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Abstract

Background: Prostatic cancers include a diverse microenvironment of tumor cells,

cancer‐associated fibroblasts, and immune components. This tumor microenvironment

(TME) is a known driving force of tumor survival after treatment, but the standard‐of‐care

tissue freezing or fixation in pathology practice limit the use of available approaches/tools

to study theTME's functionality in tumor resistance. Thus, there is a need for approaches

that satisfy both clinical and laboratory endpoints for TME study. Here we present

methods for clinical case identification, tissue processing, and analytical workflow that are

compatible with standard histopathology while enabling molecular and functional inter-

rogation of prostate TME components.

Methods: We first performed a small retrospective review to identify cases where

submission of alternate prostate tissue slices and a parallel live tissue processing protocol

complement traditional histopathology and enable viable multicompartment analysis of

the TME. Then, we tested its compatibility with commonly employed methods to study

the microenvironment including quantification of components both in situ and after tissue

dissociation. We also evaluated tissue digestion conditions and cell isolation techniques to

aid various molecular and functional endpoints.

Results: We identified Gleason Grade Group 3+ clinical cases where tumor volume was

sufficient to allow slicing of unfixed tissue and distribution of alternating tissue slices to

standard‐of‐care histopathology and viable multi‐modal TME analyses. No single method

was found that preserved cellular sub‐types for all downstream readouts; instead, tissues

were further divided so techniques could be catered to each endpoint. For instance, we

show that incorporating the protease dispase into tissue dissociation improves viability for

culture and functional analyses but hinders immune cell analysis by flow cytometry. We

also found that flow activated cell sorting provides highly pure cell populations for

quantitative reverse‐transcription polymerase chain reaction and RNA‐seq while isolation

using antibody‐labeled paramagnetic particles facilitated functional coculture experiments.
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Conclusions: The identification of candidate cases and use of these techniques enable

translational research and the development of molecular and functional assays to facilitate

prostate TME study without compromising standard‐of‐care histopathological diagnosis.

This allows bridging clinical histopathology and further interrogation of the prostateTME

and promises to advance our understanding of tumor biology and unveil new predictive

and prognostic markers of prostate cancer progression.
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1 | INTRODUCTION

In spite of advances in diagnosis and treatment, prostate adeno-

carcinoma remains the second leading cause of cancer‐related deaths

among men.1 Men who present with locally advanced disease are still

at high risk for recurrence and mortality. Disease‐free survival at 5

years for men with Gleason 8+ disease is only 47%, markedly lower

than 93% for those diagnosed with Gleason 6 disease.2 This em-

phasizes the need for treatment advancements in high‐risk prostatic

disease. A major hurdle that impedes the success of these treatments

is the lack of good prognostic and predictive metrics/markers to

guide treatment. For example, the Gleason score is an accepted

metric for determining prostate cancer prognosis, but its positive

predictive value for estimating the risk of disease‐related death can

be as low as 17%.3 This highlights the need to identify better pre-

dictive and prognostic metrics/markers to guide clinical treatment.

The tumor microenvironment (TME) has been identified as a

driving force of tumor survival after treatment but the standard tissue

processing methods in pathology practice limit the use of available

approaches/tools to study the tumor microenvironment functionally

and molecularly.4 Prostatic cancer lesions are multifaceted, complex,

and consist of many cell types such as tumor cells, cancer‐associated

fibroblasts (CAFs), smooth muscle cells, vasculature, and infiltrating

immune types. Functional assays have shown that CAFs increase

tumor progression by inducing cancer cell proliferation and the re-

lease of pro‐survival signals.5–7 Flow cytometry studies have found

that inflammatory immune cells can modulate prostate cancer pro-

gression through the generation of reactive oxygen species, tumor‐

promoting cytokines, and the suppression of antitumor immune re-

sponse.8 However, clinical translation of these studies is hampered

because the standard approach to handling tissues post-

prostatectomy is immediate fixation or freezing of the specimen.

Even then, typically only about 60% of the prostate sample is em-

bedded for sectioning, while the remaining tissue is discarded in two

weeks after the final pathology report is signed out in many clinical

centers.9,10 To improve translational research in prostate cancer,

there is a need to develop tissue procuring and processing techniques

that better utilize patient tissue.

The complexity and diversity within the TME pose another hurdle

to studying each of its components using a variety of desired

endpoints. Mechanical and enzymatic tissue digestion has been em-

ployed to isolate various individual cell components from whole tissue

for further study; however, these protocols are plagued by low cell

viability and cleavage of surface proteins typically used to identify

cellular subtypes.11,12 The many cell types in the TME have diverse

properties and means of attachment to the extracellular matrix which

makes it difficult to develop a system for investigating each micro-

environmental component without harming another component.

Consequently, the vast proportion of tissue processing, dissociation,

and cell separation protocols have been designed for the isolation and

study of only a single cell type from a large tissue sample.13,14 While

some approaches have shown promise in defining digestion conditions

to interrogate multiple cell types of the microenvironment, there is an

unmet need to better characterize the compatibility of these condi-

tions for downstream molecular and functional readouts.15 For ex-

ample, differential sedimentation is a simple, low‐cost method for

separating prostate epithelial and stromal populations but is greatly

limited by the number of cellular subtypes it can separate.16 Flow

activated cell sorting (FACS) expands the ability to simultaneously

isolate multiple cell types and is commonly used to identify and se-

parate specific cells of interest.17 However, FACS is costly and solely

limited to phenotypic analysis that is hampered by high background

and autofluorescence from debris in solid tumor processing, as well as

low cell viability. Magnetic isolation using paramagnetic particles

(PMPs) is quicker, cheaper, and preserves better cellular viability;

however, it requires serial isolations to obtain multiple cellular sub-

types, and isolation is based on either positive or negative surface

protein expression, rather than a defined threshold as with FACS.

