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Abstract

Background: Prostate cancer (PCa) models in mice and rats are limited by their size and

lack of a clearly delineated or easily accessible prostate gland. The canine PCa model is

currently the only large animal model which can be used to test new preclinical in-

terventions but is costly and availability is sparse. As an alternative, we developed an

orthotopic human prostate tumor model in an immunosuppressed New Zealand White

rabbit. Rabbits are phylogenetically closer to humans, their prostate gland is anato-

mically similar, and its size allows for clinically‐relevant testing of interventions.

Methods: Rabbits were immunosuppressed via injection of cyclosporine. Human

PC3pipGFP PCa cells were injected into the prostate via either (a) laparotomy or

(b) transabdominal ultrasound (US) guided injection. Tumor growth was monitored

using US and magnetic resonance imaging (MRI). Contrast‐enhanced ultrasound (CEUS)

imaging using nanobubbles and Lumason microbubbles was also performed to examine

imaging features and determine the optimal contrast dose required for enhanced

visualization of the tumor. Ex vivo fluorescence imaging, histopathology, and

immunohistochemistry analyses of the collected tissues were performed to validate

tumor morphology and prostate‐specific membrane antigen (PSMA) expression.

Results: Immunosuppression and tumor growth were, in general, well‐tolerated by the

rabbits. Fourteen out of 20 rabbits, with an average age of 8 months, successfully

grew detectable tumors from Day 14 onwards after cell injection. The tumor growth

rate was 39 ± 25mm2 per week. CEUS and MRI of tumors appear hypoechoic and T2

hypointense, respectively, relative to normal prostate tissue. Minimally invasive US‐

guided tumor cell injection proved to be a better method compared to laparotomy due

to the shorter recovery time required for the rabbits following injection. Among the

rabbits that grew tumors, seven had tumors both inside and outside the prostate,

three had tumors only inside the prostate, and four had tumors exclusively outside of

the prostate. All tumors expressed the PSMA receptor.
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Conclusions: We have established, for the first time, an orthotopic PCa rabbit

model via percutaneous US‐guided tumor cell inoculation. This animal model is an

attractive, clinically relevant intermediate step to assess preclinical diagnostic and

therapeutic compounds.
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contrast‐enhanced ultrasound, magnetic resonance imaging, nanobubbles, orthotopic prostate
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1 | INTRODUCTION

Prostate cancer (PCa) exhibits the highest incidence rate of all can-

cers in American men, with over 3,200,000 men living with PCa today

in the United States alone.1 While significant improvements have

been made in the management of PCa in the past decade, unmet

needs remain for both diagnosis and therapy. For example, standard

PCa biopsy procedures use ultrasound (US) guidance to determine

prostate gland orientation, but the delineation of tumors within the

prostate using the US is unclear.2–4 As such, prostate biopsies remain

mostly without specific delineation of target lesions and still result in

significant false negatives upwards of 50%.5 More precise localization

of cancer within the current physician workflow would inform staging

and biopsies, which represent a critical step in the subsequent

treatment and outcomes of PCa. Moreover, despite relatively high

5‐year survival rates, PCa is the second most common cause of

cancer‐related deaths among American males.6 Androgen deprivation

therapy has been proven highly effective as the first line of treatment

for patients with advanced‐stage PCa who are not eligible for ra-

diation or prostatectomy. This treatment takes advantage of the fact

that androgen signaling is essential for PCa growth and facilitates

antiapoptotic mechanisms within the tumor.7 However, despite sig-

nificant initial responses, nearly all patients that receive this treat-

ment later develop castration resistant cancer and androgen ablation

therapy fails. This, in turn, leads to the recurrence and/or progression

of castration‐resistant PCa (CRPC).8 CRPC, therefore, represents a

stage in the continuum of the disease that is deadly. CRPC is defined

by consecutive rises in serum prostate‐specific antigen levels and/or

progression of metastatic spread in the setting of castration levels of

testosterone.9,10 Despite recent advances in the treatment of pa-

tients expressing metastatic CRPC, the average survival period re-

mains approximately 3 years.11 Therefore, the need to develop more

effective therapeutic agents is absolutely paramount to improving

overall survival.

