Chapter 7
Liver Metastases

Ann F. Chambers and Jason L. Townson

Abstract The liver is a common site of metastases that originate from diverse types
of primary tumors, second only to lymph nodes as the most frequent metastatic site.
As a vital organ with a number of varied functions, organ damage due to metastatic
disease is associated with profound morbidity and mortality. The multiple functi-
ons, large blood volume as well as the unique anatomy (dual blood supply, fenestra-
ted endothelium and sinusoids) of the liver play an important role in the frequency
of liver metastasis. Yet, while a substantial knowledge base has been generated
regarding the liver as a metastatic site, development of therapeutic options to treat
liver metastases has not progressed as rapidly. Though metastasis is often studied
in models that reduce the system to individual steps, a fully integrated understan-
ding of the process, and the critical steps that may be targeted by therapy, remains
incomplete and is likely necessary to develop suitable therapies. Towards this goal,
in this chapter we describe the process of metastasis, liver anatomy and function,
and models of liver metastasis and analysis.

Abbreviations

(CAM) chorioallantoic membrane
(HCC) hepatocellular carcinoma
(IVVM)  intravital videomicroscopy
(MRI) magnetic resonance imaging
(PCR) polymerase chain reaction
(PET) positron emission tomography

(SPECT) single photon emission computed tomography
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7.1 Introduction—Metastasis and the liver

As with the detection of metastatic cancer in most organs, incidence of liver me-
tastasis is correlated with short survival times [1-6]. This frequently poor outcome
prevails despite an expansive and rapidly growing body of literature detailing the
underlying causes and mechanisms that control cancer progression, and corre-
sponding (though not as rapid) improvements in cancer therapies that have led to
increased survival rates for multiple types of cancer. Yet many aspects of cancer
progression, including cancer metastasis, remain incompletely understood. This is
in part due to the complex, multistep nature of the metastatic process, during which
a significant number of intrinsic variables play a role in progression. This includes
the tissue of metastatic cell origin as well as destination, route of travel, normal
host and metastatic cell genetic and protein expression variations [7—10]. As such,
what may be considered a significant regulatory mechanism at one particular step
in the metastatic process, which may allow or inhibit progression at that particular
step, may be inconsequential if the cell is incapable of overcoming later steps in
the metastatic cascade. Further, as metastatic spread has often occurred at the time
of diagnosis and initial treatment, a focus on later (and highly inefficient) steps in
the metastatic process is often necessary [11]. In addition to the expanding knowl-
edge regarding cancer progression mechanisms, earlier detection and improved
therapeutic interventions have been credited with increased survival, mainly due to
treatment prior to the occurrence of overt metastatic cancer [12]. However, this is
once again an incomplete explanation, as grade and size are correlated with meta-
static disease but are not the sole determinant. This incomplete understanding of the
metastatic process, and a corresponding lack of translation of known mechanisms
to effective systemic treatment options specifically designed for metastatic disease,
highlight the need for research specifically focused on further elucidation of the
metastatic process and design of suitable, and more efficacious, treatment options.
While the individual steps that a cancer cell must take (detailed further below)
in order to successfully form a metastatic tumor are generally understood, a com-
prehensive and integrated understanding of the entire process for all cells within a
given population remains incomplete. The limited overall efficacy of a number of
therapies that were expected to specifically inhibit specific steps in the metastat-
ic process (e.g. matrix metalloproteinase inhibitors, angiogenesis inhibitors, etc.)
highlight the need for improved understanding and better ability to translate ex-
perimental findings to the clinical setting [13]. Indeed, a number of basic principles
remain far from understood, including the concepts of parallel and serial metastatic
progression, the nature and roles of cancer stem cells or other metastatic cell sub-
populations, the microenvironment etc. [14—18]. Further complicating the issue is
the heterogencous nature of metastatic progression among individual patients and
even among cells originating from the same primary tumor [19]. Finding appropri-
ate models to recapitulate such complexity, and understanding the data they yield,
is a significant challenge. In order to facilitate such research, here we present an
overview of basic concepts of metastasis, focusing on the liver as a secondary site,
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while also examining experimental models that have allowed a significant knowl-
edge base to be generated.

The overall process of metastasis itself has been well documented and at its most
basic can be described as consisting of cells leaving a primary tumor, invading
local tissue, intravasation into blood or lymph vessels, circulation and survival in
these vessels, arrest in a secondary tissue, extravasation, initiation and continuation
of growth and angiogenesis [7—10, 20]. Indeed, breaking down the process into
such steps has allowed for identification of factors contributing to, and mechanisms
controlling, various steps of the process [21-26]. Yet despite this understanding of
individual steps that control specific steps of the metastatic process, an integrated
and complete understanding of the mechanisms controlling all steps in this process
remains incomplete.

