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Abstract

Imaging allows the visualization of biological processes at the anatomical, cellular and molecular
level inside a living organism. Using a variety of imaging techniques, it is possible to diagnose
and monitor disease evolution and response to therapy.

Radiation-induced lung injury (RILI) occurs in up to 30% of thoracic radiation therapy
(RT) for lung or breast cancer and remains a major limiting factor to dose escalation and more
efficient treatments. The underlying molecular mechanisms of RILI development remain an
area of active research and limited treatment options are available to mitigate this debilitating
side effect. Stem cell therapy and in particular mesenchymal stem cells (MSCs) have shown
promise for potential RILI treatment. However, the use of stem cell therapy has been hindered
by our lack of understanding regarding their behavior once administered in the body.

In this thesis, we proposed, developed and validated a pre-clinical imaging platform to
image and quantify the evolution of RILI and study MSCs behavior in a rat model of RILI using
in vivo fluorescence endomicroscopy (FE) imaging and computed tomography (CT). We first
demonstrated the feasibility of tracking fluorescently labeled-MSCs in the lung with FE imaging
in a rat model of RILI. Next, following successful MSCs tracking, we used longitudinal CT
imaging to monitor the evolution of RILI and assess MSCs’ potential in mitigating it. Finally,
since CT imaging is restricted to anatomical macroscopic imaging, we developed a fibrosis
targeted fluorescent probe coupled with FE imaging to detect RILI at the molecular level in vivo.
In order to relate microscopic FE images to their location in the lung, we used x-ray fluoroscopy
guidance to detect the position of the endoscope at the time of imaging and map it back to its
corresponding location on the CT image.

The imaging tools developed here provide valuable information into disease state and
progression as well as the assessment of new therapies such as MSCs-based stem cell therapy
for RILI. The applications of those tools can be expanded to other diseases, cell types or
biological processes of interest, paving the way to clinical implementation for improved patient
care.





Résumé

L’imagerie permet la visualisation de processus biologiques au niveau anatomique, cellulaire et
moléculaire à l’intérieur d’un organisme vivant. En utilisant différentes techniques d’imagerie,
il est possible de diagnostiquer et suivre l’évolution d’une maladie et la réponse au traitement.

Les blessures pulmonaires radio-induites (BPRI) se manifestent jusqu’à 30% des radio-
thérapies (RT) thoraciques pour le cancer du poumon ou du sein et demeurent une limitation
majeure à l’escalade de la dose ou d’autres traitements plus efficaces. Les méchanismes molécu-
laires sous-jacents du développement des BPRI demeurent un domaine de recherche actif et
les options de traitements pour atténuer ces effets secondaires débilitants sont limitées. La
thérapie par cellules souches et en particulier, les cellules souches mésenchymateuse (CSMs) se
sont démontrée prometteuse pour le traitement potentiel des BPRI. Toutefois, l’utilisation de
la thérapie par cellules souches a été entravée par notre manque de compréhension en ce qui
concerne leur comportement une fois administé dans le corps.

Dans cette thèse, nous avons proposé, développé et validé une plate-forme d’imagerie pré-
clinique pour imager et quantifier l’évolution des BPRI et étudier le comportement des CSMs
dans un modèle de rat des BPRI in vivo en utilisant l’endomicroscopie à fluorescence (EF)
et l’imagerie par tomodensitométrie (TD). Nous avons premièrement démontré la faisabilité
du suivi des CSMs marquées par fluorescence dans le poumon avec l’imagerie EF dans un
modèle de rat des BPRI. Suite au succès du suivi des CSMs, nous avons utilisé l’imagerie par
TD longitudinale pour surveiller l’évolution des BPRI et évaluer le potentiel des CSMs à les
atténuer. Enfin, comme l’imagerie par TD est restreinte à l’imagerie macroscopique anatomique,
nous avons développé une sonde fluorescent ciblée pour la fibrose couplée à l’imagerie EF
pour détecter la FPRI au niveau moléculaire in vivo. Afin d’établir un rapport entre les images
EF microscopiques et leurs emplacements dans le poumon, nous avons utilisé le guidage par
fluoroscopie à rayons-x pour détecter la position de l’endoscope au moment de l’imagerie et de
retracer l’emplacement correspondant sur l’image de TD.



x

Les outils d’imagerie développer ici fournissent des informations de valeurs sur l’état d’une
maladie, sa progression ainsi que l’évaluation de nouvelles thérapie comme la thérapie par
cellules souches avec CSMs pour traiter les BPRI. Les applications pour ces outils peuvent
s’étendre à d’autres maladies, types de cellules ou processus biologiques d’intérêts, ouvrant la
voie à une mise en oeuvre clinique pour améliorer les soins aux patients.
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Chapter 1

Introduction

1.1 Overview

Among cancer patients receiving radiation therapy (RT), some will develop side effects that
can lead to severe complications and limit the use of more aggressive treatment methods. In
thoracic irradiations, the concern arises in developing radiation-induced lung injury (RILI). It
starts with an inflammatory phase and is followed by a fibrotic phase, both causing patients
respiratory distress due to poor lung function. Limited treatment options are available to
mitigate those debilitating effects. Stem cell therapy has been proposed for their potential in
reducing inflammation, has shown promise in other organs and is under investigation for the
lungs. Stem cells’ mechanism of action remains poorly understood and a major obstacle to
bringing stem cell therapy to the clinic. Medical imaging provides the opportunity to visualize
anatomical changes due to diseases non-invasively and longitudinally in vivo. With the advent
of molecular imaging, it is possible to follow stem cells and monitor their potential beneficial
effect at the molecular level. In this thesis, we proposed, developed and validated molecular
imaging tools to monitor the onset of RILI, track stem cells, and evaluate their mitigation
potential in a pre-clinical setting.



2 Introduction

1.2 Background

1.2.1 Radiation Oncology

Cancer is one of the leading cause of mortality worldwide with about 14 million new cases in
2012 and 8.8 million deaths in 2015 (according to the World Health Organization) [1]. Based
on the Canadian Cancer Society statistics, it is estimated that 1 in 2 Canadians will develop
cancer during their lifetime. The most common cancers are lung, breast, colorectal and prostate
cancer, and they account for 50% of all new cancer cases. Lung cancer alone accounts for 14%
of new cancer cases in Canada. On average, 565 Canadians will be diagnosed with cancer and
221 Canadians will die from cancer every day [2].

Common cancer treatments include surgery, chemotherapy and radiation therapy (RT), alone
or in combination. Surgery allows to resect the tumor or part of the tumor locally. Chemotherapy
aims to treat cancer systemically by injection of cytotoxic drugs. RT uses ionizing radiation to
damage cancer cells locally, most commonly using external beam radiotherapy, where photons
or charged particles are targeted to the tumor volume from outside the patient. In this approach,
the ionizing radiation beam (photons or electrons) is produced within a linear accelerator.

When patients are diagnosed and RT treatment is decided, they undergo a computed
tomography (CT) simulation scan to identify the size and location of the tumor to be treated.
The tumor volume is contoured on the image as well as a safety margin around it to account
for microscopic cancer spread. In addition to the tumor, surrounding normal tissue or organs
at risk (OAR) are also contoured. Then, a treatment plan is designed based on those contours
and the RT prescription. The plans can be very complex with RT beams coming from multiple
directions and angles to maximize the dose to the tumor and limit the dose to the surrounding
OARs. Dose limits for specific organs have been established and the plan is accepted based on
experience from radiation oncologists. When RT is delivered, energy is deposited in the tissue,
causing cell kill through direct DNA breaks or indirectly through the formation of free radicals,
which themselves create DNA strand breaks. Ionizing radiation and free radicals also affect
other cell components such as mitochondria (also containing DNA) or lipids for example. The
dose of radiation, in Gray (Gy), is defined as the amount of energy absorbed per unit mass of
medium (J/kg). RT prescription dose and delivery schedule vary according to many factors such
as type of tumor, stage, location or patient’s age and is prescribed by the radiation oncologist.

More than half of all cancer patients receive RT for curative and palliative purposes and it is
an essential option for inoperable locally advanced cases. Among these patients undergoing
radiation therapy, some will develop side effects, which could seriously impact their quality of
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life and lead to complications and even death [3]. The main objective of radiation therapy is to
consider a balance between treating the tumor and sparing normal tissue [4]. RT outcomes can
be characterized by the tumor control probability (TCP), i.e., how well the tumor is responding
to treatment locally, and the risk of complications associated with the surrounding normal tissue:
the normal tissue complication probability (NTCP). These probabilities can be represented by
two sigmoid curves on a graph where the y-axis is the response probability and the x-axis is the
damage metric used [4]. With increased damage to the tissue, the higher the TCP, but also the
higher the risk of complications. The space between the TCP and the NTCP curves is called
the therapeutic window. Giving higher doses would achieve better tumor control and overall
outcomes but it is limited by side effects to surrounding normal tissues, in order to remain in
the therapeutic window.

1.2.2 Radiation-Induced Lung Injury

Despite great progress in modern RT delivery methods, normal lung tissue exposure to irradia-
tion can invariably occur during the treatment of variety of cancers such as lung, esophageal,
breast, and various childhood malignancies leading to increased risk of radiation-induced lung
injury (RILI) or disease/damage (RILD). RILI or RILD is used interchangeably in the following
chapters of this thesis. RILD manifests in up to 30% of thoracic irradiations in two phases: an
early acute inflammatory phase, which occurs days or weeks following RT, which is referred
to as radiation pneumonitis. Following improper healing of the inflammation, a later more
permanent chronic fibrotic phase develops with the accumulation of scar tissue and this phase is
termed radiation-induced pulmonary fibrosis (RIPF) [5]. By analogy, one can think of a small
cut or a scratch on the skin. First, the tissue swells and becomes red as the immune cells are
recruited to the site of injury to start the cleaning and repair. This is the inflammatory phase.
Following inflammation, the skin starts to heal by forming scar tissue which is composed of
extra-cellular matrix components such as collagen. This is the fibrosis phase. The scar tissue at
the injury site is never going to be the same as before the injury as the skin then becomes stiff,
and missing essential functional elements like pores or hair follicles. The same phenomenon
occurs in RILD, causing the lung to stiffen and therefore seriously impacting lung function with
reduced gas exchange capabilities and causing dyspnea (difficulty breathing).

RILI is a major limiting factor to treatment success and an obstacle to the application of
advanced and promising dose escalation modalities such as stereotactic body radiotherapy
(SBRT) to patients at advanced stage disease [6]. Studies using SBRT in inoperable early stage



4 Introduction

lung cancer have shown significant improvement in local control and overall survival rates.
However, its potential to treat more advanced stages with larger tumor targets is severely limited
by RILD. Despite significant efforts to develop different strategies to mitigate RILD, limited
success has been achieved for clinical practice. The only available options currently are steroids
treatment to reduce inflammation and/or oxygen inhalation. There is an imperative need to
develop new strategies to mitigate this debilitating effect [7].

1.2.3 Stem Cell Therapy

Stem cells are undifferentiated cells capable of giving rise to different cell types. Resident
stem cells have been identified in the lungs that act to maintain tissue homeostasis (tissue
regeneration throughout life) in normal conditions. A common model for tissue regeneration is
that stem cells first give rise to progenitor cells, which are committed stem cells able to give
rise to a limited number of cell types, which themselves divide (amplification) into specialized
functional cells. In the lungs resident progenitor cells have been identified mostly in the context
of response to injury, namely clara cells and type II pneumocytes in the bronchiolar and alveolar
epithelium, respectively [8].

In the event of organ injury arising from chronic disease or response to insult, if the damage
is too great, a significant portion of resident stem cells and progenitor cells are most probably
lost and/or are not sufficient for rescuing the injured organ. In recent years stem cell therapy has
shown great promise in regenerative medicine. Embryonic stem cells (ESCs) that are capable
of giving rise to all cell types in the body are the most obvious choice for organ regeneration
but their use remains limited due to availability as they are collected from embryos and to
safety concerns as they were shown to create teratomas. In that manner, adult stem cells are
more easily available and are of less concern with respect to tumor formation [9]. In particular
bone marrow derived stem cells, mesenchymal stem cells or marrow stromal cells (MSCs) have
demonstrated great promise in regenerative medicine for multiple organs including the lungs [8].
To define a MSCs, it has to fulfill a minimum of three criteria: (1) MSCs are plastic adherent
cells in culture, (2) they express specific markers (CD105, CD73, CD90) and don’t express
other markers (CD45, CD34, CD14, CD116, CD79, CD19, or HLA-DR surface molecules),
and (3) they are able to differentiate into adipocytes, osteocytes and chondrocytes in vitro [9].

Upon injury, MSCs are attracted to the site of injury and tend to localize there preferentially.
This phenomenon, known as homing, involves the secretion of several factors by the insulted
tissue, the sensing of those factors by MSCs, and their subsequent recruitment to the site [9].
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Stem cell therapy aims to repair or regenerate damaged organs and it is a potential mitigating
strategy that is currently being actively investigated in RILI as well as other related lung diseases
such as idiopathic pulmonary fibrosis. Although MSCs therapy showed beneficial effects in the
treatment of injured tissue, their mechanism of action is still being investigated. In particular,
rather than MSCs engrafting in the tissue and differentiating into lung tissue for repair, it
appears now that this may be a fairly rare event and that the beneficial effects of MSCs lie in
their paracrine immunomodulatory capacity [10, 11]. Indeed, MSCs can modulate the immune
system through inhibition of activation of dendritic cells and T lymphocytes and inflammatory
cytokines secretion (TNF-alpha, IFN-gamma) as well as increase release of anti-inflammatory
cytokines (IL-10, IL-4) [9]. Clinical trials are currently under way using MSCs for the treatment
of inflammatory diseases, including chronic obstructive pulmonary disease (COPD), which
relies only on anti-inflammatory properties of MSCs to improve lung function [10]. RILD is
also an inflammatory process, with the combination of damage to parenchymal cells as well
as vascular endothelium and connective tissue, and including the release of cytokines and
growth factors. MSCs immunomodulatory effects could be of interest to mitigate those effects.
Stem cell therapy is currently under pre-clinical investigation for the treatment of radiation
pneumonitis at the time of injury (inflammation) and later on for fibrosis to regenerate injured
tissue [12]. This approach has shown promise for the treatment of radiation induced injury in
other organs such as salivary glands [13] and is now pursued for the lungs [14].

Despite great efforts to bring stem cell therapy to the clinic, its use has been hindered by the
lack of understanding of their behavior once administered. Questions such as, where do they go
following injection or how long do they survive and do they interact with the damaged tissue
remain unanswered. Labeling stem cells and tracking them with imaging holds the promise
to gain a better understanding of their behavior and can help determining their efficacy and
optimizing their use for improved results.

1.2.4 Medical and Molecular Imaging

Medical imaging uses different techniques to visualize the inside of the body for clinical
diagnosis and disease monitoring. It can be used to assess the extent of RILI at the anatomical
level. The most common imaging method for clinical RILI assessment is a chest x-ray (2-
dimensional) or computed tomography (CT) scan (3-dimensional) [15]. It provides information
of anatomical changes associated with damaged lung tissue and the development of fibrosis.
However, it is limited to macroscopic anatomical imaging and therefore lacks molecular
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information on the mechanisms of RILI. Molecular imaging is defined as the visualization and
quantification of biological processes at the molecular level in a living organism [16]. It has
shown great potential in the recent years and is a field in constant evolution. It involves the use
of targeted imaging agents capable of detecting the process of interest in vivo and report back
for quantification. In the case of RILI, molecular imaging can be used to detect inflammation
and the accumulation of scar tissue in the later stages of RIPF. Both anatomical and molecular
imaging can serve as end-points and assess the potential of new therapies such as stem cell
therapy with MSCs.

Medical imaging is not limited to imaging from outside the body, endoscopy is an optical
imaging method that allows the visualization of accessible organs such as the lungs overcoming
limitations related to limited light penetration and achieving sufficient contrast and increased
resolution compared to external imaging modalities. Bronchoscopy is a valuable tool for the
physician as it is directly amenable to patient bedside and provides information on the tissue
state of injury itself. Recent developments in endoscopy allows to literally have a microscope
at the tip of the endoscope capable of optical biopsies [17]. Furthermore, it is now available
with fluorescence microscopy properties both clinically and pre-clinically. Fluorescence is a
form of luminescence that occurs when a specific substance (with specific light absorbance
and emission properties) absorbs light at a certain excitation wavelength and consequently
emits light that is shifted towards longer wavelengths relative to the excitation (facilitating
differentiation of the emitted light from that used to produce it). This light emission at a specific
emission wavelength can be detected, therefore providing an image of where the fluorescent
substance is. The fluorescent substance can be combined to a specific target of interest to
image different biological processes. This method is used in fluorescence microscopy and the
same is applicable in fluorescence endomicroscopy (FE) imaging, where the microscope is
inserted in the tissue of interest. An FE system is composed of a laser scanning unit providing
excitation lasers [18]. The excitation light travels through a bundle of optical fibers to the
tip of the endoscope in contact with the tissue where the fluorescent target is located. The
fluorescent probe absorbs the light and emits it back. The emitted light is collected by the
optical fibers, travels back to form an image of the collected fluorescence. FE is a versatile,
minimally-invasive imaging tool that is able to both monitor RIPF when used in combination
with a collagen-targeted fluorescent imaging probe and track fluorescently labeled cells in vivo
[19].
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1.3 Objectives

The underlying molecular mechanism of RILI and its potential mitigation with MSC therapy
remain unknown and an area of active research.

Imaging has evolved greatly in the recent years and is now a valuable tool to answer such
open research questions and a platform for translation as many imaging techniques are clinically
applicable.

In this work, we aimed to develop a pre-clinical imaging platform to gain a better under-
standing of the mechanism behind RILI development and to monitor MSCs-based therapy with
the following objectives:

1. To develop an imaging method to track MSCs in the lung

2. To establish imaging tools to monitor the evolution of RILI

(a) To be used as an end-point for MSCs therapy efficacy assessment

(b) To visualize RILI development at the anatomical and molecular level

1.4 Thesis Outline and Scientific Contributions

This thesis is composed of three manuscripts, two published, and one submitted (under review),
a protocol article (accepted), as well as one book chapter (in production) and one section of a
book chapter (published).

Chapter 1 introduces radiation therapy in oncology and RT’s side effects in radiation-induced
lung injury (RILI). It is followed by the potential of stem cell therapy for RILI and describes
medical and molecular imaging concepts at the basis of this thesis. This leads to the objectives
of the thesis as mentioned above, namely the development of a molecular imaging platform to
gain insight into RILI and potential mitigation with stem cell therapy.

Chapters 2 and 3 constitute the detailed background of this thesis on imaging in both RILI
and stem cell therapy, respectively. Chapter 2 provides background into RILI development,
reviews the use of imaging in RILI currently and highlights new developments in the field. This
chapter was submitted as a book chapter. Chapter 3 is a section of a published book chapter
[18] that describes new developments in endomicroscopy imaging. This section includes a
review of stem cell therapy imaging and highlights the use of fluorescence endomicroscopy
(FE) imaging for stem cell tracking in RILI.
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Chapter 4 is a published article in Scientific Reports proposing and validating the use of
fluorescence endomicroscopy imaging to track stem cells in the lung in a rat model of RILI. [20].
This publication led to a submitted protocol article in Current Protocols in Stem Cell Biology
detailing MSCs tracking in the lung with FE imaging as described in Chapter 4 (Appendix A).

Following the successful in vivo tracking of MSCs in the lung, the next step was to assess
their potential in mitigating RILI. This was assessed with external imaging in Chapter 5, an
article published in Scientific Reports [21] comparing two methods: computed tomography
(CT) imaging and histopathology to evaluate the extent of RILI over time in a rat model and to
assess the potential of MSCs in mitigating it.

CT imaging is restricted to anatomical macroscopic changes in the lung and histopathology
lacks temporal and local resolution information. These limitations in the current methods
to assess RILI prompted us to develop a fluorescence endomicroscopy molecular imaging
method to image RILI at the molecular level. One of the major limitations in FE imaging
is the lack of localization of the endoscope probe at the time of imaging. We therefore,
implemented image-guided FE imaging to locate the endoscope probe and relate FE images
to their corresponding position in the lung on CT images. This is described in Chapter 6, a
submitted manuscript developing and validating image-guided fluorescence endomicroscopy
for macro- to micro-imaging of RIPF.

Chapter 7 summarizes and concludes the thesis, addresses limitations of the current work
and includes clinical prospects, challenges and future research directions.



Chapter 2

Radiation-Induced Lung Injury Imaging:
Current status and new developments

Jessica R. Perez

Book Chapter in: Emerging Developments and Practices in Oncology

2.1 Preface

This chapter aims to provide background into RILI and RILI imaging. It includes an overview
of the molecular mechanisms of RILI onset, describes the current medical imaging methods to
assess it and highlights interesting new developments in RILI imaging.

2.2 Abstract

Radiation-induced lung injury (RILI) occurs in up to 30% of thoracic radiotherapy (RT) cases
and is a major limiting factor of dose escalation to achieve tumor control and improve survival.
RILI can be separated into two phases: an early inflammatory phase and a late fibrotic phase.
Imaging has the potential to provide a helpful understanding of RILI for diagnosis, monitoring
and treatment. Current clinical imaging methods rely on anatomical imaging and occasionally
incorporate functional imaging. With the advent of molecular imaging, specific targeted probes
can be designed to image RILI at every stage of the process. Molecular imaging is still in
its infancy and most new RILI imaging techniques are still under development. This chapter
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summarizes the different imaging methods used clinically for RILI imaging and explores new
developments for the future of RILI management.

2.3 Introduction

Lung cancer 5-year survival rates remain very low (15%) and is the leading cause of cancer
deaths in the world. During the course of treatment, about 50% of cancer patients will undergo
radiation therapy (RT) [7]. RT uses ionizing radiation to kill tumor cells via DNA and cellular
damage and treat cancer. RT dose escalation would improve tumor control but is limited by
normal tissue toxicity. Like all cancer therapies, radiotherapy involves the risk of developing
side effects that could impair the quality of life of patients and lead to severe complications.
However, unlike chemotherapy, the side effects of radiotherapy are localized in the organs
or tissues that have been irradiated. There is a fine balance, or therapeutic window, between
achieving cure or tumor control and reducing adverse effects or toxicities associated with
radiotherapy. Radiation-induced lung injury (RILI) occurs in up to 30% of patients who
received thoracic irradiation. This primarily includes patients treated for lung cancer, but also
includes breast, esophageal cancer or lymphoma patients [7, 5].

