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Sammendrag

Denne avhandlingen omhandler forbedring av kreftbehandling gjennom ekt levering av
cellegift til kreftvev ved bruk av nanopartikler eller ultralyd kombinert med mikrobobler.
Ved & kapsle cellegift inn i nanopartikler kan man eke leveringen av cellegiften til
kreftvev pd grunn av ekt permeabilitet i blodérer i kreftvevet og manglende lymfatisk
drenasje fra kreftvevet. @kt levering av cellegift gjennom bruk av ultralyd og mikrobobler
er antatt & skje pd grunn av endringer i blodgjennomstremning i kreftvevet, okt
permeabilitet i kapilleerene og dannelse av stremmer i vaesken i ekstracellulaer matriks. I
denne avhandlingen brukte vi to ulike kreftmodeller for & studere effektene av
nanopartikler og ultralyd med mikrobobler pé leveringen av cellegift: Mus med
immunsvikt med svulster dannet fra kreftcellelinjer fra mennesker og en genmodifisert
spontan prostatakreftmodell kalt ‘transgenic adenocarcinoma of the mouse prostate’

(TRAMP).

Levering av cellegift til svulster forbedres gjennom innkapsling i nanopartikler,
men fordelingen av cellegift innad i svulsten er begrenset. I artikkel 1 undersekte vi om
ultralyd kunne forbedre leveringen av polymer-nanopartikler til svulster fra menneskelige
kreftcellelinjer i mus. Studien viste at ultralyd kan forbedre bade opptak og fordelingen
av nanopartikler i svulstene. Videre studier gjennomfoert av forskningsgruppen viste
lovende resultat, og etter hvert ensket vi 4 teste behandlingene i en kreftmodell som var
mer representativ for kreft i mennesker. Dette forte til at vi begynte & jobbe med den
spontane prostatakreftmodellen TRAMP. Imidlertid forte skiftet til en spontan
kreftmodell til nye utfordringer, siden TRAMP-modellen utvikler ulike
sykdomsfenotyper og har en uforutsigbar start og utvikling av sykdom. Malet med
artikkel 2 var & bruke ultralyd- og MR-avbildning til & lette arbeidet med TRAMP-
modellen. Vi viste at ultralydavbildning var en god metode for & oppdage aggressive,
hurtigvoksende svulster i TRAMP-modellen og kunne brukes til & méle svulstvolum og
at MR var best til & méle volumet av prostataen. Bruken av avbildning muliggjer
inndeling i behandlingsgrupper basert pa fenotype for behandling og longitudinelle
malinger av behandlingsrespons. I artikkel 3 undersekte vi behandlingseffekten av a

kombinere nanopartikkel-innkapsling og ultralyd kombinert med mikrobobler sammen



med cellegiften cabazitaxel i TRAMP-modellen. Vi fant at cabazitaxel reduserte volumet
av bade svulster og prostata forbigdende i TRAMP-modellen, men at volumet ikke ble
redusert ytterligere ved innkapsling i nanopartikler eller kombinasjon med ultralyd og
mikrobobler. Disse funnene skiller seg fra tidligere studier i mus med immunsvikt og

svulster fra menneskelige kreftcellelinjer.

Avhandlingens viktigste bidrag er bruken av en spontan prostatekreftmodell til &
studere levering av cellegift gjennom innkapsling i nanopartikler og ultralyd kombinert
med mikrobobler. Selv om avhandlingen ikke viste bedring i behandlingsrespons, har vi
vist metoder for & forbedre studier i spontane kreftmodeller gjennom bruk av avbildning.
En bedre forstéelse av interaksjonene mellom nanopartikler og svulster, og ultralyd
kombinert med mikrobobler og svulster, trengs for & optimalisere behandlingene og velge

ut de pasientene som vil ha sterst nytte av behandlingene.

Navn kandidat: Stein-Martin Tilrum Fagerland
Institutt: Institutt for sirkulasjon og bildediagnostikk

Veiledere: Forsteamanuensis Eva Hofsli, seniorforsker Sigrid Berg og professor

Catharina de Lange Davies.

Finansieringskilde: NTNU og Norges forskningsrad

Ovennevnte avhandling er funnet verdig til & forsvares offentlig
for graden ph.d. i medisin og helsevitenskap.
Disputas finner sted i F2, Gamle fysikk, NTNU Gloshaugen

Fredag 20. mars , kl. 12.15

II



Abstract

This thesis is about improving cancer treatment by increasing delivery of
chemotherapeutic agents to cancer tissue using nanoparticles (NPs) or ultrasound (US)
combined with microbubbles (MBs). NP encapsulation is thought to improve drug
delivery through the enhanced permeability and retention effect, which is accumulation
of NPs in tumors because of permeable capillaries and lack of lymphatic drainage. Drug
delivery through combination of US and MB (US+MB), also known as sonopermeation
or sonoporation, is thought to work through altering tumor perfusion, capillary
permeability and streams in the tumor extracellular matrix. In this thesis we used
immunodeficient mice with xenografted prostate tumors and the spontaneous prostate
cancer model transgenic adenocarcinoma of the mouse prostate (TRAMP) to study the

effects of NP and US+MB on drug delivery.

NP encapsulation of drug improves drug delivery to tumors, but is still limited by
low tumor penetration. In paper 1 we examined if US could improve delivery of
polymeric NPs to xenografted prostate tumors in mice. The study showed that US can
improve both uptake and distribution of NPs in tumors. The group continued with
assessing the effect from NP and US+MB drug delivery on tumor volume and
xenografted models with promising results. Further we wanted to move to models more
representative of human disease and started using the TRAMP model. However, working
with the TRAMP was challenging because it develops different disease phenotypes with
an unpredictable debut and degree of disease. The aim of paper 2 was to address these
challenges by using in vivo imaging for treatment group stratification based on phenotype
and for measurement of treatment response. We showed that US could be used for
screening for poorly differentiated tumors in the TRAMP model and that MRI had the
lowest intraobserver variation when assessing prostate volume. In paper 3 we tested the
treatment efficacy of NP and US mediated delivery of the chemotherapeutic drug
cabazitaxel (Cab) in the TRAMP model. We found that Cab reduced both tumor and
prostate volume but combining Cab with NPs or US+MB did not improve treatment
efficacy. These findings are in contrast to NP and US+MB studies conducted in

immunodeficient mice with xenografts.
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The main novelty of this thesis is the application of NP and US+MB drug delivery
in a spontaneous orthotopic prostate cancer model. Even if the thesis failed to prove
increased therapeutic efficacy from NP and US+MB drug delivery, we have demonstrated
methodology to improve studies in spontaneous cancer models using in vivo imaging. A
deeper understanding of the interactions between NPs and tumors and US+MB and
tumors is needed to optimize the treatments and to select the patients who will benefit the

most from the treatments.
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Background

Cancer treatment

Cancer is a broad range of diseases characterized by uncontrolled cell proliferation and
metastasis. Cancer is the second leading cause of death globally, with estimated 9.6
million deaths in 2018!. Treatment of cancer depend on the type and the stage of the
cancer and the health and life expectancy of the patient. Generally, the goal of treatment
can be curative, life pro-longing or palliative, focusing on symptom relief. The most
commonly used treatments are surgery, radiotherapy and chemotherapy, used alone or in
combination. Some types of cancer also respond to hormonal therapies or
immunotherapy. Treatment of solid tumors often require local treatment with surgery or
radiotherapy to be curative. Chemotherapy is used as curative treatment for some types
of solid tumors but is more commonly used to reduce tumor volume before local treatment
(neoadjuvant) or after local treatment to reduce risk of recurrence (adjuvant). In many
metastatic types of solid cancers, chemotherapy is used to increase life expectancy or
reduce symptoms. Prostate cancer is the most common cancer among males and had an
estimated 450 000 new cases and 107 300 deaths in the European Union in 2018 The
prognosis and treatment depend on the blood sample level of prostate specific antigen,
the grading of biopsies (Gleason score) and the extent of the cancer (in the prostate,
locally invasive or metastasized)’. Examples of treatment options are observation,
surgical removal, radiotherapy, hormone therapy and chemotherapy. Chemotherapy is
indicated for patients who present with metastatic disease or in patients with recurrence
of prostate cancer after androgen deprivation therapy*. Chemotherapy improve overall
survival, but the prognosis in these subgroups of prostate cancer remain poor. This thesis
focuses on how the efficacy of chemotherapeutic drugs can be improved through
increasing drug delivery using nanoparticle (NP) encapsulation or ultrasound combined

with microbubbles (US+MB).



Nanoparticles

NPs are typically from tens to hundreds of nm in diameter and can be made from materials
like phospholipids, polymers, carbon tubes, gold etc., and drugs can either be
encapsulated or attached to the surface of the NP. This way, the drug pharmacokinetics
can be altered to improve efficacy and reduce adverse effect. The first NP drug approved
by the FDA was Doxil in 1995, and since then seven other NP drugs for cancer treatment
have reached the marked®’. NPs improve drug delivery through the enhanced
permeability and retention effect (EPR effect), which is caused by a combination of leaky
capillaries and lack of lymphatic drainage. This allows NPs to extravasate from blood
vessels into the extracellular matrix (ECM) and be retained within the tumor because of
the lack of lymphatic drainage®’. However, the EPR effect is variable between different
types of tumors and is heterogeneously distributed within tumors'®!'!. NPs are usually
administered intravenously and need to pass though several different compartments of
the body before reaching cancer cells, this is often described in four steps: Circulating in
the blood while avoiding excretion, exiting from the circulation into tumor ECM, moving
through the tumor ECM and reaching cancer cells where the NP, or the drug from the NP,

need to enter the target cells.

When NPs are administered intravenously, blood proteins will immediately
adhere to the surface of the NPs. This layer of proteins is referred to as the protein corona
and consist of hundreds of different types of proteins in many layers'2. The protein corona
is crucial in determining the further fate of the NPs'*!%. The surface of NPs is often
modified to avoid degradation and increase circulation half-life. One method is adding
polyethylene glycol, which will attract water, reducing interactions between the NP and
proteins in the blood to reduce excretion'®. The NPs used in this thesis have been shown

to accumulate mainly in the liver and spleen'®!’

, which have fenestrated epithelial cells
facilitation extravasation and have a high number of macrophages that can clear out NPs
from circulation'®. A review study of NP delivery to tumors calculated that a median 0.7%
of the injected dose end up in the tumor, while the rest stays in the blood, other organs or

is excreted!”.

After reaching the tumor, the NPs need to extravasate into the tumor’s ECM, a

process that is enhanced by leaky tumor capillaries caused by a pathologic angiogenesis.



The content of the ECM varies between tumor types and within tumors, but generally
consist of proteins like collagen and elastin, glycosaminoglycans like hyaluronic acid and
cells like fibroblast and macrophages. The NPs need to pass though the spatial obstacles
in the ECM to reach the cancer cells. This process is mainly driven by diffusion due to
the high interstitial fluid pressure in most solid tumors>?!. Diffusion is a slow process
for large molecules and the increased size of NPs slows down the distribution throughout
the ECM. The last step is for the NPs or the drug delivered by NPs is to enter the cancer
cells. NPs are normally internalized by endocytosis, whereas hydrophobic drugs can
diffuse through the plasma membrane. However, only a small amount of the injected

drugs reach its target'’

and the NPs are heterogeneously distributed and located mainly
close to vessel wall'®!'!. Thus, NP drug delivery has been combined with other therapies
to further improve delivery. Our research group has focused on US+MB treatment to

improve NP delivery to tumors.

Ultrasound and microbubbles in drug delivery

Combining US with MBs to improve delivery of drugs, also known as sonopermeation
or sonoporation, have shown promise as a method to improve the therapeutic efficacy of
chemotherapeutic drugs®>?* or NPs*** in tumors. This is thought to occur through
altering blood perfusion, increasing capillary permeability and by facilitation drug
transport through the ECM?*%¢, Traditionally the biological effects of US have been
separated into thermal effects and mechanical effects. Thermal effects are caused by
absorption of energy from the US pulse to the medium it propagates through. The degree
of local heating will depend on the frequency and power of the US and the properties of
the sonicated tissue. Heating can increase drug transport by affecting blood perfusion,
capillary permeability and increasing the diffusion rate of drugs in the tumor ECM.
Mechanical effects are divided into acoustic radiation force (ARF) and cavitation. ARF
occurs when the propagating US pulse transfers momentum to the medium it travels
through and cause streaming in the same direction as the pulse?’. This can move MBs in
the capillaries closer to the endothelial cells and can cause convection in the ECM, which
can transport drugs in the direction of the US pulse®®. The ARF gets stronger at higher

frequencies, at the cost of decreased depth penetration. Acoustic cavitation is the creation



and oscillation of gas bubbles in an acoustic field. Bubbles can be formed in the acoustic
field during high negative pressures or MBs can be added artificially to create cavitation
effects at lower pressures. During stable cavitation, the bubble oscillates around an
equilibrium for relatively many cycles. The oscillation creates a stream of fluid around it,
which can influence cells in the vicinity of the MB. Inertial cavitation happens at higher
amplitudes than stable cavitation and is characterized by growth of the bubble radius per
oscillation until the bubble implodes. This implosion creates shock waves around it and
can create a jet stream if a solid surface is close?®. Both cavitation mechanisms increase
permeability through effects on cells and the vessel wall in their vicinity. In human tissue
high US pressures are needed for bubbles to appear through cavitation. Because of this,

MBs are administered iv to enable cavitation effects at lower US pressures.

A wide range of US systems are being used in therapeutic US research and
researchers within the field generally have three options: Use approved diagnostic
systems and customize them for therapeutic application, built a custom set-up or buy a
pre-built therapeutic set-up for clinical or research use. Diagnostic systems are available
and approved for clinical use, making it easier to get approval for clinical trials. However,
producers of diagnostic systems generally try to minimize US bioeffects, and systems are
rarely configurable to match desired settings for US+MB therapy. Examples of
therapeutic US applications for treatment of human disease are extracorporeal shockwave
lithotripsy, for destruction of some types of kidney stone and the Exablate models from
Insightec, which use MRI to guide high-intensity focused US for ablation therapy of
uterine fibroids and localized prostate cancer, among other indications®®. There are also
dedicated systems for pre-clinical therapeutic US+MB or ablation, like the systems
provided by FUS instruments. Another option is to make a custom set-up with a
transducer, amplifier and signal generator of choice. In paper 1 we used a custom set-up
with a single element transducer and in paper 3 we used a system developed by FUS

Instruments.

In addition to the US setup, the choice of MB is essential. MB size, material and
gas are among important factors to consider’®3!. The MB’s size affects the resonance
frequency and the MBs need to be small enough to pass through capillaries, to increase

circulation time. The material used will influence resonance frequency and the flexibility



of the shell, which will affect how the MB interact with the US pulse: Stiffer MBs will
crack while more flexible MBs can resonate for several cycles. Some MBs contain the
drug in the shell of the MB or associated to the surface, while most treatments with
sonopermeation inject the therapeutic agent separate but close in time. The gas in the MB
is important for stability, as an easy soluble gas will quickly dissolve into the blood,
shortening the circulation time of the MB. Using approved US contrast agents like
SonoVue or Sonazoid makes it easier to translate US+MB therapies into clinical studies,
since US contrast agents are already approved for human use. A downside with this
solution is that the MBs are not optimized for therapy. The size distribution is often wide
and circulation time is relatively short. Clinically available MBs are also restricted to
blood vessels and will have less effect on ECM transport and cancer cell uptake of drug.
MBs developed specific for therapy can be made to resonate at a specific frequency to
match the US setup and the size distribution can be narrowed down to create a more
predictable effect or even make MBs that extravasate. Another possibility is to
incorporate the drug in the MB, to make sure the drug is close to where the US treatment

is strongest’?

. Figure 1 display some of the features of NP and US enhanced drug delivery.
In paper 1 we use a combined NP and MB platform developed by SINTEF and in paper

3 we used the commercially available US contrast agent SonoVue.
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Figure 1:

Draft indicating some of the mechanisms of nanoparticle and ultrasound mediated drug
delivery. Nanoparticles from the circulation leave through fenestrations in the tumor
capillaries, aided by bioeffects created by ultrasound exposure. Resonating microbubbles

enhance the effects of ultrasound further. The figure is not drawn to scale.

Cancer models

Cancer models are used both to study mechanisms involved in carcinogenesis and to study

mechanisms and effects of cancer treatments. Cancer models are vital in selecting the



most promising treatments from pre-clinical testing for further development and clinical
testing. Unfortunately, many novel drugs are not approved after clinical testing, despite
promising results in cancer models®. Improving cancer models could lead to a better
selection of novel treatments and could bring more novel treatments to the clinic. A wide
range of cancer models, both in vitro and in vivo, have been used to study the effects of

NP and US+MB drug delivery***+%,

In vitro experiments with immortalized cancer cells can be relevant for studying
cellular uptake of drugs after treatments. For NP drug delivery studies, this could be used
to either study the step from vasculature to ECM through endothelial cells or the last step
of internalization into cancer cells. For US-MB research, it will only represent the
extravasation step, since the MBs are confined to the intravascular space. To recapitulate
all the steps of drug delivery, from intravenous administration to the target cancer cell, in
vivo models are needed. The most commonly used in vivo cancer models are xenografted
subcutaneous tumors in immunodeficient mice®>. These models have a relatively
predictable natural course of their disease, making it easier to plan and execute
experiments. However, several factors make them less representative of cancer in
humans: The cancer genetics is more homogenous, since the cancer developed from
immortalized cancer cell lines; the cancer is usually implanted outside its site of origin,
preventing interplay between the cancer cells and the organ specific connective tissue;
and the mice are immunodeficient, not taking into account the role of the immune system

in cancer treatment’’

. Genetically engineered models can address these shortcomings
through a de novo carcinogenesis in the correct stroma in immunocompetent mice. In
paper 2 and 3 we use a genetically engineered spontaneous prostate cancer model named

the transgenic adenocarcinoma of the mouse prostate (TRAMP).

The TRAMP model was developed during the 1990s**** and has become a widely
used prostate cancer model***8. The carcinogenesis is driven by transcription of simian
virus 40 (SV40) large T antigen under the prostate-specific rat probasin promoter. This
leads to a relatively prostate specific expression of the SV40 large T antigen, which again
leads to inhibition of several tumor suppressor genes, including p53 and Rb. The TRAMP
mice develop cancer from cells that start out with a normal histology and gradually

progress from mild to high grade of dysplasia before becoming malignant and



metastatic®®*, A wide range of therapies have been tested in the TRAMP model,
including diets*!, supplements of silibinin*? or selen®*, non-steroidal anti-inflammatory
drugs* and anti-angiogenic drugs®. Most studies have assessed the cancer preventive
effects of therapies and started therapy at an early age, before onset of disease. When
assessing the treatment efficacy against established, cancer treatment should start later in
life, when cancer has developed. Docetaxel*® and doxorubicin'’ are among the few

chemotherapeutic agents have been tested in the TRAMP model.



Objectives

The overall objective of this thesis was to improve cancer treatment through improved
delivery of chemotherapeutic drugs by encapsulating drugs in NPs and combining drugs

or NP-encapsulated drugs with therapeutic US and MBs.

The goal of paper 1 was to examine if US could enhance delivery and distribution of NPs
in tumor xenografts in mice. Both NPs without MBs and a novel NP stabilizing MB
platform was investigated. In addition, intravital microscopy was done to examine the in

vivo distribution of NPs stabilizing MBs.

The goal of paper 2 was to find out if in vivo imaging could be used to alleviate
some of the challenges faced when conducting studies in the TRAMP model. More
specifically, the performance of US for prostate tumor screening and the intraobserver
variation when assessing volume of tumor or prostate for both US and MRI, were

assessed.

The goal of paper 3 was to assess the treatment efficacy of cabazitaxel with and
without drug delivery through NPs and/or US+MB in the TRAMP model. After
promising results in xenograft models, this was seen as a way to assess treatment efficacy

in a model more representative of human disease.
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Summary of papers

Paper 1 — Ultrasound-enhanced drug delivery in prostate cancer xenografts by

nanoparticles stabilizing microbubbles

This paper was the first paper published from our group using SINTEF developed
polymeric poly(alkyl cyanoacrylate) (PACA) NPs. The goal was to find out if US could
enhance the delivery of NPs and NPs stabilizing MBs. In addition, intravital microscopy
of tumors was done to study the extravasation of NPs stabilizing MBs. Tumors were
grown from the prostate cancer cell line PC3 in Balb/c nude mice and NP uptake and
distribution after different US exposures at different time points after injection of NPs
were examined. A fluorescent dye was used as the model drug and the NP’s payload.
Blood vessels were stained with tomato lectin for visualization. The effects of US on NP
delivery were assessed using confocal laser scanning microscopy both intravitally and in
tumor sections. All US treatments given minutes after NP administration were found to
increase NP uptake. Treatment given 24 hours after NP administration did not increase
uptake. Even though the uptake was improved on group level, the uptake was
heterogenous both between tumors in the same treatment group and within the same

tumor. Intravital microscopy confirmed a large variation in the extravasation of NPs.