Overall, the poor characterization of digestion and cellular isolation

techniques and their effects on various prostate cellular components

and downstream endpoints has hampered the ability to robustly in-

terrogate the molecular and functional study of the prostate tumor

microenvironment.

Here, we present an integrated “histology and TME friendly” process

for clinical case identification, tissue procuring, processing, and analytical

workflow that is compatible with the standard clinical pathology practice

and enables the investigation of the prostateTME and its distinct cellular

components. This technique utilizes patient‐specific three‐dimensional

(3D) printed prostate molds to stabilize and evenly slice the prostate to

procure fresh tissue. We then optimized tissue dissociation conditions for
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culture and cytometric needs, maintained viable microenvironment

components, and isolated desired cellular subtypes for molecular and

functional characterization. We found that not one protocol was able to

satisfy each aspect of TME analysis and that protocols should be tailored

depending on the experiment and desired endpoints. The application of

these techniques bridges clinical pathology with TME molecular and

functional characterization and promises to advance our understanding of

the role each cellular compartment plays in prostate cancer.

2 | MATERIALS AND METHODS

2.1 | Prostate mold development and tissue slicing

All prostate tissue procurement for these experiments was performed in

compliance with the laws and institutional guidelines as approved by the

Institutional Review Board committee from the University of Wisconsin‐

Madison. Prostate tissue was obtained from patients undergoing radical

prostatectomy with informed consent through the Translational Science

BioCore Biobank at the Carbone Cancer Center at the University of

Wisconsin‐Madison. Depending on the protocol, the unfixed gland was

sectioned free hand (only the first two slices) or later a 3D prostate mold

was used to slice the gland as previously described.18,19 Briefly, patients

underwent preoperative MRI scans to obtain T2W images, three planes

(sagittal, axial, and coronal); then patient‐specific prostate molds were

modeled in Analyze (AnalyzeDirect, Inc.) and 3D printed. Postsurgery,

unfixed prostate tissue was then spatial oriented, inked, placed in 3D

molds, and manually sliced into 2.5mm sections using a tissue slicer blade

(Thomas Fisher Scientific) along the slits of the mold; first, last and odd‐

numbered slices were retained for standard histopathology and even‐

numbered slices were released for research. Areas identified by radio-

graphic imaging as tumor foci were then localized and targeted for further

analysis.

2.2 | Live tissue sectioning, staining, imaging,
and analysis

Tissue sectioning was done as previously described.20 Briefly, a small

portion (10%) of each tissue sample (acquired in accordance with the

UW‐Madison Institutional Review Board) was superglued to the cutting

stage of a VF‐300 Compresstome (Precisionary Instruments). Then, tissue

was covered in low melt agarose, immersed in sterile media, and sec-

tioned to 100μm thickness. Before imaging, slices were stained in screw‐

top vials with fluorescent dyes. Slices were stained as previously de-

scribed with viability markers (Cellometer ViaStain AOPI Staining Solu-

tion) and fluorescent antibodies (Hoechst, CD45 – FITC, EpCAM

(epithelial cell adhesion molecule) – PE, CD49a – Alexa Fluor™ 647).20

Reagent specifics are listed in Table S1. Viability and tissue cellular

composition were quantified via Fiji automated image analysis. Area

fraction (percent of total tissue area covered) of each cell type was used

to estimate the percentage of live and dead cells, as well as the per-

centage of epithelial, stromal, and immune cell types.

2.3 | Tissue digestion and cell staining

Remaining tissue not used for tissue slice analysis (90%) was used for

tissue digestion and cell isolation. Tissue digestion enzymes (Wor-

thington Biochemical) and conditions are described in the table seen

in Figure 3A. All digestion buffers were made in 1mL Hepatocyte

Wash Buffer (Thermo Fisher Scientific) and digested in 5ml round

bottom tubes (Corning). The digestion reaction was neutralized by

adding equal volume (1ml) of 10% fetal bovine serum diluted in

hepatocyte wash buffer (VWR). Samples were then strained through

a 100 μM tube top filter (Corning) and washed with 500 μl 1X

phosphate‐buffered saline (PBS). Cell suspensions were centrifuged

at 1000 RPM (200 g) for 3 min and re‐suspended in 300 μl MACS

Buffer for cell isolation. This re‐suspended sample is referred to as

the “raw digestat.” 20 μl of the raw digestate was removed for via-

bility and cellular composition analysis. Cells were stained with via-

bility markers and fluorescent antibodies as described above and

reagent specifics can be found in Table S1. The remaining 280 μl of

raw digestate was used for cell isolation.

2.4 | Cell isolation

All magnetic cell isolations were performed on an Extractman (Gilson)

using the commercial PMP isolation kits FlowComp Dynabead Flexi

Kit (Thermo Fisher) or SeraMag SpeedBeads Blocked Streptavidin

(GE Healthcare). Biotinylation of EpCAM (R&D Systems) and integrin

alpha 1/CD49a (R&D Systems) antibodies was performed using the

standard DSB‐x Biotin Protein Labeling Kit (Molecular Probes)

protocol.

To prepare commercial beads for isolation, PMPs were bound to

DSB‐x labeled antibody (EpCAM or CD49a). For each isolation, 10 μl

of beads were washed three times with 25 μl of 0.1% Tween20 di-

luted in PBS. Beads were then re‐suspended in 25 μl of 0.1%

Tween20. 1.5 μl of DSB‐x labeled antibody was added to para-

magnetic bead suspension and shaken (1000 rpm) at room tem-

perature for 30min. Labeled beads were washed three times with

25 μl of 0.1% BSA diluted in PBS. Finally, beads were re‐suspended in

25 μl of 0.1% BSA. Reagent specifics for Cell Isolation are listed in

Table S2.