The dose delivered to treat the tumor is limited by side effects, acute and late, to surrounding
normal tissue. Imaging has the potential to monitor such effects to allow for potential prevention
or mitigation strategies in a patient specific manner [15]. Imaging can be used to diagnose
patients that are at risk of developing side effects early in the course of treatment when it is still
possible to change or adapt treatment or add drugs to mitigate those. Having an imaging tool to
detect adverse effects allows for monitoring the response of the patient to mitigating agents or
validating newly developed treatment options.

Current clinical practice focuses on anatomical imaging for diagnosis and monitoring of
RILI. RILI is a complex process comprising of a myriad of molecular players acting over time
to develop functional lung impairments and radiological evidence of disease. Functional lung
tests are used to assess the overall lung capacity but lack spatial resolution. Functional imaging
techniques can also be used to map lung function for RT avoidance or treatment monitoring.
With the advent of molecular imaging and the development of targeted imaging probes, it
becomes possible to gain insight into RILI at the molecular level. Most molecular imaging
methods for RILI imaging, although promising, are currently being developed and are not yet
routinely implemented in the clinic.
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This chapter aims to review the current status of RILI imaging and highlight future de-
velopments with the potential to improve the diagnosis, monitoring and management of RILI
clinically.

2.4 Radiation-Induced Lung Injury (RILI)

Radiation-Induced Lung Injury (RILI) is the damage sustained by normal tissue in the lungs
following radiation exposure. The response of normal tissue to irradiation is complex, starting
with an inflammatory phase, a proliferative phase and a tissue remodeling phase, each involving
a cascade of cytokines and immune cells (Figure 2.1). RILI consists of (1) an early inflammatory
phase (reversible) that occurs within weeks of radiotherapy that includes: normal tissue damage,
cytokine induction, hypoxia, macrophage accumulation and activation; and (2) a late fibrotic
phase (irreversible) appearing months or years following treatment that involves tissue remod-
eling and fibrosis [7, 22]. The early inflammatory phase is called radiation pneumonitis (RP)
and the late phase with scar tissue formation is referred to as fibrosis or radiation-induced lung
fibrosis (RILF). The risk factors behind the development of RP are still unclear. It involves a
combination of factors such as radiation dosimetric parameters, tumor size and location, concur-
rent chemotherapy and patient specific factors including age or comorbidities [5]. Limiting RILI
risk is a major step towards dose escalation and the application of promising hypofractionated
regimens in the lung.

The most common symptom of RILI is dyspnea (difficulty breathing), which can range
from mild to severe. Dyspnea is often accompanied with a non-productive cough and rarely
fever. Late RILI symptoms can include pulmonary insufficiency that can become chronic [23].

Clinical symptoms associated with RILI are evaluated and graded by the physician following
RT. Scoring of RILI can be done using several grading systems that are slightly different. The
Radiation Therapy Oncology Group (RTOG) defines a grading system for early and late effects
as shown in Table 2.1 [5].

The lungs’ response to RT is thought to follow the steps of an abnormal wound healing
mechanism: injury, inflammation and repair. Reactive oxygen species (ROS) are produced upon
tissue irradiation creating DNA and cellular damage, leading to cell death. Consequently, the
epithelial cells lining the lungs (pneumocytes type I and II) undergo apoptosis. Cell depletion
induces the secretion of growth factors and the recruitment of inflammatory cells to the injury
location. The loss of endothelial cells and small vessels reduces lung perfusion and increases
hypoxia. Following the wound healing process, inflammatory cells (leukocytes) are recruited to
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Figure 2.1 RILI process over time at the molecular, functional and anatomical level. Upon
irradiation, normal lung tissue responds with a cascade of molecular events leading to functional
clinical symptoms and anatomical changes. Each step in the RILI process can be a target for
imaging.
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Table 2.1 RILI scoring schema according to the Radiation Therapy Oncology Group (RTOG)
for both early and late effects

RTOG scoring Acute early effects Late effects
Grade 1

• Mild symptoms of dry cough
or dyspnea on exertion

• Asymptomatic or mild symp-
toms (dry cough)

• Slight radiographic appear-
ances

Grade 2

• Persistent cough requiring nar-
cotic, antitussive agents

• Dyspnea with minimal effort
but not at rest

• Moderate symptomatic fibrosis
or pneumonitis (severe cough)

• Low grade fever

• Patchy radiographic appear-
ances

Grade 3

• Severe cough unresponsive to
narcotic antitussive agent or
dyspnea at rest

• Clinical radiological evidence
of acute pneumonitis

• Intermittent oxygen or steroids
may be required

• Severe symptomatic fibrosis or
pneumonitis

• Dense radiographic changes

Grade 4

• Severe respiratory insufficiency

• Continuous oxygen or assisted
ventilation

• Severe respiratory insufficiency

• Continuous oxygen

• Assisted ventilation

Grade 5

• Death • Death
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the injury site and secrete chemokines, cytokines and growth factors to recruit and activate more
cells (macrophages) to assist in the process. Following RT, this process is not properly regulated
and can lead to chronic inflammation, which promotes RILI. The cascade of inflammatory
signaling triggers the repair phase with the secretion of interleukin (IL-1 and IL-6), tumor
necrosis factor (TNF-α) and transforming growth factor (TGF-β ), as well as the recruitment
and activation of macrophages. All these factors contribute to tissue remodeling and scarring in
the form of fibrosis while perpetuating the inflammatory response leading to chronic RILI [23].

Figure 2.1 illustrates the process of RILI over time at the anatomical, function and molecular
levels.

RP is a complex process and studying the cellular inflammatory infiltrate or cell recruitment
can be used to understand the process and potentially design targeted probes or therapeutic
agents. It was shown that there is a dramatic increase in mast cells (type white blood cells from
the immune system known to play a role in allergy) infiltration in the lungs of rats following
thoracic irradiation [24]. The predominant cell types recruited in RILI in mice are macrophages
and lymphocytes. This acute response is thought to be due primarily to parenchymal cell
injury and can therefore sensitize the lungs to a subsequent injury from another exposure like
endotoxins [25].

Pulmonary function tests (spirometry) are the gold standard to clinically measure lung
function by detecting changes in volumes or flow following inhalation and exhalation. However,
they are non-specific, lack spatial resolution and are not sensitive to small lung function changes
that can be compensated for by unimpaired lung areas. Imaging can overcome these drawbacks
anatomically, functionally or molecularly for diagnosis of lung injury and monitor the potential
efficacy of new therapeutic agents. Imaging needs to be validated and benchmarked with
proven techniques to demonstrate safety and sensitivity, thereby improving early diagnosis and
allowing for a better chance to intervene in the course of treatment. In this way, clinical and
pre-clinical imaging can be complementary where one contributes to improving the other [26].

2.5 Imaging Radiation-Induced Lung Injury: Current Sta-
tus

Current clinical methods to evaluate pulmonary disease include tissue biopsies for histological
analysis or bronchoalveolar lavage analysis, both invasive methods and subjective depending on
where and when the sample was taken. Lung function tests are non-specific and subtle changes



2.5 Current Status 15

can go undetected [27]. RILI is most commonly evaluated with anatomical imaging and less so
with functional or molecular imaging (Figure 2.2).

Figure 2.2 Imaging modalities for RILI imaging from anatomical, functional to molecular
level. The current use in the clinic is inversely proportional with new developments in the field.
More established techniques are more anatomical and used more clinically. The more novel the
development, the more molecular and the less it is used clinically.

2.5.1 Anatomical Imaging

X-Ray radiographs and Computed tomography (CT)

As mentioned earlier, anatomical imaging remains the principal method to assess RILI clinically.
The most common diagnosis tool is X-Ray radiographs (2-dimensional) and its 3-dimensional
equivalent, computed tomography (CT). Both methods use X-rays traveling through the body
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and attenuation by tissue is measured on the other side with a detector. In the case of CT, the
source and detector rotate around the patient to reconstruct a 3D image. X-Ray based imaging
relies on the differences in tissue attenuation properties going from high density (bones) to low
density (lung). Cell infiltration, edema or fibrosis from RILI will induce an increase in lung
density (towards soft tissue density), which becomes visible on CT images. These changes are
referred to as radiological evidence of RILI, be it pneumonitis or fibrosis related [15].

Airway remodeling is commonly assessed with CT from which one can extract many
features of fibrosis such as reticulation (fine network of lines from architectural distortion),
honeycombing (“clustered cystic air spaces” possibly due to small airway dilation) and ground-
glass opacity (fibrosis smaller than the CT resolution or active inflammation) [28, 26].

Importantly, increased CT density values in the lungs can be correlated with 3D dose-
distribution maps [15].

Pre-clinical models are key to understanding and developing techniques for RILI. With the
advent of small animal imaging and RT equipment, it is now possible to compare clinical and
pre-clinical results. Monitoring CT changes longitudinally in a partial lung irradiation mouse
model showed a dose dependence using the same machine to image and deliver RT [29].

There are key differences in physiology and radiosensitivity when comparing pre-clinical
rat models to humans. These need to be taken into consideration for any kind of translational
research. The dose commonly given to patients clinically is 60 Gy in 30 fractions and for SBRT:
48 Gy in 3 fractions for peripheral or 50 Gy in 5 fractions for central targets. In the rat model
presented in this work, the right lung was irradiated with 18 Gy in 1 fraction on a clinical
linear accelerator and the onset of RILI was monitored. This rat model of RILI was used to
recapitulate the RILI process to a sufficient extent to image and test mitigating strategies on.

Figure 2.3 ([21], Chapter 5) shows an example of microCT imaging in a rat model of RILI.
The affected lung appears denser with opacity on CT and shows a “patchy” pattern (Figure
2.3, right, arrow). The heart and mediastinum shift towards the injured lung is also noticeable
(Figure 2.3, right).

Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) can also provide anatomical images of RILI. MRI is a
technique based on magnetic fields and radiowaves. MRI signal comes from protons (hydrogen
mainly from water present in the body) and therefore provides high soft tissue contrast. However,
MRI is not the method of choice for the lungs due to several factors: the lungs have more
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Figure 2.3 Pre-clinical CT image (transverse plane) of rat model of RILI 24 weeks follow-
ing 18 Gy irradiation to the right lung. We observe fibrotic lung tissue in the irradiated lung
appearing denser on CT imaging (arrow) compared to the control. Also visible is the shift of
the heart and mediastinum towards the injured lung. Left: Control; Right: Irradiated. H: Heart;
S: Spine; LL: Left Lung: RL: Right Lung

air space than tissue, leading to a loss of MRI signal, the air-tissue susceptibility artifact and
motion artifacts due to breathing are problematic.

Pulmonary inflammation is characterized by the presence of fluid in the lungs (edema).
Edema can be visualized using MRI where an increased signal appears. Changes in MRI signal
allow for monitoring the effects of anti-inflammatory drugs such as glucocorticosteroids in
pre-clinical models [26].

2.5.2 Functional Imaging

Scintigraphy and Single Photon Emission Computed Tomography (SPECT)

A radioactive tracer is administered and localizes to the site of interest. The tracer emits gamma
rays that can be detected using gamma cameras (2D planar scintigraphy). By detecting those
gamma rays around multiple angles around the patient, a 3D image of tracer localization is
reconstructed. Scintigraphy (2-dimensional) and its 3D counterpart SPECT are clinically used
to image lung ventilation and perfusion. Radioactive technetium labeled macro-aggregated
albumin (Tc99m-MAA) is injected intravenously in the patient. Following the radiolabeled
tracer allows monitoring lung perfusion (gas exchange). Ventilation is imaged through the
inhalation of radionuclides (Xenon or technetium DTPA), which mimics where air localizes in
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the lungs. Defects in ventilation or perfusion can be visualized and localized based on those
scans.

Ventilation and perfusion (V/Q ratios) of the lungs can be obtained with 133Xe SPECT and
regional defects can be identified. It is one of the most common imaging methods for pulmonary
function, although it suffers from poor spatial resolution [26].

SPECT pulmonary function measurement of defects in perfusion is more sensitive than in
ventilation, and both are more common than CT density changes [15].

2.5.3 Molecular Imaging

Fluorodeoxyglucose (18-F) Positron Emission Tomography (FDG-PET)

In positron emission tomography (PET) imaging, a molecule of interest is labeled with a
radioactive positron-emitter. The probe localizes in the region of interest to be imaged, emits
a positron that annihilates with a nearby electron and emits two photons traveling in opposite
directions towards a ring detector. It is then possible to reconstruct an image of where the
photons came from inside the body and therefore where the radioactive imaging probe was
localized. In the case of FDG, the imaging probe is a radiolabelled modified glucose molecule,
which gets trapped in cells consuming glucose, and is therefore a marker of metabolism,
localizing regions of high glucose intake.

Pulmonary inflammation is difficult to identify from chest X-ray and CT alone as it provides
only anatomical information. Molecular imaging has the potential to visualize pulmonary
inflammation by targeting inflammatory markers such as FDG-PET for the increased glucose
consumption by inflammatory cells or by labeling inflammatory cells themselves [27].

Lung inflammation can be imaged with FDG-PET, where a signal increase is observed due
to increased tracer uptake in inflammatory cells, including neutrophils and macrophages [26].

Pulmonary fibrosis can be reproducibly monitored with FDG-PET by evaluating standard-
ized uptake value (SUV) metrics in patients with idiopathic pulmonary fibrosis [30].

FDG-PET allows monitoring pneumonitis following RT. However, those radiological
changes do not always correlate with clinical symptoms but show superior sensitivity [15].
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2.6 Imaging Radiation-Induced Lung Injury: New Develop-
ments

2.6.1 Functional Imaging

Hyperpolarized MRI

In lung injury, gas exchange is impaired due to a thickening of the blood-gas barrier between
capillaries, where red blood cells uptake oxygen, and the alveolar space [26].

Hyperpolarized (HP) MRI is a heavily researched area of lung imaging. HP 129Xe can
be used with MRI to image gas exchange in the lungs with a single breath hold in healthy
volunteers and patients with pulmonary fibrosis. After the subject inhales HP 129Xe, the gas
remains mainly in the airspaces but a small fraction of it also dissolves in the lung tissue. 129Xe
resonates differently when it is in interstitial tissue or plasma so it is possible to distinguish these
two dissolved phases from each other. These two compartments, referred to as the barrier and
the RBCs (red blood cells), differ in their chemical shift. With 129Xe behaving like oxygen, it is
possible to use it as a probe for studying gas exchange. 129Xe defect maps were compared to CT
images of idiopathic pulmonary fibrosis (IPF) patients and show similar regions of fibrosis. It is
possible to derive defect maps based on ratios between gas, barrier and RBCs phases. RBCs to
gas maps show reduced intensity and defects in gas exchange in IPF patients, whereas healthy
volunteers showed homogenous maps [31].

HP 3He-MRI from lung cancer patients were compared before and after RT. Post-RT regions
of pneumonitis present on CT images were correlated with areas of reduced ventilation obtained
with HP 3He-MRI [32].

Moreover, hyperpolarized MRI was used in RILI rat models to image lung anatomy, function
and metabolism. Detected changes in imaging signal due to pneumonitis correlate with histology
and could be used to monitor RILI [22]. HP 129Xe MRI combined with gas transfer modeling
was also applied to RILI rat models for the detection of early and late effects post-irradiation
[33, 34]. Indeed, early gas exchange defects were further detected with HP 129Xe MRI in a rat
model of RILI and showed significant differences in pulmonary tissue thickness and relative
blood volume measured in irradiated animals compared to controls [35]. In another study, early
RILI including inflammation and hypoxia were investigated in a rat model with hyperpolarized
13C MR spectroscopy and imaging. Mapping the lactate to pyruvate ratio signal as a surrogate of
metabolic activity demonstrated an increased signal in RILI rats compared to controls [36, 37].
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Contrast enhanced perfusion MRI

Contrast enhanced perfusion MRI can be used to visualize early and late effects following
RT. Gadolinium-DTPA is injected in the subject and showed altered kinetics with a contrast
enhancement in irradiated compared to controls [15].

CT perfusion imaging (CTPI)

CT perfusion imaging (CTPI) measures organ perfusion by injecting an iodine-based contrast
agent and monitoring its transport through the organ. This is usually combined with mathemati-
cal models to extract parameters of interest. This technique was used to image patients post-RT
to detect acute RILI. RILI patients showed changes in blood flow, volume and permeability
surface between pre- and post-RT [38].

2.6.2 Molecular Imaging

Molecular MRI

MRI can be used as a molecular imaging modality by tagging a molecule of interest with
Gadolinium to become an MR imaging probe. As the imaging probe localizes to the site of
interest (in this case the lungs), it is possible to visualize and quantify the accumulation of the
probe in a specific location using MRI. For fibrosis being characterized by an overexpression of
collagen, molecular MRI was used to specifically detect pulmonary fibrosis in a mouse model
using a collagen type I targeted probe [39, 40].

MRI in combination with nanoparticles can provide insight into the development of pul-
monary fibrosis. Gadolinium-based nanoparticles were administered intra-tracheally in a mouse
model of lung fibrosis and were monitored with MRI. Nanoparticle contrast provided an
increased MRI signal in fibrotic areas of the lungs [41].

Molecular scintigraphy and SPECT

SPECT can also become a molecular imaging technique using the idea of imaging probes to
target a specific process in RILI.

Collagen accumulation is an important feature of pulmonary fibrosis and therefore a good
target for imaging probes. A collagen targeting peptide (collagelin) was synthesized based on
the Glycoprotein VI affinity for collagen and labeled with Tc-99m for in vivo scintigraphy in a
lung fibrosis mouse model [42].
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αvβ6 integrin overexpression plays an important role in pulmonary fibrosis and is a potential
target for drug development as well as imaging. A specific αvβ6 integrin peptide was labeled
with 11In for SPECT-CT imaging in a mouse model of lung fibrosis and was successfully
detected in the lungs with an increased signal in injured lungs compared to controls [43].

Two biomarkers for RP imaging were targeted to develop SPECT imaging probes for
perfusion (macroaggregated albumin) and for apoptosis (duramycin). Two to three weeks
following RT, perfusion volume decreased and duramycin uptake increased, while no changes
in breathing rate were observed at this time. This suggests that SPECT imaging with new
biomarkers is a good predictor of RP [44].

Molecular SPECT for lung inflammation imaging was developed, in which annexin V
(marker of cell stress) or interleukin-8 (binds neutrophils) were radiolabeled [26].

PET

Activation of macrophages plays an important role in the pathogenesis of pulmonary fibrosis.
Macrophages were targeted using a cysteine cathepsin probe for both optical pre-clinical and
PET imaging in patients showing an increase in signal in fibrosis cases [45].

Fluorescence endomicroscopy (FE)

Lung being an accessible organ, it is amenable to minimally invasive imaging to obtain “optical
biopsies” through bronchoscopy. FE or endoscopic confocal fluorescence microscopy is a
promising new technique that allows fluorescence optical imaging at the tip of an endoscope.
A laser scanning unit coupled to a bundle of optical fibers allows the excitation photons to
travel through the endoscope to the tissue and the emitted fluorescence is collected by the
same fibers back to give a detailed image of the field of view. It has been used in conjunction
with fluorescent probes to observe a variety of cellular and architectural changes in the lungs
of normal or injured rat models [46]. Confocal fluorescence endomicroscopy is amenable to
clinical use to image the human airways as far as the alveoli, using tissue autofluorescence
(elastin at 488nm) as contrast. Structural differences were observed between smokers and
non-smokers [17, 47]. Fluorescence endomicroscopy was used to image acute lung injury in a
rat model with a fluorescent smart probe activated by an enzyme expressed by neutrophils and
macrophages (myeloperoxidase). Enhanced lung enzymatic activity was observed in injured
lungs compared to controls [48]. A fluorescent collagen probe was used with fluorescence
endomicroscopy to detect pulmonary fibrosis (Figure 2.4, right). FE in combination with
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fluoroscopy (X-Ray radiographs) (Figure 2.4, left) and pre-imaging CT allows for image-guided
bronchoscopy where it is possible to correlate fibrosis location with FE images of collagen
fibers (Perez et al., submitted: Chapter 6).

Figure 2.4 Image-guided Fluorescence endomicroscopy (FE) of RILI. Left: X-ray fluo-
roscopy image of RILI rat model showing the location of the tip of the endoscope probe (black
arrow). Right: FE images of control and irradiated lung using a fluorescent collagen probe. The
white arrow shows collagen fiber structures in the irradiated lung as opposed to random patterns
of dotted fluorescence in the control lungs.

Second harmonic generation (SHG) and two photon excited fluorescence (2PEF) mi-
croscopy

Second harmonic generation (SHG) microscopy allows for the quantitative analysis of fibrillar
collagen structures, a hallmark of fibrosis [49]. Nonlinear optical microscopy combining
second-harmonic generation (SGH) and two photon excited fluorescence (2PEF) was integrated
in an endoscopic fiber-optic spectrometer for the exploration of the lungs. During fibrosis, the
extra-cellular matrix remodels with an accumulation of collagen and elastin, which can be
detected by SGH and 2PEF, respectively [50].
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2.7 Imaging in the Prevention, Mitigation and Treatment of
RILI

Radioprotectors such as free radical scavengers (amifostine, captopril or pentoxifulline) have a
protective effect on tissue following RT and can be used to prevent RILI. However, with the
results of clinical trials being limited, it is not currently approved for RILI prevention. Once
the RILI diagnosis is established, the most common treatment is the use of corticosteroids
due to their anti-inflammatory properties. It is unclear if this treatment is beneficial even after
cessation. A few other potential RILI therapies are being explored including antioxidants,
superoxide dismutase, nitric oxide, TGF-β , statins, matrix metalloproteinases, cytokines and
growth factors [23].

2.7.1 Radioprotectors

The potential of amifostine as a radioprotector was tested in a rabbit model of lung SBRT with
CT, contrast-enhanced MR angiography (perfusion), 3He MRI (ventilation) and compared to
histology. Decreased perfusion was observed with ce-MRA in the irradiated group but not in
the irradiated with amifostine, while no changes were observed in ventilation with 3He-MRI
[51].

