adding the advantage of
examining intact TME to potentially predict treatment efficacy and/or inform treatment
selection.

Several studies have shown that the extracellular matrix and stroma facilitate tumor
progression [34,50]; therefore, characterization of each individual TME using the PDE
method could provide a novel criterion to assess responsiveness to treatment. Previous
studies have characterized the TME using FAK and as-integrin to describe tumor-permissive
and tumor-restrictive phenotypes [19,25,33]. To date, no such study has been conducted in
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PCa; hence, this is the first study to examine these stromal parameters in relation to
therapeutic sensitivity in PCa. A permissive stromal pattern before therapeutic intervention
predicted resistance to enzalutamide treatment in the PDE model (Fig. 5), while the
restrictive stromal pattern represented an inactive stroma that was incapable of protection
against treatment (Fig. 6). While these studies are limited to a small cohort of patient tissues,
they are the first in field to uncover a novel paradigm in which the initial desmoplastic
characteristics of tumor-associated stroma have the potential to predict therapeutic response
to AR-directed treatments. Future studies have been designed to effectively assess these
stromal parameters on a large scale in clinical specimens. Furthermore, our studies suggest
that the levels of stromal pFAK, in comparison to normal mesenchymal pFAK levels, may
constitute a useful tool for predicting therapeutic efficacy. In addition, these desmoplastic
characteristics are in accordance with previous studies in pancreatic and kidney cancer that
revealed that activated stroma (ie, high pFAK and high a5-integrin) are associated with poor
outcome, shorter overall survival, and rapid recurrence [25,51]. Although the specific
mechanisms underpinning desmoplastic influence on drug responsiveness remain unknown,
examining pathways (kinases and growth factors) impacting carcinoma-associated
fibroblasts in future studies might uncover novel therapeutic targets. At present, use of the
PDE model to examine native stromal localization and levels of pFAK and a5-integrin helps
to distinguish patient-protective (tumor restrictive) from patient-detrimental (tumor
permissive) desmoplasia in the pancreas, ovary, and kidney [19,25,33]. Retrospective studies
will be needed to determine the strength of this system for TME-based prediction of drug
responsiveness on an individual basis. Subsequent prospective studies could be designed
using the TME desmoplastic characteristics as a novel criterion, which, alongside genomic
analyses, could help unravel a patient’s unique cancer complexities and specify individual
treatment regimens. In sum, the PDE is a novel and rapid model system that could define
different PCa subtypes; the TME probably modulates response to AR-targeting agents,
which informs individualized treatment regimens for different PCa subtypes.

5. Conclusions

In summary, this study highlights a unique model system that can be used to examine drug
response in PCa clinical specimens maintained in an intact, native TME. The PDE system is
amenable to genomic and pharmacological perturbations that can help in elucidating the
molecular underpinnings of response to AR-directed therapeutics at a patient-specific level.
Importantly, the novel criterion of TME analysis provides new insights into the complexities
and heterogeneity of cancer. The TME adds an innovative measure to inform on response to
AR-directed therapeutics and potentially discriminate between responders and
nonresponders. Thus, PDEs are a powerful tool accounting for patient variability and can be
incorporated into preclinical drug development assays to facilitate identification of new
therapies and provide biological insight into the molecular pathways that lead to PCa
progression. Lastly, since this model can be used to potentially identify clinically relevant
tumor subpopulations, subsequent molecular profiling of cultured tissue could uncover new
pathways for therapeutic intervention and influence precision medicine for PCa patients.
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as relative expression normalized to 18S. Tumor tissue was matched to their respective non-
neoplastic tissue control.
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Figure 2. Tumor cells in PDE exhibit de novo proliferative capacity
A. Tissue was cultured in complete media and harvested every 48 hours for up to 6 days.