Cell type‐specific isolations were performed on the raw digestate

in serial isolation format, where multiple cell types of interest are

removed sequentially one after another. For isolations, 25 μl of pre-

pared EpCAM‐labeled beads were added to an aliquot of the raw

digestate cell suspension and tumbled at 4°C for 20min. Gilson Ex-

tractman was then used to remove bead‐bound cells from the cell

suspension and into the desired buffer: MACS buffer for antibody

staining and imaging, lysis buffer for mRNA extraction, or FlowComp

release buffer for culture or downstream flow cytometry analysis.

These processes were then repeated using CD49a‐coated beads for

the capture of stromal cells.

The remaining cell suspension after sequential isolation of epithelium

and stromal cells is referred to as the “remaining input.” This negatively
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selected suspension was used to analyze the immune cell population from

the sample. The remaining input was centrifuged at 1100 rpm (200 g) for

3min and resuspended into desired buffer: MACS buffer for antibody

staining and flow cytometry or lysis buffer for mRNA extraction.

2.5 | FACS live cell sorting

Single‐cell preparations were stained with Ghost Dye™ Violet 510

fixable Live/Dead stain, CD45, EpCAM, Cd49a, and Fc‐blocker anti-

bodies. Reagent specifics can be found in Table S3. Samples were

acquired on a 5‐laser BD FACS Aria SORP sorter. Debris and dead

cells were excluded, and target cell populations were sorted from

within the live/singlet (for CD45 + ) or live/singlet/CD45− (for epi-

thelial and stromal cells) gate. To achieve optimal precision of de-

flection, yield, and purity, sort precision was set at 4‐way purity mode

(Yield Mask 0, Purity Mask set at maximum 32, Phase Mask 0). The

cells were sorted into RLT Plus lysis buffer, frozen immediately and

stored at −80°C until RNA isolation.

2.6 | Cell suspension and isolation analysis

2.6.1 | Fluorescent microscopy analysis

The automated image‐processing program ImageJ, was used to

analyze fluorescent microscopy images and to identify cell popula-

tions. First, a rolling ball background subtraction was conducted. Cell

nuclei, stained by Hoechst (Thermo Fisher Scientific), were identified

and an ellipse with radius 8um was drawn around the nuclei to create

an ROI. Fluorescent intensities of antibodies (CD45‐FITC, EpCAM‐

PE, and CD49a‐Alexa Fluor™ 647) at identified ROIs were then

quantified and used to identify different cell types.

2.6.2 | Flow cytometry analysis

Multiparameter flow cytometry was utilized to analyze surface ex-

pression of prostate‐resident and prostate‐infiltrating cellular sub-

sets. Single‐cell preparations were stained with Ghost Dye™ Violet

510 fixable Live/Dead stain (Tonbo Biosciences) and CD45, CD11b,

EpCAM, Cd49a, CD4, and CD8 antibodies. Samples were acquired on

a 5‐laser BD LSR Fortessa instrument and data were analyzed by the

FlowJo software v9.9 (BD Bioscience). Gating strategy included the

exclusion of dead cells, debris and aggregates, Fluorescent Minus

One, and internal negative controls. Reagent specifics can be found in

Table S4.

2.7 | qRT‐PCR and RNA sequencing

mRNA was extracted using the standard Dynabead mRNA Direct

Purification Kit (Thermo Fisher) protocol. Reverse transcription was

performed using the High‐Capacity cDNA Reverse Transcription Kit

(Thermo Fisher) standard protocol. The cycle threshold value was

used to evaluate relative gene expression of epithelial markers Ep-

CAM [Hs00901885_m1] and cytokeratin 8 [Hs01595539_g1], im-

mune marker CD45 [Hs04189704_m1], and stromal fibroblast

markers integrin 1alpha (CD49a) [Hs00235006_m1], alpha‐smooth

muscle actin [Hs00426835_g1], and vimentin [Hs00958111_m1].

Housekeeping genes GAPDH [hs99999905_m1] and RPLP0

(hs00420895_gH) were used for normalization.

cDNA synthesis, library preparation, and mRNA sequencing were

performed by the UW‐Madison Biotechnology Center. cDNA

synthesis was performed using the standard SmartSeq v4 Ultra‐Input

RNA kit protocol (Takara Bio USA). An 18‐cycle full‐length ds cDNA

amplification was performed via LD‐PCR. Amplified cDNA was pur-

ified using standard AMPure XP beads protocol (Beckman Coulter).

Nextera XT DNA library preparation (Illumina, San Diego, CA) was

performed, and samples were submitted for Agilent QC and se-

quencing. Volcano plots of RNA sequencing plots were made in

RStudio using Bonferroni adjusted p values.

2.8 | Cell culture

Isolated cells in FlowComp release buffer were centrifuged and

resuspended in media. Fibroblasts were cultured in Fibroblast

Medium (ScienCell, Cat. 2301) and epithelial cells were grown in

Prostate Epithelial Cell Medium (ScienCell, Cat. 4411). Cells were

plated at 25,000 cells per well in a standard 96 well TC treated

plate (Corning) and cultured at 37°C with 5% CO2. After 24 h,

media was removed and replaced. Media changes were then

performed every 3 days.

2.9 | Dose–response experiments

Patient‐derived epithelial cells were plated at 10,000 cells per well in

a 96‐well plate (Corning); 5000 fibroblasts were added in a transwell

insert for coculture conditions. Cells were cultured at 37°C with 5%

CO2 for 24 h. Then, a range of docetaxel doses (Sigma Aldrich) were

added to the media conditions and cells were cultured at 37°C with

5% CO2 for 72 h. Following 72‐h culture period, epithelial cell via-

bility was measured on a PHERAstar FSX plate reader (BMG Labtech)

using RealTime‐Glo Luminescent Viability Assay (Promega).