2.7.2 Normal lung avoidance RT planning

Functional imaging information such as ventilation and perfusion acquired with SPECT, PET,
MRI or CT can be incorporated into treatment planning. The goal of functional image guided
radiotherapy treatment planning is to specifically avoid regions of highly functional lung tissue
while increasing the dose to defective regions. Despite many feasibility studies of the use of
functional images in treatment planning, the clinical impact has not been proven. Clinical
trials are underway to incorporate MR or CT ventilation images for radiation therapy planning.
Ventilation defects are less common than perfusion defects and have been shown to be a superior
metric for assessing RILI. Importantly, the use of functional imaging techniques has to include
accurate image registration in order to be included in treatment planning, including fiducials,
reproducible patient positioning, breath hold or gated breathing scans. Thus far, the benefits of
using functional image guided planning have not showed significant clinical impact and more
work is needed in order to understand the underlying mechanism of RILI imaging and the effect
of modifying dose delivery accordingly [52].
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By integrating ventilation and perfusion SPECT imaging information with commonly used
dosimetric values, it is possible to obtain a superior predictor of RP. This could lead to sparing
highly functional lung regions during treatment planning to potentially reduce the risk of RP
[53].

Dosimetric parameters were prospectively combined with functional imaging data acquired
with 4D-CT, SPECT ventilation and perfusion or both to evaluate RP. RP correlated with
dosimetric parameters and functional imaging, especially when combined [54].

2.7.3 Mesenchymal stem cells (MSCs)

Mesenchymal stem cells (MSCs) have been proposed in the treatment of lung injury (inflamma-
tion and fibrosis) for their immune-modulatory properties and their paracrine anti-inflammatory
potential [55]. Fluorescence endomicroscopy (FE) in a rat model of RILI was used to track
MSCs in vivo. 3 weeks following RT, rats were injected with fluorescently labeled MSCs
intravenously or endotracheally and were imaged with FE. MSCs were visible in the lungs
although more numerous when injected directly in the trachea. An automated cell counting
algorithm allowed for the quantification of MSCs in controls and RILI showing a slight increase
in detected cells in the injured lung (Chapter 4) [20].

2.8 Future Research Directions

The emerging trend in RILI imaging and imaging in general is moving towards molecular
imaging. Rather than looking at anatomical changes that take time to develop before becoming
visible on anatomical images, it is now possible to image molecular targets at every stage of
disease progression. Molecular and functional imaging give a better understanding of RILI
and might provide useful diagnostic information early on in order to readapt RT treatment
or give mitigating agents before permanent fibrosis damage occurs. These new molecular
imaging techniques, although promising, require benchmarking and validation before they can
be approved for clinical use. Indeed, the process from bench to bedside takes time for newly
developed imaging probes and imaging devices. The power of molecular imaging with in
vivo visualization of molecular processes is contributing to the assessment of new therapeutic
strategies for RILI. Future research for RILI imaging will be in designing and validating new
targeted imaging probes, and using these techniques to assess the potential of RILI treatments.



2.9 Conclusion 25

Ultimately, the goal is to make RT more efficient with less toxicity in order to achieve better
tumor control for cancer patients.

2.9 Conclusion

This chapter described the molecular steps involved in RILI following thoracic irradiation as
well as provided an overview of the imaging techniques used clinically and in development
stage for RILI management.

RILI is a complex process composed of multiple stages of molecular events leading to
pneumonitis and fibrosis. Each molecular player in the process can be used as an imaging
target. Imaging of RILI is evolving from purely anatomical (CT) to functional (SPECT, MRI)
and molecular (PET, SPECT, MRI, optical). Molecular imaging has the potential to contribute
to RILI diagnosis, monitoring and mitigation. However, more research both clinically and
pre-clinically is required in order to bring new imaging techniques from bench to bedside.

2.10 Key Terms and Definitions

• Contrast Agent: Substance used to enhance contrast in medical imaging.

• Cytokine: A signaling protein secreted by immune cells that has an effect on other cells.

• Fibrosis: The scarring process following tissue injury. Tissue remodeling takes place
with the deposition of extracellular matrix (collagen).

• Growth Factor: A substance that promotes cell growth and proliferation.

• Imaging probe: Substance that detects and allows the visualization of a biological
process. A specific target that binds or detects the process of interest is coupled to a
labeling element that can be detected with imaging.

• Inflammation: Process by which the body defends itself from injury or infection. It
involves the recruitment of cells from the immune system and the release of cytokines.

• Lung Perfusion/Ventilation: Perfusion is the blood in capillaries that attain the alveoli
for gas exchange. Ventilation is the air that attains the alveoli for gas exchange.
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• Medical Imaging: Techniques used to visualize the inside of the body for clinical
diagnosis.

• Molecular Imaging: Visualization and quantification of biological processes at the
molecular level in a living organism.

• Radiation Therapy Treatment Planning: Following cancer diagnosis, a CT scan is
acquired and the tumor as well as organs at risk are contoured on the image. Based on the
contours, the radiation beams are chosen and optimized to maximize dose to the tumor
while minimizing the dose to the surrounding normal tissue. The dose is calculated and
the best plan is chosen to be delivered to the patient.
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3.1 Preface

The objective of this chapter was to provide background into stem cell therapy imaging in
general and then to introduce the use of endomicroscopy and its application in tracking stem
cells in the lung of a rat model of RILI.
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3.2 Abstract

Stem cell therapy application has been hindered by the lack of understanding regarding the fate
of inoculated cells, and the mechanisms by which they heal targeted tissues. Mesenchymal stem
cells (MSCs) are proposed for their immune-modulatory properties and their potential ability
to mitigate radiation-induced lung damage (RILD), a side effect of lung cancer radiotherapy.
Fluorescent probe confocal laser endomicroscopy (FP-CLE) tracking and quantification of
DID-labeled MSCs in vivo in a rat model of RILD is shown to be achievable. This method
can be complemented using other cell labeling methods or by combining MSCs monitoring
with FP-CLE imaging of the pathology to assess the potential of stem cells in treating damaged
organs.

3.3 Stem Cell Therapy Imaging

Stem cell therapy (SCT) aims to repair or regenerate damaged organs by one or several
mechanisms. This includes differentiating into functional cells and replacing damaged ones,
secreting growth factors in a paracrine fashion to stimulate resident stem cells to repopulate
the damaged region, or by reducing further damage such as chronic inflammation through
immune-modulation. Despite great progress in SCT research, its clinical use remains limited
[56]. Stem cells fate and interactions with host cells remain areas of intense research. Molecular
imaging and cell tracking methodologies can shed light on these aspects, and can also contribute
to identifying roadblocks in the way of successful and safe SCT or to compare and optimize
different methods to achieve the desired goals, such as engraftment optimization or survival
[56].

A stem cell labelling method must be selected based on the hypothesis or objective,
which guides criteria such as cell detection sensitivity, resolution, monitoring period and
cost-effectiveness [57]. Labelling can be achieved in a direct or indirect way: with a fluorescent
dye, for example, that passively enters the cell or with a reporter gene system where the signal
is turned on when the gene is activated, respectively. The former is simpler to use and readily
available but is unspecific. Direct labelling does not differentiate between labelled cells and
released labelling agents (e.g., after the death of labelled stem cells) that are internalized by
other cells. The latter is more challenging to implement but has the potential to answer more
complex questions, such as the status of cell viability [58]. Cells can be labelled directly with
superparamagnetic iron oxide nanoparticles (SPIONs) and be followed with magnetic resonance
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imaging (MRI) or with a positron emitting radionuclide and followed by positron emission
tomography (PET) [59]. PET can also be used with reporter gene systems (indirect labelling) to
detect, track and quantify stem cell transplantation [60]. MRI-compatible reporter genes can be
used as well to monitor and track cells with high resolution in vivo [61]. Optical methods like
whole-body bioluminescence imaging (BLI) is used pre-clinically to track cells in mice models
by gene fusion approaches. BLI has been shown to be semi-quantitative and very sensitive to
monitor cell survival and to measure gene expression in vivo [62]. With multimodality imaging
labels, one can also track cells with two or more imaging methods simultaneously to gain
further insights into the stem cell behaviour.

In FP-CLE, labelling can be achieved using a fluorescent dye that passively enters/labels
the cell or with a reporter gene system using a fluorescent protein. Intra-vital micro-imaging
allows to visualize single cells in vivo at cellular resolution [63, 64]. Several applications
have already been reported in the literature, including studying stem cells niches [65], homing
and engraftment [66, 67], and determining the safety of administering stem cells at varying
concentrations [68]. CLE was used to follow transplanted stem cells as a potential treatment
for irritable bowel syndrome [69]. In the following section, we discuss the monitoring of
mesenchymal stem cells (MSCs) in a SCT rat model of radiation-induced lung damage (Chapter
4) [20].

3.4 Radiation-Induced Lung Damage Mitigation by Mesenchy-
mal Stem Cells (MSCs) Therapy

In the scope of lung cancer treatment by radiation therapy (RT), radiation-induced lung damage
(RILD) to healthy surrounding tissues is a limiting factor for dose escalation, and occurs in 30%
of patients. RILD limits RT by reducing the total dose that can be delivered – which then can
be too low to destroy all cancer cells (small/no therapeutic window) [4, 5]. RILD involves two
main phases: an early inflammatory phase (pneumonitis) and a late fibrotic phase (fibrosis) that
can be life threatening [23].

MSCs are an alternative treatment option which is currently explored. MSCs are adult
stem cells derived from the bone marrow. They can differentiate to give rise to bone, cartilage
and muscle tissue [11]. They have been shown to promote organ repair in a variety of organs
including the lung [8]. Their mechanism of action is still being investigated but it was reported



30 Stem Cell Therapy Imaging

that their main role in repair relies on paracrine immunomodulatory effects rather than engrafting
and differentiating in functional tissue [11].

3.5 FP-CLE Imaging of MSCs Therapy in RILD

To assess the potential of MSCs in mitigating RILD, we established a rat model of the disease
following lung irradiation in a clinically relevant fashion, involving CT simulation, organ
contouring, treatment planning, and radiation delivery with a clinical linear accelerator.

3.6 Material and Methods

3.6.1 Rat RILD model preparation and SCT

Sprague-Dawley female rats were anesthetized (isoflurane) and imaged in a CT simulation
scanner (Philips Brillance Big Bore, 120 kVp, 175 mA). Using this acquisition, RT was planned
to mitigate surrounding organ dose while delivering a 18 Gy dose to the right lung with a 6 MV
photon beam. Two or three weeks later, MSC were injected in the animals, and pCLE imaging
was performed through a tracheotomy as described before – but in this experiment, animals
underwent a CT scan prior to pCLE, and the latter procedure was performed under fluoroscopic
guidance (Philips Pulsera).

3.6.2 MSC culture, labeling and injection

MSCs were harvested from the femur bone marrow and cultured as previously described [70].
DiD (Vybrant DiD Cell-Labeling Solution, Thermo Fisher Scientific) was added to MSC at a
concentration of 10 µM for 30 minutes in normal culture conditions, and then washed twice
with sterile DPBS, and fresh culture media was then added. The next day, MSC labeling was
confirmed with fluorescence microscopy. MSC were then harvested, suspended in 1 ml PBS,
and injected intravenously (1 million cells).

3.6.3 pCLE procedure and collagen imaging

The animals were prepared for pCLE as described above, and a PE50 catheter was inserted in
the right jugular vein. To highlight collagen structures in the fibrotic lung, a collagen-binding



3.7 Results and Discussion 31

probe derived from the structure of conjugate EP-3533P [39] tagged with a single fluorescein
moiety was i-v injected in the jugular vein 15 min before imaging at 10 µmole/kg in 1 ml of
saline.

3.7 Results and Discussion

The pre-scan CT confirmed RILD in the irradiated right lung (blue outline) as shown in Figure
3.1A. Increased CT signal in this lung was attributable to inflammation, edema and fibrosis.
Using fluoroscopy, the distal tip of the S1500 probe and its airway positioning within the
affected region is shown in Figure 3.1B. Fluorescent-enhanced collagen microfibrils can be
detected in selected areas (ROI) using pCLE in Figure 3.1C, and the presence of MSCs in a
similar area is displayed in Figure 3.1D. This work is presented in chapter 4 [20].

Figure 3.1 Multimodality imaging of RILD in rats. (A) CT-scan recorded a few days prior to
the pCLE procedure. pCLE was performed under fluoroscopic guidance (B). Images from both
lungs were recorded here, pCLE images acquired in an irradiated lung are shown. A collagen
targeted probe highlights linear collagen structures related to fibrosis in the green channel (C),
while DiD-labelled MSC are tracked in the red channel (D).
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4.1 Preface

The first step in assessing the potential use of MSCs in RILI mitigation is to be able to follow
them once administered in the body. The purpose of this chapter was to establish an imaging
method to track stem cells in the lung. This proof of principle allows the visualization of
fluorescently labeled MSCs in a rat model of RILI with fluorescence endomicroscopy (FE)
imaging. In this article we were able to detect and quantify the presence of MSCs in vivo.

4.2 Abstract

Mesenchymal stem cells (MSCs) have potential for reducing inflammation and promoting organ
repair. However, limitations in available techniques to track them and assess this potential
for lung repair have hindered their applicability. In this work, we proposed, implemented and
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evaluated the use of fluorescence endomicroscopy as a novel imaging tool to track MSCs in vivo.
MSCs were fluorescently labeled and injected into a rat model of radiation-induced lung injury
via endotracheal (ET) or intravascular (IV) administration. Our results show that MSCs were
visible in the lungs with fluorescence endomicroscopy. Moreover, we developed an automatic
cell counting algorithm to quantify the number of detected cells in each condition. We observed
a significantly higher number of detected cells in ET injection compared to IV and a slight
increase in the mean number of detected cells in irradiated lungs compared to control, although
the latter did not reach statistical significance. Fluorescence endomicroscopy imaging is a
powerful new minimally invasive and translatable tool that can be used to track and quantify
MSCs in the lungs and help assess their potential in organ repair.

4.3 Introduction

Stem cell therapy has been proposed for many years to repair damaged organs. However, little
clinical success has been achieved with a few exceptions, and stem cell therapy remains at the
research stage. One of the hindering reasons is due to our lack of knowledge and understanding
of the biological location and the mechanisms of action of stem cells after being injected.

Bone marrow derived stem cells, mesenchymal stem cells or marrow stromal cells (MSCs)
have demonstrated great promise in regenerative medicine for multiple organs including the
lungs [8]. Although MSCs therapy showed beneficial effects in the treatment of injured
tissue, their mechanisms of action are still being investigated. In particular, rather than MSCs
engrafting in the tissue and differentiating into lung tissue for repair, it appears now that this
may be a fairly rare event and that the main beneficial effects of MSCs may lie in their paracrine
immunomodulatory capacity [10, 11]. Clinical trials are underway using MSCs for the treatment
of inflammatory diseases, including chronic obstructive pulmonary disease (COPD), which
relies only on anti-inflammatory properties of MSCs to improve lung function [10].

Radiotherapy is used routinely as part of cancer treatment. Among patients undergoing
radiation therapy, some will develop side effects, which could seriously impact their quality of
life and lead to complications and even death [3]. The therapeutic window between delivering
high enough dose to the cancer while still sparing normal tissue is critical in radiation oncology
[4]. Radiation-induced lung injury (RILI) occurs in about 30% of thoracic irradiations and is
one of the major limiting factors for increasing the dose to achieve better tumor control [5]. RILI
is an inflammatory process, with the combination of damage to parenchymal cells as well as
vascular endothelium and connective tissue, and including the release of cytokines and growth
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factors [3]. Currently, limited therapeutic options are available so MSCs immunomodulatory
effects could potentially offer an alternative to mitigate those effects.

Assessing the potential of MSCs for tissue regeneration suffers from limitations in available
techniques to follow the cells [64]. This is currently done by in vitro methods such as immuno-
histochemistry (IHC) and real-time polymerase chain reaction (RT-PCR). Those techniques,
although very informative require the sample to be either fixed for IHC or destroyed for RT-PCR.
A non-invasive method that would be able to track the cells in vivo continuously would hence
be of great interest to investigate the regenerative potential of MSCs mediated tissue repair and
to better understand the underlying dynamics of the process [71].

With the advent of molecular imaging, a number of questions with previously unknown
answers can now be addressed [56]. Whole body imaging techniques have been proposed to
track delivered stem cells in an injury model, including positron emission tomography (PET),
Magnetic resonance imaging (MRI) and optical imaging methods. PET gives 3D imaging and
is highly sensitive, however it requires the use of a radioactive tracer and suffers from poor
resolution. MRI gives high 3D resolution and great tissue contrast but is still an expensive
and complicated method. Bioluminescence imaging is specific and simple but does not have
3D capabilities and is limited to surface imaging in preclinical models [56]. Fluorescence
endomicroscopy is minimally-invasive and has the ability to image accessible organs such as
the lungs at the cellular level and in real time [17]. This new technology is also amenable to
fluorescence endomicroscopy and has been used to detect real-time cellular enzymatic activity
(e.g. myeloperoxidase) [48] or to follow fluorescently labeled cells in vivo [19]. MSCs have
been imaged with endomicroscopy in a preclinical model of inflammatory bowel syndrome
[69].

In this work, we investigate the possibilities of using endomicroscopy in conjunction with
fluorescently labeled MSCs to assess their behavior in lung a radiation-induced lung injury
model. Endomicroscopy is a promising technique that is currently used clinically and therefore
opens new doors in terms of the translational potential of this investigation.

The study presents a multidisciplinary effort that combines: (1) The establishment of a
rat model for imaging radiation lung injury that includes, to the best of our knowledge, first
time investigation of endomicroscopy imaging techniques to assess such model. Our developed
rat model mimics treatment planning and delivery procedures of radiation therapy that are
consistent with current clinical practice to simplify its potential translation; (2) Application of
MSCs therapy as an agent to mitigate radiation induced lung damage. This involves extraction
of MSCs, culturing and optimization of cell labeling for real-time tracking purposes; (3) The
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optimization of an endomicroscopy imaging protocols for our application in MSCs tracking,
which involved several pilot studies to ensure feasibility and efficacy (control vs injured rats,
MSCs injection protocol both endotracheal and intravascular, and cell visualization); (4) The
design, validation and application of quantitative image processing algorithms to customize
automated cell counting from in vivo endomicroscopy video aquisitions for comparing different
injection routes and imaging conditions.

4.4 Results

4.4.1 In vivo imaging of MSCs

In order to assess fluorescence endomicroscopy as an imaging tool for detection of MSCs, we
labeled them in culture with membrane dye DiD prior to injection. We chose DiD for its ease of
use and its low cell toxicity. Light tissue penetration and autofluorescence are indeed a recurring
issue in optical imaging. In our case, we are interested in "surface" imaging of the lining
epithelial tissue of the lungs and tracking MSCs fate in a lung injury model with endomicroscopy.
Thus, the premise of this work, does not require deep tissue penetration. However, we are also
limited by the available lasers and filters technologies in the microendoscope, which contains
two channels: green (488 nm) and red (660 nm). Therefore, we chose DiD to match the red
channel available since NIR dyes are not per se supported on such a microendoscope system,
as applications are limited to surface imaging. On the other hand, 660 nm is not so far to the
bottom line level of NIR channel (ie 700 nm). We also chose the red rather than the green to
limit excess autofluorescence which is more prominent in the green region of the light spectrum.

To evaluate the impact of radiotherapy and the different routes of MSCs administration
with imaging, rats were divided into 4 groups (n = 5 per group): control with intravascular
injection of MSCs (Ctrl MSC-IV), control with endotracheal injection of MSCs (Ctrl MSC-ET),
irradiated with intravascular injection of MSCs (RT MSC-IV) and irradiated with endotracheal
injection of MSCs (RT MSC-ET). MSCs administration and endomicroscopy imaging were
conducted 3 weeks post-radiation therapy to follow the distribution of labeled-MSCs.

We were able to detect injected MSCs for both delivery routes, and in radiation damaged
lungs. A sample video of MSCs injected ET in an irradiated rat model imaged with fluorescence
endomicroscopy is available in supplementary material [20]. Figure 4.1 shows representative in
vivo fluorescence endomicroscopy images for endotracheal and intravascular injection of MSCs
in control and irradiated lungs. Labeled MSCs appear as bright spots on the images. Control
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images without any labeled cells injected were also acquired and appear as background noise of
gray levels. Qualitatively, there appear to be more MSCs in the ET group compared to IV.

Figure 4.1 In vivo fluorescence endomicroscopy imaging of labeled MSCs in the lungs for
each injection route and condition. Representative images from video sequences. MSC
appear as bright spots (examples of cells shown by red arrows). (a) Ctrl-MSC ET. (b) RT-MSC
ET. (c) Ctrl-MSC IV. (d) RT-MSC IV. Cells appear brighter and more numerous in ET injection
(top row) compared to IV (bottom row). More cells are observed in irradiated lungs (right)
compared to controls (left).

4.4.2 Image analysis and quantification

In order to quantify the visual differences between conditions, we developed an automatic cell
counting algorithm in Matlab. Each frame of the acquired video is treated as a stand alone
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image and objects (MSCs) are counted on each frame using a granulometry approach. Figure
4.2 describes the different steps of the automated cell counting algorithm.

Figure 4.2 Automatic cell counting algorithm for image quantification. Each frame in the
video sequence is treated as a stand alone image. (a) Summary of workflow. (b) Original
representative image. (c) First contrast is enhanced followed by granulometry (d) to determine
objects size and image opening. (e) Then, a threshold is applied to highlight bright cells. (f)
Finally, cells are counted with connected component analysis.

Cell counting algorithm validation

The developed cell counting algorithm was validated on 400 random video frames (200 for ET
and 200 for IV, including control and RT). MSCs were counted on each random frame both
visually (ground truth, average of 2 independent observers) and automatically (Figure 4.3). We
obtained a concordance correlation coefficient (CCC) of 0.91 (1 being perfect agreement) for
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ET and a CCC = 0.73 for IV. To assess inter-observer variability we compared cell counts from
two independent observers and obtained a CCC = 0.85 for ET and CCC = 0.81 for IV.

Figure 4.3 Automatic cell counting algorithm validation. Graph represents number of
counted cells for each random frame comparing inter-observer variability and visual vs auto-
matic counting with residual differences. (a) Inter-observer variability ET. (b) Inter-observer
variability IV. (c) Visual vs Automatic ET. (d) Visual vs Automatic IV.

Cell Counting in Video Sequence

Once the automatic cell counting algorithm was validated, we applied it to full video sequences.
As the endoscope probe moves through the lungs acquiring images, we compute the number
of detected cells per frame in each video sequence (Figure 4.4). The number of detected cells
varies depending on the region being imaged and motion, including breathing and heartbeat.
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Figure 4.4 Number of detected cells per video frame in a representative video sequence.
Representative cell count per frame using the automatic cell counting algorithm for ET (a) and
IV (b). As the microendoscope probe moves in the lungs acquiring images, the number of
detected cells varies.

