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Abstract
Introduction: The environment in which a tumour exists and functions is called the
tumour microenvironment (TME). In breast cancer, the presence of tumour associated
macrophages (TAMs) in the TME is associated with tumour aggressiveness and poor
outcomes. Despite evidence for a link between TAM content and outcome, there are few
strategies to measure TAMs and no in vivo approach. Iron or fluorine-19 (19F)-based MRI
can be used to detect macrophages post intravenous injection of either an iron or
perfluorocarbon (PFC) agent. Iron-based MRI is sensitive but difficult to quantify.
MRI is specific and signal is proportional to the number of
less sensitive and consequently, most
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19

F spins.

19

19

F

F MRI is much

F studies have been performed at high magnetic

field strengths and with long scan times. Methods: First, iron- and

19

F-MRI were

compared for quantification of TAMs in a murine model of breast cancer. Imaging was
performed on a clinical 3T (for iron) and a preclinical 9.4T system (for PFC). Next,

19

F

MRI at 9.4T was employed to compare TAMs in three breast cancer models of varying
aggressiveness. Finally,

19

limits and accuracy of

19

mouse

19

F MRI was implemented on a clinical 3T MRI. The detection

F quantification were determined using cell samples. In vivo

F images of TAMs in mammary fat pad tumours were acquired with varying

number of signal averages and a novel 19F analysis method was evaluated. Results: Ironand 19F-based imaging revealed the same spatial distribution of TAMs in tumours, which
was supported by microscopy. However, the quantification of TAMs based on signal loss
due to iron, or

19

F signal, produced different results. This study revealed that

better represents TAM content. We measured significantly more

19

19

F MRI

F spins/mm3 in the

most aggressive 4T1 tumours, consistent with other findings of high numbers of TAMs
being associated with tumour progression and metastasis. 19F MRI at 3T could detect and
quantify

19

F-labeled cells in a murine tumour model. Conclusion:

19

F MRI is a useful

tool for imaging TAMs in vivo. This could represent an imaging biomarker for the noninvasive detection of TAMs.
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Chapter 1
1 Introduction*
This thesis develops and advances cellular magnetic resonance imaging (MRI) techniques
for the non-invasive, in vivo tracking of macrophages associated with cancer, using
murine breast cancer models. This introductory chapter discusses breast cancer, the
tumour microenvironment, the role of tumour associated macrophages (TAMs) and
metastasis associated macrophages (MAMs) and cellular MRI techniques to provide
background and motivation for the research presented in this thesis.

1.1. Motivation and Overview
Cancer is a complex disease and upon diagnosis, classification is performed to provide
staging and grading of the tumour; this information contributes to a clinical prognosis and
helps to provide choices for appropriate treatment options. Staging is performed when the
cancer is first detected; it describes where the cancer is located and how much cancer is
present1. In breast cancer, stage I is localized to the breast, while stage IV includes distant
metastatic spread. This takes into account primary tumour size, lymph node involvement
and metastatic burden, which is a measure of the spread of the primary tumour to distant
regions of the body. This reflects a patient’s prognosis, and once a tumour has
metastasized, there is a less favourable clinical outcome. Grading is a description of how
the cells look, compared to normal cells, using a sample of the lesion - this reflects how
aggressive a tumour may be1. The classification process is generally invasive and time
consuming, so an alternative method, such as an imaging biomarker which could provide
a measure of tumour aggressiveness and information on current or future metastatic
spread could be useful in improving patient outcomes.

*This chapter contains sections which have been previously published. Section 1.5 contain excerpts from:
Makela AV & Murrell DH, Parkins KM, Kara J, Gaudet JM and PJ Foster (2016) “Cellular Imaging with
MRI,” Topics in Magnetic Resonance Imaging 25(5): 177-186. Sections are reproduced with permission
(see Appendix B).

2

In this thesis, experimental cellular MRI techniques are developed to study TAMs for use
as an imaging biomarker, and to investigate the role of MAMs. Chapter 2 compares 19Fbased MRI cell tracking to the more widely used iron-based MRI cell tracking to evaluate
each, with respect to detection and quantification of TAMs. Chapter 3 examines the use
of 19F MRI to differentiate between models of murine breast cancer ranging from non to
highly aggressive based on TAM content, and detect MAMs in lungs. Chapter 4 evaluates
the feasibility of TAM imaging with 19F-based MRI on a clinical 3 Telsa (T) MRI system.
Further, this work compares analysis methods with the aim of reducing user bias and
maintaining the accuracy of

19

F quantification. Finally, Chapter 5 summarizes the

conclusions and significance of the thesis, discusses experimental limitations and presents
ideas for future work to build on the results presented in this thesis.

1.2. Breast Cancer
Breast cancer is the most common cancer worldwide, and although diagnostic tools and
treatment have improved throughout the years, it is still the 2nd leading cause of death
from cancer in Canadian women2. Mortality rates have decreased with improved early
diagnosis of the primary tumour, but these methods are not geared towards early detection
of metastases or predicting clinical outcome of the disease. Once a diagnosis is made,
treatments involving radiation and chemotherapy can treat the primary tumour, resulting
in an improved patient survival rate. However, disease must be detected early as
treatment is not as effective once breast tumours have spread3,4, resulting in many of the
deaths related to breast cancer being due to metastasis5.
In a small number of cases, when metastatic disease is present upon initial detection,
patients are classified as Stage IV and are incurable. However, even in patients who do
not present with metastasis at first diagnosis, approximately 30% will eventually develop
metastatic disease6. This is referred to as recurrence, and can occur within months, and up
to 10 years or more after initial diagnosis7. This is true even despite the use of adjuvant
therapies, aimed towards eradicating undetectable cancer cells or micrometastases at
distant sites. Assessing patients for risk of metastatic spread is difficult, but attempts have
been made using a variety of prognostic markers including grade, stage, angioinvasion
assessment and gene expression8.

3

Determining the risk of metastatic disease is not easy as breast cancer is heterogeneous,
with classification relying on histological and genetic classifications based on
presence/absence

of

hormone

receptors

(estrogen-ER,

progesterone-PR)

and

amplification of the human epidermal growth factor receptor 2 (HER2)/neu oncogene
product. Further, molecularly these can be classified as luminal-A (ER+, low grade),
luminal-B (ER+, high grade), basal-like (triple negative breast cancer, TNBC) and HER2positive9. Each of these subtypes varies not only in its clinical course, metastatic pattern
and prognosis but also recommended therapeutic options, for example, based on hormone
receptors. For example, early recurrence (prior to 5 years) is associated with HER2+
status and TNBC while a later recurrence is associated with positive lymph node
involvement or PR positive disease10,11.
Treatment options for patients with metastatic disease serve to reduce symptoms, delay
progression, prolong overall survival and positively affect quality of life. Chemotherapy,
radiation therapy, surgery, hormonal therapy and targeted therapies are options, with
therapy choice based on previous treatment, time to recurrence and type of breast cancer.
However, it may be difficult to choose the correct adjuvant or metastatic tumour
treatment option and this is because there are a multitude of factors contributing to the
tumour microenvironment and tumour resistance.

1.3. Tumour Microenvironment
The tumour microenvironment (TME) is composed of cellular and non-cellular
components. These form the environment in which the tumour exists and functions. In
addition to cancer cells, tumours contain other non malignant components (Fig 1.1) as
well as a dynamic network of proteins; the composition of the TME varies between
tumour type and disease stage. The tumour stroma includes the extracellular matrix
(ECM), endothelial cells, adipocytes, fibroblasts and immune cells12. Combined, these,
along with cancer cells assemble the tumour or metastatic mass.

4

Tumour associated
macrophages
Cancer cells

Lymphocyte

Adipocyte
Fibroblast
Endothelial cell

Extracellular matrix

Figure by Chelsey Gareau

Figure 1.1: The tumour microenvironment. A tumour resides and functions in an
environment which is comprised of many different cellular and non-cellular
components.
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Each of these cells contributes to the TME, and how it acts as a whole. The non-cellular
ECM regulates cell function through a network of biochemical cues and creates the
structural foundation in which the TME components can be organized13,14. The ECM
forms an interstitial matrix which connects the spaces between cells as well as a basement
membrane, which compartmentalizes the tumour to separate it from normal epithelium15.
In disease, there is a dysregulation of tissue homeostasis in the ECM, creating an
abnormal structural remodeling and generation of cellular cues13, contributing to cancer
progression16 and metastatic disease17. Endothelial cells, which include vessels
throughout the mass, supply the vascular networks to sustain survival of the tumour.
Adipocytes, which are inherently present in the breast, can produce circulating blood
estrogen, creating a pro-inflammatory environment18 and produce a milieu of factors
which may assist in tumour initiation19. Cancer-associated fibroblasts, commonly located
at the periphery of tumours20,21, can initiate and promote tumour growth by regulating
inflammation, participating in wound healing and forming the ECM network22,23.
Additionally, there are many immune cells, including lymphocytes (T cells, NK cells, B
cells), dendritic cells (DC), neutrophils and macrophages. Lymphocytes can be taught to
recognize and eliminate malignant cells through the presentation of tumour antigens by
antigen presenting cells (ie. DCs)24. In this case, the presence of lymphocytes can have a
positive effect on patient outcome25. However, tumour cells can evade immune attack and
this can have the opposite effect. This can be the result of reduced immune recognition,
increased resistance by tumour cells or development of an immunosuppressive tumour
environment. For example, DCs within the TME may acquire a tolerogenic phenotype,
with poor ability to stimulate T cells for tumour cell destruction26. Neutrophils can
represent a large portion of immune cells and are suggested to have both pro- and antitumoural functions. Early in the disease process, anti-tumoural neutrophils are thought to
dominate, located close to T cells, stimulating T cell responses through co-stimulatory
signals27,28. As the tumour progresses, pro-tumoural neutrophils are activated, commonly
acting through proteases (ie. matrix metallopeptidase (MMP)9) to degrade the ECM,
allowing for tumour invasion and angiogenesis29. Macrophages are the major population
among the tumour-infiltrating immune cells30,31 and are discussed in detail in sections
1.3.1 and 1.3.2.
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In addition to the heterogeneity of the non-malignant components of tumours, there are
different types of cancer cells as well. In fact, a mass can be composed of a diverse
population of cancer cells, which is known as intratumoural heterogeneity. Each
population can differ in genetic and phenotypic characteristics, demonstrating distinct
clinically important traits, for example, different proliferation rates, metastatic potential
and response to treatment32,33. This, in addition to the heterogeneity of the TME, creates
difficulties in predicting tumour phenotype and responses to treatment.

1.3.1. Macrophages
Monocytes are abundant throughout the body as part of the mononuclear phagocyte
system and give rise to a variety of tissue-resident and inflammatory macrophages34 as
well as DCs35. Macrophages play an important part in host immunity and are recruited by
stimuli in response to inflammation. Their role is to maintain tissue homeostasis, and
when this is disturbed, they respond by promoting inflammation through the secretion of
a number of proteins and recruiting additional leukocytes into the tissue. As a first line of
defense, macrophages engulf and destroy foreign invaders or damaged cells. Although
this is necessary to succeed in tissue homeostasis, inflammation will not subside until the
tissue is clear of foreign invaders and tissue remodeling and repair are performed,
contributing to chronic inflammatory states.
Macrophages are remarkably plastic and therefore they have the ability to be
phenotypically and genetically diverse36,37. Their functional phenotype is not set, but is
influenced by the microenvironment, where they respond to stimuli and signals; a change
in stimuli can indeed shift the functional pattern of a population of macrophages38.
Historically, there are 2 commonly discussed states of activation, which dictate function.
These are the ‘classically activated’ M1 macrophages and the ‘alternatively activated’ M2
macrophages. M1 macrophages generally produce pro-inflammatory cytokines,
implicated in the destruction of pathogens including tumour cells. This tumouricidal,
cytotoxic activity is regulated by the presence of T helper (Th) 1 cytokines39. Conversely,
M2 macrophages decrease inflammation, support angiogenesis and promote tissue
remodeling and repair. M2 macrophages are activated by the presence of Th2 cytokines.
Although these two classifications are helpful, the concept of M1/M2 is now thought as
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being oversimplified39; there are complexities in macrophage activation, phenotype and
plasticity. The spectrum of macrophages associated with cancer are further discussed in
section 1.3.2.

1.3.2. Tumour Associated Macrophages
Inflammation acts as an enabling characteristic of cancer40. Inflammation creates an
immune response, recruiting a number of cells, including innate immune cells such as
monocytes and immature macrophages. Tumour-infiltrating monocytes are differentiated
and macrophages are activated once they arrive in the TME and are then referred to as
tumour associated macrophages (TAMs)41. Here, they are the most abundant
inflammatory cell and can act in a pro-tumoural or anti-tumoural fashion. Early studies
confirmed the presence and the role of macrophages in tumours, with evidence for tumour
suppression42. More recently however, there has been increasing evidence for TAMs to
hold a protumoural role in the majority of cancers. In breast, cervix and bladder cancer, in
particular, a correlation has been found between poor outcome and the number of
TAMs43–45. The presence of TAMs and their significance is still controversial in some
cancer types, including colorectal cancer46–49.
In breast cancer, TAMs have been linked to increased metastasis, angiogenesis and
tumour aggressiveness50,51. Not only can significantly more TAMs be detected in
malignant tumours compared with benign tumours52, but histological studies of biopsies
from human breast tumours can also use qualitative measures to differentiate between
malignant breast tumour types. An increase in macrophage infiltration has been correlated
with tumours of a higher grade, larger size, proliferative index, hormone receptor
negativity and TNBC53. What this evidence tells us is that overall, a high infiltration of
TAMs in breast tumours predicts unfavorable outcomes.
Although it was previously thought that macrophages associated with cancer were of the
M2 phenotype, it is now accepted that there is a wide range of heterogeneity within a
tumour and each type will not conform to ‘M1’ or ‘M2’. Rather, each macrophage may
acquire a complex mixture of M1 and M2 properties, with the ability to shift from one to
the other, or the ability to express M1 and M2 markers simultaneously39,54. This is
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dependent on the composition of activation signals55, based on the microenvironment in
which they are recruited to or reside in. How macrophages support tumours in growth,
progression and metastatic spread include cancer initiation, immunosuppression,
recruitment, angiogenesis, invasion and metastasis, and are further described below.
Cancer Initiation. Inflammation has long been associated with cancer, with examples
such as Hepatitis B and hepatocellular carcinoma56, inflammatory bowel disease colon
cancer57 and obesity with multiple forms of cancer58. These conditions provide
environments which are rich with immune cells, including activated macrophages, and
have been linked to an increased chance of malignancy. Mechanistically, macrophages in
inflammation generate reactive oxygen and nitrogen species to eliminate infectious
agents59. In a chronic inflammatory state, this can damage the normal tissue, creating
mutagenesis and the transformation to malignancy60. The continuous proliferation,
growth and survival of these initial malignant cells are due to the milieu of growth and
survival factors provided by the inflammatory environment including tumour cellrecruited TAMs.
Immunosuppression. In contrast to their function in normal tissues, to initiate and support
innate immunity through interleukin (IL)-12 production, TAMs can act in an
immunosuppressive fashion. In this role, and in the presence of IL-10 immunosuppressive
factors, TAMs lack the ability to present antigens and trigger immune responses from T
and NK cells61, preventing tumour cell destruction. The mechanisms in which TAMs
control this function is either through indirect effects, through secretion of factors which
results in an immunosuppressive environment, or direct effects, through interaction with
other cells.
Recruitment. A number of cells within the TME, including tumour cells, can recruit
monocytes62 through chemoattractants such as CC-chemokine ligand (CCL)263. Even
TAMs themselves, through production of colony stimulating factor (CSF)-1 can recruit
monocytes into the tumour. Once monocytes arrive, they are differentiated into
macrophages to aid in tumour progression and metastatic spread62. Clusters of TAMs
have been identified in proximity to hypoxic regions in tumours. Recruitment here is
presumed to be facilitated in response to clear necrotic cell debris or through of a number
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of hypoxia inducible factors secreted by hypoxic tumour cells64, released in order for
macrophages to help sustain tumour progression.
Angiogenesis. Tumours are dependent on newly formed vascularization to survive and
metastasize. Vascular networks are generated by the process of angiogenesis to maintain
oxygenation, nutrition and growth factors. This formation, resulting in malignant
transformation is referred to as the “angiogenic switch”65,66. If vasculature fails to localize
within the tumour, tumour cells become necrotic and/or apoptotic, resulting in a lack of
tumour growth67,68 above a few mm69. TAMs have been shown to play a crucial role in
both the angiogenic switch, and associated progression to malignancy65 through MMP9
production, a proangiogenic protease required for the onset of angiogenesis. This
relationship was demonstrated in a mouse model of cancer where the targeted decrease of
MMP9 expression from macrophages specifically resulted in inhibition of angiogenesis70.
Invasion. In the primary tumour, the products of macrophages have been shown to
enhance tumour cell invasion, motility and intravasation71. The importance of the role of
macrophages in invasion, escape and metastasis has been demonstrated through the
regulation of a cytokine, IL-4, as expressed through T lymphocytes in a murine model of
breast cancer and lung metastases72. Here it was demonstrated that the presence of Th2
activated T lymphocytes promote metastases through activation of the protumoural
properties of TAMs. Additionally, the location of TAMs, which are often present in the
periphery of the tumour (ie invasive edge)43,73 and adjacent to vessels74 allow them to
initiate the first steps of metastatic spread. Metastasis is further discussed in section 1.3.3.
Macrophage functions, surface markers and products can overlap, creating macrophage
activation which may constitute both M1 and M2 properties, to various degrees. Common
recruitment and activation stimuli as well as chemokines and cytokines produced and
surface markers in murine macrophages from a number of reviews are summarized in
Table 1.175,55,76.
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Table 1.1: Summary of common M1 and M2 macrophage functions, activation
stimuli, recruitment factors, products and cell surface markers
M1
Function

M2

Pro-inflammatory

Anti-inflammatory

Anti-tumoural

Pro-tumoural

Kill pathogens and tumour cells

Build extracellular matrix

Antigen presentation

Tissue repair/remodeling

Recruitment
Activation

Macrophage
Products

IL-6, CSF-1, CCL2
IFN-ϒ

IL-4, 10, 13

LPS

CCL2, 3, 4, 5, 8

TNF-α

VEGF

IL-12high, IL-10low
iNOS

VEGF

ROS

MMPs

IFN-ϒ

CSF-1

Macrophage

CD11b, CD45, CD68, CD86

Markers
(Murine)