3 | RESULTS

3.1 | Histopathology identifies prostatectomy
tissues for translational research

Traditional histopathology uses Gleason grading to identify and give

prognostic information for prostate cancer cases. In many clinical

centers, this is typically achieved via fixation of the entire prostate
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gland following prostatectomy for at least a few hours to overnight

followed by submission for histological analysis where roughly 60%

of the specimen is processed for clinical endpoints, and the remaining

tissue is discarded in two weeks after the final pathology report is

signed out. We performed a retrospective analysis of 88 prostate

adenocarcinoma cases to identify cases where hospital pathology

disposes of excess prostate tissue that could otherwise be used for

research. We found that in 11% of Gleason 3 + 3 cases (n = 26), pa-

thologists needed excess tissue for further analysis (Figure 1E).

However, in 97% of Gleason 3 + 4 cases (n = 34), pathologists did not

need excess process tissue for clinical analysis. Similarly, in all Glea-

son Grade Group 3 + (Gleason score 4 + 3 and 8 + ) cases (n = 26),

pathologists did not use excess prostate tissue slices and instead

disposed of the tissue (Figure 1E).

We next sought to develop a method that could meet the needs

for both standard clinical practice and translational wet lab research.

Fresh, unfixed prostate tissue was immediately brought to Surgical

Pathology after surgical resection. The apex and base margins of the

prostate were manually sliced and the remaining tissue was placed in

patient‐specific 3D molds designed from an axial‐oblique T2 MRI

sequence of the prostate 18,19 to help stabilize and maintain even

slicing. The prostate was sliced in the 3D‐mold as described in

Section 2.1. and alternate slices were designated for standard of care

histopathology or fresh tissue digestion and downstream cell isola-

tion, culture, and transcriptomics. This workflow is depicted in

Figure 2 and discussed below.

3.2 | Viability and antibody stains characterize
in situ cell populations

Punch biopsies of fresh prostate slices were sliced to 75 μm thickness

on a VF‐300 Compresstome and in situ antibody and chemical stains

were used to analyze tissue slice viability and cellular composition

before digestion (Figure 3A,B). Calculations of area fraction covered

by each dye provided estimates of percent tissue viability and per-

cent tissue composition of each labeled cell type (Figure 3C,D).

Figure 3C,D display the variability in whole tissue viability and cellular

F IGURE 1 Live tissue slicing enables standard of care histopathology as well as live‐cell functional and molecular readouts in a wet lab.
(A) In standard hospital procedure, prostate tissue is fixed in formalin for 24 h then cut into 4mm slices. (B) Tissue needed for standard of care
histology (~50% of tissue slices) is sent to hospital pathology, excess tissue is discarded. (C) In live tissue/cell enabled protocols, prostate tissue is
placed in a slicing mold and cut into 4mm slices before formalin fixation. (D) Tissue needed for a standard of care histology (~50% of tissue
slices) is formalin‐fixed and sent to hospital pathology, excess tissue is placed in live culture media and remains viable for sample processing and
analysis at the research wet lab. (see Figure 2). (E) Prostatectomy cases (n = 88) at University of Wisconsin – Hospital and Clinics in which excess
prostate tissue was disposed of after clinical analyses were complete [Color figure can be viewed at wileyonlinelibrary.com]
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composition between five patient tissues. Tissue viability ranged

from 36% to 80%, with an average of 59% live cells and standard

deviation of 15.6% (Figure 3C). Percentage of epithelial cell compo-

sition within in situ differed as much as 43% between patient tissues

with a standard deviation of 14.6%; stromal cell percentage varied by

as much as 44% between patients with a standard deviation of 15.7%

(Figure 3D).

3.3 | Tailoring tissue digestion conditions to allow
multimodal TME analyses

Hemocytometer cell counts, fluorescent microscopy, flow cyto-

metry, and qRT‐PCR were used to evaluate tissue digestion ef-

fects on cell yield and viability, cellular composition, and gene

expression. To optimize digestion conditions and achieve single‐

cell suspensions, we tested combinations of mechanical disrup-

tion and enzymes that degrade extracellular matrix proteins.

When digesting prostate core biopsies, a 10‐min digestion pro-

tocol using heavy mechanical mincing with a scalpel (pieces

<100 μm) and collagenase type IV reduced cellular yield by 24%

(p value < 0.05), when compared to a 4‐h digestion protocol using

light mincing (1 mm3 pieces) and collagenase type I (Figure 4A).

However, 4‐hour digestion led to far greater changes in gene

expression when compared to the shorter 10‐min digestion. qRT‐

PCR of cells after 4‐h tissue digestion, compared to nondigested

tissue, showed more than four‐fold increases in androgen re-

ceptor pathway transcripts (AR4/5, KLK3, FOLH1, and TMPRSS2)

and >700‐fold increases in immune cell activation transcripts

(IL‐6, IL‐1B, and IL‐8), whereas 10‐minute digestion elicited far

smaller fold changes in gene expression (Figure 4C).

