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Abstract 1

Abstract

Triple negative breast cancer (TNBC) is an aggressive type of cancer which make20dp 15

of all newly diagnosed casescking the main target molecules for tumor specific treatmen
Surgery or systemic therapy by chemotherapy are frequently used in the climicrabiched

with radiation therapy to improve locoregional control in breast cancer patientswafjery

With a poorprognosisthere is a clear need to explore new treatment options for TNBE.

aim of the here presented PhD project was to evaluate the feasibility to etitebg#ogical
effect of radiation therapy and increase tumor contrast for diagnosis by agyi in vivo
microCT imaging system in combination with barium nanoparticles (BaNPs) in a pH8N8 WAP
T-NP8 mouse model for TNBCCharacterization of the BaNPs revealed strongay
attenuation and no toxic effecta different cancer and normalell lines. Furthermore,
irradiationof cancer cellsising low energy xays inthe keV range by a microCT resulted in a
significantreduction on colony formation capability. In vitrbiglow energyirradiation effect

on clonogenic tumor cell survival washanced in the presence of BaNReaxt, asubcutaneous

lung cancer mouse model in immunodeficient mice amdrthotopic syngeneic mouse model

for breast cancer was applied for further in vivo evaluat@nce he treatment plan was
optimized regardinghie applied xay doses and the frequency of irradiation, low energy
radiation therapy within a classicahitvo microCT significantly reduced tumor growth or even
resulted in shrinkage of the tumors without visible side effects and weight loss in camparis
to untreated controls. However, the intratumoral application of BaNPs was not able to increase
the irradiation effect on tumor growth kinetics. This might be in part duehtmminogeneous
distribution of BaNPs within the tumor observég microCT imaging K-edge subtraction
imaging as well as-ray fluorescencef explanted tumor samples confirmed these findings. To
localize the BaNPR in 3D to specific sites within the tumor environment and to detect
morphological alterations within the tumor due to iraéidn in proximity to BaNPs an exvo
imaging based analytic platform was established, utilizingeggstration of microCT and
histology data. This imaging approachlooalized BaNPs with CD68 positive phagocytic cells
and revealed a neumiform distibution of the BaNPs within the tumor, however with no signs
of locally enhanced radiation effects. Furthermore, antibody functionalized BaNPs were
generated for systemic application. Analysis of biodistribution revealed that EpCAM labeled
BaNPs did not rach the tumor after intreenous administration, but accumulated in liver and

spleen, demonstrated by a strong CT contrast within these organs.
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In summary, | showedhait low energy radiation therapy by applying an in vivo microCT
significantly reduced tumovolumes in comparison to untreated tumors in a syngeneic breast
cancer tumor mouse model resembling TNBC. However, BaNPs while enhancing the
effectiveness of irradiation on tumor cells in vitro, did not improve the irradiation effect on

tumor growth in wo.
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Zusammenifassung

ATri ple Negative Breast Cancer o (TNBC) is ei
1520% der diagnostizierten Falle ausmacitd denen die Hauptzielmolekile fir die
tumorspezifische Behandlung fehlen. Eine Operation odstesysche Therapienittels
Chemotherapie wird haufig in der Klinik eingesetzt und mit Strahlentherapie kombiniert, um
die lokoregionale Kontrolle bei Brustkrebspatientinnen nach der Operation zu verbessern.
Aufgrund der mit TNBC verbundenesthlechten Progpse bestehdie Notwendigkeit, neue
Behandlungsoptionen fir zu untersucHeie hier vorgestellte Doktorabeit hatte zum Ziel eine
solche Alternative: Niederenergetische Strahlentherapie unter Nutzung eines klassichen CT
Systems in Kombination mBarium NanopartikelfBaNPs)zur Verstarkung des Effekts zu
etablieren. Diese Partikel sollen zusétzlich den CT Kontrast des Tumors erhéhen und somit
seine Darstellung erleichtern. Dieses Konzept galt @svimin einem pH8N8 WAPT-NP8

Mausmodell fiir TNBCzu evaluieren.

Die neu geschaffenen BaNPs zeigten keinerlei toxische Etiekteerschiedene Zelllinieimd

einen verstarkten Rontgenkontrast -witro. In  Kombination mit Réntgenstrahlung im
niederenergetischekeV-Bereichaus einem mikroCTvurde eine gjnifikante Reduktion der
Poliferationsrate von pH8N8 Tumorzellen erzielt, die sich in einer eingeschréankten Fahigkeit
zum Bilden von Kolonien manifestiert&ls nachstes wurden ein subkutanes Lungenkrebs
Mausmodell bei immundefizienten Mausen und ein adpsyngenes Mausmodell fur
Brustkrebs zur weiteren dwmvo-Bewertung angewendetSobald der Behandlungsplan
hinsichtlich der angewendeten Rontgendosen ursdBéstrahlungstervalls optimiert war,
reduzierte eine energiearme Strahlentherapie innerhabldassischem vivo Mikro-CT das
Tumorwachstum signifikant oder fiihrte sogar zu einer Schrumpfung der Tumoren ohne
sichtbare Nebenwirkungen und Gewichtsverlust in Vergleich mit unbehandelten Kontrollen.
Die intratumorale Anwendung von BaNPs konnte jédoen Bestrahlungseffekt auf die
Tumorwachstumskinetik nicht erhéhen. Dies kdnnte teilweise auf die inhomogene Verteilung
von BaNPs innerhalb des Tumors zuriickzufihren sein, die durch KikBildgebung
beobachtet wurde A-edge subtraction imagifigund Ax-ray fluorescence imagiiig
angewendet an explantierten Tumobastatigten diese Ergebnisse. die BaNPsin 3D an
bestimmten Stellen innerhalinrer Tumorumgebung zu lokalisieren und morphologische
Veranderungen innerhalb des Tumors aufgrund von Bestrghh der Néahe von BaNPs zu
erkennen, wurde eine auf &vo-Bildgebung basierende Analyseplattform eingerichtet, bei

der Mikro-CT- und Histologiedatefusioniertwurden. Dieser bildgebende Ansatz lokalisierte
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BaNPs zusammen mit CDgsitiven Phagozyteelen und zeigte eine ungleichmaRige
Verteilung der BaNPs innerhalb des Tumors, jedoch ohne Anzeichen lokal verstarkter
Strahlungseffekte. Darlber hinaus wurden Antiktfpektionalisierte BaNPs zur
systemischen Anwendung erzeugt. Die Analyse der Bidlerte ergab, dass EpCAM
markierte BaNPs nach intravendser Verabreichung den Tumor nicht erreichten, sondern sich in
Leber und Milz ansammelten, was durch einen starkesK@irast dieser Organe gezeigt

wurde.

Zusammenfasserkbnnte ich zeigendass eine &Hentherapie mit niedriger Energie durch
Anwendung eing in vivo Mikro-CT das Tumorvolumen im Vergleich zu unbehandelten
Tumoren in einem syngenen BrustkrdhsnorMausmodell, das TNBC &hnelt, signifikant
reduzierte. BaNPs verbesserten zwar die Wirks#ndex Bestrahlung von Tumorzellen in

vitro, verbesserten jedoch nicht den Bestrahlungseffekt auf das Tumorwachstum in vivo.
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Introduction 1

1 Introduction

1.1 Breast cancer

Cancer is the 2nd leading cause of death worldwide. Breast cancdarstiiy most common
cancer type causing about 612.000 deaths per year worldWiteemain risk factor for women
to develop breast cancer ige& Further risks are low parity, short breastfeeding phaseand
long period frompuberty to menopausé. There is increasing evidence that hormonal
contraception can also increase the risk of breast cancertainoceases®. These risk factors
explain that women in indtr&alized countries are more likely to develop breast cdnter
order to select the best possible therapy ptleast tumomust be fully characterizedumor
classification includes the histopathological assessmemtifiecentiationof breast carcinomas

in grade one (Glwell differentiated, grade two (GZmoderately differentiatgdgrade three
(G3, poorly differentiatedl or grade four (G4undifferentiated metastajfc In addition, the
tumor is classified in the TNM system by the follogithree main criteria) the size and
spread of the primary tumor (), the absence or presence of local or adjacent lymph node
metastases (N), andl) the presence of distant metastases®([Aigure 1 showsthe large
variability in molecular subtypes of breast canddolecular biological methods enable the
tumors to befurther characterized by determining the HB® receptor tyrosine kinase
(ERBB2), estrogen receptor ap (ERU) progesterone receptaiPR) presencein
connection with the molecular subtypes based on gene expression piptilesitinal A, II)
Luminal B, Ill) basallike and IV) normatlike®. In 50 75% of the cases, theesult of
histological assessment is an invasive dudailcinoma followed by invasive lobular
carcinomain 5i 15% of the cases. The remainibgeast tumorsare characterized bsare
histologied>. TheERU and PR, summari zed here as hor mon
around 70% of invasive breast carstérBetween 1620% of breast cancers show increased
activity or overexpression of theiman epidermal growth factor receptdERBB2), which is
also known under the name HER2/nand, if left untreated, are assated with a poor

prognosis®.
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Molecular Triple negative | HER2+ Luminal B©  Luminal A
subtypes
ER-, PR—, HER2—
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cancers
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expression
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Level of cell differentiation
Prognosis Poor
Correlates to histologic grade
Response to Chemotherapy
medical therapy Trastuzumab R docn@