Experimental animal models have played a critical role in study-

ing human PCa biology, and developing improved diagnostic and

therapeutic approaches. In recent years, efforts to develop a pre-

clinical PCa model have yielded numerous breakthroughs.12 Various

mouse models of PCa have proven extremely valuable in expanding

our knowledge of PCa. These PCa models have continued to become

more robust and have expanded to include a wide variety of

transgenic, knockout, and xenograft mouse models.13 However,

mouse models are very small and they are phylogenetically far from

human models. To improve detection and treatment options further,

an animal model of PCa larger than the existing rodent models has

become necessary. Additionally, a model with more physiological,

anatomical, and organic similarities to humans will make it easier to

predict how the treatment will perform in humans.14 Larger models

exist like the canine model15 but are limited because they are more

expensive to maintain, less available due to a limited number of

vendor providers, and it is difficult to obtain older male dogs ne-

cessary for these studies. In this regard, rabbits are a good alternative

because of their intermediate size between rodent and canine

models, availability, and ease of use for experimental procedures.

Rabbits are commonly used in biomedical research as they are

more phylogenetically similar to humans than rodents16 and are more

economical and available than dogs. Due to their short life spans,

short gestation periods, high numbers of progeny, and low cost

compared to other large animals, rabbits often serve to bridge the

gap between smaller rodents (mice and rats) and larger animals, such

as dogs, pigs, and monkeys.16 Despite the absence of reported lit-

erature on a rabbit orthotopic prostate tumor model, in‐depth and

extensive histological and morphological characterization of the

rabbit reproductive/prostate anatomy has been published.17–23 Here,

we report, for the first time, on the development of a novel ortho-

topic PCa model in the New Zealand White rabbit. Importantly, the

rabbit prostate in older animals approaches a human size, with glands

of ∼1–2 cm in diameter. This allows for inoculation of tumors in a

more physiologically‐relevant milieu of normal prostate tissue, than is

possible in small rodents. This model can better recapitulate the

clinical scenario and could be ideal for the development and opti-

mization of imaging‐based diagnostic and therapeutic procedures.

Utilizing the rabbit model of human PCa could bring more value and

significance to results from PCa models in preclinical studies.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Retrovirally transformed prostate‐specific membrane antigen (PSMA)

positive human PC3pip cells were originally obtained from Dr. Michel
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Sadelain (Laboratory of Gene Transfer and Gene Expression, Gene

Transfer and Somatic Cell Engineering Facility, Memorial‐Sloan

Kettering Cancer Center). Cells were further manipulated to

express a green fluorescent protein (GFP) by the laboratory of Susann

Brady‐Kalnay. The cell line was most recently checked and authen-

ticated by Western blot in 2020. Cells were grown at 37°C and

5% CO2 under a humidified atmosphere. Cells were maintained in

Roswell Park Memorial Institute‐1640 medium supplemented

(Invitrogen Life Technology) with 10% fetal bovine serum.

2.2 | Tumor inoculation

Animals were handled according to a protocol approved by the

Institutional Animal Care and Use Committee at Case Western

Reserve University and were in accordance with all applicable pro-

tocols and guidelines for animal use. Immunosuppression via cy-

closporine (10mg/kg) injected subcutaneously was first performed

one day before the tumor cell injection and then injected daily until

the end of the study. Twenty male New Zealand White rabbits from

3 to 18 months old with a mean age of 9 months were used in this

study and were obtained from Charles River Laboratories. Anesthesia

(isoflurane 1%–2%) was maintained throughout all procedures unless

otherwise noted. For tumor cell injection, animals were placed in the

supine position. The lower abdomen was shaved and then sterilized

with iodine. Animals in Group A (n = 6) underwent a laparotomy to

allow the injection of 8 × 106 PC3pipGFP cells suspended in 50 µl of

phosphate‐buffered saline (PBS) directly into the middle of the

prostate gland via a 29 1/2‐Gauge insulin needle (Smiths Medical

ASD, Inc). The 29 1/2‐Gauge insulin needle is small and has little

space in the head of the syringe, allowing safe injection of all the cell

suspension into the prostate gland. For animals in Group B (n = 14),

PC3pipGFP cells were inoculated via US‐guided injection. The needle

used here was a 21‐Gauge (BD PrecisionGlide™ needles) 50.8 mm in

length. Because the abdomen was not opened, the needle used was

long enough to penetrate the prostate for image‐guided tumor cell

injection. For these injections, a 1 ml syringe was used to inject the

cell suspension into the prostate gland. The needle was introduced

through the abdominal skin and progressed to the prostate obliquely.