Paper 2 — Ultrasound and magnetic resonance imaging for group stratification and

treatment monitoring in the transgenic adenocarcinoma of the mouse prostate model

When we started working with the TRAMP model, the MR cancer group had a lot of
experience doing MR imaging of the model. Since MR imaging was relatively time
consuming and expensive compared to US imaging, we wanted to find out how US
imaging performed compared to MR imaging for detection and volumetric analysis of
TRAMP tumors and prostates. US imaging was an efficient method for detecting poorly
differentiated tumors in the TRAMP model and performed good for measuring tumor
volumes. Detection of poorly differentiated tumors in the TRAMP model is important

because they progress quickly and mice with the phenotype needs to be euthanized within

11



weeks. By detecting the tumors before start of treatment, the inherent random variation
in the TRAMP model can be reduced. MRI was superior for assessment of prostate

volume, because of a lower intraobserver variation.

Paper 3 — Nanoparticle and ultrasound mediated delivery of chemotherapy in the

transgenic adenocarcinoma of the mouse prostate model

NP encapsulation and US+MB drug delivery has shown promising results in xenografted
tumors in immunodeficient mice and with this study we wanted to assess the efficacy of
the treatments in a more clinically relevant cancer model. The efficacy of the
chemotherapeutic agent cabazitaxel (Cab) by itself and combined with NP encapsulation
or US+MB treatment was assessed in the TRAMP model. In addition, MS was used to
compare the biodistribution of Cab after the different treatments. This was the first study
we know of to examine these drug delivery methods in a spontaneous prostate cancer
model. Cab was found to have a transient effect on both tumor and prostate volume in the
TRAMP model. However, after end of treatment most tumors and prostates regrew past
the starting volume. NP encapsulation or US+MB treatment did not improve treatment
efficacy. Encapsulation in NPs was found to affect the biodistribution of Cab with a

prolonged circulation time and an increased uptake of Cab in liver and spleen.
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Discussion

My research group has studied drug delivery with NPs and US for several years in
collaboration with SINTEF, other groups at NTNU and other universities. A wide range
of in vitro models have been used in addition to in vivo models like immunodeficient
mice with xenografts. In general, it is easier to control experiment parameters when using
in vitro models and therefore they are often used to model specific steps of the drug
delivery process like interactions between NPs and blood or NPs and cancer cells. To
recapitulate all the steps of drug delivery, from intravenous drug or NP administration to
the target cancer cell, in vivo models are needed. The validity of in vivo models will vary
depending on how representative the disease in the mouse is compared to the disease in
humans. The main contribution of this thesis is to demonstrate the use of a spontaneous
prostate cancer model to study the efficacy of NP and US+MB drug delivery. Compared
to the xenografted models used earlier, this introduces more randomness and less control,

but might be more representative of human disease.

Paper 1 was the first paper published from the group using the SINTEF PACA

polymeric NPs*>48

and was conducted in a period when the group focused on drug
delivery assessed with microscopy. Fluorescent dyes were used as a model drug to detect
where NPs would deliver their content. Paper 1 demonstrated that US could improve drug
uptake and distribution in solid tumors in immunodeficient mice, especially in the
periphery of the tumor, where the PC3 tumors had more vasculature. Subsequent studies
in the group assessed the effect of NP and US+MB drug delivery on therapeutic efficacy
by following tumor volume in xenografted tumors'’. With my PhD work we wanted to
move to spontaneous models in immunocompetent mice, which were viewed as more
representative of human disease. This led to a collaboration with the MR cancer group
combining their expertise on the TRAMP model and prostate imaging with our drug
delivery platforms, leading to paper 2 and 3. Paper 2 suggests ways US and MR imaging
can be used to alleviate some of the challenging aspects of working with the TRAMP
model. Based on imaging, the mice can be stratified into treatment groups depending on
phenotype and disease burden can be followed longitudinally. These measures can reduce

the inherent variation in the TRAMP model and reduce numbers of mice needed for
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statistically significant results in studies. In paper 3, Cab was shown to be effective in
reducing PD tumor volume and prostate volume in TRAMP mice. One mouse with a PD
tumor receiving Cab combined with US+MB stayed in remission during several weeks
of follow up. However, the numbers of mice in the study was low and most tumors started
growing within weeks after end of treatment. In mice with dysplastic prostates the volume
was reduced by Cab during treatment, but NP encapsulation of Cab or combination with
US+MB did not reduce the prostate volume more than Cab alone, even if NP

encapsulation increased circulation time and the amount of Cab in the prostate.

NP accumulation in cancerous tissues is dependent on the EPR effect, which is
highly variable between tumor types and within tumors themselves. The EPR effect is
dependent on factors like blood perfusion, vasculature and the ECM surrounding the
vasculature. The EPR effect has been described in many xenograft models, including PC3
xenografts used in paper 1. NP increased drug delivery of Cab in the dysplastic TRAMP
prostate, but not the therapeutic efficacy. Compared to most xenografted tumors the
dysplastic prostates shows highly differentiated structures, lacking necrotic areas and
recruitment of larger blood vessels. Thus, the TRAMP prostate does not display many of
the characteristics from tumors displaying high EPR. The PD tumor phenotype of the
TRAMP model is more similar to xenografted models because it can exhibit both necrosis
and obvious neoangiogenesis. All TRAMP mice receiving NP treatment suffered from
transient apnea and bradycardia, which has not occurred in previous studies with Balb/c
nude mice. During pilot experiments with NPs stabilizing MBs in the TRAMP, the mice
also developed acute respiratory problems with mortality rate up to 50%. Further
investigations are needed to discover why the TRAMP model is prone to respiratory

problems from NPs and NPs stabilizing MBs.

US+MB treatment is thought to increase drug delivery by increasing permeability
of blood vessels and affecting perfusion in tumors. On the cellular level, there are many
suggestions for mechanisms involved and studies indicate that drug transport happens
both via transient pores in cell membranes, endocytosis, transcytosis and/or exocytosis,
opening of intracellular tight junctions and changes in perfusion and the perivascular
space’*?®, The transport mechanisms respond differently to either heating, acoustic

radiation force, stable and inertial cavitation, and optimal settings for one transport
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mechanism might not facilitate uptake with another. It is not clear which tissue
characteristics which predict a good response to US+MB, but Theek et al. showed that
US+MB increased the uptake of liposomal NPs to a large degree in a xenografted tumor
with a low degree of EPR effect*. The PD tumors of the TRAMP shares some
characteristics with xenografted tumors and both display angiogenesis and development
of necrotic areas. Further studies of US+MB effects in the TRAMP model is needed to
assess treatment efficacy, as we did not breed enough TRAMP mice with PD tumors for
paper 3. TRAMP mice with dysplastic prostates did not show any extra effect from
combining US+MB with Cab. This might result from unfavorable properties of the
prostate microenvironment or that a sufficient amount of Cab was already delivered to

the prostate.

Even though the TRAMP model is closer to human cancer than xenografted
models in some regards, like heterogenous tumor genetics, orthotopic placement of
cancer and an intact immune system, the translation is not straight forward. Grabowska
et al. argue that a representative prostate cancer model should recapitulate several features
of human prostate cancer’®: The cancer cells should evolve from epithelial cells and
develop though a premalignant lesion before becoming adenocarcinoma. The model
should then respond to androgen deprivation therapy, before becoming castration
resistant and progress. In addition, it should metastasis, ideally to bone. We used C57BL6
mice as the background strain for TRAMP, where around 20% of mice develop PD
tumors®!. The majority of the mice does not develop defined tumors but develop an
enlarged prostate with dysplastic glands. There is controversy regarding the malignant
potential of the dysplastic epithelial lesions and some argue that they do not represent
premalignant lesions>?, while others argue that they will develop into cancer
eventually*®*°. This makes translation to human disease challenging. Chiaverotti et al.
argue that the PD tumors of the TRAMP develop directly from pluripotent stem cells and
not from epithelial cells undergoing malignant transformation®2. In addition, the PD
tumors are positive for neuroendocrine markers. In men, neuroendocrine prostate tumors
constitute <1% of primary prostate tumors and predicts a poor prognosis, in addition some
adenocarcinomas differentiate to a neuroendocrine phenotype at a late stage when the

cancer becomes castration resistant’>. Thus, TRAMP PD neuroendocrine tumors might
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be a more representative for the subgroup who present or develop neuroendocrine prostate
cancer. The dysplastic TRAMP prostate is more difficult to compare to human disease,
since it has been classified as both malignant, premalignant and benign by different

researchers.
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Outlook

Polymeric NPs based on poly(alkyl cyanoacrylate) (PACA) have been extensively
investigated because of ease of fabrication, high drug loading capacity and controllable
degradation®*>, The SINTEF developed PACA NP platform used in this thesis has been
used in pre-clinical research both as a drug carrier and to stabilize MBs for enhanced
sonopermeation. Polymer based NPs have so far not been approved for clinical use, but
some clinicals trials have been done. The most promising polymeric NP so far was the
doxorubicin transdrug developed by Onxeo for treatment of hepatocellular carcinoma.
However, a phase III clinical trial completed in 2019 assessing the effect of doxorubicin
transdrug in patients in whom first line treatment had failed, concluded that doxorubicin
transdrug did not improve overall survival compared to standard care®. In the fall of 2019
nine NP drugs for cancer treatment were approved by the FDA or EMA’. Seven of the
drugs were liposomal NPs with or without surface modification with polyethylene glycol,
one drug was albumin bound (nano albumin bound-paclitaxel) and the last hafnium-oxide
particles for combination with radiotherapy. The future of NPs in cancer treatment is
promising, with close to 40 different NPs in clinical cancer trials as of the fall of 2019.
The NPs that have reached the clinic have been better than free drug formulations either
by reduced toxicity or improved efficacy. A deeper understanding of in vivo NP behavior
and how it interacts with tumor tissue could help discover new NPs and find indications
for existing NPs. If the SINTEF NPs are to be successful in the future, they will need to
fill a niche where it improves treatment outcomes for patients. Toxicity is also an area

where more work needs to be done for the NPs.

US+MB is not standard care in the clinic, but there have been and are some clinical
trials in humans. One of the most successful clinical trials was conducted in patients with
unresectable pancreatic duct adenocarcinoma with a diagnostic US scanner and the
commercially available US contrast agent SonoVue given after injection of the
chemotherapeutic agent gemcitabine®’. Compared to historic controls the toxicity was the
same and patients tolerated an increased number of gemcitabine cycles. Several studies
are ongoing to assess the effect of US+MB combined with chemotherapy or monoclonal

antibodies on either pancreatic cancer (ClinicalTrials.gov identifier NCT04146441); liver
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metastasis from colorectal, pancreatic or breast cancer (ClinicalTrials.gov identifier
NCT02233205, NCT03458975 and NCT03477019) and brain metastasis from malignant
melanoma (ClinicalTrials.gov identifier NCT04021420).

US+MB drug delivery have some inherent challenges by being dependent on
blood vessel distribution and MB concentration and distribution, making the treatment
heterogenous. Some papers have also reported US+MB treatment reducing the effect of
some therapies®. This emphasize the need for finding the correct applications for
US+MB therapy. Because of the heterogeneity of the treatment, it is hard to quantify the
‘dose’ of US+MB treatment. An effort is being made to quantify the effects of US+MB
treatment based on detecting the reflected US signal and interpreting bubble behavior™’.
This development could help make US+MB treatment more standardized and make it
casier for researchers to compare results. With further research to understand the
mechanisms behind US+MB drug delivery to tumors, US+MB treatments can be
optimized, and methods can be developed to identify the patients who will benefit from

the treatment.

The main novelty of this thesis is the application of NP and US+MB drug delivery
in a spontaneous orthotopic prostate cancer model. Even if the thesis failed to prove
increased therapeutic efficacy from NP and US+MB drug delivery, we have demonstrated
methodology to improve studies in spontaneous cancer models using in vivo imaging. In
addition to the practical challenges, the TRAMP model has challenges related to
translation, since it is not straight forward which part of human disease it represents. A
deeper understanding of the interactions between NPs and tumors and US+MB and
tumors is needed to optimize the treatments and to select the patients who will benefit

most from the treatments.
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cellular matrix of the tumor. Ultrasound is a promising tool that can potentially improve several of the
transportation steps, and the interaction between sound waves and microbubbles generates biological effects
that can be beneficial for the successful delivery of nanocarriers and their contents. In this study, a novel platform

ﬁ?{r:’:;ﬁ;‘d consisting of nanoparticle-stabilized microbubbles has been investigated for its potential for ultrasound-
Drug delivery enhanced delivery to tumor xenografts. Confocal laser scanning microscopy was used to study the supply of
Solid tumor nanoparticles from the vasculature and to evaluate the effect of different ultrasound parameters at a microscopic
Nanoparticles level. The results demonstrated that although the delivery is heterogeneous within tumors, there is a significant
Microbubbles improvement in the delivery and the microscopic distribution of both nanoparticles and a released model drug
Microdistribution

when the nanoparticles are combined with microbubbles and ultrasound. The mechanisms that underlie the im-
proved delivery are discussed.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Nanotechnology has brought about a new era of engineering multi-
functional nanoparticles (NPs) for improved cancer diagnosis and ther-
apy, incorporating both contrast agents for imaging and drugs for
therapy. The rationale for using NPs for drug delivery is to improve
the pharmacokinetics of cytotoxic drugs by aiming for the specific accu-
mulation in tumor tissue and reducing the toxic effects towards healthy
tissue. Circulating NPs may passively accumulate in solid tumors due to
fenestrations in the tumor capillaries and a lack of functional lym-
phatics, a phenomenon that is known as the enhanced permeability
and retention (EPR) effect [1,2]. Several different types of nanocarriers
have been developed for delivering their payload to tumor cells includ-
ing liposomes [3], polymeric micelles [4], virus particles [5], conjugates
of polymer-drug [6] or lipid-drug [7] and polymeric NPs [8]. Despite the
extensive research in this field and the number of particle formulations
being developed, only a few pharmacological products have received
FDA approval and are ready for use in the clinic [9].

* Corresponding author. Tel.: +47 73593465.
E-mail address: siv.eggen@ntnu.no (S. Eggen).

http://dx.doi.org/10.1016/j.jconrel.2014.05.020
0168-3659/© 2014 Elsevier B.V. All rights reserved.

A common feature among nanocarrier systems is that the particles
encounter several barriers on their journey to the disease site. To ob-
tain sufficient tumor accumulation, the NPs need to remain in the cir-
culation for a sufficiently long time. This implies that the particles
need to escape phagocytosis by the mononuclear phagocyte system
(MPS). A common approach to avoid this is to coat the surface of the
NPs with poly(ethylene glycol) (PEG) [10,11]. Nonetheless, to reach
the cancer cells, the particles need to leave the circulation and enter
the extracellular matrix (ECM) of the tumor. This is possible due to
the EPR effect, although the hyperpermeability is heterogeneous [12,
13]. Furthermore, the high interstitial fluid pressure (IFP) in a tumor
[1,14,15] reduces convection-mediated transport of NPs across the cap-
illary wall and throughout the ECM, and hence only a small population
of cancer cells located close to blood vessels is exposed to the particles
and their cargo [16,17].

Several strategies to improve the therapeutic effect, by improving
the delivery and accumulation of NPs to cancer tissue, are being ex-
plored. The use of therapeutic ultrasound (US) has received great inter-
est during the past two decades. US is non-invasive and can be focused
on an area of interest in the body without affecting the surrounding tis-
sue. US has been shown to enhance the delivery of NPs [18-20], drugs
encapsulated in the shell of microbubbles (MBs) [21] and drugs co-
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injected with MBs [22]. Furthermore, in a clinical study of patients with
pancreatic tumors, combining US and the co-injection of gemcitabine
and MBs revealed promising results [23].

The effects of therapeutic US can roughly be divided into thermal and
non-thermal effects. The induction of hyperthermia has been reported to
increase blood flow and enhance the permeability of the tumor vascula-
ture [24,25] and to release the contents of thermosensitive nanocarriers.
Non-thermal effects, also known as mechanical effects, include acoustic
radiation forces and acoustic cavitation. The acoustic radiation force is
the transfer of momentum from the propagating US beam to the tissue
in the sonicated field, which may induce the translation of objects in
the tissue in the same direction as the US beam [26]. Acoustic cavitation
is the formation, growth, oscillation and collapse of gas bubbles under
the influence of US waves. Stable cavitation is characterized by repetitive,
non-collapse oscillations of gas bubbles, which can generate local
streaming, shear stresses on nearby objects and increase the permeabil-
ity of blood vessels [27]. Inertial cavitation occurs when bubble growth
during the rarefactional phase of an US wave becomes large enough to
cause the bubble to collapse violently during the compression phase of
the wave, potentially inducing jet streams, shock waves and temperature
elevations [28].

Gas bubbles with a size of 1-10 pm can be administered intravenous-
ly to improve the backscattered signal from blood in US diagnostic imag-
ing. In addition, artificially introduced MBs act as cavitation nuclei and
will significantly reduce the threshold for obtaining in vivo cavitation.
In this study, we have combined US and a novel particle platform
consisting of MBs stabilized by polymeric NPs to improve the delivery
of a hydrophobic model drug to tumor xenografts growing in mice. The
polymeric NPs consist of poly(butylcyanoacrylate) (PBCA), which is bio-
degradable and biocompatible and can be functionalized with PEG and
conjugated with bioactive molecules for targeting [29]. Furthermore,
the size of both the NPs and the MBs can be tailored, and different
drugs and contrast agents can be encapsulated in the NPs [30]. The inte-
gration of NPs surrounding a gas bubble makes this a promising agent
both for US contrast enhanced imaging and for US-mediated drug deliv-
ery (Fig. 1). The NP synthesis involves only a one-step miniemulsion po-
lymerization followed by high-speed mixing of NPs and air to produce
the MBs. In the present study, the hydrophobic fluorescent dye Nile red
was chosen due to its unique spectral properties, emitting light at wave-
lengths that depend on the hydrophobicity of the molecule binding to
Nile red [31]. Confocal laser scanning microscopy (CLSM) was used to in-
vestigate the effects of different US exposures on the tumor uptake of
NPs on a microscopical level, estimating both the extravasation and pen-
etration into the ECM. Optical imaging using a whole animal imaging sys-
tem was used to investigate the clearance of the NPs from the circulation.

Ultrasound can enhance the
extravasation of particles and
improve the transport through the
extracellular matrix

SN———

Fenestrated capillaries in tumor
tissue

Nanoparticles in circulation

Intact capillaries in

normal tissue
Nanoparticles leaving
the circulation
through fenestrations

Nanoparticles
stabilizing a
microbubble

Microbubble oscillating in
response to ultrasound

Fig. 1. Illustration of a tumor capillary with circulating nanoparticles and microbubbles
stabilized by nanoparticles, exposed to focused ultrasound.

2. Materials and methods
2.1. Synthesis and characterization of nanoparticles and microbubbles

Miniemulsion polymerization was used to prepare PEGylated NPs of
the polymer PBCA. Qil-in-water emulsions were prepared by emulsify-
ing (Digital Sonifier®, Branson Ultrasonics, USA) a monomer phase,
consisting of butyl-2-cyanoacrylate (BCA; Henkel Loctite, Ireland), a
co-stabilizer (Miglyol 810N®, 2 wt.%, Cremer, Germany) and the
fluorescent dye Nile red (0.4 wt.%,) or 1,1’-dioctadecyl-3,3,3",3’-
tetramethylindotricarbocyanine iodide (DiR; 0.1 wt.%) in an acidic
aqueous medium (0.1 M HCl) containing sodium dodecyl sulfate
(SDS) as a surfactant. The initiation of the anionic polymerization was
performed by adding Jeffamine M-1000® (Huntsman Corporation,
Belgium) to the emulsion, resulting in PEGylated NPs [30]. Excess PEG
and SDS were removed by extensive dialysis against distilled water
using dialysis membranes with a MWCO of 12-14,000. The size and
the zeta potential of the NPs were measured by dynamic light scattering
in a Zetasizer Nano ZS (Malvern, UK).

Stable air MBs were prepared by self-assembly of the NPs (1 wt.%) at
the air-water interface by the addition of bovine serum albumin (BSA)
and vigorous stirring using an ultra-turrax (IKA Werke, Germany) as de-
scribed by March et al. [30]. The average MB diameter could be con-
trolled by varying the stirring speed. The size distribution and
concentration of MBs was determined using both a Coulter Counter
(Beckman Multisizer 3) and light microscopy. The shelf stability of
MBs was studied by light microscopy imaging. The behavior of the
MBs during US was investigated using a flow mimicking phantom
under different transmit frequencies and 10 transmit oscillations,
using a conventional pulse inversion technique.