Figure 1: Molecular Subtypes of breast cancer

Adapted from Eric Wong and Jenna Reltlo

1.2 Triple negative breast cancer

Fifteen percent of all breast cancgetsat lack thesforementionedeceptorsare called triple
negative breast cansgfTNBC)'®. Thus, therapies specifically targeting the activity of ER
PR- or HERZ2receptors are inappropriate. TNBC has a mortality rate of 40% (within the first 5
years)vess O10% f or al | b reeimdé% of patients. k istzseasacander me t a s
type with a very poor prognosis, which occurs frequently in young and middle adulthood
Patients with TNBC have a high risk of distant relapse (metastasig)ring during the first
three to five years after diagnosis and primary théfaphhe exact molecular biological
pathophysiology of TNBC has so far been very poorly under§toblaere are large differences

in the fiveyear survival rates, which depend crucially on the degree of differentiation and the
receptor statud~or example, it is 99% for G1 tumors that are smaller than 2 cm and have a
negative lymph node findindgor HR-positive breast carcinomas and for ERB@itive ones

at 94% and for TNBC at 85%.wue to tle triple negativity of the tumors TNBC lacks molecular
targets for a specific treatmernifyus chemotherapy is most commonly appliedFor non
metastatic caseBreastconserving surgery (BCS), as well as mastectomies are performed. This

is mostly done in combination with adjuvant chemotherapy or radiation treanaditibnally
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given in TNBC to improve locoregional control in breast cancer patients followistgatamy

or conservative breast surgéy. Even though there are much more refined treatment
regimers for TNBC to this date, the prognostic outcome for the patients is still relatively poor.
Thereforethere is a clear need for the evaluation of novel therapeutic strategies against TNBC

including radiation therapy

1.3 Imaging strategies for of breast cance r diagnosis

The breast is mainly composed of adipose and dstiessue. Detection of a tumor within this
complex architecture remains challenging and is predominantly done by mammogiaphy
planar xray imaging technique. Mammography has two main wealese$) the entire internal
structure of the breast is projected onto one plane and thus breast cancer can be obscured by
other structures and Il) comparpbbw x-ray absorption of the breast tissue leads to poor
contrast. Moreover, mammography requireampression of the breast which leads to
discomfort of the patienAdditionally, the high rate of false positive findings in mammography

are of concern as they cause trauma for the patient and lead to costly follow up bitpses.
mammography has beenitically discussed for a long tirie Breast C#%* and dedicated
breast MR#>?6have been proposed as alternatives but have not reagtiddspread use yet.
Breast CT as a true 3D technique does not suffer from the projection problem of mammography
but can only hardly be achieved at loway doses. In addition, without the use of contrast
agents the sensitivity and specificity of breast CT is only marginallywealmassical
mammaography/. However, in combination with contrast agents a clear depiaf the tumor

can be reached in most cases as demonstrakéglure2. Since breast cancer presents a severe
burdento public healthscreening programs have beerabBshed in many countries in the last
decadesSincebreast CT and MRI are expensive aré not widelyavailable screening is

solely done by mammography with & outlined weaknesses. In addition to screening and
diagnosisimaging also needs to be performed for radiation treatment planning, staging of the
tumor and evaluation of therapy response. Thus, a novel imaging strategy that shows an

improvement of tumor dieeation is of great interest and would benefit many patients.
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Figure 2: Comparison of mammography and breast CT on the example of an invasive ductal
carcinoma.

A) Mammography shows no presence of the tumdré&gstCT slicewithout the application of contrast
agent.No tumor can be identified. Gontrast enhanced brea&iT clearly shows the tumor lesion.
Modified from Wienbeck et.&

1.4 Radiation therapy of breast cancer

Apart from surgical removal of the tumor, radiation therapy (RT) is commonly applied
especially in cases where the metastases cannot be easily removed or are too widespread for
surgery®. RT is clinically used in several situations. After breamtserving surgery (BCS) to

reduce the chance of a tumor recurrerfter a mastectomy, if the cancer is found in many
lymph nodes or in thsurrounding tissufé=°

RT uses the fact that the fast dividing tumor cells have an impaired repair mechanism for
radiationdamage compared to healthy c&lIhus, in RT the tumor regions are irradiated with

high energy beams. Mostlyray beams with photon energies in Wieange are used, but also
protonbeamscan be utilize?df. The main advantage of RT is therefore that it can be generally
applied in all tumor entities ioontrast to immunotherapwhich can only be used if the tumor
expresses a certain anti§émowever, apart from the tumor celealthycellsalsoexperience
radiation damage, especially cell types with a high proliferation rate, such as the hematopoietic
stem celldn the bone marrow. To spare the healtlsgue agioodas possible RT is typically
delivered from different angles that lead to overlapping irradiation fields within the¥tithor

In addition, the high beam energies are used to reduce the absorption of the radiation in



Introduction S

superficial tissue like the skin. This concept has three consequences for the patienbst
cases a contrast enhanced CT image is needed faradmiion planning II) the high beam
energies can only be delivered with special devices (linear acceletdtéfeCs) andlll) in

the tumor region the absorption of the radiation is low due to the high energies.

Since theinitial CT image is the basisf the irradiation planthe delineation of the tumor
margins and the position of the tumor in this scan is of utmost importance. However, the CT is
performedin a different devicéhan the RT meaning that the patient needs to be repositioned
between CT an and RT, whicimakes it challenging to reproduce the exact location of the
tumor, especiallyin the cases ofofttissuetumors. In addition, RT and CT angsually carried

out in different departments and the irradiation planning also requires some Tias,
typically there are days between CT and first irradidfion

The mode of action of RT is a combination of direct radiation damage NAecausing
apoptosis of the cells and the production of reactive oxygen species (ROS) due to idhization
These ROS are then damagthe surrounding cells. In both cases the effect is proportional to
the dosethe energy that is absorbeklivered to the tumor. Thus, increasing the absorption of
the cells should boost the efficacy of RT. Therefore, the potential use of contnatst lage
been studiedusing the same formulations that are used for contrast enhancement®in CT
However, at the typical beam energies in the MeV ratigeincrease in absorption kych
contrast agents is only margindlhe use ofelements with even higher atomic numbesrs
difficult to achievedue to various @sons such as: limited accessibility of those substances as
well as toxicity issuesAs an alternativa reduction othe beam energy has been propé%ed

41 Low energy RT howevetlso bears higher risk of damaging akhy tissue in théght path

Thus, thadeal contrast agent should increase the efficacy of RT so mucththate of lower
beam intensities is compensated by the favorable effect of the th8uagyan approachif
realizable- would result in RT iran energy regime similar that of CT and would therefore

allow performng tumor diagnosis and treatment at the same time in the same system.

1.5 Physical basics of dose and dose measurement

As pointed out above the effect of RT is determined by the anofwatisorbed energy / the
applied dose. Therefore, understanding the definition of dose and how to measure dose is
crucial. In physics, dose describes the work that is performed within matter by the absorbed
radiation. This sealled absorbed dod2 is meaured in Gray [Gy] and is defined ag bf

energy that has been absorbed Wyglof matter [Gy=J/kg]. Since the biological effect also
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depends on the type of radiation thecalled equivalent doskl has been definedhich
includesa weighting factor fothe type of radiation and is measured in Sievert [Sv]. The
weighting factor for xrays is 1 whereas for instance the fadtoralpharadiation is 2¢7. In
addition, different organs have different susceptibilities for radiation damage. This is denoted
in the secalled effective dosk which is also measured in Sievert [Sv] and includes weighting
factors for specific organs, whi@dd up to a weighting factor of 1 fahole-body exposure

The weighting factors take the stochastic dose effentsstly the elevated cancer risk into
accoun. Thus, they cannot directly be transferred to preclinical studies. In such studies virtually

only the absorbed dose is discussed (if the dose is reportedat all)

Since the dose depends on several aspects such as the tissue composition, a reliable
measurement is challenging. In addition, the tissue causes scattering-odysehat increases

the absorbed dose. Thus, dose measuresnséould always be done in an appropriate phantom
that mimics the properties of the animal/patiettwever,dose measuneentscan only be used

as an estimatesince gpatient with a greater body mass will always receive a higheridose
comparison with gatient with a low body mass, evereactly the same device settirg®
used.To measure the dosan effect that converts absorbed photon energy imeasurable
current needo be usedas inionization chamberor GeigerMuller countes. To measur¢he
effective dose inside the experimental animal or even a patient is virtually impossible. One
option to achieve thjsat least in a dead anima the use of thermoluminescence dosimeters
(TLDs). TLDs are small crystals that convert the absorbed imhtsea permanent change of
electron distribution and are commonly used in fimiygy dosimeters. Due to their small size
TLDs can be integrated in phantoms or for instance implanted in dead animals and will therefore
provide a reliable readout of the aldised radiation and the specific location within the body.