IL-12low, IL-10high

TNF-α, IL-1

F4/80, MHCII
iNOS

CD206

IL, interleukin; CSF, colony stimulating factor; CCL, CC-chemokine ligand; IFN-ϒ, interferon-gamma;
LPS, lipopolysaccharide; TNF-α, tumour necrosis factor-alpha; VEGF, vascular endothelial growth factor;
iNOS, inducible nitric oxide synthase; ROS, reactive oxygen species; MMP, matrix metallopeptidase; CD,
cluster of differentiation; MHC, major histocompatibility complex.
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1.3.3. Metastasis Associated Macrophages
Although macrophages in primary tumours have been widely studied, the role of
macrophages located within or near metastases is less certain. These are referred to as
metastasis associated macrophages (MAMs) and are not only separated from TAMs
based on their location, but also have a slightly distinct phenotype. MAMs can originate
from inflammatory monocytes, recruited by a key regulator of immunoregulation, the
chemokine CCL277–79. These macrophages act to promote metastasis in two ways: 1) By
priming the site of metastasis and 2) Through promoting extravasation, survival and
persistent growth of the metastatic tumour.
In the future metastatic site, even before tumours cells arrive, there is thought to be a
“priming” of the environment to enhance the chance of metastatic growth. This unique
local tissue environment is referred to as the premetastatic niche80,81. The primary tumour
at a distant site can induce an expression of chemokines in the pre-metastatic organ to aid
in migration of myeloid cells, such as macrophages, and subsequently, tumour cells80,82.
MMP9 and vascular endothelial growth factor (VEGF) expression are two factors which
are essential for conditioning the premetastatic environment in metastatic sites for cancer
cell survival and growth81,83. These targeted niches are populated by VEGFR1+
macrophages, which arrive in response to tumour-generated signals and are present prior
to arrival of tumour cells81. Here, MMP9 expression remodels the tissue while VEGF
expression creates vascular permeability, allowing for tumour cells to extravasate84.
Once a premetastatic site has been primed, MAMs can stimulate tumour cell
extravasation, survival and subsequent growth of metastases. Qian et al. have shown that
MAMs are recruited to metastatic breast cancer cells in the lung very early in the
metastatic process and are required for seeding and metastatic tumour formation78. The
phenotype of cell surface markers shows a high level of FLT177, a family member of
VEGF, and VEGFR1 detected in human breast cancer metastasis samples regulates
prometastatic genes in MAMs. The presence of VEGF derived from MAMs can promote
tumour cell extravasation at the chosen metastatic site, reflective of an alteration in
vascular permeability.
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1.3.4. Murine Tumour Models of Breast Cancer
There are a number of different ways to use mice to model human breast cancer. In this
thesis, we used syngeneic models, where mouse cancer cells were implanted into mice
with the same genetic background. This allows us to investigate tumour development in a
fully functioning immune system. This is unlike commonly used xenograft models of
breast cancer where human cancer cells are implanted into immune-compromised mice.
Using a xenograft model allows for a more direct comparison of findings to humans,
however, we know that the immune system plays a large role in cancer, and this model
may not sufficiently represent metastatic disease85.
A common method for initiating growth of a primary breast tumour in mice is to inject
cancer cells subcutaneously, often into the mouse flank. However, this implantation site
does not reflect the true environment of breast cancer. The metastatic potential of cancers
can vary with the site of implantation. In this thesis, breast cancer cells were injected into
the mouse mammary fat pad (MFP), to develop what is known as an orthotopic tumour.
This is the preferred method as this better represents the breast tissue environment, and
increases clinical relevance. There are five pairs of mammary glands in the mouse (Fig
1.2). In this thesis we injected into the 4th inguinal MFP to minimize any respiratory
artifacts caused by breathing motion.
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Figure 1.2: Location of mouse mammary fat pads (MFP). The MFP locations are
shown in yellow, labeled 1-5 for each side. To initiate an orthotopic tumour in this
thesis, breast cancer cells were injected into the 4th MFP.
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In this project, mice were injected with one of three isogenic cell lines (67NR, 168FARN
and 4T1) which all originated from the same BALB/cfC3H mouse MFP. Isogenic cell
lines are selected or engineered from a parental line to have defined genetic differences
and therefore, different characteristics. Two cell lines were isolated from the single
spontaneous primary tumour, and termed 67 and 16886 and one additional cell line was
isolated from a subsequent spontaneous metastasis, termed 4.10LM87. Each of these cell
lines were unique with respect to their growth rates and ability to metastasize86,88–91. The
three cell lines used in this thesis were then selected from the above parental cell lines.
67NR, 168FARN and 4T1 were chosen to represent different tumour aggressiveness, with
respect to growth and metastatic potential. 67NR cells are from the parental line 67 and
168FARN is chosen from the 168 population88, both obtained through bacterial
transfection. 67NR cells fail to leave the primary tumour site while 168FARN cells can
reach regional lymph nodes to form a cluster of cells (micrometastasis), but cannot
establish a secondary tumour. 4T1 is derived from 4.10LM, without mutagenesis. 4T1
tumours mimic stage IV human breast cancer, spontaneously metastasizing to distant
sites. Their respective growth rates, morphology, primary tumour growth and metastatic
properties are in Table 1.2.
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Table 1.2: Doubling time, morphology, primary tumour growth and metastatic
properties of 4T1, 168FARN and 67NR murine breast cancer cells.
Cell Line

Doubling Time

Morphology

– In Vitro
4T1

14 hr89

Epithelial90

Primary

Spontaneous

Tumour

Metastasis

Yes

Lung, liver, lymph
nodes and brain88,90

168FARN

21 hr88,91

Fibroblastic86

Yes

Micrometastasis
(dissemination to
lymph nodes)88

67NR

16 hr88, 22 hr89

Elongated,
spindle86

Yes

Non metastatic88
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A common approach to analyze tissues collected in preclinical studies is through
histology. Hematoxylin and Eosin (H&E) is a common tissue stain utilized in histology to
identify morphological changes in tissue sections. For example, in tumours, hematoxylin
staining can reveal information about the cell nuclei (blue) while eosin provides a
counterstain of the cytoplasm and connective tissue as contrast (pink). Clinically
significant and biologically important features of tumour cells are identifiable through
cell features including nucleus colour, shape, size and proportion to cytoplasm92.
Immunohistochemistry (IHC) is widely used to study cancer. IHC can identify specific
proteins within a tumour tissue section. A selected antibody will bind to the antigen (ie.
protein) of choice, for example, Ki-67, as a marker of tumour cell proliferation93 or F4/80
as a marker of macrophages94. While these methods are able to provide detailed
molecular and morphological information they are limited by the need to sacrifice the
animal, the restricted amount of tissue interrogated and the fact that only an endpoint
analysis is permitted. Imaging methods can provide complementary information. Cellular
MRI, specifically, could allow for the non-invasive, longitudinal and quantitative study of
cell populations in vivo.

1.4. Magnetic Resonance Imaging
MRI is a common imaging modality used to image a wide variety of diseases. This is due
to the non-invasive and non-ionizing nature of the scan, with excellent soft tissue contrast
and the ability to alter this contrast based on tissue properties. Anatomical MRI is used to
identify disease or injury on a larger scale, for example, a tumour mass. This relies on
hydrogen atoms (referred to as 1H or protons) to generate an image; 1H is abundantly
found in nature, and within the body as water and fat. However, we can utilize this same
concept to image other alternative nuclei, including fluorine-19 (19F). The sections below
should allow for a basic understanding of the fundamental processes involved in creating
MR images. Additional information can be found in: “Magnetic Resonance Imaging:
Physical Principles and Sequence Design, 2nd ed.” by Robert Brown et al.95 and “From
Picture to Proton” by McRobbie et al.96
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1.4.1. Nuclear Magnetic Resonance
Nuclear Magnetic Resonance (NMR) is the foundation to understanding how MRI works.
Essentially, NMR is the concept that when nuclei are placed within a static main
magnetic field (B0), they can absorb radiofrequency (RF) energy and the dissipation of
this energy results in a signal, which can be integrated to give a measure of the amount of
nuclei. The atomic nucleus (pl nuclei) is the region consisting of protons and neutrons
within an atom. Individual protons and neutrons possess a “spin”, and can be imagined as
a sphere which rotates about a central axis; this creates a weak electric current. The result
of this is a magnetic field, known as the magnetic dipole moment (magnetic moment,
Figure 1.3)97. All nuclei have a spin (I) value, however, NMR can only be performed on
those with a spin I ≥ ½. Ie. In the case of 1H, where it possesses one proton and no
neutrons, this results in a spin of ½. Only when nuclei have a non-zero spin can it align
with or against the applied magnetic field97.
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Figure 1.3: Nuclear precession. The response of a nucleus placed in the main
magnetic field (B0). The magnetic moment precesses about B0 and here is shown in
the lowest energy state (aligned parallel) to B0.
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1.4.2. Creating an image
In the absence of an external magnetic field, the magnetic moments of the individual
nuclei are randomly oriented. Once placed within the bore of the MRI system magnetic
moments will become aligned with B0 (z axis) in one of two directions: aligned in the
direction of B0 (parallel) or aligned in the opposite direction to B0 (anti-parallel)96. There
are always slightly more nuclei parallel to B0 (since this is lower energy state) and this net
difference is termed the net magnetization vector (M)97.
In addition, the application of an external magnetic field will cause nuclei to oscillate, or
precess, about B0. The rate of precession is referred to as the Larmor frequency (ω0), this
is related to the strength of the magnetic field and the gyromagnetic ratio (γ) as defined as
Eq 1.
𝜔! = 𝛾𝐵!

Eq 1

Each nuclei will have a different ω0 dependent on γ and B0. The properties of common
nuclei are described in Table 1.3.
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Table 1.3: Commonly used nuclei and their properties. Gyromagnetic ratio, natural
abundance, nuclear spin and resonance frequencies at 3T and 9.4T.
Nuclei Gyromagnetic

Natural

Nuclear

Resonance

Resonance

Ratio (γ)

abundance

spin (I)

frequency

frequency

MHz/T

(%)

(MHz) at 3T

(MHz) at 9.4T

42.57

99.98

1/2

127.71

400.158

F

40.08

100

1/2

120.24

376.752

C

10.71

1.1

1/2

32.13

100.674

Na

11.27

100

3/2

33.81

105.938

1

H
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To generate signal, RF energy (B1 field) needs to be applied at the nuclei’s specific
Larmor frequency96. This causes the individual nuclei in the lower energy state to jump to
the high-energy state as energy is absorbed. This is referred to as “excitation”. On a
macroscopic level this causes M to tip away from B0 into the transverse xy-plane97. The
angle that M rotates away from B0 is called the flip or tip angle (α).
Once the RF pulse is turned off, nuclei begin to release the energy received from the RF
pulse, a process known as relaxation96. As the nuclei “relax”, M realigns with B0, as
nuclei return to thermal equilibrium (lowest energy state) via T1 and T2 relaxation. T1
(longitudinal or spin-lattice) relaxation is related to the exponential regrowth of M along
B0 (Fig 1.4a). It is governed by spin-lattice interactions where the nuclei transfer their
absorbed energy to the surrounding lattice, resulting in the reversal back into a lower
energy state. T2 (transverse or spin-spin) relaxation is related to the dephasing of the net
magnetization (Fig 1.4d) in the xy plane. This is due to spin-spin interactions where
energy is transferred directly between two susceptible nuclei with similar precession
frequencies. Additional dephasing can be caused by B0 inhomogeneity, termed T2* which
induces a much quicker dephasing of the magnetization. The total dephasing creates a
decaying signal in the xy plane, oscillating at the Larmor frequency, and produces an
alternating current. This is detected by the receiver coil and is often known as free
induction decay (FID)97 (Fig 1.4b).
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Figure 1.4: T1 (longitudinal) and T2 (transverse) relaxation. (a) Regrowth of
longitudinal magnetization (M) through T1 relaxation and (b) free induction decay
(FID) and decay of transverse magnetization through T2 relaxation. (c)
Representation of M along the z axis and (d) dephasing of M in the xy plane, with
respect to time (t1, t2, t3). (e) Longitudinal and transverse magnetization net vectors,
at each time point.
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The precession of the transverse magnetization is responsible for the detection of signal
by the receiver coil. The FID is not measured directly, but through an additional RF pulse
or gradient reversal, reversing the individual nuclei to go back into phase, resulting in the
formation of an echo, and subsequent MR signal96. This is performed through two
fundamental types of pulse sequences: spin echo (SE) or gradient echo (GRE). SE utilizes
a 180° refocusing pulse to produce an echo. GRE sequences do not use the refocusing
pulse but instead generate an echo through gradient reversal. With GRE sequences,
magnetic field inhomogeneity can be exploited to image with T2* contrast; this can be
used to accentuate iron-containing regions, for example. This thesis uses what is known
as a refocused GRE sequence, called balanced steady-state free precession (bSSFP)
discussed further in Section 1.4.4.
Spatial localization of signal is achieved through the use of magnetic field gradients along
each axis. To determine the FOV to be imaged, a slice-select (GSS) gradient is turned on
during the initial RF excitation pulse. This gradient is applied along the axis
perpendicular to the desired imaging plane. A phase-encoding (GPE) gradient is then
briefly turned on between the excitation pulses, creating a temporary change in the
precession speed to create phase-shifts based on their position in the chosen phase encode
direction. Frequency encoding (GFE) gradients are turned on during readout and cause
nuclei to precess at different frequencies along the chosen frequency encode direction.
When the echo is formed during readout, it is used to fill a data matrix known as k-space.
Fourier transform is then applied to this data which then can be used to produce an image.

1.4.3. Image Contrast
1

H nuclei that comprise each tissue environment relax at different rates. This allows for

the ability to generate different types of image contrast using pulse sequences and is one
of the main strengths of MRI. A pulse sequence is a combination of RF pulses and
gradients that result in an image with a distinct appearance. Variations in contrast can be
achieved through changing pulse sequence timing parameters known as the repetition
time (TR) and echo time (TE). The TE is the time between the application of the RF pulse
and the peak of the signal induced in the coil. The TR is the time between each excitation
pulse and it determines how much longitudinal magnetization recovers between each
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pulse96. The image contrast in MRI comes from the fact that different tissues have
different T1 and T2 relaxation times. Altering TE and TR can create images that are
“weighted” towards T1, T2, or the proton density (PD); meaning that the sequence
weighting highlights differences in the T1 or T2 relaxation times of tissues or their PDs.
T1 weighted sequences generate signal based on how quickly nuclei realign with B0
(along the z-axis) after RF excitation. Typically these utilize short TR and short TE
values. T2 weighted images in contrast are representative of dephasing after RF
excitation. A T2-weighted sequence uses a long TR and a long TE96. Reported T1 and T2
values can have a wide range due to differences in sequence parameters utilized, magnetic
field strength and patient composition. A number of studies performed at 3T have been
reviewed; T1 and T2 times98 and their resultant signal intensity on T1 and T2 weighted
images for common tissue are included in Table 1.496,98.
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Table 1.4: Common tissue types and associated T1/T2 relaxation times and
subsequent signal intensities at 3T.
Tissue type

T1 (ms)

T1-weighted

T2 (ms)

T2-weighted

Fat

382 - 391

High

68 - 87

Low

Muscle

898 - 1249

Intermediate

29 - 34

Low

Gray matter

1331 - 1485

Low

80 - 96

Intermediate

White matter

832 - 923

Intermediate

70 - 110

Intermediate

Water

3700 - 4000

Low

2000

High
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1.4.4. Balanced Steady-State Free Precession
Balanced steady-state free precession (bSSFP) is type of GRE sequence, also known by
other names based on MRI vendor, such as FIESTA, TrueFISP and Balanced FFE. bSSFP
image contrast is dependent on the ratio between T2/T1; this is due to the magnetization
steady state. Unlike many commonly used sequences, magnetization is built up and then
not allowed to completely return to M prior to re-excitation99. The magnetization is refocused at the end of each TR and a “steady-state” is generated in both the transverse and
longitudinal magnetization. This allows for a high signal to noise ratio (SNR)-efficient
(high signal per unit time) sequence100; SNR is discussed below in Section 1.4.5. A low
TR is used, often <10 ms, which can allow for a large number of signal averages. These
imaging parameters can come with some difficulties, requiring strong gradient slew rates
and chance of increased tissue heating, measured by specific absorption rate. An example
sequence is shown in Figure 1.5. A unique feature of this pulse sequence is that all
gradient waveforms are balanced to a net value of zero in each TR; this means that there
is zero net gradient dephasing at the end of each TR. bSSFP sequences are susceptible to
off-resonance field inhomogeneities, called banding artifact; this can be corrected by
applying phase cycling101,102.
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Figure 1.5: Balanced steady state free precession (bSSFP) pulse sequence. The
gradients along all three axes are balanced so there is zero net dephasing for each
TR. The MR signal is collected at TE. GSS, slice selection gradient; GPE, phase
encode gradient; GFE, frequency encode gradient; RF, radiofrequency pulse; TE,
echo time; TR, repetition time.
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1.4.5. Signal to noise ratio
Signal to noise ratio (SNR) can be measured as the average signal within a region of
interest (ROI) divided by the standard deviation of the background noise. SNR is an
important way to assess image quality and can be used to evaluate the performance of
MRI system, pulse sequences and RF coils. B0 strength has the most profound effect on
increasing SNR103. A higher magnetic field will result in a higher proportion of nuclei to
align with B0 and thus an increase in magnetization and signal. Random noise generated
by the MR system as well as the presence of an object within B0 playing a major role in
SNR limitation. Therefore, much work has been performed on reducing noise through
technological advances in receiver coils, pulse sequences and post processing.
Increasing the SNR can be achieved many ways. SNR is proportional to the voxel
volume. Number of excitations (NEX) is the number of times the data is acquired during
the scan, with an average calculated from the signal measured from each. Increasing the
NEX results in an SNR improvement proportional to the square root of the change in
NEX. For example, doubling the NEX would create an increase in SNR by √2. A
decrease in the range of frequencies in signal reception (receiver bandwidth, BW) will
decrease noise and therefore, increase image SNR. This change is inversely proportional
to the square root of the BW change96. Image acquisition and reconstruction algorithms
and optimal RF coil type (further discussed in section 1.4.6) can also improve SNR. In
addition, scan parameters can be modified to increase SNR. For example, increasing the
slice thickness or field of view (FOV), decreasing the TE or increasing the TR.
When SNR is increased there is often a trade off at the expense of scan time or resolution.
For example, increasing SNR (x2) by increasing the NEX (x4) will increase scan time
linearly (x4). An increase in voxel size will allow for more signal and higher SNR, but
with the trade off of a lower spatial resolution. These are all choices that need to be
considered to produce images with sufficient SNR in a reasonable scan time.

1.4.6. Radiofrequency Coils
RF coils are responsible for transmission of energy and subsequent reception to collect
data for MR images. Coils can be receive only (in which case the body coil transmits) or
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can perform both transmit/receive functions. There are a number of coil configurations
which are generally classified by their geometry: surface and volume coils. The design
and efficiency of coils contributes to achievable SNR. Below will be a general discussion
of surface and birdcage volume coils, with respect to their advantages and limitations, as
each was used in this thesis. In this study at 9.4T we utilized an in-house built dual-tuned
1

H/19F birdcage coil, while at 3T we utilized a commercially built switchable 1H/19F

surface coil. Each of these is shown in Figure 1.6.
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a

b

Figure 1.6: Radiofrequency (RF) coils. (a) Switchable 1H/19F surface coil used at 3T
with a 43 mm side length. (b) Dual-tuned 1H/19F birdcage coil used at 9.4T with a 30
mm inner diameter.
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Surface coils are the simplest design of a RF coil; it is essentially a loop of wire that lays
on the surface of the object being imaged. They have the advantage of increased
sensitivity, and subsequently image SNR when compared to a volume coil104. When
imaging with a surface coil, there is a decrease in signal as the object is imaged further
away from the coil. This is because surface coils have an “effective area” which includes
a FOV up to a distance comparable to the radius of a circular loop, or ½ the side length of
a square loop105. For example, our surface coil has a side length of 43 mm so the effective
imaging region includes a distance of ~21 mm within the sample. Features further than
this will have a reduced SNR. Therefore, in a human this coil is only useful for imaging
regions of interest superficially. However, when imaging a mouse, this coil can almost
image head to toe with the ability to image the majority of the mouse, front to back
(Supplementary Figure 3).
A volume coil allows for a uniform signal independent of depth, resulting in the
homogeneity of signal being much better than surface coils. Birdcage coils are a common
type of volume coil used in MRI. Birdcage coils consist of two circular loops, referred to
as end rings. The end rings are connected by equally spaced straight elements (rungs),
situated parallel to the magnetic field B0. Sensitivity can be controlled through many
design applications, but with respect to our use, it is improved with smaller dimensions106.

1.5. Cell Tracking
Currently there are multiple techniques to track cells in vivo. These include radioactive
tracers

(positron

emission

tomography

and

single-photon

emission

computed

tomography), optical imaging (bioluminescence imaging and fluorescence imaging),
magnetic particle imaging and MRI utilizing superparamagnetic iron oxide (SPIO),

19

F

and gadolinium (Gd). There are advantages and limitations associated with each including
radiation exposure, depth limitations and quantification challenges.

32

1.5.1. Cellular MRI
Cellular MRI is an established tool which allows for in vivo tracking of cells through the
use of contrast agents, commonly with iron oxide nanoparticles and more recently,

19

F-

based nanoemulsions. These agents can be co-incubated with cells for in vitro uptake, or
injected intravenously (IV) for in situ uptake. Either way, we can use this technique to
non-invasively image cells to confirm correct administration, observe migration, and
evaluate longitudinal status of the cells. In the pre-clinical setting, imaging allows for
more rapid treatment optimization in animal models, as data can be obtained throughout
therapy instead of just at the endpoint. In the clinic, imaging presents an avenue to
evaluate the success of therapy at multiple time points, often before symptomatic
indicators are available. This provides the capability to verify both the success of delivery
and evaluate treatment progression, providing the capability to intervene if necessary.
Tissue contrast (ie the difference in grey-scale values) is essential in MRI to create an
anatomical image, and this is emphasized in 1H images used for cell detection by the use
of contrast agents. Positive enhancement (bright signal) can be achieved with Gd or
manganese agents, while negative contrast (black) can be generated with iron oxide
agents.