Once the tip of the needle was shown to be proximal to the prostate,

the transducer was then manipulated to verify the central placement

of the needle within the prostate. Upon reaching the middle of the

prostate, 100–200 µl of 8 × 106 cell suspension was injected into the

rabbit. To encourage tumor growth within the prostate parenchyma

rather than in the subcapsular area, the syringe was changed and a

20 µl solution of sterile surgical tissue glue (Patterson Veterinary

Webglue™) was then injected to seal the puncture point in four

rabbits in Group B (Subjects 5–8). This resulted in all of the tumor

cells (200 μl) injected being pushed all the way to the prostate. We

also tested the effect of injection volume on tumor implantation and

growth. Subjects 11–14 in Group B were injected with 8 × 106 cells

but suspended in 100 µl suspension and without the use of glue.

A smaller volume was used, while keeping the number of cells the

same, to lower the probability of cells leaking out of the prostate

after injection and consequently, avoiding the use of glue as well.

Before injection, both the syringe and needle were filled with cells to

ensure that 100 µl of 8 × 106 cells were all injected into the prostate.

The success of cell injections was verified by the appearance of hy-

perechoic foci in the prostatic parenchyma in the US image

(Figure 1A–D).

2.3 | Tumor imaging

B‐mode and Doppler US images for guided tumor cell injection and

tumor monitoring were all performed using a Siemens Acuson S3000

US scanner employing an 18MHz (18L6) center frequency transdu-

cer. For contrast‐enhanced US examination, the standard nonlinear

contrast pulse sequencing (CPS) mode was used to image the change

of tissue contrast density (frequency, 8.0MHz; MI, 0.13; dynamic

range, 55 dB; gain, −5 dB; imaging frame rate, 1 frames/s) using the

same transducer. Images were acquired trans‐abdominally with either

sagittal or transverse orientation. Magnetic resonance imaging (MRI)

images were obtained with a 3 T MagnetomVida human MRI scanner

(Siemens Healthineers) using the following parameters: echo time =

85ms, repetition time = 7000ms, flip angle = 160°, bandwidth = 203

Hz/pixel, voxel size = 0.4 × 0.4 × 2.0 mm3, field of view = 120 × 86.3

mm (sagittal) and 120 × 97.5mm (transverse), base resolution = 320,

26 slices. MRI was read by a radiologist to determine the location and

size of the tumor. Rabbits were anaesthetized and kept sedated by

inhalation of isoflurane (3%) before and during the US. Ketamine

(10mg/kg) was administered via intramuscular injection 5–10min

before MRI and 5mg/kg ketamine was injected when needed via

intravenous injection to keep the rabbits sedated during the MRI

procedure as monitored by a veterinarian. Following euthanasia at

5 weeks post tumor injection, bladder and tumor tissues were har-

vested, ex vivo images of tissues were performed on a Maestro In

Vivo Imaging System (PerkinElmer) using a blue filter (excitation

445–490 nm, emission filter 515 nm long pass) to detect GFP ex-

pressed by the PCa cells.

