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1 Abstract

INTRODUCTION
Rheumatoid Arthritis (RA) is a progressive and debilitating disease instigated by a loss of tolerance
to one’s own antigens. Through repeated inflammatory flares, the synovium thickens and both the
cartilage and bone of the joints are degraded. Diagnosing a flare early, as well as monitoring the
treatment of individual flares and the overall health of the patient are key to reducing morbidity in
RA.
Optical imaging techniques such as Fluorescence Reflectance Imaging (FRI) and Photoacoustic
(PA) imaging have the potential to improve RA diagnosis and therapeutic monitoring. To this
end, we applied FRI in a study of RA progression and resolution, monitoring two biomarkers of
inflammation and tissue remodelling.

AIM
We focused on the biomarkers S100A8/9, an alarmin representing an initiator of inflammatory
response, and Matrix-metalloproteinases (MMPs), enzymes acting on the extracellular matrix,
which are implicated in cartilage and bone destruction and tissue remodeling. We sought to
better understand both a trigger (S100A8/9) and a downstream effector (MMPs) protein in the
development and resolution of inflammation in RA.

METHODS
Using FRI and novel, fluorescently labelled molecular imaging agents binding specifically to our
biomarkers of interest, we were able to follow, longitudinally, for the first time, the activity of
S100A8/A9 and MMPs. MRP14 (S100A9) and MMP-9 immunofluorescence was used to confirm
imaging findings histologically.

RESULTS
S100A8/A9 and MMP signals were similar throughout the inflammation and resolution phases
of disease progression in a murine Collagen Induced Arthritis (CIA) model of RA. Signals were
compared with the standard clinical score used to assess the degree of disease progression. Significant
differences in signal were observed between highly inflamed paws (above 2 on a clinical score scale
of 0 - 3) and controls. The upregulation of the biomarkers at and above a clinical score of 2 was
corroborated by histology.
Late in the resolution phase, significant remodelling of the paws was found but while an increase in
clinical score was found, the biomarkers of inflammation remained low. Additionally, a case study
of single joint inflammation in a low clinical score paw was investigated and found that single joint
inflammation was visible both in MMP FRI imaging as well as immunofluorescent histology.
This is the first time small molecule tracers targeting S100A8/A9 and MMPs were used in concert,
longitudinally, to assess inflammatory activity in a model of RA. Therefore, several methods of
analysis were considered and evaluated in detail for their applicability to this study.

CONCLUSION
This thesis has shown that two biomarkers representing the triggering of inflammation and tissue
remodeling can be monitored longitudinally and has laid the foundation for non-invasive, optical,
molecular imaging of the progression of RA, which could improve patient monitoring and early flare
diagnosis.
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2 Introduction

2.1 Rheumatoid Arthritis

Rheumatoid Arthritis (RA) is a chronic and episodic autoimmune disease most commonly
associated with joint pain, stiffness and swelling followed by joint degradation (Lee and
Weinblatt, 2001). In addition to these localized articular symptoms, RA exhibits a number
of systemic effects including destruction of fascia, vasculature, myocardium and more, as
summarized in Table 1. These effects taken together make RA a debilitating disease with
elevated morbidity and mortality rates and increased comorbidities, particularly pulmonary
(e.g. interstitial lung disease), cardiac (e.g. myocardial infarction and stroke), cancer (e.g.
lymphoma, leukemia and melanoma), infection and other immune related diseases (e.g.
psoriasis and asthma) (Michaud and Wolfe, 2007; van Eijk-Hustings et al., 2012; Maradit-
Kremers et al., 2005).
RA has a prevalence of 0.5 - 1% in developed countries and can begin at any age. The onset
occurs most commonly in the 5th decade of life though onset is frequent up to the 7th decade
of life. RA is a significant disease affecting aging populations (Gabriel, 2001; Alamanos and
Drosos, 2005; Silman et al., 2002). RA is found 2 - 3 times more often in women (Alamanos
and Drosos, 2005).

2.1.1 Causes of Rheumatoid Arthritis

In recent years, research has revealed multiple factors, which could trigger or promote RA
pathogenesis, however, the causes of RA remain unclear. Genetic factors including human
leukocyte antigens as well as a number of single nucleotide polymorphisms are associated
but not required for RA. It is also believed that bacteria such as mycoplasma, clostridia and
E. coli as well as viruses such as Epstein-Barr may play a role in triggering RA. Smoking
and traumatic/stressful events or periods in life are linked with the induction of RA. It

Table 1: Extra-articular symptoms and conditions related to Rheumatoid Arthritis.
Source: Lee and Weinblatt (2001)

Organ System Symptom/Condition
Skin Rheumatoid nodules, vasculitis
Ocular Keratoconjunctivitis sicca, iritis, episcleritis
Oral Salivary inflammation (sicca symptoms)
Respiratory Pulmonary fibrosis, pleural effusion, cricoarytenoid inflammation
Cardiac Pericardial inflammation, valvular nodule formation, myocarditis
Neurological Mononeuritis, nerve entrapment, cervical instability
Hepatic Increased aminotransferase concentrations
Haematological Anaemia, thrombocytosis, leucocytosis, lymphadenopathy, Feltys

syndrome: splenomegaly, thrombocytopenia
Vascular Vasculitis
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can therefore be assumed that RA onset is multifactorial, integrating both genetic and
environmental factors and triggers (MacGregor et al., 2000; Fassbender, 2002; McInnes and
Schett, 2011).

2.1.2 Inflammation

The disease begins with an inflammatory phase, leading to synovitis, an inflammation of
the synovium. The processes are depicted in Figures 1 and 2. Resident antigen presenting
cells and even synovial mesenchymal cells (SMCs) (Shiozawa et al., 2011) present infectious
antigens or autoantigens to T cells, thereby activating them. These T cells proliferate and
secrete cytokines attracting more dendritic cells, blood-derived monocytes, T cells, B cells
and neutrophils to the synovium (Kremer et al., 2003; Choy, 2012). The B cells continue to
present antigen but also differentiate to plasma cells with the help of the now present helper
T cells and produce antibodies of the rheumatoid factor (RF) and the anti-citrullinated
protein antibody (ACPA) classes and have even been shown to produce antibodies locally
in the joint without activation (Cambridge et al., 2003; Reparon-Schuijt et al., 2001; Choy,
2012). Following stimulation by helper T cells and autoantibodies, macrophages secrete large
amounts of cytokines such as TNFα, IL-6 and IL-1, further activating a feedback loop (Choy,
2012). Macrophages and their descendants are also key to synovial angiogenesis, releasing
angiogenic signals e.g. VEGF and MMPs (Szekanecz et al., 2009). The presence of newly
formed vessels further facilitates the influx of leukocytes. The dearth of lymphatic drainage
exacerbates joint swelling (Paavonen et al., 2002). As a result of the inflammatory phase,
the synovium is remodelled, thickens and develops villi (Fassbender, 2002).

2.1.3 Cartilage and Bone Destruction

Fibroblast-like synoviocytes (FLSs), are one of two cell types composing the lining of the
synovium. They exhibit hyperplasia even before infiltration of the synovium by leukocytes and
may in fact help drive the inflammatory process of RA (Qu et al., 1994). FLSs hyperproliferate
further under a variety of stimuli including growth factors and secreted cytokines such as
IL-1β, leading to tumor-like-proliferation (Mor et al., 2005; Shiozawa et al., 2011). This
expansion takes place mainly at the synovium-cartilage junction and the resulting mass is
called pannus. In order to maintain the expansion, neovascualization occurs. The FLSs
mechanically invade the cartilage and bone and under continued stimulation of cytokines,
secrete MMPs, which break down the collagen joint matrix of cartilage, rendering it vulnerable
to further attacks by the pannus FLSs (Shiozawa et al., 2011). MMP-2 is expressed in normal
adult articular cartilage and acts mainly upon type IV collagen but is upregulated in arthritic
disease. On the other hand, MMP-9 is only expressed in disease states within articular
cartilage and principally by monocytes and macrophages (Rose and Kooyman, 2016). During
the course of disease, macrophages are triggered to differentiate into osteoclasts (Boyle et al.,
2003) and continue to produce MMP-9 in high amounts. MMP-2 is found near osteoclasts but
its cellular origin remains unclear (Andersen et al., 2004). Osteoclasts near the pannus invade
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Figure 1: Overview of Rheumatoid Arthritis progression. Cellular component of the
initiation and inflammatory flaring of RA. Genetic and environmental factors come together to
cause a loss of self antigen tolerance. The dendritic cell, having stimulated the helper T cell sets
a cascade in motion, releasing cytokines which recruit leukocytes and cause the differentiation
of B cells to Plasma cells producing autoantibodies. Through a milieu of cytokines, chemokines,
PAMPs and DAMPs (including, notably, the S100A8/A9 complex) and related signaling
pathways, a feedback loop of activation and upregulation of inflammation is created. This in
turn leads to structural changes of tissue, cartilage and bone through angiogenesis, chondrocyte
death and the action of MMPs and acidic demineralization.
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mineralized cartilage and bone (Schett, 2007). This expansion of the pannus and osteoclasts
into the bone surrounding the pannus constitutes bone damage detected in conventional
X-ray imaging in early RA. As this process subsides, osteoblasts can perform repair. Through
the chronic, cyclic, destruction and attempted repair processes inherent to RA, deformation
occurs. At end stages of RA, bones on either side of the joint are held together by connective
tissue rendering them unusable. This is termed Fibrous ankyloses (Fassbender, 2002).

A B

Bone

Cartilage

Capsule

Synoviocytes

Synovium

Synovial Fluid

Thickened Synovium

Synoviocyte Proliferation

Macrophage

Neutrophil

Osteoclast

Angiogenesis

Cartilage Destruction

Bone Destruction

Figure 2: Arthritic Joint. A a healthy non-arthritic joint composed of bone, cartilage and
an intact synovium. B a diseased joint with bone and cartilage destruction by osteoclasts
and proliferating synoviocytes, a thickened synovium, angiogenesis and significant leukocyte
infiltration

2.1.4 Diagnosis

Current RA diagnostic methods are rather unspecific. While improved methods and earlier
treatment have managed to reduce the harm caused by RA, new diagnostics that are able
to visualize the inflammatory process, are required in order to improve on these gains and
realize an increasingly personalized medicine strategy for RA. The current diagnostic regimen
begins through examination of the patient, noting swollen, painful joints and complaints
of "morning stiffness", a stiffness upon waking defined as lasting an hour or more. The
disease activity score (DAS) is made up of a composite of several scores: the Ritchie articular
index, which counts tender joints (Scott and Houssien, 1996), the 44 swollen joint count
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(Sokka and Pincus, 2005), the erythrocyte sedimentation rate (see below) and a general
assessment of health (Fransen and van Riel, 2009). Taken together, these indicators enable
diagnostic assessment and determination of remission. This assessment of disease state is
used throughout treatment and monitoring. Standards of care and the rubric of the clinical
score are laid out and up-dated regularly (ACR/EULAR, 2010). A significant drawback
to these assessments is that they examine consequences of inflammation rather than the
inflammation itself and that low, chronic inflammation might be overlooked.

2.1.4.1 Laboratory Values

A standard lab work up in a case where RA, or indeed any auto-immune disease is suspected
includes:
Erythrocyte sedimentation rate (ESR) to determine if the joint issues are of rheumatoid,
malignant or non-inflammatory origin.
C-reactive protein (CRP) quickly produced in the liver in response to inflammation and
easily detectable in circulation as it must travel to the site of inflammation to bind to dying
cells and activate the complement system (Thompson et al., 1999).
Rheumatoid factor an IgM antibody that binds to the Fc domain of IgG meaning that
it can bind to many different immunoglobulins of this class as the Fc domain is relatively
constant. This factor determines the label of the atheride as seropositive or seronegative;
seronegative RA constituting up to 20% of cases (Smolen et al., 2016). Additionally, it is a
good marker for tracking disease progression and state (Fabris et al., 2010).
Antibodies against Citrullinated Protein/Antigens including Anti-citrullinated pro-
tein antibodies (anti-CCP-antibodies), Anti-mutated-citrullinated-vimentin-antibody (anti-
MCV), and RA33-antibody are autoantibodies that bind to citrulline, a peptide that is
often created in RA by post-translational modification, converting arginine to citrulline.
Denaturation of proteins can lead to detection by the immune system and the targeting of
citrullinated proteins.
This battery of tests has very high sensitivity and specificity and has been shown to be a
set of biomarkers that could be used to predict RA in high risk individuals, detect early
inflammatory arthritis, differentiate between different forms of inflammatory disease as well
as indicate prognosis and therapeutic direction (Niewold et al., 2007; Fabris et al., 2010;
Aggarwal et al., 2009; Lashkari et al., 2014). In particular, the autoantibody titres are of
interest as they are predictive of articular destruction and extra-articular manifestations of
the disease (Song and Kang, 2010).
Taken together, these values can aid clinicians in the determination of the type of rheumatoid
pathology as well as inform clinical decision making. However, they do not contain infor-
mation regarding the location of inflammation and allow for systemic rather than joint-wise
assessment.
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2.1.5 Management

Upon diagnosis or a rheumatoid flare, a treatment regimen must be decided upon. This takes
into account many factors such as the amount of swelling, if the patient has been treated
before, as well as comorbidities (Singh et al., 2015; Smolen et al., 2016). Several treatment
options are available to treat rheumatoid flares and maintain remission.
Disease-modifying antirheumatic drugs (DMARDs) are the main treatment for RA. Upon
diagnosis they should be applied early and quickly to prevent further progression of disease
(Puchner, 2012). Three main types exist: Traditional, Biological and Targeted Synthetic
DMARDS.
Traditional DMARDs (also known as conventional synthetic DMARDs) are small molecules
used to suppress the immune system in a broad manner. The most often prescribed DMARD,
Methotrexate (MTX), belongs to this category. It forms the basis of RA treatment and other
DMARDs, if used, are complementary to MTX and serve to modify the treatment regimen
as the patient and doctor deem fit.
Biological DMARDs are antibodies or parts of antibodies that block inflammatory cytokines
and immunologic processes such as TNF (Weinblatt et al., 2003; St. Clair et al., 2004; Taylor
and Feldmann, 2009), IL-1 (Bresnihan et al., 1998; Nuki et al., 2002; Cohen et al., 2002), IL6
(Maini et al., 2006; Smolen et al., 2008), B cell depletion (Edwards et al., 2004; Mélet et al.,
2013) and T cell costimulation through CD28 (Östör, 2008). The use of these biologics in
combination with MTX has improved patient outcomes in the case where MTX treatment
alone was not sufficient.
Recently targeted synthetic forms of DMARDs, Jakinibs, were introduced and have been
shown to be effective (Lee et al., 2014; Boyce et al., 2016). The small molecule inhibits the
janus kinases which are responsible for intracellular signal transduction of cytokine signalling
(Yamaoka, 2016).
Glucocorticoids (GCs) are a type of corticosteroid. Binding cytosolic glucocorticoid receptors
they are, principally, translocated to the nucleus where they modify the transcription of
proteins regulating inflammation (Buttgereit et al., 2004). GCs are used during rheumatoid
flares and as a bridging measure as DMARDs are administered and take effect (Shoenfeld
and Meroni, 2012). They are only administered at high doses during flare events due to their
wide ranging and severe side effects (Da Silva et al., 2006).
Nonsteroidal anti-inflammatory drugs (NSAIDs) are also used throughout treatment for pain
and relieving symptoms but do not modify disease (Crofford, 2013).
The application of DMARDs and GCs, and the efficacy of combination treatments are under
continual investigation. Due to side effects of the drugs, their application must be titrated
and altered with the course of a flare (Kłak et al., 2016). By the time a patient has begun
to notice symptoms, the detrimental effects of the oncoming flare have already begun. The
potential for new strategies to diagnose a flare before it begins would alleviate suffering and
damage as well as allow for reduced administration of pharmaceuticals with detrimental side
effects. Further studies combining molecular imaging of inflammatory state with particular
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treatment regimens could lead to a more personalized approach to disease treatment, deducing
which drugs might be most effective for an individual and tailoring dosage of those drugs
over time.