Metastasis in general remains a significant clinical problem. However, some or-
gans are more prone to development of clinically apparent metastatic tumors than
others [7, 20]. In particular, the liver is a frequent site of metastasis from mul-
tiple primary cancers including colorectal, pancreatic, breast, melanoma (skin and
uveal), esophageal, gastric and liver cancer itself [27-29]. Considering the number
of critical roles the liver plays, disruption of normal liver function can have sig-
nificant effects on normal body function and ultimately on survival. Additionally,
while the full role of the microenvironment on metastatic progression is still far
from completely understood, the diverse range of functions performed by the cells
of the liver may produce niche microenvironments that spatially and temporally
affect disease progression. In order to provide a context for the nature of metastatic
progression in the liver we provide a brief overview of the anatomy and function
of the liver before describing models of liver metastasis. A number of anatomical
and physiological factors including the unique vasculature, size, diverse functions
and location all likely play an important role in not only metastatic progression,
but in the design and analysis of in vivo models of metastasis. As with any model
system, each has specific advantages, disadvantages and limitations and thus the
model should be chosen carefully with full regard to the ability of answer the spe-
cific questions and hypotheses being addressed. This is of particular importance in
models of a process as complicated as metastasis, as too broad a focus can easily
be paid to a mechanism or step that may not ultimately be a significant rate limiting
step in progression, or a suitable candidate for therapeutic intervention.

7.2 Anatomy of the Liver

The liver is located immediately below the diaphragm in the upper part of abdominal
cavity. As both the largest internal organ and gland, it performs a number of vital
functions including blood filtration, detoxification, bile production, glycogen storage,
protein synthesis, hormone production and regulation of immune responses [28]. As
awhole, the liver is traditionally described as divided into 4 lobes (left, right, caudate
and quadrate), each divided by a number of ligaments and overlying the gallbladder.
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Fig. 7.1 Liver morphology, as seen by scanning electron microscopy. Terminal portal veins (7PV)
surround hepatic lobules. The hepatocytes (H) are arrayed in flat plates surrounding a centrilobular
vein (CLV). The sinusoids () provide a microvasculature within the lobules. Blood flows through
openings in the terminal portal veins (arrows) into and through the sinusoids, and is collected by
centrilobular veins (CLV), and then to interlobular veins and to the suprahepatic vein (not shown).
Also not shown, perilobular arteries, lymphatic vessels, nerve fibers and bile ducts, which also con-
tribute to the portal tracts occupied by the TPV. Bar: 50 um (reprinted with permission from [116])

The lobes themselves are further subdivided into functional areas that are primarily
defined as regions of tissue fed by a branch of the portal vein. At the histological
level, the liver is divided into lobules that are hexagonal in structure and composed of
branches of the terminal portal vein and artery, bile ducts, liver sinusoids and hepatic
venules (Fig. 7.1). The primary structural organization of the lobules are the liver
sinusoids, which themselves are composed of diverse types of cells including hepato-
cytes, endothelial cells, and macrophages/Kupffer cells, which are responsible for the
equally diverse functions completed by the liver.

Having a vital role in metabolism and maintenance of blood composition, and
of particular significance in terms of haematogenous dissemination of metastatic
cells, the liver is supplied by two major vascular branches; the hepatic artery and
portal vein. Of the two, the portal vein is responsible for the majority (~70 %) of the
blood delivered to the liver [30—32]. It should thus be of little surprise that a number
of organs drained by the vessels feeding into the portal vein (including the colon,
stomach, pancreas, esophagus and spleen) are common sites from which liver me-
tastases originate. In contrast, the arterial blood delivered via the hepatic artery does
not directly originate from upstream organs, but is instead oxygenated blood deliv-
ered from the heart via the abdominal aorta. As such, blood arriving via the hepatic
artery is filtered through capillaries of several organs, including the lung, prior to
arriving in the liver. Studies that have examined the growth of metastases from cells
originating from the portal vein or hepatic artery have found that greater than 70 %
of liver metastases likely arrive in the liver via the portal vein [33—36] (Table 7.1).
However, the presence of breast, melanoma (skin and uveal), renal, ovarian and
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Table 7.1 Incidence of liver metastasis via the portal vein and hepatic artery

Primary site Incidence rate Route

Liver 49% [36] Portal vein
Colon 78% [36] Portal vein
Rectum 71% [36] Portal vein
Esophageal 52% [36] Portal vein
Gastric 39% [36] Portal vein
Pancreas 85% [36] Portal vein
Melanoma 58% [117] Hepatic artery
Breast 30% [36]-32% Hepatic artery
Lung 16% [36] Hepatic artery
Ovarian 13% [36] Hepatic artery or peritoneal spread
Prostate 4 [36]-9% [33] Hepatic artery

lung cancer metastases in the liver indicate that the frequency of metastatic growth
in the liver is not only due to the sheer number of cells that arrive directly in the liver
via the portal vein system, but also due to the relatively hospitable “soil” of the liver.