2.2. Cells and animals

Human PC3 prostate adenocarcinoma cells (American Type Culture
Collection, USA) were cultured in Dulbecco's Modified Eagle Medium
(Life Technologies Corporation, USA) with 10% fetal bovine serum at
37 °C and 5% CO,.

Balb/c nude mice (Taconic, Denmark) were purchased at 8 weeks
of age and housed in groups of 5 in individually ventilated cages
(Tecniplast) at temperatures between 19 and 22 °C and a relative hu-
midity of 50-60%. The housing conditions were free of specific patho-
gens according to the recommendations set by the Federation of
European Laboratory Animal Science Associations [32], and the mice
had free access to food and sterile water. All experimental procedures
with the animals were conducted in compliance with protocols ap-
proved by the Norwegian National Animal Research Authorities.

2.3. Tumor models

The human prostate adenocarcinoma PC3 cells were grown as xeno-
grafts in athymic mice either subcutaneously or in dorsal window
chambers. Before the inoculation of subcutaneous xenografts, the ani-
mals were anesthetized with 2% isoflurane, and a suspension containing
3 x 10° cells was slowly injected subcutaneously on the lateral aspect of
one hind leg. The tumors were allowed to grow until they had reached a
diameter of 5-10 mm.

Before implantation of dorsal skin-fold window chambers, the mice
were anesthetized with 0.15 ml of a solution of fentanyl and fluanisone
(Hypnorm® vet, VetaPharma Ltd, UK), midazolam (5 mg/ml; Roche
Norge AS, Norway) and sterile water (1:1:2). Two symmetrical plastic
frames were attached to an extended dorsal skin fold and a window
was made and sealed with a cover slip as previously described [33].
For analgesia, the mice were given a subcutaneous injection of
0.05 mg meloxicam (Boehringer Ingelheim GmbH, Germany) prior to
the surgery as well as on the two subsequent days. On the day following
the surgery, the cover slip was removed, and a bolus of approximately
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2 x 10° cells was deposited onto the exposed subcutaneous tissue. The
area was then sealed with a new cover slip, and the tumors were
allowed to grow for 2 weeks. Through the experimental period, the an-
imals' drinking water was supplemented with 20 g sugar and 62.5 mg
enrofloxacin (Bayer Animal Health, Germany) per 1000 ml.

2.4. Measurements of circulation half-life

The circulation half-life of PBCA NPs was measured after anesthetiz-
ing the mice with the fentanyl/fluanisone and midazolam solution
as described above. Before injecting the NPs, a blood sample of approx-
imately 20 pl was drawn from the saphenous vein and diluted in 40 pl of
10 IU/ml heparin. After injecting a 200 pl bolus of PBCA NPs (7 mg/ml)
containing the near-infrared dye DiR intravenously into the lateral tail
vein, blood samples were drawn from the saphenous vein and diluted
in heparin as described above at 10 and 30 min and then at 1, 2,4, 6
and 24 h post-injection. The fluorescence in the blood samples was
measured by imaging 20 pl of plasma in a Pearl Impulse small-animal
imaging system (LI-COR Biosciences, USA). DiR was excited using a
785-nm laser line, fluorescence was detected at 820 nm, and the
image resolution was 85 pm.

2.5. Intravital microscopy of the vasculature and microbubbles

Before intravital microscopy of the tumors in the dorsal window
chambers, the mice were anesthetized with 200 pl of a solution of halo-
peridol (5 mg/ml, Janssen), midazolam (5 mg/ml, Actavis), fentanyl
(50 pg/ml, Actavis) and water (2:3:3:4) and a 27G venflon was placed
in the lateral tail vein. The window chamber was fixed on a custom-
made insert and placed on the stage of a CLSM (Leica SP8; Leica
Microsystems GmbH, Germany) with the cover slip of the chamber
facing towards a 10x/0.7 air objective. To visualize blood vessels,
approximately 30 pl of a 20 mg/ml solution of 2 MDa Fluorescein
Isothiocyanate-Dextran (FITC-Dextran, Sigma-Aldrich, USA) was
injected intravenously. A time series of images was acquired during
and after the injection of a 200 ul bolus of PBCA NPs stabilizing MBs
(concentration 107/ml). Each single image in the time series had a di-
mension of 416 x 416 pum or 1024 x 1024 pixels, and the acquisition
frame was approximately 4 s. The time series continued until 150 im-
ages had been acquired or until movement of the chamber.

2.6. Ultrasound setup

The US signals were generated by a waveform generator (Agilent
Technologies 33500B, USA), amplified by a power amplifier (ENI
2100L, USA) and monitored by an oscilloscope (LeCroy LT262, USA).
The animals were exposed to ultrasound using either one of two
custom-made transducers (Imasonic, France) with center frequencies
of 300 kHz and 1 MHz, respectively, or using a commercially available
Panametric transducer (V308; Olympus Corporation, Japan) with a fre-
quency of 5 MHz. Fig. 2 illustrates the setup using the custom-made
transducers (A) and the 5 MHz Panametric transducer (B).

The custom-made transducers have been characterized previously
[34]. The circular single element transducers had a diameter of 55 mm
for the 300 kHz frequency transducer and 50 mm for the 1 MHz trans-
ducer. The distance from the array to the focal area was 69 mm for the
300 kHz transducer and 125 mm for the 1 MHz transducer. The trans-
ducers were mounted inside an exposure chamber containing degassed
water as illustrated in Fig. 2A, and a lid with a fibrous filter was placed at
the surface of the water. The mice were placed on top of the lid, and the
tumor-bearing leg was lowered into the water through a 10-mm open-
ing. The transducer was positioned to ensure that the tumor was in the
focus of the US beam.

The 5 MHz Panametric transducer was circular, with a diameter of
19 mm, a focal distance of 69 mm and a focal region of 1.6 mm. The
transducer array was placed in a centrifuge tube with a 3-mm opening
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Fig. 2. Schematic illustration of the ultrasound setup. Exposure of the hindlimb xenograft
using custom-made transducers of 1 MHz or 300 kHz (A) or the 5-MHz transducer (B).

at the tip, and the length of the tube corresponded to the focal distance.
The tube was filled with degassed water and the tip was sealed with a
thin plastic film. A rich amount of ultrasound gel (Parker Laboratories,
USA) was used as coupling medium between the film on the tube and
the skin covering the tumor. Because of the limited focal area, the trans-
ducer was scanned across the tumor using a step motor (Superior
Electric Company, USA) and a Data Acquisition (DAQ) Pad (National
Instruments Corporation, USA) controlled by a custom-made Laborato-
ry Virtual Instrument Engineering Workbench (LabVIEW; National
Instruments Corporation, USA) function.

2.7. Investigation of thermal effects

To study whether the chosen US parameters caused any tempera-
ture elevations, the US exposures were performed on a piece of ex vivo
bovine muscle tissue, where the temperature was measured in the tis-
sue using a thermocoupler before and within 5 s after the US exposure.
Each US setting was tested three times.

2.8. US exposure when nanoparticles were administered as a solution of
microbubbles

The mice were anesthetized with fentanyl/fluanisone and midazo-
lam, and a 200-ul bolus of MBs (concentration 10%/ml) stabilized with
NPs containing Nile red was given intravenously through the lateral
tail vein, and the tumors were exposed to US within 1 min post-
injection. One group of mice (n = 5) was exposed to 1 MHz US with a
peak negative pressure of 0.15 MPa, corresponding to a mechanical
index (MI) of 0.15. The pulse length was 10 oscillations and the pulse
repetition frequency (PRF) was 3 kHz, which gives a duty cycle of
3%. The duration of the exposure was 2 min. Another group of mice
(n = 5) was exposed to 1 MHz US with a peak negative pressure of
0.4 MPa, corresponding to a MI of 0.4. The pulse length, PRF and
insonation time were the same as with the 0.15-MI exposure. A third
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group (n = 4) was given gas bubbles as in the previous groups, but was
not exposed to US.

2.9. US exposure when nanoparticles were administered as a solution of
particles without microbubbles

The mice were anesthetized with fentanyl/fluanisone and midazo-
lam as described above. A 200-pl bolus of PBCA NPs (17 mg/ml) con-
taining Nile red was given intravenously through the lateral tail vein.
The particles were allowed to circulate for 5 min or 24 h before the tu-
mors were exposed to either 300 kHz or 5 MHz US (n = 5 for all
groups). The MI applied was higher when no MBs were used. For the
300 kHz exposure, the duty cycle was 5% with a PRF of 250 Hz and a
pulse length of 60 cycles. The peak negative pressure was 1.3 MPa cor-
responding to a Ml of 2.4. The total duration of the exposure was 10 min.
For the 5 MHz exposure, a pulse length of 10 cycles and a PRF of 1 kHz
were used. The peak negative pressure was 1.57 MPa, corresponding to
an MI of 0.7. In addition, the exposure generated a positive pressure of
7.1 MPa. The transducer was scanned across the tumor, and each
point of the tumor was sonicated for 4 min.

2.10. Labeling of blood vessels and preparation of tumor sections

Post-US, 100 ul of fluorescein-labeled Lycopersicon esculentum
(Tomato) lectin (FITC-lectin; Vector Laboratories, USA) diluted in 0.9%
NaCl to 1 mg/ml was given intravenously and allowed to circulate for
5 min. The animals were then euthanized, and the tumors were excised,
embedded in OTC Tissue Tek (Sakura, The Netherlands) and frozen in
liquid N,. Frozen sections of 25 um were prepared from 5 depth levels
in the tumor, with 250 um between each depth level. The sections
were mounted on objective glass slides with Vectashield mounting me-
dium (Vector Laboratories, USA) and sealed with a glass cover slip and
nail polish around the edges of the cover slip.

2.11. Staining of frozen sections

The 25 pum frozen sections were stained for histology using Harris
hematoxylin for 8 min followed by erythrosine for 2 min. Subsequently,
the sections were dehydrated and mounted using a xylene based medi-
um and a cover slip.

2.12. Confocal laser scanning microscopy of tumor sections

The microscopic distribution of PBCA NPs, released Nile red and
blood vessels were imaged using CLSM (Zeiss LSM510, Germany).
FITC-labeled blood vessels and Nile red were excited using, respectively,
a488-nm argon laser line and a 543-nm helium/neon laser line. The Nile
red emission spectra depend on the hydrophobicity of the molecules
bound to the dye. Thus, to distinguish among released Nile red binding
to various molecules in the tissue, Nile red in PBCA particles and tissue
autofluorescence, the images were acquired in both channel mode
and in lambda mode. In lambda mode, the fluorescence was detected
at 10-nm intervals from 553 nm to 650 nm. Tile scan images for quanti-
tative assessments of Nile red were obtained using a 20x/0.5 air objec-
tive, and the tumor sections were imaged along a radial track from
periphery to periphery. The co-localization of Nile red and blood vessels
was imaged using a 63 x/1.4 oil immersion objective. Each single image
had a resolution of 1024 x 024 pixels. All images in one study were ac-
quired using the same laser current, transmission, detector gain, ampli-
tude gain and amplitude offset, all of which were chosen to minimize
noise and utilize the gray scale.

2.12.1. Second-harmonic generation microscopy of collagen

The distribution of collagen in the tumor tissue was imaged by the
second-harmonic generated signal [35] using the Leica SP8 CLSM. A Ti:
Sapphire pulsed laser at 800 nm (Chameleon, Coherent Inc., USA) was

used for excitation, and the second-harmonic signal emitted from colla-
gen was detected in forward scattered mode at 390-410 nm. FITC-
labeled blood vessels were excited using a 488-nm Argon laser line. Im-
ages were acquired using a 25x/0.95 water immersion objective. Tile
scan images were acquired to obtain an overview of the connective tis-
sue within the tumor. Each single image in the tile scan had a resolution
of 512 x 512 pixels.

2.13. Image post-processing

2.13.1. Pearl Impulse images

Regions of interest (ROIs) were drawn around the blood samples,
and the fluorescence intensity, corrected for sample volume, was deter-
mined using Image] (1.43m, National Institutes of Health, USA), and the
Bio-Formats Importer plugin.

2.13.2. Intravital microscopy

Images from time series were imported into Image] and built into
concatenated stacks. Based on FITC-labeled blood vessels, different
ROIs were drawn in areas corresponding to the intravascular space
and extravascular areas, respectively. The fluorescence intensity of
Nile red as a function of time in each ROI was measured.

2.13.3. Assessment of the number of fluorescent objects and the distance
from blood vessels

Single images acquired from peripheral and central regions of the
tissue sections from all 5 depth levels were investigated for the number
of fluorescent objects and their distance from FITC-labeled blood ves-
sels. Lambda mode images were used to determine, based on the emis-
sion spectra, which fluorescent objects corresponded to Nile red in NPs,
released Nile red and tissue autofluorescence. The numbers of fluores-
cent structures that were identified as NPs or released Nile red bound
to hydrophobic molecules in the tissue were manually counted, and a
line was drawn from Nile red fluorescent structures to their closest
FITC-labeled blood vessels.

2.13.4. Quantitative assessment of NPs and released Nile red

The tile scans acquired in lambda mode were unmixed using the lin-
ear unmixing function in the software package from Zeiss LSM to sepa-
rate Nile red in NPs, released Nile red and tissue autofluorescence. To
quantify the contribution of Nile red in particles or released Nile red,
the unmixed images were analyzed using a custom-made Matlab
(Version R2007a; Natick, USA) function that estimated both the area
of fluorescence and the mean fluorescence intensity along the tile scan
images. To eliminate background and maintain the specific fluorescence
signal, a threshold was manually set to 56.1 of 256 gray levels. The
tumor uptake of Nile red in NPs or released Nile red was quantified by
calculating the total fluorescence as the area of fluorescence multiplied
by the mean intensity.

2.14. Statistical analysis

Data were imported into worksheets of Statistical Package for the
Social Sciences (SPSS; IBM, USA) for statistical analyses. The data were
not found to be Gaussian distributed; thus, to test for significant differ-
ences across groups, Kruskal Wallis tests were conducted. Where appli-
cable, groups were compared pairwise using Mann-Whitney U tests. A
p-value below 0.05 was considered significant. The effect size (r) was
calculated by dividing the z-value from the Mann-Whitney U test by
the square root of the total number of observations. The data are pre-
sented in box plots where the horizontal line represents the median ob-
servation, the box represents 50% of the measurements, and the lines
protruding from the box represent the lower and upper range, respec-
tively. Extreme observations are indicated by symbols, where circles
and asterisks are observations that extend more than 1.5 and 3 box-
lengths from the edge of the box, respectively.
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3. Results
3.1. Characterization of the nanoparticles and microbubbles

Dynamic light scattering using the Zetasizer determined the average
hydrodynamic diameter of the NPs to be 120-190 nm and the polydis-
persity index (PDI) = 0.1. The zeta potential was —30 to —20 mV at
pH 7. The size distribution of the MBs was rather broad (Fig. 3A), and
ranged from 1 to 10 pm. Measurements done by Coulter Counter also re-
vealed aggregates of NPs in the size range of 0.5 to 1 pm (data not
shown). The CLSM image (Fig. 3B) illustrates that the fluorescently la-
beled NPs formed a shell around the MBs. Light microscopy imaging of
the MBs 8 months after their production gave similar images as
Fig. 3A, demonstrating a shelf stability for more than 8 months. In a tis-
sue mimicking flow phantom, moderate MB destruction was observed
at a MI of 0.15, and complete MB destruction occurred at a MI of 0.4.

3.2. Circulation half-life of nanoparticles

The circulation half-life of the NPs was determined by analyzing the
fluorescence in blood samples taken at different time points from the
same animals. Fig. 4 presents a typical image of fluorescence in the
blood samples (A) and the relative change in fluorescence intensity as
a function of time (B).

The fluorescence intensity exhibited a biphasic response, indicating
that a two-compartment distribution is the best model to describe the
kinetics of the NPs in the blood. There was a rapid decline in the plasma
fluorescence during the first hours post-administration, indicating that
the particles were eliminated rather quickly from the circulation. The
data were fitted to a bi-exponential decay function (Eq. (1)) with a
rapid and a slow decay rate of, respectively, 0.52 h~' and 315 h~ 1.
The rapid decay rate corresponds to a circulation half-life of 1.3 h.

f(t) = 14267052 _147(~315380) 2

3.3. Intravital microscopy of nanoparticle-stabilized microbubbles

Intravascular microscopy is a unique tool to investigate the dynam-
ics of the behavior of NPs in the vasculature as well as the extravasation
and accumulation in the ECM [36]. Tumor tissue with fluorescently
labeled blood vessels was imaged during and after i.v. injection of NP-
stabilizing MBs (Fig. 5). Panels A, B, C and D represent 4 different tumors
and the NPs, shown as white dots, behaved differently in the various tu-
mors. The images were selected to illustrate the heterogeneity in tumor
blood vessel morphology as well as the permeability and extravasation
of administered nanoparticles. The tumors shown in panels A-D have
capillaries with varying diameters. However, the extent of extravasation
seemed to vary independently of the capillary diameter. Furthermore,
within the same tumor, the vascular permeability and the ability of
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Fig. 3. A) Light microscopy image of a solution of microbubbles (scale bar = 10 um). B)
Confocal laser scanning image of one microbubble stabilized by polymeric nanoparticles
(scale bar = 7.5 pm).
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Fig. 4. A) Blood samples taken from mice before the injection of nanoparticles and then 10
min, 30 min, 1 h, 2 h, 4 h and 6 h post-injection. The nanoparticles were labeled with the
infrared dye DiR. B) Change in plasma DiR fluorescence as a function of time post-
injection.

NPs to extravasate differed to a large extent. The vessels in A and B ex-
hibited low permeability and the NPs were mainly localized in the vas-
culature. In panels C and D, a substantial amount of extravasated NPs
was observed 50 s after injection. However, both NPs that were con-
fined to the vasculature as well as NPs that extravasated were rapidly
eliminated. To obtain a more quantitative description of the dynamic
behavior of NPs, the Nile red fluorescence intensity was measured in
ROIs inside and outside the vasculature (Fig. 5E).

3.4. Temperature measurements

The US exposures using the 300 kHz and the 1 MHz transducers did
not cause any temperature increase. For the exposure using the 300 kHz
transducer, the temperature decreased from an average of 18.0 °C be-
fore the exposure to 16.8 °C immediately after the sonication. The
1 MHz exposure with an MI of 0.15 or 0.4 caused a temperature de-
crease from an average of 18.5 °C to 17.7 °C or from an average of
18.3 °C to 17.9 °C, respectively. The 5 MHz exposure resulted in a
minor temperature increase from an average of 18.1 °Cto 18.5 °C.

3.5. Spectral analysis of Nile red

The spectral properties of Nile red depend on what molecules the
dye binds to [31]. Being a hydrophobic dye, Nile red tends to bind to li-
pophilic components. The emission spectrum of Nile red is shifted to-
wards lower wavelengths when bound to lipids, compared with Nile
red bound to less hydrophobic molecules or Nile red in NPs. The emis-
sion spectra make it therefore possible to distinguish between Nile red
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Fig. 5. A-D) CLSM images from four different tumors in window chambers at different
time points post-injection of nanoparticle-stabilized microbubbles. The images show
FITC-dextran-labeled blood vessels (green) and microbubbles stabilized by fluorescent
nanoparticles (white). Scale bar = 50 pm. E) Fluorescence intensity as a function of time
in ROIs in the vasculature (O) and in the extravascular space (A). The mean and standard
error of 11 time series are presented.

bound to lipid structures, Nile red in NPs and tissue autofluorescence.
Fig. 6 presents one CLSM image where the emission spectra of different
objects are displayed together with reference spectra. The Nile red fluo-
rescence with an emission peak at 585 nm (Fig. 6A) was observed in
large circular areas that had a homogeneous distribution of the fluores-
cent dye. The reference spectrum in Fig. 6A is the average from several
such objects. Histological sections (Fig. 6D-F) revealed that adipocytes
are present among the cancer cells both in the periphery and central
part of the tumors, and myocytes were occasionally observed. Based
on the observation of adipocytes together with the emission spectrum
corresponding to Nile red in a lipophilic environment, it was assumed
that the large circular areas represented clusters of adipocytes. The
much smaller circular areas of Nile red exhibited an emission peak at
approximately 600 nm. The fluorescence spectrum is consistent with
the emission spectra measured in solutions of PBCA NPs containing
Nile red (Fig. 6B). The emission spectrum of Nile red from NPs was mea-
sured using both a spectrophotometer and the META detector on the
CLSM and was found to be the same (data not shown). Thus, the small
circular fluorescent dots represent NPs or aggregates of NPs. The
tumor tissue also contained fluorescent objects with broader emission
spectra above 600 nm. These spectra were similar to the autofluores-
cence recorded from tumor tissue not exposed to NPs (Fig. 6C).
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Fig. 6. A-C) CLSM image from a tumor section containing different fluorescent objects.
Scale bar = 50 pum. A) Emission spectrum of a large, circular fluorescent structure (A)
and emission spectra from similar structures (mean and standard error of 6 measure-
ments) (O). B) Emission spectrum of a small fluorescent structure (A) and emission spec-
tra from a solution of nanoparticles (mean and standard error of 6 measurements) (O). C)
Emission spectrum of a small fluorescent structure (A) and emission spectra from autoflu-
orescence in tumor tissue not exposed to nanoparticles (mean and standard error of 6
measurements (O). D-F) Histological images (H&E staining) from tumor tissue revealing
adipocytes in the periphery (D) and a central area (E), and myocytes (F) located among
cancer cells.