When heated the crystal emits light proportional to the absorbed &hergy

1.6 X-ray imaging and radiation therapy devices

CT is a 3D imaging modality based on radiography. The patient/aobjextiographegwhich

projects the attenuation of therays along their light paths onto a 2D detector. To recover the

3D information the inversgroblem of these projections has to be sdidd order to overcome

the loss of the dimensionality from a 3D object to a 2D projection image, a reconstruction
algorithm is applied whicheeds a set of (typically evenly) angularly distributed projection
images as an input. Thus, CT is more dose dependent than planar radiography since a large

number of imagesijost commonlyn the range of thousands) needs tadden while either
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the objet is rotated, or the detector is circling around the object. Since the contrast in CT is
based on the difference in the attenuation-chys between different tissues, which become
marginal at higher photon energies, Cussiallyperformed with averagenergies in the range

of 40-60keV. These energies are large enough that an object as big as the human body can still
be penetrated, but low enough to provide sufficient contrast. -Fagsxare produced by an x

ray tube as shown iRigure3 A. Figure3 B shows the typical setup for a clinical CT system.

Both the xray tube as welis the xray detector rotate around the patient on-aat®d gantry.

Figure3 C shows an exemplary microCT system which is used fodliaioig samples. Due to

the ned for a high precisionthe xray tube and the detector are fixed in place. To achieve

projections from different anglethe sample is rotated.

=" f/

Figure 3: Overview of xray imaging techniques.

A) Functional principle of arx-ray tube.Electrons are emitted by the cathode and hit the rotating
tungsten target on the anoderays are emittedB) Schematic representation of a clinical CT scanner
using a gantry configuration, whereray tube and detector rotate around the patieC) Schematic
representation of a microClsing a fixed geometry with a rotation sample

To deliver radiation dose to the tumsite during RT, photons with high energies between 1
and 25 MeV are generated and used for irradiation of the patient. This principle is called
external beam RT and is the most commonly applied method. At these high energies the
absorption within the tisg isratherlow, thus only a minimal dose is delivered to the skin. To
ensure a sufficient dose deposition at the tumor Bieis applied from different angles
howeverfewer thanin CT. Such high inteniy, high energy beams cannot be produceahix-

ray tube the common xay source in CTTherefore linear accelerators (LINACs) must be
employed. The functional principle of a LINAC is demonstrateBigure4 A. In comparison

to classical xay tubes, produeng higher energy xays requires additional electron
accelerationThis is done by using alternating currents between aol | e d i driguref t t
4 B shows a clinical LINAC as used for RT.

ub
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Figure 4: Basics of medical LINACs

A) Functional principle of electron acceleration in a LINAGIternating currents between -salled
drift tubes accelerate electron8) Medical LINAC for radiation therapyDue to the accelerated
electrons high energy-pays are generated.

Due to the different requirements CTs andNACs differ vastly in the pnoerties of the

radiation they produce aradethereforenot interchangeable.

1.7 Nanoparticles in cancer diagnosis and therapy

Nanoparticles by definition are particles with a diameter between 1 and 100 nm and
distinguished from microparticlesrfavhich the diameter ranges from 1 to 1Q06*°. Here we

will use the term nanoparticles (NPs) for particles with a diameter below 1 pm.

NPs have a broagpectrunrusage in (bigmedical applicatiorfé. Liposome and polymer based
NPsare used as a vehicle for drug or gene delf?é¢fyIn addition, many diffeent NPs are
used for various imaging technigd®®Quantum dotfor instanceare inorganic semiconductor
molecules used for optical imagitg? while metallic or metatontainingNPs are used for CT
and MRP3°¢,

Due to their size in the range or even below the wavelength of visible light they barsesn

using standard lighhicroscopes. NowadaysJargevariety of NPs can be generateainging

from compact NPs like gold particRéscrystal like structuré® and particles composed by a
core materiakncapsulated in a sh¥ll Due to the small size they can enteells and can
therefore be used as carriers for different compdiinda example inCT imaging isthe use

of NPs with sirface modifications to increase the blood half time, compared to classical contrast

agents.The ®-calledfiblood poob agentswere developed for clinical applicatiorat a time
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when CTacquisitiorstook muchHonger®'. Nowadays, ey are not used in clinical CT anymore.
However, they experienced a renaissance in preclinical imaginggmonstrated iRigure5,
where a clear contrast enhancemarhe tumor vasculature can be observed when using the

blood pool contrasigenteXial60 in comparison with the clinical contrast agent Isovist300.

Figure 5: Contrast enhanced microCT for vascular imaging usiigdine-based contrast agents.

A) 3D rendering of a CT scan of a mouse injected with the clinical contrast agent Isovist 300.
Visualization of the tumor vasculature is not possible because of the short blodifetiadé of the
contrast agentB) 3D rendeing of a CT scan of a mouse injected with Exial60, a contrast agent
optimized for preclinical imaginghowing a clear delineation tiietumor vasculature Adapted from
Jannasch et &f

In the context of this work thEPs should boost the contrast for imaging as well as raise the
efficacy of RT. Such a combined approaghdiagnosics and therapys typically called
TheranosticsSeveral questions arise for the development @fiactive RT enhancel) what

the corematerial should hell) how big should the particle be and how it can be
functionalized to specifically target the tumor cells. Similar approaches are discussed by Choi
et al®3. Typically, gold or gadoliniumareused as core material To my knowledge, barium

was not usedsaan element for RT enhancement. yéigh Z-elementsshowa strong xray
attenuationwhich doesnot guarantee an increageradiation doselelivered totumor cells.
However, the interaction of the particles with the incidersycbeam triggers severdfects,
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mainly the production of primary photoelectrons, the generation of Aelgetrons as well as
inelasticscattering of the xay photon®. Thesemechanismsypically result in an increased

RT effect in closeproximity of the particle®. Sincel propose to use CT dhe irradiation
source the comparalyllow photon energy of about #4b keVmakesphotceelectron emigsn

the most dominant effect. If the emission of the photoelectron leads to an inner shell vacancy,
highly cytotoxicAuger electrons can be eneitf’°® However, it can be expected trsatch
effectsare restricted to the immediate vicinitytbé NF. Thus, many studiegporteddramatic
increases in the efficacy of-witro RT in combination with NPs of sizes in the range to
15nm®9 72, Particles in this size rangeare taken up by cells and will therefore be located close
to the nucleus allowing the photo and Auger electrons to directly damagé&itheHowever,

it is very likely that such particles would also be taken up by healthy cells if applied

systemically, thus they dwot present auitableapproach for patient application.

Typically, CT imaging in small animals is done with a tube voltagaboiut 8690 kV which
(slightly depending on the type ofray sourceyesults inan xray spectrum centered around
40-45 keV'3. Depending on their atomatructure all elements show specific Horearities in
their xray absorptionThe nost dominanof theses the secalled kedge, the energy for which
ak-shell electron getsmitted At this energy there is a maximum in the absorption. For iodine
and larium, the kedges are at 33.2 keV and 37.4 keV respectitielihe xray attenuation
spectrum of baum and an estimatedpay spectrunarevisualized inFigure6. Thus, especially
barium is ideally suited fany purposes andiasselectedas core materidbr the RTenhancers

used in my thesis

’ 7X-ray beam attenuation (ch'Ei

1000
, K-edge of barium
100 -
x-ray spectrum
10

10 30 50 70 90 keV
Photon energy

Figure 6: Energy dependence ofray attenuation of barium

The black line depicts theray attenuation of barium. A clear attenuation maximum is visible atthe K
edge of barium at 37.4 KeV. Thad line shows a typicalsay spectrum of a standardray tube. The
maximum of the spectrum almost perfectly overlaps with the bariadg&
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Regarding the sizef an effective RT enhancersitould present an optimization between being
small enough fogoodbiodistribution and large enough to provide effective absorptionr of x
rays. Inmy case the sizeranged betweef©20 and300 nm as demonstrated by transmission

electron microscopy images showrHigure?.

Figure 7: Transmission electron microscopy of BaNPs.

A) Bal20 NPs with a hydrodynamic diameter of 120 nm and a core diameter of 43 nm. B) Ba300 NPs
with a hydrodynamidiameter of 300 nm and a core diameter of 120 nm

The barium core ithe proposed\Ps is protected by a polymer layer to avoid any toxic side
effects. This polymer layer can also be used for functionalization with a tumor specific antibody
(Ab). However, such an approagould eliminatethe advantage of R&@s atumor entity
independentherapy Even if functionalized Abs are used, it is questionabla sufficient
concentration of NPs for RT enhancemerddkievablelt is oftenclaimed that even without
functionalizationy particle enrichment within the tumor can be obtained by thealied
enhanced permeability and retention (EPR) effBat the extent to which the EPR effect
improves the tumoNP enrichments very controversidP’> Thus superficial tumor models

were chosn for this thesis, whichllow for a direct intra tumait administration of NPs.
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1.8 The WART transgenic mouse model

In preclinical oncology, it is often difficult to find the right and clinically relevant tumor model

to examine the complex biomedical pesses of breast cancas well asthe systemic
interaction with the tumebearing organism and its immune system. There is now an abundance
of mouse models for breast carcinogenesis and tumor progression available. Because of the
great anatomical and gegypic similarities between rodents and humans as well as the
comparable development of the breasts, the murine breast is particularly suitable as a model for
examining breast cancer and for the preclinical evaluation of new théPaiSies

For thepresentedainimal experimentghe orthotopically implanted pH8N8 syngeneic mouse
modelwas choserlt is based othesyngeneidVAP-T breast cancer mouse modehich was
established as a useful surrogate of human TMBGchulzeGarg et a®8% pH8NS8 breast
cancer cells were isolated from an endogenously induced tumor oftifamsgenic WAPT-
NP8XxWAPmutp53H8 mouse line, then establisi&d After orthotopic transplantatioof
these cellsin WAP-T-NP8 mice breast carcinomas of an #mlial phenotype with
mesenchymal componerdge formed. They havemorphologysimilarto the parental tumors
and mostly depict a poorly differentiated phenefy§% After orthotopic transplantation, the
pH8NS8 tumor cells continue to grow independently ofrhonesbecause oaccumulation of
further genetic alterations in tipt8N8 genome due to-Ag-mediated inactivation of Tp53
and Rb#. The immunocompetemirthotopically implanted pH8N8 syngeneic mouse misiel
a valuable system for investigating the effectiveness of therapy because it is uncomiaticated
I) generad tumors,ll) adminider therapeutic agentsll) follow the development of growth
kinetics by measuring the tumors using a calipeaddition, immunocompetent mice are used,

which allows to evaluate the role of the immune system in cancer progression and therapy.