2.1.6 Role of Imaging in Arthritis

Despite the usefulness of the aforementioned markers, they lack the ability to assess the
extent of disease, anatomical changes and distribution of cellular and/or molecular effectors
of disease. It was recently shown by Frank-Bertoncelj et al. (2017) through the collection of
synovial fluid from a number of joints that epigenetic and gene expression modifications in
fibroblasts created different microenvironments in each of the joints leading to anatomically
specific outcomes. This provides further impetus for a local, joint specific assessment of
biomarker distribution as opposed to measuring systemic biomarker values. To this end,
morphological and functional imaging is used routinely in clinical practice at all stages of
disease. A number of techniques are available and are used in concert.
X-ray imaging is used in order to monitor the progression of disease and document bone
erosion. It can also be useful in diagnosis of early RA due to the visualization of juxtaarticular
osteoporosis (Duncan and Riddle, 1986). The spinal column can also be imaged in RA. X-ray
and related computed tomography (CT) have, however, fallen out of favor due to their limited
diagnostic potential as inflamed soft tissues cannot be imaged using this technique (Tins and
Butler, 2013).
Ultrasound (US) can be used to monitor changes in the synovium, bone and joint fluid. It is
used both as a diagnostic and to monitor disease progression. It is particularly advantageous
as it can be performed quickly, cheaply and directly by physicians in the examination room.
Compared with clinical examination, US performs better when assessing synovitis (Kane
et al., 2003). Bone erosions are detected with higher sensitivity using US when compared
with X-ray (Patil and Dasgupta, 2012).
Magnetic resonance imaging (MRI) is well suited to RA as it is able to visualize effects on a
number of tissues simultaneously. Not only can bones be investigated but soft tissues and
fasciae can be visualized. Synovial volume, as well as bone erosions and edema within the
marrow can be monitored longitudinally and non-invasively (Hodgson et al., 2008).
Multiphase bone scintigraphy can be used in order to image the bone but also the blood pool
and perfusion (Kim et al., 2016). Using a technechium-99m labelled (di- or tri-) phosphonate,
the activity of osteoblasts integrating the phosphonate into the bone, as well as non-specific
uptake in inflamed areas can be visualized.
X-ray, US, and MRI provide pertinent anatomical information while bone scintigraphy is a
functional imaging technique allowing the clinician to determine the activity of osteoblasts
responding to the bone destruction process non-invasively. However, none of the above
imaging techniques provide direct information about inflammatory activity. Early diagnosis
and long term monitoring of RA flares is a long term goal of personalized medicine in
rheumatology. Developing non-invasive, cost effective and time efficient strategies for use



2 Introduction 9

in clinics and even the offices of rheumatologists would give doctors the ability to monitor
patients more closely and regularly, detecting changes in biomarkers before their symptoms
begin. To this end, the development of molecular imaging techniques targeting inflammation
in RA is the goal of this work.

2.2 Imaging Modalities

In order to investigate biomarkers, one can draw blood or other fluids. One can also take
a biopsy of a particular tissue and perform immunohistochemistry, probing for particular
biomarkers. These are useful clinical tools but they fail to capture distributions of the
biomarkers outside of a narrow scope. They are limited by tissue availability and by possible
sampling error (Mulholland and Doherty, 2006; Corcoran et al., 2012). Molecular imaging,
on the other hand, is able to depict, across a broad scale of fields of view, the underlying
distributions of molecular biomarkers in time and space non-invasively.
A number of modalities have been developed which allow researchers and physicians to assess
anatomy and function. As mentioned before, X-ray and CT are available but mainly assess
anatomy. MRI, is mostly used for anatomical assessments but is also widely used in molecular
imaging. It has the drawback of having a sensitivity too low to assess many biomarkers
(Figure 3) (Kiessling et al., 2017). Ultrasound provides anatomical information and in some
cases, using targeted microbubbles for instance, can be an interesting molecular imaging tool
but the size of the microbubbles confines them primarily to the circulatory system (Wang
et al., 2018) and whole body assessments are difficult. The advantages of ultrasound can be
combined with optical imaging to produce a hybrid modality called photoacoustics. Given

Figure 3: Imaging modalities as a function of sensitivity and spatial scale. Source:
modified from Meikle et al. (2005) with information from Razansky et al. (2009)
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that we are looking at distributions of biomarkers for which we require high sensitivity, we
have the choice of nuclear and optical imaging modalities.
Nuclear imaging has very good sensitivity and also a large field of view, allowing for full
body measurements in preclinical imaging and with the potential to capture full body
images in humans if multiple bed positions are acquired. It has the drawback, however,
that the infrastructure is costly to set up and maintain. Positron emission tomography
(PET) and single photon emission computed tomography (SPECT) machines are expensive
and depending upon the isotope and kind of scan desired, require a cyclotron, generator or
expensive shipment of radioactive materials. This limits the applicability of the techniques in
both research institutions and clinics. Nuclear imaging also carries a radiation burden for the
patient who receives it (Kiessling et al., 2017). A PET/CT for instance can be equivalent to
1 - 8 years of average background radiation (Boellaard et al., 2015; Beiderwellen et al., 2015).
We, therefore, chose to develop in the direction of optical imaging. These techniques do
not require patients to receive radiation doses and the tracers (another name for probes,
which can be used in small or "trace" amounts and bind to or "trace" a particular target)
can be shipped and stored easily (Kiessling et al., 2017). Optical imaging systems are also
cheaper and with small footprints, could even be incorporated into small clinics or the offices
of general practitioners for frequent monitoring of patient health. They have the drawback
of only being able to image superficially relative to modalities such as nuclear imaging, due
to absorption and scattering of light in tissue. This leads to a loss of sensitivity and makes
quantification difficult. It also reduces the number of applications for which optical imaging
can be used.
Finally, it is important to note that although we chose to focus on optical imaging, these
probes could, in the future be further radiochemically modified should a PET or SPECT
tracer be of interest to a particular preclinical or clinical application. The development
path chosen is not exclusive, and optical tracers often serve as a proof of concept and
characterization method, as a step toward radiotracer development.

2.3 Optical Imaging

2.3.1 Fluorescence Reflectance Imaging

Optical imaging techniques, using light to produce images, are a set of powerful tools used
throughout medical practice and are among the most used medical imaging techniques. One
could argue that the simple visual checks that a doctor performs constitute optical imaging,
but the beginning of optical imaging is usually accredited to the discovery of microscopy over
400 years ago. Microscopy, and later telescopy, were the impetus for the continued study
of light and its properties, and its use to this day enables physicians to diagnose patients
through the analysis of immunohistochemical images (Mait, 2006). Beyond normal white
light microscopy, a number of other microscopy technologies have been developed including
fluorescence, confocal, super resolution and total internal reflectance which are useful both
for medical and basic science applications (Stephens and Allan, 2003; Huang et al., 2009).
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Figure 4: Jablonski diagram. Generic Jablonski diagram depicting the excitation (hvex) of
an electron from the ground state (S0) to an excited singlet state (S1, S2). Within all states
there exist vibrational states, depicted as grey lines. The radiationless transition from a singlet
excited state to either another singlet excited state or the ground state takes place through
internal conversion (kic). A transition from S1 to S0 with the emission of a photon (hvem

in green) is fluorescence (kS
r ). The transition from a singlet state to a triplet state (T1) is

called intersystem crossing (kisc). Non-radiative decay from T1 to S0 (kT
nr) and radiative decay,

termed phosphorescence (kT
r ) emitting a photon (hvem). Taken together they represent the

basic avenues of electron excited state resolution in photophysical chemistry. Source: modified
from Quaranta et al. (2012)

Optical imaging is not only limited to microscopy, however. The scale of mesoscopy (the
imaging of a set of tissues) and even macroscopy (the imaging of whole organs, systems or
organisms) can also be imaged using photographic imaging, bioluminescence imaging (Sadikot
and Blackwell, 2005), Cherenkov imaging (Thorek et al., 2012) and PA imaging. Additionally
and specifically, FRI will be examined in further detail.
Fluorescence reflectance imaging allows for preclinical imaging of entire organisms and can
be used in the clinic for non-invasive examinations of sections of the body e.g. breast (van de
Ven et al., 2009) or lymphatic system (Ohnishi et al., 2005). The bulk distribution of a tracer
or fluorescent reporter gene can be visualized using this method.
Light is shined onto a sample or experimental organism. The light penetrates and is absorbed
by a molecule, exciting one of its electrons. A molecule excited by incoming light can relax
its excited electron via a number of paths as depicted in a Jablonski diagram (Figure 4).
One path available to it is fluorescence, where a light of lower energy (longer wavelength,
lower frequency, red-shifted) is emitted. Some of these emitted photons will be reflected back
out of the sample or organism and picked up by a detector. Different molecules producing
fluorescence, termed fluorophores, have different wavelengths of peak excitation and emission.
The difference between these is called the Stokes shift (Schulz and Semmler, 2008).
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Taking advantage of this principle and the Stokes shift, fluorescent imaging uses a raster
scanning laser or white light source and a low pass filter to illuminate a target with a chosen
band of light. The reflected source light and the resulting emitted fluorescent light travel
towards a detector and a low pass filter is used to prevent the source light from reaching the
detector (Ntziachristos et al., 2003). This concept is depicted in Figure 5.
As different fluorophores have different excitation and emission wavelengths, two or more
may be used simultaneously if none of these peaks overlap and given the correct filter sets.
This is how multiple targets can be imaged in fluorescence microscopy to create multicolour
images but can equally be used in macroscopic FRI to image multiple tracers within a single
sample or organism (Kosaka et al., 2009).
Within an in vivo context, there are windows of opportunity where the absorption of
electromagnetic (EM) radiation is at its lowest.
It is these windows that imaging modalities use in order to achieve the penetration needed
to get the radiation into a body and back out to a detector. Three main windows exist as
illustrated in Figure 6. The X-ray window utilizes the differential absorption of tissue types.
A higher atomic number (Z) absorbs X-rays more readily, allowing calcium (Z = 20) and
other elements constituting bone to attenuate the X-ray to a greater extent than soft tissue
made of hydrogen, carbon, nitrogen and oxygen with an average Z of 7.068 (Janker, 2013),
calculated from (Griffiths, 1989). On the other end of the spectrum, radio waves are used in
Magnetic Resonance Imaging (MRI) in order to excite nuclear spin energy transitions and
to read out the radio signals produced, principally by water protons, within the sample or
organism being examined (Guy and Ffytche, 2005). It is because of this radio frequency
window of low absorption that full body, high resolution MRI scans are possible (Kiessling

Figure 5: ICG fluorescence characteristics. ICG relative normalized absorption (grey)
and fluorescent emission (black) spectra. The excitation cut-off filter (red line) and the emission
filters (black dotted lines bordering the red zone) are also depicted. The difference between the
peak absorption and fluorescence emission is termed the Stokes shift. Source: modified from
Jonak et al. (2011)
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et al., 2017). We are principally interested in the optical or near-infrared (NIR) imaging
window, between regions of visible light, in which pigments contained in the body and
Rayleigh scatter contribute to signal loss and the deeper infrared and microwaves where
vibrational absorption, principally of water, a major component of in vivo systems, reduces
the penetration and recovery depth of optical signals (Pogue, 2015).
NIR FRI falls under the term diffuse optical imaging. This term arises from the fact that the
light is shined across the surface of the sample or animal (Gibson and Dehghani, 2009). In
NIR imaging there is little influence of autofluorescence because natural in vivo fluorophores
are principally excited in the ultraviolet (UV) and visible light spectrum (Monici, 2005). Two
main types of interactions, absorption and scattering, play a significant role in the alteration
and loss of signal which makes fluorescence imaging a challenge (Ntziachristos, 2006).
Absorption, while an order of magnitude lower in the NIR as compared to the visible spectrum,
serves to reduce the amount of light reaching the fluorophore. The light emitted by the
fluorophore must also be recovered from within the tissue and some light is also absorbed on
the path between emission and detection as it passes through the body (Stuker et al., 2011).
Absorption follows the Beer-Lambert Law which states that the intensity at a given point
within a uniform absorber is: I = I0e−µd

This means that the intensity I observed decays exponentially based on the decay coefficient,
µ, and the distance travelled, d, from its original intensity I0. So the loss of signal on the
way in and then back out is exponential (Sauer et al., 2011).
Scattering is the main effect distorting FRI images. Similar to absorption it acts both on
excitation and emission light as it moves through tissue. Ballistic light, photons which
have yet to be absorbed and reemitted by a particle, have a very limited penetration depth

Figure 6: Imaging windows in the electromagnetic spectrum. The red areas demarcate
sections of the electromagnetic spectrum amenable to imaging due to their low electromagnetic
absorption in human tissue. Source: Pogue (2015)
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(about 100 µm in tissue), which also follow the Beer-Lambert Law. The average distance
travelled by a photon between interactions is called the mean free path (MFP) (Schulz and
Semmler, 2008). This value is medium, and in the in vivo case, tissue, dependent. Due to
the anisotropic (directional) scattering of light in tissue medium at NIR wavelengths, the
average photon may be scattered at 100 µm in tissue but it is not directionless (random walk).
The average distance until the direction of a photon in a scattering medium becomes random
is termed the transport mean free path (TMFP) and this is the important consideration
for fluorescence imaging as beyond this depth, the distribution of the information that is
received will be random. Due to this directionality, the TMFP for breast tissue is between
1 mm and 3 mm as compared to the MFP of 100 µm (Shi and Alfano, 2017).
On the way to the fluorophore, scattering distributes the excitation light more evenly
throughout the tissue volume. But for the emitted light, it creates blurring and imprecision
with higher intensity and more accurately depicted light coming from closer to the surface.
The three dimensional nature of tissue means that two dimensional images of samples and
organisms contain volume related artifacts (Ntziachristos, 2006). The distribution at depth
may not be able to be retrieved and the contribution of fluorophores at depth will not be as
strong. For this reason, applications in which the target tissue is thin or near the surface are
preferable (Stuker et al., 2011).
Attempts to overcome the volume problem have been made; photoacoustic imaging, to be
discussed later, and Fluorescence Molecular Tomography (FMT). FMT creates tomographic,
whole body, 3D fluorescence images localizing fluorophores either by using multiple light
sources and detectors in a ring around the sample and moving the sample through this ring,
or using one light source and detector but rotating the sample, similar to CT (Li et al., 2010).
This modality utilizes complex models of photon behavior to solve the inversion problem but
still has limited resolution, especially at depth (1 mm to 1 cm) (Stuker et al., 2011).
Planar NIR FRI is a commonly used preclinical imaging modality with its ease of image
acquisition and its non-invasive nature (Graves et al., 2004). Due to the aforementioned
depth limitations, it is often used in small animals such as mice and is of greatest use in
models of neurological, cardiovascular (Leblond et al., 2010) and dermatological diseases (Ra
et al., 2015), subcutaneous or brain tumors (Martelli et al., 2016), inflammatory diseases
such as RA (Put et al., 2014) and ex vivo examination of organs (Figure 7B). Depending
upon the setup of the experiment, type and concentration of the dye and the size of the
organism, it is possible to visualize the superficial organs, such as the kidneys, bladder, lungs
and spleen (Figure 7A). This makes FRI well suited to longitudinal studies or applications
where corroboration of other modalities is needed (Leblond et al., 2010).
In the clinic, it has a number of promising applications. The short acquisition times, in
comparison with other modalities, which may require reconstruction, mean that surgeons
can inspect images in real time during a resection. This has led to the growing field of image
guided surgery (Schols et al., 2015). In the case of metastatic cancers, migrating cells often
colonize draining lymph nodes, termed sentinel lymph nodes. The injection of the FDA
approved Indocyanine Green (ICG) at the site of the tumor allows clinicians to follow the
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Figure 7: FRI images of tracer distribution in organs in vivo and ex vivo. Images
of IRDye 800CW labelled nanoparticles and their uptake in the (1) lungs, (2) liver, (3) spleen.
(A) in vivo image showing nanoparticle uptake in superficial organs. (B) ex vivo image of the
organs of the mouse pictured in A.