4.4.3 MSCs imaging in different conditions

Impact of MSCs delivery routes

We compared two MSCs delivery routes, ET or IV. Using the automatic cell counting algorithm,
we computed the mean number of detected cells for both conditions in each rat (Figure 4.5).
We observe significantly more MSCs in ET than IV with a mean number of detected cells of 3.6
compared to 0.5, respectively (Mann-Whitney test with p = 0.02) (Table 4.1, control column).

Impact of RILI

To evaluate the impact of radiation damage on MSCs imaging, we developed a rat model of
RILI. We compared images from control rats and irradiated rats (RT) using the cell counting
algorithm. We observed an increase in the mean number of detected cells in RT compared to
control for both groups with 3.6 cells for controls and 5.4 for RT in the ET group, and 0.5 for
controls and 0.8 for RT in the IV group (Figure 4.6). However, these differences did not reach
statistical significance (Mann-Whitney test with p = 0.39 for ET and p = 0.63 for IV).Table 4.1
summarizes the mean number of detected cells per condition.
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Figure 4.5 Mean number of detected cells for intravascular and endotracheal injection.
The mean number of detected cells was computed for each video and each rat (each point is one
rat with two videos per rat). The horizontal bars represent the mean and standard deviation. The
mean number of detected cells differed significantly with 0.5 for IV and 3.6 for ET (p=0.02).

Figure 4.6 Mean number of detected cells in control and irradiated rats for intravascular
and endotracheal injection. Each point represents a video (two videos per rat) and the
horizontal bars represent the mean with 95 % CI. A higher mean number of detected cells was
observed in the radiation group for both ET with 3.6 for control and 5.4 for irradiated and IV
with 0.5 for controls and 0.8 for irradiated. However, those differences were not statistically
significant.

Table 4.1 Mean number of detected MSCs calculated with the automatic cell counting algorithm
for each condition.

Mean number of detected MSCs Control Irradiated (RT)
Endotracheal (ET) 3.6 5.4
Intravascular (IV) 0.5 0.8
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We also computed the total number of cells for each video sequence. We obtain a mean
total number of cells of 3698 for Ctrl MSC-ET and 5488 for RT MSC-ET, and 516.9 for ctrl
MSC-IV and 612.4 for RT MSC-IV. The total number of cells also shows a higher number of
cells in the RT groups, however these differences did not reach statistical significance either.

4.4.4 Histology and Microscopy

Following in vivo fluorescence endomicroscopy imaging, lungs were harvested, fixed frozen
and sectioned. Lung sections were also stained for nuclei in the tissue. We were able to detect
previously labeled and injected DiD-MSCs for both ET and IV delivery (Figure 4.7). However,
very few cells were detectable in lung sections.

Figure 4.7 Fluorescence microscopy of lung sections post-endomicroscopy imaging. MSCs
appear red stained for in vivo imaging with DiD. Nuclei stained blue with DAPI. (a) Lung
sections of rat where MSCs were injected ET and (b) IV.

4.5 Discussion

We proposed and evaluated the use of fluorescence endomicroscopy imaging to detect MSCs in
the lungs. We were able to detect fluorescently labeled MSCs injected both IV and ET as well
as in a RILI model. We also developed an automated cell counting algorithm to calculate the
mean number of cells detected in endomicroscopy video sequences.
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The choice was made to use DiD as a labeling method for its ease of use and its low cell
toxicity. DiD being a lipophylic dye, it is expected to remain confined into the lipid bilayer of
the cell membrane, as has been demonstrated by previous studies [72].However, it is possible
for the dye to transfer from the labeled cell to an unlabeled adjacent cell if the membranes are
in contact. The labeling becomes less intense as the dye is diluted each time the cell divides.
Fluorescent debris might occur if the cell dies or the membrane breaks. Debris would appear
smaller than cells and we implemented in our counting algorithm a size constraint as well as a
roundness shape structure to take this issue into account. Debris of dead cells could also be
taken up by macrophages and the labeling would be on macrophages instead of MSCs thus
creating possible false positives. In our case, the experimental time frame was specifically
chosen to mitigate such concerns; cells were labeled 2 days prior to injection and washed so
that the excess dye outside the cells (background) was removed. Cells were injected and rats
were immediately imaged with microendoscopy, so that DiD would not have sufficient time
to be released from the cells by the time we imaged. After a few hours or days, the dye is
released by the dying MSCs or MSCs fusing with other cells and then, specificity in the detected
signal may be lost. However, the timing between injection and imaging was kept tight and no
degradation of DiD was observed. Extensive testing of the stability of DiD labeling of MSC in
vivo was deemed outside the scope of the present study. Nonetheless, the study was designed
such that there is very little time between injection and imaging to avoid any possible loss of
specificity of the detected signal, which was not observed in our studies. DiD was used by
others to image cells 5 days after labeling and injection [72]. While we cannot rule out that
some DiD did leak out of the membrane, the manufacturer of the dye clearly states that DiD
does not readily transfer to unlabeled cells. While the dye could be taken in by phagocytes after
MSC death but not necessarily re-integrated in membranes by other cells, the labeling in the
cells would then be much lower or exhibiting distinctive pattern than that of MSC. We used a
simple membrane dye to label MSCs, but this method is amenable to many different labeling
solutions. For example, MSCs could be labeled with two different colors and/or with a reporter
gene system. Cell labeling can also be combined with anatomical or functional markers to
answer more advanced biologically relevant questions.

IV MSCs injection showed much fewer cells on the images compared to ET. Our goal is
to track the administrated MSCs and monitor their interaction with the lung epithelial tissue,
which is more likely to impact the ability of these cells to reverse radiation-induced lung injury.
The fact that microendoscopy is a surface optical imaging helps with this regard. This explains
why ET injected cells, which appear on the same side of the lungs as the endoscope probe
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could be tracked and imaged well. IV injected cells can be detected but to a limited extent since
some may have extravasated to the airways but many remain in the capillaries deeper below the
surface. It is likely that some may still after longer periods become visible but such waiting
raises other problems in terms of dye dilution and it is outside the scope of the current work.

The lung being a large organ and the endoscope tip being somewhat rigid, we are limited in
terms of the surface or the volume of the lung that we could cover. This is a common limitation
of all microendoscopic devices, which need direct contact to surface tissues in order to perform
resolution imaging. However, our goal is to localize the presence or absence of MSCs in areas of
the lung with suspected damage. Other methods are more appropriate for whole organ imaging
such as PET, however this would provide a macroscopic image of where the majority of cells
are located if there is enough of them in close proximity to produce a detectable signal and it
lacks the necessary resolution to address cellular level distribution. By using microendoscopy,
we obtain a microscopic view of MSCs distribution within the organ at the cellular level. This
allows us to quantify cells at microscopic resolution in vivo. More importantly, we are interested
in the paracrine interaction between lung cells and injected MSCs. The interpretation of results
that ET cells are likely to be more confined to the lung, then, a surface imaging method is
sufficient to address the question at hand as such cells would be within the proximity of the
endoscope probe. However, many IV injected cells may still remain in the capillaries of lungs
and in the general circulation, which are less accessible by this method and also explain why
they are less likely to have an impact in repairing lung injury as shown by our previous results.

We tested this method on a RILI model and on average we detected more MSCs in irradiated
lungs compared to controls. Since the variability in detected cells number is so large between
frames of a video sequence (for example, sometimes detecting no cell and sometimes 10),
the standard deviation on the mean was too wide to reach statistical significance. The MSCs
injection happening at the time of imaging shows that an increased number of cells in RT is
probably not due to the homing effect. We hypothesize that because the lung was injured and
the tissue is collapsing following irradiation, upon MSCs injection, more cells were visible as
they were more confined in injured lungs compared to normal tissue.

We developed and validated an automatic cell counting algorithm which yields results
consistent with visual counting with differences similar to those observed between observers.
However, our image analysis was based on treating each video frame as a stand alone image and
averaging over all the frames present in the video sequence. That means that double-counting
of cells may occur in consecutive frames of the same region, for example. Due to the nature of
the microendoscopy videos (see supplementary sample video), it is not possible to keep track of
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each cell individually. From one frame to the other, cells may appear and disappear and there is
no current way of knowing if it is a new cell or a cell that is coming back after having skipped a
few frames. Due to respiratory motion and heartbeat, the cell count could be varying between
adjacent or subsequent frames. Therefore, the average number of cells seem to represent the
best estimate to quantify the cell count in these videos.

The endoscope probe was moved manually through the lungs and it is therefore not possible
to know the exact distance covered by the video sequences. One of the drawbacks of this tech-
nique is the lack of a positional device tracking system which could provide more information
on which part of the lung is being imaged at which time. When looking at the images alone we
are unable to distinguish the location within the lung with accuracy. An improved deployment
of such technology could consist of image-guided endomicroscopy to determine the location of
the probe, which can then be correlated with fluorescence images acquired in real time.

We aimed to explore the potential of fluorescence endomicroscopy as a novel method to
track MSCs in vivo for repair of radiation-induced lung injury. To the best of our knowledge,
this is the first application of endomicroscopy for live tracking of MSCs in such lung injury
model. Moreover, the method allows for real-time detection of administered cells in vivo with
cellular resolution and can be used for studies of cell tracking in other injury models as well.
We acknowledge the limitation characteristics of any optical-based imaging technique; however,
there is significant value in the results presented here in that it demonstrates the feasibility of
using endomicroscopy in accessible organs, such as the lungs, to help resolve current questions
pertained to stem cell lung treatment, including the efficacy of different administration routes.
Therefore, our study results show great promise for further developing this technology with
potentially other cell types or different injury models.

In conclusion, fluorescence endomicroscopy is a powerful new technique to follow stem
cells in damaged lungs but more work is still needed to increase its potential for stem cell
therapy imaging.

4.6 Methods

All experiments were approved by the Animal Care Committee at the Research Institute of the
McGill University Health Centre and in accordance with the ethical guidelines of the Canadian
Council on Animal Care.
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4.6.1 MSCs Isolation and Culture

MSCs were isolated as previously described [70]. Briefly, femurs of female Sprague-Dawley
rats were harvested. Bone marrow was flushed through the bone, filtered (70 µm) and pelleted
by centrifugation at 300 g for 5 minutes. Cells were counted (cell counter) and plated in T75
flasks at a density of 500,000 cells per cm2. MSCs were cultured in Mesenchymal Stem Cell
Growth Medium (MSCGM, Lonza, Switzerland) supplemented with antibiotic-antimycotic
(Invitrogen, Thermo Fisher Scientific, USA). Media was changed after 24 h to select for adherent
cells and subsequently every 3 days until 80 % confluence was reached. MSCs were expanded
and passaged as needed, never exceeding passage 4 for injection to rats.

4.6.2 MSCs Labeling

DiD (Vybrant ®DiD Cell-Labeling Solution, Thermo Fisher Scientific, USA) was chosen to
match the red channel (660 nm) available on the endomicroscope with absorption peak of 650
nm and emission of 670 nm. DiD was mixed with MSCBM media at a concentration of 10 µM
and added to MSCs in culture. MSCs were incubated with DiD-media for 30 minutes at 37 ◦C
in 5 % CO2. Following incubation, MSCs were washed twice with 1X sterile DPBS and fresh
media was added. The next day, MSCs were checked for proper labeling with fluorescence
imaging. Previous in vitro tests demonstrated no effect on cell survival when MSCs were
labeled with DiD.

4.6.3 MSCs Administration

For intravascular injection: 1 million DiD-labeled MSCs were resuspended in 1 mL of sterile
DPBS and injected through canulation of the jugular vein at slow speed to prevent embolism.
For endotracheal injection: 200,000 cells were resuspended in 0.2 mL of sterile DPBS and
directly administered in the trachea through tracheotomy.

4.6.4 Tracheotomy

Tracheotomy in laboratory rats has been described before [73]. All surgical procedures were
performed using sterile technique and under intramuscular anesthesia with ketamine/xylazine.
Rats were immobilized in supine position on the surgical table. A midline cervical skin incision
was done, and the cervical trachea was exposed by vertical separation of the muscles. A 14G
catheter was passed through the trachea to allow the endoscope probe to pass.
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4.6.5 Fluorescence Endomicroscopy Imaging

All imaging procedures were conducted with rats under intramuscular anesthesia with ke-
tamine/xylazine. The fiber optic probe of the endomicroscope (Cellvizio dual band, Mauna
Kea Technologies, France) was inserted through tracheotomy into the airways. Images were
acquired in the red channel (660 nm) immediately post injection with 2 consecutive acquisitions
of 2 minutes length for each animal. This short time frame aims to ensure that DiD is still
confined to the lipid bilayer and hence, to reduce possible loss in detected signal specificity.
Due to bronchial architecture and operator expertise the probe was most likely to be directed to
the right lung where RT damage was present.

4.6.6 Rat Model of RILI

A rat model for radiation-induced lung injury was established. Sprague-Dawley female rats
were anesthetized with isoflurane and were imaged on a computed tomography (CT) simulation
scanner (Philips Brilliance Big Bore, Philips Medical Systems, Bothell, WA, USA) following
an optimized small animal protocol (120 kVp X-ray tube voltage, 175 mA tube current, 0.37
mm in-plane resolution, 0.4 mm axial resolution). To this end, the animals were placed in a
prone position on an in-house built Styrofoam holder with reference markers for positioning
reproducibility. The lungs, heart and spinal cord were contoured on the CT images. A single
fraction of 18 Gy was prescribed to the right lung with a 6 MV photon beam. A hemithorax
parallel-opposed 3D conformal treatment plan was designed (Eclipse™V 11.0, Varian Medical
Systems, Palo Alto, California, USA) for each individual animal based on the CT image. Each
plan was adapted to animal’s anatomy as shown in the CT image to avoid a toxic level of
radiation to the spinal cord, heart and left lung. The prescribed dose was delivered using a
clinical Novalis Tx linear accelerator (Varian Medical Systems, Palo Alto, California, USA).
Anesthetized rats were positioned relative to the markers established at the planning CT. For
each rat prior to irradiation, final positioning accuracy was established using cone beam CT.

4.6.7 Image Analysis and Quantification

Regarding video sequence analysis, we treated each frame individually as a stand-alone image.
Images were analyzed with Matlab (The Mathworks, Inc., USA). We first enhanced the contrast
of the image. Then we applied a granulometry algorithm (as previously described in the Matlab
image processing toolbox example “granulometry of snowflakes”) to our images in order to
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determine the size and number of objects (cells) present in the image without actually detecting
individual objects first. To extract the cells, we opened the image with a disk structuring element
of radius determined previously to obtain the granulometry image. A double threshold was
subsequently applied to the resulting image to select fluorescent cells over background and the
image was segmented in black and white. The threshold was determined visually and adjusted
for each condition (IV or ET) to encompass the bright objects. Using connected components
analysis each detected object was counted.

In order to validate, this automatic cell counting method, we randomly selected 200 frames
for the IV group and 200 for the ET group. Cells were visually counted on all random frames by
two independent observers and the average of the two was used as ground truth for validation.
The automatic cell counting algorithm was applied on the same frames and the concordance
correlation coefficient (CCC) was computed.

Following validation the automatic cell counting algorithm was applied to all video se-
quences yielding cell number per frame for each video. The average cell count was extracted
for each video and each rat.

4.6.8 Histology and Microscopy

Following the imaging session, rats were euthanized and lungs were harvested. They were
frozen in OCT (Tissue-Tek™O.C.T. Compound, Electron Microscopy Sciences, USA) and
stored at -80 oC shielded from light. Lung sections were cut and stained with DAPI ((4’,6-
Diamidino-2-Phenylindole, Dihydrochloride), ThermoFisher Scientific, USA) in order to detect
cell nuclei and fluorescent DiD-MSCs. Images were acquired on a fluorescence microscope
(AxioVert A1, Zeiss, Germany) with filters mPlum for DiD and DAPI and magnification 20X.
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5.1 Preface

In chapter 4, we established an imaging method to detect and visualize fluorescently labeled
MSCs in a rat model of RILI. The next question was: do they have a beneficial effect and
contribute to mitigating RILI? In order to assess MSCs potential, we needed to be able to
quantify the extent of RILI and use it as an end-point. The objective of this chapter was to
follow our RILI rat model receiving stem cell therapy with computed tomography (CT) imaging
over time and evaluate the impact of MSCS on the evolution of of RILI. Imaging results were
compared to histopathology as the gold standard to evaluate the extent of lung fibrosis.
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5.2 Abstract

Radiation-induced pulmonary fibrosis (RIPF) is a debilitating side effect that occurs in up
to 30% of thoracic irradiations in breast and lung cancer patients. RIPF remains a major
limiting factor to dose escalation and an obstacle to applying more promising new treatments
for cancer cure. Limited treatment options are available to mitigate RIPF once it occurs, but
recently, mesenchymal stem cells (MSCs) and a drug treatment stimulating endogenous stem
cells (GM-CSF) have been investigated for their potential in preventing this disease onset. In
a pre-clinical rat model, we contrasted the application of longitudinal computed tomography
(CT) imaging and classical histopathology to quantify RIPF and to evaluate the potential of
MSCs in mitigating RIPF. Our results on histology demonstrate promises when MSCs are
injected endotracheally (but not intravenously). While our CT analysis highlights the potential
of GM-CSF treatment. Advantages and limitations of both analytical methods are contrasted in
the context of RIPF.

5.3 Introduction

Lung cancer remains the leading cause of cancer death with a very low 15% 5-year survival
rate. Radiotherapy (RT) is one of the most commonly used treatments and it is estimated
that about 50% of cancer patients will undergo RT at some point during the course of their
treatment [7]. Side-effects from RT are a major limiting factor preventing dose escalation
for potential better tumor control and overall survival. RT side effects or radiation-induced
lung injury occur in about 30% of thoracic irradiation [5] and can be divided into two phases:
an early inflammatory phase named pneumonitis occurring weeks following treatment, and
a later fibrotic phase (RIPF) that occurs months to years post-RT. Clinical symptoms include
dyspnea, cough, respiratory insufficiency that can seriously impact patients’ quality of life and
in extreme cases lead to death. The exact molecular mechanisms behind RIPF remains an area
of active research. It involves a cascade of events including direct DNA damage, cell death, the
release of inflammatory cytokines, the recruitment of immune cells and the remodeling of the
extra-cellular matrix eventually leading to scar formation and lung fibrosis [7, 23].

Limited treatment options are available for RIPF and involve mostly steroids and oxygen
inhalation with marginal success [23]. One of the promising experimental treatment options
currently being investigated is the use of Mesenchymal Stem Cells (MSCs). They exhibit
immunomodulatory properties, which can help reduce inflammation and further prevent damage
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leading to fibrosis [55]. MSCs have exhibited great promise in the treatment of pulmonary
fibrosis in pre-clinical models [74, 75]. MSCs can be harvested, cultured and then injected
directly into the trachea or systemically intra-venously. An alternative and less invasive option,
is to stimulate the host’s stem cells so they can be recruited to the site of injury. This can be
achieved with the injection of a stem cells-stimulating drug: Granulocyte macrophage colony-
stimulating factor (GM-CSF). GM-CSF plays an important role in tissue repair and in the
process of pulmonary fibrosis [76] but its detailed function is still an area of active research. The
rationale for using GM-CSF is driven by its ability to mobilize autogenous MSCs in each rat
instead of injecting allogenic MSCs from other rats. In addition, Moore et al. [76] demonstrated
that the deficiency of GM-CSF enhanced pulmonary fibrosis as a result of impaired production
of the potent antifibrotic eicosanoid, Prostaglandin E2. The effect of GM-CSF on mobilization
of stem cells and reduction of lung fibrosis has been previously established. In this study, we
did not aim to re-evaluate these treatment options at a mechanistic level but rather to contrast
their efficacy with serial CT imaging and histopathological analyses as a necessary prerequisite
for clinical translation.

Current common approaches to assess and monitor RIPF could be divided into: (1) medical
imaging: most commonly computed tomography (CT); and/or (2) histopathology, which
remains the gold standard.

Medical imaging can be used to visualize and monitor the onset of RIPF. Radiological
evidence of RIPF is part of diagnosis alongside clinical presentation of symptoms [15]. CT is
readily available in the clinic and is a powerful tool to image RIPF. CT imaging being based on
density changes, the lung is an ideal candidate organ. On CT images, air appears black (low
density, -1000 Hounsfield units (HU)), bones appear white (high density, 700 to 3000 HU) and
soft tissues are in between with a density comparable to water (0 HU). In the case of RIPF,
edema, immune cells infiltrates and fibrosis all contribute to increasing the density of the lungs
and therefore, it is possible to visualize those changes non-invasively and longitudinally over
time with serial CT imaging [29]. CT density changes have been shown to correspond to the
dose of radiation in a mouse model, typically exhibiting changes above 10 Gy [77]. Density
and morphological changes were observed in a mouse model of RIPF with CT imaging and
interestingly, those changes appeared prior to the onset of clinical symptoms [78]. Rather
than qualitatively assessing average density variations or scoring morphological differences,
the quantification of RIPF on CT images was proposed by using the density distribution or
histogram of the lung in order to get a more reproducible measure independent of the observers
[79]. The idea of using CT density changes in monitoring RIPF (and correlating these with
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radiation dose) is not new [80, 81] and has been successful and implemented routinely in the
clinic. With the advent of new imaging technologies the quality of CT images obtained has
increased dramatically and therefore allowed for the detection of more subtle changes, even in
small animals. CT density changes over time were previously compared to histological findings
in a rat model but did not lead to conclusive correlation with the average lung density most
probably because of the focal development of fibrosis in different lung regions [82]. Recently,
Reddy et al [75] demonstrated anti-fibrotic efficacy of MSCs in comparison to pirfenidone in a
bleomycin-induced pulmonary fibrosis model using high resolution CT.

Histopathology allows the detection of RIPF at the cellular level with standard evaluation of
tissue architecture on hematoxylin & eosin (H&E) slides by a trained pathologist. Specifically,
by staining the tissue with fibrosis targeted dye: Masson’s trichrome that makes collagen, the
main component of fibrosis, appear blue. Masson’s trichrome staining can be evaluated by
visual inspection with a fibrosis scoring scale such as the Ashcroft scale or a modified version
of it [83], or quantified using an automated software based on color, determining the amount of
blue pixels. Dong et al [74] used histopathology techniques to demonstrate that anti-fibrotic
effects of MSCs on irradiated lungs could be related to host secretions of hepatocyte growth
factor (HGF) and prostaglandin E2 (PGE2).