2.4 | Pathology

Following ex vivo imaging, bladder and tumor tissues were then fixed

in formalin, embedded in paraffin, and stained with hematoxylin

and eosin (H&E) using standard protocols. Also, for im-

munohistochemistry (IHC) studies harvested tissue was processed by

the Case Comprehensive Cancer Center pathology core for PSMA

(ab19071, Ms monoclonal antibody [mAb] to PSMA; Abcam). IHC

staining for PSMA expression was performed using a BioCare Med-

ical IntelliPath FLX automated IHC slide stainer. Tissue sections from

paraffin blocks were placed on a glass slide and baked at 60°C for

75min. The tissue sections were then deparaffinized in xylene for

14min, rehydrated in ethanol, and rinsed in deionized water. Antigen

retrieval was performed by placing the slides in citrate buffer and
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incubated at 125°C for 30 s. The slides were then cooled and rinsed

in deionized water. The slides were then treated with Peroxidazed 1

(BioCare Medical) for 8 min, which is a very stable form of hydrogen

peroxide used to block endogenous peroxidase activity, and then

rinsed with deionized water. The slides were further treated with a

blocking agent that is primarily made of purified casein, Background

Sniper (BioCare Medical), used to block endogenous immunoglobulin

G and charged protein activity, and then rinsed with deionized water.

Deparaffinized tissue sections were then incubated in a shaker for 1 h

with PSMA antibody (ab19071, Ms mAb to PSMA) that was diluted

1:1000 (vol/vol). A MACH 4 Universal HR‐Polymer Kit (BioCare

Medical) was then used to detect antibodies using a specific probe

and a horseradish peroxidase polymer that binds to the probe. The

slides were then incubated for 5 min. in the dark with 3,3ʹdiamino-

benzidine (DAB) (Betazoid DAB; BioCare Medical) to reveal the

bound antibodies. Tissue sections were then counterstained with

ready‐to‐use hematoxylin (BioCare Medical). The slides were read by

a pathologist using a light microscope.

2.5 | Microbubble and nanobubble imaging study

Nanobubble (NB) contrast agents were prepared as previously de-

scribed and used to image rabbits with PCa cells injected into the

F IGURE 1 Orthotopic injection of PC3pipGFP tumor cells into rabbit prostate under ultrasound guidance: (A) The schematic diagram of
tumor model. (B) Normal prostate before injection. (C) Needle in the prostate. (D) Injection of cells was associated with the appearance of
hyperechoic foci in the prostatic parenchyma. Sagittal ultrasound image to monitor tumor growth: (E) Image of normal prostate, bladder, and
vesicular gland before inoculation. (F) Image of tumor and prostate 2 weeks after inoculation. (G) Image of tumor and prostate 3 weeks after
inoculation. (H) Image of tumor and prostate 5 weeks after inoculation. MRI of the tumor: (I) T2 MRI in the transverse plane. (J) T2 MRI in the
sagittal plane wherein tumors can be found both inside and outside the prostate. The yellow dotted line corresponds to the MRI in the
transverse plane (I). Tumors are outlined in green and prostate in red. Scale bar = 0.5 cm for (B–H) and 1 cm for (I, J). MRI, magnetic
resonance imaging [Color figure can be viewed at wileyonlinelibrary.com]
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prostate.24 Briefly, 6 mg DBPC, 1mg DPPA, 2mg DPPE, and 1mg

mPEG(2k)‐DSPE lipids were weighed and dissolved in 0.1 ml propy-

lene glycol in an 80°C water bath until clear. The lipid solution was

then diluted in a mixture of PBS (0.8ml) and glycerol (0.1 ml). After

rabbits were anesthetized with isoflurane, each rabbit was placed in

the face‐up position, and the US probe (18L6) was placed long-

itudinally to the axis of the rabbit body to visualize the US images of

the tumor. To compare NB images with the same tumor in the same

rabbit, different doses of NBs were delivered to animals by adjusting

the volume of NBs. Animals obtained a baseline US image without

NB injection and then received NB doses as follows: 0.3, 0.5, 0.7, 1.0,

and 1.5 ml. After injection of NBs, CPS was used to image the change

of tissue contrast density (frequency, 8.0MHz; MI, 0.13; dynamic

range, 55 dB; gain, −5 dB; imaging frame rate, 1 frame/s). Rabbits

were imaged continuously for 20min. After that, US energy was in-

creased to burst the NBs and were allowed to clear from the body for

another 20min before the next NB administration.2 A similar pro-

cedure was performed using clinically approved Lumason micro-

bubbles (MBs) for comparison with the following doses: 0.3, 0.5, 0.7,

and 1.5 ml.