lymphatic system using fluorescence imaging as it drains the ICG and pinpoints potentially
compromised nodes, marking them for surgical removal (Marshall et al., 2010).
We are hoping to implement molecular FRI in arthritis monitoring. Initial studies of
fluorescence in arthritis also used ICG due to its FDA approval. By analyzing differences in
the influx and egress of the dye within joints of the hands, clinicians were able to compare
the fluorescence technique to standard techniques using MRI and US (Glimm et al., 2016;
Krohn et al., 2015; Werner et al., 2013; Fischer et al., 2010; Bremer et al., 2009). Each
paper concluded that FRI showed promise and produced results that were comparable
with established techniques. The process takes only a few minutes to perform and is more
comfortable and cost effective for patients when compared with MRI. While this technique is
interesting and easily implemented in clinics, it utilizes a non-specific perfusion based tracer.
The use of a molecular imaging probe that specifically targets biomarkers could enhance the
contrast and allow for more accurate assessment of inflammatory processes beyond edema
and the enhanced permeability and retention (EPR) effect, whereby substances diffuse from
malformed or leaky vessels into tissues and are not readily taken up again.
A number of fluorescently labelled probes have been tested preclinically in animal models of
arthritis in order to assess their ability to visualize biomarkers of inflammation and destruction.
In transgenic mice expressing luciferase concurrently with NF-κB expression, a model of
arthritis was imaged (Carlsen et al., 2002). Macrophages have been common imaging targets
in models of arthritis due to their crucial role in the progression of disease. Imaging of
F4/80 positive macrophages, which are known to gather in arthritic joints, using an antibody
labelled with the NIR dye Cy5.5 (Hansch et al., 2004), and folate imaging to detect activated
macrophages (Chen et al., 2005), have been conducted. E-selectin antibodies were imaged to
assess endothelial activation in a model of RA (Gompels et al., 2011). Cathepsin and MMPs
were also imaged using activatable probes in a terminal study of RA and osteoarthritis (OA)
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models of arthritis (Vermeij et al., 2014). Further use of multiplexed activatable probes by
Scales et al. (2015) assessed MMPs and Cathepsin K, in addition Neutrophil Elastase and a
non-specific Cathepsin were also examined. An anti-S100A9 antibody conjugated to a Cy5.5
dye was examined in collagen induced arthritis (CIA) at one time point (Vogl et al., 2014).
Taken together, some very interesting and varied investigations of the underlying mechanisms
of RA have been examined using targeted probes in FRI molecular imaging.

2.4 Biomarkers for imaging of inflammation in RA

Molecular imaging techniques, e.g. FRI and PA, visualize the underlying distributions of
biomolecules within an organism. So it is not only the technology and labelling, but also
a biologically relevant discrepancy between a disease or disease model state and a healthy,
wild-type or control state, known as a biomarker, which enables molecular imaging. Although
numerous biomarkers of inflammation in RA exist, we selected two which would target distinct
stages of the inflammatory process. The first, S100A8/9 acts as an "alarmin", upstream
initiator and regulator of cytokine and MMP production. Second, we chose the MMPs
themselves due to their crucial role in the remodelling and destruction phases. In this way,
we can analyse both an inflammatory initiator and an induced destructive mechanism. Both
S100A8/9 and MMPs are highly expressed in many models of inflammation, hinting at further
applications in other inflammatory diseases outside of RA.

2.4.1 S100A9

2.4.1.1 Structure and Function

S100A9, also known as MRP14, L1 or calgranulin B, is a member of the Ca2+ binding S100
family of proteins. S100 proteins are members of a larger EF-hand family, characterized
by their ability to bind Ca2+ in a helix-loop-helix domain. S100A9 is small at around 13
kDa and is made up of 114 amino acids in humans (Itou et al., 2002). S100 proteins usually
exist in dimers or tetramers, S100A9 is peculiar in that it preferentially creates heterodimers
with S100A8 (MRP8, calgranulin A) (Korndörfer et al., 2007). This dimer of S100A8/A9
is also referred to as calprotectin. Dimerization is achieved through a denaturation and
renaturation within granulocytes, allowing the proteins to achieve their quaternary structure.
Tetramerzation requires a bivalent ion, either Ca2+ or Zn2+ (Vogl et al., 2006; Leukert et al.,
2005).
S100A8/A9 is found to be a driver of inflammation and deleterious processes in many diseases,
such as autoimmune disorders, inflammation both acute and chronic, atherosclerosis, cancer,
cardiac disease and neurodegenerative diseases (Vogl et al., 2012; Averill et al., 2012; Shepherd
et al., 2006; Markowitz and Carson, 2013; Foell and Roth, 2004). Its function and further
research into the intricate role it plays in disease onset and progression is of the utmost
interest.
S100A8/A9 is produced in cells of myeloid origin. Neutrophil cytoplasm and monocyte
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membranes contain high concentrations - around 45% and 1% respectively (Dale et al., 1983;
Bhardwaj et al., 1992; Roth et al., 1993; Hessian et al., 1993). Macrophages also express
S100A8/A9 (Odink et al., 1987). Additionally, it was found to be expressed by platelets after
myocardial infarction (Wang et al., 2014), in endothelium, causing changes to its permeability
(Viemann et al., 2005; Wang et al., 2014), in epithelial cells during wound healing and
abnormal skin conditions (Thorey et al., 2001; Henke et al., 2006; Gebhardt et al., 2006)
and in osteoclasts during bone resorption (Zreiqat et al., 2007). In addition to being found
within cells, it is released extracellularly as a damage-associated molecular pattern (DAMP)
with a function similar to a cytokine or chemokine. It is secreted from myeloid cells through
an alternative and tubulin dependent pathway as it has no secretion signal, and can also be
released during cell death (Rammes et al., 1997; Foell and Roth, 2004).
Once extracellular, it can interact with Toll-like receptor 4 (TLR4) (Vogl et al., 2007) and
the receptor for advanced glycation end products (RAGE) (Boyd et al., 2008), though it is
unclear to what extent the latter has an intracellular effect (Leclerc et al., 2009). By binding
these receptors the NF-κB, p38 MAPK, IRAK, ERK and PKC pathways can be activated
(Riva et al., 2012; Wu et al., 2015; Kwon et al., 2013; Ehrchen et al., 2009). These have a
plethora of effects depending upon cell type.

2.4.1.2 Role of S100A8/A9 in RA

2.4.1.2.1 Initiation and Leukocyte Invasion

In the initial stages of rheumatoid arthritis, S100A8/A9 plays a key role in endothelial
activation, which increases permeability of vasculature (Srikrishna et al., 2001; Wang et al.,
2014). Within the endothelial cells, there is an increase in inflammation response (Viemann
et al., 2005), releasing cytokines and chemokines including IL-6 (Ehlermann et al., 2006).
Neutrophils are recruited from the vasculature through the process of rolling and adhesion.
S100A8/A9 regulates this process through TLR4 activation of RAP1-GTP, which in turn
activates β2 integrins. These integrins interact with ICAM-1 to slow and adhere the rolling
neutrophil in the area of inflammation (Pruenster et al., 2015). Populations of neutrophils
remain high due to the suppression of apoptosis by a TLR4 and CD11b/CD18 activated
MEK-ERK pathway (Atallah et al., 2012). Due to the fact that neutrophils contain a high
amount of cytoplasmic S100A8/A9, they are able to secrete it upon arrival, without the need
for transcription. This could be a driver of the initial inflammatory phase (Cesaro et al.,
2012).
Similar to neutrophils, monocytes also express higher levels of CD11b, allowing for their
extravasation and accumulation at sites of inflammation (Bouma et al., 2004). Monocytes
treated with S100A8/A9 were found to produce TNFα, IL-1β, IL-6 and IL8 (Sunahori et al.,
2006; Bhardwaj et al., 1992). Monocytes treated with TNFα and IL-1β show upregulation
of S100A8 and S100A9 (Suryono et al., 2005). Infiltrating monocytes are activated by
S100A8/A9, upregulating their expression of proinflammatory cytokines through the NF-κB
and p38 MAPK pathways. S100A8/A9 expression within macrophages may be upregulated
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by TNFα, IFN-γ and IL-10 (Xu and Geczy, 2000; Xu et al., 2001), so there is a possibility
for a positive feedback loop involving S100A8/A9, NF-κB and TNFα/IL-1β.
In addition to the extracellular function, S100A8/A9 also plays a role in the cytoskeletal
arrangement within phagocytes. The heterotetrameric form of S100A8 and S100A9 serves to
stabilize tubulin filaments, creating microtubules. Heterotetramers are formed through the
binding of Ca2+, thus as the calcium concentration is increased, the heterotetramers bind
the ends of microtubules. As a counteracting force, the phosphorylation of S100A8/A9 can
lead to a net breakdown of tubulin. The transendothelial migration of phagocytic cells is
controlled by this process, in which the cytoskeleton is rearranged (Vogl et al., 2004; Leukert
et al., 2006).

2.4.1.2.2 Cartilage and Bone Destruction

Chondrocytes of murine origin in the antigen induced arthritis model and a spontaneous
arthritis model were found to express high levels of S100A8 and S100A9. When stimulated with
TNFα, IL-1β, IL-17 and IFN-γ, S100A8 and S100A9 were upregulated. When chondrocytes
were stimulated with S100A8, there was a significant upregulation of MMPs and other
metalloproteinase mRNAs (Lent et al., 2008b). This was also tested using the cartilage
of patients with osteoarthritis, where chondrocytes binding S100A8/A9 to TLR4 induce
upregulation of MMPs and cytokines IL-6 and IL-8 (Schelbergen et al., 2012). S100A8 and
S100A9 cause chondrocytes to take on a phenotype of cartilage catabolism (Schelbergen
et al., 2010). So it is through this S100A8/A9, and therefore S100A9 dependent triggering
of TLR4 and the NF-κB pathway, that a link to MMPs and their upregulation is created.
Additionally, it has been posited that bone erosion by osteoclasts in RA may also be affected
by S100A8/A9 (Cesaro et al., 2012). It is also speculated, through RAGE signalling that
S100A8/A9 stimulates invasive behavior in RA FLSs (Steenvoorden et al., 2007). S100A8
binding of TLR4 in FLSs was shown to elevate the expression of IL-6 (Lee et al., 2013).
In summary, S100A9 and its binding partner S100A8 as S100A8/A9 play a number of roles in
the regulation of immune response. Its ability to affect the progression of RA is of particular
interest to this thesis. Through a positive feedback mechanism it is able to aid in the
recruitment and extravasation of immune cells leading to leukocyte invasion and swelling
within the synovium. Additionally, S100A8/A9 increases the production of MMPs, a rate
limiting destructive force in cartilage and bone resorption and remodelling.

2.4.1.3 Imaging Strategies for S100 alarmins

Imaging of S100A8/A9 has been conducted recently, predominantly through optical imaging
using labelled antibodies (Vogl et al., 2014; Becker et al., 2015; Geven et al., 2016). This
strategy has proven that S100 imaging is possible and helped interrogate S100A8/A9’s
role in inflammation across a number of disease models. However, it has the drawbacks
that the half-lives of antibodies are quite long, making serial imaging difficult and reducing
translational potential.
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Figure 8: CES271-IRDye 800CW, S100A8/A9 tracer.

In order to monitor local inflammation activity of S100A9 and by proxy S100A8/A9, a small
molecule ligand with the ability to be labelled, CES271 (Figure 8), was developed in our
group. Its attachment to a fluorescent probe allows for visualization of the inflammatory
process as shown in a proof-of-principle study by Faust et al. (2015). As a small molecule
ligand, it has faster excretion characteristics and is more easily translatable as it has less time
to create off target effects and immune reactions. It was used to track the progression of the
CIA model of RA in mice. In particular, the interplay of S100A8/A9 and the downstream
activation of MMPs were of interest.

2.4.2 Matrix Metalloproteinases

2.4.2.1 Structure and Function

Matrix-metalloproteinases (MMPs) represent a family of 23 zinc-dependent endopeptidases
which are involved in the degradation of components of the extracellular matrix (ECM).
Highly conserved in vertebrates, MMPs perform a central role in remodelling tissue but also
have regulatory roles in the activation of cytokines, chemokines and growth factors (Loffek
et al., 2011; Van Lint and Libert, 2007). They play a key role in physiological and pathological
states, including heart and vascular disease, cancer, brain disorders, inflammatory diseases
and skeletal remodelling (Malemud, 2006).
MMPs, canonically, are made up of five parts: an extracellular localization peptide, a
propeptide, a catalytic region, a linker region and a hemopexin region. Within the catalytic
region, three histidine residues coordinate around a zinc ion. A cysteine on the propeptide also
coordinates, blocking the binding of a required water molecule and rendering the proMMP
inactive. Extracellularly, the propeptide must be cleaved away to activate the MMP. This is
done in a "stepwise" activation, whereby a wide range of proteinases, including those from
other organisms such as bacteria, cleave a "bait" region away. Following this, other MMPs
will cleave the rest of the propeptide away, rendering it an active MMP (Nagase et al., 2006).
MMPs are grouped based on their respective principle substrates. Collagenases include MMPs
1, 8, 13, and 18. Gelatinases include MMPs 2 and 9. The remaining MMPs belong to the
Stromelysins, Matrilysins, Membrane-Type MMPs (MT-MMPs), which have a transmembrane
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domain and some other, less easily classifiable MMPs like the Macrophage metalloelastase
MMP-12 (Verma and Hansch, 2007).
As rampant degradation of the ECM would lead to disease, MMPs are controlled through
alpha-2-macroglobulin and tissue inhibitors of matrix metalloproteinases (TIMPs). Alpha-
2-macroglobulin, which is mainly active in fluids (Tchetverikov et al., 2003; Brew et al.,
2000), encapsulates MMPs and other proteinases, rendering them inactive. TIMPs inhibit
by chelating the zinc ion in the MMP active site with their N-terminus (Brew et al., 2000;
Loffek et al., 2011). Four TIMPs have been identified, and they each inhibit different MMPs
preferentially. Some TIMPs also play a role in the activation of MMPs, for example, proMMP-
2’s hemopexin domain requires an interaction with TIMP-2’s C-terminal domain in order to
be activated by MT-MMPs (Brew et al., 2000). The homeostatic balance of MMPs and their
inhibitors is disrupted in arthritis (Yoshihara et al., 2000). Recent studies suggest that the
modulation and dysregulation of epigenetic factors plays a key role in heightened production
of MMPs by FLSs (Araki and Mimura, 2017).