The exact role of a number of the unique anatomical features (e.g. sinusoids, fe-
nestrated and phagocytic endothelium, etc.) and the complex and diverse metabolic
functions of the liver on the progression of metastasis remain to be further explored.
For example, how do the blood flow pattern, nutrient or toxin levels at various
times post injection, specific cellular metabolic functions and the local cell and
microenvironment heterogeneity, etc., influence metastatic cell fate and progres-
sion? Additionally, taking into account that the liver is large, highly dynamic and
multifunctional organ, would specific factors both promote and inhibit metastases
in the same organ at different times? In any case, because the liver is a vital organ,
compromise of liver function by growth of metastases can lead to significant quality
of life consequences for patients, and can results in patient death.

7.3 Experimental Models of Metastasis

The inefficiency of the metastatic process, by which few of the cells that leave a
primary tumor successfully form a macroscopic metastasis, has been well validated
by clinical data and experimental models [7, 37, 38]. The overall inefficiency of
this stepwise process highlights the fact that individual steps within the process are
regulated by a variety of cancer cell and micro-environment influenced mechanisms
which the majority of cells shed from a primary tumor are not suitably equipped
to overcome. In general, the methods used to understand and quantify metastasis
reflect this multistep nature and examine only specific steps of the process. The use
of mice with primary tumor formation and subsequent metastatic cell dissemination
due to genetic modification, spontaneous growth or chemically induced tumors,
allows for monitoring progression of cancer cells throughout the process [39]. How-
ever, limited availability, accessibility, significant variability and the often extended
experimental time required to study spontaneous models makes them less attractive
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and less frequently used than experimental metastasis models. As such, both mod-
els of metastasis in general, and liver metastasis in particular, are most frequently
performed using in vitro surrogate models or in vivo experimental models generally
using mice, or in some cases rats or avian embryos. While any number of avian
embryos and small or large mammals can be used as models, due to their common
use (well characterized), reasonable cost and general availability we will primarily
focus on mouse and chick embryo models.

7.3.1 In Vitro Models of Steps in the Metastatic Process

The multistep and multi-organ nature of metastasis essentially precludes the study
of the entire process in vitro and thus necessitates that in vitro assays be used in
a greatly minimized and focused manner in order to study specific steps in the
process. Indeed, a number of assays have been developed which are meant to quan-
tify and understand specific steps in the process including invasion, migration etc.
[40—45]. However, as these models do not recapitulate the anatomical and func-
tional complexity of the liver and are more general in nature, detailed description
of these techniques and assays can be found in literature focused on that particular
subject. In a general context, the effect of the microenvironment on cancer cell
growth is applicable to all metastatic sites. Multiple in vivo studies using mice for
experimental models of liver and lung metastasis have revealed that the fate of in-
dividual cells is diverse, with some remaining dormant, many undergoing apoptosis
and only a small subset forming micrometastases and eventually large metastases
[7, 46-49]. Along these lines, studies using 3D in vitro models in which cells are
grown in basement membrane matrix gel (e.g. Matrige]™ and Cultrex®) have dem-
onstrated that the growth of cells in 3D more closely replicates in vivo growth than
2D culture [40, 50-53]. This includes the observation that mixed cell populations
in which extended periods of single cell dormancy, frequently observed in vivo but
not in 2D culture, are observed in various proportions of the cells dependent on cell
line. Co-culture methods and custom fabrication of tuneable (size, shape, modulus)
microenvironments for 3D culture may present an opportunity to build increasingly
complex microenvironments, however significant functional diversity observed in
the liver would still be absent [42, 54-59].

7.3.2 General Consideration of in Vivo Metastasis Models

In the same way that the majority of in vitro ‘metastasis assays’ essentially isolate
individual steps of metastasis in order to examine the mechanisms of that specific
step (often in a greatly simplified way), liver metastasis models can be modified
in order to recapitulate only certain steps in the process. Spontaneous metastasis
models are models in which cells naturally disseminate from a primary tumor to
secondary site, regardless of the nature of the primary tumor (chemically induced,
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genetic, transplanted tissue, injected cells etc.) [39]. As such, cells complete all
steps of metastasis, including primary tumor growth, migration from primary tumor
intravasation into the circulation/lymphatics, delivery to secondary sites, extrava-
sation and growth. In comparison, experimental metastasis models commence by
injection of cells directly into the vasculature (blood or lymph) feeding a secondary
tissue in order to introduce cells systemically or target cells to a particular site.