1.5.2. Iron-Based Cellular MRI
Iron oxide nanoparticles are the most commonly used contrast agents for MRI cell
tracking and the development of this technology has been thoroughly reviewed107–112.
These agents create negative contrast in T2- or T2*-weighted proton MR images because
iron causes a local magnetic field inhomogeneity that leads to shorter transverse (T2) and
effective transverse (T2*) relaxation times of nearby nuclei; this results in MR signal loss,
which extends to occupy more space in an image than the dimensions of the contrast
agent or cell itself, and is known as the “blooming artifact”113. MR contrast is derived
from the ability of iron oxide nanoparticles to change local relaxation rates, which
depends on relaxivity values and contrast agent concentration111,114; it is also sensitive to
imaging parameters such as field strength102,114, pulse sequence115, resolution113, and
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SNR113. Iron-labeled cells may appear as large areas of hypointensity or discrete regions
of signal void in MR images depending on the total amount of iron in the target area.
Many different iron oxide nanoparticles are available and they fall into three categories
based on size. Kochinkski and colleagues recently reviewed iron oxide contrast agents for
MRI and compared the properties and clinical approval status of several commonly used
agents in the field111. In general, micron-sized particles of iron oxide (MPIO) are the
largest with diameters ≥ 1 µm and have the highest iron loading per particle. SPIO are
relatively smaller at about 50-100 nm116, and the smallest agents are ultra-small
paramagnetic iron oxides (USPIO) at ≤50 nm in diameter111,116. Selection of an MPIO,
SPIO, or USPIO contrast agent for imaging depends on the application. For example,
when labeling cells in situ, most studies use USPIO agents that are smaller and have
longer circulation times, leading to greater uptake; this will be discussed more in Section
1.5.4. For labeling cells in culture SPIO and MPIO are used most often. The iron content
of a single MPIO particle is about 1 pg Fe/particle and is equivalent to 1.5 million SPIO
particles or 4.3 million USPIO117. Labeling cells with MPIO therefore offers the ability to
substantially increase iron content within cells volume and improves cell detectability in
vivo. Notably, single cell detection is possible, even at clinical field strengths, with MPIO
or SPIO cell labeling113,118–120. However, applications with MPIO are limited to
preclinical investigation because the polymer matrix composition of these particles is not
biodegradable, as they are for USPIO and SPIO.
The quantification of iron-labeled cells is challenging121,122. A number of approaches have
been used to measure the signal loss caused by iron. This includes counting individual
signal voids, calculating the area or volume of the signal loss123, calculating the degree of
contrast generated by iron-labeled cells (fractional signal loss) or measuring the T2/T2*
relaxation rate124–127. These values can be related to the presence of cells and under some
conditions can be related to cell number if the iron loading per cell is known. In most
cases though, it is not possible to determine the actual number of iron-labeled cells from
the image data because the correlation between signal loss and iron concentration is only
linear for small concentrations of iron. At high concentrations of iron per voxel the
fractional signal loss reaches a saturation plateau113.
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1.5.3.

19

F-based Cellular MRI

Fluorine-19 (19F) is a newly emerging imaging technique for MRI cell tracking that
addresses some of the limitations associated with iron-labeled cell tracking. Uses of

19

F

MRI are plentiful and have wide varieties which include: oxygen tension mapping,
molecular imaging and cell tracking. In contrast to the indirect visualization of iron oxide
nanoparticles by observed signal loss, the spins of

19

F nuclei are directly detected and

image contrast is proportional to the number of 19F spins per voxel. Endogenous fluorine
does not contribute to any measurable tissue background signal, which prevents nonspecific contrast agent identification, and allows for direct quantification of the number of
19

F spins from the agent administered. This method has previously been reviewed by

several authors128–130. In comparison to iron-labeled cell tracking, sensitivity is low,
requiring thousands of cells per voxel, and an additional 1H MR scan is required attain
anatomical context for the

19

F signal. Fluorinated cell tracking agents for MRI are

relatively new in comparison to iron oxide nanoparticles and fewer designs have been
developed to date. Commonly, linear or cyclic perfluorocarbons (PFCs) are used for cell
tracking applications, though other formulations exist and are under investigation. PFCs
have a high stability as well as chemical and biological inertness131, partly due to the
strong C-F bond, which justifies their use in clinical applications. PFCs have had use as
blood substitutes as artificial oxygen carriers132 and have been investigated as such,
allowing for studies on biodistribution and toxicity. PFCs accumulate in the RES, mainly
in the phagocytic cells in the liver and spleen (and also in bone marrow and lymph
nodes). Elimination of the PFCs is through breakdown into individual PFC molecules,
through the blood, and transported to lungs, liver and spleen, resulting in excretion
through the lungs and skin. Commercially available

19

F-based agents include CelSense

(CS-1000) and V-Sense (VS-1000H), which are based on a perfluoropolyethers (Celsense
Inc., Pittsburg, PA, USA)130.
Quantification of

19

F pre-labeled cells is more straightforward than iron-based methods

since there is a linear relationship between PFC content within a voxel and 19F signal. For
cells preloaded with PFCs there is potential to determine the absolute cell number from
MR images133. To do this requires three measurements: 1) the number of 19F spins per cell
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as determined by NMR from a labeled cell sample, 2) the signal obtained from a uniform
reference phantom (typically the dilution of the original cell labeling agent) and 3) the
signal obtained from the ROI containing the PFC-labeled cells in the MR image.

1.5.4. In Situ Labeling of Immune Cells
To track inflammation, iron particles or a PFC agent can be administered IV. An
estimated 95% of the agent is internalized by monocytes/macrophages both within the
tumour (Fig 1.7), and throughout the body in the reticuloendothelial system (RES)134
(specifically, the Kupffer cells of the liver and macrophages in the spleen, bone marrow,
and lymph nodes). MRI is typically performed 1 day after the administration of iron, and
1-2 days post PFC to allow time for accumulation in cells and to permit clearance of
intravascular label. Areas that contain iron- or PFC-labeled cells appear as regions of low
signal intensity in iron-sensitive MR images, or positive signal in

19

F MR images. This

method has been useful for determining the extent and location of inflammation and for
monitoring responses to anti-inflammatory treatments.
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USPIO or PFC
Macrophage

Figure 1.7: Intravenous injection of a USPIO or PFC via the tail vein in a tumourbearing mouse. The imaging agent travels through the vasculature where it is taken
up by macrophages in vivo. This facilitates their detection by MRI.

37

Utilizing USPIO has been used extensively to study macrophages involved in a number
of vascular inflammatory diseases including atherosclerosis135, myocardial infarction136
and heart failure. Inflammation within atherosclerotic tissue is now widely accepted as a
key determinant of the disease process. The presence of macrophages in atherosclerotic
plaques is an indicator of plaques which are more susceptible to rupture with the potential
to ultimately produce thrombosis and acute ischemic events including MI and
stroke137,138. A number of preclinical studies have been successful tracking macrophages
in vivo in studies of atherosclerosis of the aorta135,139 and have demonstrated that signal
loss attributable to uptake of iron particles is proportional to macrophage density in
plaques. Since an increase in the number of macrophages within plaques is positively
associated with instability140, the ability to correlate an area of low signal intensity within
the plaque to the accumulation of macrophages may provide a means to predict prognosis
and the risk of infarct.
19

F-based cell tracking methods have also been applied to study inflammation in a variety

of preclinical studies, including arthritic inflammation141, pulmonary inflammation142,
EAE143, cardiovascular144 and transplantation models145,146. For these studies PFCs are
administered IV and, as with iron-based cell tracking, are taken up by macrophages in
vivo. The difference with 19F-MRI, when compared to other imaging modalities, is that it
can detect the inflammatory sites and measure of the relative level of inflammation143–
145,147–149

. In addition to the quantification potential, imaging with

19

F MRI does not

produce anatomical image distortions, compared to iron oxide.
TAMs have been imaged with iron-based cellular MRI methods in preclinical models of
breast150,151, lung152, colon152, sarcoma152 and transplantable models of cancer153,154.
Daldrup-Link et al. first demonstrated that USPIO was preferentially taken up by TAMs
and not by tumors cells150. Shih et al. showed that TAMs appear continually with the
expansion of the tumor as signal voids in MR images. The extent of TAM infiltration and
the distribution of TAMs changes over time as tumors develop154. 19F MRI has also been
used to image TAMs, quantifying the content of

19

F signal within the tumour123,155–157.

Much of the information known about TAMs is based on histological observations with
the invasive nature limiting whole tumour analysis, longitudinal studies and detection of
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metastatic sites. The ability to observe TAMs non-invasively and longitudinally in vivo
will add greatly to understanding the spatial and temporal changes of this cell population
in the tumor microenvironment. A measurement of the number of TAMs in individual
tumors may allow for identification of tumors which are heavily infiltrated with TAMs
and could be used as a biomarker for decisions about how to best treat these patients and
for monitoring responses to therapy.

1.6. Purpose of Thesis
This thesis uses iron- and 19F-based cellular MRI to detect and quantify TAMs in models
of breast cancer. The objectives of this work were to compare these two methods for
TAM quantification and then apply this method to detect differences in varying murine
breast cancer models of aggressiveness. The final objective was to develop and
implement 19F MRI cell tracking on a 3T clinical MRI system.

1.6.1. Hypotheses
1. Iron- and 19F-based MRI will both be able to detect TAMs in a murine model
of breast cancer.

19

F MRI will have superior quantitative ability versus iron-

based MRI.
2.

19

F MRI will be able to quantify and detect differences in

19

F spin content

between murine breast cancer tumours of varying aggressiveness. 19F spins in
metastatic locations will be detectable.
3. Development of 19F MRI on a 3T clinical system will allow for detection and
quantification of TAMs in a murine model of cancer.
Chapter 2 compares iron- and

19

F-based MRI for the detection of TAMs in a murine

model of breast cancer, at different stages of growth. This work introduces the advantages
of 19F MRI for the purposes of in vivo macrophage tracking. This chapter was published
in Scientific Reports (Makela AV et al. Quantifying tumour associated macrophages in
breast cancer: a comparison of iron and fluorine-based MRI cell tracking. Scientific
Reports. 2017;7;42109)
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Chapter 3 demonstrates the application of

19

F MRI cell tracking to detect and quantify

TAMs within murine breast cancer models of varying aggressiveness. The ability to
differentiate between these 3 models using

19

F MRI suggests this may be of use as a

biomarker in breast cancer. We also investigated the use of 19F MRI to detect MAMs. 19F
signal was examined in lung metastases and lymph nodes. Not every lung metastasis
contained detectable 19F signal. 19F signal was more often detected in lymph nodes on the
same side as the primary tumour but were also detected in some normal healthy mice.
This chapter was published in Magnetic Resonance in Medicine (Makela AV, Foster PJ.
Imaging macrophage distribution and density in mammary tumours and lung metastases
using fluorine-19 MRI cell tracking. Magnetic Resonance in Medicine. 2018;80:11381147)
Chapter 4 presents the development and application of

19

F MRI to image TAMs in a

murine model of breast cancer, on a 3T clinical MR system. Here, in vitro PFC-labeled
macrophages and in vivo murine tumours were used to assess 19F quantification accuracy
using a varying number of NEX. Furthermore, this work employed an alternative

19

F

analysis method with the aim of reducing user bias. This chapter was published in
Magnetic Resonance Materials Physics, Biology and Medicine (Makela AV, Foster PJ.
Preclinical

19

F MRI cell tracking at 3 tesla. Magn Reson Mater Phy. 2018:DOI:

10.1007/s10334-018-0715-7)
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Chapter 2
2 Quantifying Tumor Associated Macrophages In Breast
Cancer: A Comparison Of Iron And Fluorine-Based MRI
Cell Tracking
Objectives: Tumor associated macrophages (TAMs) are associated with tumor growth
and metastasis. MRI can detect TAMs labeled with iron oxide (USPIO) or
perfluorocarbon (PFC) agents. This study compared these two cell tracking approaches
for imaging TAMs in vivo. Methods: 4T1 tumors were imaged with MRI at 4 days or 3
weeks post cell implantation after intravenous (i.v.) administration of either USPIO or
PFC. Results: Signal loss was detected within tumors at both time points post USPIO.
Images acquired at 4 days demonstrated signal loss encompassing the entire tumor and
around the periphery at 3 weeks. Number of black voxels suggested higher numbers of
TAMs in the tumor at the later time point. After PFC administration, Fluorine-19 (19F)
signal was detected in a similar spatial distribution as signal loss post USPIO. 19F signal
quantification revealed that the number of 19F spins was not significantly different at the
two time points, suggesting a similar number of TAMs were present in tumors but
accumulated in different regions. 19F signal was higher centrally in tumors at 4 days and
heterogenous around the periphery at 3 weeks. Conclusions: This study revealed that 19Fbased cell tracking methods better represent TAM density and provides additional
information not achievable with iron-based methods.

2.1 Introduction
Inflammation is a key determinant in cancer behavior, playing a pivotal role in cancer
initiation and progression1. Tumor-associated macrophages (TAMs) are the major
leukocyte population among the tumor-infiltrating immune cells. Macrophages have been
shown to play a dual role in tumor growth either driving tumor rejection or tumor
progression, depending on timing and type of macrophage activation2.
In breast cancer, TAMs have been linked to increased metastasis, angiogenesis and tumor
aggressiveness2,3. Histological studies of biopsies from human breast tumors showed
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significantly higher numbers of TAMs in malignant tumors compared with benign
tumors4. More recent studies of breast cancer patients show that the presence of CD163+
macrophages (TAMs) positively correlates with triple negative breast cancer (TNBC).5
Therefore, recruitment of TAMs could play a significant role in the outcome of TNBC
patients and explain their poor prognosis. Experimental evidence also suggests that TAMs
influence the metastatic potential of tumors2. Overall, high infiltration of TAMs in breast
tumors predicts unfavorable outcomes.
Most studies of TAMs in breast cancer are performed using histology; a number of these
approaches have been reviewed6. Although these methods are able to provide detailed
molecular and morphologic information, they are limited by the need to euthanize the
animal. This permits only an end point analysis and limited amounts of sectioning, so that
only a small portion of a tumor is typically interrogated. The ability to observe TAMs in
breast cancer non-invasively and longitudinally in vivo would add tremendously to our
understanding of the spatial and temporal changes of this cell population in the tumor
microenvironment.
Macrophages can be imaged using in vivo cellular MRI techniques. To do this, iron
nanoparticles are administered intravenously (i.v.) and are subsequently internalized by
monocytes/macrophages in the reticuloendothelial system (specifically, the Kupffer cells
of the liver and macrophages in the spleen, bone marrow and lymph nodes). In the
presence of an inflammatory condition, iron nanoparticles are taken up by associated
macrophages and accumulate in the affected organ/tissue. MRI is typically performed one
day after the administration of iron, to allow time for the accumulation of labeled cells
and to permit clearance of intravascular iron7. The in vivo labeling efficiency of
macrophages is dependent upon many factors including macrophage polarization and the
type of nanoparticle used (amount, size, coating); not all macrophages become labeled.
However, most of these studies use ultra-small superparamagnetic iron oxide (USPIO)
agents, which are smaller and have longer circulation times compared to larger iron oxide
agents, leading to greater uptake. Areas which contain iron-labeled inflammatory cells
appear as regions of low signal intensity in iron sensitive MR images. This approach has
been used to image inflammation in many diseases including atherosclerosis8, multiple
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sclerosis9 and arthritis10. TAMs have been previously imaged this way in a preclinical
models of breast7,11, lung12, colon12, hepatic13 and nasopharyngeal14 cancer. Cellular MRI
has high sensitivity for the detection of iron-labeled TAMs, but is limited by low
specificity. In addition, quantification of the signal loss caused by iron-labeled cells is
complicated due to the non-linear relationship between iron concentration and signal loss.
The use of a fluorine-19 (19F) imaging agent is a newly emerging technique for MRI cell
tracking. 19F-based cell tracking of macrophages is achieved through the administration of
perfluorocarbons (PFCs), which are phagocytosed in vivo by macrophages, similar to the
uptake of iron nanoparticles previously described.

19

F MRI addresses some of the

limitations associated with iron-labeled cell tracking. First, there is no MRI detectable
fluorine in the native tissue, which allows for high specificity. Second, in contrast to the
indirect visualization of iron-labeled cells by observed signal loss, the spins of 19F nuclei
are directly detected and 19F signal is proportional to the number of 19F spins per voxel.
The main limitation of 19F MRI cell tracking is lower sensitivity. For 19F MRI to produce
image quality similar to that of proton images used to detect signal loss due to iron, there
must be a very high concentration of

19

F atoms. Most studies have been performed at

higher magnetic field strengths since low signal to noise ratios (SNR) present challenges
due to the low 19F concentrations in vivo. The current cellular detection sensitivity for 19F
MRI is estimated to be on the order of thousands of

19

F labeled cells per voxel. Where

there are lower numbers of labeled cells, they may not be detected and therefore there is a
risk of underestimating cell number. 19F-based cell tracking methods have been applied to
detect and monitor inflammation in a variety of experimental models including arthritis,15
cancer16,17, pulmonary inflammation18, multiple sclerosis19, cardiovascular inflammation20
and transplantation rejection models21,22. This method has been reviewed by a number of
groups23–25. In this paper we compare iron-based and 19F-based MRI for the identification
and quantification of TAMs in a mouse model of breast cancer.
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2.2 Methods
2.2.1 Cell Culture
4T1 murine breast cancer cells (Dr. Fred Miller, Wayne State University, MI, USA) were
chosen due to their known TAM content26. This cell line closely resembles a human, late
stage breast cancer which exhibits metastases27. Cells were maintained at 37°C and 5%
CO2 in Dulbecco’s Modified Eagle’s Medium-high glucose media (Invitrogen, Ontario,
Canada) supplemented with 10% fetal bovine serum and passaged every 2-3 days.

2.2.2 Animal Model
Female BALB/c mice (6-7 weeks; Charles River Canada) were obtained and cared for in
accordance with the standards of the Canadian Council on Animal Care, under an
approved protocol by the Animal Use Subcommittee of Western University’s Council on
Animal Care. Mice (n = 20) were anesthetized with isoflurane administered at 2% in
oxygen followed by an injection of 300,000 4T1 cells (>95% viability, measured using
the trypan blue exclusion assay) suspended in 50 µl Hanks balanced salt solution (HBSS)
into the 4th mammary fat pad. The injection site was monitored daily. For iron-based
imaging, 0.5 mmol/kg Ferahame (Ferumoxytol, AMAG Pharmaceuticals Inc, MA, USA)
was injected via tail vein 24 hours before post iron imaging. For fluorine-based imaging,
mice were administered 200 µl (~7.8E19

19

F atoms in 1 ml) PFC agent (V-Sense, VS-

1000H DM Red; CelSense Inc. Pittsburgh, USA) via the tail vein 48 hours prior to
imaging. This PFC has a red fluorescent tag (Texas Red). Animals were observed until
alert and active, when they were returned to their cages.