In this work, we assess the potential of different MSCs treatment routes in mitigating RIPF
using both CT and histopathology and contrast their findings, advantages and limitations in
each case. A rat model of RIPF was established in a clinical setting including CT simulation,
treatment planning and radiation delivery on a clinical linear accelerator. Following irradiation,
the rats were treated for RIPF with MSCs or drug stimulation and monitored longitudinally with
serial CT imaging. Following standard convention, after 24 weeks of follow up, stable RIPF
was observed and quantified with histopathology and compared to longitudinal CT images.

5.4 Results

5.4.1 Onset of RIPF over time on serial CT images

Female Sprague-Dawley rats (Charles River Laboratories, QC, CA) were divided into 5 groups
(25 total, n = 5 per group): Non-irradiated control (Control), Irradiated (RT), Irradiated and
treated with GM-CSF drug (RT+Drug), Irradiated and treated with MSCs injected intravenously
(RT+MSC-IV), and Irradiated and treated with MSCs injected endotracheally (RT+MSC-ET).
We followed the rats with serial CT imaging every 2 weeks for 24 weeks post-irradiation. The
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time line of 24 weeks was chosen based on extensive pilot studies following the onset of fibrosis
in our RIPF rat model. It is also consistent with previous literature as in Dong et al (2015)
[74] in which the study was terminated after 24 weeks, when fibrosis became stable but animal
conditions worsened.

Figure 5.1 shows CT images of a representative rat with irradiated lung. We begin to observe
changes in lung appearance visually at 10 weeks post RT (Figure 5.1b and e). Lung injury and
fibrosis being denser than air, appears brighter on CT images compared to normally aerated
lungs. Moreover, we note that the irradiated lung volume shrinks and gets denser over time prior
to onset of RIPF. Interestingly, we also observe a shift in the heart and mediastinum towards the
injured lung (Figure 5.1c and f).

We quantified the density of the irradiated lung (ipsilateral) by taking the average density of
the lung region-of-interest (ROI) and normalizing it to the unirradiated lung (contralateral). We
observe an increase in density over time in all radiation groups whereas the sham irradiation
control group remains stable (Figure 5.1g). The RT+Drug group shows a consistent trend
of lower densities than the other RT groups (Figure 5.1g, green curve). In order to capture
differences in density between groups over time, we computed the average of the last 6 weeks of
follow-up between week 14 and 24 post-RT (Figure 5.1h). All RT groups exhibit a statistically
significant increase in lung density compared to Control (p < 0.0001). The RT+Drug group
shows a significantly lower density than the other RT groups (RT+Drug vs RT: p = 0.0045;
RT+Drug vs RT+MSC-IV: p = 0.0094; RT+Drug vs RT+MSC-ET: p = 0.0472) (Figure 5.1h).

5.4.2 Fibrosis quantification with CT histogram analysis

For each CT image (0.37 mm in plane and 0.4 mm axial resolution), we extracted a histogram
of the lung ROI. In the irradiated groups the shape of the histogram varies over time. Figure
5.2a shows the changes in histogram over time for a representative irradiated lung ROI.

Based on the appearance of the histogram peaks, we qualitatively established two sections
of the histograms: (1) the normal lung, ranging from -900 to -400 HU and (2) the fibrotic lung,
ranging from -200 to 200 HU (Figure 5.2b). In CT, -1000 HU represents air and -500 HU lungs,
so the normal lung section exhibits aerated regions of the lung, whereas 0 HU represents water
and tissues which indicates poorly aerated lung regions consistent with fibrosis. As shown in
Figure 5.2a, the fibrotic lung region appears at week 8 and keeps increasing as the number of
voxels in the normal lung region decreases. We observe changes in lung appearance visually on
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Figure 5.1 CT images of a representative rat over time. Irradiated lung contour highlighted in
yellow. a) Frontal view before RT. b) Frontal view 10 weeks following RT. c) Frontal view
24 weeks after RT. d) Transverse view prior to RT. e) Transverse view 10 weeks following
RT. f) Transverse view 24 weeks post-RT. g) Normalized average CT density over time for
every groups. The Control group lung density remains stable whereas the RT groups show an
increased density. Black arrow: RT delivery and start of Drug or MSC injection treatments.
Light gray arrow: end of Drug treatment. Dark gray arrow: end of MSC treatments. Dashed
line: Averaging period shown in h. h) Average lung density averaged over week 14 to 24 for
each group. Bars represent the mean and 95% CI. There is a statistical difference between
Control and all RT groups and between RT+Drug and the other RT groups.
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Figure 5.2 a) CT histograms of lung ROI from a representative irradiated rat over time (from
week 2 to 24 post-RT. Histograms represents the portion of voxels within the lung ROI at
a certain density (HU). b) CT histograms for all groups at week 24 post-RT. c) Cumulative
histograms at week 24 post-RT. Dotted line at the 75% intercept line to maximize separation
between groups. d) HU value of the 75% intercept from the cumulative histogram for each
group. Bar represents the mean with 95% CI and each point is a rat. There is a significant
difference between the Control and all RT groups. Dashed line was set at the mean of the RT
group. e) Percent of rats exhibiting a response to treatment. Rats falling under the mean of the
RT groups (dashed line from d) are considered "responders" (closer to Controls) and rats above
the RT mean are considered "non-responders".
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CT images at week 10 (Figure 5.1b and e). But, when examining quantitatively the shape of the
histogram over time, we observe that change takes place earlier at 8 weeks post-RT.

The difference in histograms between the different groups was quantified at week 24 post-RT.
Figure 5.2b shows the combined histograms of all groups. We observe that the control group’s
histogram peaks in the normal lung section with small tail in the fibrotic section. In comparison,
all irradiated groups show a fibrosis peak with a majority of voxels accumulating in the fibrosis
region and a much smaller peak in the normal lung section.

We can also visualize the histograms’ differences by plotting the cumulative histograms for
each group. It clearly appears that the Control group reaches unity much sooner than the RT
groups (Figure 5.2c). In order to quantify the differences between groups, we chose to look at
the 75% intercept line (Figure 5.2c, dotted line), where the spread among groups is maximal
[79]. Figure 5.2d shows the 75% intercept from the cumulative histogram for all groups at week
24. There is a significant difference between Control and all RT groups (p < 0.0001). Despite
the limited number of rats per group, we observe that some animals from the treated groups
show a response to MSCs treatment as their lung appear less dense than the lungs of the RT
group (closer to the Control). Figure 5.2e shows the percent of "responders" falling under the
mean of the RT group (under the dashed line in Figure 5.2d. We show that 80% of rats in the
RT+Drug group, 40% of the RT+MSC-IV group and 75% of the RT+MSC-ET group exhibit
some response to stem cell treatment (Figure 5.2e). There is no statistical significance at the
group level to conclude that there is a response from these groups, however, the observation that
some subjects seem to react slightly to treatment might indicate where to focus future research
direction.

5.4.3 Fibrosis quantification with histopathology

In order to better interpret the CT results, we compared them to the histopathology gold standard.
After 24 weeks of follow-up, the lungs were harvested, divided in upper, middle and lower
lobes, fixed, sectioned and stained with Masson’s trichrome for fibrosis.

Figure 5.3a-d shows Masson’s trichrome stained lung slides of Control (Figure 5.3a and
b) and RT (Figure 5.3c and d). Whole lung sections from three locations in the lung (upper,
middle and lower lobes) were quantified for the percent positivity (the quotient of all blue pixels
over all pixels which registers a color expressed as a percentage). Histological data shows an
increase of fibrosis in RT (more blue) compared to Control (Figure 5.3a and c). Figure 5.3e
shows a statistical difference between Control and all RT groups (Control vs RT and RT+Drug:
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p = 0.0002, Control vs RT+MSC-IV: p < 0.0001, Control vs RT+MSC-ET: p = 0.0334) and
also between RT+MSC-IV and RT+MSC-ET (p = 0.0350).

5.4.4 CT and histopathology comparison

Histology can provide only a snap shot of time. Therefore, we attempted to compare the
corresponding CT results from week 24 to the histopathology data. Figure 5.3f shows fibrosis
quantification from CT and histopathology for each rat in a scatter plot. We observe a linear
response between increased CT HU and increased percent positivity in histopathology (R2 =

0.4123). There is a significant correlation between CT and histopathology scoring (p = 0.0008)
with Spearman rank correlation r = 0.6494.

5.5 Discussion

In this work, we used serial CT imaging to longitudinally monitor the onset of RIPF in a
rat model, compared results to histopathology and assessed the potential of different MSCs
treatment routes in mitigating RIPF.

It is recognized that the translation to human population is a concern, as we are presenting
results from a RIPF rat model. These differences across species as well as between different
breeds of the same species have been documented and considered by our group. Some animal
models are more radio-sensitive or -resistant than others and that may have an influence on
the results of such studies. Translation to the human population is a serious concern for every
study done using animal models. However, clinical studies for testing the potential of MSC are
limited since the efficacy and safety of using these cells is still controversial, and it is premature
to test new risky therapies in humans. Therefore, using such animal models as surrogates to
establish a method and monitor a disease state are of great value. In our case, we performed all
steps of the experiments under the most possible clinically-like conditions: clinical radiation
therapy equipment (clinical Linac and clinical CT) to have a relevant RIPF rat model so the
same image analysis techniques could be easily translated into patients.

Pulmonary fibrosis is characterized by the excess deposition of extra-cellular matrix with
collagen accumulation as its main component [84]. Therefore, histopathological techniques
that specifically stain for collagen deposition (Massons’s trichrome) are considered a reliable
measure of pulmonary fibrosis and remain the gold standard in assessing the extent of fibrosis.
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Figure 5.3 Histopathology of representative lung sections stained for fibrosis with Masson’s
trichrome. a) Control whole slide. b) Control zoomed in. c) RT whole slide. d) RT zoomed in.
Fibrosis appears in blue. e) histopathology fibrosis score quantified with percent of blue pixels
for each group. There is a statistical difference between Control and all RT groups and between
RT+MSC-IV and RT+MSC-ET. f) Plot of histopathology vs CT fibrosis score. Each rat is one
point and the line represents the linear regression fit.
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We were able to detect changes in CT images as early as 8 weeks post-RT with serial CT
histogram analysis. Fibrosis development evolves further on, up to 24 weeks following RT. At
this point we were able to directly compare CT information with histopathology fibrosis staining.
We observed increased fibrosis in all irradiated groups for both CT and histopathology. In that
sense, CT imaging can be a good surrogate to histopathology to monitor RIPF non-invasively
and longitudinally.

Our results suggest that treatment with MSCs-ET and endogenous stem cells stimulation
with GM-CSF shows promise in the reduction of RIPF. We observe a consistently lower lung
density in the RT+Drug group on CT images, from the onset of RIPF, up to the end of our follow
up at 24 weeks post-RT. Moreover, histopathology shows less fibrosis in the RT+MSC-ET
group. We did not observe an effect when MSCs were injected IV.

The study presents a detailed comparison of different BM-MSCs methods for radiation-
induced pulmonary fibrosis and longitudinal evaluation of these methods using serial CT
imaging with respect to the gold standard of histopathology at the end of 24 weeks. TGF-β1 is
considered a key modulator in the onset and progression of fibrosis. The relationship between
MSCs and TGF-β1 has been previously reported [85–87]. In investigations of co-culture
analysis by our group [88] and by others in the literature [84] a mechanistic understanding of
gene expression was attempted. These types of further mechanistic investigations are, however,
beyond the scope of the present study and would be the subject of future research focused on
our best candidates for BM-MSCs (ET-MSC and GMCSF).

There are a few caveats in our study. First, we are limited by the number of rats per group
(n = 5) since we rely on observing subtle differences and there is a high variability between
subjects within any given treatment group.

The number of animals per group (n = 5) is standard to obtain sufficient statistical power.
We observed similar results in previous pilot studies with n = 3 per group. In accordance
with the animal care guidelines, we attempted to use as few animals as possible to still obtain
quantifiable results. The effect of current MSCs dosage on mitigating RIPF may be modest
and the damage sustained by the lung following a 18 Gy RT might be too high to reverse it.
We performed multiple pilot studies with lower and higher radiation doses (16, 18, 20 Gy) to
establish the RIPF rat model protocol. Higher doses and full thorax irradiations has led to poor
survivability of the rats. Since we delivered RT to one lung only (hemithorax), the other lung
was used as an internal control and was able to compensate for the damaged lung. Therefore,
survivability is greatly improved and none of the animals died from RT at a dose of 18 Gy to
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the right lung. We also monitored weights and breathing rates and did not observe significant
differences between the RT groups and the controls.

The observation period of 24 weeks was based on our previous pilot studies and similar
timelines have been used by others too as in Dong et. al. (2015) [74]. It is noted that longer
follow ups could be used but the benefits of longer periods is unclear.

For collagen staining we used Masson’s trichrome, other alternatives are available such as
Sirius red or hydroxyproline assays but it is unclear whether this would make a difference in
the observed results [89].

Another uncertainty is associated with the fact that we rely on the MSCs homing or getting
recruited to the site of injury. MSCs have a short lifespan, so we are assuming that they survive
long enough to have a beneficial effect. Variations in the delivery schemes could also impact the
effect of MSCs and more research is still required to determine the optimal treatment dosage.

Fibrosis reduction after MSCs injections was not significant, and this protocol needs further
investigation to adjust the MSCs dosage in order to reduce fibrosis significantly. In the current
study, we focused on evaluating the therapeutic potential of MSCs when administered via 3
different routes. In future studies, comparing our findings to a control group using fibroblast
cells would be also of interest in order to further benchmark the potential of MSCs.

If the acute (inflammatory) phase is controlled it will not proceed to a chronic (fibrotic)
phase. Therefore, we decided to provide continuous supply of MSCs once a week for 6 weeks
to control the acute inflammatory phase. We followed a previous protocol applied to head and
neck irradiated mice [90] with some modifications established during pilot studies on our RIPF
rat model. Perhaps, this treatment dosage was insufficient to minimize or slow down the onset
of fibrosis. Indeed, we did not observe a significant delayed onset of fibrosis in the MSCs group
compared to irradiation alone on CT images.

Reddy et al [75] demonstrated the potential of human MSCs transplantation in mitigating
pulmonary fibrosis at its early stage in mice and showed consistent results between histopathol-
ogy and CT, although CT scoring was qualitative. A dedicated small animal scanner was used,
however the resolution is comparable to our study. In this scenario, MSCs were administered
systemically (IV), but in our case we did not observe any benefit on RIPF in the RT+MSC-IV
group. The timeline of the studies is quite different with bleomycin injury leading to much
faster onset of fibrosis compared to RT and could potentially explain the differences we see in
outcome. Bleomycin injury models do not recapitulate the clinical outcome we are focusing
on with RIPF and even though both methods lead to pulmonary fibrosis one should remain
cautious as to the exact mechanisms behind the different origins of lung injury. Another critical
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difference is the timing of MSCs injection, which was performed every week for 6 weeks in our
study but within days after bleomycin injury, that can lead to differences in MSCs efficacy. The
use of a different animal model (mice vs rats) is very critical when comparing studies as the
biological response to lung injury can vary greatly between different breeds of the same species.
Dong et al [74] investigated RIPF in a rat model and demonstrated human MSCs reduced
inflammatory factors and histopathological appearance of fibrosis, although histological fibrosis
scoring was qualitative. MSCs administration was systemic (IV) and immediately following RT.
RT damage in Dong’s study was assessed with histopathology at week 4 post-RT by sacrificing
a group of animals at that time point. In our study, we observed RT damage at 8 weeks following
RT with CT imaging and not histopathology. We only have histopathological results from week
24 post-RT. In addition, 4 weeks is too early for fibrosis onset at this time, the inflammatory
process is still taking place and incomplete. Fibrosis consolidation is ongoing and will take
longer to settle following our imaging analysis. In their study the rats received a dose of 15 Gy,
which is lower than in our study (18 Gy) and that probably lead to less severe lung damage.

We were able to correlate increased CT and histopathological scores in irradiated groups
compared to control. However, the correlation between CT and histopathology results disappears
when comparing the different irradiated treatment groups. Both methods have advantages, but
also suffer from limitations (Table 5.1). One such limitation is that we are limited in the
resolution of the CT compared to a histopathology slide especially since we are using a clinical
CT as opposed to a dedicated small animal scanner. As we used a clinical linear accelerator,
we needed a clinical CT simulation in order to plan the treatment for each individual rat and
establish feasibility for clinical translation. For its ease for clinical translation, we therefore
used the same clinical CT scanner for the follow up period. With an optimized small animal
imaging protocol we were able to reach an in-plane resolution of 0.37 mm, which is adequate
to resolve fibrotic details within the lung and extract lung densities. The spatial localization
of fibrosis is also tricky to correlate between a 3D image volume and a histopathology slide
due to the fixation process and orientation of the tissue for sectioning. For this reason, we
performed the analysis on the entire lung ROI on the CT and for histopathology we averaged
the values of three different lung regions: upper, middle and lower lobes. Another issue to
keep in mind is that we used Masson’s trichrome staining that specifically highlights collagen
deposition in the tissue, whereas we can only look at increased density on CT images. The
biological basis of an increase in lung density is multifaceted and can include aspects such as
the accumulation of liquid (edema) or cell infiltrates and of course includes extra-cellular matrix
deposition and fibrosis. CT being an anatomical imaging method, only reveals downstream
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anatomical changes that are a consequence of earlier molecular events. Having a molecular
target for fibrosis imaging may allow us to detect these changes earlier. Future research in
the development of targeted molecular imaging probes for RIPF will certainly bridge the gap
between CT and histopathology.

Table 5.1 Advantages and limitations of CT and Histopathology

CT Histopathology
Advantages Limitations Advantages Limitations

• Non-invasive
(longitudinal
studies)

• 3D volume

• Clinically
translatable

• Anatomical,
Macroscopic

• Relies solely
on density
(not fibrosis
specific)

• Cellular reso-
lution

• Masson’s
trichrome
staining
is fibrosis
specific

• Tissue archi-
tecture

• Clinically
translatable
(biopsies)

• Invasive/ex
vivo (sample
required)

• Fixation and
sectioning
affect tissue

• One slice of
tissue

• Staining proce-
dure

The work presented here is a multidisciplinary effort combining the establishment of a RIPF
rat model with MSCs mitigation and monitoring of the disease state with clinically relevant CT
imaging compared to the histopathological gold standard. This study contributes to expanding
current knowledge of MSC-mediated therapies, including key aspects of cell injection time
lines or preferred route of administration, in addition to evaluation methods. More work is
indeed needed for stem cells therapy to translate into the clinic and we believe that non-invasive
methods based on imaging will play a pivotal role in determining the best ways to achieve this
goal.

In conclusion, we were able to monitor RIPF in a pre-clinical setting with CT imaging and
histopathology, compared and contrasted both methods for their potential in the assessment of
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RIPF mitigating MSCs therapies. More work is required to optimize the use of MSCs in RIPF
and imaging will be a valuable tool to bring such new therapies to the clinic.

5.6 Methods

5.6.1 RIPF rat model

All experiments were approved by the Animal Care Committee at the Research Institute of the
McGill University Health Centre and in accordance with the ethical guidelines of the Canadian
Council on Animal Care.

A rat model of RIPF was established as previously described [20]. Briefly, Sprague Dawley
female rats were anesthetized with isofluorane and placed in prone position on an Styrofoam
bed. The rats were imaged on a CT-simulator (see section CT imaging for details). Both lungs,
the heart and spinal cord were contoured on the CT images. An AP-PA (anterior and posterior
parallel opposed fields) radiotherapy plan delivering 18 Gy to the right lung was designed
(Eclipse™V 11.0) and delivered on a Novalis Tx linear accelerator (Varian Medical Systems,
Palo Alto, California, USA) with prior positioning of each rat using cone beam CT.

5.6.2 MSCs isolation, culture and injection

MSCs were isolated from the bone marrow of male sprague Dawley rats as previously described
[70]. Briefly, the femur of the rats were isolated and the bone marrow was flushed out and
filtered. The resulting cells were placed in culture in Mesenchymal Stem Cell Growth Medium
(MSCGM, Lonza, Switzerland) supplemented with antibiotic-antimycotic (Invitrogen, Thermo
Fisher Scientific, USA), that was changed the next day and twice a week following extraction.
MSCs were selected for plastic adherence and passaged when reaching 80% confluency. MSCs
used for injection did not exceed passage 5. Therefore, MSCs from passage 2 to passage
4 maximum were used for injection. When passaged too many times, changes in size, and
potential therapeutic effectiveness of MSCs can affect the results.

MSCs injections were performed the day of irradiation and once a week for 6 weeks
following RT. Dosage of MSC injection was obtained from previous extensive pilot studies.
The rationale is, if MSCs are provided to irradiated rats for multiple times, this would increase
the therapeutic potential of MSCs on lungs compared to controls. We wanted to make sure
that MSCs are supplied continuously so that they do not get cleared quickly from the system
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before having an effect on the irradiated lungs while still not causing harm (such as pulmonary
embolism). Cultured MSCs were detached with trypsin-EDTA centrifuged and resuspended
in saline for injections. The cells were injected via different administration routes, either
endotracheal (ET) (200000 cells) or intravascular (IV) (1 million cells).

Rat GM-CSF drug (Cedarlane, Canada) was administered following irradiation and for the
next 7 days via intraperitoneal injection with a dose of 10µg/Kg.

5.6.3 CT imaging

CT imaging was performed for treatment planning prior to irradiation and every two weeks
for 24 weeks post-irradiation. CT imaging was performed on a Philips Brilliance Big Bore
computed tomography (CT) simulation scanner (Philips Medical Systems, Bothell, WA, USA)
using an optimized rat imaging protocol: 120 kVp X-ray tube voltage, 175 mA tube current,
0.37 mm in-plane resolution, 0.4 mm axial resolution.

5.6.4 Lung CT image analysis

Definition of lung region-of-interest (ROI)

Lung was originally contoured for treatment planning on the baseline CT by CT number
thresholding (-1000, -300 HU) and the trachea was excluded. First, a 3-dimensional lung ROI on
a baseline CT image was created by isotropically eroding (kernel size: 1 mm) the volume within
the lung contour drawn for treatment planning. The erosion was performed to minimize the
amount of necessary manual correction on the ROI due to registration error. Then, deformable
registration was performed between a post-radiation CT images and the corresponding baseline
image. The resulting deformation vector field was applied to the baseline lung ROI to create a
corresponding lung ROI for the follow-up CT. The image processing procedures were conducted
under the MevisLab platform version 2.3.1 (MeVis Medical Solution, Bremen, Germany).