1.9 X-ray based virtual histology as a tool for the 3D analysis of
tumor samples

While classic section basdustology has beensed for pathological analysis of soft tissue
specimens for decades, lately 3D techniques based on high resolution CT imaging (microCT)
haveemergd®¥®’. Classical histology has many advantages, the specimen preparation protocol
is relatively straightforward and compatible with countless different staining regimedate,

this makes histology the gold standard for the analysis of tissue sampksecklly, in

combination with immunohistochemistry and the use of color or enzyme labeled antibodies,
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histology allowsstainingof certain cell types and tissue structures specifically.rébelution

of histology is thereby only limited by the used microscope.

However, there ardisadvantages to classitastology. 1) the specimen needs to be chemically
dehydrated and embedded, boftwhich can significantly altethe morphology of the fisue,

Il) the sample needs to be cut, which can introduce additional deformations and destroy the
specimen within the proceasd lll) since histological processing of tissue is time consuming
usually only a small fraction of the tissue is analyzed, mhatdsthe risk of missing important
features of the sample. In addition, the cutting process is done in a nearly blind manner and in
a fixed direction depending on the position of the tissue in the embedding material. Reliable
and reproducible sectionirmgn thereforéerarelyobtained. Moreover, since histology is based

on imaging of micrometer thin tissue slices, the obtaip@@metersare intrinsically twe
dimensional (2D) and in terms of geometric measures are of questionable quality due to the

mentoned deformation processes.

MicroCT has beelpreviouslytested for the 3D assessment of tisspecimensmicroCT is
intrinsically 3D, can provide resolution even below 1 um and since it uses high energetic
radiation can penetrate largggecimensThe dsadvantage of microCT is that its contrast is
based on the relative electron density and therefore it generates only poor image quality in soft
tissuespecimengsomposed solely of low atomic number elements with only minor differences

in their electron desity. In contrast, for the 3D analysis of bones microCT can already be
considered the method of choice. To circumvent the problem of low contrast -tis Soé

different heavy metal iobased staining protocols have beeportal similar to the ones used

for electron microscof¥ °1. Another option to drastically increase the contrast is theofise
different microCT imaging techniquesvhich do not rely solely on xray attenuation as the
method for contrast generation. Our group, among others, has already demonstrated that the use
of synchrotron light sources to perfformsa | | ed A ph anaeg i omapagaiars th
based magi ngo (PBIl) enables the wuse of wunstain
microCT analysi¥®%. Our group has already demonstrated that by optimizing these protocols
microCT imaging can be combined with subsequent histologirallysis and even
immundistochemistry?°% We called this approachmy based virtual histology (xVHnd

thebasic workflow is shown ifrigure8.
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Figure 8: Workflow of microCT guided sectioning.

A) Sample generation by organ explantation. ®ecimens are PTA dehydrated and embedded. (C) A
microCT scan is performed and the position of interest defined within the 3D reconstructed phase
retrieved data sets. D) The samples are cut at the predefingdvigual slice is produced from the
microCT data set. FA microscopical image is generated from stained histological images. G) fusion
of both imagingnodalities. Figue was takefrom Albers et af?

The biggest downside of microCT imaging in comparigohistologyis the lack of specificity

for certain structures or tissue typ&hus, other imaging techniques have beereliped such

as kedge subtraction imaging (KES). KES exploits the-hiogarity in the xray absorption of
elements with respect to theray energy>%® If an energy is reachavhich equals the binding
energy of a specific electron, the electron is emitted and a strong increase in the absorption can
be seen. The strongebisorption band caoe found at the binding energy of thslkell electron

and is called ledge. Tle k-edge is element specific and can therefore be exploited for imaging.
In KES two acquisitions are performed withiays filtered specifically to two specific energies
above ad below the kedge of the element of interest.nty case for barium the-&dge is at
37.4 keVwhich is ideally suited for medical CT imaging which is typically done in that energy
range. Since for the two energies the absorption of all other elemdrasidgally not change

a subtraction of those images will be highly specific for barium only. KES imagimglso be
combinedfor two or moreelements tgerform multiplexing as shown by Bayat et@h the
example ofxenon and iodin&. However, the approach of filtering theray spectra to two
sharp energies results in a dramatic loss of flux which virtually limigs approach to

synchrotron light sources.

Analyzing the fate of the NPs inside the tumors after RT is an important step to understanding
their functional mechanism. xVH is an especially useful tootHat becausg is intrinsically

3D and the BaNPs car leasily discerned from their surrounding tissue. &Blvs te useof
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unstained tumor samples, which is important due to the fact that an additional staining may
mask the contrast of the BaNPs and therefore would complicate the analysis of the local

environment and distribution of the BaNPs inside the tumor specimen.

1.10Bioluminescence imaging for the evaluation of tumor
progression

Bioluminescence itself describes the ability of living organisms to produc&lighmnature
bioluminescence can be found in fireflies, the sea pansy and various Bacteria
Bioluminesceneimaging (BLI) is a commonly applied method in preclinical imaging in which
specific cells (like inmy casethe pH8N8breast tumor cells) are transfected WiDINA
fragmentswhich encode for an enzyme like luciferase, which catalyzes the light redation.
addition, whole transgenic bioluminescent animals can be ctéltdd soon asx substrate
molecule, like in my case luciferin, is injectdight with wavelengths in the visible spectrum

is produced by luciferase containing cell§he big advatage of BLI is that only living
transfected cells can produce a signélich is therefore specific to the analyzed disease model.
This specificity in combination with the fact that BLI allows Aomasive monitoring of tumor
development makes it a greabl for longitudinal cancer therapy studi¥s However, the
signal is typically weak anid strongly absorbewhenoriginating fromlocations in the body

To ensure measurements of weak signals a light proof cabinet and a cooled CCD camera to

reducethe electronic noisareused.
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1.11Aims of the study

Radiation therapy is commonly employed for various tumor entities as a single treatment or in
combination with surgery or chemotherapye to its norspecificity, irradiation also effects
healthy tissue ahis therefore connected with unavoidable side effects. TNBC is an aggressive
type of breast cancer, which lacks tumor specific therapy targets and is therefore only treated
with systemic treatments like chemotherapy or surgeadiotherapy is given in TBC as
indicated in other breast cancer subtypes to improve locoregional control following mastectomy
or breast conseing surgery Thus, there is a clear need to explore new treatment options for
TNBC. The aim of the here presented Ppidjectis to evaluate théeasibility of using the
combination of a in vivo microCT imaging system witbarium nanoparticles (BaNP&)
performradigion therapyusing a mouse model for TNBChe use of BaNPs as radiotherapy
enhancer would locally increase the administereayxdose in the tumors and therefore allow

for a reduction of the total applied dose, limiting the side effects of radiaticapther

For this purposdhethesispresented heraddressethe following questions

- Can low energy radio therapy in a in vivo microCT be effectively used for

irradiation treatment of breast cancer?
This will be addressed by:

o Establishing an irradiation setup for CT radiotherapyreastumors, including
shielding of norumor regionsto treattumors that developeoh mice after
orthotopicbreastcancercell implantation

o Performing dose measuremeirisorderto implement irrdiation protocolsn
tumor mouse models with doses comparablimose used in the clinic.

o Designingan irradiationbasedtumor treatment reginmebased on low energy
microCT aimingat efficient redudion of tumor growth, with minimum side

effects.
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- Doesthe application of BaNPsenhancethe effect of radio therapy on tumor

growth?
This will be addressed by

o Evaluation of BaNRytotoxicity by in vitro cell viability assays, tensure the
compatibility of the BaNPswith in vivo studies

0 Assessmentf CT contrast enhancemerftBaNPs

o In vitro evaluation ofa BaNP dependeminhancement of theradiation effect
on clonogeneic cell survivalsingcolony forming assays.

o In vivo assessment of an improved radio therapy outcome in the predence o
BaNPsby monitoring tumor progression in relation to irradiation

o Exvivo analysis of the fate of BaNPs in explanted tunosieg histologyand

x-ray based virtual histology
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2 Material

2.1 Cell lines

Tablel: Cell Lines used in thisvork

18

Cell line Origin Manufacturer

3T3 murine fibroblast Leibniz InstituteDSMZ-
German Collection oMicro-
organisms and Cell Cultures
GmbH, Braunschweig

A549 humanadenocarcinoming cancer American Type Culture
Collection, Manassas, USA