3.6. Microscopic investigation of the distribution of Nile red from
nanoparticle-stabilized microbubbles

3.6.1. Tumor uptake of nanoparticles and released Nile red

Images of the microdistribution of Nile red in periphery and central
area of two tumors are presented in Fig. 7. The images are from tumors
given NP-MBs and exposed to US with an MI of 0.4. There were large dif-
ferences in the amount of extravasated NPs present in different areas
within the same tumors, demonstrating the heterogeneous delivery of
particles.

To obtain quantitative information about the amount of NPs present
in the tumor tissue, the numbers of fluorescent objects in images ac-
quired from the peripheral and central areas of tumor tissue sections
were counted (Fig. 8). US with low MI enhanced significantly the num-
ber of NPs compared with the non-exposed group both in the periphery
(p = 0.002, r = 0.32) (Fig. 8A) and the central parts of the tumor
(p <0.000, r = 0.52) (Fig. 8B), and the number of NPs increased fur-
ther with increasing MI (p = 0.004 and r = 0.54 in periphery, p =
0.036 and r = 0.7 in central area). The mean rank values of NP cluster
counts in non-exposed and low and high MI-exposed tumors were, re-
spectively, 44.5,67.3, and 88.1 in the periphery and 22.8, 45.0, and 56.9
in the central area of the tumors. The variation in the number of NPs
from image to image was large, as shown by the indicated outliers. US
using low MI increased the number of NPs to a larger extent in the
central part of the tumor compared with the periphery (p = 0.022,
r = 0.25), but no difference in the number of NPs in the two areas
were observed for high MI US exposure. The large circular objects
representing clusters of adipocytes were observed mainly in the
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Fig. 7. Example CLSM images from different areas of two tumors after the administration
of nanoparticle-stabilized microbubbles and exposing the tumors to 1-MHz ultrasound
with an MI of 0.4. The amount and distribution of nanoparticles varies between areas
within the tumors. Nile red fluorescence (white) and FITC-labeled blood vessels (green)
are shown. Scale bar = 50 pm.

peripheral areas (Fig. 8C). US enhanced the number of clusters of fluo-
rescent adipocytes in the periphery of the tumor compared with non-
exposed tumors (p = 0.011 and r = 0.27 for the low MI exposure and
p = 0.000 and r = 0.44 for the higher MI exposure), and the mean
rank of the fluorescent adipocyte counts was 52.7 for the non-exposed
tumors and 68.4 and 79.95 in the two US exposed groups, respectively.
In the central areas of the tumor, the number of fluorescent adipocytes
was too low to perform any analysis.

3.6.2. Penetration of NPs from the blood vessels

Assessment of the distance from fluorescent structures to the closest
blood vessel allows for estimation of the extent of penetration of NPs or
released fluorescent dye into the ECM of the tumor. Low MI US in-
creased the distance between NPs and blood vessels in the periphery
(p = 0.012, r = 0.24) (Fig. 9A), where the mean rank values were
39.5 in the non-exposed tumors and 58.0 in the sonicated tumors. The
distance was not affected by low MI US in the central part of the
tumor (Fig. 9B). In the central part of the tumor, US exposure of higher
MI seemed to be counterproductive, reducing the measured distance
between NPs and blood vessels from a mean rank of 74.3 in non-
exposed tumors to 49.5 in US-exposed tumors (p = 0.001, r = 0.32).
The transport of Nile red that was released from the NPs and bound
to adipocytes was not affected by either of the two US exposures
(Fig. 9C).

3.7. Overall tumor uptake of Nile red from nanoparticle-stabilized
microbubbles

To obtain information about the total tumor uptake of NPs, fluores-
cence from NPs and Nile red binding to adipocytes was measured in
tile scan images from tumor sections. Tumor sections were imaged
from one periphery to the other periphery of the sections at all 5 depths.
The amount of fluorescence from the adipocytes and NPs, respectively,
was quantified by a Matlab function after the linear unmixing process.
Fig. 10 presents the distribution of NPs (A) and adipocytes (B) as a func-
tion of the position along the tile scan. Single observations of areas with
strong fluorescence intensity resulted in peaks with large error bars. The
total fluorescence, summarized across each tumor section and 5 tissue
depths, is presented in Fig. 11. The tumor uptake of the NPs was

enhanced in the low MI group (mean rank = 27.2, p = 0.001, r =
0.5) as well as the higher MI group (mean rank = 26.7, p = 0.000,
r = 0.55) compared with the non-exposed group (mean rank =
16.3). No significant difference was detected between the two US
groups. US did not significantly alter the tumor uptake of Nile red
bound to adipocytes; however, large variations between the tumors
were found.

3.8. Tumor uptake of Nile red from nanoparticles without microbubbles

The total tumor uptake of NPs and Nile red bound to adipocytes was
estimated from tile scans of the sections at all 5 depths as described for
NP-MBs. Nile red fluorescence as a function of the position along the tile
scan is presented in Fig. 12A, and the overall fluorescence, including
both NPs and Nile red from adipocytes, is presented in Fig. 12B. US
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Fig. 9. Box plots showing the penetration distance of fluorescent objects into the tumor tis-
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tumor center (B), and from fluorescent adipocytes to the blood vessel in the tumor periph-
ery (C). The boxes are based on 53-289 measurements per group.

performed 5 min after injection of NPs was more efficient in enhancing
the uptake of Nile red fluorescence than US given after 24 h, and the en-
hancement was larger in the periphery of the tumor compared with
the central area. When NPs had circulated for 5 min, US exposure at
5 MHz resulted in a significant increase in the tumor uptake of Nile
red (p = 0.043, r = 0.36), whereas increasing the MI to 2.4 applying
300 kHz US did not cause any significant improvement. Furthermore,
when the NPs had circulated for 24 h, US exposure using 300 kHz or
5 MHz did not enhance the tumor uptake of Nile red.

3.9. Collagen microscopy

The second-harmonic signal emitted from collagen fibers provided a
good visualization of collagen in the tumor tissue. No apparent
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Fig. 10. Total fluorescence profiles in tumors from mice given nanoparticle-stabilized
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sition along tile scan images in tumors not exposed to ultrasound (), exposed to low MI
ultrasound (A) and exposed to increased MI ultrasound (O). Each point represents the
mean and standard error of 20-25 measurements.

difference in the structure or amount of collagen fibers was observed
between non-insonated and US-exposed tumors. Tile scan images
from the tumor periphery and towards the center are displayed in
Fig. 13, where both collagen and FITC-labeled blood vessels are present-
ed. The periphery of the tumor exhibited more collagen fibers that were
more densely packed, whereas the fluorescent signals from collagen
was less pronounced towards the center.

4. Discussion
4.1. US-induced extravasation

Exposing tumors to US had a positive effect on the tumor uptake of
NPs. When NP-MBs were administered systemically followed by US ex-
posure immediately afterwards, the tumor's uptake of NPs was im-
proved both in the periphery and in the central regions. The number
of clusters of NPs in the ECM was further improved when increasing
the MI from 0.15 to 0.4. The enhancement in NPs is caused by improved
extravasation of NPs. Intravital imaging of the vasculature and NPs dem-
onstrated large heterogeneity of the vascular permeability, which has
also been reported by others [12]. Three possible mechanisms could po-
tentially be responsible for the enhancement. First, the detachment of
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NPs from bubble destruction due to US waves will result in a locally very
high concentration of NPs in the vasculature in the sonicated field. These
free NPs will be available for extravasation and can potentially leave the
circulation simply due to the EPR effect. Burke and coworkers also in-
vestigated the benefit of having NPs linked to MBs upon US-mediated
delivery [40]. During the destruction of the MBs, the delivery of the
NPs was improved when the NPs were physically linked to the MBs,
compared with co-injection of NPs and MBs, hence the effect of locally
high concentrations of NPs at the delivery site is reasoned to be impor-
tant. Second, the violent collapse of MBs due to inertial cavitation will
generate fluid jet streams that can generate pores in the vessel wall
[37,38], which can facilitate the extravasation of free NPs. Third, the ef-
fects that follow inertial cavitation can affect the released NPs so that
they are pushed across the capillary wall and into the ECM of the
tumor. During diagnostic imaging, the upper limit of the MI is set to
1.9 to avoid induction of cavitation when MBs have not been introduced
[39]. In the presence of artificial MBs, acoustic cavitation appears at MI
values well below the safety limit; however, the threshold for inertial
cavitation will also depend on the shell and size of the MBs and their
surroundings. In our setup, both US exposures applied enhanced the up-
take of NPs, and the higher MI US resulted in a somewhat larger effect.
When performing US exposure with an MI of 0.4, all MBs present in
the sonication field will be destroyed during the first pulse of 10 oscilla-
tions, resulting in a very high concentration of free NPs in the circula-
tion. The examination of tumor tissue revealed that many of these free
NPs undergo extravasation. Due to the high PRF applied, new MBs
from the circulation will be destroyed immediately as they enter the
sonicated area. The lower MI US also increased the uptake of NPs, but
less than that of higher MI, indicating that the effects on extravasation
are less pronounced. The size distribution of our MBs is rather broad,
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Fig. 13. CLSM tile scan images from two different tumor sections demonstrating the
second-harmonic generated fluorescent signal from collagen (gold) and FITC-labeled
blood vessels (green). The two upper images are from tumors not exposed to ultrasound,
whereas the two lower images are from tumors exposed to 1 MHz ultrasound and MI of
0.4. The collagen fibers are more densely packed in the peripheral areas of the tumors.
Scale bar = 150 pm.
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and thus the fate of the MBs will differ when they are exposed to the low
MI US, in the sense that some of the bubbles will be destroyed, while
some will remain intact. Our MBs having a shell of NPs are probably
stiffer than the commercial MBs surrounded by a lipid or protein shell,
and higher acoustic energy might be required for oscillations. However,
destruction of the MBs appeared at a MI of approximately 0.2 which is
only slightly higher than for the commercial lipid shell MB SonoVue.

The presence of MBs was not required to increase the uptake of NPs
and extravasation. Injecting NPs in solution without MBs and applying
US 5 min later also enhanced the tumor uptake of NPs primarily in the
periphery of the tumor. The US was applied at this time point to ensure
a high concentration of NPs in the circulation as the circulation half-life
was 1.3 h. The higher uptake in the periphery might be due to neo-
angiogenesis and higher vessel density in these areas [41,42]. Addition-
ally, more adipocytes were found in the periphery. 5 MHz US was more
effective in promoting the tumor uptake of NPs than US of higher MI
using 300 kHz. The temperature measurements on ex vivo tissue re-
vealed that the 5 MHz exposure causes energy to be absorbed by the tis-
sue, resulting in a minor temperature increase. A temperature increase
might also have occurred in vivo, which potentially may have caused in-
creased blood flow in the sonicated area [43] and these effects may have
contributed to the improved delivery of the NPs into the tumors. The ra-
diation force induced by the high-frequency US might also have pushed
the NPs towards the vessel wall, thereby facilitating the extravasation
without inducing sonoporation [44]. The vascular permeability is re-
ported to be higher in the periphery of the tumor [45]; thus, forcing
the NPs towards the vessel wall might be more efficient in the periphery
than in the central areas of the tumor.

4.2. US-improved penetration through the extracellular matrix

After extravasation, the NPs must penetrate through the ECM to
reach all parts of the tumor. In our study using NP-MBs, US was found
to have a larger impact on the penetration throughout the tumor pe-
riphery compared with the central part of the tumor, and improved
penetration was only observed for low MI US. In the low MI US, not all
MBs will be destroyed immediately; and populations of MBs will be
allowed to enter the sonication area and remain intact in the circulation
before potential destruction takes place. Acoustic cavitation requires gas
bubbles or small gas nuclei, and the injected MBs will only be present in
the vasculature. The interaction between capillaries and oscillating MBs
can cause the capillary wall to burst, and in this process NPs detached
from the MB shell may receive enough energy to penetrate into the
ECM. In contrast to the high MI US, intact MBs may persist for a longer
time when the MI is reduced, and the destruction of bubbles may
occur over a prolonged time. Radiation force is the other mechanical
mechanism potentially responsible for the improved distribution of
NPs. Radiation force increases with the frequency and intensity of the
US beam and is not likely to be pronounced at 1 MHz and a pressure
corresponding to MI of 0.15; hence, radiation force cannot explain the
improved penetration. The difference in penetration between the pe-
riphery and central part of the tumor might be explained partly by the
high IFP found in the tumor center. The IFP increases the first 400 um
from the periphery, followed by a stable high pressure further towards
the center [15,46]. In the central part of the tumor, diffusion therefore
becomes the major transport mechanism. However, diffusion is a slow
process for large molecules such as NPs [47], and thus the penetration
of NPs is poor. Hence, overcoming the interstitial transport barriers is
easier in the periphery than in the central part of the tumor. When dif-
fusing through the ECM, the NPs must penetrate through a network of
collagen fibers embedded in a hydrophilic gel of glycosaminoglycans.
The second harmonic imaging of collagen fibers revealed a denser net-
work of collagen in the periphery than in the central part, as has been
reported by others [48]; however, this network did not seem to cause
a barrier for the NPs' penetration in the periphery.

To study the effect of US on NPs that had already accumulated in the
ECM, US was performed 24 h after the injection of NPs without MBs. At
this time point, NPs will have passively extravasated, although some of
the NPs will also have been eliminated. No NPs were present in the vas-
culature, as the circulation half-life was rather short. US did not enhance
the Nile red fluorescence when US was performed at this time point
after NP injection. Additionally, the variation between tumors was
large, likely due to the heterogeneity in vascular permeability.

It should be emphasized that the estimation of the penetration dis-
tances is semi-quantitative, as it is not possible to know from which
blood vessels the NPs originate. The tumor is a 3D structure and the
NPs that were imaged may have extravasated from blood vessels
above or below the image plane.

4.3. US enhanced uptake of Nile red in adipocytes

The presence of non-neoplastic cells such as myocytes and adipo-
cytes in the xenografts is a result of the tumor cells being implanted in
a region where these cell types normally occur (Trond Viset, personal
communication). The polymeric NPs were loaded with the hydrophobic
dye Nile red, and the spectral analysis of Nile red in tumor tissue re-
vealed that the dye is either located in the NPs or it is staining the adipo-
cytes. US enhanced the uptake of Nile red by adipocytes. After US
exposure, the fluorescence from the clusters of adipocytes was very
bright, as demonstrated by the peaks in fluorescence intensity profile
along tile scans. No such bright clusters of adipocytes were observed
in non-insonated tumors. It is not clear how US causes adipocytes to be-
come more susceptible to Nile red. Low frequency, high intensity US has
been reported to improve liposuction for fat reduction [49,50], and on
ex vivo human adipose tissue, disruption of the plasma membrane of ad-
ipocytes, adipocytolysis and induction of apoptosis have been observed
after US treatment [51,52]. US might also increase the release of Nile red
from the NPs, and the hydrophobic dye will prefer the lipophilic envi-
ronment within adipocytes. However, US has shown to have a limited
effect on the release of Nile red from NPs in solution (data not shown).

5. Conclusion

The US-enhanced tumor uptake of our novel integrated polymeric
NP-MBs clearly demonstrates the potential for these NPs as a carrier
system for hydrophobic drugs. Stabilizing MBs with NPs makes it possi-
ble to improve the tumor uptake and the microdistribution throughout
the tumor by applying US with low MI. Although we observed some up-
take of NPs without MBs, this uptake requires high acoustic energy,
which might damage the tissue. Surprisingly, we found that US en-
hanced the susceptibility of adipocytes to the hydrophobic dye.

The results indicate that US improves both extravasation and pene-
tration throughout the ECM, and that the optimal US exposure might
differ for these two transport steps. Thus, a multifrequency exposure
might be useful for the optimal delivery of our new integrated NP-MBs.
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1 | INTRODUCTION

Prostate cancer (PCa) is the most common cancer in men in the

European Union with estimated 450 000 new cases in 2018.1 Even
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Abstract

Background: The transgenic adenocarcinoma of the mouse prostate (TRAMP) is a
widely used genetically engineered spontaneous prostate cancer model. However,
both the degree of malignancy and time of cancer onset vary. While most mice display
slowly progressing cancer, a subgroup develops fast-growing poorly differentiated
(PD) tumors, making the model challenging to use. We investigated the feasibility of
using ultrasound (US) imaging to screen for PD tumors and compared the
performances of US and magnetic resonance imaging (MRI) in providing reliable
measurements of disease burden.

Methods: TRAMP mice (n =74) were screened for PD tumors with US imaging and
findings verified with MRI, or in two cases with gross pathology. PD tumor volume
was estimated with US and MR imaging and the methods compared (n = 11). For non-
PD mice, prostate volume was used as a marker for disease burden and estimated
with US imaging, MRI, and histology (n=11). The agreement between the
measurements obtained by the various methods and the intraobserver variability
(IOV) was assessed using Bland-Altman analysis.

Results: US screening showed 81% sensitivity, 91% specificity, 72% positive
predictive value, and 91% negative predictive value. The smallest tumor detected
by US screening was 14 mm® and had a maximum diameter of 2.6 mm. MRI had the
lowest IOV for both PD tumor and prostate volume estimation. US IOV was almost as
low as MRI for PD tumor volumes but was considerably higher for prostate volumes.
Conclusions: US imaging was found to be a good screening method for detecting PD
tumors and estimating tumor volume in the TRAMP model. MRI had better

repeatability than US, especially when estimating prostate volumes.
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though overall survival is high, 107 300 men were estimated to die
from PCa in 2018.1 New treatments are required to improve survival,
and good disease models are needed to select the most promising

treatments in preclinical trials. Mouse cancer models are often used
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even though the mouse prostate differs from the human prostate in
many respects. Unlike the human prostate, the mouse prostate does
not have a fibrous capsule, is divided into multiple lobes, and is located
in the abdominal cavity. The most commonly used mouse models in
preclinical PCa studies are immunodeficient mice with subcutaneous
xenografts grown from human cancer cell lines.? Several factors make
these models less representative of human cancer, for example,
immunodeficiency, homogenous tumor genetics, and, in the case of
subcutaneous models, ectopic placement of the tumor.? It is believed
that genetically engineered models (GEMs), with a functional immune
system and orthotopic spontaneous cancer onset, are superior models
that more accurately mimic human disease. Despite its promise, the
use of GEM is still limited because of large variations in the degree of
malignancy and age at cancer onset, which lead to high variation
within treatment groups and planning experiments can be challenging.

The transgenic adenocarcinoma of the mouse prostate (TRAMP)
is a widely used spontaneous PCa model.>* TRAMP mice develop
cancer gradually from normal cells that transition through prostatic
intraepithelial neoplasia to cancer.”” Because of neoplasia, the
TRAMP prostate outgrows wild-type mouse prostates by 12 weeks
of age. The TRAMP prostates continue growing as mice age, while
wild-type mouse prostate volumes stabilize by 24 weeks of age.®
However, the disease progression is heterogenous, and a subgroup
develops fast-growing poorly differentiated (PD) tumors from around
12 weeks of age.” After PD tumor detection, mice often need to be
euthanized within a few weeks because of tumor burden affecting
animal welfare, whereas mice without PD tumors can live much
longer, often up to 1 year of age.'° Consequently, the TRAMP model
displays distinct phenotypes with different disease progression,
which can make it challenging to determine treatment timepoints
and to measure treatment response.

Variation in the cancer phenotype and age at cancer onset in the
TRAMP model requires strategies to reduce the variation in outcome
measurements. One strategy is starting the treatment when mice are
young and the variation between individual mice is low. In such
studies, treatment starts before cancer onset and the studies are often
called chemopreventive. Another strategy is to use longitudinal
outcome measurements acquired with in vivo imaging, enabling
stratification of the mice in different treatment groups based on the
phenotype and the use of longitudinal statistical methods.