Characterization of CT density changes after irradiation

To characterize global anatomical changes in lung, we computed the average lung density
and we obtained histogram of CT density in Hounsfield Units (HU) of the voxels within the
follow-up lung ROI.
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Histogram analysis

Lung density values were extracted for each rat ROI at each time point and we generated
histograms. We built a cumulative histogram at week 24 and quantified the 75% intercept for
each rat.

5.6.5 Lung tissue histopathology and fibrosis staining

After 24 weeks the rats were euthanized and the lungs were harvested, divided into upper,
middle and lower lobes, fixed in formaldehyde and sectioned, transversally, for histopathology.
Lung sections were then stained for fibrosis (collagen) with Masson’s trichrome.

5.6.6 Histopathology staining quantification

Stained lung sections were scanned using a whole slide scanning technique (Aperio ™, Leica
Biosystems, USA) at 20X magnification. Fibrosis (collagen) regions appear blue with Masson’s
trichrome staining, therefore, we quantified the number of blue pixels. To avoid subjectivity
in the quantification of histopathology, we used an automatic thresholding method using
ImageScope (Leica Biosystems, USA). Each whole-slide image was contoured and large blood
vessels and bronchioles were manually removed from the analysis. Then, the color blue was
isolated by adjusting the hue values and thresholded to obtain the number of blue pixels. The
values represented here are percentages of positivity: number of positive blue pixels over the
total number of pixels (representing tissue regions and excluding blank spaces).

Statistical analysis

Differences between groups were assessed with One-Way ANOVA and correction for multiple
comparisons. Correlation between CT and histopathology was performed using Spearman rank
correlation.

Significance of p value is represented as follows: p > 0.05: ns, p ≤ 0.05 : ∗, p ≤ 0.01 : ∗∗,
p ≤ 0.001 : ∗∗∗ and p ≤ 0.0001 : ∗∗∗∗.
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6.1 Preface

In chapter 5, we monitored the effect of MSCs on RILI with longitudinal CT imaging as
an end-point. However, CT imaging is limited to visualizing anatomical and macroscopic
tissue changes. The first objective of this chapter was to develop a molecular imaging method
to assess RILI at the microscopic level. We developed and validated the use of a collagen
targeted fluorescent probe to image RIPF with FE imaging. However, the use of FE imaging is
hindered by the lack of a localization component, preventing us from locating the position of
the endoscope at the time of imaging and knowing from where in the lung the FE images came
from. Therefore, the second objective of this chapter was to use image guidance in order to
detect the endoscope position at the time of FE imaging. This position was then mapped back
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to the corresponding CT image to obtain a 3-dimensional location of the endoscope. With this
method, we were able to image RIPF both macro- and microscopically at the anatomical and
molecular level.

6.2 Abstract

Radiation-induced pulmonary fibrosis (RIPF) is a debilitating side effect of radiation therapy
(RT) of lung and breast cancers. Current methods to assess and monitor RIPF involves diagnostic
computed tomography (CT) imaging, which is restricted to anatomical macroscopic changes.
Fluorescence endomicroscopy (FE) in combination with a fibrosis-targeted fluorescent probe
allows to visualize RIPF at the microscopic level. However, a major limitation of FE imaging is
the lack of anatomical localization of the endoscope within the lung. In this work, we proposed
and validated the use of x-ray fluoroscopy-guidance in a rat model of RIPF to pinpoint the
location of the endoscope during FE imaging and map it back to its anatomical location in the
corresponding CT image. For varying endoscope positions, we observed a positive correlation
between CT and FE imaging as reflected in the significant association between increased lung
density on CT and the presence of fluorescent fiber structures with FE in RT cases compared to
Control. Combining multimodality imaging allows visualization and quantification of molecular
processes at specific locations within the injured lung. The proposed image-guided FE method
can be extended to other disease models and is amenable to clinical translation for assessing
and monitoring fibrotic damage.

6.3 Introduction

Radiation-induced pulmonary fibrosis (RIPF) is a common side effect of thoracic irradiations
for lung and breast cancer treatments [3]. Radiation therapy (RT) aims to treat the tumor
and spare surrounding healthy tissue. However, despite great progress in RT delivery, some
normal tissue around the tumor will be exposed to irradiation. RT results in cell kill and loss
of function of the affected region. It is then followed by a reversible inflammatory phase with
accumulation of fluid and recruitment of inflammatory cells to the site of injury. In some cases,
when the inflammatory phase is not regulated properly, it persists and there is accumulation of
extra-cellular matrix and subsequent formation of scar tissue [5, 7]. This late phase which is
thus far irreversible is called RIPF. Currently, limited treatment options are available for RIPF
and mainly involve supplementary oxygen and steroids to reduce inflammation [23]. RIPF is
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closely related to idiopathic pulmonary fibrosis and the methodology presented here could be
applied to this disease and similar fibrotic diseases as well.

The exact underlying molecular mechanisms behind RIPF remain unknown and is an area of
active research. Currently, to assess the extent of RIPF clinically, a chest x-ray (2-dimensional)
or its 3D equivalent computed tomography (CT) scan is performed [15]. Both methods detect
differences in tissue density as a basis of image contrast. As RIPF develops, the accumulation
of extra-cellular matrix components (such as collagen) within the lung creates an increased lung
density that can become visible with x-ray and CT imaging [80, 91].

A known landmark of fibrosis is collagen deposition and its accumulation relates to the
extent of damage present in the tissue [84]. CT imaging is restricted to anatomical information
and a complementary imaging technique capable of detecting RIPF at the subcellular and
molecular levels would be of great interest to better understand how RIPF develops and could
be used to monitor disease progression and therapeutic efficacy when testing new drugs.

Advanced molecular imaging techniques have the potential to help answer such open
biologically relevant questions. In particular, fluorescence endomicroscopy (FE) is a new
promising minimally invasive imaging technique, which consists of a confocal fluorescent
microscope at the tip of an endoscope [18]. FE is able to image accessible organs such as the
lung through bronchoscopy, and provide "optical biopsies" of disease regions in vivo and in real
time. FE is already used clinically with autofluorescence or in combination with fluorescent
probes for bronchoscopy to study the progression of different lung diseases [47]. However, it
has not been applied in clinical RIPF assessment yet. Here, we present a fluorescent collagen
probe in combination with FE imaging to enable visualization of RIPF at the cellular level in
vivo in a rat model.

One of the major limitations of FE imaging for clinical and pre-clinical practice is the lack
of ability to localize the endoscope inside the organ of interest at the time of imaging. If the
region of the lung in which the FE images are taken can be macroscopically identified, they can
be related to a specific location or a disease region of interest within the lung. Fluoroscopy-
guidance is used regularly for image-guided radiotherapy, surgical procedures or bronchoscopy,
providing 2D x-ray images of the subject in real time [92].

In this study, we present and evaluate macroscopic fluoroscopy-guidance to localize the tip
of the endoscope during FE imaging in a rat model of RIPF. This allows to relate FE microscopic
information at a certain specific location within the lung, to its corresponding macroscopic 3D
CT image for disease assessment and monitoring.
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6.4 Results

6.4.1 Fluorescent collagen probe validation for FE imaging

In order to visualize fibrosis at the microscopic level with FE imaging, a green fluorescent
collagen probe was synthesized based on the design of a collagen binding MRI probe for fibrosis
imaging [39]. Prior to in vivo imaging, we evaluated the collagen probe binding affinity in
vitro using a plate binding assay, where the collagen probe is added to wells of a plate that
were coated (experimental) or not (control) with collagen. The measured fluorescence intensity
from each well is then proportional to the collagen probe binding (Figure 6.1a). An increase in
fluorescence intensity in the presence of collagen coating and an increase in fluorescence with
increasing collagen probe concentration was observed (Figure 6.1b). A significant discrepancy
in fluorescence intensity between collagen coating and no collagen coating started at 1 µM and
increased even more at 10 µM (Figure 6.1b, purple) (p = 0.0022).

Figure 6.1 In vitro collagen plate binding assay. (a) Schematic of well plate without collagen
coating (left) and with collagen coating (right). The collagen probe (green circles) binds to the
collagen coating and the resulting fluorescence is measured (green arrows). (b) Fluorescence in
arbitrary units (AU) at increasing collagen probe concentrations (from 0 µM to 10 µM) with or
without collagen coating (+ or -).

Following in vitro validation, we tested the collagen probe in vivo in a bleomycin-induced
lung fibrosis rat model imaged with FE. The probe injection was well tolerated and images
showed an increased fluorescence in the fibrosis model compared to the control with the distinct
presence of fluorescent fiber structures (data not shown).
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6.4.2 CT, fluoroscopy and FE imaging experimental scheme

Sprague-Dawley rats (n = 16) were divided into two groups: Control (n = 8) or receiving
radiation therapy (RT) (n = 8). The RT group were treated with 18 Gy to the right lung
(hemithorax) in order to induce pulmonary fibrosis following our previous work [20]. All rats
underwent a CT scan 24 weeks following irradiation. The next day, rats were injected with the
fluorescent collagen probe and imaged with FE and fluoroscopy (coronal and sagittal views) at
different endoscope locations. The experimental setup is described in Figure 6.2.

Figure 6.2 Experimental set-up. The rat is placed on the couch table (green arrow) in supine
position. Then, the endoscope is inserted through a tracheotomy to a certain position in the lungs
(pink arrow) and an FE video is acquired. With the endoscope in place an x-ray fluoroscopy
image is acquired with the C-arm (blue arrow) in coronal view. Then, the C-arm is rotated by
90 degrees and a sagittal view image is acquired. The endoscope is moved to another location
in the lung and the same process is repeated for every endoscope position.
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6.4.3 FE images of collagen fibers

Previous pilot studies relying on autofluorescence imaging of RIPF showed the presence of
faint autofluorescent fibers. In order to highlight those fiber structures a molecular fluorescent
probe was used. FE images in combination with the fluorescent collagen probe showed the
presence of fiber structures of increase fluorescence intensity as well as a noisy background of
fluorescent dots. The relevant signal of interest became the detection of such fiber structures.
Therefore, FE images were quantified by visual scoring for the presence (score of 1), faint
appearance (score of 0.5) or absence (score of 0) of fibers for each endoscope location (Figure
6.3). Two independent observers scored FE video sequences for the presence of fluorescent
fibers. The two observers’ scores were in good agreement with a concordance correlation
coefficient (CCC) = 0.92, 1 being perfect agreement. The FE fiber score used subsequently for
FE image quantification is the average score of the two observers.

6.4.4 Image registration and endoscope localization

In order to localize the endoscope within the lung in 3D, a pair of 2D fluoroscopy images with the
endoscope in place (coronal and sagittal view) were registered to the CT volume. Registration
of each fluoroscopy image (2D) to the corresponding CT image (3D) was performed using a
point-matching method [93]. Tags were placed on the same anatomical landmarks (vertebrae,
ribs and sternum) on both fluoroscopy and CT images (Figure 6.4). Based on those matching
points, an affine transform with 3 translations, 3 rotations and 1 scaling was computed.

Once the images were registered, using the pair of fluoroscopy images for each endoscope
location, the location of the endoscope tip was pinpointed and the coordinates were mapped into
the 3D CT volume (Figure 6.5a-c and d-e). The coordinates of the location of the endoscope
obtained between the coronal and sagittal views matched well with an average standard deviation
of 0.67 mm. Using this registration method, each FE image (Figure 6.5f) could be matched to
each endoscope position on the CT (Figure 6.5a-c). It is therefore possible to compare each CT
image at each location (macro-imaging) to the corresponding FE image (micro-imaging).

6.4.5 Comparison between Control and RT using CT and FE imaging

The extent of RIPF in control and irradiated rats was evaluated and quantified with both CT and
FE imaging.
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Figure 6.3 Representative FE images with collagen-targeted fluorescent probe showing fiber
structures. FE video sequences were visually scored for the presence of fluorescent fibers from
(a) 0: no fibers, (b) 0.5: faint appearance of fibers, to (c) 1: presence of fibers.
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Figure 6.4 X-ray fluoroscopy to CT registration with point-matching method. Sagittal view
(a,b and c) and coronal view (d, e and f) showing matching tags (circles) placed on anatomical
landmarks appearing on both CT (a, c, d and f) and fluoroscopy (b and e). Tags are placed on
visible structures such as the spine or vertebrae (cyan arrows), the ribs (green arrows) or the
sternum (magenta arrows). The sagittal view provides the y and z coordinates and the coronal
view provides the x and z coordinates.
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Figure 6.5 Representative CT (a-c and g-i, gray box) and FE (f and l, green box) images of
control (a-f, blue box) and RT (g-l, red box) at the corresponding endoscope position determined
with the fluoroscopy images (d-e and j-k, respectively). Crosshair indicates the position of the
endoscope tip. (m) CT image quantification: The mean CT number (HU) for ROIs of each
endoscope position for control (blue) and RT (red). (n) FE image quantification: Fiber score
from 0 (no fiber) to 1 (fibers). for each endoscope position for control (blue) and RT (red).
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CT macro-imaging shows an increased lung density due to RIPF in RT (Figure 6.5g-i)
compared to control (Figure 6.5a-c). The right lung appears dark in the normal control lung
(less dense, air-like) but is gray (denser, tissue-like) in RT. This increase in density on CT images
was quantified by computing the mean CT value (in Hounsfield units [HU]) of a spherical
region-of-interest (ROI) of 3 mm in diameter around each endoscope position (Figure 6.6a).
Since the ROI is a small volume, the mean HU was used in this study. Figure 6.5m shows a
significant increase in CT numbers (lung density) in RT compared to control with a median of
111.3 HU and −184.8 HU , respectively (p = 0.0061).

FE images with the fluorescent collagen probe show increase fluorescence intensity and the
presence of fiber structures in RT (Figure 6.5l) compared to control (Figure 6.5f). Figure 6.5n
shows that there are significantly more fibers present on FE images of RT cases compared to
control with a median of 1 and 0, respectively (p = 0.0025).

6.4.6 Correlation between CT and FE imaging

Both CT and FE imaging were able to detect significant differences in lung fibrosis status
between control and RT. To investigate this further, the correlation between CT and FE images
at any given endoscope location was tested. Figure 6.6j shows significant correlation between
CT values and FE scores for all the investigated endoscope locations yielding Spearman
rank correlation r = 0.3423 (p = 0.015) and linear regression coefficient of determination
R2 = 0.1114.

However, some of the endoscope positions were considered to be more ambiguous and
were classified into 3 categories: (1) proximal: trachea; (2) intermediate: heart; and (3) distal:
diaphragm with examples shown in Figure 6.6 (b and f), (c and g) and (e and i), respectively.
(1) When the endoscope is located close to the trachea in the proximal airways, CT values
might not accurately match the location on the fluoroscopy since the endoscope passes through
the intubation and tracheotomy for FE imaging. As indicated on Figure 6.6f the CT ROI at
this location would comprise of a low density region (trachea) and a higher density region
surrounding it, therefore giving a wide range of CT values. With respect to FE imaging in that
proximal region, almost no fibers were observed (Figure 6.6j, magenta). (2) Some positions
show that the endoscope appears to be located in the heart region on CT images (Figure 6.6g).
Those events happened predominantly in the RT group (orange squares in Figure 6.6j), as
the fibrotic right lung tends to collapse, which shifts the mediastinum towards it, resulting in
increased lung density in that region, that blends in with the heart region (Figure 6.6g). (3)
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Figure 6.6 Correlation between CT and FE imaging at different endoscope positions. (a) 3D
rendering of a rats’ ribcage from CT image showing 4 endoscope locations indicated by color-
coded spherical ROIs. Proximal: trachea location is indicated in magenta with the endoscope
location on fluoroscopy and CT image (b and f) respectively; Intermediate: heart location in
orange (c and g); Intermediate: normal lung location in blue (d and h); and Distal: diaphragm
location in green (e and i). (j and k) Correlation between CT value and FE score for each
corresponding endoscope location. (k) Correlation excluding trachea, heart or diaphragm
locations (only lung locations). Control: blue circles and RT: red squares. Dashed black line
indicates linear regression.



80 Image-guided FE in RIPF

When the endoscope appears to be very distal and located in the diaphragm region (Figure 6.6i),
the CT values extracted from those locations are higher as the CT ROI encompasses tissue more
than lung (Figure 6.6j, green). Since the endoscope did not actually pierce the lung or touch the
diaphragm, FE images show varying scores.

The correlation between CT and FE was also computed when excluding those ambiguous
positions and keeping only the positions where the endoscope was located fully in the lung
(Figure 6.6h). Figure 6.6k shows the exclusive highly significant correlation between CT and
FE at restricted endoscope locations with improved Spearman r = 0.643 (p = 0.0069) and
improved R2 = 0.4447. Control (blue circles) exhibit both lower CT values and FE scores than
RT (red squares).

6.4.7 Comparison of collagen probe and immunofluorescence on ex vivo
lung tissue sections

In order to validate the collagen probe further, it was tested on ex vivo lung tissue sections and
compared to immunofluorescence using a collagen targeted antibody.

Following in vivo imaging, lungs were harvested, frozen and sectioned for subsequent ex
vivo microscopy analysis. Lung sections were stained with DAPI to highlight cell nuclei, with
the collagen probe used previously in vivo and compared with immunofluorescence (antibody)
of collagen (Figure 6.7).

While the Control exhibit normal regular alveolar structures (Figure 6.7d, white arrows),
RT show a disrupted architecture with large empty regions and regions of dense fibrotic tissue
(Figure 6.7h, white arrows).

Furthermore, collagen immunofluorescence show a significantly higher red fluorescence
intensity (more collagen) in RT compared to Control (Figure 6.7g and c, respectively), quantified
in Figure 6.7j (p = 0.03). However, this was not the case with the collagen probe (Figure 6.7b,
f and i) (p = 0.3823).

While the collagen probe might be lacking in sensitivity compared to the collagen antibody
immunofluorescence, it appears that both co-localize well in the same regions of the lungs
(Figure 6.7f, g and h, yellow arrows) with an overall co-localization Pearson’s coefficient
R = 0.35. No significant co-localization difference was observed between Control and RT
(Figure 6.7k) (p = 0.2319).
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Figure 6.7 Microscopy images of DAPI (a and e, blue), collagen probe (b and f, green),
immunofluorescence (c and g, red) and overlay (d and h) in ex vivo lung tissue sections
comparing control (a-d) and RT (e-h). White arrows indicate normal alveolar structures in (d)
and abnormal fibrotic regions with disturbed alveolar architecture in (h). (i and j) fluorescence
intensity for the green or red channel, respectively, comparing Control (circles) and RT (squares).
(k) Green and red co-localization Pearson’s R for Control and RT. Yellow arrows indicates a
region of green (f) and red (g) co-localization that appears in yellow in the overlay image (h).
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6.5 Discussion

RIPF remains a major side effect of radiation therapy (RT) of lung and breast cancers. By
combining prior CT imaging with fluoroscopy-guided fibrosis-targeted FE imaging, we were
able to couple macro- to micro-imaging of RIPF in small animals. Thus, providing us with
valuable location-specific information for clinical translation regarding the status of RIPF
relating collagen fibrosis content to increased lung density.

We synthesized and validated a fluorescent collagen probe for FE imaging. It showed affinity
to collagen and therefore fibrosis, both in vitro in a plate binding assay and ex vivo on lung tissue
sections. The collagen probe did co-localize to the same regions as the antibody on ex vivo lung
sections. However, the collagen probe was not as sensitive as the collagen binding antibody in
immunofluorescence as it did not show a significant increase in fluorescence intensity in RT
compared to Control. We were also able to observe fiber structures of increased fluorescence
with in vivo FE imaging, that correlated with RIPF. We chose to use this fluorescent collagen
probe for RIPF FE imaging, but other collagen or fibrosis specific probes could be used instead.
We also investigated the possibility of using a commercially available collagen probe: Col-F
[94]. However, our in vivo FE imaging attempt using Col-F did not show fluorescent fiber
structures in injured lungs. In any case, newly developed probes have to be validated in vitro
and in vivo before usage with FE imaging.

We visualized RIPF in a rat model with multimodal imaging requiring a micro-CT scanner,
a C-arm and an endomicroscopy system. Performing fluoroscopy-guided FE imaging required
that both the C-arm and the endomicroscopy system be in the same room with proper shielding
for the x-rays and in close proximity to a surgery table to perform the required tracheotomy
and probe injection. The CT scan could be acquired a day earlier and we were still able to
position the rats in a similar manner to perform image registration between CT and fluoroscopy
images. Access to all the equipment in the same location remains a challenge and requires prior
planning and pilot studies to optimize the work-flow when imaging multiple subjects.

In this study, we used a manual point matching method with an affine transform to register
CT and fluoroscopy images based on anatomical landmarks. We were able to obtain good
agreement for endoscope localization with a standard deviation of 0.67 mm in the z-direction,
keeping in mind that the diameter of the endoscope probe itself is 1.5 mm. This method could be
streamlined using automatic nonlinear registration methods [95]. Using fiducial markers visible
on both CT and fluoroscopy images would make automatic registration easier and faster. Even
though relying on anatomical landmarks might also be a source of error in the registration, these
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landmarks help quantify registration errors as they match directly with the specific anatomy of
each individual rat.

Some endoscope positions were ambiguous as the endoscope tip appeared to be located in
the trachea, the heart or the diaphragm. The endoscope remained in the airways but different
factors might have influenced its location on CT images. Firstly, proximal locations appearing
in the trachea were affected by the intubation and tracheotomy. Matching those locations back
to the CT, where the rats were not intubated, could therefore be problematic as the anatomy of
the proximal airways was disturbed. Secondly, the collapse of the irradiated lung, the shift of
the mediastinum towards it and the increased lung density due to RIPF affected the CT contrast
and the mapped location of the endoscope appearing to be located in the heart. Lastly, in some
cases the endoscope was placed in a distal position and appearing to be located in the diaphragm
when mapped onto the CT image. Again, the endoscope remained in the airways at all times
and we did not observe piercing of the lung with the endoscope. However, respiratory motion
of the diaphragm in distal regions of the lung is most probably the cause of these ambiguous
locations. Image correlation between CT and FE was problematic at those endoscope locations
and we obtained improved correlation when these were excluded from the analysis. Based on
our experience in this study, we therefore recommend to keep the endoscope in intermediate
locations to avoid the diaphragm by going too far or the trachea by remaining to close to the
intubation.