MH-S murine immortalized macrophages | American Type Culture
Collection, Manassas, USA

pH8NS8 murinetriple negative likébreast cance| Prof. Dr.W. Deppert
(Universitatsklinikum,
HamburgEppendorf)

pHBNS8BLI murine breast cancetells transduced cells:

with lentiviral vector for luciferase an
eGFP

(Firefly  luciferaseGFP
(CMV, Puro))

lentivirus

Prof. Dr.W. Deppert
(Universitatsklinikum,
HamburgEppendorf)

lentiviral vector:

Cellomics Technology,
Halethorpe, USA

2.2 Mouse strains

Table2: Mouse strairs used in this work

Mouse line M anufacturer

NMRI-nu ImmunodeficienMouse

Janvier Labsl_e GenestSaintlsle, France

WART NP8

breeding colony, MPI EM, Géttingen
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2.3 Devices

Table3: Devices used in this work
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Device M anufacturer

Axiovert 200 inverted microscope

Carl Zeiss Microscopy GmbH, Jena

Bone density CT phantom

QRM Quality Assurance in Radiology ang
Medicine GmbH, Mdhrendorf

Cell culture incubator (BB6220)

Heraeus Holding GmbH, Hanau

Cryo microtome (CM1950)

Leica Biosystems Nussloch GmbH,
Nussloch

Dehydration automat

Susse Labortechnik, Gudensberg

Dos measurement device + profigiados

PTW, Freiburg

EpsonPERFECTION V800 PRO flatbed
scanner

Seiko Epson K.K , Suwa, Japan

Flattening Table for Histology

Medax GmbH & Co.KG, Neumdiinster

Glass syringe (10 pl)

Hamilton, Reno, USA

HM 340 E microtome

Thermo Fisher Scientific Corp., Waltham,
USA

IP67 TESA digital caliper

Hexagon Metrology GmbH, Wetzlar

Isoflurane anesthesia system (for IVIS
Spectrum,Maix E VI P 3000
Vaporizer)

Midmark, Dayton, USA

Isoflurane anesthesia system (for
QuantumFX)

VisualSonics, Toronto, Canada

IVIS Specum

Perkin Elmer, Waltham, US

Laminar Flow Hood (cell culture work
bench, HBB2448)

Heraeus Holding GmbH, Hanau

LSM880 confocal laser scanning
microscope

Carl Zeiss Microscopy GmbH, Jena

Multiplate spectrometer (Eon)

BioTek Instruments, Inc\Winooski, USA

Neubauer cell counting chamber

SchuetiBiotec GmbH, Géttingen

Paraffin embedding station (EG1160)

Leica Biosystems Nussloch GmbH,
Nussloch

Quantum FX microCT system

Perkin Elmer, Waltham, US

Steam cooker for IHC (Braun)

De'Longhi Deutschland GmbH, Frankfurt

Stereo microscope (Ste®V §

Carl Zeiss Microscopy GmbH, Jena

Tissue Float Bath

GFL Gesellschaft fur Labortechnik mbH,
Burgwedel
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2.4 Chemicals

Table4: Chemicals used in this work

Chemicals M anufacturer

2-Mercaptoethanol Merck KGaA, Darmstadt

Acetone Merck KGaA, Darmstadt

Acetic acid Merck KGaA, Darmstadt

AEC substrate kit Becton Dickinson GmbH, Heidelberg
Agarose BioReagent Merck KGaA, Darmstadt

Aniline blue SigmaAldrich, Darmstadt

Antibody Diluent (Dako) Agilent Tech., Santa Clara, USA
Aquatex mounting medium Merck KGaA, Darmstadt

Bieberich's scarlet red acid fuchsin solutig SigmaAldrich, Darmstadt

red
Bouinbs solution SigmaAldrich, Darmstadt

Zoetis Schweiz GmbH, Delémont,
Carprofen i

Switzerland

Thermo Fisher Scientific Corp., Waltham,
DAPI

USA
Dul beccods Modi f i eqThermo Fisher Scientific Corp., Waltham,
(DMEM) USA
Entellan mounting medium Merck KGaA, Darmstadt
Eosin Merck KGaA, Darmstadt
Ethanol Merck KGaA, Darmstadt
Ethylendiamintetraacetat (EDTA) Merck KGaA, Darmstadt

Fetal calf serum (FCS) Thermo Fisher Scientific Corp., Waltham,

USA

Formaldehyde (4%) Merck KGaA, Darmstadt

Glycine(0.3 M) Merck KGaA, Darmstadt

Hoechst 33342 Thermo Fisher Scientific Corp., Waltham,
USA

Hydrogen peroxide (3%) Merck KGaA, Darmstadt

Isoflurane Abbvie, Ludwigshafen, Gemany

Isopropanol Merck KGaA,Darmstadt

Ketamine Medistar Arzneimittelvertrieb GmbH,

Ascheberg

Luciferine (Vivo Glo Luciferin) Promega, Madison, USA
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Mayers hematoxylin solution

Merck KGaA, Darmstadt

Paraffin

Susse Labortechnik, Gudensberg

Paraformaldehyde (4%)

Merck KGaA,Darmstadt

PermaFlour mounting medium

Thermo Fisher Scientific Corp., Waltham,
USA

Phosphate buffered saline (PBS)

Thermo Fisher Scientific Corp., Waltham,
USA

RPMI1640 cell culture medium

Thermo Fisher Scientific Corp., Waltham,
USA

Salinesolution (0.9 %)

B. Braun Melsungen AG, Melsungen

Sea Block Blocking Buffer

Thermo Fisher Scientific Corp., Waltham,
USA

Sorbitol

Merck KGaA, Darmstadt

Target Retrieval Solution pH 6 (Dako)

Agilent Tech., Santa Clara, USA

TRIS buffer

Merck KGaA, Darmsdt

Triton-X 100

Merck KGaA, Darmstadt

Trypan blue

Thermo Fisher Scientific Corp., Waltham,
USA

TrypsinEDTA (0,05 %/0,02 %)

Merck KGaA, Darmstadt

Weigert's iron hematoxylin

Merck KGaA, Darmstadt

WST1 cell titer solution

SigmaAldrich, Darmstadt

Xylazine

Riemser Pharma GmbH, Greifswald

Xylol

Merck KGaA, Darmstadt

2.5 Consumables

Table5: Consumables used in this work

Consumables M anufacturer

6-well plate Greiner BieOne GmbHFrickenhausen
24-well plate Greiner BieOne GmbH, Frickenhausen
96-well plate Greiner BieOne GmbH, Frickenhausen

Bepanthen Eye ointment

Roche, Basel, Switzerland

Cell culture flasks

Sarstedt AG & Co. KG, Numbrecht

Combitips advanced (Biopur)

Eppendorf AG, Hamburg
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Thermo Fisher Scientific Corp., Waltham,

Cover slips USA

Eppendorf Saf¢ock Tubes Eppendorf AG, Hamburg

Falcon tubes Corning, New York, USA

Glass slides (Menzel Superfrost plus) U;Z\mo Fisher Scientific Corp., Waltham,
Insuline syringes (Micrd=ine U100 0,3 ml)| Becton Dickinson GmbH, Heidelberg
Leukosilk tape BSN medical GmbH, Hamburg

Paraffin embedding cassettes (Rotilabo) | Carl Roth GmbH + Co. KG, Karlsruhe
Pipette tips Sarstedt AG & Co. KG, Numbrecht
Serological pipettes Greiner BioOne GmbH, Frickenhausen

Johnson & Johnson Medical GmbH,

Vicryl surgical thread (Ethicon-@ Vicryl)

Norderstedt
2.6 Antibodies
Table6: Antibodies used in this work
Antibody Species ‘ Manufacturer
anti-mouse CD326 (ERLAM) antibody Rat BioLegend, San Diego,
(Biolegend 118222) USA
anti-mouse CD68 antibody (abcam Rabbit Abcam,Cambridge, Great
125212) Britain
Prof. Dr.W. Deppert
anti-mouse SV40-Antigen antibody Rabbit (Universitatsklinikum,
HamburgEppendorf)
Histofine Simple Stain Goat Nichirei Biosciences Inc.,
Tokyo, Japan
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2.7 Nanoparticles

Table7: Nanoparticles used in this work

Nanopatrticles Concentration Manufacturer

BaNP-120 300 mg/ml nanoPET Pharma, Berli
BaNP-160 300 mg/ml nanoPET Pharma, Berli
BaNP-220 500 mg/ml nanoPET Pharma, Berli
BaNP-300 355 mg/ml nanoPET Pharma, Berli
Bal2GEpCamA594 320 mg/ml nanoPET Pharma, Berli
lodineNPs 220 mg/ml nanoPET Pharma, Berli

2.8 Software

Table8: Software used in this work

Software M anufacturer

Fiji / ImageJ NIH, Bethesda, USA

GraphPad Prism 8 GraphPad Software, San Diego, USA
Imaris (v9.1.2) Oxford Instruments, Abingdon, England
Living Image (v4.4) Caliper Life Science Inc., Hopkinton, USA
MATLAB R2018b MathWorks, Natick, USA

Office 365 Microsoft, Redmond, USA

Photoshop CS6 Adobe Inc., San Jose, USA

QT Creator (v15) The Qt Company, Espoo, Finland

Scry (v6.0) Kuchel & Sautter Gbr, Bad Teinactavelstein
Syrmep Tomo Project (STP, v1.2.4) ElettraSciComp/ Francesco Brun, Trieste, It
VG Studio MAX (v3.2) Visual Graphics GmbH, Heidelberg