To improve cell viability, we tested the effect of supplementing

our digestion media with dispase, a neutral protease that cleaves

fibronectin and is reported to improve cell isolation from various

tissues.12,21,22 Adding 0.1% dispase increased cellular yield by 38%

(p value < 0.05) in overnight digestion conditions and 66% (p va-

lue < 0.001) in 4‐h digestion conditions (Figure 4A). Supplementing

digestion buffers with 0.1% dispase improved cell viability by over

20% on average (Figure 4B). When evaluating specific cell popula-

tions, the addition of dispase also showed a 2.75‐fold increase in

myeloid compartment (CD11b) retrieval, as well as an improvement

in the distinction of epithelial (EpCAM) and stromal (CD49a) cells into

more definitive populations (Figure 4D). However, in contrast to the

positive effects seen by dispase addition to epithelial, fibroblast, and

myeloid compartments, negative effects were seen on CD8 +

lymphoid populations. Figure 4D shows the complete loss of CD8 +

F IGURE 2 Overview of tissue processing workflow. (A) 10% of the tissue biopsy was removed with a hand razor then sliced to 75 μm
sections using a VF‐300 Compresstome. (B) 75 μm tissue sections were stained with viability markers and cell‐specific antibodies to evaluate
tissue viability and cellular composition. (C) 90% of the tissue biopsy was used for enzymatic digestion to obtain single‐cell population. (D) Cell
suspensions were stained with viability markers and cell‐specific antibodies to evaluate cell viability and cell type. (E) Antibody‐bound
paramagnetic particles (PMPs) were added to cell suspension to bind specific cell types. (F) Extractman was used to isolate PMP‐bound cell cells
for flow analysis, RNA‐seq, (G) cell culture, and cytotoxicity assays [Color figure can be viewed at wileyonlinelibrary.com]
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staining when 0.1% dispase is supplemented into digestion condi-

tions, as well as a shift in CD4 staining.

3.4 | Tailoring cell isolation to desired molecular
and functional endpoints

To isolate specific cellular subsets for culture and downstream ana-

lyses, we tested both fluorescent‐activated cell sorting (FACS) and

paramagnetic particles sorting (PMPs). FACS is a well‐established

method for sorting desired cell types using fluorochrome‐labeled

antibodies that bind cell surface receptors with high specificity,

purity, and accuracy. Using known surface markers of epithelial cells

(EpCAM), prostatic stroma (CD49a), and immune cells (CD45 pan-

marker), we isolated desired cell types and compared the lysates from

the sorted subsets to the total lysates of unsorted bulk cellular pre-

parations. Debris, dead cells were excluded. CD45 + cells were then

sorted from the live, singlet gate, while epithelial and stromal cells

were sorted from the live/singlet/CD45‐ gate. Although qRT‐PCR did

not show a significant increase epithelial transcripts (EpCAM and

cytokeratin 8) in the cell lysates in the EpCAM+ ‐sorted samples after

sorting, depletion of stromal transcripts CD49a/ITGA1 (two‐fold) and

vimentin (19‐fold), as well as a 45‐fold decrease immune cell

transcript (CD45) indicate epithelial enrichment of EpCAM+ cells by

FACS (Figure 5A). Similarly, cell sorting of CD49a + stromal fibro-

blasts resulted in enriched stromal transcripts including integrin alpha

1, vimentin, and alpha‐smooth muscle actin (8‐fold, 3‐fold, and 5.5‐

fold, respectively), and led to >300‐fold reductions in epithelial and

immune transcripts. The CD45 + immune population showed a nine‐

fold enrichment of CD45 transcript, >900‐fold reductions in epithelial

transcripts, as well as a 23‐fold reduction in alpha‐smooth muscle

actin (Figure 5A).

Next, we tested cell isolation using PMPs for transcriptional

enrichment and culture. Using commercial PMPs (FlowComp and

SeraMag) conjugated to an EpCAM or CD49a antibody, it was pos-

sible to serially remove epithelial cells and stromal fibroblasts, re-

spectively. Similar to FACS, large increases in qRT‐PCR epithelial

transcripts (EpCAM and cytokeratin 8) were not seen in EpCAM‐

captured cell lysates. However, decreases in stromal markers CD49a/

ITGA1, alpha‐smooth muscle actin, and vimentin (2.5‐fold, 5.6‐fold,

and 2.3‐fold, respectively), as well as 55‐fold reduction in CD45

immune cell transcript, indicate epithelial enrichment by EpCAM

capture (Figure 5A). PMP isolation of CD49a + cells resulted in four‐

fold and three‐fold enrichment of fibroblast transcripts ITGA1 and

Vimentin, respectively, as well as reductions in epithelial cell tran-

scripts EpCAM and Cytokeratin 8 (31‐fold and 8.5‐fold, respectively).

F IGURE 3 Viable prostate tissue slice staining benchmarks tissue viability and cellular composition. (A) Fluorescent images of compresstome
sectioned tissue slices from PB027 prostatectomy biopsy punches. Slices are stained with ViaStain AOPI Staining Solution labeling live cells in
green (acridine orange) and dead cells in red (propidium iodide). (B) Fluorescent images of compresstome sectioned tissue slices from PB027
prostatectomy biopsy punches. Slices are stained with fluorescent‐tagged antibodies for CD45‐FITC (immune cell marker), EpCAM‐PE (epithelial
cell marker), CD49a‐Alexa‐647 (fibroblast marker), and nuclei labeled with Hoechst 33342‐blue. (C) Box and whisker plots show the quantified
in‐situ tissue viability from patient tissues (n = 5). Whiskers represent maximum and minimum values; other patient values are labeled with open
circles “o.”Mean value is labeled with the “X” and boxes represent interquartile range and median. (D) Box and whisker plots show the quantified
in situ tissue cellular composition from patient tissues (n = 5). Whiskers represent maximum and minimum values; other patient values are
labeled with open circles “o.” Mean value is labeled with the “X” and boxes represent interquartile range and median [Color figure can be viewed
at wileyonlinelibrary.com]
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F IGURE 4 Varying tissue digestion enzymes impacts cell yield, viability, and cellular populations. (A) Scatter plot displays mean cellular
yields, with standard deviation, from individual prostate biopsies digested using numerous tissue digestion conditions. Digestion conditions
(A)–(E) are listed in the corresponding table (* indicates p value < 0.05, *** indicates p‐value < 0.001). (B) Scatter plot displays mean cell viability,
with standard deviation, from individual prostate biopsies with and without 0.1% dispase added to digestion buffers (*** indicates
p‐value < 0.001). (C) q‐PCR measures androgen receptor transcripts (AR4/5, KLK3, FOLH1, and TMPRSS2) and immune cell activation
transcripts (IL‐6, IL‐1B, and IL‐8) from cells for both 10‐min digestion protocols and 4‐h digestion protocols. Fold change values are normalized
to undigested tissue and averaged, n = 3. (D) Gated flow cytometry dot plots display cell populations present in digested prostate samples from
patient PB054 biopsies, with and without 0.1% dispase added (top row and bottom row, respectively). The first column represents the live/
single‐cell content of the isolates when is then projected to show CD45 expression in the second column. The third column represents EpCAM
and CD49a expression within the CD45‐ fraction. The fourth and fifth columns show CD11b expression within the CD45 + subset and CD4/
CD8 expression within the CD45 + /CD11b− gate, respectively. Data shows frequency within the parent gates. qPCR, quantitative polymerase
chain reaction [Color figure can be viewed at wileyonlinelibrary.com]