We observed a correlation between lung density on CT images (macro-) and collagen fiber
structures on FE images (micro-imaging) at any given corresponding endoscope location. The
correlation improved when excluding ambiguous endoscope locations. Both imaging methods
showed a significant increase in fibrosis in RT compared to Control. It is therefore possible to
relate microscopic to macroscopic changes in lung tissue architecture.

In this study, we used fluoroscopy images to map the location of the endoscope back to the
CT image. But, one could imagine going from an ROI on the CT, to placing the endoscope for
FE imaging in that specific region with fluoroscopy guidance. This would require online and
automatic image registration similar to image-guided surgery and would allow for live "optical
biopsies" of targeted lung regions.

We developed and validated image-guided FE imaging for RIPF in small animals. This
methodology can also be used for imaging other disease models such as idiopathic pulmonary
fibrosis or any relevant model, provided one has a fluorescent probe for molecular imaging.
One can then obtain both macro- and microscopic valuable information, providing a better
understanding of the underlying molecular mechanisms of the disease in vivo.
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6.6 Methods

6.6.1 Collagen probe and in vitro binding assay

The design of the collagen probe was based upon an MRI probe by Caravan et. al. [39] to image
fibrosis in vivo in a mouse model [40]. The original MRI probe has a peptide structure identified
by phage display with a demonstrated affinity for collagen. In order to use this probe design
for fluorescence imaging, Gd-DTPA was replaced by fluorescein isothiocyanate (FITC) and
since fluorescence is more sensitive than MRI, only one FITC molecule was incorporated. The
collagen probe used in this study is as follows: Ac-Lys(Ac)-Trp-His-[*Cys-Thr-Thr-K(FITC)-
Phe-Pro-His-His-Tyr-Cys]-Leu-Tyr-Bip-Amide.

We used an in vitro plate binding assay to test the affinity of the collagen probe to collagen
(Figure 6.1a). The wells of a 96-well plate were coated with rat tail collagen (RatCol® Rat
Tail Type I Collagen, Advanced BioMatrix, USA). Collagen was diluted to a concentration
of 1000 µg/ml in 0.1% acetic acid as described by the manufacturer and added to the wells
(100 µl per well). Following an incubation of 1 hour at room temperature, the coated wells
were washed with PBS. To avoid unspecific binding wells were blocked with 2% milk in PBS.
The collagen probe was diluted in PBS to the desired concentrations (0, 1, 2 and 10 µM).
Concentrations were verified by measuring the absorbance of the solution and calculating the
concentration with optical density. The collagen probe was then added to the wells containing
collagen or not (control) in 6 repeats wells and incubated for 30 minutes. The probe was then
washed thoroughly with PBS. Following the binding assay, plate fluorescence was measured
at 488 nm on a plate reader and the average fluorescence of 6 wells was computed for each
concentration, with and without collagen coating.

6.6.2 RIPF rat model

All experiments were approved by the Animal Care Committee at the Research Institute of the
McGill University Health Centre and in accordance with the ethical guidelines of the Canadian
Council on Animal Care.

RIPF was induced in rats as previously described [20]. Briefly, Sprague-Dawley female rats
were placed in a prone position and imaged on a computed tomography (CT) simulation scanner
under isoflurane anesthesia (Philips Brilliance Big Bore, Philips Medical Systems, Bothell, WA,
USA) using an optimized small animal protocol (120 kV p X-ray tube voltage, 175 mA tube
current, 0.37 mm in-plane resolution, 0.4 mm axial resolution). A hemithorax parallel-opposed
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3D conformal treatment plan was designed (EclipseTMV 11.0, Varian Medical Systems, Palo
Alto, California, USA) for each animal based on pre-treatment CT image. Animal positioning
was verified with cone-beam CT prior to irradiation. A single dose of 18 Gy was delivered
to the right lung with a 6 MV photon beam on a clinical Truebeam linear accelerator (Varian
Medical Systems, Palo Alto, California, USA). Subsequently, fibrosis developed in the right
lung for 24 weeks.

6.6.3 CT imaging

Rats were imaged 24 weeks post-RT in supine position (on a Styrofoam holder for positioning
reproducibility) under isoflurane anesthesia on a small animal CT scanner (X-RAD SmART,
PXi, USA). Scanning protocol was optimized for rat lung imaging (100 KV P, X-Ray tube
current: 1 mA, in-plane resolution: 0.2 by 0.2 mm and slice thickness: 0.2 mm).

6.6.4 Fluoroscopy-guided FE imaging

Rats were anesthetized with intramuscular injection of ketamine/xylazine. A tracheotomy was
performed for FE imaging as previously described [20]. Briefly, in supine position a midline
cervical skin incision was done, and the cervical trachea was exposed by vertical separation of
the muscles. A small incision between the tracheal rings was performed to pass a 14G catheter
through and allow the endoscope probe to pass.

The collagen probe was injected intravenously via canulation of the jugular vein at a
concentration of 10 µmol/kg in 1 ml of saline. 15 to 30 minutes following collagen probe
injection, the rat was placed in supine position (as close as possible to the CT position on the
Styrofoam holder) on the table of the C-arm. The tip of the endoscope was inserted in the
lung through the tracheotomy tube and placed at a certain location (proximal, intermediate or
distal). FE images were acquired with a small animal endomicroscopy system (Cellvizio Dual
band Lab, Mauna Kea Technologies, France) in the green channel (488 nm) for 10 seconds
videos (at 9 frames per second). Immediately after FE imaging, two fluoroscopy x-ray images
were acquired with a C-arm (BV Pulsera, Philips Medical Systems, USA) in coronal (from the
top) and sagittal view (rotated 90 degrees). Then, the endoscope probe was moved to another
location in the lung, FE images were acquired and another pair of x-ray images were taken.
This was repeated for 4 to 5 locations (endoscope positions) per animal (Figure 6.2).



86 Image-guided FE in RIPF

6.6.5 CT/fluoroscopy image registration

In order to obtain the endoscope location in 3-dimensions, each pair of 2D fluoroscopy images
(coronal and sagittal view) were registered to the 3D CT image of the corresponding rat using the
MINC Register software (http://www.bic.mni.mcgill.ca) [93]. Tags were placed on anatomical
landmarks visible on both CT and fluoroscopy images such as sternum, vertebrae or ribs (Figure
6.4). For sagittal view images, an average of 13 tags were used on the posterior region of each
sternum bone junction (Figure 6.4b and c) and on the anterior region of vertebrae junctions
(Figure 6.4a and b). Regarding coronal view images, tags were placed on the vertebrae at the
point were ribs start to branch off (Figure 6.4d and e) and on the most external region of the
ribcage for each rib as it curves back (Figure 6.4e and f). In most cases, 20 tags were used to
register the coronal view images with points on each vertebrae and ribs, but in some cases, too
many tags lead to big discrepancies in registration, therefore a limited number of tags (4 to 7)
was used instead. This is most likely due to more uncertainty in tag placement on the ribs (with
breathing motion), leading to mismatches between CT and fluoroscopy images. As the tags
are placed and matched on both CT and fluoroscopy images, the corresponding transform was
computed (3 translations, 3 rotations and 1 scaling) based on point-by-point matching of the
tags.

The coronal view gave the x and z coordinates and the sagittal view gave the y and z
coordinates (Figure 6.4). Both z coordinates were matched with an average standard deviation
of 0.67 mm. The average between the two zs was used as the z-coordinate. Once the 2D
fluoroscopy images were registered to the 3D CT image (by applying the transform), the
location of the endoscope was identified on the fluoroscopy image and its coordinates (x, y, z)
were mapped back to its corresponding location on the CT image.

Positions that ended up outside the CT image were excluded from subsequent analysis.

6.6.6 CT/FE image quantification at endoscope position

CT

Each endoscope position on the CT image was located and a spherical region of interest (ROI)
with a 3 mm diameter was drawn (Eclipse V13, Varian Medical Systems, USA). Then, we
computed the mean CT value in Hounsfield units (HU) for each ROI corresponding to each
endoscope location.
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FE

The fluorescent collagen probe highlights fibrosis, which appears as fiber structures on FE
images. Each FE video was visually quantified for the presence (1), faint appearance (0.5)
or absence (0) of fiber structures (Figure 6.3). Scoring was performed by two independent
observers and the average score was used.

6.6.7 Collagen immunofluorescence and microscopy

Following FE imaging, rats were euthanized, the lungs were harvested and frozen in OCT.
Lung tissue was then sectioned (10 µm thickness) on microscope slides for ex vivo evaluation.
Slices were fixed in 4% formaldehyde for 15 minutes and washed in PBS three times. Blocking
solution (10% goat serum, 0.3% Triton in PBS) was added to the slides for 1 hour and removed.
Then, the primary antibody: rabbit anti-rat collagen type I (Cedarlane, Canada) was added (1:40
dilution in antibody dilution buffer: 5% goat serum, 0.3% Triton in PBS), incubated for 1 hour at
4 degrees and washed three times in PBS. The secondary antibody (dilution: 10 µg/ml): Alexa
Fluor 647 goat anti-rabbit IgG (ThermoFisher, USA) was then incubated for 1 hour at room
temperature and washed three times in PBS. Following the immunofluorescence procedure, the
collagen probe (concentration: 10 µM) was added and incubated for 15 minutes then washed
in PBS three times. DAPI (4’,6-Diamidino-2-Phenylindole, Dihydrochloride ThermoFisher
Scientific, USA) was added (dilution: 1:1000) and washed for nuclei staining. Lung slices were
then mounted and sealed with a coverslip. Slides were allowed to curate over night.

Microscopy images were acquired on a fluorescence microscope (AxioVert A1, Zeiss,
Germany) using 10X magnification with DAPI, GFP (collagen probe) and mPlum (collagen
antibody) filters. Two images per slides were obtained and fluorescence intensity was computed
for both the green and red channels. Co-localization for green and red was performed with the
Zen software (Zeiss, Germany) and the Pearson’s coefficient (r) was computed for each image.

6.6.8 Statistical analysis

Statistical analysis was carried out using GraphPad Prism software. Non-parametric Mann-
Whitney test was used to compare two conditions (control vs RT) and Spearman rank correlation
was used to correlate two imaging acquisition methods (CT and FE). Differences and correla-
tions were deemed significant when p < 0.05 and indicated with a star (*) on graphs.
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Chapter 7

Conclusion

7.1 Summary

About 50% of cancer patients will undergo radiation therapy (RT) for curative or palliative
purposes at some point during the course of treatment. Radiation-induced lung injury (RILI)
occurs in up to 30% of thoracic irradiations for lung or breast cancer and remains a major limiting
factor to dose escalation and more efficient treatments. RILI can be divided into two phases: an
early, inflammatory phase: radiation pneumonitis; and a late fibrotic phase: pulmonary fibrosis
(RIPF), leading to symptoms of respiratory distress. The underlying molecular mechanisms of
RILI development remain an area of active research and limited treatment options are available
to mitigate this debilitating side effect.

Stem cell therapy has been proposed to help repair injured organs and has shown some
promise in multiple organs including the lung. In particular mesenchymal stem cells (MSCs)
have been shown to exhibit immunomodulatory properties, making them ideal candidates
for potential RILI treatment. The use of stem cell therapy has been hindered by our lack of
understanding regarding their behavior once administered in the body.

Medical and molecular imaging allow to visualize biological processes non-invasively and
in vivo and are therefore valuable tools for the study of RILI and stem cell therapy. Computed
tomography (CT) imaging gives anatomical images based on tissue densities and thus provides a
good 3-dimensional view of RILI at every stage. Fluorescence endomicroscopy (FE) imaging is
a new minimally invasive method placing a fluorescence microscope at the tip of an endoscope
to probe and perform optical biopsies in accessible organs such as the lung. Coupled with
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fluorescent probes to label the biological process of interest, FE imaging provides molecular
level information in the study of RILI and stem cell therapy.

In this work, we first demonstrated the feasibility of tracking fluorescently labeled-MSCs
in the lung with FE imaging in a rat model of RILI. This was coupled with the development
of an automated cell counting algorithm to quantify the number of detected cells. We showed
a significant increase in the number of detected MSCs when cells were injected directly in
the trachea as opposed to intravenously. Moreover, we detected more MSCs in the RT group
compared to control.

Next, following successful MSCs tracking, we used longitudinal CT imaging to monitor the
evolution of RILI and assess MSCs’ potential in mitigating it. CT results were compared to
histopathology for fibrosis quantification 6 months post-RT. We observed a significant increase
in fibrosis on both CT and histopathology for all RT groups compared to control with a minor
improvement in RIPF when MSCs were administered intra-tracheally.

Finally, since CT imaging is restricted to anatomical macroscopic imaging, we developed a
fibrosis targeted fluorescent probe coupled with FE imaging to detect RIPF at the molecular
level in vivo. In order to relate microscopic FE images to their location in the lung, we used
x-ray fluoroscopy guidance to detect the position of the endoscope at the time of imaging and
mapped it back to the corresponding location on the CT image. We were able to detect RIPF on
both CT and FE images for specific corresponding endoscope positions and we found a positive
correlation between increased lung density on CT and the presence of fluorescent fibers on FE
images in the RT group compared to controls.

In this thesis, we proposed, developed and validated a pre-clinical imaging platform to
image and quantify the evolution of RILI and study MSCs behavior in a rat model of RILI.

7.2 Limitations of the current work

In the presented work, we used a rat model of RILI to develop our imaging tools. However, this
model suffers from some limitations in terms of the translational potential of the methods. First
of all, the obvious differences between a rat model and a human, including size, physiology and
environmental factors, all of which play a big role in the actual clinical development of RILI.
Second, RILI occurs in normal lung tissue surrounding the tumor volume, but, in our case, there
was no tumor present in the lung, as the entire right lung (hemithorax) was irradiated. This
might influence our results as the way RILI develops in the presence of tumor cells could vary
and more importantly the tumor micro-environment could affect MSCs interactions and their
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potential beneficial effects. Finally, RT is usually delivered in fractions, every day over a few
weeks depending on the treatment scheme prescribed. In our RILI model, we delivered all the
dose in one single fractions. This could have an impact on the radiobiological response of lung
tissue and affect the onset of RILI. Nevertheless, we were able to recapitulate the onset of RILI
with an acceptable time frame following current literature and observe RILI with our newly
developed imaging tools and histology.

In chapter 4 and 6, we used a pre-clinical FE imaging system with an endoscope probe of
diameter 1.5 mm, which required a tracheotomy to access the lung, making this method quite
invasive and a terminal procedure. It limits our ability to use FE imaging longitudinally to
monitor the same animals over time. Smaller endoscope probes that are compatible with the
system, are available and should be considered for future longitudinal imaging. Although, it
should be noted that they are more rigid, which might cause problems of tissue perforation.
Other endoscope probes with varying optical properties would have to be tested and validated
extensively prior to their use in such a big study.

Since FE imaging was implemented as a terminal procedure, we were only able to track
MSCs the day of injection. This prevented us from potentially detecting cells during their
homing process in the lung. Having a longitudinal FE imaging system would allow us to
monitor MSCs fate over time. We were able to do so in a pilot study where the rats were
kept alive with the tracheotomy tube in place. We detected labeled MSCs in the lung 7 days
following injection. However, the rats were not in good health conditions and it was not possible
to keep them in this situation for days. For ethical reasons, FE imaging remained a terminal
procedure in the context of this work.

Another concern that arises in the context of longitudinal studies is the labeling of MSCs
(chapter 4). We used a direct labeling method simply with a membrane dye, as a proof of
principle that we could detect MSCs in the lung with FE. However, for longitudinal studies a
more stable labeling, possibly involving a reporter gene system stably expressing a fluorescent
protein, would be a better choice. It would allow to make sure the dye did not leak out of the
cells and the fluorescence would be confined to cells that are alive and expressing it, therefore
providing survivability of MSCs over time.

In chapter 5, we described a longitudinal study to monitor RILI onset with CT imaging. CT
imaging being non-invasive, it was possible to image the rats every two weeks over a period of
six months where we could visualize both inflammatory and fibrotic phases of RILI. This was
compared to histopathology for the last time point. Histopathology remains the gold standard in
assessing the extent of fibrosis, but it is limited to one location in the lung that cannot be related
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to the CT image and it requires the animals to be sacrificed at that point making longitudinal
studies impossible. In chapter 6, we proposed an FE imaging, providing optical biopsies, as a
potential imaging method to bridge the gap between macroscopic, anatomical, 3-dimensional
CT imaging and microscopic, 2-dimensional, fixed histopathology. Thanks to fluoroscopy
guidance, we were able to relate FE images of collagen fibers to increased lung density on CT
images at varying locations of the endoscope probe. Again, due to FE imaging being a terminal
procedure, we were not able to monitor the development of RILI over time but only captured a
snapshot at six months following RT.

In chapter 6, we quantified FE images by visual scoring of fluorescent fibers. We are
currently investigating the possibility of developing an automated algorithm for fiber detection
based on the Radon-like transform to quantify the frequency of fibers in an image. This would
streamline the process making image quantification faster and more objective.

Another current limitation of image-guided FE imaging is that image registration was
performed retrospectively after all images were already acquired. This limits our ability to do
targeted FE images of a location of interest in the lung based on prior macroscopic information.
We were still able to relate FE images to CT locations in RILI. However, a lot of endoscope
positions were ambiguous as we were unable to place the tip of the endoscope to a specific
location of interest. Ideally, image registration would be done in real time and we could target
and place the endoscope probe where needed for FE imaging.

In this work, we did not combine MSCs therapy with collagen-targeted RIPF FE imaging
(chapters 4 and 6). Two injections of MSCs (the day following RT and one week later) were
performed in half of the control (n = 4) and RT (n = 4) groups of rats that underwent image-
guided FE imaging (chapter 6). MSCs injections are very problematic to perform and put rats
at risk. We did not pursue MSCs injections further but kept monitoring rats and we did not
observe any differences between the rats that received MSCs and the ones that did not. It would
be interesting to test if MSCs treatment could be visualized with collagen-targeted FE imaging.
As per chapter 5, MSCs treatment, even when followed through for the scheduled 6 weeks
post-RT, did not show a dramatic improvement of RIPF as their effect was minimal in all RT
groups. Since MSCs effects on RIPF were not clear on the gold standard of histopathology,
we can assume that the effect of MSCs were modest rather than CT or FE imaging not being
sensitive enough to detect those changes. A positive control, i.e., a treatment with a definite
known effect on RILI, would allow us to establish the sensitivity of our imaging methods in
evaluating the extent of RIPF and the effect of MSCs therapy.
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Due to a time frame discrepancy, MSCs treatment with FE tracking (chapter 4) was per-
formed early in RILI development and RIPF FE imaging (chapter 6) was done in the later
fibrotic phase. It was not possible to combine both methods in one imaging study because the
two processes are in different time frames with MSCs imaging 3 weeks and RIPF imaging 6
months post-RT.

7.3 Clinical Prospects, Challenges and Future Research Di-
rections

The molecular imaging tools developed here for RILI could be applied to other related pul-
monary diseases such as idiopathic pulmonary fibrosis. Chemically induced fibrosis models
(bleomycin injury) as opposed to RT-based damages exist and can be used in combination with
MSCs therapy. This would expand the reach of the imaging methods to other diseases and
therefore, provide more stable tools for quantification of different mitigation strategies.

In chapter 4, we demonstrated as a proof-of-principle that MSCs can be tracked with FE
imaging in the lung. This imaging method can be expanded further as MSCs can be labeled with
a variety of fluorescent dyes or more stably modified to express fluorescent reporter proteins.
This would allow to track MSCs’ viability since only live cells would be fluorescent. Therefore,
it would provide key information to optimize stem cell injection timing and achieve constant
immunomodulation via the presence of MSCs at the site of injury. Since the FE imaging system
is equipped with two colors or channels (green and red), it is also possible to imagine more
complex cell labeling methods triggering a color switch upon interaction with tissue or upon
stem cell differentiation. This was investigate in the context of this PhD work to provide a
molecular switch to detect stem cell differentiation. The cells would be modified to express
green fluorescent protein in the stem cell state and switch based on a lung promoter to expressing
red fluorescent protein upon cell differentiation. Since MSCs differentiation into lung functional
cells was not established and still controversial, we did not have a stable system to benchmark
and validate our probe construct on. Even so, in vivo differentiation being extremely rare, it
would be close to impossible to capture it with FE imaging. This was not pursued further in
this thesis work as we focused on imaging RILI itself and therefore the potential downstream
effects of MSCs therapy on RILI rather than MSCs differentiation.
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Other cell types such as cancer cells in other accessible organs such as the colon can also be
tracked with FE imaging. As long as the cells are fluorescently labeled in the available channels
and sufficiently bright, it will be possible to detect and quantify them with FE imaging.

As discussed in the limitations of this work, FE imaging was restricted to a terminal
procedure. But with the use of smaller endoscope probe it would be possible to perform FE
imaging repeatedly by using intubation rather than a tracheotomy. This would make FE imaging
less invasive with longitudinal imaging potential. With a smaller endoscope probe, it would be
possible to follow each animal over time with any type of fluorescent probe of interest. This
would allow to monitor stem cells behavior and assess homing to the injury site. It would also
be possible to monitor the onset of diseases over months.

One of the major limitations of using FE imaging is the fact that we cannot localize the
endoscope and thus, we are unable to know from which location in the lung FE images came
from. This was addressed in chapter 6 where we describe the use of image-guided FE imaging
in order to localize the endoscope tip and combine the images acquired with FE with their
location within the lung. This same methodology can be used in combination with stem cell
tracking as described in chapter 4. Using image guidance would allow us to localize detected
stem cells and gain information as to their homing capabilities. We would be able to determine
where stem cells tend to localize and it would provide a useful understanding of their interaction
with lung tissue. One could imagine cell labeling to work for both macroscopic imaging with a
bioluminescence (BLI) or PET reporter system and a microscopic fluorescent label. It would
therefore be possible to detect the cells with external imaging, register to anatomical imaging
and then target FE imaging to locations of interest. It should be noted that in order to perform
external cell tracking, a sufficient number of cells need to localize in the same place in order to
produce a sufficient signal for detection. This was investigated for bioluminescence imaging in
the context of this PhD research and was not pursued further because we were not able to detect
MSCs externally in our rat model. It remains an interesting line of research to pursue for future
studies on multimodality imaging.