A number of outcome measurements are used to compare the
efficacy of treatments in the TRAMP model. Methods based on
histology are most commonly used and several grading systems
based on hematoxylin and eosin-stained sections have been devel-
oped for the TRAMP model®”1%12 and are often combined with
immunohistochemistry markers for proliferation, apoptosis, and
others. Often, tumor or prostate size is used to measure the
treatment effect. The measurement is usually done ex vivo, since the
prostate and prostate tumors are inaccessible for caliper measure-
ments. Less frequently, imaging techniques are used to assess disease
progression or treatment response in vivo. For PD mice, tumor
volume is sometimes used to measure tumor burden.” However,
most TRAMP mice do not develop PD tumors and an alternative

treatment efficacy outcome such as prostate volume must be
used.***® It has previously been shown that the prostate volume of
the TRAMP background strain C57BL/6 does not usually grow past
40 mm®, while TRAMP mice can reach a volume of around 100 mm?®
when they are 25 weeks of age.? The change in prostate volume can,
therefore, be attributed to neoplasia of the prostate in the TRAMP
and be a marker of disease progression. However, the growth is not
always caused by malignant disease and might not indicate
aggressiveness or metastatic potential.

We hypothesize that in vivo imaging can be used to overcome
challenges posed by the TRAMP model, by offering longitudinal
outcome measurements and treatment group stratification based on
phenotype. This could enable the use of more powerful longitudinal
statistical analysis and reduce the number of mice needed per
treatment group. Examples of longitudinal measurements are volume
change over time, volume doubling time, and tumor-free survival. In
this study, we investigated the performance of ultrasound (US) and
magnetic resonance imaging (MRI) for imaging pathology of the
prostate. Both imaging modalities are widely available in preclinical
imaging facilities. Compared with MRI scanners, US scanners are
generally less expensive to purchase, operate, and require less
infrastructure. Moreover, US image acquisition is often quicker than
MRI. Consequently, we were particularly interested in examining
whether US imaging could be used to detect and measure changes in
the prostate in the TRAMP model.

Thus, this study addresses two of the main challenges working with
the TRAMP model; the unpredictable onset of PD tumors, and
longitudinal monitoring of cancer progression or treatment response.
First, we investigated the PD tumor screening performance of US
imaging using MRI or gross pathology (in two cases) for verification.
Second, we estimated PD tumor volume and compared agreement and
intraobserver variability (IOV) for US imaging and MRI. Finally, we
performed prostate volume measurements for non-PD mice and
compared the agreement and IOV for US imaging, MRI, and histology.

2 | MATERIALS AND METHODS

2.1 | Mice

Mice were bred from an in-house colony established at the Norwegian
University of Science and Technology (NTNU, Trondheim, Norway),
with TRAMP mice originally purchased from the Jackson Labs in 2012.
Initially, TRAMP mice homozygous for the TRAMP mutation were
used in our experiments, but after a literature review, we changed to
breeding heterozygous TRAMP mice in accordance with the majority
of TRAMP studies. The in-house colony consisted of TRAMP mice
homozygous for the TRAMP mutation. Heterogenous mice were bred
using homozygous TRAMP females and C57BL/6 males acquired from
the Jackson Labs. The presence of TRAMP mutation in the offspring
was verified by a polymerase chain reaction. PD tumor screening and
volume estimation were performed on mice heterozygous for the
TRAMP mutation and prostate volume were calculated for TRAMP

mice homozygous for the TRAMP mutation. All mice were housed
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under specific pathogen-free conditions, in groups of one to six in
ventilated cages (Model 1284L; Tecniplast) at temperatures from 21°C
to 23°C, with 45% to 60% relative humidity, 70 air changes per hour
and ad libitum access to food and sterile water.

2.2 | Ethics

All animal experiments were approved by the Norwegian Animal

Research Authority and Norwegian Food Safety Authority.

2.3 | US imaging protocol and volume estimation

PD tumor screening and measurement of tumor volume were
performed using a FUJIFILM Visualsonics Vevo 3100 scanner with
an MX550D probe with 40 MHz center frequency, 30 x 30 um? in-
plane resolution and 80 pm through-plane resolution. Images were
acquired every 76 um using a 3D-motor. Imaging for prostate volume
estimation was done with a FUJIFILM Visualsonics Vevo 2100
scanner with an MS550D probe with 40 MHz center frequency,
40 x 40 um? axial resolution, and 90 um lateral resolution. Images
were acquired every 32 pum using a 3D-motor. The reason for the
system change was an upgrade. Mice were kept under anesthesia
during imaging using 1.5% to 2.5% isoflurane with 0.5 L/min 5:1
air:0O, mix. Mice were restrained in the supine position by taping the
legs to the imaging stage. Respiration was monitored visually, and
anesthesia was adjusted to a respiration rate around 80 breaths per
minute. Before imaging, the abdomen was shaved with an electric
razor and depilation cream was used to remove remaining fur. US gel
was applied before imaging. The US transducer was placed over the
lower abdomen with an axial orientation. The bladder was easy to
locate because of its size and anechoic urine content. After
identifying the bladder, the transducer was swept caudally until the
urethra was identified. The prostate was identified as a hetero-
genous, hypoechoic structure ventral, lateral and often dorsal
to the urethra. Gain and dynamic range were adjusted to see the
prostate clearly while maintaining contrast to surrounding tissue.
During PD tumor screening, the transducer was pressed manually
against the pelvic region to detect tissues that were stiffer than the
prostate. PD tumors were identified as spherical, hypoechogenic,
with a heterogenous contrast and were less compressible than
surrounding tissue. After the extent of the prostate had been
identified, a 3D-scan was acquired with the 3D-motor. Image stacks
were imported into the Vevo LAB (FUJIFILM Visualsonics) software,
processed with the “load into 3D function,” exported as “TIFF for 3D
Volume Slice (*.tif)” and opened in FIJI ImageJ. A region of interest
(ROI) was drawn around the PD tumor or prostate depending on the
phenotype. For mice without PD tumor, ROIls were drawn over the
ventral, dorsal, and lateral prostate lobes for approximately every
5th to 10th frame and interpolation was performed between frames.
In the cranial direction, segmentation stopped when the seminal
vesicle appeared, visualized as hypo or anechoic cystic septate
structures. The volume of the ROls in the image stack was calculated

based on voxel size.
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2.4 | MRI protocol and volume estimation

MRI was performed on a Bruker 7T Biospec 70/20 Avance Ill. Axial
T2-weighted images were acquired using a RARE spin-echo sequence
with fat suppression. For PD tumor detection and size measurement,
several different coil setups and sequence parameters were used due
to optimization at the beginning of the study: (a) four PD tumors
were verified using an 86mm volume resonator coil for RF
transmission and reception with TE 58.5ms, TR 4000 ms, RARE
factor 8, averages 6, in-plane resolution 0.2 x 0.2 mm?, slice thickness
0.8 mm and acquisition time 3.7 minutes; (b) three PD tumors were
verified using an 86 mm volume resonator coil for RF transmission
and a phased array rat brain surface coil for RF reception with TE
58.5 ms, TR 4000 ms, RARE factor 8, averages 12, in-plane resolution
0.15x0.15mm?, slice thickness 0.6mm and acquisition time
5.2 minutes; (c) nine PD tumors were verified using an 86 mm
volume resonator coil for RF transmission and a phased array mouse
heart surface coil for RF reception with TE 58.5ms, TR 5000 ms,
RARE factor 6, averages 6, in-plane resolution 0.1 x 0.1 mm?, slice
thickness 0.4 mm, and acquisition time 10 minutes. The third
setup was preferred since the mouse heart coil gave the best signal
from the prostate area compared with the volume resonator
coil and the rat brain coil. All MRI PD tumor volume measurements
were done with the third setup. For prostate volume measurements,
axial T2w RARE images were acquired using an 86 mm volume
resonator coil for RF transmission and a phased array mouse heart
surface coil for RF reception with TE 36 ms, TR 5500 ms, RARE factor
8, averages 5, in-plane resolution 0.1x0.1mm?, slice thickness
0.33 mm, and acquisition time 7 minutes. The TE was changed from
36 to 58.5 ms to increase the contrast between prostate tissue and
seminal vesicle.

Mice were kept under anesthesia with 1.5% to 2.5% isoflurane
with 0.5L/min 5:1 air:O, mix. Respiration was monitored with a
pressure sensor connected to a physiological monitoring system (SA
Instruments) and anesthesia adjusted to a respiration rate around 80
breaths per minute. Mice were restrained in the scanner bed in a
prone position using tape across the lower back. The imaging
volume was selected by using a quick localizer scan and a
quick low-resolution scan in both axial and coronal orientation to
identify the extent of the tumor or prostate. PD tumors were
identified as spherical with a homogenous contrast and hyperintense
signal compared with the surrounding tissue. Only the bladder
displayed a higher signal than PD tumors. Prostate tissue was
identified based on its heterogenous signal and location mainly
ventral, lateral, and dorsal to the urethra. MRI images were exported
as DICOM files from Paravision 6.0.1 and loaded into FlJI Image)
where ROIs were drawn manually on all volume slices and ROI
volumes estimated.

2.5 | Histology protocol and volume estimation

Eleven TRAMP mice were imaged by US and MRI the same day and

were euthanized immediately after imaging to harvest the prostates.
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The prostate was harvested together with the seminal vesicle,
bladder, and urethra and fixed in 4% formaldehyde and paraffin-
embedded before sectioning with a microtome (Leica RM2255).
Before embedding, the prostate was oriented using the bladder,
ductus deference, and urethra as landmarks, to align histology
sections to axial images from US and MRI to be able to compare the
three diagnostic modalities. From all eleven prostates, five sections
(5um thick) were collected every 200um and stained with
hematoxylin-erythrosine-saffron (HES). Saffron stains collagen fibers,
and HES staining is standard at our university’s core facility.
However, adding saffron did not help distinguishing prostate from
surrounding tissue. Every other slide was scanned using brightfield
with a Zeiss LSM810 microscope using a x2.5 objective with a
numerical aperture of 0.085. Multiple images were acquired to cover
each section and images were stitched together using the Zeiss Zen
software. Files were opened in Zeiss Blue software and one ROl was
drawn around the ventral, dorsal, and lateral prostate lobe in each
section. ROIs were drawn based on characteristic histological
features.’® After ROls were drawn, the area of the ROIls was
multiplied with the distance between slides and summed to estimate
the prostate volume.

2.6 | Tumor screening

US screening for PD tumors was performed in 81 mice every third
week in the age range from 16 to 24 weeks (Figure S1). The total
number of US screens per mouse ranged from one to three. After PD
tumor verification with MRI, no further US imaging was performed.
MRI was used to verify the US findings in 72 mice and gross
pathology in two mice. Seven mice were excluded since they died or
had to be euthanized before MRI at week 25 due to kidney tumors or
reduced activity as a sign of illness. Initially, US screening started at
week 20, but after two mice needed to be euthanized because of
large tumors, screening was moved to week 17 + 1 week. These two
mice were euthanized immediately due to animal welfare require-
ments, and US findings verified by gross pathology.

Mice with PD tumors detected by US screening were scanned
with MRI the following day to verify the result. Mice with a negative
US screen or a MRI verified false-positive result, were imaged again
using US after 3 to 4 weeks. At 23 to 26 weeks of age, all mice were
imaged with MRI to verify earlier US findings.

US screening performance was assessed by estimating sensitivity,
specificity, positive predictive value (PPV), and negative predictive
value (NPV). Sensitivity was defined as a number of true-positive/
(true-positive + false-negative), specificity as true-negative/(true-
negative + false-positive), PPV as true-positive/(true-positive + false-
positive) and NPV as true-negative/(true-negative + false-negative).
PD tumor growth rate was assessed in four mice that were imaged
weekly from week 19 or 20 of age until tumor burden necessitated
euthanasia. Tumor doubling time was estimated by fitting tumor
growth data to an exponential function V(t) = Voexp(bt). The curve
fitting toolbox in MATLAB R2018b was used to estimate the rate
constant b and the doubling time was given by t4 = In(2)/b.

2.7 | Imaging modality comparison and IOV of
volume estimates

PD tumor and prostate volume estimates were based on the sum of
voxel volumes within ROIs containing PD tumors or prostate tissue. For
mice without PD tumor, ROIs were limited to the ventral, dorsal, and
lateral lobes of the prostate, since the anterior prostate lobe, can be
difficult to distinguish from the seminal vesicle on images. ROls were
drawn in the same image stack by the same observer two times at least
1 week apart and the repeated measurements were used to assess IOV
and to compare imaging modalities using the methods described by
Bland and Altman.*” Volume estimations were done by SM Fagerland
(MD), who had limited experience with US imaging, MRI, and histology
at the start of the study. US training was supplied in two sessions by
application specialists from FUJIFILM VisualSonics, MRI training was
given by researchers with extensive experience with the TRAMP model
and identification of the prostate on histological sections was based on
the papers by Berman-Booty” and Oliveira.® Agreement between
imaging modalities was visualized using a scatter plot and a Bland-
Altman plot, where the difference between the modalities is plotted on
the vertical axis and the mean of the results obtained by the two
modalities on the horizontal axis. Because the magnitude of the
difference is dependent on the size measured, we used percentage
difference from the mean on the vertical axis to correct for the size-
dependent variation.® The mean of the differences between the
repeated measurements was calculated and represented the bias or the
systematic difference between the measurements. The standard
deviation (SD) of the differences between repeated measurements
was also calculated. The agreement between modalities and IOV was
quantified using limits of agreement as defined by Bland-Altman. The
limits of agreement are calculated as bias +1.96SD. When the
modalities were compared, the mean of two repeated measurements
was used and the calculation of limits of agreement was corrected
according to Bland-Altman.’” The precision of the estimated bias and
limits of agreement were calculated using 95% confidence intervals
(Cls), as described in the paper by Giavarina.'® Eleven mice with PD
tumors were used to compare the tumor volume obtained by US
imaging and MRI and to investigate the IOV of US and MRI volume
estimations. Similarly, 11 mice with age span 21 to 31 weeks without
PD tumors were used to compare prostate volume measurements
obtained by US imaging, MRI, and HES sections and to investigate the
IOV for each modality.

3 | RESULTS

3.1 | Characterization of TRAMP phenotypes

The TRAMP mice exhibited two different phenotypes. All mice displayed
a hyperplastic prostate with atypia, but 22% developed a fast-growing PD
prostate tumor in addition. No TRAMP mouse developed more than one
PD tumor. Representative HES sections from the two phenotypes are
shown in Figure 1. The PD tumors have few, sparse glands, and display

anaplastic sheets of pleomorphic cells. The prostate tissue is generally



FAGERLAND ET AL

1000 ym

FIGURE 1 A, HES section from a TRAMP mouse prostate with a PD
tumor of approximately 200 mm® measured by MRI. B, HES section of
prostate with a high degree of prostatic intraepithelial neoplasia in all
lobes and especially the dorsal prostate. DP, dorsal prostate; HES,
hematoxylin-erythrosine-saffron; LP, lateral prostate; MRI, magnetic
resonance imaging; SV, seminal vesicle; TRAMP, transgenic
adenocarcinoma of the mouse prostate; Tu, tumor; Ur, urethra; VP,
ventral prostate [Color figure can be viewed at wileyonlinelibrary.com]

characterized by cells filling the lumen of glands, herniation of cells into
the smooth muscle layer, and hyperplastic epithelium.

3.2 | PD tumor screening

The PD prostate tumors appeared relatively spherical and homogenous
compared with surrounding tissue on both US and MR images and were
often located in the ventral or lateral lobe of the prostate (Figure 2). Left-
right image asymmetry could also be a sign of PD tumor, since the normal

True positive 1

FIGURE 2 PD prostate tumors
(outlined in red) imaged with US in the left
column and MRI in the right column. The
three mice were 17 weeks old when
imaged. The tumors appear relatively
spherical and homogenous compared with
surrounding tissues. The signal intensity of
PD prostate tumors is relatively low on US
imaging and relatively high on T2-weighted
MRI, compared with the surrounding
tissue. MRI, magnetic resonance imaging;
PD, poorly differentiated; US, ultrasound
[Color figure can be viewed at
wileyonlinelibrary.com]

True positive 2

True positive 3
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FIGURE 3 A, An US image of a PD tumor from a 20-week-old
mouse acquired under compression and shows a clear border
between the tumor and surrounding tissue. B, The same tumor with
low compression during the same image session where the border is
less well-defined. The tumor had a maximum diameter of 4.6 mm
and volume 39.4 mm?® estimated by US. Based on MRI the volume
was estimated to be 56.7 mm>. MRI, magnetic resonance imaging;
PD, poorly differentiated; US, ultrasound [Color figure can be
viewed at wileyonlinelibrary.com]

prostates display a left-right symmetry in axial images. US imaging and
MRI differed in PD tumor signal intensity compared with surrounding
tissue; PD tumor signal intensity was relatively low for US imaging and
relatively high for T2-weighted MR images. Tumors smaller than 3 mm
often had a heterogenous contrast and unclear border on US images.
Compression could be used to enhance the contrast between tissues, as
shown in Figure 3. The border between the tumor and surrounding tissue
appeared more distinct when the tissue was compressed, as PD tumors

were not as compressible as surrounding prostate tissue.

Ultrasound MRI
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TABLE 1 US screening performance in TRAMP mice verified by
MRI (n=72) and gross histology (n=2)

Sensitivity 81%  True-positive n=13

Specificity 91%  False-positive n=5

Positive predictive value 72%  False- n=3
negative

Negative predictive value 91%  True-negative n=53

Prevalence of prostate PD tumors  22%

Abbreviations: MRI, magnetic resonance imaging; PD, poorly differentiated;
TRAMP, transgenic adenocarcinoma of the mouse prostate; US, ultrasound

US imaging performed well in PD tumor screening. US imaging was
performed one to three times per mouse in the age range 16 to 24
weeks. This resulted in 81% sensitivity, 91% specificity, 72% PPV, and
91% NPV (Table 1). Sixty-six cases were classified correctly as true-
positive (13 mice) or as true-negative (53 mice). Eight cases were
misclassified as false positives (5 mice) or false-negative (3 mice). The
false negatives were detected with MRI 3 weeks after the last US
screening and volumes were in the range of 21 to 93 mm?® measured with
MRI. In four out of five false-positive cases the ventrolateral area of the
prostate was misinterpreted as tumor (Figure 4). Misinterpretation
occurred since the prostate sometimes shares characteristics with PD

Ultrasound

False positive 1 ¢

False positive 2

False positive 3

False positive 4 :

tumors by appearing spherical during compression or a tilted mouse
position can make the prostate appear asymmetrical. Twenty-two
percent of the mice (16 of 74) developed PD tumors by 25 weeks of age.

Figure 5 shows mouse age and tumor volume at the time of PD
prostate tumor detection either by US imaging or MRI. Volumes were
estimated using MRI or US. US screening detected PD tumors as
small as 14 mm® measured with MRI and a maximum diameter of
2.6 mm when measured with US. PD tumor volume varied widely in
mice of the same age, ranging from 14 to 420 mm® in week 17 and 16
to 3100 mm? in week 20. No PD tumors were detected at week 16 or
18. Four of the mice with PD tumors were imaged weekly by MRI
until they reached a tumor diameter of more than 1.5 cm. The growth
data for these four mice are plotted in Figure 5. The growth data
were fitted to an exponential function and all R? values were greater
than 0.99. On the basis of the exponential function, PD tumor
doubling time was 4.0, 4.2, 5.3, and 5.9 days.

3.3 | Comparing tumor volume estimated by US
imaging and MRI

PD tumor volumes (Table S1) estimated from US images correlated

well with, but were generally smaller than MRI measurements, as

MRI

FIGURE 4 Images of the TRAMP model
where US screening gave false-positive
results. Corresponding US and MR images
are shown in the left and right columns,
respectively. Structures misinterpreted as
PD tumors on US are outlined in red.
Misinterpretation of the ventrolateral
aspect of the prostate on US images led to
four out of five false positives. MR,
magnetic resonance; PD, poorly
differentiated; TRAMP, transgenic
adenocarcinoma of the mouse prostate;
US, ultrasound [Color figure can be viewed
at wileyonlinelibrary.com]
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PD tumor volume and mouse age at detection
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FIGURE 5 PD tumor volumes (n=16) are plotted on a
logarithmic scale on the vertical axis and mouse age at PD tumor
detection on the horizontal axis. Black circles (n=11) represent
individual tumors detected with US and volumes were estimated by
MRI. Red asterisks (n = 2) represent individual tumors for which
volumes were estimated by US. Blue triangles (n = 3) indicate
individual tumors detected and measured by MRI but not US (false
negatives). The colored, dashed lines show growth data for four PD
tumors. All growth data fitted an exponential function with R? > 0.99.
MRI, magnetic resonance imaging; PD, poorly differentiated; US,
ultrasound [Color figure can be viewed at wileyonlinelibrary.com]

demonstrated from the log-log scatter plot in Figure 6A. The tumor
volumes for the 11 tumors varied from 8.1 to 587 mm® when
estimated with US imaging and 8.5 to 721 mm?® when estimated with
MRI. To obtain more detailed information about the difference in the

volumes obtained by the two imaging modalities, the data were

(A) Scatterplot US and MRI tumor volume
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analyzed in a Bland-Altman plot (Figure 6B). The blue line indicates
the systematic difference between the methods and shows that the
tumor volumes measured by US imaging were on average 22%
smaller than volumes measured by MRI, with a 95% CI of 5.4% to
38.9%. The red lines indicate the limits of agreement, which were
-71.9% to 27.6% (Figure 6B).