2.9 Synchrotron Facilities

Table9: Synchrotron facilities used in this work

Synchrotron facilities Beamline L ocation
ELETTRA Synchrotrone Trieste SYRMEP Trieste, Italy
European  Synchrotron Researcg ID 17 Grenoble, France

Foundation (ESRF)
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3 Methods

3.1 Maintenance of cell lines

All cell lines (Table1) were cultivated under standardized conditions at 37 °C, 5%a@6®a
relative humidity of 95% in an incubator. All cell culture work was carried out under a sterile
workbench and with sterilmaterials. pH8N8, A549 and 3T3 cells were kept as a monolayer
culture in uncoated cell culture flasks in high glucose Dulbecco's modified Eagle medium
(DMEM) with the addition of 10% fetal calf serum (FCS). For Mtells, RPIVH1640 medium
containing 0.05mmol 2mercaptoethanol and 10% FCS was used. Depending on the rate of
growth, the cells were passaged at a confluence -80%0 two to three times per week in a
ratio of 1:10. For this purpose, they were washed with a phosphate buffered saline solution
(PBS) and removed from the flask by adding a 0.05% trypsin / 0.02% EDTA solution for a
short incubation time of approx. 3 min in the incubator. After centrifuging for 2 min at 1200
rpm and room temperature, the pellet was taken up in fresh cell culturemesttiche number

of cells was determined with a Neubauer cell counting chamber and seeded again in the

appropriate concentrations.

3.2 Generation and validation of bioluminescent pH8NS8 cells

The bioluminescent pH8N8 breast cancer cells were generated hyabnalNapp and Jakub

Mitrega (Translational Molecular Imaging, MPI EM, Goéttingen).

pH8NS cells were transduced with a lentiviral vector encoding for firefly luciferase and eGFP
under the CMV promotor. A puromycin resistance gene was used for cell sel@¢teocells

were sorted for eGFP positive cells using fluorescetwated cell sorting (FACS) and clonal
selection was performed by seeding one cell per well onveelitplate. The cells were grown

into small colonies and transferred into six welltgga Cells with good growth rates were
transferred into cell culture flasks and their BLI signal was measured in vitro using the IVIS

Spectrum device. These cells are referred to as pHEBN& the thesis.
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3.3 Nanopatrticle synthesis and characterization

All NPs for this work were specifically designed and manufactured by nanoPET pharma and
due to companydés intellectual property prot e
formulations can be provided. Briefly, barium sulphate (Bg$@sed nanopactes (BaNPs)

were produced by chemical precipitation at ambient conditions. After a purification step, the
particles were sterically stabilized using a biocompatible polymer. The obtained highly stable
colloidal suspension was sterilized and formulatediriovitro / in vivo use. Particles with

different hydrodynamic diameters between -B20 nm were produced. Before being used for

this work, the NPs were tested in vitro by nanoPET pharma and were found tetogin@md

to have no effect on the vitaligf mammalian cells (data not shown).

BaNP-120 were also conjugated with Alexa Fluor® 594 amtbuse CD326 (ECAM)
antibody for certain in vivo applicationshese BaNPare referred to as BalHpCamA594.

3.4 WST cell proliferation assay

Proliferation assaysvere usedto analyz the number of viable cells by the cleavage of
tetrazolium salts added to the culture medium. Tetrazolium salts like-W@Q#[3-(4-
lodophenyl)2-(4-nitro-phenyl}2H-5-tetrazolio}1,3-benzene sulfonate) are cleavetb
formazan by cellular enzymeBigure9). An expansion in the number of viable cells results in

an increase in the overall activity of mitochondrial dehydrogenasiee sample, which in turn
increases the amount of formazan dye formed. Quantification of the formazan dye produced by
metabolically active cellezasdone using a scanning muitiell spectrophotometer.

To perform the cell proliferation assay, 1xt8lls per well of different cell lines were pipetted

into 96well plates with 200 pl of cell culture medium. The plates were incubated for 24 h at
37 °C. The different NRolutions were diluted 1:10 in cell culture medium containing 20 mg/ml
sorbitol 200 pl of NP containing medium was added to the well. After O, 4, 8, 24 or 48 h the
medium was removed, the cells were washed twice with 200 pl PBS and 200 pl fresh medium
with 20 pl WST1 cell titer solution was added. The cell proliferation was measureddfte

using aBioTek Eonphotometric device at a wavelength of 490 nm.
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~N — N
o — .
N
N EC-H EC N_ /% N
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S0:Na S0:Na
WST-1 Formazan
(slightly red) (dark red)

Figure 9: Chemical reaction for colorimetric detection in a WST assay.

The substrate WST is cleaved by cellular enzymes to the dark red product formamage was taken
from SigmaAldrich'%2

3.5 Quantification of CT contrast enhancement of NPs

To measurdhe xray contrast enhancement of different NPs, a dilution serieslorss and

CT datasets were acquired using the QuantumFX in vivo microCT. A 2 min scan was performed
using a tube voltage of 90 kV, a tube current of 200 pA afreldhof view (FOV) of 20 mm.

The NPs were scanned eitliediluted odiluted in PBS in a ratio of 1:1, 1:5 and 1ih@.5ml

micro reaction tubesThe NP concentrations of the undiluted stock solutions can be found
below inTable10:

Table10: Concentrationsof NP stock solutiongor quantification of CT contrast enhancement

NP Concentration [mg/ml]
BaNP-120 300
BaNP-160 300
BaNP-220 500
lodine NPs 220
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To correct for possible contrast differences caused by the CT system, a bone density phantom
with known concentrations of calciulmydroxyapatitewas included in each acquisition. A
calibration curve of the calcium concentratiansthe phantom(200, 400, 60, 800, 1000
mg/cn?) was used to normalize the measured gray values of the NPs. For better comparison of

the NPs, the normalized contrast was divided by the concentration of the NPs.

3.6 Quantification of X-ray irradiation effect on tumor cell

survival

3.6.1 Principle

Thecolonyforming assay(CFA) is an in vitro cell survival assay based on the ability of a single
cell to grow into a colony® After irradiation of the cells, they are counted, separated and a
specific number of cells is seeded into cell culture pldtee.mean number of colonies which

grow following addition of fresh culture medium represents the absolute colony forming ability
of cells. This number reflects the survival rate of the cells after passage and seeding in the
culture plates. A cluster of at least 50 adjacent cells was defsn@dolony. To avoid the labor
intensive manual counting of the cells under a (stgreovcroscope, | developed a semi
automated workflow using a standard flatbed scanner and -mad#d softwarédbased on
MATLAB to quantify the CFA coloniesHigure10).

B =

scanned image

flatbed scanner segmented well segmented colonies

Figure 10: Workflow auf automatized CFA analysis.

A) A standard flatbed scanner in transillumination mode is used to acquire imagedl pfates. B)
Exemplary image of a well containing cell colonies. C) Segmented cells inside the same well. D) Cells
that were identified as colonies are psewtdored in red.
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3.6.2 Irradiation of tumor cells and NPs

Murine pH8N8 breast tumor cells bumanA549 lung cancer cells were cultured in-@9 cell

culture flask. When confluency was reached, the cells were washed with 10 ml PBS. The
adhesive cells were removed from the flask by adding 5 ml trypsin/EDTA and incubating for 5
min. Trypsination was spped by adding 10 ml cell culture mediwaontaining FCSThe cells

were centrifuged for 2 min at 1200m. The cell pellet was resuspended in 4 ml PBS and
distributed into four 1.5 ml £ups. Before irradiation the cells were gently centrifuged again,
andthe PBS was removed with a pipette. When required, 50 pl undiBaEé-120 solution
(concentration 30ehg/ml) was adde@nd gently mixed using a pipett@ubsequently the cells

were irradiated in the QuantumFX in vivo microCT using the following parameter

Tablell: Invitro CT irradiation parameters

Parameter Value

Tube voltage 90 kv
Tube current 200 pA
FOV 20 mm
Irradiation time 2 min
X-ray dose ~1Gy

After irradiation, the cells were resuspended in celture medium and counted using a
Neubauer chamber. 1000 cells per well for pH8N8 cells or 500 cells per well for A549 cells

were plated into6vell plates. One plate was used per treatment goeugxperiment.

3.6.3 Colony forming assay (CFA)

The plated coloies were incubated forT0 days at 37 °C and 5% @@ntil the colonies were
large enough for imaging but did not starirterge The cell culture medium was removed, and
each well was washed with 2 ml PBS. The cells were fixed by adding 1 ml/well oEZQOFb
for 15 min. The plates were left open to dry in Wakbench.To stain the cells, 1 ml/well of

hematoxylin staining solution was added and incubated for 5 min. The staining solution was
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removed with a pipette and kept foruse. The wells were ried gently with demineralized
water followed by a bluing step for 5 min under a light tab water flow. The cell culture plates
were left open in the workbench until they were completely dry.

3.6.4 Imaging of CFA colonies using a flatbed scanner

Toreplacehe latr-intensive manual counting of the cell colonies, all plates were imaged using
a standard flatbed scanner (Epson Perfection V806hitlgray value images were acquired
using the transillumination mode of the scanr@gire 10 A). The images were taken at a
resolution of 1200 dpi, resulting in images of an approximate size of 4000 x 6000 px for each
6-well plate. Colonies on the images were automdyicadunted using ael-made software
written inMATLAB.