2.2.3 MRI
In vivo proton (1H) and 19F MRI were performed at two time points: (1) when the tumor
was first palpable (imaged at 4 days) and (2) at 3 weeks post cancer cell implantation.
While imaging, mice were anesthetized with 2% isoflurane in oxygen. USPIO imaging (4
day n = 4, 3 week n = 7): Images were obtained pre and 24 hours post i.v. USPIO on a 3
Tesla (T) GE clinical MR system (General Electric, Mississauga, Canada) equipped with
a custom built insertable gradient coil (maximum gradient strength 500 mT/m and peak
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slew rate 3000 T/m/s) and using a solenoidal mouse body radiofrequency (RF) coil. A 3D
balanced steady state free precession (bSSFP) imaging sequence was used to obtain high
resolution 1H images of the whole mouse body. Image resolution was 200 x 200 x 200
µm and sequence parameters were as follows: FOV = 60 x 30 mm, matrix = 300 x 150,
flip angle = 35°, bandwidth = 31 kHz, TR/TE = 6.3/3.1 ms, 2 averages and 8 phase cycles
resulting in a scan time of ~30 minutes. PFC imaging (4 day n = 5, 3 week n = 4): 1H and
19

F images were acquired 48 hours post PFC with a 9.4T Varian small animal MRI

system using a custom built dual 1H/19F birdcage coil, tuned to 400.2 MHz for proton and
376.8 MHz for 19F imaging. A higher magnetic field was used for 19F imaging due to the
lower detection sensitivity. Reference tubes of known
19

19

F concentration (3.33 x 1016

F/µl) were placed alongside the mouse for quantification purposes. 1H and

19

F images

were acquired with a bSSFP sequence. 1H images were acquired with 200x200x200 µm
spatial resolution and the following parameters: FOV = 50 x 36 x 36 mm, matrix = 250 x
180 x 180, flip angle = 30°, bandwidth = 87 kHz, TR/TE = 3.9/1.9 ms, 3 averages and 4
phase cycles with a scan time of ~20 minutes. 19F images were acquired with 500 x 500 x
1000 µm spatial resolution with the following parameters: FOV = 50 x 36 x 36 mm,
matrix = 100 x 72 x 36, flip angle = 70°, bandwidth = 25 kHz, TR/TE = 5.5/2.8 ms, 30
averages and 4 phase cycles resulting in a scan time of ~35 minutes. Excitation was
performed with a 1 kHz gauss pulse to prevent detection of isoflurane.

2.2.4 Histological Analysis
Mice

were

euthanized

via

intraperitoneal

injection

of

sodium

pentobarbital

(Euthanyl;Bimeda-MTC Animal Health Inc., Cambridge, ON, Canada) immediately
following the last MR exam. The tumors from mice that received USPIO were excised
and placed in 4% formalin for fixation. Tumors were paraffin embedded, sectioned (6
µm) and subsequently stained with hematoxylin and eosin (H&E), Perls’ Prussian Blue
(PPB) for iron and biotinylated isolectin B4 (Sigma Adrich) which binds to the galactosetype terminal present on activated macrophages. Mice that received PFC were
transcardially perfused with saline followed by 4% paraformaldehyde (PFA) to reduce
autofluorescence within specimens. Tumors were excised and cryoprotected by passage
through a sucrose gradient of 10%, 20% and 30% for 24 hours each. Samples were then
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frozen in an OCT compound and cryostat sections were collected (10 µm).
Diaminobenzidine (DAB) and fluorescent immunohistochemistry (IHC) was performed
for lectin and fluorescent images were collected to detect the red-fluorescence from the
PFC agent.
Microscopy was performed using a Zeiss Axio Imager A1 microscope (Zeiss Canada,
Toronto, ON, Canada) equipped with a Retiga EXi (QImaging Scientific Research
Cameras, Surrey, BC, Canada) digital camera. The use of a slide scanner (TissueScope,
Huron Technologies, Waterloo, ON, Canada) allowed for digital whole tumor section
scanning (0.5 µm resolution).

2.2.5 Analysis of MRI data
USPIO imaging: Analysis of signal loss in tumor images was performed using OsiriX
imaging software (Pixmeo SARL, Bernex, Switzerland). Pre and post iron images were
compared to detect regions of signal loss that were present within tumors post USPIO.
Tumors were manually outlined slice by slice in post iron images, creating a 3D tumor
volume. The total number of black voxels per tumor (defined as the voxels which contain
signal loss) was then determined from these volumes by setting a threshold. The threshold
was chosen by measuring the mean signal intensity + 2 standard deviations from within
the signal void region. Then the total number of black voxels with signal intensity values
below this threshold value was obtained from the tumor histogram. The 3D isotropic
voxels allowed multi-planar reformatting to compare the spatial distribution of PPB
staining of a whole tumor section to signal loss on MR images.
PFC Imaging:
19

19

F images were overlaid onto the proton images to determine where the

F signal was located within the mouse. From

19

F images, voxels containing

which were within the tumor were manually delineated and

19

19

F signal

F quantification was

performed using VoxelTracker software (Celsense Inc., Pittsburgh, Philadelphia, USA).
In brief, the total number of 19F spins were determined by comparing the sum of the 19F
signal within a region of interest to the signal generated by a reference tube containing a
known amount of 19F spins (3.33 x 1016 19F/µl) and taking into consideration signal from
noise.
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2.2.6 Statistical Analysis
Statistical analyses were performed using GraphPad Prism software (GraphPad Software
Inc, La Jolla, CA, USA). Data are expressed as mean ± SD. Unpaired, two-tailed t-tests
were performed on quantification between time points, within imaging method; p< 0.05
was considered a significant finding.

2.3 Results
All mice developed 4T1 mammary fat pad tumors. Images of mice that received USPIO
showed regions of signal hypointensity within the tumors. For mice that were injected on
day 3 post cell implantation and imaged on day 4, tumors were relatively small; the mean
tumor volume was 26.7 mm3 and the region of signal loss covered the entire tumor
volume. For mice imaged at 3 weeks post cell implantation the regions of signal loss were
mainly in the periphery and not within the central region of the tumor. Tumors were
significantly larger at this stage; the mean tumor volume was 534 mm3. Representative
images acquired post USPIO are shown in Figure 2.1.
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Figure 2.1 Iron-based MRI cell tracking. Sagittal bSSFP images of mammary fat
pad tumours acquired 24 hours post USPIO administration. (A) 4 days post 4T1
cancer cell injection: Signal loss encompasses the entire tumour volume (B) 3 weeks
post 4T1 cancer cell injection: The tumour is larger; signal loss is now seen around
the periphery of the tumour and not within the central core. Scale bars represent 5
mm.
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19

F MRI images were created by an overlay of hydrogen (1H) and

19

F MR datasets

(Supplementary Figure 1) which were obtained post PFC; these images showed 19F signal
in a pattern similar to the post USPIO images for each time point. The number of

19

F

spins per voxel can be determined from these images, allowing for mapping of the

19

F

density over the tumor volume
Figure 2.2 shows

19

F images at both time points, with adjacent slices below

demonstrating signal distribution through the tumor. For mice that were imaged on day 4
there is 19F signal throughout the whole tumor, with a higher number of 19F spins in the
central region of the tumor compared to the periphery (Fig 2.2a). For mice imaged at 3
weeks the 19F signal is around the periphery and the number of 19F spins is heterogeneous
in this region (Fig 2.2b).
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Figure 2.2:

19

F-based MRI cell tracking. bSSFP images of mammary fat pad

tumours acquired 48 hours post PFC administration. (a) 4 days post 4T1 cancer cell
injection: 19F signal is detected throughout the entire tumour with a higher density
visualized within the center of the tumour (pink) when compared to the periphery.
(b) 3 weeks post 4T1 cancer cell injection:

19

F signal is detected, heterogeneous in

density, only along the periphery of the tumour. Cropped images that are placed
below each of the main images show the adjacent image slices (1 mm) containing 19F
signal. The color bar demonstrates range of

19

F spins.

19

F signal is also detected in

reference tubes (ref), bone marrow and spleen. Scale bars represent 5 mm.

63

For post USPIO images the signal loss was quantified by measuring the number of black
voxels for each tumor volume, presented as mean values and standard deviation for each
time point (Fig 2.3). This analysis suggests that there is a significant increase (p = 0.003)
in the number of TAMs at 3 weeks compared to 4 days.
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Figure 2.3: USPIO-based MRI quantification. Signal loss from iron was quantified
by measuring the number of black voxels in whole tumour volumes. Mean values
with standard deviation are shown for each time point. The asterisk denotes a
significantly higher number of black voxels (*p< .05; t-test) were detected at 3 weeks
(n = 7) compared to 4 days (n = 4).
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For post PFC imaging the number of

19

F spins was determined for each tumor volume,

presented as mean values and standard deviation for each time point (Fig 2.4). Analysis of
these results indicates that there is no significant difference (p = 0.4614) in TAMs
between the two time points.
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Figure 2.4: PFC-based MRI quantification. Quantification of the number of
spins was achieved by manually selecting voxels with

19

19

F

F signal within the whole

tumour. Mean values with standard deviation are shown for each time point. No
significant difference (p>.05; t-test) was found between the number of

19

F spins in

whole tumour volumes between 4 day (n=5) and 3 week (n=4) post 4T1 cancer cell
injection.
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PPB staining for iron in tumors showed good spatial correspondence with MRI.
Representative PPB staining for tumors at each time point is shown in Figure 2.5. In
tumors examined post USPIO at 4 days, PPB-positive cells were observed scattered
throughout the tumor (Fig 2.5b). In contrast, PPB staining was primarily observed in the
tumor periphery for the tumors examined at 3 weeks (Fig 2.5e). Higher power
magnification of the tumor regions where PPB staining was observed shows that not all
cells in these regions are iron-positive (Fig 2.5b and e, insets). MR images are zoomed in
to demonstrate the blooming artifact (black) caused by iron nanoparticles, which leads to
an overestimation of the space occupied by iron-labeled cells (Fig 2.5a and d, insets).
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Figure 2.5: Good spatial correspondence between signal loss on MRI and PPB
stained whole tumour sections. MRI acquired 24 hours post IV iron, the
corresponding PPB stained tumour sections and PPB staining overlaid onto the
images. (a-c) 4 days post 4T1 cancer cell injection and (d-f) 3 weeks post 4T1 cancer
cell injection. The spatial distribution of PPB stained cells relates well to where
signal loss is observed by MRI although it is clear that the blooming effect of iron in
MR images leads to a greater area of signal void than is actually occupied by the
iron-positive cells. Higher magnification insets in (a&d) visualize the saturated
signal loss due to USPIO-labeled cells and associated blooming and insets (b&e)
demonstrate that not all of the cells are PPB positive. Scale bars represent 5 mm.
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19

F-based MRI signal detection was validated using fluorescence microscopy for

macrophage staining and detection of the red fluorescent PFC. Figure 2.6 shows the
detection of positive lectin staining for macrophages (Fig 2.6a, green) and red
fluorescence associated with V-Sense (Fig 2.6b) located in the periphery of tumor
sections obtained at 3 weeks post implantation. When an overlay of these images is
created, PFC labeled macrophages can be detected as yellow (white arrow heads). Note
there are also macrophages that are not PFC labeled (Fig 2.6d, white arrow) – just green –
this is to be expected since PFC is administered 2 days prior to MRI and the removal of
tumors and TAM infiltration is dynamic.
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Figure 2.6: Fluorescence microscopy validates PFC labeled TAMs. Fluorescence
microscopy visualizing the periphery of a tumour 3 weeks post 4T1 cancer cell
injection validates that TAMs have been labeled in vivo with the PFC agent. (a)
Lectin stained (activated) macrophages = green and (b) PFC agent = red. (c) An
overlay demonstrates yellow PFC-labeled macrophages. (d) A zoomed in portion of
the overlay shows the presence of both PFC-labeled macrophages (white
arrowheads) and unlabeled macrophages (white arrow).
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2.4 Discussion
In this study we have assessed iron-based and

19

F-based MRI methods for imaging

TAMs. To the best of our knowledge, this is the first time these two imaging approaches
have been compared for TAM detection in the same cancer model. Two different MRI
systems were utilized for these methods. Proton images for detection of signal loss due to
iron-labeled cells were acquired using a 3T clinical MRI system along with a custom built
insertable gradient coil which permits high resolution imaging of mice on a human sized
scanner.

19

F images were acquired using a 9.4T dedicated small animal MRI system to

boost SNR as a way to compensate for decreased detection sensitivity.
Both imaging methods revealed the early presence of TAMs, when tumors were first
palpable. Although the dynamics of immune cell infiltration in tumors is not well
understood, several histology-based studies have observed a pronounced immune cell
infiltration in very early, low-grade pre-invasive tumors. Clark et al. showed that TAMs,
myeloid derived suppressor cells (MDSC) and regulatory T cells dominated the early
response, and persisted as tumors became more invasive, in a model of pancreatic ductal
carcinoma28. Effector T cells, on the other hand, were scarce in pre-invasive lesions and
found only in advanced cancer. Their results suggest that immunosuppressive cells of the
immune system may appear very early in tumor development. TAMs may initially arrive
at the site of a developing tumor with a suppressive (M1) phenotype and soon after be
converted to the tumor promoting (M2) type macrophage2. Extensive infiltration of
TAMs was shown at one week after a tumor challenge in a humanized mouse model of
prostate cancer. These TAMs were of mixed M1/M2 phenotype and simultaneously
produced pro-inflammatory and anti-inflammatory cytokines29.
Both imaging methods we used showed the same spatial distribution of TAMs at each
time point; throughout the entire tumor at 4 days and restricted to the periphery at 3
weeks. Past studies have used both iron and 19F-based cellular MRI methods to visualize
TAMs in various cancer models and at various time points. One study injected iron
nanoparticles on day 5 and used MRI to follow TAMs during growth of implanted tumor
fragments14. Expansion of the tumor was accompanied by signal loss, confirmed to be
related to TAM accumulation, and was specifically associated with the region of the
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implant which produced a budding tumor mass. Others have observed signal loss,
attributed to TAMs, distributed heterogeneously throughout the tumor7,11. At this time
only two studies have used
pilot study which detected

19

F MRI to image macrophages associated with cancer. In a

19

F signal in a 4T1 tumor at one week post cancer cell

19

injection, F signal due to macrophage uptake was observed within the outer margin of
the tumor, thought to be contributing to the invasive front of the tumor17. In another study
early macrophage recruitment was visualized in the tumor rim after administration of a
PFC agent in Vaccinia virus colonized tumors16. The different patterns of signal loss in
these studies is likely related to differences in TAM content which should be expected at
different time points during tumorigenesis and for tumors with different levels of
aggressiveness.
The anti-tumor or pro-tumor activity of TAMs may depend on their localization within
cancer tissue30. Multiphoton intravital imaging techniques have been instrumental in
showing that in well developed tumors TAMs are mainly localized in the peripheral
tumor stroma and decrease in number towards the center31,32. The microenvironment at
the tumor periphery is very different from that in the core. Hypoxia is associated with the
center of a tumor. The tumor edge is thought of as a meeting place where recruited
immune and stromal cells interact are located33 and acts as a highway for cell migration.34
In mammary tumors the stroma of the tumor margin is filled with collagen fibers and
TAMs found in the tumor margin have been shown to accumulate in and migrate within
collagen rich regions35. TAMs are known to promote invasion of tumor cells at the tumor
periphery by supplying pro-migratory factors such as epidermal growth factor (EGF), by
regulating the production of collagen to accelerate tumor motility, and by promoting
extracellular matrix proteolytic remodeling33.
Quantification of the signal measured by each imaging technique produced different
results. The quantification of 19F signal, attributed to PFC-positive TAMs, indicated that
the total number of 19F spins was not different in the small, early tumors compared to the
larger tumors imaged at 3 weeks post cell injection. This result suggests the number of
TAMs doesn’t change much during tumor development over this time period but that the
location of the TAMs is altered. An in vivo murine study of TAMs has suggested they
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have a long life span (ie. at least 4-5 weeks) and although there is likely some turnover,
this may be offset by local proliferation and monocyte infiltration36.
Unlike iron particles, which are detected through their indirect effects on the surrounding
water protons, the 19F agent functions like a tracer in that 19F MRI directly detects the 19F
nuclei that are associated with the labeled cells; the 19F signal is directly proportional to
the number of 19F spins. Maps of the number of 19F spins in tumors provided additional
information on TAM distribution, revealing a higher number of

19

F spins (pink) in the

central region of tumors imaged at 4 days post cell injection and a heterogeneous pattern
of 19F spins around the periphery of tumors imaged at 3 weeks. We believe these methods
will allow for longitudinal monitoring of the density and distribution of TAMs in the
same subjects, which could provide valuable information on TAM localization and
accumulation over time.
The quantification of signal loss, attributed to iron-positive TAMs, suggested that TAM
infiltration was greater in larger tumors imaged at 3 weeks post cell implantation
compared to early tumors imaged at day 4. Quantifying signal loss, however, is not
straightforward because the relationship between signal loss and iron concentration is not
linear and because the presence of iron produces a localized disruption to the magnetic
field homogeneity, resulting in a region of signal loss that extends far beyond the actual
boundary of the cells. This is a susceptibility related artifact, known as the blooming
effect37. The size of the blooming artifact depends on several factors including: magnetic
field strength, type of iron particle, amount of iron particle uptake by the cell, the pulse
sequence and pulse sequence parameters37. In bSSFP images the blooming artifact is
relatively small, compared to standard gradient echo images which are more commonly
used, but it can still be in the range of 20-50 times the size of the cell38. Every USPIO
positive cell within the tumor will contribute to the signal loss within the tumor and
depending on the size of the signal void, signal loss from multiple cells will overlap and
will cause complete signal loss in areas of accumulation. For quantification, we chose a
volumetric measure, the number of black voxels per tumor. Brisset et al. compared four
quantitative methods for quantification of iron-labeled cells transplanted into mouse
brain: (1) T2 relaxometry, (2) T2* relaxometry, (3) the volume of the cloverleaf
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hypointense artifact generated on T2*-weighted images, and (4) the volume of the
cloverleaf hyperintense artifact generated on positive contrast images39. Only the volume
of the cloverleaf artifact, whether measured from negative or positive contrast, correlated
with cell number. Our histology showed that the regions of the tumor that contained ironpositive TAMs also contained other cells and iron-negative TAMs. Still, the blooming
effect caused by the iron-positive TAMs encompassed the entire region (the whole tumor
at day 4 and the entire periphery of the tumor at 3 weeks). This is important when
considering the total area of signal loss. The iron-labeled cells are more dispersed
throughout the larger tumor, and therefore lead to a calculation of a larger number of
black voxels at the later time point; the signal loss covers more space in a larger area. In
addition, when multiple nearby voxels contain iron-labeled cells the area of signal void
produced by the blooming artifact may overlap. This highlights the challenges faced
when measuring signal loss due to iron-labeled cells.
Other studies have used relaxometry to quantify signal loss due to iron-labeled cells. With
multi-gradient echo imaging T2 or T2* relaxation can be measured and T2/T2* maps
generated to show the distribution of iron-labeled cells in tumors. Although relaxometry
data allows for a direct estimate of cell number, these studies have only shown fair
agreement between the number of injected cells and the number estimated from T2
quantification and in vitro calibration curves40. In addition, the high iron content
associated with accumulation of TAMs leads to very short T2/T2* decay which is too
short to be accurately measured with standard gradient echo imaging. Ultra-short TE
relaxometry approaches have been proposed as ways to improve quantification of ironlabeled cells41.
19

F-based cell tracking does have some limitations when imaging TAMs. Compared to

iron-based methods, the detection sensitivity for labeled cells is much lower for

19

F.

19

F

MRI cell tracking likely underestimates the cell density in the tumor because of the low
detection sensitivity; thousands of cells per voxel are required for detection of PFClabeled cells, whereas single iron-labeled cells can be detected37,42. In experiments such as
this one where the PFC agent is administered i.v., it is not possible to quantify the number
of

19

F labeled cells, only the number of

19

F spins within the ROI. Quantification of cell
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number can only be determined in experiments where PFC is used to pre-label cells prior
to implantation and the number of 19F spins per cell is known. Additional information can
be determined post PFC administration if the tissues are removed and analyzed by
NMR. In this case, the total

19

19

F

F content of the sample is determined and results

normalized to tissue weight generating an “inflammation index”, expressed as the number
of 19F spins per gram of tissue19.
Understanding the trafficking and timing of TAM infiltration will provide valuable
insight into potential obstacles for developing anti-inflammatory treatments targeted
against TAM recruitment and function that may be beneficial for both tumor prevention
and therapy.