3 | RESULTS

3.1 | Inoculation procedure and general imaging
characteristics

The purpose of this study is to establish, characterize, and optimize

an orthotopic human PSMA‐expressing, prostate tumor model in

rabbits. In this study, 14 out of 20 rabbits grew tumors. Two methods

were used for tumor inoculation. In Group A, tumor cells were in-

jected directly into the prostate gland via an invasive laparotomy

(n = 6). In Group B, tumor cells were injected in a minimally‐invasive

manner by using transabdominal percutaneous injection under US

guidance (n = 14). As is shown in Table 1, PC3pipGFP tumor grew in

three rabbits after an invasive laparotomy, and in 11 rabbits after

using a transabdominal percutaneous injection under US guidance.

Among the six rabbits that did not grow tumors, two factors stood

out: rabbit age and tumor inoculation method (Table S1). Three out of

four of the 18 months old rabbits did not grow tumors. This may be

due to the rabbits not being able to tolerate cyclosporine well and

having to be euthanized at 2–3 weeks following tumor cell injection

before tumor growth was detected. Overall, laparotomy resulted in a

50% success rate (three out of six) and transabdominal percutaneous

injection under US guidance was at a 79% success rate (11 out of 14),

wherein three of the rabbits that did not grow tumors were

18 months old. In addition, rabbits that grew tumors had an average

age of 8 months while those that did not have an average age of

12 months.

The rabbits in this study have prostates with a mean size of

85 ± 26mm2 and were detected via the US. Occasionally, anatomical

differences in the location of the prostate gland relative to the pelvic

bones made localizing and visualizing the prostate gland and/or the

tumor growth more difficult. This issue was more prevalent with the

sagittal imaging plane. After tumor inoculation via laparotomy,

follow‐up imaging exams had to be delayed until 2–3 weeks following

the surgical procedure, to allow for proper wound healing. In con-

trast, for US‐guided injection, there was no such limitation and a US

scan could be performed 1 week after tumor inoculation.

3.2 | Tumor growth monitoring

Before inoculation of tumor cells into the prostate gland the healthy

prostate, bladder, and vesicular glands were imaged with the US,

Figure 1E, to achieve a baseline control dataset. Prostate glands of

the rabbits had a mean cross‐sectional area of 85 ± 26mm2 (ranging

from 46 to 151mm2) and increased in size with rabbit age. Following

cell injection, tumor progression was observed over time with con-

tinued weekly US scans as shown in Figure 1F–H.

3.3 | Tumor location verification

MRI was utilized to verify the location of the prostate gland and

tumor and to examine features of the lesions using another imaging

modality. The tumor presence was verified with MRI 3–5 weeks

following inoculation as shown in Figure 1I,J. Tumors are shown in

sagittal and transverse planes, which were read by a radiologist. The

tumor growth rate was 39 ± 25mm2 per week. Figure 2 shows a

steady increase in tumor size relative to the number of weeks after

the rabbit was inoculated with tumor cells.

The presence of PC3pipGFP PCa tumor cells and their dis-

tribution within the prostate and nearby organs, such as the bladder,

was also verified through fluorescence imaging 5 weeks post-

inoculation for a subset of animals. The rabbits were euthanized,

tumors were removed, and imaged ex vivo. As shown in Figure 3,

fluorescence imaging identified GFP signals coming from tumors

previously identified on MRI. These data confirmed the growth and

location of the PC3pipGFP tumor in the immunosuppressed animal.

As shown in Figure 1F,G, small tumors that are less than 1 cm2 were

found in the parenchyma of the prostate. Larger tumors (Figure 1H),

bigger than 4 cm2, partially protruded from the prostate gland. From

Table 1, 7 out of 14 cases observed in this study found tumors both

inside and outside the prostate, which is also shown in a re-

presentative 5‐week explanted rabbit prostate tumor (Figure 3). In

this case, one of the tumors was totally outside the prostate while

the other tumor was partly in and outside of the prostate showing

that the tumor grew outside of the boundaries of the prostate gland.