In the case of experimental liver metastasis models, a broad definition would
include injection and arrival of cells via arterial blood flow, direct injection of the
cells into the liver, or more commonly, via the portal vein system (either directly or
injection via organs draining into the portal system such as the spleen) [39]. While
spontaneous models may offer the benefit of recapitulating the entire process of me-
tastasis, they are generally highly variable and require longer experimental times.
Additionally, a number of experimental models have demonstrated that cell death
leading to inefficiency of the metastatic process can occur after cell arrival in a
secondary site [7, 46—49, 60]. As such, while experimental metastasis captures only
the steps in the metastatic process following intravasation, steps following extrava-
sation have been shown to be highly inefficient and thus elucidating the factors re-
sponsible for cell progression, or conversely loss of cells, may lead to development
of logical therapeutics. Additionally, experimental models of liver metastasis offer
a higher degree of control over the cell population being introduced into the liver,
including the number and timing of cells injected, co-injection of other cells and/or
particles, genetic or protein expression modification of the cells and pre-labelling
with imaging contrast agents. As the vast majority of cells injected via the portal
vein into the liver have been shown to arrest in the liver, the direct introduction of
cells vs spontaneous dissemination from a primary tumor also allows for extended
periods of observation that can be limited by primary tumor induced endpoints (size
or morbidity) [46, 61, 62]. In the context of mimicking natural disease progression,
introduction of cancer cells to the liver via the portal vein follows the natural path of
many types of cancer, including colon, gastric and esophageal, for which embedding
these cells in their natural site of origin would add significant technical complica-
tion. Loss of the influence of the organ of primary tumor growth may have an effect
on growth in a secondary site, however most experimental animal models do not
actually recapitulate normal primary tumor progression, largely negating this factor.
While tumors originating from primary cancers such as breast and melanoma are
not believed to arrive in the liver via the portal system, the hepatic artery and portal
vein converge at the level of the liver sinusoid. This ensures that while the route of
travel is not identical, the microenvironment of arrest is appropriate [29, 63].

7.3.3 Avian Embryo Models—Chick Chorioallantoic
Membrane (CAM)

Avian embryo models, and in particular the chick chorioallantoic membrane (CAM),
have been well characterized for their use as a model tumor progression, including
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metastasis and angiogenesis [64—67]. While used less frequently than some other
animal models (i.e. mice and rats), chick embryo models offer a number of practical
advantages including relatively simple housing and maintenance requirements and
lower overall cost [64, 68—70]. From a technical perspective, avian models of tumor
progression have additional advantages relative to both in vitro and other in vivo
models. Compared to in vitro models, avian embryos (depending on their embryon-
ic development when used experimentally) provide a complex in vivo environment
(diverse cell types, vasculature, blood flow, filtering organs etc.) that allows mul-
tiple steps of metastasis to be studied sequentially. In comparison to larger mam-
malian animal models, chick embryos are easier to house and maintain, provide
an accessible surface for imaging (the CAM generally or deeper tissue using near
infrared (NIR) imaging techniques), are naturally immunodeficient until late in em-
bryo development, and can be used in large number to facilitate higher throughput
experiments. Some limitations of the embryo model include the sensitivity of the
developing embryo to cytotoxic therapeutics, the closed system (i.e. no elimination
administered chemicals) and shorter observation period that can reduce the ability
to determine therapeutic efficacy in this model. As a model for metastatic progres-
sion however, the ability to image at the sub-cellular level is a distinct benefit.
Chicken embryos develop for 21 days before hatching. The embryo itself is pro-
tected and nourished by three membranes, the yolk sack membrane, the amnion and
the chorioallantoic membrane, all of which are naturally enclosed by the egg shell.
Experimental tumor models using the chicken embryo can be performed either in
the egg shell (in ovo) or after removing the egg shell (ex ovo). Detailed protocols
for both methods have been described in detail previously [64, 65, 67, 68, 71-73],
with videos of the technique also available [73—75]. The general experiments that
can be performed using either method are similar, with the most significant differ-
ence between the two methods being simply the presence or absence of the egg
shell and the corresponding decreased viability and increased surface access (to
the CAM) using the ex ovo method. This surface access allows for a large area on
which multiple tumors can be implanted and imaged longitudinally at high resolu-
tion [67, 76]. While the CAM and its dense vasculature are most commonly used as
the site of tumor cell growth and arrest, liver metastasis models can be performed
using the chick embryo model via either spontaneous metastasis or injection of
cells via the CAM vasculature [72]. Indeed, blood returning to the embryo form the
CAM drains into the portal system and first passes through the liver of the embryo,
arresting most of the cells and facilitating use as a liver metastasis model [77-78].
Analysis of liver metastasis has been performed by a number of methods including
electron microscopy, polymerase chain reaction (PCR) based techniques to detect
human cells within the liver, recovery of the cells from the embryo (via tissue dis-
sociation and selective pressure) or by using fluorescent cell lines or histological
techniques in order to visualize the metastases [64, 70, 73, 77-81]. The proximity of
the embryo to the surface in the ex ovo model may also allow for direct observation
of metastasis using tissue penetrating imaging techniques including near infrared
(NIR) excitation and emission or multiphoton microscopy [82]. While the chick
embryo has been used primarily to study progression and liver metastasis of solid
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Fig. 7.2 Establishment of single and disseminated liver metastases. The model of single liver
macrometastasis is established by subcapsular injection of tumour cells or implantation of tumour
tissue (A). The model of disseminated liver micrometastases is established by intrasplenic (B) or
intraportal (C) injection of cancer cells