19

F-based imaging of TAMs in individual breast tumors would allow for

identification of breast tumors which are heavily infiltrated with TAMs and could be used
as a biomarker for decisions about how to best treat these patients and for monitoring
responses to therapy.
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Chapter 3
3 Imaging Macrophage Distribution And Density In
Mammary Tumors And Lung Metastases Using Fluorine19 MRI Cell Tracking
Purpose: The presence of tumor-associated macrophages (TAMs) correlates with breast
cancer progression and metastatic spread. Metastasis-associated macrophages (MAMs)
are also recruited to distant sites, where they support metastatic growth. In this study, we
demonstrate that in vivo fluorine-19 (19 F)-based MRI cell tracking can evaluate the
density and distribution of macrophages within murine breast cancer tumors and
associated metastases. Methods: Three murine breast cancer cell lines with different
metastatic potentials (4T1, 168FARN, and 67NR) were implanted into the mammary fat
pad in mice. In vivo whole body 19 F MRI was performed on tumor-bearing mice 24
hours post-intravenous injection of a perfluorocarbon (PFC) agent, which was taken up
by macrophages in situ. Results: TAMs were detected mainly in the periphery of primary
tumors, and higher numbers of TAMs were detected in the more aggressive 4T1 tumors.
Tumors had significantly greater 19 F spins/mm3 when they were smaller, suggesting
more TAM infiltration in early-stage tumors. 19 F signal was observed within lung
metastases in mice with 4T1 tumors, and fluorescence microscopy confirmed the
presence of PFC-positive macrophages. Conclusion: This study shows for the first time
proof of the ability to use MRI cell tracking to visualize MAMs in the lungs. The ability
to detect and monitor the number of TAMs in individual tumors with 19 F MRI would
allow for identification of breast tumors with heavy infiltration of TAMs and could be
used as a biomarker for decisions about how to best treat these patients as well as for
monitoring responses to therapy.

3.1 Introduction
Tumor-associated macrophages (TAMs) are the most abundant immune cell within the
microenvironment of many solid tumors1,2. In several types of cancer, the presence and
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number of TAMs has prognostic value. In breast cancer, TAM burden is associated with
high vascular grade, invasion, metastasis, reduced relapse-free survival, and decreased
overall survival3–7. A meta-analysis of clinical data showed that in 80% of breast cancer
cases there is a strong correlation between macrophage infiltration and poor prognosis8.
The clinical relevance of TAM infiltration in breast cancer has been demonstrated
previously by studying human tumor tissue samples. For example, Leek et al. assessed
human breast carcinoma samples stained with the commonly used pan-macrophage
marker cluster of differentiation (CD)68 and found a significant positive correlation
between high vascular grade and increased macrophage index, as well as a strong
relationship between increased macrophage counts and reduced relapse-free and overall
survival7. Medrek et al. compared CD163, a monocyte/macrophage marker that has been
shown to be expressed primarily by the tumor-promoting subtypes of macrophages, with
CD68 in breast cancer patient tumor specimens and evaluated whether the location of
macrophages within primary breast tumors was of clinical relevance9. Breast cancer
tumors with dense infiltration of CD163+ macrophages in the tumor stroma were of
higher grade, larger size, and had a higher proliferation index. Infiltration of CD68+
macrophages into the tumor stroma, but not the tumor nest (intratumoral), correlated with
poor overall survival. Gwak et al. showed that high levels of TAMs in all histological
locations had a close relationship with aggressive characteristics of tumors5. Differences
between the findings of these studies, and others, may be explained by use of different
markers, different methods for counting TAMs, or sampling of tumor tissues.
Importantly, these studies highlight the importance of analyzing the localization, as well
as the presence of TAMs, as a prognostic marker.
Macrophages located within or near metastases are referred to as metastasis-associated
macrophages (MAMs). There have been few studies investigating the role of MAMs in
breast cancer, and mechanisms for the formation and growth of metastases are still mostly
unknown. Using animal models of breast cancer metastasis to the lungs, Qian et al. have
shown that MAMs are recruited to metastatic breast cancer cells in the lung very early in
the metastatic process and are required for seeding and metastatic tumor formation10. This
research group has also demonstrated that these MAMs have a distinct phenotype,
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originating from inflammatory monocytes recruited by the CC-chemokine ligand 210–12.
Macrophages in tumor tissues have been characterized mainly using methods such as
immunohistochemistry (IHC), flow cytometry, or gene expression analyses. Although
these techniques provide detailed molecular and morphological information, they are
limited by the need to sacrifice the animal and only an endpoint analysis is permitted. In
vivo imaging methods are key to a better understanding of the presence, trafficking,
density, and localization of macrophages in tumors.
MRI is noninvasive and therefore permits multiple scanning sessions to monitor the
temporal features of tumors, whereas histology only permits a single snapshot in time.
MR images can be acquired in 3D, allowing whole organs to be analyzed in all spatial
orientations and without gaps between slices. This is unlike histological analyses in which
it is a practical impossibility to analyze a whole tumor, for example, section by section.
Cellular MRI allows for the in vivo detection and tracking of cells that have been labeled
with cellular contrast agents. Both iron oxide (USPIO) nanoparticles13–18 and fluorine-19
(19F) nanoemulsions18 have been used to label cells through intravenous (IV)
administration of these agents, which results in in situ labeling of macrophages through
passive targeting (by controlling factors such as size and surface characteristics) and
subsequent detection by MRI. Iron-based cell tracking is very sensitive, permitting singlecell detection under ideal conditions19, and has been more widely used. However, ironlabeled cells are detected indirectly as regions of signal void in proton images produced
by distortion in the magnetic field20, making quantification of cells difficult.
MRI is emerging as a useful tool for imaging cells.

19

19

F-based

F-labeled cells produce positive-

signal hot-spot images, with no background signal due to the lack of endogenous

19

F in

tissues. Images can be quantified allowing for measurements of the number of 19F spins
that have accumulated in a region. Previous studies have validated the use of 19F MRI for
tracking macrophages in a variety of preclinical models of disease, including arthritis21,
pulmonary inflammation22, multiple sclerosis23, cardiovascular inflammation24, and
transplantation rejection25,26. Daldrup-Link et al. was the first group to show that TAMs
in breast cancer take up USPIO, allowing for detection by MRI13. 19F MRI of TAMs has
recently been shown to enable discrimination between double- and single-hit head and
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neck cancer xenografts based on quantification of TAM density at the tumor periphery27.
This imaging technology could prove valuable in the clinic for identification of tumors
with high TAM content, providing an imaging biomarker for prognosis as well as for
monitoring posttreatment.
Our aim is to evaluate

19

F MRI cell tracking for the detection of TAMs and MAMs in

models of breast cancer. Our results indicate that this technique can be used to
discriminate between breast tumors of varying levels of aggressiveness. We also present
the first data on 19F MRI cell tracking of MAMs in the lungs.

3.2 Methods
3.2.1 Cell Culture
Three isogenic murine breast cancer cell lines were utilized: 1) 4T1, 2) 168FARN and 3)
67NR (All cells are from Dr. Fred Miller, Wayne State University, Detroit, Michigan).
These cell lines originate from a single spontaneous murine mammary tumor that has
been isolated and cloned. When implanted into the mammary fat pad, 4T1 is known to be
highly metastatic (lungs, liver, lymph nodes, bone, brain); 168FARN cells have only been
found to metastasize to lymph nodes; and 67NR cells are not known to be metastatic28.
Cells were maintained at 37°C and 5% CO2 in Dulbecco’s Modified Eagle’s Mediumhigh glucose media (Thermofisher, Ontario, Canada) supplemented with 10% fetal bovine
serum and passaged every 2 to 3 days. All cells were mycoplasma negative upon testing
using the MycoAlert Kit (Lonza Pharma-Bioscience, CA).

3.2.2 Animal Model
Female BALB/c mice (6 - 7 weeks; Charles River Canada) were obtained and cared for in
accordance with the standards of the Canadian Council on Animal Care under an
approved protocol by the Animal Use Subcommittee of Western University’s Council on
Animal Care. Mice were anesthetized with isoflurane administered at 2% in oxygen,
followed by an injection of 300,000 4T1 (n = 26), 168FARN (n = 13) or 67NR (n = 12)
cells (> 90% viability, measured using the trypan blue exclusion assay) suspended in 50
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µl Hanks balanced salt solution into the fourth (inguinal) mammary fat pad, as previously
reported29,30. Animals were observed until alert and active, when they were returned to
their cages.

3.2.3 MRI
For MRI, mice were administered 200 µl of a red fluorescent-tagged perfluorocarbon
(PFC) agent (V-Sense, VS-1000H DM Red; CelSense Inc., Pittsburgh, PA) via the tail
vein 24 hours prior to imaging. The PFC is a perfluoropolyether that contains fluorine
atoms and is formulated as an emulsion. An average droplet size of 165 nm allows for
passive targeting of macrophages; there is no evidence that the emulsion droplets are
taken up by non-phagocytic cells in situ. This optimal imaging time was determined by
longitudinally imaging 4T1 tumor-bearing mice (n = 3) 21 days post-cancer cell
implantation (pi) at 12, 24, 36, 48 and 60 hours post single IV injection of PFC
(Supplementary Figure 2).
Full body, in vivo

19

F MRI was performed during tumor development at different time

points pi. Mice in groups 1 to 3 were imaged at 21 days pi (67NR: group 1 (n = 5),
168FARN: group 2 (n = 5) and 4T1: group 3 (n = 9)). Mice in group 4 (n = 5) had 4T1
tumors and were imaged at 4 days pi; which was because 4T1 tumors grew much larger
than 67NR and 168FARN by day 21. 4T1 tumors at day 4 were comparable in size to
67NR and 168FARN at day 21. Mice in group 5 (n = 8) had 168FARN tumors and were
imaged at a later time point (34 or 41 days) to produce tumors similar in size to 21-day
4T1 tumors. Mice in group 6 (n = 12) were imaged at 28 days post-4T1 implantation to
ensure spontaneous lung and lymph node metastases. Non tumor-bearing mice (n = 2)
were imaged as controls for detection of background 19F signal.
1

H and 19F images were acquired with a 9.4T small animal MRI system using a custom-

built dual 1H/19F birdcage coil, tuned to 400.2 MHz for proton and 376.8 MHz for

19

F

imaging. While imaging, mice were anesthetized with 2% isoflurane in oxygen.
Reference tubes of known 19F concentration (3.33x1016 19F/µL) were placed alongside the
mouse for quantification purposes. 1H and 19F images were acquired with balanced steady
state free precession pulse sequences. 1H images were acquired with 200 × 200 × 200 µm
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spatial resolution and the following parameters: FOV = 80 × 40 × 40 mm, matrix = 400 ×
200 × 200, flip angle = 20°, bandwidth = 125 kHz, TR/TE = 3.8/1.9 ms, 1 average, and 8
phase cycles with a scan time of ~27 minutes. 19F images were acquired with 500 × 500 ×
1000 µm spatial resolution with the following parameters: FOV = 80 × 40 × 40 mm,
matrix = 160 × 80 × 40, flip angle = 63°, bandwidth = 50 kHz, TR/TE = 4.7/2.4 ms, 10
averages (30 averages for metastasis imaging), and 4 phase cycles resulting in a scan time
of ~10 minutes (~30 minutes for metastasis imaging). Detection of isoflurane was
decreased by using a 1 kHz Gaussian excitation pulse.

3.2.4 Histological Analysis
Mice were euthanized via overdose of isoflurane following the last MRI exam. Mice were
transcardially perfused with saline followed by 4% paraformaldehyde. All primary
tumors and lungs and lymph nodes with

19

F signal (plus lymph nodes from non-tumor-

bearing mice) were excised and cryoprotected by passaging through a sucrose gradient of
10%, 20%, and 30% for 24 hours each. Samples were then frozen in an OCT compound
and cryostat sections were collected (10 µm). Tumor tissue, lungs and lymph nodes were
examined using fluorescence microscopy to detect the Texas Red fluorescence of the PFC
and were subsequently stained using a rat anti-Mouse F4/80 primary antibody, FITC
(Bio-Rad AbD Serotec Inc., Raleigh, NC, CI:A3-1, MCA497FA) with a goat anti-Rat
IgG H+L Secondary Antibody, Alexa Fluor 488 (AbCam, Cambridge, UK, ab150157) to
identify macrophages. Anti-pan cytokeratin antibody (AbCam, ab6401) was used on
lymph node sections to detect 4T1 tumor cells31 associated with metastases.
Microscopy was performed using a Zeiss Axio Imager A1 microscope (Zeiss Canada,
Toronto, ON, Canada) equipped with a Retiga EXi (QImaging Scientific Research
Cameras, Surrey, BC, Canada) digital camera.

3.2.5 Analysis of MRI Data
19

F images were overlaid onto the 1H images for anatomical reference of the

within the mouse. From

19

F images, voxels containing

19

19

F signal

F signal which were within the

tumor (primary tumor quantification) and within the lungs and all axillary, renal and

86

lumbar lymph nodes (metastasis imaging) were manually delineated and

19

F

quantification was performed using VoxelTracker software (Celsense Inc., Pittsburgh,
PA). In brief, the total number of 19F spins was determined by comparing the sum of the
19

F signal within a region of interest to the signal generated by a reference tube containing

a known amount of

19

F spins (3.33 × 1016 19F/µL), taking into consideration the signal

from noise. Measuring the number of PFC-labeled cells within tumors is not possible with
this technique; however, previous work has shown that the number of 19F spins correlates
with the number of macrophages in tissue and an inflammatory index can be
determined23,32. Therefore, the relative numbers of

19

F spins can be compared between

different tumor types or tumors at different time points to give an indication of TAM
burden in different scenarios. Each

19

F image has been scaled separately and the

individual associated maximum/minimum

19

F spins for the scale bars are given in the

figure legends. 19F and 1H MR data were used to create anatomical overlays using Osirix
software Version 9.0 (Pixmeo SARL, Bernex, Switzerland). These image sets could then
be resliced for further evaluation.

3.2.6 Statistical Analysis
Statistical analyses were performed using SPSS software (IBM Corp., Armonk, NY).
Data are expressed as mean ± standard deviation (SD). Levene’s test was performed on
tumor volume, total 19F spins and 19F spins/mm3 for all groups at all time points (groups
1-5) to test for homogeneity of variances. When it showed unequal variances, Welch’s
analysis of variance and Games-Howell multiple comparisons were performed on data.
Welch’s 2-tailed t-tests were performed to compare early and late 4T1 tumors (group 3
vs. 4); 168FARN tumors (group 2 vs. 5); and the number of 19F spins measured between
all ipsilateral (same side as primary tumor) and contralateral (opposite side of primary
tumor) axillary, renal, and lumbar lymph nodes. P < 0.05 was considered a significant
finding.
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3.3 Results
3.3.1 Primary Tumor Imaging
All mice injected with 168FARN and 4T1 cells developed mammary fat pad tumors,
however, tumors developed in just 5 of 12 mice injected with 67NR cells. 4T1 tumors
grew rapidly, with tumors palpable as early as 3 days pi. 168FARN and 67NR tumors
grew more slowly, becoming palpable as early as 6 days pi.
Figure 3.1 shows representative whole body images of a non tumor bearing mouse with
19

F signal overlaid onto the bSSFP 1H images for anatomical reference. In all mice

19

F

signal was observed in the liver and spleen due to uptake of the PFC agent by resident
macrophages. 19F signal was also visualized in the bone marrow (i.e., vertebrae, femurs),
lymph nodes and within the kidneys; the observation of 19F signal in these sites, however,
was less consistent.
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Figure 3.1: Whole mouse body 1H/19F MRI overlay. Representative whole mouse
body MR images of a non tumor-bearing mouse 24 hours post PFC intravenous
injection. 1H/19F overlay reveals PFC uptake in the liver (L), spleen (Sp), lymph
nodes (LN) and bone marrow (BM) due to resident phagocytic cells. (Lung-Lu,
Brain-Br, Kidney-K). Color scale bar represents numerical minimum/maximum
values (9597/24583) to demonstrate differences in 19F signal. Scale bars: 10 mm.

89
19

F signal was detected in all primary tumors. Figure 3.2 shows representative 1H/19F

overlay MR images for groups 1 to 3 at 21 days pi, zoomed and cropped. Low amounts of
19

F signal were visualized throughout the 67NR tumors (Fig 3.2A); voxels with low

signal intensity are seen scattered through these small tumors.

19

F signal was detected

around the periphery of the 168FARN (Fig 3.2B) and 4T1 (Fig 3.2C) tumors, with more
signal visible (higher number of
tumors. The relative density of

19
19

F spins and a larger area occupied) within the 4T1

F spins can be estimated using the color scale bar

(minimum = green, maximum = pink), which represents numerical minimum/maximum
values to demonstrate differences in

19

F signal. The total number of

19

F spins for each

tumor at day 21 was quantified and is shown in Figure 3.2D. The mean number of

19

F

spins was significantly higher for 4T1 tumors compared to both 168FARN (P = .011) and
67NR (P = .001).
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Figure 3.2: Tumors at 21 days post-cancer cell implantation. 1H/19F MRI overlays of
67NR, group 1 (A), 168FARN, group 2 (B) and 4T1, group 3 (C) tumors, cropped
and zoomed in. Very little

19

F signal was observed in the nonmetastatic 67NR

tumors, with low signal within voxels throughout the tumors. A moderate amount of
19

F signal was seen in 168FARN tumors, typically along the periphery. A higher

amount of 19F signal was observed in the highly metastatic 4T1 tumors, surrounding
the periphery. Color scale bar represents numerical minimum/maximum values ((A)
5006/14574, (B) 4121/20611, and (C) 5100/17706) to demonstrate differences in
signal. Scale bars: 5 mm. (D) Mean

19

19

F

F spins was calculated for Groups 1-3 and

revealed a significant difference between the means of all 3 groups (p<.05). Multiple
comparisons demonstrated significant differences between groups 1 and 3 and
groups 2 and 3 (*P<.05, **P<.01). 19F, fluorine-19, L, liver.
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Next, we obtained 19F image data for 4T1 tumors imaged on day 4 pi (group 4). This was
compared with 4T1 tumors imaged on day 21 pi (group 3). The average number of

19

F

spins in group 4 tumors was 1.45E18, compared with 3.89E18 for the group 3 tumors.
When normalized to tumor volume group 4 (early 4T1) had a significantly greater
number of 19F spins/mm3 (P < .0001) when compared to group 3 (late 4T1). The spatial
distribution of the

19

F spins was also different at the 2 time points with

19

F signal

appearing throughout the tumor in group 4 compared to the periphery for group 3.
Because the size of 168FARN tumors were much smaller than 4T1 tumors at day 21,
another group of mice were imaged (group 5) at a later time point when tumor volumes
were comparable to day 21 4T1 tumors. The average number of

19

F spins in group 5

tumors was 1.3E18, compared with 1.09E18 for group 2 (early 168FARN) tumors. When
normalized to tumor volume, group 2 tumors also had a significantly greater number of
19

F spins/mm3 (P = .042), when compared to group 5 tumors. Data from groups 2 to 5 are

summarized in Figure 3.3A and B and indicates that a greater number of

19

F spins/mm3

are measured in the tumors at an earlier stage of growth; this 19F signal is assumed to be
from TAMs and not necessarily inflammatory cells associated with initial implantation
due to the location within the tumor rather than surrounding the outer periphery.
Data from groups 1 to 5 (all tumors, at all stages of growth) are compared in the table in
Figure 3.3. This presents the mean ± SD of tumor volumes, 19F spins and 19F spins/mm3
for each group. When the data for all groups are combined (Fig 3.3C) the 19F spins/mm3
for the 4T1 tumors is significantly greater than both 168FARN (P = .013) and 67NR (P =
.004) tumors. These quantitative differences support our hypothesis of increased TAM
burden in the highly metastatic 4T1 tumors versus the non- and less metastatic versions of
this cell line.
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Figure 3.3: Measurements from groups 1 to 5. Table presents mean tumor volume,
19

F spins per tumor and

19

F spins/mm3. Data are mean ± standard deviation.