The location of tumors outside of the gland and not contiguous to

the tumor within the gland may have grown from tumor cells upon

withdrawal of the needle from the gland following injection. There

was no correlation between the use of glue and the growth of the

tumor exclusively within the gland, suggesting that surgical glue is

not an efficient means to keep tumor cells from emerging from the

gland.
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3.4 | Histology analysis

Following tissue harvesting, H&E and IHC staining were also used to

confirm the presence and location of cancerous tissue in the rabbit

prostate gland. H&E staining reveals the presence of both the normal

prostate gland and PCa (Figure 4A–F). Staining using anti‐PSMA

antibodies, Figure 4G–J showed the expression of PSMA within the

explanted tissues. Low levels of PSMA expression were detected in

normal prostate tissues. In contrast, PCa expressed exceedingly high

levels of PSMA expression. It is notable that the main tumor mass

identified by H&E staining was also positive for PSMA suggesting the

utility of PSMA as a biomarker for PCa in the rabbit model.

3.5 | US contrast agent detection of NBs

Image‐guided PCa detection using US and, at times, contrast‐

enhanced US is an important part of the PCa diagnosis workflow.2,24

As such, we carried out experiments to examine the tumor en-

hancement kinetics using experimental NB contrast agent and

standard clinical US contrast agent (Lumason) as well. NBs and Lu-

mason MBs were injected intravenously via an ear vein and the tumor

enhancement was evaluated at different doses (Figure 5 and

Figure S1, respectively).

The vascularity of orthotopically implanted human PCa in this

rabbit model can be detected using both color Doppler flow imaging

and pulse wave Doppler, wherein the blood flow of relatively big

vessels can be observed (Figure 5B). In contrast to Doppler imaging,

administration of NB‐US contrast agents into the rabbits can detect

microcirculation and small vessels in the tumor that can be seen filling

with NBs (Figure 5C). However, MBs administration did not enhance

tumor contrast except at the periphery of the tumor (Figure S1).

A goal in developing this model was the development of a rea-

sonably sized tumor to better understand contrast agent dosing and

kinetics in vivo in tumors compared to normal prostate tissue. To ex-

amine the optimal NB dose required for tumor detection, different

doses of NBs were injected IV, and the effect of dose on the distribution

of NBs in the tumor and iliac artery (n = 3) was determined. Doses were

randomly administered to the tumor‐bearing rabbits to minimize bias.

After imaging and data collection, high‐energy US was administered to

completely destroy residual NBs and were allowed to clear from the

animal body for 20min before the next injection.25 It was found that as

injection volume increased, the peak intensity increased and the signal in

the tumor area became brighter as shown in Figure 5C–E. In contrast,

the signal in the artery remained constant for all doses. The peak in-

tensities of 0.3, 0.5, 0.7, 1.0, and 1.5ml NBs were 9.1 ± 1.1, 25.5 ± 8.4,

34.1 ± 11.4, 50.5 ± 13.4, and 66.6 ± 14.9, respectively, in tumors, and

150 ±45.3, 156.8 ± 43.8, 163.1 ± 45.3, 163.5 ± 44.8, and 166.1 ± 43.4,

respectively, in iliac arteries. Peak signal intensities in the iliac artery

were comparable between different NB doses. In contrast, signal in-

tensity was dependent on administered NB dose, wherein contrast

images became brighter with increasing NB dose injected.

Contrast‐enhanced ultrasound (CEUS) was also performed on rabbit

tumors using clinical Lumason MBs, which showed lower signal en-

hancement in tumors (Figure S1) compared to NBs (Figure 5C) at the CPS

pulse sequence used. This observation may be due to its larger size and

lower stability to US exposure compared to NBs, which was previously

reported by our group in mouse models.24 Another reason could be that

the CEUS settings used in this study are not tailored to the resonant

frequency of the Lumason MBs, which are not the same as that of the

NBs because of differences in size and material shell composition.26,27

F IGURE 2 Plot of tumor size relative to the number of weeks
post tumor inoculation [Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 3 Representative gross and fluorescence imaging of the tumor: (A) Gross image of harvested organs. (B) The white light image of
harvested organs. (C) Fluorescence image of green fluorescent protein‐labeled tumor cells. Here the tissue was cut in half, the images show both
sides of the cut organs and tumor [Color figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION

Several in vitro preclinical models have been established to mimic

prostate tumorigenesis and clarify the pathophysiology of PCa. These

systems allow for the advancement of the field to first detect prostate

cancer and then deliver a novel therapeutic strategy.28 Cell line‐based

systems can be a useful way to understand the biology of PCa and test

potential therapeutic applications. Several human PCa cell lines from

clinical metastatic lesions have been utilized for decades, such as

DU‐145, PC‐3, and LNCaP cells.29,30 However, these systems are not

robust enough for understanding complete tumor biology. Since these

cells are two‐dimensional monolayers, they do not accurately mimic a

clinical situation. To overcome the limitations of cancer cell lines, a wide

variety of animal models in immunocompromised rodents, especially

mice, have been developed for PCa detection and treatment.12,31 As a

result of their poor ability to translate to the clinical setting, they

have been replaced by xenograft and genetically engineered mouse

models.13 Despite the advantages of these systems, mice and rats

are not always suitable for studies due to their small sizes and

phylogenetic features.32 Alternatively, rabbit models have considerable

advantages over mouse models33 due to their intermediate size and

phylogenetic proximity to primates. These characteristics allow for

rabbits to more accurately model the outcomes of diagnostic

and therapeutic procedures that will eventually be performed in

human clinical practice, including image‐guided detection and

interventions.34,35 Canine models of PCa have also been reported15

and are closer to physiological size compared to human prostate glands.

However, they are limited due to higher costs and lower availability of

F IGURE 4 (A) Schematic cross‐section of the prostate gland complex of the rabbit. (B) Representative histology H&E staining of the rabbit
prostate gland region with a tumor in the prostate. These figures appear in an upside‐down configuration in US and MRI as the urethra is the
most anterior part in the supine position. (A) Reprinted with permission from Skonieczna et al.18 Representative histology of PC3pipGFP
prostate tumor tissue and normal prostate in the rabbit with (C–F) H&E and (G–J) IHC staining. (C–F) Show poorly differentiated malignant
tumor cells, staining dark purple, infiltrate the stroma of prostatic glandular tissue. The normal prostatic cells show abundant cytoplasm with light
pink staining. (G–J) The malignant cells show diffuse strongly positive immunostaining for PSMA. The nonmalignant native rabbit cells show no
immunoreactivity to this antibody. (D, H) Correspond to ×2 image magnification, (E, I) to ×20 image magnification, and (F, J) to
×40 magnification. The yellow squares correspond to the higher magnified areas. H&E, hematoxylin and eosin; IHC, immunohistochemistry; MRI,
magnetic resonance imaging; PSMA, prostate‐specific membrane antigen; US, ultrasound [Color figure can be viewed at wileyonlinelibrary.com]
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older male dogs. Thus, rabbits can serve as a bridge between rodents

and canine models for PCa studies, supplying important data to support

translation to the more expensive canine model.