3.7 Confocal microscopy of pH8N8 tumor cells with

fluorescence labeled Abs

5x10* pH8NS8 breast cancer cells were plated on coverslips and greamight (ON) The
cells were then fixed for 15 min wi#% PFA, blocked for 30 min with 5% FE&®BS and
incubated with 1 pg/ml of either Alexa Fluor® 594 amtbuse CD326 (E£AM) antibody or
with Bal2GEpCamA594 BaNPsON at 4°C. Cell nuclei were stained with Hoechst 33342 for

10 min atroom temperatutebefore the coverslips were mounted on glass slides.

A Zeiss LSM880 confocal laser scanning microscope equipped with Airyscan and hybrid
detectors, a 401 ocAPOCHRONAT)camotereed staga antlefallle 4 P11 a
laser (4706 70 nm) was used for acquisition. | mage

and Fiji software.
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3.8 Housing and maintenance of mouse lines

The housing conditions consisted of a twetair lightdark rhythm at 22 °C and 55% relative
humidity. Animal food and water were giver libitum The mice were handled in accordance

with the animal welfare experimental animal regulations.

Female nude NMRhu immunodeficient mice were ordered from Janvier Labs and used

entered into the experiment aftero weeks ofacclimatization

Maintenance of the WAH-NP8 mouse colony was ensured by mating heterozygous-WAP
NP8 males with wiletype BALB/c females. Thus, the risk of accumulation of mutations by
homozygous mating and inadvertent induction of the gyams in females is avoided. All
animal invivo procedures were performed in compliance with the guidelines of the European
Directive (2010/63/EU) and the German ethical laws and were approved by the administration
of Lower Saxony, Germany under the ref@emumbes 33.94250204-17/2630 and3.9
4250204-18/3022.

3.9 Preparation of tumor cells for transplantation

A549 lung cancer cells as well as pH8BI8&d pH8N8BLI breast cancer cells were prepared
according to the following protocol for in vivo applicatid@ells were passaged 24 h prior to
transplantation, to reach about 80% of confluency. Cells were washed with 10 ml PBS once
and removed from the cell culture flask by adding 3 ml trypsin/EDTA and incubating for 5 min
at 37 °C. Cells were rinsed from thettoon of the flask by adding 7 ml of medium. 20 pl cell
suspension was mixed with 20 pl trypan blue and counted using a Neubauer cell counting
chamber. The cell suspension was centrifuged for 5 min at 1200 rpm® detl® were
resuspended in 1 ml cell cuite medium and transferred to arcup. The ecups were
centrifuged again and carefully transported to the site of transplantation. Immediately before
the injection of the cells the cell culture medium is removed with a pipette and the cell pellet

resuspeded in PBS.

3.100rthotopic transplantation of breast cancer cells

The orthotopic transplantation of 11PH8NS8 or pH8NS-BLI tumor cells into the right
abdominal mammary gland of syngeneic WARP8 mice was performed after
intraperitoneal (i.p.) administraion of 253 €| / g body wei ght ( BW)
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combination anesthesia. It consists onT&/kg BW ketamine and 15 mg/kg BW xylazine in a
0.9% saline solution and was prepared 24 h before the orthotopic transplantation. After the
anesthesia set in, mig/kg BW of the analgesic carprofen was applied i.p. in a volume of
1.2¢ | BW. The eyes were protected from drying by applying Bepanthen eye ointment. The
anesthetized mouse was placed on a 3rediingplate to protect against hypothermia in supine
postion and fixed with Leukosilk tape. Next to the right nipple of the abdominal mammary
gland a 3 mm incision was made. 130 umor cell s were suspended
0.3ml U100 insulin syringe. After carefully separating the breast from the cowadissue,
the prepared cell suspension was injected directly into the breast tissue. The syringe remained
in the injection site for 5 s to prevent reflux of cell suspension.skire of thewound was
closed with 23 stitches with absorbable Vicryl sicgl thread. The duration of the
transplantation procedure wa$1® min in total. Transplanted animals were checked and
weighed three times a week for the entire duration of the experiments. Irradiation treatment was
started when a tumor volume of 300 fwvas reachedlumor volumes were measured using
a caliper and determining the width, length and height of the tumors. Tumor volume was
calculated using the simplified ellipsoid volume equation:

L QO Q EAQEN (XX

C

w

3.11Subcutaneous implantation of lung cancer cells

Nude NMREnu immunodeficient mice were used for the implantation of the human A549 lung
cancer cells. 4xT0A549 cells wereresuspended in 100 pl PBS and subcutaneo(stly)
injected in the left flank of the mousssing a U100 insulin syringdumor volumes were
measured using a caliper and determining the width, length and height of the tumors. Tumor
volume was calculated using the simplified ellipsoid volume equation:
L QQOA QAN (XX
C

w

3.121n vivo administration of BaNPs

For irradiation experiments the undiluted NP solutions were directly injected into the tumor.

This was performed as soon as the tumors reached a size @h30&nd 24 h before the first
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irradiatian. To achieve a homogeneous NP distribution in the tumor, 3x 108aNP solution

were injected with a 10 [Hamiltonglass syringe at three different sites of the tumor.

To evaluate the biodistribution of functionalized NPs, 100 ptBptCAM-Ab labeled Ba120
NPs were administered i.v. into two WAIPNP8 pHB8N8 tumor bearing mice (tumor size
approx. 30amn?).

3.13Evaluation of biodistribution of i.v. administered anti -
EpCAM Ab labeled BaNPs

Two WAP-T NP8 pH8NS8 tumor bearing mice weseanned irvivo under isoflurane anesthesia
(2-3 % isoflurane in 1:1 edair with a flow of 1 L/min)in the QuantumFX ivivo microCT
directly afterBaNPinjection as well as 1, 7 and 24 h later. The QuantumFX was operated at
90kV tube voltage, 20QA tube current usig a FOV of 40x4@nn? and the cardiac gating
acquisition protocol with a total scanning time of ¢éhif.

3.14Measurement of x-ray doses generated by the in vivo
microCT

The absorbed dose waseasuredor different settingof the QuantumFX in vivo microCT
usng a commercial dose rate measuring systerados, PTVW, whichis commonly used for
consistency checks in clinical CT scanners. This system measures the dose lengtymaduct
"Ou § and is typically used in combination with an appropriate plmané&s no appropriate
phantom is available for mouse irradiation and the clinical phantoms do not fit into the small

animal CT, the measurements were performed without a phantom.

In order to test the performance of fhaposely built mouse holder and sHia deviceand

to obtaina more accurate reading of the dose at the tumor site, thermoluminescence detectors
(TLDs) were implanted into dead mice in different locations. The TLDs were provided and
analyzed by the Radiation Protection group oflthkgan SynchrotroreLETTRA.
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3.15BLI measurements of breast cancer bearing mice

Bioluminescence imaging (BLI) was performed using the IVIS Spectrum system. The IVIS
Spectrum is essentially a dark chamber equipped with a sensitive camera that is eldgtronical
cooled down te90 °C to reduce noise. Each night, the system measures the dark current in the
detector and the background radiation and calibrates for it. The IVIS is one of the few optical
imaging systems that provides a completely referenced utetnms of photons per second,

area and solid angle with respect to the camera objective lens and additionally takes the quantum
efficacy of the camera into accouihe total flux of the BLI signal was measured as photons/s.

pH8NS8-BLI tumor bearing nte wee injected i.p. with 3 pl luciferifconcentration: 50 mg/ml)

per 1 g BW prior to the administration of isoflurane anesthesia. The anesthetized mice were
scanned 4, 7, 10 and 13 min after luciferin injection to ensure that the peak of the
bioluminescence as captured. Since the luciferin needs to reach the site of the bioluminescent
cells and is used up during the production of light, a correlation between signal intensity and

amount of living tumor cells can only be made at the peak of the signal.

To takethe irregular shape of the tummito account the analysis was performed using a
threshold of 10%. This means that all signals/pixel with an intensity greater than 10% of the
maximum signal were analyzed. For these signals, the total flux (integrabheahgror area

(amount of pixel times pixel size) were calculated.

3.16Tumor sample processing and embedding

The mice were sacrificed using a £&verdose in combination with a cervical dislocation. The

tumors were explanted, the skin and fur removed iaed fn 4% PFA (paraformaldehyde) ON.
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3.17Histological staining procedures

3.17.JEmbedding in paraffin blocks

To produce paraffin blocks, formaliixed tissue samples were washed for 10 min with

deionized water (Bvater) in order to remove formaliesiduesThe samples were dehydrated

34

by sequential incubation steps for 1.5 h each in 60%, 70%, 80%, 90%, 95%, 100% ethanol and
xylol. This procedure was followed by infiltration with liquid paraffin for 1.5 h. Dehydration

and infiltration took place irhe automatic tissue infiltration machine with the program shown

in Table 12. Finally, the tissue samples were embedded in paraffin blocks using a paraffin

pouring statn. Paraffin blocks were stored in the dark at room temperature.