Multiple comparisons revealed a significant difference (P < .05) between groups for
each measurement (annotated by superscript a - q). Data surrounded by lines are
matched to graphs below (solid, dashed, dotted lines). 19F spins/mm3 were calculated
at both early (small) and late (large) time points for (A) 168FARN (groups 2 and 5)
and (B) 4T1 (groups 3 and 4) tumors. T-tests found a significant increase in

19

F

spins/mm3 in the smaller, early tumors for 168FARN (*P < .05) and 4T1 tumors
(***P < .0001) when compared to the larger, later time point tumors. (C) 19F signal
normalized to tumor volume (19F spins/mm3) was calculated for each tumor type of
all sizes and revealed a significant difference between all groups (P < .05). Multiple
comparisons demonstrated a significant different between the 67NR and 4T1 (**P <
.01) and 168FARN and 4T1 (*P < .05). 19F, fluorine-19.
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3.3.2 Metastasis Imaging – Lung Metastases
To investigate whether metastases could be detected using

19

F MRI, a group of mice

bearing 4T1 primary tumors were imaged at 28 days (group 6). Lung metastases were
identified with 1H MRI as hyperintense regions within the black lungs (Fig 3.4A and B).
Multiplanar slicing of the 1H/19F 3D images allows clear visualization of the location of
the metastasis within the lung (Fig 3.4C-axial, D-coronal and E-sagittal). The average
number of lung metastases that contained 19F signal was 3.8 per mouse (range 0 to 12 per
mouse). Eight of the 13 mice had lung metastases in both lobes. The average number of
19

F spins per lung metastasis was 1.1E+17. Unlike for the primary tumors, the small size

of the lung metastases and the relatively low image resolution prevents the analysis of
precisely defining where within the metastases the 19F signal is located. Only 1 of the 13
mice had no visible lung metastases. Not all lung metastases that were visible in 1H
images contained 19F signal.
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Figure 3.4: 19F signal detected in a lung metastasis in a mouse bearing a 4 week 4T1
primary tumor (group 6). (A) Whole mouse body 1H imaging allows for anatomical
reference of metastases. (B) Zoomed in region visualizes hyperintense metastasis in
the lungs (yellow arrow) in which 19F signal was also detected. 3D balanced steadystate free precession images allow for viewing

19

F/1H overlays in the axial (C),

coronal (D) and sagittal (E) planes. The lung metastasis containing 19F signal within
the yellow circle. Color scale bar represents numerical minimum/maximum values
(C,D&E 15515/27438) to demonstrate differences in
19

F, fluorine-19; Br, brain; Lu, lung.

19

F signal. Scale bars: 5 mm.
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3.3.3 Metastasis Imaging – Lymph nodes
The day 28

19

F images of mice with 4T1 tumors were examined for

19

F signal in the

axillary, renal and lumbar node regions on both sides (12 mice x 6 nodes). Figure 3.5
shows representative images in which

19

F signal was detected in the regions of the

axillary (Fig 3.5A), renal (Fig 3.5B) and lumbar (Fig 3.5C) lymph nodes in a mouse
bearing a 4T1 primary tumor.

19

F signal was detected more frequently in the regions of

lymph nodes on the ipsilateral side of the primary tumor (25 of 36 nodes) versus the
contralateral side (15 of 36 nodes). Contralateral nodes with 19F signal had lower numbers
of 19F spins; the mean number of 19F spins for all ipsilateral nodes was 1.59E17 compared
to 5.01E16 for contralateral nodes (P = .008). The lymph nodes themselves could not be
definitively visualized in proton images of control mice due to relatively low spatial
resolution. However, in mice bearing 4T1 tumors, lymph nodes were often detected in
proton images and thus, considered enlarged. In all ipsilateral axillary lymph nodes in
which 19F signal was detected (6 of 12 mice), the nodes could be visualized in the proton
images (Fig 3.5D). Of the remaining 6 mice, 5 had ‘enlarged’ ipsilateral axillary nodes
with no

19

F signal present and in 1 mouse no proton or

region. Despite these observations of
we also observed

19

19

19

F signal was present in this

F signal in lymph nodes of tumor-bearing mice,

F signal in lymph node regions in control mice (n = 2) with no

primary tumors. This may be the result of uptake of the PFC by resident macrophages or
dendritic cells, similar to what is consistently observed with resident macrophages in liver
and spleen. Within control mice there were variable results; in one mouse 19F signal was
present bilaterally in all lymph node regions; however, in the second mouse,
was only detected in 1 lymph node region.

19

F signal

96

Figure 3.5:

19

F signal detected in lymph nodes in a mouse bearing a 4 week 4T1

primary tumor (group 6). Whole mouse body

19

F/1H overlay identifies

19

F signal

within lymph node regions. The axillary (A), renal (B), and lumbar (C) lymph node
regions are (yellow circles). Orthogonal images of axillary lymph node in dashed
circle of (A), zoomed in and cropped, demonstrated 19F signal (1H/19F overlay) along
1 edge of the node. 1H images indicate the node is enlarged (lymph node outlined in
white). Color scale bar represents numerical minimum/maximum values (A-D
8676/41800) to demonstrate differences in

19

F signal. Scale bars: 10 mm.

fluorine-19; Br, brain; K, kidney; L, liver; Sp, spleen.

19

F,
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3.3.4 Microscopy
Fluorescence microscopy was used to determine whether tumors contained the red
fluorescent PFC and green fluorescent F4/80+ macrophages. Figure 3.6 shows examples
of groups 1, 2 and 3 primary tumors. These images were taken at the tumor periphery.
The green fluorescent F4/80 corresponds to the location of the red fluorescent PFC in
groups 2 & 3, validating the image data. There were visually more F4/80+/PFC+ cells in
group 3 tumors when compared to the group 2 tumors. An insignificant amount of
fluorescence was detected in group 1 tumors. There appeared to be more F4/80+
macrophages observed in tumors compared to the red fluorescence from the PFC,
indicating that not all tumor macrophages were PFC-labeled. This is expected because a
single PFC injection is given 24 hours before MRI and approximately 28 hours before the
mice are euthanized and the tumors removed. The PFC circulates for approximately 12
hours (blood half life); therefore any macrophages recruited to the tumor after this
timeframe would not be labeled.
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Figure 3.6: Immunohistochemistry and fluorescence microscopy validates the
presence of PFC-labeled macrophages in primary tumors. Fluorescent microscopy
images of 21-day post cancer cell implantation of 4T1, 168FARN and 67NR tumors
(groups 1-3). There are visually a greater number of cells that are both green F4/80
(macrophages) and red PFC in the highly aggressive and metastatic 4T1 tumors
compared to 168FARN. Almost no fluorescence was detected in 67NR tumors. Lines
represent edges of tumors. Scale bars: 500 µm. PFC, perfluorocarbon.
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Figure 3.7A shows an example of a 4T1 lung metastasis (group 6) in which the green
fluorescent F4/80 and red fluorescent PFC were observed in a similar location.
Hematoxylin and eosin (H&E) staining of this lung metastasis and an overlay of the
fluorescent images onto the H&E demonstrates PFC-labeled macrophages within the lung
metastasis. As with the primary 4T1 tumors, not all F4/80+ macrophages were labeled
with the red PFC agent.
Cytokeratin positive, metastasized 4T1 cancer cells in lymph nodes (group 6) were
identified by a brown color (Fig 3.7B), indicated by arrowheads. The staining suggests
this is a metastatic area; the area also contains green F4/80 and red PFC fluorescence
around the periphery (lymph node outlined). In comparison, a control lymph node
contains no cytokeratin-positive staining and no obvious green F4/80 or red PFC
fluorescence.
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Figure 3.7: Immunohistochemistry and fluorescence microscopy validates the
presence of PFC-labeled macrophages in metastases. Fluorescent microscopy of lung
(A) and lymph node (B) metastases from 28 days pi (group 6) mice. (A) Green F4/80
and red PFC fluorescence, hematoxylin and eosin, and overlay demonstrate PFC+
macrophages within lung metastasis. (B) Control lymph node demonstrates no
obvious cytokeratin-positive 4T1 cells or F4/80- or PFC-positive areas. Lymph node
from 28-day pi mouse demonstrates cytokeratin-positive 4T1 cells (brown) and
F4/80 and PFC fluorescence around the cytokeratin-positive area. Scale bars: 500
µm. PFC, perfluorocarbon; pi, post cancer-cell implantation.
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3.4 Discussion
To summarize, in this study we demonstrate that in vivo PFC-labeling and subsequent
19

F-based MRI cell tracking can be used to evaluate the density and distribution of

macrophages within murine orthotopic breast cancer tumors and associated metastases.
19

F signal was detected in all primary tumors and could be related to corresponding tumor

microscopy, which showed the presence of PFC-positive macrophages. These findings
agree with several studies that have used ex vivo histopathological methods or flow
cytometry to demonstrate the presence of TAMs in 168FARN and 4T1 tumors33,34.
Studies that have evaluated the predictive value of TAMs in patients using IHC of breast
cancer tissue specimens have shown that a high infiltration of TAMs correlates with
shorter survival and is associated with high-histological grade.
Our findings are also supported by other in vivo MRI studies13,14,17,27. Shih et al. used
longitudinal MRI with IV SPIO to assess TAM accumulation during tumorigenesis in a
transplantable tumor model induced by subcutaneous implantation of a solid tumor
fragment. TAMs were visualized as signal loss in proton MR images and appeared
continually with the expansion of the tumor over 21 days. The regions of signal loss were
associated with the budding of the tumor mass over time17. Khurana et al. used 19F MRI
to quantify TAMs in a mouse model of head and neck squamous cell carcinoma and were
able to distinguish between tumors with single and double hit mutations. There were
twice as many

19

F spins within double hit tumors, which are associated with increased

aggressiveness and poor prognosis27. In both this study, and ours, the

19

F signal was

observed mainly in the periphery of the tumors. The localization of macrophages in a
colon cancer model has been analyzed in situ using a chick embryo metastasis assay in
which RAW 264.7 macrophages and CT26 cancer cells were co-transplanted onto the
chick chorioallantoic membrane. Eleven days later confocal images were acquired from
the tumor periphery to the core35. Macrophages were visualized primarily within the first
0.5 cm of the tumor edge, few macrophages were observed in the region 0.5 to 1 cm from
the tumor border and no macrophages were observed in the center of the tumor. Another
potential factor leading to the observation of 19F signal in the tumor periphery is increased
intratumoral pressure and decreased perfusion, which would limit the distribution of the
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PFC agent. Many histopathological studies show secondarily that TAMs are mostly
within tumor stroma and near periphery, but few focus specifically on investigating the
significance of the spatial distribution of TAMs within the microenvironment. Further
studies are needed to understand the significance of TAM localization in breast tumors.
As in Khurana et al., our study also revealed a higher number of TAMs in more
aggressive tumors27. When the MRI data for tumors of all types and sizes were compared
the average number of 19F spins/mm3 was significantly higher for 4T1 tumors compared
to 168FARN and 67NR. This was supported by fluorescence microscopy, which visually
showed greater numbers of cells that were both F4/80+ (macrophages) and red
fluorescent (PFC) in the metastatic 4T1 tumors compared to 168FARN and 67NR tumors.
This finding agrees with previous reports of higher numbers of CD68+ cells in human
breast tumor samples. For example, Hussein et al. examined the immune cell infiltrate in
mastectomy specimens and measured a marked increase in the number of CD68+ cells in
the more aggressive ductal carcinoma in situ and infiltrating ductal carcinoma compared
with benign proliferative breast disease and normal breast tissue36.
Of particular interest was the observation that 168FARN and 4T1 tumors had
significantly greater

19

F spins/mm3 when tumors were smaller, suggesting more TAM

infiltration in early stage tumors. The role of macrophages in early stage lesions has been
debated because they are highly plastic and can play both anti- and pro-tumorigenic roles.
Still, numerous studies have demonstrated that once infiltrated into the tumor
microenvironment TAMs generally play a pro-tumoral role37–39. Recently, Carron et al.
utilized a transplantable p53-null model of early progression to characterize immune cells
in early-stage lesions40. Macrophages were recruited to ductal hyperplasia, and the
percentage of macrophages increased as the premalignant mammary lesions progressed to
palpable tumors, suggesting a tumor promoting role. There are other immune cell types
within the tumor microenvironment in early stages and it is possible that certain other
phagocytic cells, perhaps dendritic cells, are able to take up the PFC. However,
macrophages are known to out-compete other less phagocytic cell types and smaller cells,
for uptake of agents in the size range of the PFC.

103

We observed

19

F signal within lung metastases in mice with 4T1 mammary fat pad

tumors and fluorescence microscopy confirmed the presence of PFC-positive
macrophages. This is the first study that has used MRI cell tracking to visualize MAMs in
the lungs. The observation of

19

F signal in 4T1 lung metastases was heterogeneous; not

every lung metastasis visible in the proton images had

19

F signal. Heterogeneous TAM

recruitment to metastases has been reported before in a different model of lung carcinoma
for which MAMs were identified using confocal microscopy41. The resolution of our 19F
imaging technique is relatively low and does not permit detection of very low numbers of
PFC-labeled cells. Therefore, it is possible that the lung metastases we identify as having
no

19

F signal contain low numbers of MAMs. Our data does suggest, however, that the

lung metastases we observed have diverse MAM densities. Macrophages are implicated
in multiple aspects of metastasis and have been shown to be involved very early in the
metastatic cascade. Cuccarese et al. showed that macrophages surrounded early-stage
tumors in a mouse model of lung metastases. Using optical tissue clearing and 3D
confocal microscopy they found significant TAM infiltration associated with as few as 16
individual tumor cells within a single nascent nodule41. Our future work will look more
closely at the timing of accumulation of MAMs in lung metastases.
Our observations of 19F signal in lymph nodes were inconsistent. Although 19F signal was
detected in lymph node regions in tumor-bearing mice, and microscopy confirmed the
presence of PFC-labeled macrophages within cytokeratin positive lymph nodes of 4T1
tumor-bearing mice in which MRI showed

19

F signal – also observed was

lymph node regions in healthy, non-tumor-bearing mice. Using

19

19

F signal in

F cell tracking to

identify TAMs in lymph nodes may be complicated by the presence of resident
macrophages in the healthy node, and possibly by dendritic cells, which are capable of
taking up the PFC and contributing to the MR signal. The retention of the PFC within
normal and metastatic lymph nodes needs to be further investigated to determine whether
the PFC is localized to macrophages or within the intra- or extra-cellular spaces. This
issue has been described by Daldrup-Link for USPIO42.
Recent clinical trials for the treatment of metastatic breast cancer have tested antimacrophage therapeutic strategies that block the recruitment of macrophages, induce
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apoptosis of macrophages, or reprogram macrophages toward a tumoricidal function
(clinicaltrials.gov NCT02435680, NCT00580112, NCT00317603). Still, much work is
necessary to better understand the roles of TAMs and MAMs. Experimentally,

19

F MRI

cell tracking will allow for the in vivo detection, quantification, and tracking of TAMs
and MAMs in models of breast cancer which is key to answering questions related to
when during tumor development TAMs infiltrate the primary tumor; the significance of
the spatial distribution of TAMs in tumors; and the role of MAMs in migration, seeding,
and colonization of metastases. In the clinic, the ability to detect and monitor the number
of TAMs in individual breast tumors with

19

F MRI would allow for identification of

breast tumors that are heavily infiltrated with TAMs, and could be used as a biomarker
for decisions concerning how to best treat these patients and monitor responses to
therapy.

3.5 Conclusion
This study shows for the first time proof of the ability to use MRI cell tracking to
visualize MAMs in the lungs. The ability to detect and monitor the number of TAMs in
individual tumors with 19F MRI would allow for identification of breast tumors with
heavy infiltration of TAMs and could be used as a biomarker for decisions about how to
best treat these patients as well as for monitoring responses to therapy.
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Chapter 4
4 Preclinical 19F MRI Cell Tracking At 3 Tesla.
Purpose: To develop methods for fluorine-19 (19F) MRI cell tracking in mice on a 3
Tesla clinical scanner. Compared to iron-based cell tracking,
sensitivity and consequently, preclinical

19

19

F MRI has lower

F cell tracking has only been performed at

relatively high magnetic field strengths (>3T). Here we focus on using 19F MRI to detect
macrophages in tumors; macrophage density is an indication of tumor aggressiveness and
therefore,

19

F MRI could be used as an imaging biomarker. Methods: Perfluorocarbon

(PFC)-labeled macrophages were imaged at 3T and NMR spectroscopy was performed to
validate

19

F spin quantification. In vivo

19

F MRI was performed on tumor bearing mice,

post PFC at both 9.4T and 3T. 3T MRI utilized varying NEX and

19

F images were

analyzed two different ways for 19F quantification. Results: As few as 25,000 cells could
be detected as cell pellets at 3T. 19F quantification in cell pellets by 3T MRI agreed with
NMR spectroscopy. 19F signal was observed in the liver, spleen and tumor in all mice at
9.4T and 3T and there was no significant difference in

19

F spin quantification.

Conclusion: This study demonstrates the ability to detect and quantify

19

F signal in

murine tumors using 19F MRI at 3T.

4.1 Introduction
Fluorine-19 (19F)-based magnetic resonance imaging (MRI) has recently become an
attractive method to image cells in vivo in preclinical studies. This is due to its inherent
specificity, quantification ability and chemical inertness of the agent administered. For
these reasons, 19F MRI has been used in many different experimental cell tracking studies
including, for example, imaging of immune cells in arthritis1, bowel disease2,
experimental autoimmune encephalomyelitis3 and cancer4–7. However, compared to the
more widely used iron-based MRI,

19

F is much less sensitive. Limiting factors which

contribute to sensitivity have been thoroughly discussed by Srinivas et al8 and include the
amount of fluorine which can be delivered to a region of interest (ie. 19F concentration9,
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due to cell loading and/or number of

19

F spins on the label), MR properties of the

19

F

label, MRI system and MRI acquisition parameters. One or a combination of these factors
may result in low signal to noise (SNR) which could impair 19F detection. To compensate,
it is common to image at a high magnetic field strength to increase

19

F signal. Another

simple approach for increasing sensitivity is to use multiple acquisitions, or signal
averages, which are summed for improved SNR - this requires longer scan times. All in
vivo preclinical

19

F MRI cell tracking studies have been performed at field strengths

above 3 Tesla (T) and have used multiple acquisitions1,10–15.
We have previously used

19

F MRI at 9.4T to demonstrate the ability to detect and

quantify tumor associated macrophages (TAMs) in a preclinical model of breast cancer5.
TAM presence and number have been shown to be correlated to breast tumor
aggressiveness including growth, progression, metastasis and clinical outcome16–18. Our
study showed that tumors with different levels of aggressiveness could be distinguished
using

19

F MRI cell tracking. The ability to detect and monitor the number of TAMs in

individual tumors with 19F MRI could allow for identification of breast tumors with heavy
infiltration of TAMs and could be used as a biomarker for decisions about how to best
treat these patients as well as for monitoring responses to therapy.
The translation of cellular MRI techniques to the clinic will require the use of human
MRI systems, the maximum field strength of which is presently 3T, in most places. In this
paper we begin to explore the feasibility of performing 19F MRI cell tracking at 3T in a
murine model. We show that

19

F-labeled cells can be detected in vivo in mice using a

clinical 3T MRI system.

4.2 Methods
4.2.1 Cell Culture
4T1 murine breast cancer cells (Dr. Fred Miller, Wayne State University, MI, USA) and
RAW264.7 murine macrophages (Dr. Greg Dekaban, Western University, ON, CAN)
were maintained at 37°C and 5% CO2 in Dulbecco’s Modified Eagle’s Medium-high
glucose media (4T1 (Thermofisher, ON, CAN)) and RPMI (RAW264.7 (Thermofisher,
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ON, CAN)) supplemented with 10% fetal bovine serum, penicillin/streptomycin (4T1 and
RAW264.7)

and

L-Glutamine,

HEPES,

beta-mercaptoethanol

(RAW264.7

(Thermofisher, ON, CAN)). Cells were passaged every 2-3 days (4T1) and 3-4 days
(RAW264.7).

4.2.2 In Vitro Cell Labeling
RAW264.7 murine macrophages were labeled with a perfluoropolyether PFC agent, (VSense, VS-1000H or a red fluorescent-tagged version, VS-1000H DM Red, CelSense Inc.
Pittsburgh, USA). Labeling took place over ~24 hours at a concentration of 2.5 mg/ml.
Cells were washed 3 times with PBS followed by trypsinization. A 10 µl sample was
diluted 1:1 with trypan blue and was used for cell counting and viability (Countess
Automated Cell Counter; Invitrogen, Carlsbad, CA). PFC-labeled macrophage pellets
were then spun down in an Eppendorf tube, supernatant removed, and topped with 1%
agarose for MRI or prepared for NMR spectroscopy (see below).

4.2.3 Animal Model
Female BALB/c mice (6-7 weeks; Charles River Canada) were obtained and cared for in
accordance with the standards of the Canadian Council on Animal Care, under an
approved protocol by the Animal Use Subcommittee of Western University’s Council on
Animal Care. Mice were anesthetized with isoflurane administered at 2% in oxygen prior
to receiving an injection of 300,000 4T1 cells (>90% viability, measured using the trypan
blue exclusion assay) suspended in 50 µl HBSS into the 4th inguinal mammary fat pad, as
previously reported19,20. Animals were observed until alert and active, when they were
returned to their cages.