VITEK ET AL. | 843

http://wileyonlinelibrary.com


F IGURE 5 (See caption on next page)
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The negatively selected immune population showed an 11‐fold in-

crease in CD45 immune cell transcript, as well as depletion of epi-

thelial cell transcripts, and stromal fibroblast transcripts (ITGA1 and

alpha‐smooth muscle actin).

To further characterize PMP cell isolation, we performed fluor-

escent microscopy to monitor the presence of epithelial cells

(EpCAM+ ) throughout the cell capture process. PMP capture using

EpCAM‐labeled SeraMag beads resulted in a 20% epithelial enrich-

ment of the raw cell digestate population, and an overall cell purity of

90% epithelial cells (Figure 5B). Cell isolation using CD49a‐labeled

PMPs resulted in a cell population containing as few as 18% epithelial

cells (EpCAM+ ), a 3.2‐fold reduction from the raw cell digestate.

Finally, we also evaluated PMP cell isolation using flow cytometry to

qualitatively assess the cell populations removed from the raw cell

digestate. The cells remaining in the raw cell digestate after EpCAM‐

PMP capture showed a substantial reduction in the amount of Ep-

CAM+ cells, leaving higher percentages CD49a + stroma and

CD45 + immune cells (Figure 5C). Similarly, CD49a‐PMPs removed a

considerable population of CD49a + stromal fibroblasts and further

enriched the CD45 + immune cell population.

Cell populations isolated using PMPs remained viable for culture

and functional studies as well as RNA sequencing. Isolated popula-

tions of epithelial cells and fibroblasts were cultured individually and

maintained in selective medias. Epithelial cells survived and propa-

gated successfully in standard 2D culture format as well as spheroids

(Figure 6A). To demonstrate primary cells were sufficient for use in

functional assays, isolated prostate epithelial cells were exposed to

the chemotherapeutic docetaxel when grown as a monoculture or in

coculture with patient‐matched primary fibroblasts. After 72 h a

RealTime Glo assay was performed, which revealed a dose‐

dependent relationship between docetaxel concentration and

primary cell viability in both the monoculture and coculture. Inter-

estingly, the IC50 was increased two‐fold in the coculture

(p value < 0.05) (Figure 6A). RNA sequencing on each cellular com-

ponent was conducted to provide transcriptomic data. RNA

sequencing of EpCAM‐captured cells (Figure 6C‐I) show an upregu-

lation of epithelial markers (EpCAM, KRT8, and AR pathway genes)

and downregulation of stromal markers (ACTA2, IGTA1, and VIM). In

contrast, stromal markers were upregulated and epithelial markers

were downregulated in CD49a‐captured cells (Figure 6C‐II).

4 | DISCUSSION

Mounting studies have implicated the tumor microenvironment in

prostate cancer progression and treatment resistance.23,24 However,

there exists few methods to obtain and process viable prostate tissue

for molecular and functional interrogation of major microenviron-

ment components, that are compatible with standard clinical pa-

thology. The advancement of techniques to tease apart the prostate

tumor microenvironment ex vivo that also satisfy standard clinical

readouts promises to improve our knowledge of tumor micro-

environment interactions and biology.

We developed a tissue processing workflow that made available

substantial amounts of viable prostate tissue for molecular and

functional analysis without impeding standard of care. The standard

clinical practice uses formalin‐fixed‐paraffin‐embedded (FFPE) pros-

tate tissue to evaluate tissue morphology to form a histological di-

agnosis. However, FFPE limits functional and molecular analysis of

tumor microenvironment that have shown promise in identifying new

prognostic and predictive biomarkers.25–29 When evaluating clinical

cases, we found the vast majority, in fact 100% of Gleason Grade

Group (GGG) 3+ cases, discarded excess tissue not needed for pa-

thologic diagnosis due to the high volume of tumor in these patients.

Those discarded prostate tissue slices are a valuable research re-

source that could be used without disrupting the standard of care.