tumors, this model has also been used to study progression of human leukemia cell
lines that were found to form granulocytic sarcomas in the CAM and were detected
in the liver and other organs by PCR. Interestingly, tumor engraftment was rapid
and occurred in 100% of eggs injected via the vasculature or amnion, but not the
yolk sack or direct CAM implantation [81].

7.3.4 Rodent Models

Rodent models, and in particular mouse models, have been used extensively in
order to study the process of liver metastasis [62, 83—88]. The method of introduc-
ing cancer cells into the liver however varies significantly with the most common
injection routes including direct injection into one or more lobes of the liver, via
the portal vein system or indirectly through injection of cells into the spleen [46,
63, 83, 84, 89-91] (Fig. 7.2). As with any experimental model, each has distinct
advantages and disadvantages and should be chosen in the context of the experi-
ment and hypothesis to be addressed. For instance, while direct injection into the
liver is a simpler surgery, it recapitulates only the last steps of metastatic progres-
sion (from most primary tumors), sustained growth and angiogenesis. As such, this
model would be limited to experiments examining the effect of treatment on large
metastatic tumors. Additionally, while the size of cell clusters has been shown to
influence metastatic progression, cell clusters that arrive in the liver via the blood
vasculature would not be expected to aggregate as a dense population of millions
of cells present following direct liver injections. The significant exception to this
is that the most frequent site of metastasis for hepatocellular carcinoma (HCC) is
the liver itself, making direct injection of cells into the liver a reasonable model of
primary orthotopic HCC growth with subsequent local metastases [36]. Overall, a
significant advantage of rodent, and in particular mouse models of liver metastasis,
is the wealth of publications that detail the growth of a wide variety of cell lines,
both mouse and human, in multiple strains (and with different immune status) of



150 A. F. Chambers and J. L. Townson

mice [62, 83-86, 88, 90]. As with any mouse experiments, the ability to genetically
engineer mice in order to examine the influence of specific molecules and host cell
types, or express reporter genes (e.g. fluorescence), allows for an expanded level of
control over the microenvironment.

As the primary methods of introducing cells into the liver for metastasis models,
the use of splenic injection and portal vein injections (Fig. 7.2) have a number of
similarities and subtle differences that require discussion. The primary similarity
between the two methods is arrival of the cells via the portal vein. Despite this,
the rate and proportion (of injected population) of cancer cells, and accompanying
cell types in the case of splenic injections, differ. Given the influence of the micro-
environment on cancer progression and metastasis, this should not be overlooked.
Indeed, studies examining liver metastases following splenic injections have found
that cells from the mouse spleen are co-localized with the injected cancer cells in
the liver and that in certain cell lines splenic injections are more efficient [92].
While the exact mechanism of this increased efficiency is unknown, it is likely simi-
lar to studies demonstrating that clusters of cells injected into the portal vein yield
more metastases than individually injected cells [87]. Additionally, it has been sug-
gested that cancer cells coated with red blood cells/platelets may exhibit increased
metastatic efficiency [93]. As a method of cell injection, cannulation of the portal
vein has also been reported, allowing for subsequent injection of systemic therapy
directly to the liver as is sometimes done clinically [94].