2.4.2.2 Role of MMPs in RA

2.4.2.2.1 Inflammation, Invasion and Synovitis

MMPs are active even during the initiation of inflammation in RA. They play an integral
role in the influx of leukocytes to the synovium. Migration of myeloid cells is improved by
secreted and membrane bound MMPs, as they are able to cut through ECM blocking their
path (Chou et al., 2016). Cell adhesion molecules such as CD44 can be cleaved by MMP14,
thereby increasing migration of leukocytes (Chou et al., 2016).
Through the release of IL-1β, TNFα and other cytokines and growth factors by invading
leukocytes, the expression of MMPs is increased. With the initial breakdown of cartilage,
small fragments irritate the synovium and cause what is called secondary synovitis creating
a positive feedback loop of inflammation (Burrage et al., 2006).
MMPs have been shown to cleave pro-TNFα, releasing it from the cell membrane and creating
TNFα. This would suggest that MMPs in the synovium play a role in the instigation and
maintenance of their own stimulation (Gearing et al., 1995; Mohammed et al., 2003); TNFα
being one of the cytokines which leads to MMP upregulation.
Later in the inflammatory phase, cleaving of ligands CXCL2 and CXCL3 by MMP12 slows
the migration of neutrophils usually attracted to them. This could serve as a mechanism to
curtail the invasion of neutrophils and monocyte-derived macrophages (Chou et al., 2016).
Beyond these local articular effects during the inflammation phase, systemic effects across
the body begin to take place. In in vitro studies as well as studies of other models, it has
been found that Metalloproteinases generally have a wide variety of other cytokines and
growth factors upon which they may act. These could have implications for the articular
presentation RA directly but also could be responsible for systemic effects. Some of these
molecules include alpha-defensin, syndecan-1, CXCL1, CX3CL1, L-Selectin, TGF-β, FGF
and IGF in terms of proinflammatory effects, and MCPs 1-4 in the case of anti-inflammatory
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effects (Mohammed et al., 2003).

2.4.2.2.2 Remodelling and Degradation

The ability of MMPs to act on the components of the ECM gives them the ability to change
the structure and form of tissues as RA progresses. Upregulated by TNFα, IL-6, IL-17 and
IL-1β, MMPs are produced by FLSs, excreted and activated by other MMPs (Shiozawa et al.,
2011). They act on the components of cartilage, bone and fasciae (Burrage et al., 2006).
Cartilage is made of collagen, predominantly type II collagen 45 - 50%, and proteoglycans,
chiefly aggrecan, around 45%, with additional collagen types (VI, IX and XI) as well as other
proteoglycans and macromolecules making up the remaining 5 - 10% (Murphy and Nagase,
2008; Parsons, 1998). To degrade it, collagen II must first be cleaved by an MMP without a
hemopexin domain (MMP-1, 8, 13,) (Billinghurst et al., 1997; Klein and Bischoff, 2011) so
its triple helical structure can be unwound and made available for other proteases (Klein and
Bischoff, 2011). This also opens up the cartilage proteoglycans to attack by further MMPs
and metalloproteases. Mechanical action of FLSs serves to further damage cartilage tissue
following collagen degradation. After the destruction of type II collagen, it is replaced by
type I collagen during healing (Burrage et al., 2006). These effects, taken together, cause a
change of the form and characteristics of joint tissue, even to the point of cartilage depletion.
In contrast to cartilage, osteoclasts, derived from macrophages, are required to degrade
bone. When binding to the bone, osteoclasts create a pocket called a lacuna into which
MMPs 2, 9 and 13 as well as cathepsin K are secreted. The matrix that protects the bone,
mostly made up of collagen I, is attacked by MMPs, breaking it down. This allows other
metalloproteinases and cathepsin K to continue to degrade the remaining matrix. H+ ions
secreted by osteoclasts lead to bone demineralization and destruction (Rengel et al., 2007).
MMPs are also involved in neovascularization of inflamed tissue. Vascularization of the
synovium and pannus regions perpetuates the inflammatory and destructive states and creates
pathways for oxygen, leukocytes and signals to travel during subsequent flare events. During
homeostasis, VEGF, a growth factor integral to inducing angiogenesis, creates a complex with
CTGF, rendering it inactive. However, during inflammation and particularly in situations of
hypoxia, MMPs can cleave the VEGF-CTGF complex, allowing for neovascularization. This
occurs as pannus is formed during the degradation of cartilage. The invading cells, being
poorly served with blood and already producing high amounts of MMPs, are able to stimulate
the growth of new vessels through this mechanism, allowing invasion of cartilage and bone to
continue and a large pannus to be served with oxygen and invading cells (Hashimoto et al.,
2002; Kim et al., 2011).
In the inflammation and destruction phases, MMPs play a critical role in leukocyte migration,
their own upregulation, neovascularization and the degradation of cartilage and bone. As
integral actors, they are a promising target for non-invasive imaging in RA both in terms of
diagnosis and monitoring.
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2.4.2.3 Imaging strategies for MMP activity

A number of modalities have been used to image MMPs in vivo, including PET, SPECT,
MRI and optical imaging (Scherer et al., 2008). Optical imaging probes can be small molecule
ligands with high affinities for MMPs (Faust et al., 2008; Razavian et al., 2016). The other
major form is the cleavable or activatable probes, consisting of a fluorophore and a quencher
with an MMP cleavable peptide linker between them (McIntyre et al., 2004). In its original
and inactive form, the fluorescent capability of the fluorophore is hampered by a proximity
based Förster resonance energy transfer (FRET) interaction with the quencher, wherein
the excitation energy is transferred and dissipated without photon emission. After cleavage
of the linker by the appropriate MMP(s), the fluorophore is freed and can emit photons.
Stated advantages include that there is a magnification effect as one MMP molecule can
digest multiple probe molecules instead of a small molecule that can simply bind one MMP.
Additionally, the background is lower because there is only local activation of the probe,
however, this is disputed as activated probe can leak outside of the region in which it was
produced, potentially reducing the signal to background ratio (Lee et al., 2010). In practice,
the signal to background ratios are relatively similar, and the small molecules have the
advantage of reaching their peak signal to background ratio on the order of 3 - 6 hours as
opposed to 24 hours in the case of activatable probes (Waschkau et al., 2013).
In order to image MMPs, an MMP inhibitor ligand was developed and synthesized in our lab.
The barbiturate based ligand, AF443 (Figure 9) binds irreversibly to activated MMPs and
has a strong affinity for MMPs 2 and 9 (IC50 27 ± 3 and 138 ± 19 nM respectively) (Faust
et al., 2008). By modifying this ligand and attaching a fluorescent probe to it, AF443 can be
visualized within an in vivo setting.

Figure 9: AF443-Cy5.5, MMP Tracer.

2.5 Animal Models of Rheumatoid Arthritis

To screen and validate new diagnosis and treatment methods as well as to carry out research
into the underlying biological nature of RA, animal models are needed. No model fully
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represents the disease due to its complex origins and redundant underlying pathways, so
models are chosen based on the scientific question to be answered (Kollias et al., 2011).
Numerous models of RA exist in rats, mice, guinea pigs, dogs and non-human primates.
There are induced and, in rodents, spontaneous models.
Induced models typically couple an antigen with an adjuvant and call for the injection of the
mixture intradermally, as a priming step to activate the immune system. Antigens used are
model dependent and include: the yeast cell wall polysaccharide zymosan (Keystone et al.,
1977), bacterial cell wall peptidoglycan (Koga et al., 1985), albumin from bovine serum or
eggs (Brackertz et al., 1977), components of cartilage including proteoglycans (Finnegan et al.,
1999), cartilage oligomeric matrix protein (Carlsén et al., 1998; Carlsen et al., 2008) or most
famously type II collagen (Courtenay et al., 1980). These are usually mixed with Freund’s
Adjuvant to produce an enhanced immunological response. In the case of adjuvant arthritis
and oil induced arthritis, the heat-killed mycobaterium in pure adjuvant (Pearson, 1956) or
pristane oil (Wooley et al., 1989) can be administered and produce relapsing polyarthritis
without additional components.
While many induced models exist, two stand out. The antigen-induced arthritis (AIA) model
involves priming the animal with immunization of albumin (bovine or oval) and a subsequent
intra-articular challenge. The model is invasive and requires the antigen to be injected directly
into the synovium, an action difficult to achieve in mice. However, it has the advantage of
inducing a predictable and local monoarthritis, which develops quickly. One can expect joint
swelling around 1 day after injection and the highest levels of inflammatory activity on day 4
(Brand, 2005). The model has the advantage of localization and predictability but comes at
the cost of not representing the polyarthritic nature of human RA.
The most used model, CIA, however, is polyarthritic and delocalized (Brand et al., 2007). It
can be administered to mice, rats and non-human primates, allowing for assessment at several
stages of drug discovery and validation (Kollias et al., 2011). Type II collagen is injected
intradermally in the tail, where dendritic cells present the antigen using MHC class II, leading
to helper T cell activation, secretion of IL-23 and B cell production of anti-type II collagen
antibodies (Asquith et al., 2009). Usually a booster is used as a challenge, inducing the
inflammatory phase of RA. Symptoms presented include synovial thickening and infiltration
as well as cartilage and bone destruction (Bendele et al., 1999; Asquith et al., 2009). As
explained earlier, this is the typical RA phenotype, and similar to human RA, it is highly
variable in its presentation, complicating the experimental setup. The time of onset can be
different within a cohort, different limbs can be affected to different extents, limbs within a
mouse may develop arthritis at different times (Brand et al., 2007). The model’s success is
dependent upon the quality of the collagen used to prepare the model as well as the stress
and environment the mice are exposed to (Kollias et al., 2011).
Spontaneous models are genetically modified or have developed spontaneous mutations
that induce the spontaneous production of RA-like symptoms. These can be useful when
studying the specific pathways that have been mutated and phenotypically reflect the
human RA presentation i.e. spontaneous onset without external intervention coupled with



2 Introduction 24

chronic recurring inflammatory episodes followed by remission. While these attributes are of
considerable interest to the researchers targeting these particular pathways for diagnostics
and therapy, they are not always suitable. The onset is less predictable than some induced
models. Additionally, regulation steps upstream of the transgenically or mutationally altered
protein will not be investigable using these models. Finally, Brand (2005) makes the case
that it cannot be ruled out that human RA patients are primed and challenged with viral or
bacterial material as a potential etiology for RA, thereby, hinting at a presumptuousness of
stating induced models present in a similar fashion to human RA.
Mouse models provide researchers with a complex in vivo environment to improve under-
standing of the biology of RA triggering, inflammatory development and resolution. The
induced CIA and AIA models and the spontaneous TNFα model, for example, have aided in
the screening for, and production of, clinically used DMARDs and will continue to be used
to explore future diagnoses and treatments (Hegen et al., 2008; Keffer et al., 1991).
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3 Aim

Spatiotemporal patterns of molecular and cellular events underlie the initiation, progression
and resolution of Rheumatoid Arthritis (RA); these patterns can potentially be used as
biomarkers for diagnosis and monitoring of treatment efficacy. Molecular imaging can visualize
such molecular and cellular events with the prospect of accurate diagnosis and personalized
treatment. To achieve this, a combination of a comprehensive understanding of the biology
underpinning the disease, targeting chemistry and imaging methodologies is required.
The aim of this thesis is the development of a translational strategy of molecular imaging of
inflammatory activity in RA. We evaluated FRI to assess the potential of novel molecular
imaging ligands targeting the inflammatory proteins S100A8/A9 and MMPs over time in an
animal model of RA. We aimed to understand the expression pattern of both proteins as
inflammation developed and resolved. The study was conducted with the hypothesis that
they might be predictive of RA inflammatory flares. This investigation will serve as a step
towards clinical translation of FRI imaging of biomarkers for RA patients.
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4 Materials and Methods

4.1 Materials

4.1.1 Fluorescent labels

Cy5.5 Lumiprobe GmbH, Hannover, Germany

IRDye 800CW LI-COR Biosciences, Lincoln, NE, USA

4.1.2 Chemicals

2-Propanol Medite GmbH, Burgdorf, Germany

Antiperoxidase DAKO (Agilent), Santa Clara, CA, USA

Bovine Collagen Type II MD Biosciences, Oakdale, MN, USA

Citric Acid Merck KGaA, Darmstadt, Germany

EDTA-Decalcification Solution 20 % Morphisto GmbH, Frankfurt am Main, Germany

Entellan Merck KGaA, Darmstadt, Germany

Eosin Carl Roth GmbH + Co. KG, Karlsruhe, Germany

Fetal Calf Serum (FCS) Gibco, Darmstadt, Germany

Haematoxylin Medite GmbH, Burgdorf, Germany

Heat-killed Mycobacterium Tubercu-

losis (HKMT)

InvivoGen, San Diego, CA, USA

Incomplete Freund’s Adjuvant Sigma Aldrich, St. Louis, MO, USA

Isoflurane AbbVie Deutschland GmbH, Ludwigshafen, Germany

Mac-3 BD Pharmingen Inc., San Diego, CA, USA

Paraffin Medite GmbH, Burgdorf, Germany

Paraformaldehyde (PFA) Carl Roth GmbH + Co. KG, Karlsruhe, Germany

PBS Applichem GmbH, Darmstadt, Germany

Saline (0.9 % NaCl) B. Braun Melsungen AG, Melsungen, Germany

Sodium hydroxide Sigma Aldrich, St. Louis, MO, USA

Streptavidin DAKO (Agilent), Santa Clara, CA, USA

Tris-NaCl-blocking (TNB) Buffer PerkinElmer Life and Analytical Sciences, Shelton, CT,

USA

Triton X 100 Carl Roth GmbH + Co. KG, Karlsruhe, Germany
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Tyramide Signal Amplification Sys-

tem

PerkinElmer Life and Analytical Sciences, Shelton, CT,

USA

Vectashield (DAPI) Vector Laboratories Burlingame, CA, USA

Xylene (Isomers) Carl Roth GmbH + Co. KG, Karlsruhe, Germany

4.1.3 Consumables

Altromin 1324 Standard Chow Altromin Spezialfutter GmbH & Co. KG, Lage, Germany

Centrifuge Tubes (15 & 50 mL) Corning Inc., Corning, NY, USA

Eppendorf tubes Eppendorf, Hamburg, Germany

Insulin Syringe (Omnican F) B. Braun Melsungen AG, Melsungen, Germany

Needle 20 G x 1.5 inch Becton Dickinson S.A., Fraga, Spain

Syringe (1 mL) Luer-Lok Tip Becton, Dickinson and Co., Franklin Lakes, NJ, USA

4.1.4 Antibodies

4.1.4.1 Primary Antibodies

Target Dist. Ord. no. Host Reactivity Dilution Diluent

IgG, N/A Abcam ab125938 rabbit N/A var. 4 % FCS, 0.5 % Triton-X in PBS

Mac-3 BD Phar. 550292 rat mouse 1:50 4 % FCS, 0.5 % Triton-X in PBS

MMP-9 Abcam ab3888I9 rabbit mouse, human 1:200 4 % FCS, 0.5 % Triton-X in PBS

MRP14 Dr. Vogl N/A rabbit mouse 1:1000 4 % FCS, 0.5 % Triton-X in PBS

4.1.4.2 Secondary Antibodies

Conjugate. Dist Ord. no. Host Reactivity Dilution Diluent

Alexa Fluor 488 life technologies A11034 goat rabbit 1:800 4 % FCS, 0.5 % Triton-X in PBS

Alexa Fluor 546 life technologies A11010 goat rabbit 1:1500 4 % FCS, 0.5 % Triton-X in PBS

Alexa Fluor 555 life technologies A21430 goat rabbit 1:1000 4 % FCS, 0.5 % Triton-X in PBS

Biotin BD Phar. 550325 mouse rat 1:500 1 % BSA

4.1.5 Equipment

In-Vivo MS FXPro Bruker BioSpin GmbH, Rheinstetten, Germany

Landmark Anaesthesia System Vetland L.L.C. Louisville, KY, USA
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Microscope Nikon ECLIPSE Ni Nikon, Chiyoda, Japan

Microtome RM2235 Leica, Solms, Germany

4.1.6 Software

Bruker MI 7.2 Bruker BioSpin GmbH, Rheinstetten, Germany

GraphPad Prism 7 GraphPad Software, La Jolla, CA, USA

Matlab The Mathworks Inc., Natick, MA, USA

MEDgical In-house Tool (EIMI), Münster, Germany

Python Python Software Foundation, DE, USA

4.2 Methods

4.2.1 Mice

DBA/jdba1/j mice, male, aged 10 – 12 weeks, purchased from Janvier (Le Genest-Saint-Isle,
France) were included in this study. Mice were group housed in semi-sterile cages with filter
tops during the experiment. They had access ad libitum to water and Altromin 1324 standard
chow. A regular light/dark cycle as well as constant temperature of 23° C and constant
relative humidity of 40 % were maintained during housing. All applicable institutional and
national guidelines for the care and use of animals were followed. All mouse experiments
were approved by the State Review Board of North Rhine-Westphalia (Germany) under the
license 84-02.04.2012.A058 and conducted according to the German Law regarding the Care
and Use of Laboratory Animals.