Image-guided FE imaging was established to relate macroscopic images with FE micro-
scopic images in chapter 6. However, image registration was performed after images were
acquired, therefore making it impossible to truly target the acquisition of FE images at a specific
lung location. Automating the registration process by making it real time would allow to
visualize a target location on CT and direct the endoscope probe placement towards it for FE
imaging. This process is not trivial and would require more research and development in order
to achieve online real time image guidance similar to what is available in image-guided surgery.
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Clinical translation is the ultimate of every pre-clinical imaging research development.
Regarding stem cell therapy’s clinical implementation, a lot of unanswered questions still
remain to be addressed in order to provide safe and efficient treatment. It is crucial to gain more
understanding and determine optimized therapy strategies in pre-clinical studies before bringing
stem cell therapy to the clinic. Imaging tools like the ones developed in this work can help
assess such biological questions in a pre-clinical setting and can also be adapted for clinical
implementation by using a clinical FE imaging system for point-of-care medicine [96]. If stem
cell therapy is tested on patients in the future, our proposed imaging methods to monitor the
therapy would be incredibly useful tools to provide the needed information about safety and
efficiency of treatment.

The imaging methods developed here are amenable to clinical translation as both CT and
image-guided FE imaging in humans is already available clinically. The critical issues lie with
the use of untested imaging fluorescent probes for use in humans, namely the cell labeling dye
and the collagen targeted fluorescent probe. Non-specific FE contrast agents that are currently
approved by the FDA such as Fluorescein are commonly used for topical or intravenous
administration for the detection of abnormal epithelium for example. Targeted molecular probes
like peptides or antibodies have recently been developed as well and tested mostly in animal
models and on ex vivo human samples [97]. Imaging probes have to undergo rigorous testing in
order to gain approval for use in clinical trials similarly to new drug development, where both
safety and efficacy have to be proven.

7.4 Outlook

In conclusion, we believe that the development, validation and clinical implementation of new
molecular imaging techniques like we initiated in this work, will provide a necessary platform
to test and evaluate disease progression as well as monitor and assess the potential of newly
proposed therapies such as promising stem cell therapeutic in mitigating radiation-induced lung
injury and allow more aggressive targeting of cancer at reduced risks.
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Appendix A

Fluorescence Endomicroscopy Imaging of
Mesenchymal Stem Cells in the Rat Lung

Jessica R. Perez, Norma Ybarra, Frederic Chagnon, Olivier Lesur, Jan
Seuntjens and Issam El Naqa

Invitation to submit this Protocol in: Current Protocols in Stem Cell Biology

A.1 Significance Statement

Despite its great promise, stem cell therapy remains an area of active research that is marred
with controversy due to the lack of understanding of complex stem cell behavior and their fate
once transplanted into the body. In vivo imaging has the potential to help answer key questions
and contribute to bringing stem cell therapy a step closer to the clinic. In the context of lung
damage repair with mesenchymal stem cells (MSCs) such as radiation-induced injury in cancer
treatment, we developed a fluorescence endomicroscopy imaging method that allows us to track
and quantify MSCs following their injection into a radiation-induced lung damage (RILD) rat
model. This proof of principle provides a basis for future investigations into in vivo imaging for
stem cell tracking and assessment, as it is a versatile technique that can be expanded to other
relevant biological processes.
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A.2 Abstract

Stem cell therapy has showed great promise for organ repair and regeneration. In the con-
text of lung disease, such as radiation-induced lung damage (RILD) in cancer radiotherapy,
mesenchymal stem cells (MSCs) have shown ability to reduce damage possibly due to their
immunomodulatory properties and other unknown mechanisms. However, once MSCs are
transplanted into the body, little is known as to their localization or their mechanisms of action.
In this work, we proposed, implemented and validated a fluorescence endomicroscopy (FE)
imaging technique that allows for the real-time detection and quantification of transplanted
pre-labeled MSCs in vivo and tracking in a rat model. This protocol covers aspects related to
MSCs extraction, labeling, FE imaging and image analysis developed on a RILD rat model but
applicable to other biological systems.

A.3 Introduction

Mesenchymal Stem Cells (MSCs) have been proposed for their transplantation/immunomodulatory
properties for the treatment of a variety of lung damage diseases, including inflammatory dis-
eases and radiation-induced lung injury post-radiotherapy of cancer. Despite great promise,
the exact mechanisms of action of stem cell therapy are still unknown and remain an area of
active and controversial research [11]. Once MSCs are injected into the body, their location,
viability or interactions with differentiated or progenitor lung cells is unknown. in vivo imaging
has the potential to track injected MSCs, assess their efficacy and contribute to answering many
currently open questions. Unlike whole body diagnostic imaging, fluorescence endomicroscopy
(FE) allows the detection of individual cells at cellular resolution.

In this protocol description, we cover the technical aspects MSC-imaging in vivo in a RILD
rat model with fluorescence endomicroscopy. This includes MSC extraction and culture, cell
labeling with fluorescence membrane dye DiD, surgical procedures, imaging with FE and image
analysis.

We demonstrate the proof of principle that one can image MSCs in vivo in the RILD rat
model and monitor their fate. These protocols are meant to serve as a template to further our
knowledge of stem cell behavior in lung damage and also applicable to other, related, biological
systems. We used a simple membrane dye as labeling method but one can label cells with
a reporter fluorescent protein and obtain more complex information. Since the endoscope is
equipped with 2 fluorescence channels/colors (green and red), we can add another component
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such as a structural probe (Figure A.1) or a disease-detecting probe in addition to the cell-
labeling probe or even label two cell populations with different colors. One can also use other
stem cell types or even cancer cells. There are many possibilities where this in vivo imaging
method could be beneficial and help answer relevant biological questions of stem cell behavior.

Figure A.1 Labeled MSCs imaging coupled to vasculature imaging. Since FE imaging
allows two channel simultaneous imaging, in addition to DiD-MSCs (red), we also injected a
fluorescent vascular marker (green) to highlight lung vasculature as an anatomical landmark.

A.4 Basic Protocol 1

A.4.1 MSCs extraction, culture and labeling

This protocol describes the steps involving the extraction of bone marrow-derived MSC from
the rat and cell culture procedure. Once MSCs are in culture, we describe how to fluorescently
label them for endomicroscopy imaging (illustrated in Figure A.2).

Materials

• Healthy Sprague Dawley rats (7-8 weeks old) 200-250 g (female)
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Figure A.2 Illustration of MSCs labeling for imaging. Once MSCs are in culture, DiD is
added to the media to fluorescently label MSC. Following labeling, DiD-MSC are injected into
the rat model for imaging.
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Reagents and Solutions:

• DPBS (Thermo Fisher Scientific Cat. No. 14190144)

• Media for MSC MSCGM BulletKit (Lonza, distributed by Cedarlane, Cat. No. PT-3001
contains PT-3238 & PT-4105)

• Antibiotic & antimycotic (Thermo Fisher Scientific, Cat No. 15240-096)

• Trypsin-EDTA (0.25%) (Thermo Fisher Scientific, Cat No. 25200-056)

• Vybrant DiD Cell-labeling Solution (Thermo Fisher Scientific, Cat No. V22887)

Equipment:

• Sterilized surgical instruments: scissors, bone nibblers, forceps

• 50 ml sterile conical tubes

• Biosafety cabinet

• 10 ml syringes

• 21-gauge needles

• Cell strainer 70 µm Nylon (BD Falcon REF 352350)

• Centrifuge

• 10 ml serological pipettes

• T-75 flasks, canted neck, vented cap (Sarstedt Cat. No. 83.3911.302)

• Cell culture Incubator 5% CO2, temperature 37C

Protocol Steps

MSC extraction [70] and culture

1. Euthanize rat with CO2 asphyxiation under isoflurane anesthesia

2. Extract femoral bones by dislocating the hip and knee joint
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3. Place intact femurs in DPBS in 50 ml sterile conical tube

4. Under biosafety cabinet for the following steps

5. Fill a 10 ml syringe with 21-gauge needle with 5 ml MSCGM media (MSCGM media is
supplemented with antibiotic & antimycotic for all steps)

6. Cut the bone at both ends with the bone nibblers

7. Insert the needle at one end and flush the bone marrow and collect in a 50 ml tube on ice

8. Triturate the cell suspension twice by aspirating and flushing the mixture through the
21-gauge needle

9. Using a clean 50 ml tube, pass the cell suspension through a 70 µm Nylon cell strainer

10. Centrifuge cell suspension at 400 x g for 5 min

11. Discard the supernatant and resuspend the pellet with 8 ml MSCGM media

12. Prepare 4 T-75 flasks with 8 ml MSCGM media

13. Distribute the cell suspension: 2 ml in each of the 4 flasks to seed the cells

14. Place the cells in an incubator for 24 hours

15. The next day, aspirate media containing non-adherent cells

16. Wash with DPBS

17. Add 10 ml fresh MSCGM media

18. Over the next 2-3 days, monitor the cells. On the third day of culture adherent cells
appear isolated when viewed under a phase-contrast microscope (Figure A.3, left). These
cells are spindle-shaped and will form colonies (passage 0).

19. At about 80% confluence, subculture the cells. Remove MSCGM media, wash flask with
10 ml DPBS, and then add 5 ml of 0.25% Trypsin-EDTA, incubate at 37C for 5 min, after
this add 5 ml of media (to neutralize trypsin), aspirate the cell suspension and place it
into a 15 ml sterile conical tube, centrifuge at 400 x g for 5 minutes, re-suspend in fresh
media, seed the cells in new flasks (passage 1)
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20. Keep changing MSCGM media twice a week and passaging the cells as needed for
expansion. (Do not exceed passage 4 for in vivo administration)

Figure A.3 Microscope images of MSCs. Left: spindle-shaped MSCs in culture (phase
contrast), Right: Fluorescent DiD-labeled MSCs (10X magnification; fluorescence: mPlum
filter)

MSC Labeling

1. Dilute DiD in 5 ml MSCGM media to a concentration of 10 µM in a 15 ml conical tube

2. Remove MSCGM media from flask and replace it with DiD MSCGM media

3. Incubate for 30 minutes at 37C.

4. Remove MSCGM media with DiD and wash with DPBS twice.

5. Add fresh MSCGM media

6. The next day, verify labeling with microscopy (Figure A.3, right) or fluorescence imaging
(Figure A.4) (DiD excitation: 650 nm and emission: 670 nm)
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Figure A.4 DiD labeling verification at varying dye concentrations. MSCs were labeling
in culture in a 6 well plate at different DiD concentrations; left: 5 µM, middle: 2.5 µM and
right: 1 µM. Image was acquired on a small animal imaging system with fluorescence filters:
excitation: 650 nm and emission: 670 nm. We observe an increased fluorescence signal with
increasing dye concentration (arrow).

A.5 Basic Protocol 2

A.5.1 Surgical Procedures

This protocol describes the surgeries necessary for in vivo imaging of MSC with fluorescence
endomicroscopy. It includes the surgical procedure for rat tracheotomy (required for endoscopy)
and the jugular vein cannulation (required for intravenous injection of MSC). The tracheotomy
procedure is required since the endoscope probe available measures 1.5 mm in diameter, which
is too large to safely pass through the trachea and maintain air communication. One could
potentially use a smaller endoscope probe and a simpler intubation procedure to avoid surgery.
This would also allow for serial, longitudinal imaging capabilities. However, the protocol would
have to be tested and validated with a different endoscope probe.

Materials

• Ketamine (e.g., Narketan 100 mg/ml; CDMV, cat. no. 440894)

• Xylazine (e.g., Xylamax 100 mg/ml; CDMV, cat. no. 3942)

• 1 ml syringes (Becton Dickenson, cat. no. 309659)
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• 23G x 1 needles (Becton Dickenson, cat. no. 305145)

• Clipper (Braintree Scientific, cat. no. CLP-64 800)

• Scissors (e.g., Fine scissors - sharp; Fine Science Tools, cat. no. 14060-09)

• Forceps (e.g., Delicate suture tying forceps; Fine Science Tools, cat. no. 11063-07)

• 3-0 silk threads (e.g., Sofsilk size 3-0 black reel; Covidien, cat. no. LS639)

• 14 gauge Angiocath IV Catheter; 2.1 x 48 mm (Becton Dickenson, cat. no. 381167)

• Microscissors (e.g., Vannas spring scissors – 2 mm cutting edge; Fine Science Tools, cat.
no. 15000-03)

• Intramedic polyethylene tubing PE50 (Becton Dickenson, cat. no. 427411)

• 0.9% saline (Baxter, cat. no. JF7634)

Protocol Steps

Rat tracheostomy [73]

1. Anesthetize the rat by a quadriceps intramuscular injection of ketamine (87 mg/kg) /
xylazine (13 mg/kg).

2. Shave the ventral neck using a clipper.

3. Open the neck with a 1.5 cm ventral midline incision using scissors.

4. Expose the trachea using two forceps.

5. Pass a 10 cm silk thread under the trachea beneath the larynx.

6. Half cut the trachea just beneath the larynx using scissors.

7. Insert a 14-gauge Angiocath cannula into the trachea.

8. Fix the cannula with a ligature of the silk thread.
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Rat jugular vein cannulation

1. Open the neck with a 2 cm ventral left incision above the pectoral muscle using scissors.

2. Isolate the jugular vein using two forceps.

3. Pass two 10 cm silk threads under the jugular vein at both extremities.

4. Ligate the thread near the head on the jugular vein.

5. Half cut the jugular vein between the two threads using microscissors.

6. Connect a 15 cm PE50 cannula to a 1 ml syringe with a 23G needle and filled with saline.

7. Insert 1 cm of the PE50 cannula into the jugular vein.

8. Verify Blood return by pulling the syringe piston connected to the cannula.

9. Fix the cannula with a ligature of the thread near the pectoral muscle.

10. Secure the cannula with a ligature of the thread near the head.

A.6 Basic Protocol 3

A.6.1 Fluorescence Endomicroscopy Imaging: MSC administration and
endomicroscopy

This protocol describes the steps for in vivo imaging of MSC with fluorescence endomicroscopy.
It includes the procedure for MSC preparation and injections as well as how to operate the
endoscope.

Materials

• Trypsin-EDTA (0.25%) (Thermo Fisher Scientific, Cat No. 25200-056)

• Media for MSC MSCGM BulletKit (Lonza, distributed by Cedarlane, Cat. No. PT-3001
contains PT-3238 & PT-4105)

• DPBS (Thermo Fisher Scientific Cat. No. 14190144)
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• Cell culture Incubator 5% CO2, temperature 37C

• Biosafety cabinet

• 50 ml sterile conical tubes

• 10 ml serological pipettes

• 1 ml syringe

• Centrifuge

• Cell counter (Countess Automated cell counter, Invitrogen Cat. No. C10227) + corre-
sponding counting chamber slides + corresponding trypan blue

• Fluorescence endomicroscope Cellvizio Dual Band with S1500 confocal microprobe
(Mauna Kea Technologies)

• Rat holder (can be homemade): inclined plane with elastic to keep the rat straight during
imaging (Figure A.5)

Protocol Steps

1. Once cells are properly labeled in the flask, detach the cells using 5 ml of 0.25% trypsin-
EDTA as previously described, incubated 5 min at 37 C

2. Neutralize trypsin cell suspension with 5 ml media in 50 ml tube

3. Centrifuge at 400 x g for 5 min

4. Aspirate the supernatant and re-suspend in sterile DPBS (The cell pellet appears blue due
to DiD labeling)

5. Count cells: in a 1 ml tube, add 10 µl cell suspension to 10 µl trypan blue, use 10 µl to
fill a counting chamber slide, insert slide in cell counter

6. Calculate and re-suspend cells in sterile DPBS or saline to the appropriate concentration:

(a) For intravascular (IV) injection: 1 million cells in 500 µl

(b) For intratracheal (IT) injection: 200,000 cells in 200 µl
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Figure A.5 Set up of fluorescence endomicroscope. Left: endoscope laser box (red arrow),
right: inclined plane where the rat is placed for imaging (purple arrow). The rat hangs with the
elastic holding it up through its front teeth. The tip of the endoscope (orange arrow) is then
inserted in the tracheotomy and images are acquired.
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7. Make sure the cells are well re-suspended to prepare the injection in a 1 ml syringe (no
air bubbles)

8. Inject the cells:

(a) For IV: through the cannulation of the jugular vein. Inject very slowly to avoid
pulmonary embolisms

(b) For IT: through the tracheotomy tube. IT delivery of MSC can temporarily impair
normal breathing and rats could die.

9. Monitor rats to make sure the cell injection was successful and the animal is still breathing
fine, ventilate if required.

10. Place the anesthetized rat with the tracheostomy tube in place on an inclined plane holder
with an elastic holding the front teeth

11. After performing the endoscope’s required calibrations, insert the tip of the endoscope in
the tracheostomy (Figure A.5)

12. Acquire video sequences in the red channel (660 nm compatible with DiD fluorescence)
as the endoscope moves within the lung

A.7 Support Protocol 1

A.7.1 Imaging analysis and quantification

This protocol describes the automated cell counting algorithm developed for fluorescence
endomicroscopy imaging of MSC. A description of the algorithm can be found in Perez et al.,
2017 [20] (Figure 2, Chapter...). Briefly, each video frame is treated as a stand-alone image.
First, the contrast is enhanced. Then, we apply a granulometry algorithm followed by image
opening. The image is then thresholded and objects (cells) are extracted. Each cell is counted
using connected component analysis. This algorithm was optimized for our images but can be
modified according to one’s needs by adjusting the contrast/threshold or the roundness criteria
of objects for example.

The Matlab code (SegCount.m called in CellCounting.m) can be found here:
https://github.com/JessicaRika/Automated-cell-counting-algorithm
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A.8 Commentary

A.8.1 Background Information

Fluorescence endomicroscopy, also referred to as confocal laser endomicroscopy, is an intra-
vital microscopy technique that allows real time in vivo imaging in a minimally invasive manner.
It is the equivalent of a confocal fluorescence microscope at the tip of an endoscope. Principally,
a scanning laser unit is coupled to a bundle of optical fibers that make up the endoscope tip and
is in contact with the tissue sample to be imaged. The optical fibers relay the excitation light
and collect the fluorescence from the sample to form an image. It can therefore provide images
at cellular resolution in accessible organs such as the lung. FE can be used in conjunction with
fluorescent probes to assess the state of disease or monitor biological processes [18].

in vivo FE imaging of transplanted stem cells has previously been demonstrated in mouse
bone marrow [66] and MSC in a rat colitis model [69]. Our group demonstrated the use of FE
imaging of transplanted MSC in a rat model of radiation-induced lung injury [20].

A.8.2 Critical Parameters & Troubleshooting

MSCs extraction is critical and extra care should be spent into making sure the MSCs do not get
contaminated. Work with sterile instruments; disinfect the surfaces when doing the necropsy.
Place the femur bone in a sterile tube as soon as it is extracted and open it only under the
biosafety cabinet (class II for tissue culture).

Flushing the bone marrow might have to be repeated twice to make sure all bone marrow is
expunged. It is possible that the needle moved or the bone broke at some point, so make sure to
really flush as much as possible with an up and down needle motion.

It can happen that MSCs do not form spindles right away or do not form colonies in some
flasks. The reasons are unknown but it is probably due to the fact that the cell density is
sub-optimal for them to form colonies. It should not happen for every flask so discard the ones
that do not seem to grow after the first week. If the problem persists, one might have to repeat
the cell extraction.

We found that DiD labeling at a concentration of 10 µM was optimal in giving high
fluorescence as well as maintaining a low cell toxicity. One might want to try varying DiD
concentrations to achieve the desired result (Figure A.4). In our experience, DiD labeling is
straightforward.
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Regarding surgical procedures, they can be tricky to perform for a novice, so make sure to
practice the procedures well in advance.

MSCs administration is key and can lead to death of the rat, if one is not careful. For
intravenous injection, make sure the cells are re-suspended enough right before use, i.e., no
pellet forming. The key is to inject very slowly (about 30 seconds) to make sure MSCs do not
clot and cause pulmonary embolisms. Always monitor the animal and pause the injection if
necessary. For endotracheal injection, the issue is drowning so make sure to re-suspend the cells
in as little liquid as possible. Inject slowly to make sure the liquid gets absorbed progressively.
It is possible that the rat will cough out some of the MSCs. Also monitor the animal and use
thoracic massage and ventilation, if the rat stops breathing.

Concerning fluorescence endomicroscopy, the endoscope probe needs to be handled with
caution, and it is important to monitor how deep in the lung one goes to avoid perforations and
other complications. Make sure to acquire videos in a consistent manner across the animals to
have comparable results.

A.8.3 Understanding Results

Labeling with DiD should lead to fluorescent MSCs. As showed in figure A.4 increasing DiD
concentration increases the fluorescence of the cells.

On fluorescence endomicroscopy images, DiD-MSCs appear as bright spots (Figure A.6).
It is apparent from the videos that there is significant motion due to breathing and heartbeat
as well as the movement of the endoscope itself. DiD-MSCs are much brighter when injected
directly into the trachea (Figure A.6, left). The number of detected cells can vary depending on
the experimental condition. In our case, we observe a slight increase in the number of detected
cells in a rat model of lung irradiation damage compared to controls [20].

A.8.4 Time Considerations

MSCs extraction takes about 2-3 hours and depends on the number of rats used. One should
plan for a half day to obtain MSCs in culture. Media should be changed the following day to
remove floating cells and select for the plastic adherent MSCs. Within the next week, MSCs
should start forming colonies of spindle shaped cells. In order to have enough cells to inject
in vivo, one should count backwards from the number of rats needed for imaging using an
approximation of about 1 million cells per flask. This takes about 2-3 weeks. Do not exceed
passage 4 for cell injections, as MSC get larger and might loose their properties. Cell labeling
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Figure A.6 Fluorescence endomicroscopy imaged of DiD-MSCs in vivo. Left: endotracheal
MSCs injection, Right: intravascular MSCs injection. DiD-labeled MSCs appear as bright
spots on the image (red arrows) and appear brighter when injected endotracheally compared to
intravenously.

with DiD is straightforward and should take about 1 hour. It is then possible to verify proper
labeling the next day and use the cells for injection.

With experience, surgical procedures (tracheostomy and jugular vein cannulation) take
about 30 minutes per rat. Wait 5-15 minutes following MSC injection to start imaging. FE
imaging takes a few minutes, in our case we acquired two 1 minute long video for each rat and
explored different regions of the lung.

Image analysis and quantification depend on what is required. If using the automated cell
counting algorithm provided with the protocol, one should count about 2 minutes per video to
have an accurate cell count.
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