Injection of cells via cardiac or intravenous injection can also be used to deliver
cells systemically, including to the liver. These injection routes will however result
in arrest of the vast majority of cells in the organ in which they the first encounter
a capillary bed (e.g. lung for intravenous injections; multiple arterially supplied
organs for intracardiac injections) [7, 95]. The ease of intravenous injection would
make this method preferred for high throughput studies and indeed would be the
logical method of injection for cells that pass through other organs prior to arriving
in the liver (breast, lung, melanoma etc.). Indeed, some melanoma cell lines have
been found to survive or grow primarily or exclusively in the liver following i.v. in-
jections [85]. While a technically simpler method of introducing cells into the liver,
cell lines that grow well in the lung (or any other site) will limit the observation pe-
riod as most will arrest and grow in this site. Intracardiac injections via the right side
of the heart would be similar to intravenous injections. However, injection into the
left side of the heart would be expected to deliver cells to organs proportionally to
blood flow patterns. In this case a significant proportion of cells would be expected
to be delivered to the digestive system, including to the liver [7, 95]. Preferential
growth in the liver would then be a function of the liver “soil” [20].

7.4 Imaging and Analysis Techniques

A significant challenge when trying to dissect the entire metastatic process is the si-
multaneous need to image a large number of metastatic cells in multiple diverse cell
microenvironments at a molecular to organ or even whole animal level. These com-
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peting requirements often force the decision to monitor either small subpopulations
of cells with high resolution (generally by optical microscopy of tissue sections or
in vivo using intravital videomicroscopy (IVVM) or the entire population of cells
via non-invasive imaging methods (e.g. magnetic resonance imaging (MRI), ultra-
sound, whole body fluorescence (FLU) or bioluminescence (BLU), radio labelling
etc.) [67, 83, 86, 96]. The location of the liver provides additional challenges for
imaging as the large size of the organ, its internal location and constant movement
all pose technical hurdles. These challenges have in large part been overcome by ad-
vances in gating and surgical techniques, contrast agents and imaging hardware, but
are not yet routine or simple. The decision to monitor smaller numbers of cells with
high resolution, larger populations at lower resolution, at single time points (histol-
ogy) or longitudinally must still be made in most cases. With continuing advances
in imaging hardware and the availability of multi-purpose, multi-modal imaging
contrast agents (and diagnostics and drug delivery vehicles), the technical capabil-
ity to serially or simultaneously deliver therapeutics and image the same population
of cells via multiple imagining methods exists, however is still technically challeng-
ing in vivo [97-99].

7.4.1 Optical Microscopy

Optical microscopy has the advantage of resolution at the sub-cellular (sub microm-
eter) level, but this is counter balanced by the currently limited depth of penetration,
significant image degradation due to motion artifacts and limited field of view. Yet,
as metastatic progression is controlled at the cellular (both intra and inter) level,
microscopy has and continues to be indispensible in identifying many basic charac-
teristics and mechanism of the metastatic process. For analysis of liver metastasis at
a single time point, microscopy is often used to image and quantify cells or tumors
in thin or thick sections (with various cell stains or fixation methods) of tissue. In
order to image the metastatic process in vivo, IVVM has been well documented
with detailed techniques described previously [65, 67, 71, 74, 95].

The ability to section and stain liver tissue to be analyzed by microscopy has a
number of advantages including technically simple (can reduce background signal
and no motion) imaging procedures and a large number of stains that can be used
to label different cells types in order to facilitate identification and quantification.
However, limitations exist in the type of information that can be gathered from
what is essentially a snapshot of a dynamic process. As a measure of quantification
of the fate of cells, or the effect of treatment on progression and size of metastases,
analysis of histological sections is still a preferred method. Indeed, significant data
regarding metastatic cell fate following arrest in the liver has been generated via
thin or thick section analysis of tissue [46, 62, 88]. These studies have revealed that
the majority of cells arriving in the liver undergo apoptosis, while smaller propor-
tions, dependent on cell type, remain in the liver as dormant cells (so-called dor-
mant cancer cells, DCC) or begin proliferating to form metastases [46, 47, 62, 88].
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A wide variety of contrast agents (often fluorescent), labels and stains exist and
are suitable for in vivo use. The choice of cell label is significant as it can consider-
ably alter the type of information that can be obtained from the experiment. While
somewhat more limited than options for staining histological samples, a number of
methods can be used to highlight specific anatomy (commonly vascular dyes—vari-
able “leakiness”) or label metastatic cells. This includes cell lines stably express-
ing fluorescent (FLU) or bioluminescent (BLU) proteins or labelled with inorganic
particles or dyes of various excitation and emission properties, e.g. [83, 88, 100,
101]. Cells can be labelled transiently with fluorescent particles prior to injection in
order to facilitate their tracking by optical microscopy or in combination with other
modalities such as MRI [83, 88, 90, 100]. Advantages of nano or micron sized par-
ticles are their often increased optical properties including brightness, stability and
defined excitation and emission spectra. Additionally, many novel nanoparticles are
being designed to act as contrast agents for multiple imaging modalities simultane-
ously [97, 98, 102].