4.2.2 Collagen-induced arthritis (CIA)

In order to ensure the ethical treatment of animals, the onset and resolution phases were
investigated independently allowing for intensive serial imaging during each phase and the
longitudinal monitoring of the disease course of the model without causing undue stress on
individual animals. CIA was induced in DBA/jdba1/j mice as previously described (Vogl
et al., 2014). Mice were immunized by intradermal injection of bovine collagen type II
(bCII) at a concentration of 2 mg/mL emulsified in Complete Freund’s Adjuvant (Incomplete
Freund’s Adjuvant containing HKMT at a concentration of 4 mg/ml), in the tail base using
a Luer-Lok Tip 1 mL syringe fitted with a 20 G x 1.5 inch needle under 1.5 % isoflurane
anaesthesia. 21 days later, 100 µg bCII emulsified in Incomplete Freund’s Adjuvant was
administered i.p. as a boost injection. Mice were controlled and scored at least 3 times a week
for clinical symptoms of arthritis. Each paw was scored according a 3 point scoring system,
resulting in a maximum total clinical score of 12 for each mouse. Score 0 = no swelling, score
1: mild swelling affecting entire paw or only one joint; score 2: distinct swelling affecting
2 joints; score 3: severe swelling affecting several joints or ankylosis. Naïve, control mice
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were handled and scored in a similar manner to the CIA mice. All mice were scored by an
experienced investigator, blinded to the experimental group (CIA, controls).

4.2.3 FRI Imaging

FRI was performed using the In-Vivo MS FXPro composed of a 400 W illumination lamp
and filter settings for Cy 5.5 (excitation 625 ± 10.0 nm, emission 700 ± 17.5 nm, exposure 5 s)
and IRDye 800CW (excitation 720 ± 10.0 nm, emission 790 ± 20.0 nm, exposure 10 s), a 10x
lens, and a cooled CCD with 4x106 pixels. A Binning of 1, f-stop of 2.50 and field of view
of 120 mm were used. For image analysis, co-registered white light and X-ray images were
taken. Animals were measured at baseline and then injected intravenously (i.v.) with both
S100A9-specific IRDye 800CW-CES271 (Faust et al., 2015) and the broad spectrum MMP
tracer Cy5.5-AF443 (Faust et al., 2008) at 2 nmol per tracer simultaneously in 100 µL of
saline. All imaging and injections were conducted under inhaled anaesthesia (2.5 % isoflurane
in 100 % O2).

4.2.4 Imaging Analysis

Using the Bruker MI 7.2 software, regions of interest (ROIs) were defined around each paw
(Px) as well as the snout/mouth region (BGM ), which served as an intrinsic background as
it is not covered in fur and is well vascularized, thereby providing an approximation of tracer
in blood. Finally, a system background ROI (BGS) in a blank region on the stage, to the
right of the mouse was defined (see Figure 10). The signal intensities were processed with
the following formula.

Px − BGS

BGM − BGS
(1)

This yields a signal to background ratio (SBR). These intensities were graphed over time and
correlated using GraphPad Prism 7.
In order to compute the Thresholded Area and Fraction methods, images and ROIs were
transferred to MEDgical, an in-house, molecular imaging, image analysis software. Using
a Matlab script embedded in MEDgical, the entire image was recomputed so as to convert
pixels to SBRs. This was followed by masking of ROIs and images were converted to comma
seperated value (CSV) files for export by Matlab. A custom built Python program imported
the CSVs and computed the areas and fractions of pixels exceeding the threshold before
collating the information for analysis and visualization.

4.2.5 Immunohistochemistry

After sacrifice, paws were explanted and fixed in 4 % PFA . Decalcification took place over 4
weeks in 20 % EDTA. The paws were dehydrated and embedded in Paraffin for slicing.
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Figure 10: Image analysis Regions of Interest (ROI). Depicted as they were drawn for
analysis. Paws (Px), Mouth Background (BGM ), System Background (BGS) are pictured.

4.2.5.1 H&E staining

Slices were incubated for 10 min in Haematoxylin before being rinsed for 10 min under
running tap water. Slices were further stained with Eosin for 7 min and rinsed with distilled
water for 5 min. Slices were dehydrated stepwise using baths of 50, 70, 80, 96 and 100 %
2-Propanol for 5 min each and finally Xylene for 10 min before being embedded in Entellan.

4.2.5.2 Immunofluorescence Staining

Neighboring slices were taken for fluorescence preparations. Slices were deparafinnized by
heating for 60 min at 60° C and washing twice with a bath of Xylene. To rehydrate the slices,
they were bathed stepwise in 100, 96, 80, and 70 % 2-Propanol for 5 min each. Slices were
washed in distilled water twice for 5 min and twice in PBS for 5 min. Citrate buffer (pH 6)
was used for demasking, whereby the slices were steamed for 20 min before being allowed to
cool at 23° C for 20 min and washed with distilled water for 5 min followed by PBS for 5 min.
Slices were incubated overnight with the primary antibody at 4° C in a dark chamber. The
following morning they were washed 3 times with PBS for 5 min. The secondary antibody was
added to the slices and incubated for 60 min at 23° C. Slices were washed 3 times with PBS for
5 min. The DAPI containing mounting medium Vectashield was used as a counter-staining
for all fluorescence preparations. Thereafter images were acquired using a fluorescence/light
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microscope.
The primary antibody for MMP-9 staining was polyclonal rabbit-anti-mouse MMP-9 with a
secondary antibody of goat-anti-rabbit labelled with Alexa Fluor 488 (green). The primary
antibody for S100A9 staining was polyclonal rabbit-anti-mouse MRP14 (S100A9) with a
secondary antibody of goat-anti-rabbit labelled with Alexa Fluor 555 (red).
Control stainings were made to ensure the validity of the method and were conducted in the
same manner as above. Rabbit IgG was added as a non-specific primary antibody at the
same dilution as the antibody it was to mimic, with the secondary, fluorescent antibodies
being added to visualize staining. These were successful, showing minimal staining.

4.2.5.3 Mac-3 / MRP14 Double Staining Immunofluorescence

Neighboring slices were handled as stated in the immunofluorescence Section 4.2.5.2 above
until demasking. They were demasked by steaming for 30 min, using the same Citrate Buffer
(pH 6) and allowed to cool at 23° C for 20 min before being washed twice in distilled water
for 5 min and twice in PBS for 5 min. Slices were bathed in Antiperoxidase for 10 min to
block before being rinsed 3 times for 5 min in PBS. Slices were bathed in TNB buffer for 30
min to block. Mac-3 rat-anti-mouse antibody was added and incubated overnight at 4° C.
The following day slices were rinsed 3 times for 5 min in PBS. The biotinylated secondary
antibody was added and incubated at 23° C for 45 min. Thereafter, slices were rinsed 3
times for 5 min in PBS. Streptavidin was added and incubated for 30 min before slices were
rinsed 3 times for 5 min in PBS. The fluorophore Tyramide Signal Amplification System’s
amplification reagent was added and incubated for 7 min. Three PBS rinses of 5 min each
were performed. The MRP14 rabbit-anti-mouse antibody was added and incubated at 23° C
for 1 hour. Thereafter, slices were rinsed 3 times for 5 min in PBS. The Alexa Fluor 546
goat-anti-rabbit antibody was added and incubated for 25 min. Three PBS rinses of 5 min
each were performed. The DAPI containing mounting medium Vectashield was used as a
counter-staining for all fluorescence preparations. Thereafter images were acquired using a
fluorescence/light microscope.

4.2.6 Statistical Analysis

Data were expressed either as mean of a group or in a paw-wise manner. Non-parametric
ANOVAs were performed on the onset series where the D’Agostino and Pearson normality
test failed, otherwise a parametric ANOVA was used. In the resolution phase t-tests, both
parametric and non-parametric, were employed. Correlations of S100A9 and MMP SBRs were
performed using Pearson’s correlations. The relationship between the SBRs of different clinical
scores were assessed using non-parametric ANOVAs due to the failure of the D’Agostino and
Pearson normality test. The threshold for significance was set at p < 0.05 and all tests were
performed using Graphpad Prism 7. Data are described and depicted showing the mean with
error bars representing the standard deviation.
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4.2.7 Experimental Setup

4.2.7.1 Onset group

7 male, DBA/jdba1/j mice (5 CIA, 2 control) were induced as explained above. FRI was
performed after the initial challenge, before boosting, at the day of boost and one day post
boost. Thereafter, imaging was conducted every 3 days until day 13 (see Figure 11A). After
10 days, a cohort of 3 CIA mice had reached a level of inflammation where they were required
to be sacrificed. Another cohort of 2 CIA mice had considerable inflammation at day 13 and
were sacrificed. Due to the observed differences in response to boosting, the CIA mice were
separated into fast and slow responder groups.

4.2.7.2 Resolution group

10 male, DBA/jdba1/j mice (6 CIA, 4 control) were induced and scored as mentioned. FRI
was performed 8 days after boosting, with regular imaging occurring twice a week at an
alternating interval of 3 and 4 days for a period of 5 weeks after the first imaging session, at
which point the animals were sacrificed (see Figure 11B).
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Figure 11: Experimental setup. (A) Onset phase and (B) resolution phase intervention
and imaging timelines.
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5 Results

By using FRI, we were able to successfully track the onset and resolution phases of in-
flammation in the CIA model longitudinally by non-invasive imaging of two biomarkers of
inflammation, S100A8/A9 and activated MMPs. In order to investigate the biomarkers
over the life-cycle of inflammation, it was necessary to divide the experiment into an onset
and resolution phase. Although non-invasive imaging enables repeated measurements of an
individual mouse, the intervals between imaging sessions and the overall number of imaging
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Figure 12: Onset phase longitudinal imaging. A Representative images, in a single
mouse, of the inflammatory process in the CIA model from days 1 to 10 after boost. Paw-wise
clinical scores on white-light images (top row) and accompanying FRI images depicting S100A9
(middle row) and MMP (bottom row) signal to background ratios (SBRs) as they increased
until the animal was sacrificed on day 10.B Paw-wise clinical scores. C Paw-wise S100A9 SBRs.
D Paw-wise MMP SBRs.
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sessions are limited due to the stress they put on the animals. In addition, stress has been
shown to affect the CIA model in rats, either causing a decrease in or an exacerbation of
symptoms (Rogers et al., 1979, 1983).

5.1 Onset phase

In the onset phase, FRI was performed at baseline, after the initial challenge, before boosting,
and one day after boosting. Thereafter, imaging was conducted every 3 days until a maximum
of day 13, as depicted in Figure 11A. A subgroup of animals were sacrificed at day 10, having
reached the criteria for sacrifice under animal ethics guidelines.

5.1.1 Imaging results show individual inflammation of paws in CIA

The mice who developed arthritis did so in a heterogeneous manner with each paw having
it’s own development and peak clinical score. A representative example of clinical score and
imaging results in the onset phase is shown in Figure 12A. As expected, clinical scores in all
paws remained low during the first 4 days after boosting as the model requires some time
for inflammatory response (Figure 12B). The low clinical scores are matched by a minimal
signal increase in S100A8/A9 or MMP imaging (Figure 12C, D). Days 7 and 10 show a
heterogeneous response in clinical scores between different paws in the same mouse, ranging
from 0.5 to 3. This shows that the paws, although systemically tied to one another, can be
taken relatively independently for the purpose of analysis.
Close analysis of the S100A9 and MMP signals shows that they are qualitatively and
quantitatively similar. However, the response of MMP SBRs appears to be higher in general
and displays areas of intensity that are less apparent using the S100A9 tracer.

5.1.2 Two subtypes of disease progression identified

Figure 13A shows the average clinical scores in the onset phase in both CIA and control
animals. Interestingly, we were able to identify two separate groups within the CIA animals:
a fast responding group (mouse n = 3, paw n = 12) and a slow responding group (mouse
n = 2, paw n = 8), which showed homogeneous response to the boost within their groups.
The fast responders had high total clinical scores already by day 10 and it was deemed that
they should be sacrificed on the grounds of animal ethics, thereby reducing the total number
of paws in further measurements. The slow responders continued to develop nflammation
over the following 3 days until 13 when they were sacrificed and were significantly different
to controls at that time point. Therefore, due to the sacrifice cut-off criteria and faster
development of symptoms, we felt it was reasonable to treat these mice as two separate
subtypes.
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Figure 13: S100A8/A9 and MMP signal in the onset phase. (A) Average clinical
scores of animals in the onset phase sorted into three groups, fast responders (n=3), slow
responders (n=2) and control animals (n=2). (B) S100A9 signal to background ratios (SBRs)
of animals in the onset phase. (C) MMP SBRs of animals in the onset phase. Time points
showing significant differences using a nonparametric (Kruskal-Wallis) ANOVA on days 1-10
and a Mann-Whitney t-test on day 13 with significance in both cases denoted at p < 0.05.
Between CIA high responders and controls significance is denoted with a +, CIA low responders
and controls with a –. (D) Correlation of S100A9 to MMP SBRs on a per paw basis tested using
the Pearson correlation coefficient. Box and whisker plots of the (E) S100A9 and (F) MMPs
signal to background ratios of paws having been assessed to have a particular clinical score
tested with a 1-way ANOVA. Clinical scores showing significance (p < 0.05) when compared
with controls and clinical score of 0 and 0.5 are denoted with an *. The number of paws having
each clinical score is written in the respective columns.
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5.1.3 Both fast and slow responders show statistically elevated S100A8/A9 and
MMP levels on the day of peak inflammation

Both S100A8/A9 and MMP SBRs roughly followed the clinical score during the onset of
CIA (Figure 13A-C). The fast responding group exhibited statistically higher S100A8/A9
and MMP SBRs on day 10, the day of peak inflammation, as compared to control mice.
Fast responders also showed statistically elevated S100A8/A9 SBRs at day 7. On day 1,
S100A8/A9 SBRs of control mice were elevated above the averages of those for the fast
responding group and MMP SBRs were higher than those in control mice for both the fast
and slow responding groups.

5.1.4 S100A8/A9 and MMP SBRs correlate and are elevated in paws with
high clinical scores

S100A8/A9 and MMP SBRs correlated strongly (Pearson’s Correlation r = 0.9617, p<0.0001.
Figure 13D), however, there is a trend towards the MMPs producing a higher SBR than
S100A9 in the same paw. This could indicate higher expression of activated MMPs or
increased sensitivity of the MMP tracer within this model as compared to the S100A8/A9
expression.
Paws with clinical scores of 2 and 3 in the onset phase had significantly higher S100A8/A9
SBRs than control paws as well as paws with clinical scores 0 and 0.5 (Figure 13E). Paws
with clinical score 3 showed significantly higher MMP SBRs when compared to controls and
clinical scores of 0 and 0.5 (Figure 13F). There were not enough instances in which a paw
reached a clinical score of 2.5 in the onset phase to make a determination of significance.