Tablel12 Dehydration and paraffinization protocol

Step Time (h)
60% EtOH 1.5
70 %EtOH 1.5
80 % EtOH 1.5
90 %EtOH 1.5
100 %EtOH 1.5
100 %EtOH 1.5
xylol 1.5
paraffin 1.5

3.17.2Microtome sectioning of histological slices

The paraffin blocks were cooled or20 °C cooling plate for 30 min. The tissue sections were

produced with a microtome

at

a

S @nnediateln

t hic

smoothed in a water bath at approx. 45 °C, transferred to microscope slides and dried overnight

at room temperature or for 20 min at a maximum of 65 °C on a hot plate. Sections treated

according to this scheme were either stained histochegmitglllHC or stored in slide boxes

at room temperature.
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3.17.Deparaffinization and rehydration of tissue sections

For histochemical and IHC staining, tissue sections were first manually deparaffinized and
rehydrated. For this, the paraffin was melted in ardyygiabinet at 60 °C for 30 min, followed
by sequential incubation steps in xylol and a descending alcohol Saide (3.

Table13: Deparaffinization and rehydration protocol

Time (min) Reagent
xylol

Deparaffinization
xylol

isopropanol
98%EtOH
75%EtOH
60% EtOH

H20 (demineralized)

Dehydration

o1 (o1 (o1 o1 |01 (NN

3.17.Hematoxylin- eosin staining (HE)

HE staining is a standard staining in histology, where hematoxylin stains cell nuclei in
blue/violet, while eosin stains the cytoplasm, collagen, keratin, and erythrocytes in red. The
sections were first deparaffinized and rehydrated. After rehydratiersetttions were stained

for 5 min in Mayer's hematoxylin solution. Subsequently, the sections were rinsed shortly in
demineralized water followed by a bluing step for 5 min with tap water. The samples were
stained for another 5 min in eosin staining solutiTo prepare the eosin staining solution, 5 g
eosin were solved in 500 ml demineralized water a@ddtops of acetic acid were added. To

stop the staining process, the samples were rinsed in demineralized water. Subsequently the
samples were dehydrateshd mounted using Entellan mounting medium. The dehydration
protocol is shown ifable 14.
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Table14: Dehydration protocol

short H20 (demineralized)

short 60% EtOH

short 75%EtOH
Dehydration |5 98%EtOH

5 iIsopropanol

5 xylol

5 xylol

s =
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For the assessment and analysis of the coll
staining (MTS) wagerformed Cell nuclei were stained black with Weigert's iron hematoxylin,
cytoplasm and muscle tissue with Bieberich's scarlet red acid fuchsiiosokd and collagen

with aniline blue. Slides were incubated at°@for 30 min, followed by a deparaffinization

and rehydration protocol as describedTiable 13Ti ssue sections were f
solution at room temperature ON, then rinsed wéthwater to remove excess reagent. Sections
were stained with Weigertds hematoxylin sol
water, and then stained with the trichrome kit whereby the slides were placed in
phosphotungstic/phosphomolybdic acidusion and aniline blue solution for 5 min each.

Slides were treated with 1% acetic acid, dehydrated through alcohol, cleared in xylene and

mounted using Aquatex mounting medium.

3.17.dmmunohistochemical staining

IHC staining is used to detect targeoteins in formalirfixed organs. The detection is based

on the affinity of a primary antibody (pAb) for a specific epitope of a protein. Here we used
unconjugated pAbs, which were made visible by secondary antibodies (sAb). The sAb is linked
to a detectin system, that is based on an enzymatically catalyzed conversion of the colorless
aminoethylcarbazole (AEC) substrate into a colored end product by oxidation of the peroxidase
coupled to the sAbs. In order to make target proteins more accessible foAlheissue
sections were boiled for 20 min in a steam cooker in 1x citrate buffer pH 6 (Target Retrieval

Solution). After cooling for 5 min in doublgistilled water on ice, the sections were washed
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twice for 5 min in TrisHCI buffer pH 7.6. The samplesane then treated with 3% hydrogen
peroxide for 10 min atboom temperatura order to reduce the effect of endogenous oxidases
and then washed again twice with THE! pH 7.6. The individual tissue sections were
incubated for 20 min at room temperaturérmsalmon serum (Sea Block Blocking Buffer) in
order to minimizenonspecifichinding and thus background staining. The pAb was diluted in
Antibody Diluent and applied to the tissue sections. The incubation took place ON at 4 °C in a
humid chamber, followebly two washing steps with THACI pH 7.6. To detect the pAb, the
sections were then incubated with the sAb in-H@ pH 7.6 at RT for 1 h and washed again
twice with TrisHCI pH 7.6. Tissue sections were incubated for 30 min at RT with the AEC
substrag kit and the color reaction was stopped with distilled w#&ter counterstaining, the
tissue sections were immersed in Mayers' hemalum solution for 20 s, washed briefly in distilled
water and then blued in tap water for 5 min. Finally, the stained ssatiere sealed airtight

with the mounting medium Aquatex and a cover slip. The pAbs and sAbs used as well as the

dilutions and individual conjugations used are listedlable15 below.

Tablel5: Antibodies for IHC

Antibody ‘ pAb/sAb ‘ Species Reactivity Dilution
CD68 pAb rabbit mouse 1:500
T-Ag (R15) pAb rabbit mouse 1:5000
Histofine Simple Stain | sAb goat rabbit undiluted

Histological and IHC images were acquired using an Axiovert 200 inverted microscope. To
depict the whole paraffin section, the biltstitching algorithm of the microscope was used

with a 10x magnification.

3.17.7Antibody staining for confocal microscopy of p H8N8 tumor slices

For confocal microscopy, cryosections of pH8N8 breast tumors were cut with a microtome
(Leica CM1950) The thawed sections were fixed with acetone for 10 min at room temperature.
After the acetone was evaporated under the workbench, an incubation of 20 min at room
temperature with 0.2% TriteX was performed. The slices were washed two times for 5 min
with Tris-HCI pH 7.6 Afterwards the slices were incubated for 30 min in O @ydine at room
temperature and washed again twice Witis-HCI pH 7.6for 5 min eachThe individual tissue
sections were incubated for 20 min at room temperature with salmom §&ea Block
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Blocking Buffer)to minimizenonspecifidbinding and thus background staining. HECAM-
Alexa594 pAbwas dilutedin a ratio of 1:200n Antibody Diluentand applied to the tissue
sections. The incubation took place ON at 4 °C in a humid basarfollowed by two washing
steps with TrisHCI pH 7.6 Cell nuclei were stained with DAPI (dilution 1:4000) for 5 min and
washed again with THBICI pH 7.6 for 5 minsections were sealed airtight with the mounting

mediumPermaFlouand a cover slip.

A Zeiss LSM880 confocal laser scanning microscope equipped with Airyscan and hybrid
detectors, 201 oi | obj e c+APOCEHRAMAT,s m¢tdatized staBe aadra tuneable
laser (4706 70 nm) was used for acquisitioosml2] mage

and Fiji software.

3.18Synchrotron radiation microCT (SRuUCT) of mouse breast
tumor samples embedded in paraffin

To specifically detect the barium content in the turhosed kedge subtraction imaging (KES)

at the European Synchrotron Research Foundation (ESRF) in Grenoble. KES uses the fact that
the xray absorption for a given material is Alamear with secalled edges at energies specific

for the binding energy of aertain electronTo obtain barium specific contrast subtraction
images the Pixi¢ll detector was set to energy thresholds of 36.5 and 38.5 keV. 2000 angular
projections with a pixel size of 52 um and an exposure time of 100 ms per projection were
acquirel resulting in a scanning time of 200 s. For the generation of barium maps the low energy
reconstructions were subtracted from the high energy recotistrs.

All high-resolution SRUCT acquisitions for xXVH were performed using the white/pink beam
setup of the SYRMEP (SYnchrotron Radiation for MEdical Physics) beamline of the Italian
synchrotron ELETTRA which is depicted kigure11.

Whole paraffin embedded samples were scanned with a sample to detector ¢&Ddmoef
500mm. 3600 angular distributed projections with an exposure time ofsh@ere acquired
over 360° resultig in a scan time of 180 s. A &m Si filter was used, resulting in a mean
beam energy of 19l6&eV. All high resolutionSRuUCT data sets were reconstructed using
SYRMEP Tomo Projecsoftware (STP Version 1.335. A single distance phase retrieval

algorithm developed by Paganin et®lwas used with a delta over beta ratid@0. To image
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the entire tumors, -8 single acquisitions were performed, and the resulting reconstructions

were manually stitched together using Fiji (NIH).

Figure 11: White beam setup of the SYRMEP beamline.

The lightpath which originates from the bending magnet and passes through the beam outlet and the
filters is indicated by the yellow arrow. The sample is positioned and rotated using a combined
hexapod/rotation unit. The-pay detector is mounted on a movable raild contains a scintillator
crystal for the conversion of therays into the visible light spectrum, as well as microscope optics and

a watercooled CCD camera.

3.1%lastic registration of microCT and histological images for
XVH

To perform image registrationetween SRUCT data sets and histological slices the CT data
was reoriented to match the cutting angle of the histology. This resamplindestidication

of the appropriate matching virtual slice was done using VG Studio MAX. Fiji was used to pre
processthe histological images. Calculation of the deformation and transformation of the
images was done via Elastix and Transfof®iX’’that were integrated into a tailored graphic
user interface called Fuxlastix. The Fuxlastix frontend was developed in C++, using QT5.15

and is available orhttps://github.com/xPITcoding/FuxlastiFor the presented data, the

registration process took less than a minute using a standard computequwiétcore CPU.


https://github.com/xPITcoding/Fuxlastix
https://github.com/xPITcoding/Fuxlastix














































































































































































































