Though the maximum resolution for optical microscopy is currently higher than
other imaging modalities (nano scale for super resolution techniques), in vivo im-
aging of the liver is complicated by its internal location and constant movement.
However, a number of techniques for stabilization and tissue access have been pub-
lished, including exposing and securing the liver to underlying cover glass or using
a surgically implanted window to image micrometastases and even solitary cells
[95, 103]. In the context of understanding and quantifying the fate of individual
metastatic cells, portal vein injections have an advantage of delivering nearly all
cells, and cell sized particles, directly to the liver to be arrested in the vasculature.
This physical arrest of cells and particles by size has been used in order to account
for cells by co-injection of fluorescent reference particles [46, 62, 95]. In this way
the fate of cells in reference to particles can be quantified.

Overall, the greatest current advantage of optical microscopy analysis of liver
metastasis is the ability to directly image intra- and inter-cellular events that may
be obscured by imaging larger tumors or indirect cell indicators (e.g. iron oxide
for MRI). As much of the cell-microenvironment is different by location within
the liver, it is probably ultimately necessary to use such high resolution imaging
in order understand metastatic progression and the subcellular/intracellular events
controlling progression mechanism. However, the addition of whole animal mo-
lecular imaging may capture large scale differences in growth, blood flow patterns,
metabolic activity etc., which would not be apparent with the limited field of view
possible using optical microscopy.

7.4.2  Whole Animal Imaging Techniques

Advances in the field of non-invasive whole animal imaging, with an emphasis on
molecular imaging, have continued to improve the resolution of a number of imag-
ing modalities to the point that they are able to detect smaller tumors, and in some
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cases individual cancer cells within an intact organ or animal [83, 90, 96, 100, 104—
107]. It should be noted that while molecular or single cell imaging non-invasive
imaging is indicative of the presence or activity of cells, it is generally not truly at
the molecular level per cell but the average of many cells (e.g. PET, SPECT trac-
ers), the minimum number and characteristics of which differ based on the contrast
agent and sensitivity of the particular modality. Though not directly imaging the
subcellular events of individual cells, a possibly significant benefit of non-invasive
whole animal imaging is the lack of invasive surgery that could have effects on
tumor progression. This is due to experimental and clinical studies in which results
indicate invasive surgery may have an effect on shedding of cells from the primary
tumor as well as subsequent growth [108—110].

Most common and clinically used imaging modalities are available and have
specifically designed hardware for imaging of small animals including mice. This
includes MRI, SPECT/CT, PET and ultrasound. The advantages and limitations of
these common imaging modalities, including their cost, contrast agents and reso-
lution have been reviewed thoroughly elsewhere [105]. It is worth noting how-
ever that in all cases, resolution using small animal equipment is now generally
sufficient to detect the presence of micrometastases, if not single metastatic cells.
This resolution can vary significantly though and requires substantial optimization
of gating techniques, pulse sequences, image reconstruction algorithms and the
choice/availability of contrast agents. An example of advances in the convergence
of hardware, software and contrast agents for multimodality imaging is highlighted
by the use of dual magnetite (for MR) and fluorescent (optical) particles that have
facilitated quantification of solitary metastatic cells in multiple organs, including
the liver, using both modalities [90, 100]. However, in this situation optical micros-
copy is still used to validate the presence of solitary cells as detected by signal voids
(due to iron oxide) in MRI images. This is because the majority of contrast agents
for non-invasive imaging are indicative of the presence of the contrast agent and
not a metastatic cell. Retention of pre-loaded (in or on the cell) contrast agent, or
preferential co-localized of post injected contrast agent are therefore assumed and
must be validated.

As with the model of metastasis used, the choice of imaging modality should be
chosen based on experimental questions to be answered. An illustration of the trad-
eoffs that must be made when choosing an imaging modality for analysis of liver
metastasis growth is highlighted by a comparison of data obtained for B16F1 mu-
rine melanoma metastasis growth in the liver by MRI or ultrasound. Whole animal
or organ imaging by MRI has been shown to be able to detect and quantify nearly
the entire population of metastatic cells (single cells, micro and macrometastases),
and a comparison of this technique vs traditional histological analysis is presented
in Fig. 7.3 [83]. However, analysis by MRI requires expensive and customized
hardware, pulse sequence optimization, use of contrast agent (for single cell imag-
ing) and can require long image acquisition times. In comparison, imaging metas-
tases by high frequency ultrasound (Fig. 7.4) is relatively inexpensive, requires no
contrast agent and images can be acquired relatively quickly. Yet the ability to de-
tect single cells and very small micrometastases, as well as image liver beneath the
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Tissue l
section