3.4 | IOV in tumor volume estimation

IOV was slightly larger for US imaging than for MRI as shown on the
Bland-Atman plot (Figures 7 and Tables S2, S3). The bias for US
imaging and MRI was 2.6% (95% Cl: -1.8%-7.1%) and -0.1% (95% Cl:
-3.8%-3.7%), respectively, indicating no systematic difference be-
tween the repeated measurements. The limits of agreement for
volume measurements were -11.2% to 16.5% for US imaging and
-11.1% to 10.9% for MRI.

3.5 | Comparing prostate volume measured by US
imaging, MRI, and histology

Figure 8 shows prostate tissue ROIls for US imaging, MRI, and
histology in three different mice (Tables S4-Sé). The contrast
between the prostate and surrounding tissues can be low, especially
for US imaging. The border between the prostate and seminal vesicle
is the most difficult to distinguish in US imaging and MRI, because of
the uneven nature of the border and relatively low contrast. On HES
images, the dorsal and anterior lobe could sometimes be mistaken for
each other. Normally the lobes can be distinguished based on the
epithelial lining of the gland, which is more columnar for the anterior

gland, and the secretion, which is more eosinophilic in the anterior

(B) Tumor volume US and MRI comparison
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FIGURE 6 A, Log-log scatter plot comparing tumor volumes obtained by US imaging and MRI. The dashed line shows the line of equality. Circles
represent the mean of paired PD volumes estimated by MRI vs PD volume estimated by US imaging. B, Bland-Altman plot comparing tumor volume
estimated by US imaging and MRI. The vertical axis shows the percentage difference between volumes obtained by US imaging and MRI, and the
horizontal axis shows the mean of the volumes from US imaging and MRI on a logarithmic scale. The blue line shows the mean of the differences,
indicating that the tumor volumes measured by US imaging are on average 22% lower than MRI measured volumes. The red lines show the limits of
agreement. MRI, magnetic resonance imaging; PD, poorly differentiated; US, ultrasound [Color figure can be viewed at wileyonlinelibrary.com]
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Tumor volume intraobserver variation FIGURE 7 Bland-Altman plots of IOV in
tumor volume obtained from US imaging
20+ us 20+ MRI and MRI. The vertical axis shows the

percentage difference between two
repeated measurements, and the
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gland. However, sometimes neoplastic epithelium fills the glands and demonstrated from the log-log scatter plot in Figure 9A. The prostate
the hallmarks identifying the glands can disappear. volumes from 11 mice varied from 19.6 to 55.8 mm?® on US imaging, 33.6

Prostate volume estimations from US images were, in general, much to 974 mm? on MRI, and 31.8 to 70.9 mm® on histology. Comparisons
smaller than estimations from histology and MRI. MRI volume estima- between US and histology, US and MRI, and MRI and histology are
tions were closer to histology volumes with a small overestimation, as plotted in a Bland-Altman plot to visualize and quantify the agreement

MRI Histology

Mouse 1

Smm

Mouse 2

FIGURE 8 Segmentation of prostate for volume estimation in three representative mice with US imaging, MRI and histology. Prostate tissue
is outlined in red. MRI, magnetic resonance imaging; US, ultrasound [Color figure can be viewed at wileyonlinelibrary.com]
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Prostate volume comparison US, MRI and histology
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FIGURE 9 A, Log-log scatterplots comparing prostate volumes obtained from US imaging, MRI, and HES section scans. The dashed line
shows the line of equality. Each circle represents the prostate volume of a different mouse. B, Bland-Altman plots comparing volume
estimations from US, MRI, and histology. Percentage differences between measurements are plotted on the vertical axis and the mean of the
measurements is plotted on the horizontal axis. The blue lines show the mean of the differences, and the red lines show the limits of agreement.
HES, hematoxylin-erythrosine-saffron; MRI, magnetic resonance imaging, US, ultrasound [Color figure can be viewed at wileyonlinelibrary.com]

(Figure 9B). The limits of agreement between US and histology were
-92.7% to 9.2% with a bias of -41.7%, the limits of agreement between
US and MRI were -97.1% to -10.1% with a bias of 53.6% and the limits
of agreement between MRI and histology were -21.9% to 46.6% with a
bias of 12.4%.

3.6 | IOV in prostate volume

The IOV for prostate volume measurement was much larger for US
imaging compared with MRI and histology, whereas the IOV for
prostate volumes obtained by MRI and histology were almost the
same as shown on the Bland-Altman plot (Figure 10 and Tables S7-

S9). The mean of the differences for US imaging, MRI, and histology
was not significantly different from O, indicating no systematic
difference between the repeated measurements. The limits of
agreement were -35.1% to 53.9% for US imaging, -24.3% to 20.2%
for MRI and -26.8% to 19.0% for histology.

4 | DISCUSSION
Since the establishment of the TRAMP model in 1995,'? the model has
been widely used to study PCa progression and to develop new therapies

and strategies to prevent or treat PCa. However, working with the
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FIGURE 10 Bland-Altman plots showing IOV for volume estimation based on US imaging, MRI, and histology. The vertical axis is percentage
differences between two repeated measurements and the horizontal axis is the mean of the two repeated measurements. The blue lines show
the mean of the differences. The red lines show the limits of agreement. MRI and histology show comparable 10V, while US has a larger IOV.
10V, intraobserver variability; MRI, magnetic resonance imaging; US, ultrasound [Color figure can be viewed at wileyonlinelibrary.com]

TRAMP model is challenging because of unpredictable disease onset
characteristics and variation in cancer malignancy. While histology has
been the standard method to evaluate treatment response, imaging can
improve treatment evaluation by enabling longitudinal measurements or
stratifying TRAMP phenotypes before commencing treatment. Stratifica-
tion reduces the number of mice needed in preclinical studies through a
reduction in the variation in treatment response between groups. Most
TRAMP mice do not develop solid tumors during their life span, but show
the cancerous transformation of the prostate and increase in prostate
volume; a smaller subgroup develops PD tumors, which causes a large
variation in treatment outcomes. We demonstrated that US imaging,
being a low-cost and broadly available imaging modality, could be used to
screen TRAMP mice for PD tumors. In addition, PD tumor volumes
obtained by US and MRI were compared, as well as prostate volumes

obtained by US imaging, MRI, or histology.

4.1 | PD tumor screening

Stratification of mice into different treatment groups based on the
disease phenotype is important to reduce variation in treatment
response within treatment groups and to reduce the number of mice
needed in preclinical trials. US imaging every third week, up to three
times in total, was found to detect PD tumors in mice aged 16 to 24
weeks with 81% sensitivity and 91% specificity, demonstrating that
US imaging can be a valuable tool for detecting PD tumors. For the
false-negative cases, the volumes were too small for detection by US
imaging and the validation with MRI performed 3 weeks later
revealed volumes in the range of 21 to 93 mm®. Thus, at the time of

US imaging, the tumors were most likely below 2 mm in diameter.

Misclassification of prostates as false positives occurred because the
TRAMP prostate and PD tumors sometimes share characteristics, for
example, compression can make the prostate appear spherical and a
tilted image plane can make the prostate appear asymmetrical.

The screening performance could be improved by repeating US
weekly. Wirtzfeld et al*®achieved a sensitivity of 95% and specificity of
100% when screening 33 mice from the spontaneous PCa model PSP-
TGMAP with US imaging weekly from 16 to 32 weeks of age. In that
study, three investigators reached consensus over the presence or
absence of tumors while having previous imaging data available. Together
with the higher frequency of imaging sessions compared with our study,
this led to an improved screening performance. Other factors that can
contribute to the difference are the use of a different mouse model,
different US set-up and fewer mice in the Wirtzfeld study. A limitation of
both our and Wirtzfeld’s study is that negative US screenings were not
immediately validated by MRI or histology. In our study, mice with
negative US screening were screened up to three times before validation
and in Wirtzfeld’s study, they were screened even more often.

The smallest tumor we detected at week 17 during US screening
had a volume of 14 mm® measured on MRI and a maximum diameter
of 2.6 mm on US, which was similar to the study by Wirtzfeld who
reported tumor detection down to 2.4 mm. Degrassi et al® detected
PD tumors with a diameter of 1 to 2 mm using MRI from week 12 of
age, and the tumor doubling time for the PD tumors was 5 days,
consistent with the doubling times in our study which were from 4.0
to 5.8 days. Several factors can influence the detection limit for PD
tumors. In addition to tumor volume, the detection limit will depend
on how close to the skin the tumor is located, if the tumor affects

image symmetry and the tumor contrast to surrounding tissue.
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When determining the mouse age at the start of screening and
intervals between screening, important considerations are mouse age
at PD tumor debut and PD tumor growth rate as well as the aim of
the study to be performed. If a study requires small initial PD tumor
volumes or one wants to follow tumor development closely, screen-
ing should start early (eg, at 16 weeks of age) and occur frequently
(for example weekly). If the goal is to separate PD tumor mice from a
population of TRAMP mice without tumors, screening can start later
and be done less frequently. Knowledge of the tumor growth rate for
a particular TRAMP strain might be used to extrapolate the growth
curve to determine the start of screening and screening frequency to

select mice with PD tumors of a certain volume.

4.2 | PD tumor measurement agreement and IOV

The repeatability of the volume measurements depends on the ROI
placement around the tumor, which depends on how distinct the border
between the tumor and surrounding tissue is. During US imaging,
compression was used to improve the contrast between tissues and make
borders more distinct, especially for tumors smaller than 3mm in
diameter. Large tumors often show a mass effect, compressing the tissue
around it, giving a good contrast on US imaging without external
compression. The agreement between US imaging and MRI was low, and
the mean difference between measurements was 22% smaller with US
imaging. Compression during US imaging could change the shape of the
tumor, causing an apparent smaller volume especially for the smaller
tumors where compression was done more often. Linxweiler et al?*
compared US and MRI estimated volumes for orthotopic prostate tumors
and they also found that US imaging resulted in smaller volumes than
obtained by MRI. Their US measurements were on average 4.85 mm®
smaller than the MRI measurements and the limits of agreement were
around -120 and 120 mm®2* If we report our findings in absolute values
rather than relative, they are very comparable to Linxweiler with a bias of
6.2mm?® and limits of agreement from -122 to 120 mm? (Figure $2). We
quantified the difference with relative values instead of absolute values,
since the variation depends on the tumor size and limits of agreement
based on absolute values will be more dependent on larger tumors. In
addition, one of the main benefits of using in vivo imaging is the
longitudinal measurements quantify changes over time, which is a relative
measurement, making relative measurements more relevant than
absolute values.

The IOV for tumor volume estimation was slightly lower for MRI
than US. The slightly better IOV for MRI could be because of a more
distinct border and stronger contrast between tumor and the
surrounding tissue compared with US imaging. This variation in
measurement should be considered when estimating the number of

animals needed for a study.

4.3 | Prostate volume measurement agreement
and IOV

Prostate volumes were estimated by US imaging, MRI and histology.

This is to our knowledge the first time a study comparing the three

The Prostate _\\/| Lpy_|l®

methods has been performed in TRAMP mice. We included the
ventral, lateral, and dorsal prostate lobes in the volume estimate,
since the TRAMP mutation affects all prostate lobes. The anterior
lobe was not included in the volume estimate because it was hard to
determine the extent of it by US imaging. Defining the ROI around
the prostate in US and MR images can be difficult due to an unclear
border between prostate lobes and surrounding tissue, especially
between the dorsal prostate and the seminal vesicle. Volume
estimates based on US imaging were 42% smaller than volumes
estimated by histology and 54% smaller than volumes estimated from
MRI. MRI and histology had a much better agreement. Compression
during US imaging could have been a contributing factor for the low
agreement between volumes obtained by US imaging and the other
methods. During compression, the prostate changes shape and parts
of it could have moved out of the imaged volume. The prostate
volume measured by histology is expected to be less than volumes
measured in vivo, because of shrinking during tissue fixation and
subsequent tissue processing. The degree of shrinkage depends on
both tissue and the processing steps. In kidney and prostate tumors
some authors have reported a mean volumetric shrinkage of 11.4%
and 12.4%, respectively.?>?® This is in good agreement with the
12.4% difference we observed between volumes measured by MRI
and histology. Prostate volume IOV was generally high, especially for
US imaging. The border between dorsal prostate and seminal
vesicles was least clear on US imaging (Figure S3) due to low
contrast between the dorsal prostate and seminal vesicles. In
addition, the bladder and preputial glands occasionally affected
image contrast due to posterior acoustic enhancement. These
factors make the transition from dorsal prostate to seminal vesicle
a complex area where the placement of ROIls can be difficult and
hard to reproduce. Our results indicate that the superior parts of the
dorsal prostate may have been mistaken for seminal vesicles and
thus were not included in the prostate ROIl. While US imaging is
relatively fast and cost-effective, the high IOV makes it less reliable
for repeatable volume measurements than MRI. Therefore, a trade-
off has to be made between the time-cost and reliability of

measurements.

5 | CONCLUSIONS

US imaging was found to be a useful screening method for detecting
PD tumors in the TRAMP model and for estimating PD tumor
volume. MR imaging has better repeatability than US, especially for
the estimation of prostate volumes and may be more suitable as a

treatment monitoring method than US imaging.
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Flow chart PD tumor screening
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Supplemental figure 1. Flow chart showing when ultrasound (US) and magnetic resonance
imaging (MRI) examinations were performed. ‘+’ indicates a poorly differentiate (PD) tumor
positive examination and ‘-‘ indicates a PD tumor negative examination.

400

w

[=3

o
T

nN

(=]

o
T

Tumor volume US and MRI comparison

—

[=3

[=]
T

L

=)

]
T

Difference US and MRI [mm?]
ks
8 o

@

&

IS)
:

-400 : : :
5 10 20 50

200 300 500

Mean of paired measurements [mm3]
Supplemental figure 2: Poorly differentiated (PD) tumor volume comparison between
ultrasound (US) imaging and MRI in absolute values. The blue line shows the mean of the
differences and the red line the limits of agreement. Values are: Bias: -6.2 mm?, SD 59.1
mm? (corrected for repeated measurements). Limits of agreement were from -122 to 110

mm?3.



Measurement 1 Measurement 2

MRI

Supplemental figure 3: The top row shows an ultrasound (US) image of the prostate and
regions of interest (ROIs) from two different sessions. The imaged area is close to the border
between the dorsal prostate and the seminal vesicle and illustrate difficulty in repeating ROI
placement. The bottom row shows the corresponding MR image and ROls.



Table 1: US compared to MRI PD tumor volume

Tumor US mean MRI mean Mean Difference  Diff/mean%
1 31.7 39.3 35.5 -7.7 -21.6
2 8.5 14.3 11.4 -5.8 -50.5
3 25.6 25.7 25.6 -0.2 -0.6
4 555.5 418.8 487.1 136.8 28.1
5 11.6 20.2 15.9 -8.7 -54.5
6 38.5 56.7 47.6 -18.2 -38.3
7 44.1 70.7 57.4 -26.6 -46.3
8 8.8 9.0 8.9 -0.2 -2.2
9 42.5 47.7 45.1 -5.2 -11.5
10 585.1 708.2 646.6 -123.1 -19.0
11 30.8 40.3 35.6 -9.5 -26.7

Table 2: US PD tumor volume IOV

Tumor Measurementl Measurement2 Mean Difference  Diff/mean%
1 33.7 29.6 31.7 4.1 13.0
2 8.9 8.1 8.5 0.8 9.4
3 26.5 24.6 25.6 1.9 7.4
4 549.1 561.9 555.5 -12.8 -2.3
5 10.8 12.3 11.6 -1.5 -13.0
6 39.4 37.5 38.5 19 4.9
7 45.6 42.6 44.1 3.0 6.8
8 8.9 8.7 8.8 0.2 2.3
9 42.0 42.9 42.5 -0.9 -2.1
10 583.0 587.1 585.1 -4.1 -0.7
11 31.3 30.3 30.8 1.0 3.2

Table 3: MRI PD tumor volume IOV

Tumor Measurementl Measurement2 Mean Difference  Diff/mean%
1 37.2 41.4 39.3 -4.2 -10.7
2 13.9 14.6 14.3 -0.7 -4.9
3 26.3 25.1 25.7 1.2 4.7
4 419.6 417.9 418.8 1.7 0.4
5 20.5 19.9 20.2 0.6 3.0
6 56.7 56.6 56.7 0.1 0.2
7 70.9 70.4 70.7 0.5 0.7
8 9.5 8.5 9.0 1.0 11.1
9 47.0 48.3 a47.7 -1.3 -2.7
10 695.7 720.6 708.2 -24.9 -3.5
11 40.5 40.1 40.3 0.4 1.0




Table 4. Ultrasound compared to MRI prostate volume

Mouse US mean MRImean  Mean Difference  Diff/mean%
1 44.2 62.0 53.1 -17.8 -33.4
2 39.9 73.6 56.7 -33.7 -59.3
3 41.8 63.7 52.7 -21.9 -41.4
4 41.2 89.7 65.5 -48.5 -74.1
5 34.3 79.2 56.7 -44.9 -79.1
6 50.6 73.2 61.9 -22.6 -36.5
7 35.6 60.6 48.1 -25.0 -52.0
8 29.2 46.4 37.8 -17.2 -45.5
9 28.0 42.3 35.2 -14.3 -40.7
10 23.4 35.8 29.6 -12.5 -42.1
11 19.9 49.5 34.7 -29.6 -85.3
Table 5. Ultrasound compared to histology prostate volume
Histology
Mouse US mean mean Mean Difference  Diff/mean%
1 44.2 47.6 45.9 -3.4 -7.4
2 39.9 63.1 51.5 -23.2 -45.0
3 41.8 59.4 50.6 -17.6 -34.8
4 41.2 71.9 56.5 -30.7 -54.2
5 34.3 59.6 47.0 -25.3 -53.9
6 50.6 62.5 56.5 -11.9 211
7 35.6 51.2 43.4 -15.7 -36.1
8 29.2 44.6 36.9 -15.4 -41.7
9 28.0 40.3 34.2 -12.3 -36.0
10 23.4 32.4 27.9 -9.0 -32.3
11 19.9 57.2 38.5 -37.3 -96.7
Table 6. MRI compared to histology prostate volume
Histology
Mouse MRl mean  mean Mean Difference  Diff/mean%
1 62.0 47.6 54.8 14.4 26.2
2 73.6 63.1 68.3 10.5 15.4
3 63.7 59.4 61.5 4.3 6.9
4 89.7 71.9 80.8 17.9 22.1
5 79.2 59.6 69.4 19.6 28.2
6 73.2 62.5 67.8 10.7 15.8
7 60.6 51.2 55.9 9.3 16.7
8 46.4 44.6 45.5 1.8 4.0
9 42.3 40.3 41.3 2.0 4.8
10 35.8 324 34.1 3.5 10.1
11 49.5 57.2 53.3 -7.7 -14.3




Table 7: Ultrasound prostate volume IOV

Mouse Measurementl Measurement2 Mean Difference Diff/mean%
1 53.6 34.8 44.2 18.8 42.5
2 34.2 45.6 39.9 -11.4 -28.6
3 37.0 46.6 41.8 -9.6 -23.0
4 47.4 35.0 41.2 12.4 30.1
5 34.8 33.8 34.3 1.0 2.9
6 55.8 45.3 50.6 10.5 20.8
7 42.0 29.1 35.6 12.9 36.3
8 31.5 26.9 29.2 4.6 15.8
9 28.9 27.1 28.0 1.8 6.4
10 23.7 23.0 23.4 0.7 3.0
11 19.6 20.2 19.9 -0.6 -3.0