Patients with low grade or low volume on biopsy are likely not ap-

propriate for these methods as there is a small chance that the excess

tissue sent for research may actually need to be retrieved at a later

time for diagnostic purposes, which could potentially hamper patient

care and treatment decisions. Thus, it is our strategy to carefully

select cases based on biopsy results showing high tumor grade and

volume; in our institutional experience, excess tissue was never

needed in GGG 3+ cases making them ideal candidates live prostate

F IGURE 5 Antibody‐labeled PMPs capture cell types of interest from digested cell suspensions. (A) q‐PCR measures epithelial transcripts
(EpCAM, KRT8), immune cell transcripts (CD45), and fibroblast transcripts (ITGA1, VIM, and aSMA) from cells isolated via FACS and magnetic
bead capture. EpCAM Capture represents cells isolated using EpCAM antibody, CD49a Capture represents cells isolated using CD49a antibody,
and Remaining Input represents cells left over after EpCAM and CD49a capture. Fold change values are normalized to raw cell suspensions
before cell isolation and averaged n = 3. (B) Scatter plot showing the percentage of EpCAM‐positive cells throughout magnetic bead cell isolation
experiments, quantified via fluorescent microscopy. Representative fluorescent images of digested cell suspensions are shown below. “Raw
digestate” represents digested cell suspensions before magnetic bead capture, while “EpCAM Capture” represents cells isolated using EpCAM‐
labeled PMPs, and “CD49a Capture” represents cells isolated using CD49a‐labeled PMPs. Cells are stained with EpCAM‐PE (epithelial cell
marker) and cell nuclei are labeled with hoechst 33342‐blue. (*** indicates p value < 0.01). (D) Gated flow cytometry plots display cell
populations present during cell isolation experiments. “Raw digestate” columns represent digested cell suspensions before magnetic bead
capture, “Post EpCAM Capture” columns represent cell populations remaining after cell capture using EpCAM‐labeled PMPs, and “Post CD49a
Capture” columns represent cell populations remaining after the second isolation step (cell capture using CD49a‐labeled PMPs). The first row
represents EpCAM and CD49a expression within the single‐cell/live/CD45‐ fraction, the second row shows CD45 expression within the total
single/live cells. Data represents frequencies within the parent gate. PMP, paramagnetic particle; qPCR, quantitative polymerase chain reaction
[Color figure can be viewed at wileyonlinelibrary.com]
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slicing methods depicted here. Moreover, these patients diagnosed

with advanced disease are more likely to develop resistant disease

and encounter poor outcomes, elucidating the need to identify new

prognostic markers of progression and therapeutic resistance in these

tissues.3 Furthermore, the use of patient‐specific 3D prostate molds

in this live‐slicing method allows for precise lesion targeting. Al-

though not presented in this manuscript, in a clinical trial of 30 pa-

tients with multi‐focal prostate cancer, we were able to use these 3D

molds to isolate at least 4 lesions per patient. This allowed inter-

rogation of specific biology across individual tumors which will con-

tinue to facilitate the study of multi‐focal prostatic disease and

support precision medicine efforts.

We evaluated tissue viability and cellular composition in prostate

tissue slices in situ to determine the initial cellular composition and

viability of the tissue samples. Using these previously described tis-

sue slicing techniques,20 we were able to robustly identify live and

dead cells as well as major TME components; epithelial cells, stroma,

and immune cells in situ. These results displayed significant variation

in tissue viability and cellular composition from patient sample to

patient sample indicating that single downstream measurements of

post‐digestion viability and cellular composition can be skewed by

upstream quality of the source tissue. This whole‐mount tissue slicing

method can also be used to identify functional heterogeneity and

pinpoint focal areas of interest for further study as previously de-

scribed.20 Yet, these in situ tissue‐level analyses are often omitted in

traditional tissue processing protocols and TME studies. Overall,

whole‐mount tissue slicing and staining provides an in situ measure

of tissue viability and cellular composition that can be used to

benchmark tissue digestion conditions and identifies specific micro-

environment components and functionality for further study.

Multiple variations of enzymes, concentrations, combinations, and

commercial kits are available for tissue digestions, each with their own

pros and cons.15 Multicompartment and multimodal analysis of the

tumor microenvironment presents unique challenges due to the mul-

tiparametric multiple endpoints from a variety of different micro-

environmental cell types. With this in mind, we evaluated digestion

recipes to identify a condition that was compatible with downstream

molecular analyses, cell isolation, and culture. We found that cellular

yield was increased with less mechanical mincing (1mm3 tissue pieces

vs. 100 μm3 tissue pieces), the addition of 0.1% dispase enzyme, and

longer tissue digestion time (4 h vs. 10min). However, a 4‐hour di-

gestion time significantly impacted gene expression in the androgen

receptor pathway and immune activation pathway. We also found that

supplementing with 0.1% dispase significantly improved cell viability

and retrieval of certain cell populations such as EpCAM+ epithelial

cells, CD49a + fibroblasts, and CD11b + leukocytes. Yet, dispase also

showed negative effects such as the complete loss of CD8 binding on

T‐cells. These findings are consistent with previous studies12 and

suggest that evaluating cell yield and viability alone are not sufficient

when pinpointing ideal digestion conditions, but rather a combined

comparison of cell viability, cellular marker characterization, and gene

expression. These data also advocate that digestion conditions not be

standardized but tailored to downstream experiments. For instance,

F IGURE 6 (See caption on next page)
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shorter digestion times are ideal for gene expression and molecular

studies. Supplementing 0.1% dispase increases viability for down-

stream cell culture and functional analysis, while excluding dispase

improves immune cell phenotypic study via flow cytometry. The

analytical tools seen here provide a simple platform to optimize tissue

digestion conditions for desired readouts and multi‐compartment

analysis of solid prostate tumor tissues.

Fluorescent‐activated cell sorting (FACS) and PMPs sorting

strategies are used for separating cell subpopulations from tissue

digests. The majority of existing cell isolation protocols target only

one cell type from a given cell suspension, neglecting the study of

remaining populations of interest.13,14 Antibody‐bound PMPs that

target cell surface markers have been extensively explored as a

means of separating cellular subtypes from the prostate micro-

environment.15,30 When comparing these two methods, we found

that both resulted in highly enriched populations of epithelial cells,

fibroblasts, and immune cells, but FACS‐based live cell sorting

achieved increased purity of cell isolates. FACS resulted in >300‐fold

reductions in epithelial and immune transcripts when isolating stro-

mal fibroblasts and >900‐fold reductions in epithelial transcript in

immune selected populations, while the PMP‐based approach

showed only 8–50‐fold enrichment during fibroblast and immune cell

isolation. However, FACS requires trained users, may be limited by

timely instrument accessibility, and faces known difficulties with

sample loss and cell viability that hamper downstream culture and

functional analyses.30,31 Cells isolated via the PMP‐based approach

showed high purity populations, up to 90% purity measured by

fluorescent microscopy, that were able to robustly propagate in 2D

and spheroid conditions.