5.2 Resolution phase

In the resolution phase, serial FRI imaging began 8 days after boosting at alternating intervals
of 3 and 4 days. These twice weekly imaging sessions continued until day 36 as depicted in
Figure 11B. Mice which died spontaneously or were sacrificed due to disease severity reduced
the number of paws over time.

5.2.1 Imaging results show inflammation resolution and low SBRs at late time
point regardless of paw clenching

The beginning of the resolution phase was characterized by high signals in FRI as the mice
reached peak inflammatory response. Clinical scores and FRI signals were heterogeneous
between paws in single mice and between mice. The longitudinal monitoring of S100A8/A9
and MMP SBRs in an example mouse during the resolution phase is pictured in Figure 14A.
It can be observed that the mouse began with high clinical scores, which gradually reduced
over the time course.
To depict one special example, the front left paw which drops from a clinical score of 3 to
a clinical score of 1.5 on day 22 before returning to a clinical score of 3 on day 36 (Figure
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Figure 14: Resolution phase longitudinal imaging. A Representative images, in a
single mouse from days 1 to 36. Paw-wise clinical scores on white-light images (top row)
and accompanying fluorescence reflectance images depicting S100A9 (middle row) and MMP
(bottom row) signal to background ratios (SBRs) as they decreased. B Paw-wise clinical scores.
C Paw-wise S100A9 SBRs. D Paw-wise MMP SBRs.

14B). This is a paw exhibiting clenching due to remodeling of the tissue and so while the
S100A8/A9 and MMP signals remain relatively low in the paw at day 36, the deformation
obliges a clinical score of 3. As in the onset phase, one can observe that the SBRs for
S100A8/A9 and MMPs are similar and the MMP SBRs appear to be higher than those of
S100A8/A9 (Figure 14C, D).

5.2.2 Imaging of the resolution of a highly inflamed state shows decreasing
levels of inflammatory biomarkers.

Resolution phase clinical scores of CIA mice begin high at an average of nearly 2, increasing
from day 1 to day 5 before falling, thereafter steadily declining until day 29 (Figure 15A).
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Figure 15: S100A8/A9 and MMP signal in the resolution phase. (A) Average clinical
scores of animals in the resolution phase, sorted into CIA (n=4) and control (n=4) groups.
All time points showed significant differences (p < 0.05) between the CIA animals and the
hypothetical value (0) using the Wilcoxson signed-rank test. At all time points the controls were
not significant using the same test and hypothetical value. (B) S100A9 signal to background
ratios (SBRs) of the resolution phase were tested at each time point using a non-parametric
Mann-Whitney t-test as one time point did not pass the D’Agostino & Pearson normality test.
(C) MMP SBRs of the resolution phase were tested at each time point with a parametric t-test.
Significant differences (p < 0.05) are denoted with an *. Correlation of S100A9 to MMP SBRs
on a per paw basis (D) tested using the Pearson correlation coefficient. Box and whisker plots
of the S100A9 (E) and MMPs (F) signal to background ratios of paws having been assessed to
have a particular clinical score tested with a non-parametric (Kruskal-Wallis) ANOVA (Tables
of multiple comparisons in Supplemental Table 1). Clinical scores showing significance (p <
0.05) when compared with controls and clinical score of 0 and 0.5 are denoted with an *. The
number of paws having each clinical score is written in the respective columns.
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Clinical scores of CIA mice did not reach the level of control mice and were significantly
higher than controls at all time points.
Following day 29, paw clenching was observed in some mice and caused a renewed increase
in the average clinical score until termination of the experiment. However, this was due to
a criteria for paw clenching in the scoring rubric designed for acute, rather than resolved,
inflammation and is not necessarily indicative of an inflammatory process itself. The
phenomenon will be examined more closely in Section 5.3 on histology.
Image analysis showed that SBRs of S100A8/A9 and MMPs gradually decline over time
in a manner similar to the clinical score (Figure 15B, C). S100A8/A9 and MMPs showed
significantly higher SBRs for the CIA group as compared to controls until days 12 and 15
respectively. While quite similar to one another, S100A8/A9 shows a more rapid decline after
peak inflammation, whereas MMPs seem to plateau for the first 12 days before decreasing to
the level of controls. On day 26, after the resolution of inflammation and on a day of low
clinical scores, MMP SBRs were elevated for a single imaging day, exhibiting a significant
difference when compared with controls.
As in the onset phase, the resolution phase S100A8/A9 and MMP SBRs correlate very well
with each other (Pearson’s Correlation r = 0.9231, p < 0.0001. Figure 15D). In both the
onset and resolution phase, the MMP tracer produced higher SBRs. Spreading of points can
be observed at high SBRs in the resolution phase.
Clinical scores of 2 and 3 show significantly higher S100A8/A9 SBRs as compared to controls
and clinical scores of 1 and below (Figure 15E). MMP clinical scores of 1.5, 2 and 3 show
significantly higher SBRs than the control treatment as well as clinical scores of 0 and 0.5 in
the resolution phase (Figure 15F).
No significant difference was found between the clinical scores of 3 between the onset and
resolution phases in either S100A8/A9 or MMP signal to background ratios. This suggests
that the experimental design and the behavior of the model is sound; the model develops to
a similar, highly inflamed, state before resolving; the point at which the onset series ends
and the resolution series begins is statistically the same.

5.3 Histology

In order to validate the imaging data and qualitatively assess the availability of target to
bind the imaging ligands, histology was performed. Figure 16 shows a comparison of imaging
data with both morphological H&E staining and immunohistochemistry targeting S100A9
and MMPs.

5.3.1 Morphological findings

Histological analysis (Figure 16) showed minor synovial thickening and edema at clinical score
1 when compared with control slices. Large changes in overall morphology, including synovial
thickening, edema and infiltration by inflammatory cells, were observed in H&E staining in
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paws of clinical score 2 and 3. Clinical score 3 shows marked swelling and deformation of the
tissue, conducive with edema, which accompanies high levels of inflammation.

Figure 16: Imaging and histological corroboration of target presence. Imaging
examples of signal to background ratios (SBR) (S100A9, top row; MMPs, 2nd row), matching
histology (H&E, 3rd row) and immunohistochemistry (S100A9, MMPs, 4th and 5th row) for
different clinical score grades. Histology was performed on neighbouring slices and the magnified
images depict areas indicated by the black boxes on each H&E slice. S100A9 and MMP SBRs
are low in control and clinical score 1 images when compared with clinical scores 2 and 3.
The progressive deformation from the control paw to clinical score 3 is visible in the H&E
stainings. Synovial thickening, edema and joint destruction are visible in clinical scores 2 and 3.
Corroborating the imaging data, the S100A9 and MMP-9 stainings show elevated levels of each
protein at clinical scores 2 and 3 in comparison to the relatively low expression levels in control
and clinical score 1 histological slices.
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Figure 17: Resolved inflammation and
deformation Histology and matching imag-
ing data from a paw with clinical score 3 (sac-
rificed at day 36), after resolution of inflam-
mation (clinical score 3 late). H&E staining
along with S100A9, and MMP-9 stainings are
shown. In the H&E staining, bone lesions are
evident. Bone thickening, particularly in the
joints is apparent and there is even evidence of
fusion. The synovium is either very swollen or
destroyed. S100A9 levels are low with small
pockets seen at bone margins in holes in the
bone. MMP levels are also low and show
expression at these same bone margins.

5.3.2 Immunohistochemistry
corroborates target presence
beginning at clinical score 2

From the corresponding FRI images it is clear
that levels of MMPs and S100A9 are elevated
beginning at clinical score 2. The increased
expression was corroborated by immunohisto-
chemistry for MRP14 (S100A9) and MMP-9
(representative for MMPs), showing high levels
only at clinical scores 2 and 3.

5.3.3 Late stage disease shows little
S100A8/A9 and MMP expression
despite high clinical scores

As stated earlier, following the return of
S100A8/A9 and MMP SBRs to control lev-
els and the clinical score to a low level, just
above controls, the clinical score rose again
after day 29. This occurred due to a scoring
criteria for clenching of the paws.
Despite the high clinical score observed exter-
nally and the major remodeling of paws as well
as the apparent joint destruction visible in the
histology of paws taken at day 36, neither the
imaging nor the immunohistochemistry data in-
dicated high levels of either S100A9 or MMPs
during this very late stage of the resolution
phase (Figure 17).

5.3.4 Single joint inflammation case
study

In an incidental finding, we were able to visu-
alize local inflammation down to a single joint
as shown in Figure 18. Using FRI this phe-
nomena was only visible in the MMP channel.
However, immunofluorescent histological stain-
ing showed upregulation of MMPs and S100A9
in the distal affected joint. The X-ray image
also shows minor bone damage indicating the
beginnings of bone resorption which occurs at
the early stages of Rheumatoid Arthritis. This
is not a common phenomenon but shows the
promise of developing the method further.
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Figure 18: Single joint case study.
A case study of a mouse paw that had a
clinical score of 1 at sacrifice. However,
imaging was able to pick up low level
inflammation at the joint level using the
MMP tracer Cy5.5-AF443. The inflam-
mation was verified through immunohis-
tochemistry of S100A9 and MMP-9 as
well as structural changes in H&E stain-
ing. The accompanying X-ray is also
shown. Magnified sections are denoted
with black or white boxes. Circles in
the FRI and X-ray data highlight single
joints and with the pink joint being that
which is depicted in the immunohisto-
chemistry slices.

5.4 Analysis Methods

5.4.1 Why employ the signal to background ratio?

Several analysis methods were considered and evaluated before before arriving at the optimal,
whole paw method used above. The most naïve approach would have been to analyze the
raw photon counts of the paws. This, however, did not factor in small variations in the
amount of tracer injected nor did it take into account the fact that with short time intervals
between imaging days, there can be some residual tracer in the mouse’s blood stream. This
was particularly important in the resolution phase analysis where the imaging days were
irregularly spaced in an alternating 3 day, 4 day configuration. Figure 19A shows the average
raw signal recorded during baseline measurements before injection of the day’s imaging tracer.
An initial increase is observed, followed by a saturation from day 8 to 36, where the average
radiant efficiency holds at an average of 851 [p/s/cm2/sr]/[µW/cm2]. A similar trend was
observed for S100A9 (not pictured) with the mean average radiant efficiency from day 8 to
36 being 227 [p/s/cm2/sr]/[µW/cm2].
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An additional effect was discovered, whereby the muscle background of control mice in both
tracers was consistently elevated when compared with CIA mice (see Figure 19B). Initially,
this did not match expectation. However, with further consideration of the small amount
of tracer injected (2 nmol), and the fact that CIA is a systemic model of disease, came a
hypothesis that the tracer was also binding to targets not seen in the FRI images.
Using positron emission tomography (PET) scans of Fludeoxyglucose (FDG), a radioactively
labelled glucose analogue, which is injected and is taken up in areas of high metabolism, one
can image areas of inflammation. Figure 20 is an FDG-PET image of a CIA mouse with
pronounced inflammation of the paws. In addition to the paws, whose signal can be captured
using FRI, FDG-PET is able to visualize areas of inflammation covered by the animal’s fur
that would be invisible to FRI. Areas of potential inflammatory activity, which are likely to
bind the S100A8/A9 and MMP tracers are marked by boxes. The area near the base of the
tail where the immunization takes place is inflamed as well as other knee and elbow joints.
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Figure 19: Blood pool concentrations of MMP tracer in mouth region pre- and
post-injection. A Baseline average radiant efficiency of the mouth region of mice over time,
in the resolution phase, before the MMP tracer is administered for imaging. This serves as a
background level of the tracer remaining in the blood from previous imaging sessions. B Average
radiant efficiency of the mouth region 3 hours post-injection, over time, in the resolution phase.
This depicts the differing blood pool concentrations of the CIA and control mice over the course
of the experiment.
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These constitute direct inflammatory effects. There is also uptake in some lymph nodes and
the spleen as they are parts of the lymphatic system, active during inflammatory processes.
It is important to keep in mind that this image depicts a different tracer than those which
we are using, but it serves to illustrate that there are other sites within the murine model of
CIA, which are inflamed and therefore would bind the S100A9 and MMP tracers without
being visible using our method.
Considering the complexity of the model and taking into consideration the confounding
factors stated above, a normalization strategy was employed. The signal to background ratio
using the muscle background created a robust baseline that represents the concentration of

Figure 20: FDG-PET in CIA. A maximum intensity projection (MIP) of a CIA mouse
having recieved FDG. This is a static PET scan from 60-75 min post injection. The tracer is
generally taken up in areas of high metabolic activity, such as sites of inflammation. Here, front
and rear paws exhibit high FDG uptake indicative of high inflammatory activity. Additional
sites of inflammatory activity are marked with red boxes. These would not be seen via FRI
due to the presence of fur. Non-specific uptake takes place in the Harderian glands. The heart
and brain require consistent, high levels of energy to maintain life and therefore readily uptake
FDG. The kidneys and bladder are well defined as they excrete the tracer. This image serves
to illustrate the FRI-invisible areas of inflammatory activity where our tracers might bind.
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tracer still available in the blood pool and normalizes for variability between experimental
days, injections, and interanimal variability.

5.4.2 Thresholded SBR Inflammatory Area Analysis Method

In addition to the whole paw mean SBR analysis, which was employed to perform the analyses
shown in Sections 5.1 and 5.2, other analyses were investigated. It was thought that the
mean analysis might be too crude to capture cases such as the single inflamed joint pictured
in Figure 18. To this end, two other analyses were developed. The first was an inflammatory
area analysis, where the SBR is generated for the entire paw image, and the area exceeding a
user defined SBR threshold is calculated.
Figure 21A shows a single paw example where the areas remaining after thresholding
are depicted. The threshold focuses the analysis on a particular intensity of presumed
inflammatory activity. As the threshold is increased, smaller areas are observed. Figure
21B-D show the resolution phase analyzed using this method with different thresholds of the
SBR ranging from 1.5 to 2.5 times the mouth background. It is apparent that the success of
the analysis and the conclusions that can be drawn from it are dependent upon choosing the
proper threshold.

5.4.3 Thresholded SBR Inflammatory Fraction Analysis Method

The second method was an inflammatory fraction analysis, where the SBR is generated for
the entire paw image and the fraction of pixels exceeding a user defined SBR threshold is
calculated. This was developed in order to normalize for the differences in front and hind
paw size. In this way, differences in joint size or in the tissue makeup of front and hind paws
could be brought under a single analysis method without the larger hind paws having an
outsized effect.
The inflammatory fraction analysis method was similarly dependent upon the choice of
threshold. In order to determine the optimal threshold for both methods, a receiver operating
characteristic (ROC) curve was calculated.