Table 8: MRI prostate volume 10V

Mouse Measurementl Measurement2 Mean Difference Diff/mean%

1 56.5 67.4 62.0 -10.9 -17.6

2 74.1 73.0 73.6 11 1.5

3 66.6 60.7 63.7 5.9 9.3

4 97.4 82.0 89.7 15.4 17.2

5 78.1 80.2 79.2 -2.1 -2.7

6 72.2 74.1 73.2 -1.9 -2.6

7 55.1 66.0 60.6 -10.9 -18.0

8 48.3 44.5 46.4 3.8 8.2

9 40.5 44.1 42.3 -3.6 -8.5

10 33.6 38.0 35.8 -4.4 -12.3

11 50.3 48.7 49.5 1.6 3.2

Table 9: Histology prostate volume 10V
Mouse Measurementl Measurement2 Mean Difference  Diff/mean%

1 47.3 47.9 47.6 -0.6 -1.3
2 62.7 63.4 63.1 -0.7 -1.1
3 59.3 59.5 59.4 -0.2 -0.3
4 72.8 70.9 71.9 1.9 2.6
5 50.0 69.2 59.6 -19.2 -32.2
6 58.0 66.9 62.5 -8.9 -14.3
7 49.7 52.7 51.2 -3.0 -5.9
8 42.8 46.4 44.6 -3.6 -8.1
9 40.5 40.1 40.3 0.4 1.0
10 32.9 31.8 32.4 11 34
11 60.9 53.4 57.2 7.5 13.1
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Abbreviations

Cab — cabazitaxel

Cab-US+MB - cabazitaxel combined with therapeutic ultrasound and microbubbles
Ctrl — control

DD - ductus deference

HES - hematoxylin, erythrosine and saffron

IHC — immunohistochemistry

MRI — magnetic resonance imaging

MS — mass spectrometry

NE - neuroendocrine

NP — nanoparticle

Pr - prostate

PBS — phosphate-buffered saline

PD — poorly differentiated

PEBCA — poly (2-ethyl-butyl cyanoacrylate)

PIN - prostatic intraepithelial neoplasia

SV — seminal vesicle

TRAMP - transgenic adenocarcinoma of the mouse prostate
Tu —tumor

Ur - urethra

US — ultrasound

US+MB - therapeutic ultrasound combined with microbubbles (SonoVue)



Abstract

Both nanoparticle (NP) and ultrasound (US) mediated drug delivery of chemotherapeutic
agents have shown promising results in pre-clinical and clinical studies. Until now, most pre-
clinical studies have been done in immunodeficient mice with xenografted tumors. In this
study, we used two phenotypes of the spontaneous model transgenic adenocarcinoma of the
mouse prostate (TRAMP) and followed treatment response with magnetic resonance imaging.
TRAMP mice with poorly differentiated (PD) tumors (n=12) detected by US imaging were
treated with either the chemotherapeutic agent cabazitaxel (Cab), Cab combined with
therapeutic US and microbubbles (MBs) or were untreated controls treatment. Cab reduced
the volume of all tumors, but an additional effect from US+MB was not detected; one mouse,
however, did not show sign of tumor recurrence. TRAMP mice with dysplastic prostates (n=47)
were treated with either Cab, Cab combined with therapeutic US and microbubbles (MBs),
NPs encapsulating Cab, NPs encapsulating Cab combined with therapeutic US and
microbubbles (MBs) or were untreated controls. All treatments reduced the mean prostate
volume compared to the control and to the volume before treatment. However, the prostates
started growing again after treatment, and six weeks after treatment the mean prostate volume
was similar between groups. Also, histology grading and Ki-67 immunostaining did not reveal
difference between groups. Mass spectrometry analysis showed that NP encapsulation of Cab
increased the circulation time of Cab and enhanced the accumulation in the liver and the
spleen. Overall, Cab reduced PD tumor and prostate volume in the TRAMP model, but the
effect was transient. The study did not show any clear added therapeutic efficacy from
combining Cab with NP encapsulation or US+MB.



Introduction

Prostate cancer is the third most deadly cancer among men in the European Union with an
estimated 107,300 deaths in 2018'. Thus, more efficient therapies are needed to improve
prostate cancer survival. Nanoparticles (NPs) and ultrasound combined with microbubbles
(US+MB) are promising methods to increase the delivery and efficacy of chemotherapeutic
drugs. By encapsulating drugs in NPs, the pharmacokinetic properties can be altered to
improve efficacy and reduce adverse effects?. NPs have shown promising results in pre-
clinical studies® and are thought to improve treatment through the enhanced permeability and
retention effect (EPR effect), where NPs passively target tumors due to leaky tumor capillaries
and are retained there because of the lack of effective lymphatic drainage®*. However, a review
of studies has shown that a median of only 0.7% injected NPs reaches the tumor®. Further
methods to improve drug delivery are therefore needed. US+MB mediated drug delivery is
known under many terms, including sonopermeation®. Sonopermeation effects are mediated
by acoustic radiation force, which causes a fluid stream in the direction of the US pulse, and
cavitation, which is the creation and oscillation of bubbles in the acoustic field. This might lead
to changes in tumor perfusion, enhanced vascular permeability and facilitated transport of
drugs through the extracellular matrix towards cancer cells. US+MB mediated drug delivery
has increased drug efficacy in both pre-clinical and clinical studies®.

Most preclinical studies of the treatment efficacy of drug-loaded NPs alone or combined with
US+MB have been conducted in immunodeficient xenograft cancer models in mice, which
differ from human cancer in several regards: the tumor develops from cells that are already
malignant, leading to less heterogenous cancer genetics; the mice are immunodeficient, thus
diminishing the anti-cancer role of the immune system, and the cancer cells are often grown
outside of their tissue of origin, preventing interplay between the cancer cells and the organ
specific connective tissue’. The use of genetically engineered cancer models can address
these shortcomings. The transgenic adenocarcinoma of the mouse prostate (TRAMP) is a
commonly used spontaneous prostate cancer model where cancer develops from normal
prostate cells that transition through dysplastic stages before they become malignant®®. The
TRAMP model has mainly been used to examine cancer preventive effects of interventions,
ranging from the efficacy of diets'® and supplements of silibinin'" or selen’?, to some types of
drugs, for example non-steroidal anti-inflammatory drugs™® and tyrosine kinase inhibitors™. In
studies of cancer prevention, the treatment is administered from early in life, before the onset
of cancer. Studies of anti-cancer efficacy should however start later in life, once the disease
has developed. Some studies have examined the anti-cancer effect of chemotherapeutic
agents'®'® in the TRAMP model, but as far as we know no studies have assessed the
therapeutic effect of using NPs or sonopermeation for drug delivery in the TRAMP model.

In this study, we investigated if NP encapsulation and US+MB could enhance the therapeutic
efficacy of cabazitaxel (Cab) in two phenotypes of the TRAMP model. In the TRAMP model,
a subgroup develops poorly differentiated (PD) tumors, whereas the majority develop a
dysplastic prostate with a high grade of prostatic intraepithelial neoplasia (PIN). The
therapeutic response was thus evaluated either by the volume of the tumor (PD group) or by
the volume of the prostate (PIN group). In addition, the effect of NP encapsulation and US+MB
on biodistribution of Cab was assessed using mass spectrometry (MS). To our knowledge,
this is the first time a study is conducted in the TRAMP model using Cab and NP-encapsulated
Cab alone or in combination with US+MB.



Materials and Methods

Animal model

All animal experiments were approved by the Norwegian Food Safety Authority. TRAMP mice
were purchased from Jackson Labs in 2012 and used to establish an in-house colony at the
Norwegian University of Science and Technology (NTNU, Trondheim, Norway). Mice
heterozygous for the TRAMP mutation were bred using homozygous females from the in-
house colony and C57BL6 males purchased from Jackson Labs. The presence of TRAMP
mutation was verified using polymerase chain reaction. Mice were housed under specific
pathogen-free conditions, in groups of one to six in individually ventilated cages (Model 1284
L, Tecniplast, Lyon, France) at temperatures from 21°C-23°C, with 45-60% relative humidity,
70 air changes per hour, 12 h light/dark cycle and ad libitum access to food and sterile water.
They were fed RM1 expanded pellets (Special Diets Services) and the cages were enriched
with housing, nesting material and gnaw sticks. Approximately 20% of the TRAMP mice bred
in a C57BL6 background strain develop fast growing PD tumors'’, and these mice need to be
euthanized few weeks after PD tumor detection because of tumor burden, while TRAMP mice
with dysplastic prostate without tumors can live up to 52 weeks'®. Mice were euthanized if they
were moribund, displayed signs of excessive scratching, had a weight loss >10% or a tumor
diameter >15 mm.

Ultrasound imaging and screening

To separate the TRAMP mice with fast growing PD tumors from the mice with a dysplastic
prostate, the mice were screened with US imaging as described earlier'”. Imaging was
performed with a FUJIFILM Visualsonics Vevo 3100 scanner and an MX550D probe with 40
MHz center frequency, giving a 30x30 um? in-plane resolution and 80 um through-plane
resolution. 3D images were acquired by imaging every 76 ym using a 3D motor. Mice were
anesthetized with 1.5% to 2.5% isoflurane with 0.5 L/min 5:1 air:O2 mix. The isoflurane dose
was adjusted to reach a target respiratory rate of 80 breaths per min. Mice were restrained in
supine position by taping the hind limbs to the imaging stage. To remove fur, the mice were
shaved with an electric razor followed by application of depilation creme. US imaging gel was
used to secure good acoustic contact between the transducer and the mouse skin. Mice were
screened one to three times at an age ranging from 16 to 24 weeks. If a PD tumor was
detected with US, the mouse was imaged with MRI the following day to verify the findings,
upon which, the mouse was treated the same week, or the week after if PD tumor volume was
<30 mm3. The same MRI protocol was used for treatment monitoring and is described later.

Treatment groups

Mice with PD tumors were available in limited numbers and were divided into three treatment
groups, examining the therapeutic effect of Cab and Cab combined with ultrasound and
microbubbles (US+MB):

1) Control (Ctrl): No treatment.

2) Cabazitaxel (Cab): 10 mg/kg Cab once a week for three weeks.

3) Cab combined with US and MB (Cab-US+MB): 10 mg/kg Cab once a week for three
weeks combined with US+MB.

Mice without PD prostate tumors were divided into five different groups, examining the
therapeutic effect of Cab and NP with and without US+MB:



4) Control (Ctrl): No treatment.

5) Cabazitaxel (Cab): 10 mg/kg Cab once a week for three weeks.

6) Cab combined with US and MB (Cab-US+MB): 10 mg/kg Cab once a week for three
weeks combined with US+MB.

7) Nanoparticles (NP): 10 mg/kg Cab encapsulated in NPs once a week for three weeks.

8) NP combined with US and MB (NP-US+MB). 10 mg/kg Cab encapsulated in NPs once
a week for three weeks combined with US+MB.

Cabazitaxel and nanoparticles

Cab is approved as a second-line treatment in metastatic prostate cancer and is a good
candidate for polymeric NP encapsulation as its high toxicity makes altered biodistribution and
pharmacokinetics favorable. Cab (Biochempartner Co. Ltd.) was dissolved in distilled water
with 1040 mg/mL Tween-80 (Sigma-Aldrich) to 40 mg/mL and stored at +4°C. At each day of
experiment, Cab was diluted 1:4 in 13% ethanol and further diluted in 0.9% NaCl to reach a 6
mg/mL concentration before iv injection. PEGylated poly(2-ethyl-butyl cyanoacrylate) NPs
loaded with Cab were synthesized as described previously'®. Cab concentration in the NPs
was measured by MS and NP solution was diluted in 0.9 % NaCl to a 6 mg/mL concentration
of Cab, resulting in a NP concentration around 67 mg/mL in the injected volume of 41 to 62
pL. v access was established by placing a 24G catheter (BD Neoflon, Becton Dickinson
Infusion Therapy) in the tail vein.

MRI-guided ultrasound treatment

US treatment was done MRI guided, combining a FUS Instruments RK100 with a Bruker 7T
Biospec 70/20 Avance lll MRI scanner. The RK100 consists of a water tank containing a 3-
axis positioning system with a US transducer and a control station with a PC, amplifier and a
signal generator. Approximately 8 L of deionized water was filled in the water tank and heated
to approximately 40°C to reduce the amount of dissolved gas in the water and avoid
hypothermia during treatment. At each day of treatment, the spatial coordinates of the US
system and the MRI scanner were co-registered for calibration following the instructions from
the producer.

MRI scans were acquired before US treatment to localize the prostate or tumor and determine
which areas to treat. These MRI images were acquired using an 86 mm volume resonator coil
for both RF transmission and reception. Axial T2 weighted coronal images were acquired with
settings TE 58.5 ms, TR 4000 ms, RARE factor 8, averages 6, in-plane resolution 0.2x0.2
mm?, slice thickness 0.8 mm and acquisition time 6 minutes.

US treatment was done using a single-element spherically-curved transducer with resonance
frequency 1.1 MHz, aperture 75 mm and focus at 60 mm. The US settings were peak negative
pressure of 0.545 MPa, resulting in mechanical index (=peak negative pressure
(MPa)/,/center frequency(MHz) of 0.5, 10k cycles and 3 minutes sonication time. Pulse
repetition time varied depending on the area of tumor or prostate. In tumors, the mean number
of treatment points were 10 with a range of 6 to 14, covering an area of 50 to 117 mm? (Figure
1 Left). The mean pulse repetition time was 2.8 s with range 1.8 to 3.5 s. When treating
prostates, the mean number of treatment points was 15 with a range of 8 to 20 (Figure 1
Right), covering an area of 67 to 167 mm2 The mean pulse repetition time was 3.8 s with
range 2.2 to 4.8 s. All treatment points were selected at the same depth, since the axial
pressure wave stayed within -6 dB over 8.18 mm, giving good coverage in the anterior-
posterior direction. The US contrast agent SonoVue (Bracco) was used. Mice received an iv
injection of 50 yL SonoVue before each of three sonications, resulting in a total treatment time




of 9 min per week. The treatment was repeated weekly for three weeks. Figure 2 shows the
treatment timeline for US+MB treatment sessions.

PIN prostate

PD tumor

Figure 1.

MR images showing representative examples of placement of treatment areas for ultrasound
treatment (red circles) on the PD tumors and PIN prostates. The individual treatments points
are 1.63 mm in diameter, corresponding to the full width at half maximum for the radial
pressure profile. Abbreviations: B, bladder; Pr, prostate; SV, seminal vesicle and Tu, tumor.

Timeline US+MB treatment
Cannulate tail vein
Move to MRI US treatment

0 min scanner planning US+MB US+MB US+MB Approx. 30 min
Anesthesia | \ | | ‘ \ \ ‘ D Recovery
‘ MR imaging Move to US treatment
Cab/NP system
iv injection
Fur removal

Figure 2.

Timeline showing the treatment steps involved in US+MB treatment. The treatment was
repeated weekly for three weeks. Abbreviations: Cab, cabazitaxel; MRI, magnetic resonance
imaging; NP, nanoparticle; US+MB, ultrasound combined with microbubbles. iv, intravenous

Treatment monitoring

The treatment response was monitored by measuring PD tumor volume or prostate volume
with MRI. Imaging was done using a Bruker 7T Biospec 70/20 Avance Il scanner with an 86
mm volume resonator coil for RF transmission, and a phased array mouse heart surface coil
was placed close to the lower abdomen for RF reception. Axial T2 weighted images were
acquired with settings TE 58.5 ms, TR 5000 ms, RARE factor 6, averages 6, in-plane
resolution 0.1 x 0.1 mm?, slice thickness 0.4 mm and acquisition time 10 minutes. Mice were
kept under isoflurane gas anesthesia and were placed on the scanner bed in prone position
with a gauze and tape over the lower back to reduce motion from breathing. Mice with PD
tumors were imaged weekly and mice with PIN prostate were imaged every other week. MRI
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images were exported as DICOM from Paravision 6.0.1 and loaded into FIJI ImageJ?° where
volumes were estimated based on manual segmentation of the image stacks. The ventral,
lateral and dorsal prostate lobes were included in the segmentation. The anterior prostate lobe
was not included since it is har to differentiate from the seminal vesicle because of their
intertwined relationship. Sggaard et al. also choose to leave out the anterior lobe'®.

Histology and immunohistochemistry

For a subgroup of mice without PD tumors, the treatment effect was also assessed by
histology and immunohistochemistry. 30 mice were included in the analysis, three per
treatment group and the analysis was performed at two time points, two and six weeks after
end of treatment. Mice were euthanized by cervical dislocation and prostates harvested
together with the seminal vesicle, bladder and urethra and fixed in 4% formaldehyde before
paraffin embedding. Sectioning was done with a microtome (Leica RM2255) and the sections
were stained for hematoxylin, erythrosine and saffron (HES) or the proliferation marker Ki-67
with a light hematoxylin counterstain.

Ki-67 staining was done using a Dako Autostainer. Sections were incubated with anti-Ki67
antibody (Abcam ab16667, clone SP6 1:50) for 40 minutes. After a rinse, the sections were
washed in buffer and incubated for 30 minutes in Labelled polymer HRP anti-Rabbit (Daco
K4003) and with DAB (Dako K3468) to develop the stain. In Sakura Tissue-Tek © Prisma™,
the slides were lightly counterstained with hematoxylin. The stained sections were digitalized
using a slide microscope (Olympus VS120-S5). The proliferative index (Pl) was quantified as
the percentage of cells positive for Ki-67 marker and was calculated using QuPath software?".
Regions of interest were drawn over separate prostate lobes and the number of Ki-67 positive
cells were found using the positive cell detection function. The prostates were fixed preserving
the whole structure which made it hard to find the transition between dorsal and anterior lobe
when the PIN was high grade. Because of this, the inferior part of the dorsal lobe was used to
score the dorsal lobe and the anterior lobe was left out from HES and Ki-67 quantification.

HES sections were graded using the TRAMP grading scheme by Berman-Booty??. This
grading scheme was chosen since the output is quantitative. The scheme grades lesions
based on seven levels of severity (normal, three grades of PIN, phyllodes tumor and three
grades of malignancy) and distribution (focal, multifocal or diffuse). The score is the sum of
the most severe lesion and the most common lesion. The grading scheme differentiates high-
grade PIN from well-differentiated adenocarcinoma by the presence of invasion, which
requires invasion of epithelial cells into underlying smooth muscle and reactive fibroblasts and
myoepithelial cells in the area of invasion.

Biodistribution of cabazitaxel

MS quantification of Cab was performed to assess the effect of NP encapsulation and US+MB
on the drug biodistribution. Twelve TRAMP mice in the age range from 25 to 28 weeks were
included. Mice were imaged with US two days prior to the experiment to remove mice with PD
tumors. The mice were exposed to a single treatment equivalent to groups 5, 6, 7 and 8, and
euthanized two hours later. In order to only quantify Cab residing in the organ tissue and not
include Cab content from the blood, all mice were perfused with phosphate-buffered saline
(PBS). Euthanasia was done by first anesthetizing the mice with isoflurane and administering
a lethal dose of pentobarbital intraperitoneally. After the mouse stopped breathing, the chest
was opened, and a blood sample was collected from the right ventricle. Further, an incision
was made in the right atrium. Then a catheter was used to puncture the left ventricle and
perfuse the mouse with 10 mL PBS. After perfusion, the brain, heart, lung, liver, kidney,
spleen, anterior prostate lobe, dorsolateral lobes and the ventral lobe were harvested and



frozen individually. Prostate lobes were separated using microdissection. All samples were
lyophilized and weighted before and after lyophilization. The Cab content of the samples was
extracted and quantified by MS as described earlier?.

Toxicity

Iv NP injection led to instant apnea in all mice treated with NPs. Heart rate and respiration rate
was monitored during and after iv injection of NP in four mice, using a Vevo3100 (Fuijifilm
Visualsonics) system. Body weight was recorded by weighing mice weekly during treatment
and every other week after end of treatment.

Statistical analysis

A two-way mixed ANOVA was performed to evaluate if prostate volumes and body weights
were significantly different between treatment groups. A p-value of 0.05 was considered to
show statistical significance.



Results

TRAMP phenotype stratification

TRAMP mice were screened to distinguish between mice with and without PD tumors (Figure
3 shows representative images). 82 TRAMP mice were screened for PD tumors and 16 tumors
were detected in the age range 17-25 weeks. Two of the mice were euthanized due to tumor
burden at the time of PD tumor detection, and 14 of the mice with PD tumors were included in
treatment groups 1-3. Mice without PD tumors were expected to have prostates displaying
PIN. Among PIN mice, 21 mice were removed during the study because of kidney tumors,
bad health, change in MRI measurement protocol after first treatment or complications from iv
cannulation and injection. 45 mice with PIN prostates were included in treatment groups 4-8
and were treated and followed up as intended. Figure 4 shows time points where mice were
removed from the study.

MRI HES

PIN
prostate

Figure 3.