Interestingly, neither FACS or PMP‐based methods sufficiently

enriched epithelial transcripts from the whole tissue. This is likely

because epithelial transcripts make up a large majority of RNA in

the prostate. With this in mind and given AR‐driven transcripts

were decreased even during a 10‐min digestion, it may be better to

use RNA from the whole tissue to represent the epithelial fraction.

These data suggest that cell isolation methods should be evaluated

and catered to desired readouts. For example, FACS can be used to

achieve high purity cell samples and satisfy molecular readouts, but

PMP‐based methods can be used as a more gentle isolation techni-

que to conserve cellular viability, mitigate environmental stress (ie.

avoid exposure to suboptimal pressure conditions in the sort cham-

ber), facilitate cell culture and functional experiments.

To advance our understanding of the role individual compo-

nents of the TME play in prostate cancer progression, an ideal goal

would fulfill clinical pathology while allowing parallel study of TME

molecular and functional characterization. This is best achieved via

building workflows satisfying standard clinical endpoints while

maintaining viable cells that can be used for both molecular analyses

and ex‐vivo isolation to recombine into coculture environments that

reconstitute a translationally more accurate reflection of the

primary TME. Here, we evaluated if isolated epithelial and fibroblast

cells could satisfy each of those needs and found that cells remained

viable for RNA‐sequencing and functional cytotoxicity experiments.

RNA‐sequencing provided a rich transcriptomic analysis of the

stromal and epithelial cell populations, as well as it allowed for as-

sessment of cell isolation purity. Single‐cell RNA‐sequencing (SS

RNAseq) is an emerging area of study in the TME and while not

performed in this study, we show that we can obtain live‐cell sus-

pensions that can undergo live cell sorting while maintaining good

RNA quality, so these methods should also be easily translatable to

SS RNAseq. Epithelial cells and fibroblasts isolated by the PMP‐

based approach were also suitable for coculture experiments to

evaluate chemotherapeutic efficacy, where the presence of fibro-

blasts was found to have a significant impact on cancer cell sensi-

tivity to docetaxel. These results highlight both the need for further

studies evaluating TME‐mediated effects on cancer cell therapeutic

resistance, as well as the functionality of the proposed methods in

facilitating molecular and functional readouts. Together, these or-

thogonal analyses can provide a rich characterization of the tumor

microenvironment and allow further exploration of new biology in

each cell type.

5 | CONCLUSIONS

The tumor microenvironment is a known regulator of prostate cancer

pathogenesis.4–8,32–34 However, current clinical and wet lab methods

and logistics have hindered the study of the microenvironment and

its role in cancer progression. To investigate the genomic and func-

tional input of each cellular subset, new methods to tease apart ex

vivo patient tissue for orthogonal analyses are needed. Here, we

present an approach to optimize tissue digestion conditions for in-

terrogation of various cell types and endpoints from excess clinical

specimen without disturbing standard clinical diagnostic and prog-

nostic methods such as histopathology. We also present methods to

F IGURE 6 Isolated cell populations of interest remain viable for
cell culture and Next Gen RNA‐sequencing. (A) Fluorescent images of
isolated cells at day 12 of cell culture. Cells are stained with
fluorescent‐tagged antibodies for EpCAM‐PE (epithelial cell marker),
CD49a‐Alexa‐647 (fibroblast marker), and nuclei labeled with
hoechst 33342‐blue. (B) dose–response plot shows cell viability,
measured by RealTime Glo luminescence, of primary epithelial cells
cultured in monoculture and in coculture with patient‐matched
primary fibroblasts after 72‐h exposure to docetaxel
chemotherapeutic. (C) Volcano plots from cell isolation experiments
show average RNA‐seq transcript fold changes across four patients.
“EpCAM‐Capture vs. Raw” volcano plot shows transcripts up‐/
downregulated in isolated epithelial cells compared to the raw
digestate (i), while “CD49a‐Capture vs Raw” shows transcripts up‐/
downregulated in isolated stromal cells (ii) with known epithelial and
stromal markers labeled with blue dots (orange dots represent
transcripts up‐ or downregulated >2‐fold with p‐value > 0.005, green
dots represent transcripts up‐ or downregulated > 2‐fold with
p‐value < 0.005, red dots represent transcripts up‐ or downregulated
with p‐value < 0.005 but by fold change <2, and black dots represent
transcripts up‐ or downregulated by fold change <2 and
p‐value > 0.005) [Color figure can be viewed at wileyonlinelibrary.com]
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isolate enriched populations of distinct microenvironment compo-

nents and have optimized protocols for desired downstream appli-

cations, as well as assessed tools to verify isolation efficacy. We

showed that isolated epithelial and fibroblast populations remained

viable for RNA sequencing as well as culture and functional inter-

rogation. Importantly, we demonstrate that no single method can

adequately satisfy a full TME analysis; instead, methods need to be

tailored to specific TME components and readout. Alternatively, if

there is sufficient tissue, the sample can be aliquoted and processed

separately to satisfy multiple TME components and endpoints for a

more complete TME analysis. Although future work is required to

optimize protocols to study other rare cell populations in the prostate

tumor microenvironment such as cancer stem cells and vascular en-

dothelium, the lessons learned in this study can hopefully guide their

development. These methods provide a basis to build translationally

relevant platforms to facilitate controlled functional assays and mo-

lecular studies of the prostate tumor microenvironment while cor-

relating with standard clinical readouts to further our understanding

of prostate cancer biology.
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