4.2.4 In Vitro MRI at 3T and NMR Spectroscopy
Two separate sets of PFC-labeled murine macrophage pellets with high numbers of cells
(25, 50, 75, 125, 250, 500, 750 (x 103), 1, 1.5, 2 and 5 (x 106) cells) and low numbers of
cells (5, 10, 25, 125 and 250 (x 103) cells) were imaged to evaluate the minimum number
of cells that could be detected at 3T. Images were acquired using a clinical GE 3T MR750
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system (General Electric, ON, CAN) and a 4.3 x 4.3 cm dual tuned 1H/19F surface coil
(Clinical MR Solutions, WI, USA), built for imaging small ROI for humans. 1H images
were acquired with a 2D fast gradient echo sequence with the following parameters: field
of view (FOV) = 50 x 50 mm, matrix = 256 x 256, slice thickness = 5 mm, TR/TE =
100/4.9 ms, flip angle (FA) = 20°, bandwidth (BW) = +/-31.25 kHz, number of signal
averages (NEX on a GE scanner) = 4 and scan time = 3.5 mins. 19F images were acquired
using a 3D balanced steady state free precession (bSSFP) sequence with 1 mm3 spatial
resolution, FOV = 50 x 50 mm, matrix = 50 x 50, slice thickness = 1 mm, TR/TE =
5.7/2.7 ms, FA = 72°, BW = +/-10 kHz, NEX = 60 and scan time = 30 mins.
In a separate experiment, cell pellets containing 450,000 and 900,000 PFC-labeled murine
macrophages were used to compare the quantification of

19

F spins using 3T MRI and

NMR spectroscopy. For MRI there were 3 cell pellets containing 450,000 cells and 3 cell
pellets containing 900,000 cells. These were imaged together using the same parameters
as above. The samples were imaged 4 times, each time with a different number of NEX:
10, 20, 40 or 80 NEX.
For NMR of PFC-labeled cells, 3 samples containing 450,000 cells and 3 samples
containing 900,000 cells were lysed with 10 ul RIPA buffer (VWR, Mississauga, CAN)
and sonicated followed by 3 freeze thaw cycles. This lysate was placed in an NMR tube
with 0.1% trifluoroacetic (TFA) acid and D20. All

19

F NMR measurements were

performed at 376.12 MHz using a Varian Inova 400 spectrometer (Varian Inc, Palo Alto,
USA). Spectroscopy parameters were recycle delay = 6 s, acquisition time = 1 s, spectral
width = 18.9 kHz (-102 ppm to -62 ppm), tip angle = 60°, number of scans = 100 and
scan time = 13 mins. The mean intracellular 19F per cell was calculated from the ratio of
the integrated areas of the PFC and TFA spectra.

4.2.5 In Vivo MRI
Mice bearing 4T1 tumors at 3 weeks post implantation were administered 200 µl of the
PFC agent intravenously (IV) via the tail vein 24 hours prior to imaging. While imaging,
mice were anesthetized with 2% isoflurane in oxygen. Two cell pellets containing 1 and 2
(x 106) PFC-labeled macrophages and two reference tubes of known

19

F concentration
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(3.33 x 1016

19

F/µL) were placed alongside the mice for quantification purposes (see

below). Mice (n=2) were imaged with 1H and

19

F first on a small animal 9.4T MRI

(Varian Inc, Palo Alto, USA) using a custom built dual 1H/19F birdcage coil with a 3 cm
diameter and then immediately after at 3T. In vivo 1H and 19F images were both acquired
with a 3D bSSFP pulse sequence.
At 9.4T, 1H imaging parameters were: 500 µm3 spatial resolution, FOV = 80 x 40 mm,
matrix = 160 x 80, slice thickness = 0.5 mm, FA = 20°, BW = +/-62.5 kHz, TR/TE =
2.9/1.5 ms, 4 signal averages and 8 phase cycles (PC) with a scan time of 10 mins.

19

F

imaging parameters were: 1 mm3 spatial resolution, FOV = 80 x 40 mm, matrix = 80 x
40, slice thickness = 1 mm, FA = 63°, BW = +/-25 kHz, TR/TE = 3.1/1.6 ms, 4 signal
averages and 30 PC resulting in a scan time of 30 mins.
At 3T, 1H imaging parameters were: 0.5 x 0.5 x 0.6 mm spatial resolution, FOV = 80 x 40
mm, matrix = 160 x 80, slice thickness = 0.6 mm, FA = 35°, BW = +/-31.25 kHz, TR/TE
= 6.3/3.2 ms, 6 NEX and 8 PC with a scan time of 35 mins. 19F imaging parameters were:
1 mm3 spatial resolution, FOV = 80 x 40 mm, matrix = 80 x 40, slice thickness = 1 mm,
FA = 72°, BW = +/-10 kHz, TR/TE = 5.6/2.8 ms and 100 NEX resulting in a scan time of
30 mins.
Using a separate group of tumor bearing mice (n=4), consecutive

19

F images were

acquired at 3T using 2, 5, 10, 19, 38, 75 and 150 NEX (resulting in 0.5, 1, 2, 4, 8, 16, 30
minute scans). 1H parameters were: 200 µm3 spatial resolution, FOV = 70 x 35 mm,
matrix = 350 x 175, slice thickness = 0.2 mm, FA = 20°, BW = +/-31.25 kHz, TR/TE =
11.9/5.9 ms, 1 NEX and 4 phase cycles with a scan time of 25 mins and 19F images were
acquired with the above 3T parameters with a FOV = 70 x 35 mm and matrix = 70 x 35.

4.2.6 Histological Analysis
Mice were euthanized via overdose of isoflurane following the last MRI exam. Mice were
transcardially perfused with saline followed by 4% paraformaldehyde. All primary
tumors were excised and cryoprotected by passaging through a sucrose gradient of 10%,
20%, and 30% for 24 hours each. Samples were then frozen in optimal cutting
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temperature compound and cryostat sections were collected (10 µm). Tumor tissue was
examined using fluorescence microscopy to detect the Texas Red fluorescence of the
PFC, and subsequently stained using rat anti Mouse F4/80 primary antibody (Bio-Rad
AbD Serotec Inc., Raleigh, NC, CI:A3-1, MCA497) to identify macrophages.
A sample of the PFC-labeled macrophages containing ~300,000 cells in ~300 µl PBS
were centrifuged to make cells adhere to a slide. After fixation, slides were stained with
nuclear fast red to enhance visualization of the PFC droplets with bright field microscopy.
Microscopy was performed using a Zeiss Axio Imager A1 microscope (Zeiss Canada,
Toronto, ON, Canada) equipped with a Retiga EXi (QImaging Scientific Research
Cameras, Surrey, BC, Canada) digital camera.

4.2.7 Analysis of MRI Data
19

F images were overlaid onto the

1

H images (Osirix, Pixmeo SARL, Bernex,

Switzerland) for anatomical reference of the

19

pellets or mice. Manual ROI delineation for

19

F signal within either the macrophage

F quantification was performed in two

different ways: 1) By choosing only voxels which are judged to contain 19F signal in each
pellet or tumor, after a window/level algorithm is applied (“19F only” ROI) and 2) By
outlining a tumor slice by slice in the 1H images, creating a whole tumor 3D ROI and then
copying the ROI onto the 19F images (“tumor” ROI).
Average magnitude

19

F signal from the tumors (using “tumor” and “19F only” ROIs) or

pellets and reference tubes (S) and standard deviation of the noise (σ) were obtained from
!

each data set to calculate SNR (SNR = 0.655× !) of tumors or pellets.
In brief, the total number of 19F spins were determined by comparing the total 19F signal
within a chosen ROI to the signal generated by a reference tube containing a known
amount of 19F spins (3.33 x 1016 19F/µl). It is known that in low SNR situations there is a
rician distribution of signal in the noise21. Many of these data sets will have low SNR due
to low NEX, so therefore when tumor or pellet SNR<5, a correction of 0.655 was made to
the magnitude signal before calculating 19F spins, as described previously14.
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4.2.8 Statistical Analysis
Statistical analyses were performed using PRISM software (Graphpad, Version 7.0a). To
compare the number of 19F spins quantified from MR images and the known cell number
in the PFC-labeled macrophage pellets, the Pearson correlation coefficient was used. A
one-way ANOVA was performed to determine differences in 19F quantification by NMR
and all MRI exams (80, 40, 20, 10 NEX). A paired, two-tailed t-test was used to compare
19

F quantification between 9.4T and 3T MRI exams.

4.3 Results
4.3.1 In Vitro 19F Quantification at 3T MRI and NMR spectroscopy
PFC-labeled murine macrophages imaged at 3T showed that the

19

F signal from pellets

containing as few as 25,000 cells could be detected. No 19F signal was detected from the
pellets containing 5,000 or 10,000 cells (not shown). PFC-labeled macrophage pellets
were visible as a homogeneous region of

19

F signal. A 1H/19F overlay from the “high

number” PFC-labeled cell pellets is shown in Figure 4.1a. Low signal is visualized in 75,
50 and 25 (x 103) cell pellets in the single image slice shown in 1a, however, there was
additional signal in adjacent slices and a sagittal view of the 25,000 pellet (inset)
demonstrates more obvious 19F signal. A linear correlation was found between the known
cell number in each pellet and the number of 19F spins (R = 0.983, p<.0001) (Fig 4.1b). A
nuclear fast red stained cytospin slide containing a sample of PFC-labeled cells is shown
in Figure 1c and the PFC droplets can be clearly seen within cells. The average number of
19

F spins/cell as estimated from this experiment is 7.93 x 1011.
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Figure 4.1:

19

F MRI of in vitro PFC-labeled murine macrophages at 3T. (a) 1H/19F

MRI overlay of 25,000-5,000,000 PFC-labeled macrophage pellets. This

19

F image

acquisition used 60 NEX resulting in a 30 minute scan. 19F signal detection limit was
25,000 cells (Inset: sagittal image of 25,000 cell pellet). (b) 19F spin quantification is
linearly correlated with number of cells (R = 0.983, p < .0001) and average

19

F/cell

calculated is 7.93 x 1011. (c) PFC droplets can be seen in cells stained with nuclear
fast red, without a marker under bright field microscopy (Inset: Zoomed). k =
thousand, M = million.
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Figure 4.2 shows the average number of 19F spins determined by NMR spectroscopy and
by 3T MRI for PFC-labeled cell pellets containing 450,000 and 900,000 macrophages.
The mean number of

19

F spins measured by NMR was 9.76 x 1016 for the six pellets

containing 450,000 cells and 1.87 x 1017 for the six pellets containing 900,000 cells. From
this data the mean number of

19

F spins/cell was calculated as 2.12 x 1011. The average

number of 19F spins determined by MRI was not significantly different (p = .9991) than
that measured by NMR, regardless of the NEX. Average pellet SNR was 5.89 for the six
pellets containing 900,000 cells and 4.57 for the six pellets containing 450,000 cells.
Mean 19F spins/cell was calculated as 1.97 x 1011 by MRI.
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Figure 4.2: In vitro PFC-labeled macrophages quantified by

19

F MRI (using varying

NEX) and NMR. PFC-labeled macrophages (450,000 or 900,000 cells) were quantified
by either MRI (n = 6) using 80, 40, 20 and 10 NEX or NMR (n = 6). There was no
statistically significant difference in the mean number of

19

F spins measured by NMR

versus MRI using the different MRI acquisitions (p = 0.9991). The average 19F/cell was
1.97 x 1011 by MRI and 2.12 x 1011 by NMR. MRI scan times were: 80 NEX = 18:05
min, 40 NEX = 9:03 min, 20 NEX = 4:32 min and 10 NEX = 2:08 min
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4.3.2 Comparing In Vivo Mouse Body 19F MRI at 9.4T and 3T
Figure 4.3 shows 9.4T (Fig 4.3a) and 3T (Fig 4.3b) images of the same 4T1 tumor
bearing mouse, acquired ~24 hours post IV PFC.

19

F signal was observed in the liver,

spleen, and tumor in both mice. In the representative image slice shown in Figure 4.3, 19F
signal is visible in the liver and in the periphery of the tumor (as well as in the cell pellets
included in the FOV). The 19F signal appeared similar in the 9.4T and 3T images and the
average tumor SNR at 9.4T (10.6) and 3T (7.9) was not significantly different between
the MRI exams at different field strengths; (p = .7126). The table presented in Fig 3c
describes the number of 19F spins quantified in the tumor and liver for each mouse at 3T
and 9.4T, using “tumor” ROI for 19F quantification. The tumor and liver 19F spin values
are not significantly different when imaged at 3T or 9.4T (p = .5828 and p = .2911,
respectively). If we use the value for

19

F/cell obtained from NMR, we can estimate that

there is an average of 4.05 x 107 PFC-labeled cells in the 4T1 tumor and 8.28 x 108 PFClabeled cells in the liver of this mouse.
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Figure 4.3:

19

F MRI at 9.4T and 3T of a 4T1 tumor bearing mouse. 1H/19F MRI

overlays of the same 4T1 tumor bearing mouse (Mouse A) at (a) 9.4T and (b) 3T,
imaged consecutively. (c) There was no statistically significant difference in the
number of

19

F spins measured for the tumor or liver, at 3T versus 9.4T, for each

mouse. Using the value of
19

19

F/cell obtained from NMR of cell pellets (2.12 x 1011

F/cell), an estimate of the number of PFC-labeled cells in this tumor is 64 x 106

from 3T or 87 x 106 from 9.4T). This analysis used the “tumor“ ROI method.
Reference tubes are not visible in these slices. L = liver, P = pellet.
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4.3.3 In Vivo 19F Quantification at 3T MRI
A window/level algorithm was applied to all

19

F images to enhance visualization of the

tumor signal. In Figure 4.4, representative images of the full dynamic range of signal in
the whole mouse body are compared to the adjusted signal for visualization of tumor with
high and low SNR acquisitions (150 NEX and 10 NEX, respectively). Relative
minimum/maximum values for signal intensity for each image are included in figure
legends.
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Figure 4.4: 1H/19F MRI overlays of a 4T1 tumor bearing mouse, showing the full
dynamic range and adjusted 19F signal of a tumor bearing mouse at 3T. Images were
acquired with 150 and 10 NEX. Full dynamic range presents all signal intensities in
each slice as lowest = yellow and highest = pink. There is a smaller window width in
the adjusted images used to visualize the 19F signal in the tumor (outlined in white)
which does not represent all signal intensities. Minimum/maximum signal
intensities: (A) 0/765 (B) 103/353 (C) 0/725 (D) 109/375. L-Liver, R-Reference tubes.
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Figure 4.5 shows a 1H image of a tumor bearing mouse along with

19

F images acquired

with decreasing NEX/scan time, using “tumor” (Fig 4.5a) and “19F only” (Fig 4.5b) ROIs.
Examples of ROIs used for each are drawn over the tumor in white, in the

19

F images.

The ROI volumes measured for this representative mouse are shown above each tumor;
this is the ROI volume used for

19

F spin quantification.

tumor, liver, spleen and reference tubes in all exams.

19

F signal was detectable in the
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Figure 4.5: MRI of a representative 4T1 tumor bearing mouse at 3T. 1H images are
shown in the far left column.

19

F images are shown, with decreasing number of

averages (NEX), the values for NEX and scan time are listed along the bottom. (a)
Using the “Tumor” ROI method, the tumor is outlined in the proton image and this
ROI is used for all

19

F images; the volume of the ROI is the same (590 mm3).

Window/level values are the same for all 19F images (Min/max: 70/362). (b) Using the
“19F only” ROI method, the drawing of the ROI is subjective and depends on ability
to see

19

F signal. This increases with SNR as does the volume of the ROI selected;

volumes are shown above the ROIs. Minimum/maximum signal intensities: 2 NEX:
233/421, 5 NEX: 134/310, 10 NEX: 96/364 and 19 & 150 NEX: 70/362. L = liver, R =
reference tubes.
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When using the “tumor” ROI (where the entire tumor was outlined), the same ROI was
applied to every

19

F image (Fig 4.5a). In the

19

F images, there is an obvious increase in

noise as NEX/SNR decreases, when window/level values are the same in all images.
When using the “19F only” ROI (where only obvious

19

F signal within the tumor was

outlined), the size of the ROI chosen was different for each image acquired with different
NEX. Window/level values were changed for each scan to optimize the visible 19F signal
in the tumor. ROI size increased as NEX/SNR increased because the 19F signal was more
obvious with less background noise. The quantification of
analysis methods are shown in Figure 4.6.

19

F spins from these two
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Figure 4.6: Scatter plots of 19F spin number for each tumor, quantified using each of
the NEX acquisitions by either (a) “tumor” ROI or (b) “19F only” ROI analysis
method. The range of 19F spin number is smaller when using a “tumor” ROI versus
“19F only” ROI. There is a trend of higher numbers of
using a “19F only” ROI. Bar is the mean value.

19

F spins with higher NEX
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In Figure 4.6, scatter plots show the number of 19F spins measured for each tumor, from
each of the different acquisitions, using either the “tumor” ROI (Fig 4.6a) or “19F only”
ROI (Fig 4.6b) method. The average number of

19

F spins measured for each tumor,

regardless of NEX, was similar for each analysis method. There was a smaller range of
values for the number of 19F spins measured for the different NEX when using a “tumor”
ROI compared to the “19F only” ROI. When using the “19F only” ROI there was a trend of
higher numbers of 19F spins measured with higher NEX.
Microscopy was used to confirm the presence of F4/80+ macrophages (brown staining,
revealed by diaminobenzidine (DAB)) and the red fluorescent PFC agent. Figure 4.7
shows an example of a 4T1 tumor, 3 weeks post cancer cell implantation, taken at the
tumor periphery. The brown F4/80+ cells (Fig 4.7a and d) correspond with the location of
the red fluorescence from the PFC agent (Fig 4.7b and e). Overlays (Fig 4.7c and f)
demonstrate that the location of the F4/80+/PFC+ cells correlates well with the 19F signal,
which is in the outer periphery of the tumor in the MR images in Figure 4.3.
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Figure 4.7: Microscopy of a tumor 3 weeks post 4T1 cancer cell implantation. (a,d)
F4/80 DAB stains for macrophages (brown), here evident in the periphery of the
tumor. (b,e) Red fluorescence from the PFC agent is observed in the same location
as the F4/80+ macrophages. The overlay is shown in c&f. Yellow box in (a)
represents the area shown in d-f. Two magnifications of 5x (a-c) and 10x (d-f), scale
bars represent 200 micron.
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4.4 Discussion
This study demonstrates the use of a clinical 3T MRI to image and quantify PFC-labeled
cells in a preclinical murine model of breast cancer. We first used in vitro PFC-labeled
macrophages to validate
analyzed the

19

19

F quantification by MRI and NMR. For in vivo studies, we

F images two different ways, as we believe that there may be some user

bias when manually delineating

19

F voxels with obvious signal (“19F only” ROI),

especially at a lower SNR with increased noise. When using a “tumor” ROI, where ROIs
from anatomical images are placed onto 19F images, this bias may be eliminated. Here we
used a range of number of NEX (resulting in a range of SNR), with

19

F spin number

remaining more consistent when using “tumor” ROI versus “19F only” ROI.
Cellular MRI is a powerful tool to track cells in vivo. Groups have used the IV
administration of a cell label and subsequent MRI to track immune cells in vivo, overtime
at multiple time points to evaluate the dynamics of cell infiltration22 and response to
treatments or interventions1. This technique relies on the labeling of macrophages in situ,
including macrophages which are part of the RES system (ie liver, spleen, bone marrow,
lymph nodes)23–26. Additionally, macrophages associated with cancer have been shown to
take up both 19F4,5,27–29 and iron30–32 agents. The advantage of cell tracking with 19F MRI
is the ability to quantify the signal;

19

F signal intensity is directly proportional to the

amount of 19F spins present in a ROI. When cells are labeled in vitro, cell loading can be
determined by NMR and 19F signal can be related to cell number. When cells are labeled
in vivo, 19F signal can be linearly related to a degree of inflammatory cell presence33.
We first used in vitro PFC-labeled macrophage cell pellets to validate 19F quantification
and to get an estimate of

19

F spins/cell.