The image panel shows representative images of PD prostate tumors (top row) and prostates
with PIN (bottom row) acquired with US imaging (left column), MRI imaging (middle column)
and HES slide (right column). Abbreviations: HES; hematoxylin, erythrosine and saffron, MRI;
magnetic resonance imaging, PIN; prostatic intraepithelial neoplasia, PD; poorly differentiated,
Pr; prostate, SV; seminal vesicle, Tu; tumor and Ur; urethra.
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Age 16 weeks 82 TRAMP mice

8 TRAMP mice .
removed 2 TRAMP mice
US screening } /v with PD tumor
16 TRAMP mice euthanized
with PD tumor
Age 25 weeks 58 TRAVP mice
Treatment start Treatment start
14 TRAMP mice
11 TRAMP mice with PD tumor
removed
Age 29 weeks [ 15 TRAVP mice followed with MR
2 weeks after 47 TRAMP mice then euthanized for histology
end of treatment
N 2 TRAMP mice
removed
Age 33 weeks N
6 weeks after
end of treatment 30 TRAMP mice followed with MRI, then euthanized.

Histology was done for 15 of the mice.

Figure 4.

Flow chart displaying recruitment of the two phenotypes of TRAMP mice to treatment studies.
Fourteen mice with PD tumor and 45 mice with PIN prostate were treated and followed up as
intended. Abbreviations: PD, poorly differentiated; TRAMP, transgenic adenocarcinoma of the
mouse prostate and US, ultrasound.

Treatment effect on PD tumor volume

The therapeutic effect of Cab and Cab combined with US+MB was studied in TRAMP mice
with PD tumors, and the tumor growth is presented in Figure 5. 12 out of 14 mice received all
intended treatments. Mice were euthanized because of tumor burden (n=8), bad health (n=3)
or air injection (n=1). For the untreated controls, all tumors had an approximately logarithmic
growth in volume. For the Cab group, three of four tumors decreased in size following
treatment, but regrowth took place two to six weeks after the last treatment. One tumor
continued to grow despite treatment, but the growth rate was less than for the untreated
controls. This tumor was approximately 4 times larger in volume compared to the other PD
tumors at treatment start, which can explain the poor therapeutic response. In the US+MB
group, all tumors decreased in size after treatment. One mouse survived for ten weeks after
treatment without tumor recurrence (MR images shown in Figure 6). The PD tumor could not
be detected by MRI, in contrast to the other mice, where PD tumors were still detectable. The
mouse without recurrence was euthanized ten weeks after the end of treatment due to acute
poor health. Necropsy revealed gut necrosis. Among the other mice receiving US+MB
treatment one died during the last treatment because of unintended injection of air and another
was euthanized due to weight loss 3 weeks after start of treatment.
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Figure 5.

Tumor volume in mm?® on a logarithmic axis as a function of time after start of treatment.
Treatment was given in week 0, 1 and 2 (marked with arrows). The colored lines show tumor
growth for individual mice. Time of euthanasia is marked with a cross. Abbreviations: Ctrl,
control; Cab, cabazitaxel; Cab-US+MB, cabazitaxel combined with therapeutic ultrasound and
microbubbles

One week after One week after
first treatment second treatment

Before treatment

Figure 6.

The image panel shows weekly MR images of a mouse receiving weekly Cab and US+MB. In
the left image, the tumor is seen as an oval structure with a mix of homogenous mid intensity
area and a dark area in the periphery. One week after the first treatment the whole tumor
structure has a low signal intensity and one week after the second treatment the dark structure
is further reduced in size.

Treatment effect on prostate volume

The treatment efficacy of Cab, Cab-US+MB, Cab-loaded NP and Cab-loaded NP with US+MB
was assessed by recording the prostate volume of 47 mice. Two weeks after end of treatment,
the mean prostate volume was increased by 26% for the untreated control group and for all
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treated mice the prostate volume was reduced by 16-18%. There was no significant difference
between the different treatments. The prostate volume for all treated mice were significantly
different from the untreated control group. 30 mice were followed up to six weeks after the last
treatment (Figure 7). Between two and four weeks after treatment, the mean prostate volume
increased in all groups, and the growth rate was faster than in the untreated control group. Six
weeks after end of treatment, there was no difference between the mean prostate volume of
the different groups. Large variations were observed between individual prostates, especially
for the untreated controls (Supplementary Figure 1). For the untreated controls, the prostate
volume increased rapidly for one mouse, increased slowly for most of the mice and decreased
for two mice. The variation was less for the mice treated with Cab either free or encapsulated.
The majority (except two given free Cab) of the prostates decreased in volume during
treatment. For the prostates that were also treated with US+MB, the variation was even less,
and all prostate volumes decreased during treatment.

18
—&— Ctrl (6)
6l |~E—Cab(®)
: Cab-US+MB (7)
—&—NP (6)
1.4 L |—8—NP-US+MB (8) T

Relative change prostate volume

08
06
0'4 1 1 L L 1 1 1 1 1
Ao A1 A2 3 4 5 6 7 8
Weeks
Figure 7.

Mice followed from before treatment until eight weeks after start of treatment. Relative prostate
volume as a function of time after start of treatment. Treatment was given in weeks 0, 1 and 2
(marked with arrows). The colored symbols show group mean and the error bars show
standard deviation. The number of animals per group are given in the figure legend.
Abbreviations: Ctrl, control; Cab, cabazitaxel; Cab-US+MB, cabazitaxel combined with
therapeutic ultrasound and microbubbles; NP, cabazitaxel encapsulated in nanoparticles and
NP-US+MB, cabazitaxel encapsulated in nanoparticles combined with therapeutic ultrasound
and microbubbles.
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Treatment effect on prostate histology scoring and proliferative index

Mice without PD tumor were euthanized either two or six weeks after end of treatment and
prostates were harvested for analysis. HES sections were graded with the scheme by Berman-
Booty?? and the Ki-67 sections were quantified based on the percentage of positive cells.
Figure 8 shows representative HES and Ki-67 staining of TRAMP prostates and details of the
ventral, lateral and dorsal prostate lobe. On HES stained sections, the ventral prostate was
characterized by multifocal low grade PIN and not much change in the stroma. The lateral and
dorsal lobe expressed diffuse high grade PIN. The lateral lobe’s connective tissue had
fibroblast invasion and collagen fibers surrounding the lobes, while the dorsal lobe had
hypertrophic smooth muscle cells surrounding the glands. Cells positive for Ki67 were typically
epithelial cells located basally in the glands.
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Figure 8.

The image panel shows HES stained sections in the column to the left and Ki-67 stained
sections in the column to the right. The top row of images shows an overview of the prostate
and the other rows show details of different prostate lobes. The images are representative of
the most common lesions in the respective lobes: Multifocal low grade PIN in the ventral
prostate lobe and diffuse high grade PIN in the lateral and dorsal prostate lobe. Abbreviations:
DD, ductus deference; DP, dorsal prostate lobe; HES, hematoxylin, erythrosine and saffron;
LP, lateral prostate lobe; VP, ventral prostate and Ur, urethra.
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To obtain a quantitative number for the malignancy of the prostate, HES images were scored
using the Berman-Booty grading scheme. The scores were similar between all groups and
between the two time points (Figure 9), i.e. there was no clear difference between the
treatment groups and untreated control. Most groups showed one prostate with higher or lower
score than the majority. Only one sample was classified as malignant. This mouse was in the
NP group and displayed PD tumor tissue in the ventral prostate, but the PD tumor was small
and had not been detected during MR imaging. In general, the ventral prostates were
homogenous, with most prostates scoring 8. This score was characterized by a multifocal
distribution of cell stratification and crowding of epithelial cells. The lateral and dorsal prostate
were especially homogenous, with most samples scoring 18, corresponding to a diffuse
distribution of features like tall papillary projections filling the lumen and clusters of cells
herniating into the surrounding smooth muscle.

The proliferative index was similar between all treatment groups (Figure 9) although there was
a large variation within the groups. For the ventral and lateral prostate, the proliferative index
was lower six weeks after treatment compared to two weeks after treatment. The ventral lobe
showed lowest proliferative activity with 10-20% and 0-20% proliferative cells two and six
weeks after treatment, respectively. Cells in the lateral and dorsal lobes had higher
proliferative activity and the Ki-67 positive cells ranged from 0-50% or 10-60% in the lateral
and dorsal lobe, respectively. Staining with the proliferation marker Ki-67 was quite
homogenous in the ventral prostate lobe and heterogenous for the lateral and dorsal lobe,
corresponding to larger variation in proliferative index in the lateral and dorsal lobes compared
to the ventral lobe.
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Figure 9.

The top row shows histology grading using the Berman-Booty grading system two and six
weeks after the last treatment for all different groups. The bottom row shows the proliferative
index (% positive Ki-67 stained cells) for three different prostate lobes. Each symbol
represents an individual mouse, some data points have perfect overlap.

16



NP and US+MB effect on cabazitaxel biodistribution

The biodistribution of Cab was assessed by MS quantification of Cab for samples harvested
two hours after treatment in mice without PD tumors (Figure 10). Encapsulating Cab in NP
enhanced the amount of Cab per mg of organ in all organs, especially in spleen, liver and
blood. The blood concentration of free Cab was very low compared to Cab encapsulated in
NPs. Cab was not detected in the brain for any mouse. The concentration of Cab in the
prostate lobes was higher for NP groups than free Cab groups (Figure 10B). The mice were
perfused, thus the increased uptake should be extravasated NP or drugs, although it cannot
be ruled out that some NPs are left in the vessels. US+MB did not affect the amount of Cab
neither in the prostate nor in any of the other organs two hours after treatment.

Cabazitaxel biodistribution two hours after treatment
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Figure 10.

A Amount of cabazitaxel (Cab) in ng per mg organ on a logarithmic axis for all organs and
blood. The data points represent measurements from organs of individual mice, three per
treatment group. B ng Cab per mg organ on a linear axis for the prostate lobes only. C % of
injected dose in all organs and blood. D % of injected dose in all organs on a shorter axis to
visualize differences between groups. E % of injected dose adding up the amount of Cab in
all harvested organs 2 hours after treatment. Abbreviations: APL, anterior prostate lobe; Cab,
cabazitaxel; DPL, dorsal prostate lobe; LOQ, limit of quantification and VPLP, ventral and
lateral prostate lobe.

Apnea after NP injection

All mice receiving iv NP injections suffered from apnea and bradycardia immediately after
injection. Data from four mice showed a mean apnea duration of 40 s, ranging from 38 to 43
s. The mean duration from start of bradycardia until the heart rate was the same as before
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injection was 54 s, ranging from 50 to 57 s. The mean heart rate before injection was 441 bpm
and the mean minimum heart rate after injection was 109 bpm. No mice died from the iv NP
injection.

Weight loss

Body weight was assessed as a measure of toxicity and is displayed in Supplementary Figure
2. There was no significant difference in body weight between groups at start of treatment.
Two weeks after end of treatment, the mean body weight of the untreated control was
unchanged, whereas the treated mice had a mean reduction of 5-7% body weight. At this
timepoint the difference was statistically significant between the control group (0.0% mean
change in body weight) and the NP group (6.2% mean reduction in body weight), and the
control group and the NP-US+MB group (7.1% mean reduction in body weight). Six weeks
after end of treatment there was no significant difference in body weight between the groups.
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Discussion

The treatment efficacy of Cab both with and without NP encapsulation and US+MB treatment
was evaluated in the TRAMP model. To our knowledge, such a study has not been published
before in a spontaneous, orthotopic prostate cancer model. The rationale behind this study
was to verify the promising strategy of using NPs and US+MB for improving the delivery of
drugs®'® in a more clinically relevant model. Spontaneous orthotopic models are thought to
represent human cancers better than xenografts, since mice are immunocompetent, have
more heterogenous tumor genetics, and have organ specific stroma around the cancer cells’.
The TRAMP model develops different phenotypes, which are probably representative of
different types of human disease. Previous studies of TRAMP PD tumors have shown that
they are positive for IHC staining for synaptophysin, indicating a neuroendocrine (NE)
phenotype?. In human disease, prostate cancer with a NE phenotype is rare and carries a
poor prognosis®®. However, as prostate cancer progresses it sometimes differentiates to a NE
phenotype in late stages of the disease. Studying the TRAMP PD neuroendocrine phenotype
might therefore bring insights in treatment of the aggressive NE phenotype or transformed
late-stage adenocarcinoma?®.

Most mice in this study did not develop PD tumors, but prostate volumes increased compared
to wild-type mice?” and histology revealed high grade PIN, classified by the Berman-Booty
grading scheme?2. Chiaverotti et. al** have argued that the dysplastic lesions in the TRAMP
do not progress to cancer and that PIN is therefore a misleading term, since it implies a
malignant potential. Generalizing from the non-tumor TRAMP mice to human disease is not
straight forward, since it is unclear if it progresses to malignant disease. Depending on the
grading scheme used, it could be argued that we have treated a benign condition, a
premalignant condition or a malignant disease.

Treatment effect on PD tumor volume

A subgroup of the TRAMP mice developed PD tumors, and the therapeutic efficacy of Cab
and Cab combined with US+MB was studied. Because of small numbers of PD tumors, the
effect of NP encapsulation was not assessed. All mice with PD tumors responded to Cab or
Cab combined with US+MB either by reduction of growth rate or reduction in PD tumor volume,
demonstrating that Cab is an effective drug for PD tumors in the TRAMP model.

Degrassi'® et al. showed that doxorubicin can reduce the volume of PD tumors in the
TRAMP'S. Degrassi treated six mice with PD tumors with 7.5 mg/kg doxorubicin per week for
three weeks and monitored treatment response with MRI. All tumor volumes were reduced,
but three tumors started growing again during 40 days of follow up. Treating the PD tumors
with Cab combined with US+MB had similar effects as Cab alone, except for one PD tumor,
which disappeared completely on MRI imaging. However, the number of tumors is too small
to conclude whether US+MB enhances the treatment effect of Cab. The results, however, are
encouraging and are in line with observations using xenografts, where treating subcutaneous
xenografts with drugs or NPs combined with US+MB caused reduced tumor growth and even
resulted in complete remission'®.

The benefit of using US+MB is probably greatest in tumors where extravasation and
penetration of drug through the extracellular matrix limits drug delivery. In xenografts
expressing low EPR, sonopermeation is reported to be more effective than in xenografts with
high EPR%. Thus, sonopermeation depends on tumor physiology, such as the vascular
network and the composition and structure of the extracellular matrix, which are known to vary
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between within and between tumors, which can explain some of the variation in therapeutic
responses to US+MB.

Treatment effect on PIN prostate

All treatments that included Cab significantly reduced the prostate volume compared to both
the starting volume and to the untreated controls. There was no clear added effect from using
NPs or sonopermeation. This might indicate that Cab, either free or encapsulated, diffuses
efficiently through the prostate and that sonopermeation does not improve the delivery and
therapeutic response. NPs in the prostate might not encounter the same barriers as in solid
tumors, such as the high interstitial fluid pressure and dense stroma?®3'. The observation that
encapsulated Cab is as efficient as free drug is promising because encapsulating drugs have
the potential to reduce toxicity from chemotherapeutic agents®2.

The mean prostate volume regrew beyond the pre-treatment volume in all treatment groups
during the 6 weeks after the last treatment. Since hyperplasia has a genetic cause that was
not removed by the treatment, regrowth could be expected. Also, none of the mice were
castrated, thus testosterone would still stimulate the prostate tissue to grow. The results are
consistent with the few comparable studies available: Degrassi et. al.'® treated six TRAMP
mice without tumors with 7.5 mg/kg doxorubicin weekly for three weeks and monitored
treatment response with volume measurements based on MRI. They also observed a clear
reduction in prostate size initially and a regrowth after end of treatment outgrowing the pre-
treatment size. Sggaard et. al.'® treated the TRAMP with either docetaxel or docetaxel plus a
peptide targeting the cellular scaffold protein PCNA. Both groups receiving docetaxel had
smaller prostate volumes than the control up to four weeks after one treatment with 3 mg/kg
docetaxel.

Histology grading and Ki-67 staining was done to assess treatment effects on the microscopic
level. Both histology grading and Ki-67 staining did not show any difference between treatment
groups and no difference between the two time points (two and six weeks after treatment),
which is in line with results observed in prostate volume. The time points were chosen to late
to detect the transient effect of the treatment. Several studies on prevention of cancer in the
TRAMP model have shown reduction in the expression of Ki-67 in the model. For example
though administration of the flavone apigenin® and a energy restriction mimetic agent®.
However, these studies assess the preventive effect of treatment and begin at young age,
treat for a long time and often euthanize while therapy is still on-going.

Biodistribution

Improved therapeutic response requires an improved uptake of the drug in the tumor and in
neoplastic cells. Thus, the prostate uptake of free and encapsulated Cab and the
biodistribution in various organs were quantified with MS. Encapsulation of Cab into NPs had
a clear effect on blood concentration and biodistribution two hours after intravenous
administration. These results are in line with previous work on the biodistribution of the PEBCA
NPs®*'®, The lungs also had increased levels of Cab when it was encapsulated in NPs,
however the lungs were not perfused with PBS, making it difficult to separate the contribution
from Cab in blood from Cab in lung tissue. Mice treated with Cab encapsulated in NPs had a
higher Cab content in the different prostate lobes compared to mice treated with Cab, but the
approximately 1.7 times higher uptake was not sufficient for any therapeutic improvement.
Possible mechanisms for the higher uptake of encapsulated Cab are lower distribution volume,
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longer circulation time and slower excretion. US+MB did not have any clear effect on prostate
uptake for free Cab or Cab encapsulated in NP.

Toxicity

Throughout the study, injection of NPs led to transient apnea and bradycardia in the TRAMP
mice. The apnea and bradycardia usually occurred simultaneously, which could indicate a
reflex mediated response. The Bezold-Jarish reflex is known to give this effect in mice, and
can be triggered by different stimuli, both chemical and mechanical®®. However, in previous
studies in female Balb/c nude mice, NP injection did not lead to transient apnea®'®. Further
investigation is needed to find the cause of the apnea and bradycardia in the TRAMP mice.
Clinical studies have shown that pulmonary disease is an important concern in clinical studies
with polymeric NPs. In a phase Il clinical trial with Doxorubicine Transdrug, a polymeric
nanoformulation of doxorubicin using the PEBCA polymer (Livatag), 4 out of 17 patients
developed acute respiratory distress syndrome, and three of them died?®.

Mice in all groups receiving free Cab or NPs lost weight during the treatment period. The mean
weight loss for the treated groups was 5-7%. Fusser et. al.® experienced a weight loss of
around 15% with two treatments of 15 mg/kg of Cab both free and NP encapsulated three
days apart when treating female athymic nude foxn1,, mice. Snipstad et. al.'® treated female
Balb/c nude mice with Cab in NPs 10 mg/kg weekly for two weeks which caused no weight
loss'®. Weight loss caused by Cab might be dependent of the mouse model and 10 mg/kg
weekly might be close to the maximum dose tolerated in the TRAMP model.
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Conclusion

Cabazitaxel reduces PD tumor and prostate volume in the TRAMP model, but the effect is
transient and regrowth beyond pre-treatment volume took place after the end of treatment.
The study did not show any clear added therapeutic efficacy from combining Cab with NP
encapsulation or US+MB. These results differ from previous studies in xenograft models,
which showed an improved treatment response from NP encapsulation and US+MB
treatment. We did not see any effect on histology grading and proliferation marker staining
two and six weeks after treatment. Quantification of Cab by MS showed a clear increase in
Cab concentration in blood, liver and spleen from encapsulating Cab in NPs.
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Figure S1

Individual plots of mice followed from before treatment until eight weeks after start of
treatment. Absolute prostate volume as a function of time after start of treatment. Relative
prostate volume as a function of time after start of treatment. Treatment was given in week 0,
1 and 2. The lower right plot show the mean values and standard deviation for each group.
Abbreviations: Ctrl, control; Cab, cabazitaxel; Cab-US+MB, cabazitaxel combined with
therapeutic ultrasound and microbubbles; NP, cabazitaxel encapsulated in nanoparticles and
NP-US+MB, cabazitaxel encapsulated in nanoparticles combined with therapeutic ultrasound

and microbubbles.
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Figure S2

Body weight from start of treatment as a function of time. Treatment was given in week 0, 1
and 2 (marked with arrows). The colored lines show group mean and the error bars show
standard deviation. The number of animals per group is given in the figure legend. A Change
in absolute body weight. B Change in relative body weight. Abbreviations: Ctrl, control; Cab,
cabazitaxel; Cab-US+MB, cabazitaxel combined with therapeutic ultrasound and
microbubbles; NP, cabazitaxel encapsulated in nanoparticles and NP-US+MB, cabazitaxel
encapsulated in nanoparticles combined with therapeutic ultrasound and microbubbles.
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