To date, the most commonly used rabbit tumor model is the

rabbit VX2 tumor model, which was developed in 1930–1940 by

Rous et al.36,37 This model has played a longstanding role in experi-

mental and interventional oncology. Since its introduction, the model

has been applied for the treatment of several cancer models, such

as brain,38 head and neck,39 lung,40 liver,41,42 pancreas,43 kidney,44

urinary bladder,45 uterus,46 and bone,47 but there is no report

describing a rabbit orthotopic prostate tumor model.48 Herein, we

have reported, for the first time, the establishment of a novel human

castration‐resistant, PSMA‐expressing orthotopic PCa in a rabbit

prostate gland. This model can provide a new platform for performing

imaging studies, optimizing diagnostic imaging techniques, evaluating

contrast agent kinetics, and examining the efficacy of image‐guided

interventions such as tumor ablations and external beam radiation.49

Through testing of various model parameters, such as rabbit age,

injection volume of tumor cells, injection route, and imaging

orientation, we have developed a series of “best practices” for the

successful instillation of this model in future studies. Here, we sum-

marize our observations and recommendations. First, the age of the

rabbit is critical to the successful instillation of the tumors. In younger

rabbits, the prostate size was small (48 ± 2mm2) and we observed that

rabbits aged 6–12 months with a larger prostate (83 ± 15mm2) were

easier to detect the prostate during imaging. This translates to easier

tumor cell injection and more precise monitoring of tumor growth,

both of which are crucial in in vivo animal cancer studies for both

diagnostic and therapeutic applications. Second, we found that 18‐

month‐old rabbits, despite having a larger prostate (117 ± 30mm2), do

not tolerate cyclosporine well and three out of four rabbits in this

study had to be euthanized due to complications following cyclos-

porine injection. Rabbit tumors were visible via US imaging as early as

2 weeks after tumor cell injection. The tumor and prostate tissue were

easy to distinguish in US imaging and, thus, can be used as an in vivo

cancer model for the development of novel diagnostic (e.g., contrast

imaging agent efficiency and stability) and therapeutic (drug delivery

and efficacy) materials. In this study, three study personnel performed

F IGURE 5 (A) Image of tumor in B mode US imaging. (B) Images of tumor in CDFI and PW mode. (C) Images of tumor peak intensity in
contrast mode with varying doses of NBs injection. Green dotted circles denote tumor area and red dashed lines indicate the iliac artery.
(D, E) Peak intensity of different doses of NBs injection in tumor and artery. Scale bar = 0.5 cm. ^p < 0.05 with Group 0.5 ml, #p < 0.05 with Group
0.7 ml *p < 0.05 with Group 0.3 ml. CDFI, color Doppler flow imaging; NB, nanobubble; PW, pulse wave; US, ultrasound [Color figure can be
viewed at wileyonlinelibrary.com]
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US‐guided tumor cell injections in different rabbits, and tumors grew in

all cases. In addition, successful orthotopic tumor growth was ob-

served for the two study personnel who performed injections in

multiple rabbits. This indicates that the US‐guided technique is easy to

learn, reproducible, and operator‐independent. At present, this model

would enable immediate applications in preclinical studies of CRPC.

However, other clinical scenarios (i.e., PCa detection, localization, and

staging) would be subject to further investigations based on the un-

derlying differences in comparative anatomy between humans and

rabbits. In addition, other cell types and tumor lineages would need to

be tested in future iterations, to even more closely emulate the clinical

behavior of mid/high risk localized PCa.

CEUS imaging exams were performed to demonstrate that this

tumor model can be visualized using this technique. The tumor ap-

pears to be relatively highly vascularized compared to the normal

prostate, which is consistent with human PCa imaging features.50,51

Data suggests that for vascular imaging 0.09ml NBs (equivalent to

1 × 1010 NBs) per kg of rabbit is a sufficient dose. In contrast, proper

tumor enhancement, is strongly dose‐dependent. An increase in the

volume of the NBs, that is, an increase in the number of NBs, resulted

in an enhancement of the contrast signal peak intensity with an in-

jection of 1.5 ml of NBs resulting in the highest peak signal intensity

in the tumor (Figure 5E). This could be due to higher microvascular

vascular density in the tumors where an increase in bubble volume

injected results in a higher bubble concentration per imaging voxel,

thus giving stronger backscatter. It could also be a result of NB ex-

travasation, which could reduce the circulating bubble concentration

until a critical amount of bubbles is reached.

5 | CONCLUSION

This study has successfully demonstrated, for the first time, that

human origin, PSMA‐expressing orthotopic prostate tumors can be

successfully initiated in the New Zealand White rabbits. The model

shows robust progression, has imaging features similar to human

tumors and exhibits a morphology that is close to human PCa. The

tumor also expresses the PSMA receptor, and, thus, can be utilized

for optimizing and developing new targeted imaging and therapeutic

approaches to this biomarker. Large animals are critical for demon-

strating the capabilities of many technologies, including scale‐up of

nanoparticle‐based approaches, and image‐guided interventions. As

such, the orthotopic PCa rabbit model developed here holds the

potential to advance similar studies in other areas such as imaging,

chemotherapy, surgical therapy, and local ablative therapy.
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