Ki67 staining was performed to determine the amount of proliferation in the explants.
Images are shown at 10X magnification. B. Quantification of Ki67 immunostaining showed
a time-dependent increase in proliferation. PDE 3 is shown in panel A. *p<0.05. C. BrdU
uptake is similar to Ki67 staining. Images are shown at 20X magnification, n=4.
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Figure 3. AR signaling can be perturbed both genetically and pharmacologically in the PDE
model

A. Knockdown of AR was achieved through lentirviral transduction of PDE with an AR
directed shRNA for 6 days. Representative images show AR and Ki67 IHC for shCon and
shAR after 6 days. Right: Expression of AR and AR target genes (PSA, FKBP5, and
TMPRSS2) mRNA expression from tumor samples treated with shCon and shAR for 2, 4,
and 6 days, n=3. B. Representative images (10X and 40X magnification) are shown for
vehicle, AR antagonist (1 uM Enzalutamide), and AR antagonist (1 pM Bicalutamide)
treated tumors after 6 days of treatment, n=3. C. Expression of AR target genes (PSA,
TMPRSS2, and FKBP5) mRNA expression from vehicle, 1 pM Enzalutamide, and 1 yM
Bicalutamide treated PDE. Average fold change of three PDE shown. n=3, *p< 0.05. D.
Waterfall plot depicting the percentage change of PSA in the culture medium with 1 pM
Enzalutamide treatment. Blue bars represent patients with = 25% decrease in PSA, black
bars represent no change in PSA, and red bars represent = 25% increase in PSA.
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Figure 4. PDE model is responsive to clinically approved and experimental PCa therapeutics
Tissue was cultured in complete media, treated with different drugs, and harvested after 6

days. Drug treatment was changed out every 48 hours. Ki67 staining was performed to
determine the amount of proliferation that occurred in order to evaluate the effect of drug
treatment on PDE growth. A. Representative H&E image (10X magnification) and Ki67
image (40X magnification) are shown for vehicle, AR antagonist (1 uM Enzalutamide),
Taxane (50 nM Docetaxel), and AR antagonist (Enzalutamide) + Taxane (Docetaxel) treated
tumors (PDE-14). B. Quantification of KI67 immunostaining from 3 separate patient
samples. Sample depicted in red is the PDE used for images in A. C. Representative H&E
image (10X magnification) and Ki67 image (40X magnification) are shown for vehicle,
PARP Inhibitor (2.5 uM Veliparib) (PDE-17), CDK4/6 Inhibitor (1 uM Palbociclib)
(PDE-21), and DNAPK Inhibitor (1 uM NU7441) (PDE-22). D. Quantification of K167
immunostaining from 3 separate patient samples. Sample depicted in green (Veliparib),
black (Palbociclib), and yellow (NU7441) are the PDE used for images in C.
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Figure 5. Initial “tumor permissive” stromal pattern in the PDE model indicates possible
resistance to enzalutamide
A. Top: Schematic explaining TME characteristics indicative of “permissive” stromal type.

Bottom: Representative Simultaneous Multiplex Immunofluorescence (SMI) image of
masks (i.e. cytokeratin, vimentin, and nucleus) in PDE of non-neoplastic at Day 0 (N),
tumor at Day 0 (T), and tumor tissue treated with either vehicle (CTL) or Enzalutamide
(ENZ) for 6 days. Example of a “tumor permissive” TME with desmoplastic traits
displaying high pFAK and high active a-5-integrin in tumor tissue. B. Quantification of the
markers assessed in stromal areas: phospho-focal adhesion kinase (pFAK) and active as-
integrin. C. Additional patient with a “tumor permissive” stromal pattern. D. Ki67 staining
was performed to determine the amount of proliferation that occurred in order to evaluate
the effect of drug treatment on PDE growth. Representative Ki67 images (40X
magnification) and quantification are shown for vehicle and AR antagonist (Enzalutamide)
treated PDE. n=2.
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Figure 6. Enzalutamide reinforces the “tumor restrictive” desmoplastic stromal pattern in the
PDE model for PCa tissue

A. Top: Schematic explaining TME characteristics indicative of “tumor restrictive” stromal
type. A. Representative immunofluorescence (IF) image of masks (i.e. cytokeratin, vimentin,
and nucleus) in PDE of non-neoplastic at Day 0 (N), tumor at Day 0 (T), and tumor tissue
treated with either vehicle (CTL) or Enzalutamide (ENZ) for 6 days. Example of a tumor
“tumor restrictive” TME with desmoplastic traits displaying low pFAK in tumor tissue. B.
Quantification of the markers assessed in stromal areas: phospho-focal adhesion kinase
(pFAK) and as-integrin. C. Additional patients with “tumor restrictive” stromal patterns. D.
Ki67 staining was performed to determine the amount of proliferation that occurred in order
to evaluate the effect of drug treatment on PDE growth. Representative Ki67 images (40X
magnification) and quantification are shown for vehicle and AR antagonist (Enzalutamide)
treated PDE. n=3.
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