5.4.4 Receiver Operating Characteristic for optimal threshold determination

The ROC is a method used to assess a diagnostic test. It plots a curve comparing the true
positive rate, or sensitivity, in our case the CIA mouse paws with SBRs above the threshold,
as a function of the false positive rate, 100 % - specificity, in our case the control paws
with SBRs above the threshold. When these rates are plotted against each other for varied
thresholds, a curve emerges. While the perfect discriminator would have true positive rate of
100 % and a false positive rate of 0 % , this is rarely the case when developing diagnostics.
Therefore, we must consider a tradeoff between sensitivity and specificity in determining the
optimal cut-off for our application.
It is important to note that any given threshold produces the same area/pixels regardless
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Figure 21: Thresholding of paws based on SBR to compare area and fraction
methods. A Hind paw of a CIA mouse imaged for S100A9 on day 11 with a clinical score of 2.
In this example, SBR thresholds from 1 (representing the whole paw) to 2.5 are displayed at
intervals of 0.5. Increasing the threshold reveals a lower number of pixels and a smaller area. B
Side-by-side comparison of the Area and Fraction Method outputs for S100A9 in the resolution
phase. Pictured are the SBR thresholds 1.5 - 2.5. The choice of threshold creates significant
changes in the shape and height of the curves in both methods. While both methods are based
on the same thresholded data, the metrics produce distinct results.

of whether one performs the inflammatory area or fraction analysis method. The area and
fraction are different metrics but are based on the same underlying thresholded data. This
means that when a threshold exceeds the maximal SBR present in a ROI, the particular paw
is no longer included at the same time in both analyses. It is for this reason that it is not
necessary to calculate an ROC curve for each analysis type.
An ROC curve was created for each tracer and in both the onset phase and the resolution
phase (Figure 22). A "no discrimination" line can be drawn at a 45°angle between the origin
and the upper right hand corner. This line represents a random discriminator where no
matter the threshold chosen, the same proportion of positive and negatives will be returned.
If the curve lays below this line, one can simply reverse the decision of the discriminator
(positive result is now negative and vice versa) and it will mirror over the no discriminator
line and become positive.
When assessing a diagnostic it is important to choose a cut-off based on the desired sensitivity
or specificity. For the purposes of screening, for instance, a choice of high sensitivity is
desired so that true positives are not missed. Further assessments may be done afterwards to
check the validity of the positive result. Sometimes it is more desirable to ensure healthy
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Figure 22: Receiver operating characteristics of thresholded SBR images of MMP
and S100A9 tracers in the onset and resolution phase. ROC curves corresponding to
each phase and tracer. A point was placed at the origin with each further point along the curve
representing increasing thresholds between 1.5 and 2.5 at intervals of 0.25. The dashed line
represents the line of no discrimination also termed a random discriminator. The dotted line at
0.8 sensitivity is the 80 % sensitivity cut-off chosen for threshold selection.

patients (true negatives) are identified, for instance in cases of invasive surgery for relatively
benign ailments. For our purposes we chose a high cut-off of 80 % sensitivity, as in the case
of arthritis, it is important to catch inflamed joints as early as possible to prevent further
inflammatory development and joint destruction. A dotted line is used to demarcate the
cut-off in Figure 22.
The thresholds exceeding the cut-off criteria were 2.25 for MMPs in the onset phase, 2 for
MMPs in the resolution phase, 2.25 for S100A9 in the onset phase and 2.5 for S100A9 in the
resolution phase. In the case of MMPs and the resolution phase of S100A9, we found that
the threshold which exceeded 80 % was very close to the line of no discrimination. Only in
the case of S100A9 in the onset phase were we able to find a discriminator that maintained a
specificity that was not close to random. One can also observe that the thresholds exceeding
the cut-off in the onset phase were the same across both tracers. However, the thresholds for
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each single tracer were different for each phase.
Visual inspection of the MMP ROC curves show that they remain close to the line of no
discrimination and do not appear to be good discriminators. The S100A9 curves show better
characteristics, although to meet the cut-off, the resolution phase loses specificity and comes
very close to the line of no discrimination.
Due to the lack of internal consistency of thresholds within tracers and that 3/4 ROC curves
proved to be close to a random discriminator above the cut-off, the thresholded analyses
were determined to add little value to the analysis and these methods were not followed any
futher.
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6 Discussion

Rheumatoid arthritis is an autoimmune disease causing pain and disability in up to 1%
of the population (McInnes and Schett, 2017). Although various therapeutic options are
available, interventions are typically based on symptoms and are usually administered after
first signs of inflammatory flares are present (Majithia and Geraci, 2007). However, symptoms
indicate that damage is already taking place. New diagnostic and prognostic tools based on
biomarkers of inflammation, which predict and monitor an inflammatory flare before it strikes,
are warranted to reduce harm and improve the management of RA through pre-emptive
treatment (Saleem et al., 2012).
The aim of this thesis was to develop a novel, optically based, fluorescent, non-invasive,
diagnostic/prognostic tool for the examination of inflammatory articular manifestations
of RA. It was also important that this imaging strategy be translatable to clinics. We
successfully investigated two imaging biomarkers (S100A9 and MMPs), longitudinally, using
optical methods, laying the groundwork for further targeted investigations of inflammatory
biomarkers with a view towards translational and individualized medicine.
We chose fluorescence due to its lack of ionizing radiation, rapid image acquisition, ability to
image multiple biomarkers simultaneously and the relative low cost as well as considerable
potential for bedside imaging (Ntziachristos and Razansky, 2010). Frequent serial monitoring
with radionuclide-based imaging would result in cumulative radiation exposure to the patient.
Additionally, scintigraphic acquisitions can be lengthy in order to collect sufficient count
statistics. In contrast, an in-clinic fluorescence device allowing for quick, safe and non-
radioactive administration of a tracer as well as simple acquisition and reading of the images
could establish optical monitoring of disease progression and improve outcomes while reducing
costs.

6.1 Multiplexing small molecule probes provided novel insight
into concurrent expression of MMPs and S100A8/A9

In this study we aimed to non-invasively monitor inflammatory activity in the joints of CIA
mice using molecular imaging with small, non-peptidic targeted fluorescent probes during
onset and resolution of disease. We hypothesized that molecular imaging diagnostics would
be more sensitive than clinical inspection and we aimed to further characterize and compare
the time courses of S100A8/A9 and MMP expression. Using concurrent injection and imaging
of two probes, targeting active MMPs and S100A9 in the same mouse over time we were able
to show that MMP and S100A8/A9 expressions show a concurrent, dynamic rise in the onset
phase and decline in the resolution phase and that signals are correlated with clinical scores.
In a previous study, Scales et al., (2015) were already able to follow MMP expression using
the activatable probe MMPSense 750 FAST in CIA during the onset and beginning of the
resolution phase. While the measurements were taken at longer time intervals, they were
still able to show a characteristic rise and fall, which corresponded roughly with the clinical
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score. Interestingly, they too were unable to observe a difference between control and CIA
mice until the disease was in an advanced state. They posit that this is due to the ability of
MMPSense 750 FAST to be activated by multiple types of MMPs. While this may be true,
we saw in correlating histology that MMP-9 levels are relatively low until advanced states of
disease and our results using a small molecule probe binding to active MMPs corroborate
this finding.
Important to note is the speed with which imaging can be conducted with the small molecule
probes and the achievable signal to background ratios as compared with activatable probes.
Waschkau et al. (2013) examined a related small molecule MMP inhibitor coupled with Cy5.5
for FRI imaging in comparison with MMPSense 750 FAST and found that while MMPSense
had slightly higher signal to background ratios, these occurred much later, at around 24
hours rather than between 45 min and 6 hours. This limits the usefulness of the probe as
it must be administered well ahead of imaging. Additionally, the long circulation times
and slow activation decrease the usefulness of the probe in longitudinal studies due to high
background signals during subsequent imaging sessions, as can be seen in Scales et al. (2015).
The fast binding and fast clearance of a small molecule ligand allows for quick repetition
of measurements, every 3 or 4 days, as opposed to long circulating activatable probes that
required between 7 and 14 day intervals between measurements.
In addition to monitoring of the progression of disease and inflammatory activity using the
clinical score and imaging of MMP expression, we also used a novel, recently developed
non-peptidic ligand coupled to a fluorescent tracer targeting S100A9 for the first time in
CIA and were able to track S100A8/A9 expression through both the onset and resolution
phases. Previously, we have employed fluorescently labelled anti-S100A8, developed in our
group, to image the S100A8/A9 complex in a seronegative experimental arthritis model
(Vogl et al., 2014; Geven et al., 2016). While the tracking of S100A8/A9 in serum has been
conducted longitudinally and was found to be prognostic for the development of disease,
imaging only took place at a single time point, allowing for a correlation of S100A8/A9 levels
to MMP-mediated cartilage damage but not the concurrent investigation of the dynamics of
both MMP activity and S100A8/A9 expression throughout the disease process. Our approach
expands the scope, allowing for imaging of polyarthritis in the small joints over time in a
model more closely related to the human disease presentation and using a tracer with high
translational potential.

6.2 No time shift between the expression of S100A8/A9 and
MMPs was found

We observed the increase and subsequent decrease of the expression of alarmin S100A9 and
the extracellular matrix remodelling proteins, the MMPs, happening in relative synchrony.
Initially, we had hypothesized that S100A8/A9, the upstream activator of inflammatory
activity, might be an early diagnostic and prognostic biomarker as it leads to the expression of
effector molecules, for instance, the MMPs. However, the time resolution of our longitudinal
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study did not allow for the visualization of the steps in inflammatory upregulation with
sufficient granularity to elucidate this cause and effect relationship using imaging.
While we could not detect a shift between the two mechanistically interrelated pro-inflammatory
players, there seems to be a trend showing earlier peaking of S100A8/A9 expression before
MMP expression in the resolution phase of CIA. A small time difference was predicted as the
literature states, S100A8/A9 is an upstream regulator of MMP expression. This was shown
in a model of antigen induced arthritis (AIA) (Lent et al., 2008a), where the S100A8/A9
complex was demonstrated to upregulate MMPs and injection of S100A8 by itself increased
cartilage breakdown, induced further transcription of the S100A8/A9 complex and increased
expression of MMPs and cytokines. With S100A8/A9 as one of the drivers and regulators
of myeloid inflammation, an earlier peak expression relative to an increasing MMP activity
would fit mechanistically. However, in both our study and another study (Lent et al., 2008a)
it could not be corroborated with imaging. In the case of Lent et al. the peak of S100A8/A9
and MMPs on day 1 had dropped concurrently by day 3 post-induction of AIA. In both
studies, the time resolution of measurements was 3 ± 1 days. This resolution is too granular
to pick up differences in time to peak expression of S100A8/A9 and MMPs as these processes
are highly dynamic. In an experiment in AIA (van Meurs et al., 1999), MMP mRNA levels
peaked within 12 hours of challenge. This could mean that any time shift in S100A8/A9 levels
and MMP levels may be on the order of hours during the onset phase, which is well below
the time resolution of our current imaging setup. S100A8/9 and MMPs cannot, therefore,
be used to predict an inflammatory flare. This indicates a need for investigation of further
biomarkers that are present even earlier in the inflammatory cascade in order to realize
pre-emptive treatments.

6.3 Histology corroborated S100A9 and MMP-9 imaging data

The histological investigation of S100A9 and MMP-9 corroborated S100A8/A9 and MMP
imaging data in all examples shown. H&E staining showed the expected morphological
phenotypes for controls and clinical scores 1 - 3. Large morphological changes were found to
coincide with the upregulation of S100A8/A9 and MMPs, as expected.
Imaging data consistently showed co-localization of S100A9 and MMP tracers. In histology,
S100A9 levels correlate well with the levels of MMP-9 in a given paw indicating their regionally
co-localized expression, which follows from the fact that S100A8/A9 is an upstream activator
of MMP expression and activation.
As stated previously, Scales et al. (2015) could only show a significant increase in MMP
signal in an advanced disease state. Our findings corroborate this, as we could only see
significant upregulation of MMP SBRs in paws with clinical scores of 3 in the onset phase and
clinical scores of 1.5 and above in the resolution phase. This finding was further supported
by histology where only paws of clinical score 2 and 3 showed significant presence of S100A9
and MMP-9. The absence of target at lower clinical scores could explain the inability of the
method to differentiate between clinical scores 0 and 1. When there is not a significant target
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concentration available to be bound by the tracer in a paw with a clinical score of 1, the
signal will be low and within the range of controls.
Both the example of the clenching clinical score 3 paw showing a late stage of disease and the
example of single joint inflammation further proved the validity of our imaging method. A
low level of disease activity late in the resolution phase was shown in both the imaging data
and histology regardless of the clinical score. Low S100A9 and MMP-9 expression is seen and
low SBRs for both tracers are also shown. These results were able to show the increase in
clinical score and the clenching itself was not due to a renewed, acute, inflammatory process
taking place at this late time point, but rather a residual effect of the remodeling of tissue.
The single joint histology image showed the promise of the method. Colocalization of S100A9
and MMP-9 was observed and it was exclusive to the joint showing increased MMP FRI
signal. The fact that such a clear signal was present in the MMP FRI signal but not in the
S100A9 signal while the presence of both proteins was confirmed by histology is curious. It
may be due to the generally lower SBRs seen using S100A9. The IRDye 800CW fluorophore
attached to the S100A9 binding CES271 ligand has a lower quantum yield of fluorescence,
and therefore a lower signal in general. While we normalize the images to mitigate these
effects, it may not have been sufficient in this case. It was clear that MMPs were present
as they had contributed to bone degradation, which can be seen both in H&E as well as in
the X-ray image. This example pushes the limits of the method and further development is
needed, but this finding is encouraging with regards to the ability of the method to image
single joints.

6.4 Division of onset phase CIA mice into fast and slow
responding groups

In the onset phase, the fast and slow responder groups were created as the fast responders
reached criteria requiring sacrifice 3 days earlier than the time point when the slow responders
showed considerable inflammation. Brand et al. (2007) lays out, in a detailed report on the
induction of CIA in DBA/1 mice, that the onset of disease for mice within experimental groups
varies greatly and that the speed of arthritic development varies between reproductions of the
same experiment. It was summarized by Goronzy and Weyand (2001) that environmental
factors including stress and light can be significant in changing the susceptibility of mice,
and male DBA/1 mice in particular, to CIA. This indicates that the observed variations are
typical of the model. This variability reflects a true clinical situation. Arthritic flares are
unpredictable in their onset and can range from mild "morning stiffness" to severe pain in
multiple joints. Their duration varies, but most are short, lasting less than a week, while
others can be more persistent (Bykerk et al., 2014). Jacquemin et al. (2017) showed decreased
physical activity and two increased metrics regarding the experience of pain in patients with
flares lasting longer than 3 days. There is not significant literature examining the speed of
flare onset clinically. It is also important to note that patients participating in clinical studies
are undergoing therapy. Discontinuation of therapy has been investigated but was determined
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to be unethical as severe flares occurred within 2 months (Kremer et al., 1987). Our division
of the onset phase into fast and slow responders is based on the variability in the model.
The heterogeneity of the model’s development is well documented in the literature and not
dissimilar to the variation in RA presentation in the clinic, itself highly heterogeneous.