Fig. 7.3 Analysis of liver metastases via MRI. MR images from a whole mouse liver can be used
to quantify tumor numbers and volumes, as well as volumes of solitary (dormant) cells. Whole
livers (A) were scanned by MRI to generate a series of two-dimensional images, from which areas
representing metastatic B16F1 murine melanoma tumors as well as dormant solitary cells are
calculated (B). These sections, from the full liver volume, were used to render three-dimensional
images (C) and used to calculate tumor volume for the whole liver. In contrast, standard histology
(D) samples only a small subset of the full liver volume. Image modified from Townson et al.,
Cancer Research 2009 [83].

Fig.7.4 Analysis of liver metastasis via ultrasound. Growth of an individual BI6F1 murine
melanoma metastasis in liver. Calculated metastasis volumes at three times after mesenteric vein
injection of cells: day 10 (0.06 mm3); day 14 (0.61 mm3); day 18 (3.79 mm3). Bar, 1.0 mm. Image
modified from Graham et al., Cancer Research 2005 [86].
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ribs, is currently limited [86]. While practical limitations generally result in the use
of the imaging modality that is most readily available, the ability to image different
populations (single cells, micrometastases and large metastases), surface antigens
vs metabolic activity, blood flow etc., by various imaging modalities makes it real-
istic to image the entire level with cellular level resolution. Additionally, the use of
multimodal contrast agents that also function as drugs or experimental cargo (e.g.
shRNA etc.) delivery vehicles are beginning to allow for experimental manipulation
and simultaneous imaging.

7.5 Conclusion

In most cases metastases, not local, non-invasive primary tumors, are responsible
for cancer related deaths. The dual high volume blood supply to the liver, “unfil-
tered” in the case of the portal vein, in combination with what appears to be a rela-
tively permissive tumor growth microenvironment make the liver a common site
of lethal metastases. Advances in surgery, radiation therapy and systemic therapies
have significantly increased survival following diagnosis of liver metastases, how-
ever prognosis is still generally poor. This is primarily due to the collateral damage/
non-specific toxicity and technical complexity of treating multiple (spatially and
temporally) metastases via surgery or radiation to a deep tissue vital organ. Con-
sidering the possibility of the presence of occult and perhaps dormant metastases
that can emerge following removal of all clinically identifiable tumors (primary or
metastatic at first treatment), it is likely that to make further significant advances in
survival, advances in systemic therapy will be required. In order to achieve this, a
better understanding of metastatic growth in liver is required. As a metastatic site for
cells delivered via both arterial and portal vein blood, the liver provides a suitable
microenvironment for determining the effect of site of growth based on preferred
soil vs frequency of distribution. Additionally, multiple direct (portal vein system,
directly into liver tissue) and indirect (intracardiac, intravenous, splenic injection)
are available to recapitulate arrival via different routes as would be seen in patients.

Advances in systemic therapy including identification of surface ligands, molec-
ular targeted therapy and nanoparticle drug delivery vehicles may offer a number of
promising advantages for treatment of metastatic liver disease, including specific-
ity and reduced toxicity [102, 111-113]. These include the ability to directly target
surface receptors, deliver drug intracellular and exploit advances in non-cytotoxic
therapies [114—115]. These combined properties may make molecular or cellular
targeted therapies (vs treating the entire tumor as a single entity) capable of elimi-
nating occult or dormant cells responsible for recurrent disease. Additionally, most
therapeutics, including novel nanoparticles, normally accumulate in the liver, and
elucidation of methods to take advantage of this effect, while avoiding Kupffer or
endothelial cell uptake, could possibly provide a therapeutic opportunity. However,
in order to develop novel systemic therapies for such applications, further knowl-
edge regarding the fate of individual metastatic cells and population heterogene-
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ity need to be understood. While acknowledging that the models and techniques
outlined here are far from ideal and continue to evolve, when combined with other
experimental advances a number of basic questions remain to be answered. The
effect of the complex functional diversity of the liver, and its influence on the also
heterogeneous metastatic cell population, is likely of particular importance. Cor-
responding to the diverse function of the liver, it has been well documented that
even within a structure as small as the lobule, extensive variance with respect to
specific molecular uptake, secretion and oxygen levels are observed. Would such
niche environment provide a survival advantage for cells as has been documented
in bone? It is hoped that the information presented here provide a basis to facilitate
this required research and continue the necessary development on these models,
integration of imaging techniques.
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