19

F MRI of cell pellets at 3T showed a strong

correlation between the number of cells in a pellet and the number of

19

F spins. A

relatively low labeling concentration of 2.5 mg/ml (similar to other published
methods15,34) resulted in an estimate of 7.93 x 1011 19F spins/cell. From another sample of
PFC-labeled cells, an estimate of 2.04 x 1011 19F spins/cell was obtained from MRI (using
80, 40, 20 and 10 NEX) and an average 2.12 x 1011 19F spins/cell was calculated by NMR.
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The lowest number of PFC-labeled cells detected by MRI at 3T was 25,000, or 8.2 x 1015
19

F spins.

We then examined the use of 19F MRI at 3T to track immune cells in vivo. In 3T images
of 4T1 tumor bearing mice, 24 hours post PFC injection, we observed

19

F signal in the

liver, spleen, tumor and reference tubes. We were able to quantify the number of 19F spins
in each 4T1 tumor. The average value for 19F spins measured in 4T1 tumors at 3T was 9.5
x 1018, with the spatial distribution of 19F signal around the tumor periphery, which agrees
with our previous findings; that study was performed at 9.4T5. The accumulation of
TAMs and subsequent 19F signal is sometimes referred to as “hot spots”28. Macrophages
have been identified by multiphoton microscopy to localize as clusters in the periphery, or
the “invasive edge”, and their role here is to allow for tumor expansion and to aid in
tumor cell intravasation35,36.
For the mice we imaged at both 3T and 9.4T the number of

19

F spins measured in liver

and tumor were not significantly different. Despite the higher magnetic field strength 19F
SNR was only slightly higher at 9.4T compared to 3T, due to the use of a surface coil at
3T. While cell detection limit will be affected by many factors, including, for example,
19

F cell loading, MRI sequence acquisition parameters, type of radiofrequency coil used

and MRI field strength, in this study the different RF coils used at the two field strengths
likely played the major role in our ability to detect cells at 3T. We utilized an in-house
built volume birdcage RF coil at 9.4T, while at 3T we utilized a commercially built
surface coil. Sensitivity and SNR from each coil are dependent on both design and use.
For example, we can optimize birdcage coil diameter and length and “filling factor”37 to
improve sensitivity. The birdcage coil we used was built for imaging mice, and therefore,
a mouse fits well into the coil (ie mouse size dimension equals coil dimension). Surface
coils provide superior sensitivity versus volume coils, and this is because of a smaller coil
diameter and proximity to the region of interest38. These coils were both built to
maximize sensitivity, with respect to their configurations and use, but it’s impossible to
compare the two considering their inherent differences.
Our study and others have demonstrated that 19F signal is related to PFC-positive TAMs
identified by microscopy4,5,7,27. If we use the number of 19F spins/cell measured from the
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NMR of macrophages labeled in vitro we can estimate that we are detecting roughly 3055 x 106 PFC-labeled cells in the 4T1 tumors, only imaged at 3T. Since cells labeled in
vitro will have a higher

19

F loading per cell, compared with cells labeled by an

intravenous injection of PFC, this is likely an underestimation.
19

F quantification is typically performed using manual delineation of only the perceived

19

F signal, with 1H images used for anatomical reference (“19F only” ROI)2,3,27. However,

the distribution of TAMs within a tumor may be sparse and heterogeneous; this has been
observed by both clinical histological examination18,39 and with preclinical

19

F MRI5,7.

This along with low SNR data, which will cause regions of 19F signal to be less obvious,
may lead to user bias with respect to the ROI chosen for 19F quantification. Here we used
two different methods for 19F quantification. When “19F only” ROI was utilized, a wider
range of values for the number of

19

F spins was found between the low and high NEX

acquisitions and there was a trend of higher numbers of 19F spins measured as NEX/SNR
increased. We observed that in low SNR 19F images, when choosing the “19F only” ROI,
the size of the ROI was smaller. When using the “tumor” ROI, there was more consistent
19

F spin quantification between low versus high SNR

19

F images. This method may

produce more consistent results in vivo, as the ROI is taken from an anatomical image
and not from perceived

19

F signal. However, in

19

F images where the signal is obvious

and localized to a homogeneous area, ROI can be taken from the 19F data, such as what
we have done for the images of PFC-labeled cell pellets.
The

19

F MRI methods described could also be adopted for use in other disease models.

Not only could an IV injection of a PFC agent label monocyte/macrophage populations in
situ to quantify inflammatory responses, but, for example,

19

F MRI could track and

quantify a specific, in vitro PFC-labeled cell population, over time. This would be of use
in cellular therapy, where

19

F MRI could assess the location and success of migration.

This has been implemented by Ahrens et al to study PFC-labeled dendritic cells (DCs),
which were introduced into colorectal adenocarcinoma patients as an immunotherapy in a
clinical trial40. In this instance they were able to image and quantify the PFC-labeled DCs
at the injection site and noted a large decrease in

19

F signal at 24 hours, which they

attribute to DC migration to lymph nodes, or cell death resulting in clearance of the PFC.
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For future clinical translation of our work, the surface coil utilized in our study was built
to image small regions on a human patient and is available commercially. A surface coil
like this would be useful for imaging a superficial tumor to study TAMs or a lymph node
for immunotherapy studies to confirm successful migration.
Despite strong evidence for a link between TAM content in breast cancer and patient
outcome there are few strategies for measuring TAMs in breast tumors and currently no
in vivo approach. With continued developments of this imaging technology on clinical
MRI systems

19

F MRI cell tracking has the potential to be used routinely to provide a

picture of TAM distribution and a measure of TAM density in breast tumors; this
information can be used in a meaningful way to predict response to therapy and monitor
treatment.
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Chapter 5
5 Summary and Future Work
This is the first comparison of iron- and

19

F-based cellular MRI methods for TAM

detection and quantification. Further, this is the first use of

19

F MRI as an imaging

biomarker of murine breast cancer aggressiveness in vivo and was also the first
investigation of TAM detection and quantification using 19F MRI on a 3T clinical system.

5.1 Discussion and Conclusions
Despite evidence of a strong link between macrophage presence in a tumours and poor
clinical outcome, there are few strategies to quantify TAMs. Histology is commonly used
to identify TAMs and can provide detailed and accurate information on presence/absence
of TAMs and location, but only for a small sample of the tissue of interest. It is also
invasive and can only provide information from a single time point. In this thesis imaging
techniques were used to non invasively identify and quantify TAM content. The
following is a summary of the results.

5.1.1 Chapter 2 – TAM Quantification by Iron- and

19

F-Based MRI

Methods
In Chapter 2, 4T1 murine breast tumours were imaged by both iron- and 19F-based MRI
methods at two time points during tumour development. This model is highly aggressive
and these tumours are known to have a high TAM content1. Quantitative analysis was
performed on the image data sets to determine which technique was best for quantifying
signal in tumours related to uptake of USPIO or PFC by TAMs. Microscopy identified
the USPIO or red fluorescent-tagged PFC in the tumour periphery, corresponding to the
location of the macrophages identified by IHC. The main findings were:
1. Quantification of the signal measured from USPIO- or PFC-labeled cells produced
different results. The measurement of black voxels indicated more signal loss

139

(suggesting more TAMs) at the later time point while quantification of 19F signal
found no difference in signal between the two time points.
2. Quantification of signal loss caused by USPIO-labeled cells is challenging due to
the blooming artifact and overestimates the number of USPIO-labeled cells in
tumours.
3.

19

F-based MRI provides a better picture of the number of TAMs within a tumour.

19

F MRI is directly quantifiable and provides a map of

19

F spin distribution

throughout the entire tumour.
These findings provided evidence that, for the purpose of detecting and quantifying
TAMs,

19

F-based MRI has better potential use compared to iron-based methods. Due to

the inherent blooming artifact associated with iron, quantification is difficult and may
misrepresent the number of USPIO-labeled cells. Alternatively, signal generated by the
PFC agent is directly proportional to the number of

19

F spins in the region of interest.

Although with in situ cell labeling we could only measure the total number of 19F spins,
and not cell number, it has previously been demonstrated that 19F content can be related
back to the number of inflammatory cells2. After the IV administration of a PFC agent,
inflamed tissue was excised from rats with experimental autoimmune encephalitis. The
amount of

19

F quantified through NMR of the intact tissues linearly correlated with the

amount of CD68+ mRNA levels present, due to macrophages.
19

F MRI has lower sensitivity, which may prevent detection of

19

F-labeled cells in very

small tumours or in tumours with low numbers of TAMs. However, in this model,

19

F

signal was detectable even at the very early stages of tumour growth. Overall, this work
provided a platform for
models.

19

F-based MRI in further studies involving preclinical TAM
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5.1.2 Chapter 3 – Using

19

F MRI as an Imaging Biomarker of Tumour

Aggression
In Chapter 3, we successfully utilized 19F MRI to differentiate between 3 isogenic murine
models of breast cancer, which have varying levels of aggressiveness (growth and
metastatic potential). Here we found that there were significantly more 19F spins/mm3 in
the highly aggressive tumours when compared to the non- and slightly-aggressive
tumours. This measure of 19F spin content was validated by the qualitative assessment of
F4/80+ macrophages by histological analysis.

19

F signal was also examined in lung

metastases as well as lymph nodes. Lung metastases were visible as hyperintense regions
on 1H images. Not every lung metastasis had detectable 19F signal associated with it. 19F
signal was more commonly detected in lymph nodes on the ipsilateral side of the primary
tumour. Despite these observations,

19

F signal was also often observed in some lymph

nodes in healthy mice. Although this information was interesting to us, these findings will
have to be further investigated for study of lymph node MAMs. The main findings were:
1. A significantly higher number of

19

F spins/mm3, due to PFC-labeled cells, was

measured in the highly aggressive tumours. .
2.

19

F MRI can detect 19F-labeled cells in lung metastases. Not every lung metastases

had 19F signal detectable.
These findings show that 19F MRI can be used as a quantitative measure of TAM burden
in tumours. 19F quantification allowed for discrimination between tumours, based on their
aggressiveness and metastatic ability. Currently in the clinic, tumour staging provides an
assessment of clinical prognosis and is accomplished through information about
anatomical location, primary tumour size, metastatic spread and histological examination
through biopsy. Groups have suggested alternative methods to provide this information
such as non invasive imaging. For example, dynamic contrast enhanced MRI can identify
more aggressive prostate tumours through a measure of Ktrans3, while apparent diffusion
coefficients can differentiate between high and low aggressive thyroid carcinomas, based
on surgical histopathology4. Our technique, in the clinic, could be used to determine
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likelihood of tumour growth and metastatic potential and could be used as a clinical
decision making tool to suggest tailored therapeutics based on macrophage content.

5.1.3 Chapter 4 – Preclinical 19F MRI on a 3T Clinical MR System
In Chapter 4 we developed 19F MRI on a clinical 3T MR system. PFC-labeled cell pellets
were first imaged and 19F signal was quantified and compared to NMR calculations. 19F
signal was linearly proportional to cell number. Tumour-bearing mice were then imaged
and

19

F quantification performed at both 9.4T and 3T MR systems, to compare and

validate results. Additional tumour-bearing mice were imaged using 2 to 100 NEX at 3T
and

19

F signal was quantified for every acquisition. A novel

19

F analysis method was

implemented with the aim of reducing user bias while maintaining

19

F quantification

accuracy. The main findings were:
1.

19

F-based MRI on a 3T clinical system can be used to image and quantify TAMs

in a murine model of cancer.
2.

19

F quantification is accurate at 3T, based on cell pellet imaging and validation by

NMR.
3. A new 19F analysis method could reduce user bias.
These findings were the first to demonstrate preclinical, in vivo

19

F MRI of mice at 3T.

Other preclinical studies have been performed, ex vivo at 3T5,6 and many more in vivo at
higher magnetic field strengths. One clinical

19

F MRI study has been performed at 3T,

tracking in vitro labeled DC injected into human colorectal cancer patients. Here they
estimated the sensitivity limit for detection to be ~105 cells at 3T7 with others estimating
30,0008. We detected as few as 25,000 cells in a pellet. From our in vivo images of mice
we estimated there were much higher numbers of TAMs (millions) within tumours. The
actual sensitivity will be dependent upon many factors such as cell loading, imaging
sequence, RF coil and magnetic field strength. We believe the use of a highly sensitive
surface coil contributed to these results, allowing for in vivo
applicable scan time.

19

F MRI with a clinically
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5.2 Challenges and Limitations
5.2.1 Inability to Discriminate Between Macrophage Types
Currently, cellular MRI techniques are unable to discriminate between pro-tumoural and
anti-tumoural macrophage phenotypes. The intravenous injection of the cell-labeling
agent relies on passive uptake by phagocytic cells and does not allow for selective uptake.
There have been attempts at targeting macrophage phenotype for imaging, capitalizing on
the known cell surface receptors. For example, one group aimed to distinguish between
the macrophage subtypes, with the use of folate and mannose receptor targeted optical
probes (for M1 and M2, respectively). Here they utilized an in vivo inflammatory model
in mice and demonstrated the ability to correlate both CD80+ cells (M1 macrophages) to
the fluorescence from the folate receptor probe and CD206+ cells (M2 macrophages) to
the fluorescence from the mannose receptor9. A similar approach has been taken using
MRI where a magnetofluorescent nanoparticle selectively labeled CD11b+ macrophages,
correlating with an M2, pro-tumoural phenotype. Here, multimodality imaging could
track these cells using optical intravital microscopy, MRI and fluorescence molecular
tomography. Although these studies have provided evidence that macrophage targeting is
possible, the extreme plasticity of TAMs in vivo and their ability to repolarize
dynamically makes this challenging in practice. Regardless, many aggressive human and
murine breast tumours have been shown to be dominated by pro-tumoural TAMs and
therefore, for our studies we expect that the MRI signal we are tracking with either iron or
PFC uptake is predominantly from pro-tumoural TAMs.

5.2.2 Inability to Calculate Number of Cells
It is not possible to determine the number of cells from 19F images after an IV injection of
a PFC agent. It is possible to get cell number from

19

F images after injecting cells that

have been prelabeled in vitro with a PFC agent. This is because cell number can be
determined using the

19

F signal measured from the region of interest, the

19

measured from the image of a reference tube containing a known number of
(placed in the RF coil along with the mouse) and the measurement of

19

F signal

19

F spins

F spins per cell
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taken from a separate PFC prelabeled cell sample analyzed by NMR. With IV
administration of PFC and in situ labeling of macrophages it is not possible to obtain the
information about

19

F spins per cell needed for this calculation. We have made an

estimate of the number of cells that contribute to the

19

F signal by labeling a mouse

19

macrophage cell line with PFC in vitro and measuring F spins per cell by NMR on these
cell samples. Our estimates of cell number are expected to be higher than the true cell
number since in vitro and in situ labeling will yield different agent uptake; when cells are
labeled in vitro all cells contain PFC and higher amounts since the labeling takes place
over many hours.

5.2.3 Translating to Human 3T Imaging
The 4.3 cm diameter surface coil used in this thesis was built for imaging a small region
of interest on a human patient. This coil was large enough to cover almost an entire
mouse head to toe (Supplementary Figure 3) and we were able to image the mouse from
back to front with no depth issues. When considering translating this TAM imaging
approach to a clinical setting, we have to bear in mind the FOV and depth will be limited.
The only

19

F MRI clinical study that has been performed at 3T to date used a 7 cm

diameter surface coil and was focused on imaging PFC-labeled cells that had migrated to
inguinal lymph nodes7. For human lymph node imaging, the average depth is 1.5 cm from
the skin surface10 which is well within the imaging depth of this coil. This same approach
could be taken for superficial tumours, for example, breast tumours.

5.2.4 Imaging MAMs in Lungs
19

F signal was detected in a number of lung metastases, each identified as a hyperintense

mass against the black lung using 1H images. Not every lung metastases contained

19

F

signal and we postulate that the reason could be biological or technical in nature. First,
tumours are known to be heterogeneous in their cellular composition. This tells us that
metastases in the lungs could have a range of MAM content. If there was a metastasis
with a low MAM content, the limited

19

F sensitivity may not detect

19

F spins from the

PFC taken up by the small number of MAMs. Second, the metastasis may not have access
to the PFC agent injected intravenously, resulting in no PFC uptake, or a decrease in PFC
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uptake by the MAMs. Finally, because the metastases are within the lungs, there are
technical considerations. Respiration and the susceptibility artifact remain to be
challenges in lung imaging, which could reduce

19

F SNR to below detection threshold.

Lung metastasis imaging is further discussed in future work (Section 1.3.1).

5.3 Future Work
Future work will use 19F MRI cell tracking to investigate the heterogeneity of 19F signal
detection in lung metastases. It will be further developed to detect and quantify MAMs in
models of cancer metastasis to the lung. Additionally,

19

F MRI will be utilized to

quantitatively study the impact of depleting TAMs on cancer progression and metastasis.

5.3.1

19

F MRI to Further Investigate Detection of MAMs in Lung

Metastases
The ability to image macrophages associated will provide information about the timing
and role of macrophages in promoting metastasis. In the work presented in this thesis, not
every lung metastasis demonstrated 19F signal and therefore, future work will investigate
why this is, more specifically, whether it is a biological or technical phenomenon.
Biologically, further investigation will be performed on MAM and PFC content within
each lung metastasis. After MRI, lungs can be processed and IHC performed for
macrophage identification. Lung sections can be investigated for 1) MAM content and 2)
PFC content. MAM content can be quantified and compared to

19

F signal observed by

MRI, with respect to location within the lung. For MAMs that are within the lung
metastases, a measure of PFC content could be performed. Through this, it can be
determined if lack of 19F signal is due biologically to 1) A low number of MAMs or 2) A
low amount of PFC. Alternatively, undetectable 19F signal may be due to MRI detection.
Main limitations in lung imaging are the tissue-air susceptibility and respiratory motion,
leading to decreased signal and SNR. Further use of alternative pulse sequences could be
employed to determine if

19

F signal can be detected in all metastases. For example, the

use of an ultrashort echo time (UTE) sequence may improve detection of 19F signal. In the
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lung, UTE allows for signal acquisition in tens of microseconds and can minimize
susceptibility artifacts.

5.3.2

19

F MRI to Visualize the Effect of Macrophage Depletion in Cancer

There has been an increased interest in the depletion of macrophages in cancer as a
therapeutic option. With the known importance of TAMs and MAMs, the ability to halt
their influence on the primary tumour and metastases could prove to be extremely
beneficial. A number of groups have studied the effects of macrophage depletion,
visualizing a 55-60% reduction in macrophage numbers11 in the primary tumour and
metastatic sites, assessed through F4/80 immunostaining. There have been positive
effects, with respect to tumour regression and favouring of anti-tumour immunity12 and
depletion can prevent early dissemination by inhibiting the creation of a favourable
environment for growth13. MR imaging studies have aimed to visualize the change in
macrophage content, post depletion with the use of Gd14 and USPIO15 in cancer and 19F in
inflammatory bowel disease16. The use of

19

F MRI could detect and quantify changes,

with respect to PFC-labeled macrophages after depletion, and longitudinally as a
therapeutic.
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Appendices
Appendix A:

Supplementary Figures

Supplementary Figure 1: 19F-based MRI acquisitions. Balanced steady state free
precession images of mammary fat pad tumors acquired 3 weeks post 4T1 cancer
cell implantation, 48 hours after PFC administration. (a) Hydrogen (anatomical), (b)
Fluorine-19 and (c) 1H/19F Overlay. 19F, fluorine-19; PFC, perfluorocarbon; 1H,
proton.
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Supplementary Figure 2: Optimal imaging time post IV PFC. Longitudinal imaging
of mice (n=3) bearing 4T1 tumors at 21 days post cancer cell implantation. 1H/19F
imaging was performed at 12, 24, 36, 48 and 60 hours post single IV PFC injection.
Average 19F spins/mm3 were quantified for all mice at each time point; no significant
difference was noted between these time points (p>.05). IV, intravenous; 1H, proton;
19

F, fluorine-19; PFC, perfluorocarbon.
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a

b

Supplementary Figure 3: Surface coil for whole mouse body imaging. 4.3 x 4.3 cm
transmit receive switchable 1H/19F surface coil for 3T MRI imaging. Coil size allows
for imaging a whole mouse body.
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Appendix B:

Permissions

Copyright for the following articles are held by the authors:
Makela AV, Gaudet JM, Foster PJ. Quantifying tumour associated macrophages in breast
cancer: a comparison of iron and fluorine-based MRI cell tracking. Scientific Reports.
2017;7;42109 Creative Commons Attribution 4.0 International License
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