6.5 The clinical score reflects externally observable markers of
inflammation

Clinical score, as a surrogate of inflammatory activity may be useful in a clinical context,
however, the standard scoring scheme used for this murine model is rather crude. It is a
visual assessment of edema and reddening, which themselves are surrogates of inflammatory
activity. The clinical score is used here as a ground truth, but it is not clear if this is a true
reflection of inflammatory activity at the paw level. It is a tool of necessity as we do not have
more direct ways of assessing inflammation, especially in a way which would be acceptable in
terms of animal ethics.
Clinical score takes into account the feet as a singular entity, as characterizing such a murine
model at the single joint level is untenable without anaesthesia, causing too much stress for
daily control and scoring. The clinical score rubric for the whole paw can be consistently
applied but remains somewhat subjective and scoring at a single joint level would likely
increase error. However, similar to the human disease, one can see from images, such as
those in Figure 18, that the effects on the mouse, as in humans, can occur at the level of a
single joint. Figure 18 shows a mouse paw with a clinical score of 1; nevertheless, one can
see swelling, infiltration and high expression of both S100A8/A9 and MMPs in fluorescence
images and histology.
Another disadvantage of the clinical score is that it consolidates a number of processes into a
single subjective indicator. Reddening, edema, skin damage and paw deformation are taken
together to assess disease state. This means that a single indicator can have an outsize effect
on the clinical score of a paw. An increase in the clinical score in CIA mice is seen in the
resolution phase on days 33 and 36 while the S100A9 and MMP SBRs remained stable and
decreased, respectively. Histology also confirmed a lack of target S100A9 and MMP-9 in paws
with a clinical score of 3 at day 36. The increase in clinical score was due to paw clenching,
which brought the clinical score of clenching paws to 3 without erythema or swelling.
The clinical score is the standard practice in clinics (ACR/EULAR, 2010) and in murine
models, but it does not represent the most accurate picture of single joint inflammation or
inflammatory markers. For longitudinal tracking of inflammation, it is the most efficient and
low cost solution, but a more accurate gold standard would be preferred.
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6.6 Choice of analysis method and use of signal to background
ratio

It is important in any imaging study to consider carefully the choice of analysis method. A
particular method can highlight a feature within the data or completely mask another, each
method is sensitive to particular perturbances and it is important for the researcher to keep
in mind the limitations of their method. In this thesis, particular attention was paid to the
method used to assess the inflammatory activity in CIA. As this was a longitudinal study, we
had to take into account residual amounts of tracer, small variations in tracer concentration,
the number of days between imaging sessions, the effect of a mouse being naïve to the tracer
versus being in a saturated state and of course inter-mouse variability.
Initial investigations into the raw average radiant efficiency data indicated that we could
not simply use the raw data in order to get an accurate picture of the inflammatory activity
and that a form of normalization would be necessary. We decided for signal to background
ratio as it is common in molecular imaging to designate a "control" or "background" region
which is similar in tissue makeup to the area of interest as a benchmark of background tracer
level. Examples of this include the assessment of contralateral brain regions when analyzing
stroke models (Zinnhardt et al., 2015), contralateral ears in models of contact dermatitis
(Vogl et al., 2014), or regions surrounding an implanted subcutaneous tumor in mice (Korb
et al., 2014; Tummers et al., 2018).
We utilized the mouth background region as it was exposed during imaging and had a mix of
muscle, skin and jaw bone, similar to the paws. The only other exposed areas included the
tail and the anus. The tail is the site of intravenous injection of the tracer. Therefore, it was
excluded, as it can contain fluorescent tracer that is not in the blood stream but instead was
sequestered in layers of skin adjacent to the injection site. The anus was also excluded as it
is an excretion site and could contain tracer in the stool. Additionally, it does not contain
the complex mix of muscle, skin and bone present in the mouth region. The rest of the
animal’s body was covered with fur. It was thought that additional shaving of the animal
would cause undue stress as it must be done under anaesthesia and could prevent the model
from developing normally. It would also need to be done regularly over the time course, and
as hair and hair follicles readily scatter light, it could introduce an additional confounding
factor.
This was the first time that the S100A9 and MMP tracers have been used for longer than 72
hours in serial imaging. In the case of the related MMP tracer Cy5.5-AF489 as well as Cy5.5
alone, an imaging study by Waschkau et al. (2013) at 72 hours showed residual tracer signal.
It was, therefore, deemed important to investigate the signals originating from the tracer
concentrations remaining in the blood pool over a longer time and multiple imaging sessions
to aid in the choice of analysis method. We were able to show that beginning at imaging
session 3, after 8 days, the residual amount of tracer stabilizes and holds relatively constant
over the following 26 days. This information will instruct the design of further studies
utilizing these tracers. Using the signal to background ratio, lower blood pool concentrations
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during the first two imaging sessions could be accounted for.

6.7 Blood concentration of tracer is lower in CIA mice

The observed difference in the signal of the background mouth region 3 hours after injection
is hypothesized to originate from the uptake of tracer in areas of inflammation. As the tracer
reaches and binds its target, less tracer is available to freely move through the blood stream.
A lower blood concentration in the region that we are using to normalize has a potential
effect on the SBRs of CIA mice. The lower denominator in the SBR calculation could serve
to artificially elevate the SBRs of the paws. However, there is no reason to believe that this
lower blood pool value is not rooted in physiological fact.
As stated earlier, both tracers show elevated uptake in affected paws, particularly paws at and
above a clinical score of 2. This elevated uptake removes some circulating tracer. However,
in addition to the on-target uptake we can image, the potential for additional sources of the
biomarker "robbing" the tracer from the blood pool cannot be excluded. Using an FDG-PET
image of a CIA mouse, it was indicated that there are other sites of inflammation where
uptake is likely to occur. As stated, it is important to note that FDG and the MMP and
S100A9 tracers have differing targets. As the CIA model of RA is a systemic presentation
of the disease, it affects joints and organ systems. The image shows that elbow and knee
joints as well as the site of immunization would likely show increased tracer uptake in our
study had we had the opportunity to image them. Additionally, although not visible in FDG,
pulmonary inflammation is noted in RA and CIA (Schurgers et al., 2012) The lymphatic
system would also be expected to show increased uptake, in particular for S100A8/A9 as
increased levels of neutrophils are found in the spleen (Fishman and Isenberg, 1997) and
lymph nodes (Imai et al., 1989) in RA. Lymphatic remodeling and inflammation are known
in the CIA model (Billiau and Matthys, 2011). The heart and brain uptake in the FDG
scan are based on the great energy needs of these organs. It is unlikely that S100A8/A9 or
the MMPs would be sufficiently upregulated in the arthritis model. Potential uptake in the
Harderian glands is unknown, but would be expected to be constant between the treatments
and not to be affected by the immune activity. Finally, uptake in the excretion organs such
as the kidney and bladder would be expected to be relatively constant between treatments.
Unfortunately, these effects can only be speculated about as no previous study has been
performed looking at this effect in CIA mice using these two tracers. If a radioactive version
of the tracers were to be created, this potential effect could be further investigated.

6.8 Thresholded SBR Area and Fraction analyses considered

The mean SBR of each paw was the method selected for the analysis. The method is robust
as it always uses the several thousand pixels per paw to compute its metric. It also has the
advantage that, similar to the clinical score, it takes a wholistic assessment of the entire
section of the paw made visible to the camera.
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This mean method has the drawback, however, that it averages out the effects of small but
intense focal lesions such as that seen in the single joint inflammation case study. To this end,
we developed two additional analyses to attempt to address this drawback. The analyses are
related in that they rely on thresholding the SBR within each ROI and computing a metric
on the remaining area or pixels. By increasing the threshold, areas of paws exhibiting lower
SBR are excluded, highlighting the areas of higher inflammatory activity.
The area method was developed as a 2D fluorescence analog to assessments of inflammatory
volume used in radiology and nuclear medicine. A 3D PET (Saboury et al., 2014), SPECT
(Wang et al., 2005) or CT (Giacomini et al., 2015) image is segmented into a volume of
interest and thresholded to compute the metric. In our case, we define a ROI and use
thresholding to compute an inflammatory area.
We also considered the affect that fore and hind paw size might have on the analysis and
created a fraction method that computed the fraction of pixels, within the ROI, exceeding
the threshold. This serves to make the fore and hind paws more readily comparable.
The results produced were heavily dependent upon the threshold chosen. This is a drawback
of these methods as they require the tuning of a parameter. We saw that the shape of
the curves produced by both methods changed considerably as the threshold was increased.
Paws falling under the threshold are no longer included. This would be an advantage if the
distributions of control and CIA paws were sufficiently different from one another or mutually
exclusive. However, in these methods, we found many CIA paws were also thresholded to
zero.

6.9 ROC curves indicate limited applicability of thresholding
methods

As explained in Section 5.4.4 an ROC curve can be used to define an optimal threshold
for a desired level of sensitivity or specificity. In our case, we chose to put a high priority
upon finding a true positive, in other words to find the paws of CIA mice with a clinical
score of 0.5 or above. Prioritizing detection means choosing a high sensitivity at the cost of
specificity. We chose the cut-off of 80 % sensitivity and assessed the first threshold which
exceeded this cut-off criteria. This is high, but the imaging technique was designed to serve
as a screen of paws, detecting potentially debilitating inflammation and remodeling of tissue.
This is analogous to the clinical setting where the cost of missing an inflamed joint is high,
potentially causing the patient severe pain and temporary or even permanent loss of function.
As a result of our choice of cut-off, the specificity achieved by the method in all but one case
was unacceptable. The performance in the case of the MMP tracer in both phases and the
S100A9 tracer in the resolution phase were akin to a random discriminator, where one could
imagine a "diagnostic test" that given an image of a paw as input would randomly assign it
to a class (CIA or control). Due to these results, these analysis methods were deemed unfit
for purpose in this case and the mean SBR method was employed for the final analysis.
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6.10 FRI in the clinic

As a new research direction towards improved characterization of inflammatory activity in
RA, clinical FRI, e.g. with dedicated hand scanners, has been established (Hansch et al., 2004;
Fischer et al., 2010; Krohn et al., 2015; Glimm et al., 2016). Although this approach seems
clinically capable of measuring perfusion and blood volume when combined with clinically
approved non-targeted contrast agents it is still limited by the non-availability of targeted
contrast agents.
The FRI method we have established could be used for superficial imaging of the hands,
for instance, and has already been used successfully with non-targeted ICG (Fischer et al.,
2010; Glimm et al., 2016; Krohn et al., 2015). Based on our proof-of-principle study in CIA,
future developments should focus on establishing GMP-conforming, non-toxic tracers for
fluorescence imaging.
In addition, there may be a potential for S100A8/A9 based non-invasive imaging to differenti-
ate RA from miscellaneous inflammatory arthritides (MIA). In a paper by Baillet et al. (2010)
it was found that enhanced synovial levels of S100A8, S100A9 and S100A12 discriminated
between RA and MIA. This involved taking synovial fluid samples from affected joints and
laboratory workups using mass spectrometry, western blotting and ELISA. The S100A8/A9
tracer administered and imaged optically could be a plausible application and could reduce
the need for biopsies in cases where the type of arthritis is unclear.

6.11 Photoacoustic imaging of Naphthalocyanine labelled ligands
presents a 3D diagnostic opportunity

Similar to FRI, photoacoustic imaging uses light to excite molecules but detects sound
originating from the light excitation as signal. This has a number of advantages when
compared with FRI. Recalling the Beer-Lambert law stated in Section 2.3.1, the attenuation
coefficient for sound moving through aqueous or solid media is low when compared with light.
Signal produced as sound is able to travel out from deeper within the sample or organism
(Yao and Wang, 2011). Whereas a photon has but one direction, sound is emitted as a wave,
allowing for localization using existing ultrasound reconstruction techniques. While acoustic
waves also suffer from scattering and attenuation, these phenomena are well studied and
understood in the field of ultrasound imaging and occur less than these phenomenon for light
in tissues (Beard, 2011). The use of light to excite the molecules allows the technique to
distinguish between sonophores, the molecules emitting sound, as molecules respond variously
to different wavelengths of light. Scanning through a set of wavelengths will produce a
spectrum of response from a particular sonophore. By varying the wavelength of light, one
can preferentially excite certain molecules over others. Mathematical models can help choose
a set of excitation wavelengths that will allow for spectral unmixing (Tzoumas et al., 2014).
These techniques allow for, to date, qualitative assessments of tracer distribution within
the sample. For molecular imaging, this is an advantage as there is the potential to image
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multiple tracers simultaneously.
When imaging arthritis, PA has the advantage of being able to image to a depth of multiple
centimetres, facilitating imaging of limbs, hands and feet. Through the use of established
tomographic reconstructions, 3D volumes constituting entire limbs can be examined. The
ability to assess multiple parameters simultaneously using different tracers and the ease
with which a tomographic photoacoustic system can capture anatomical information using
conventional ultrasound come together to pose an attractive diagnostic solution that is low
cost, fast, sensitive, and co-registered with anatomical information.
Photoacoustically active substances are often called dyes as they absorb light and have
color. In clinical studies the FDA approved molecule ICG is prevalent. While it is proven
safe and can already be used in clinics, it has a number of drawbacks. It is difficult to
modify, its quantum yield of fluorescence is high and the spectrum of ICG changes based on
concentration and pH, which makes multispectral unmixing more difficult (Kim et al., 2010).
ICG is a member of the cyanine dye class of molecules to which Cy5.5 and IRDye 800CW
also belong. These molecules do not alter their spectrum drastically as concentration or pH
changes and IRDye 800CW is often linked to ligands for molecular imaging (Kim et al., 2010;
Huang et al., 2012; Hsiao et al., 2013; Attia et al., 2016). Because it has the advantage of
being easily modifiable and as it produces both photoacoustic and fluorescent signals, the
results of a study can be corroborated in a multimodal imaging scheme (e.g. a photoacoustic
scan with follow up ex vivo fluorescence measurements.)
Unfortunately cyanine dyes have the drawback that they readily photobleach. As a scan
takes place, some excited electrons move into the triplet state and upon coming in contact
with oxygen, a reactive oxygen species (ROS) is formed. This can oxidize the fluorophore and
cause it to no longer be excitable, eliminating both the photoacoustic and fluorescent abilities
of the molecule (Yang et al., 2001; Laufer et al., 2010). Through repeated illumination, the
proportion of photobleached molecules is increased and the signal decreased (Li et al., 2013).
Therefore, as a sample or organism is scanned, the scattered photons can excite molecules
outside of the plane of detection and bleach some of them before they are ever detected. The
calculated distribution of the tracer can be disturbed by this phenomenon.
Considering the absence of dyes with optimized characteristics for PA, Naphthalocyanines are
interesting lead structures for the creation of in vivo sonophores because they display high
stability and absorb in the NIR spectrum (Kumar and Santhosh, 2003). Their macrocycles
possess a large delocalized pi-electron system. The delocalization and aromaticity gives the
Nc high thermal and chemical stability (Wheeler et al., 1984). This also decreases the ability
of the molecule to photobleach as it will be less likely to undergo oxidation or to dissociate by
excitation of vibrational modes after radiationless deactivation into the ground state (Diaspro
et al., 2006; Montalti et al., 2006; Michl, 2006). In order to design a Naphthalocyanine
optimized for PA, we performed a screen and found that Nickel Naphthalocyanines with
a distal substitution performed best (Duffy et al., 2018). A water soluble and targetable
version of this Naphthalocyanine is currently being synthesized for use in PA imaging of RA.
Through the further analysis and future synthesis of Naphthalocyanines with properties
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tailored to photoacoustic production, it could be possible to produce highly photoacoustically
active species for use in diagnostics.
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7 Conclusions and Outlook

Our small ligand-based molecular imaging approach accurately and concurrently monitors the
inflammatory markers S100A8/A9 as well as active MMPs in the onset and resolution phases
of CIA, a murine model of RA using optical and non-radioactive FRI. No time difference in
the peak expression of S100A9 and MMPs could be confirmed. We were able to visualize
inflammation down to the level of single joints using a novel set of MMP and S100A9 targeted
fluorescent tracers, which due to their non-peptidic nature have high translational potential.
Attaching the ligand CES271 targeting S100A8/A9 and AF443 targeting MMPs to different,
water soluble Naphthalocyanines would allow for the use of these ligands as tracers for
PA molecular imaging. PA’s use in arthritis would allow for 3D images of affected joints.
Currently, work is being done by a colleague on another model of RA, AIA, to establish
PA molecular imaging using IRDye 800CW-CES271 to great success. Additionally, the
development of probes compatible with nuclear SPECT and PET imaging is currently
underway with the advantage of better quantification for precision medicine.
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