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ABSTRACT 
Inflammation is involved in the pathogenesis of several chronic diseases as well as 
in the development of cancer. Vascular adhesion protein-1 (VAP-1) is an 
inflammation inducible endothelial adhesion molecule that participates in the 
leukocyte extravasation from blood to sites of inflammation. Under normal 
conditions, VAP-1 is absent on the surface of endothelium but, upon inflammation, 
is rapidly translocated from intracellular storage granules to the endothelial cell 
surface. Sialic acid-binding immunoglobulin-like lectin 9 (Siglec-9) is a leukocyte 
ligand of VAP-1 and the [68Ga]Ga-DOTA-Siglec-9 is a promising positron emission 
tomography (PET) radiopharmaceutical for the imaging of inflammation. Another 
adhesion molecule, αvβ3 integrin, is overexpressed in angiogenic endothelial cells, 
and is therefore considered a target for the imaging of angiogenesis in tumors and 
inflammatory diseases.  

The aim of the studies included in this thesis was 1) to evaluate the feasibility of 
[68Ga]Ga-DOTA-Siglec-9 for the imaging of inflammation in mouse models of 
arthritis and melanoma, and 2) to explore its safety, whole-body distribution, and 
radiation dosimetry in healthy subjects as well as its ability to detect arthritis in a 
patient with rheumatoid arthritis. In mouse melanoma studies, in addition to VAP-1, 
αvβ3 integrin activation was studied using [68Ga]Ga-DOTA-E[c(RGDfK)]2. The in 
vivo PET imaging, ex vivo gamma counting, tissue autoradiography, and histological 
and immunohistochemical stainings were utilized in these studies. Dynamic 
PET/computed tomography (CT) imaging with concurrent blood sampling clarified 
the whole-body distribution kinetics, targeting, and radiation exposure of [68Ga]Ga-
DOTA-Siglec-9 in humans.  

The results showed that [68Ga]Ga-DOTA-Siglec-9 clearly detected inflammation 
in the mouse arthritis and melanoma models, and longitudinal PET/CT allowed the 
monitoring of disease development over time. In mouse melanoma, [68Ga]Ga-
DOTA-E[c(RGDfK)]2 detected changes of αvβ3 integrin expression and activity. In 
humans, the [68Ga]Ga-DOTA-Siglec-9 was safe and well-tolerated, and capable of 
detecting arthritic joints. In conclusion, these preclinical and clinical studies indicate 
that [68Ga]Ga-DOTA-Siglec-9 is a promising new PET radiopharmaceutical for 
imaging inflammation. In the future, [68Ga]Ga-DOTA-Siglec-9 PET may have 
potential for imaging various inflammatory diseases besides rheumatoid arthritis. 

KEYWORDS: inflammation, cancer, positron emission tomography, VAP-1, 
Siglec-9  
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TURUN YLIOPISTO 
Lääketieteellinen tiedekunta 
Kliininen fysiologia ja isotooppilääketiede 
RIIKKA VIITANEN o.s. SIITONEN: 68Ga-leimattujen PET 
radiolääkeaineiden arviointi αvβ3 integriinin ja VAP-1 molekyylin 
kuvantamiseksi tulehduksessa ja syövässä 
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TIIVISTELMÄ 
Tulehdus liittyy useiden kroonisten sairauksien sekä syövän kehittymiseen. 
Verisuonen endoteelisolujen pinnalla esiintyvä VAP-1 on tulehduksen indusoima 
tartuntamolekyyli, joka osallistuu valkosolujen siirtämiseen verenkierrosta 
tulehduspaikoille. Normaali olosuhteissa VAP-1 puuttuu verisuonen pinnalta, mutta 
tulehduksen seurauksena se siirtyy solunsisäisistä säilytysjyväsistä endoteelisolun 
pinnalle. Siglec-9 on valkosolujen pinnalla oleva VAP-1:n vastinmolekyyli ja 
[68Ga]Ga-DOTA-Siglec-9 peptidi on lupaava merkkiaine tulehduksen kuvanta-
miseen positroniemissiotomografialla (PET). Toinen tartuntamolekyyli, αvβ3-
integriini, yli-ilmentyy uudisverisuonten endoteelisoluissa, jonka vuoksi sitä 
voidaan käyttää uudisverisuonten muodostumisen kuvantamiseen kasvaimissa ja 
tulehdussairauksissa. 

Väitöskirjatutkimuksen tarkoituksena oli 1) tutkia [68Ga]Ga-DOTA-Siglec-9:n 
soveltuvuutta tulehduksen kuvantamiseen hiiren niveltulehdus- ja mela-
noomamalleissa sekä 2) tutkia [68Ga]Ga-DOTA-Siglec-9:n turvallisuutta, kokokeho-
jakaumaa ja säteilyaltistumista terveillä vapaaehtoisilla ja kykyä havaita 
niveltulehdus nivelreumapotilaalla. Lisäksi hiiren melanoomatutkimuksissa 
tutkittiin αvβ3 integriiniaktiivisuutta [68Ga]Ga-DOTA-E[c(RGDfK)]2:lla. Tutkimus-
menetelminä käytettiin in vivo PET-kuvantamista, ex vivo -gammamittausta, 
autoradiografiaa sekä histologisia ja immunohistokemiallisia värjäyksiä. 
PET/tietokonetomografia (TT) -kuvantamisella selvitettiin [68Ga]Ga-DOTA-Siglec-
9:n kokokehojakautumista, VAP-1 molekyyliin kohdentumista ja säteilyaltistumista 
ihmisillä.  

Tutkimustulokset osoittivat, että [68Ga]Ga-DOTA-Siglec-9 pystyi havaitsemaan 
tulehduksen hiiren niveltulehdus- ja melanoomamalleissa, ja PET/TT-pitkä-
aikaisseuranta mahdollisti sairauden kehityksen seuraamisen. [68Ga]Ga-DOTA-
E[c(RGDfK)]2 pystyi havaitsemaan αvβ3 integriinin ilmentymisen ja aktiivisuuden 
muutoksia melanoomamallissa. Ihmisillä [68Ga]Ga-DOTA-Siglec-9 osoittautui 
turvalliseksi ja hyvin siedetyksi, ja se kykeni havaitsemaan niveltulehdukset. 
Yhteenvetona voidaan todeta, että nämä prekliiniset ja kliiniset tutkimukset 
osoittivat, että [68Ga]Ga-DOTA-Siglec-9 on lupaava uusi PET-merkkiaine 
tulehduksen kuvantamiseen. Tulevaisuudessa [68Ga]Ga-DOTA-Siglec-9 PET voi 
olla lupaava menetelmä kuvantamaan muitakin tulehduksellisia sairauksia 
nivelreuman lisäksi.   

AVAINSANAT: tulehdus, syöpä, positroniemissiotomografia, VAP-1, Siglec-9  
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Abbreviations 

AOC Amine oxidase copper containing 
ARG Autoradiography 
CAO Copper-containing amine oxidase 
CD Cluster of differentiation  
CT Computed tomography 
DAMP Damaged-associated molecular pattern 
DIP Distal interphalangeal joint 
FAP  Fibroblast activation protein 
FAPI Fibroblast activation protein inhibitor 
GMP Good manufacturing practice 
HE Hematoxylin and eosin 
HEPES 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 
HEV High endothelial venule 
HIF1α Hypoxia-inducible factor 1α 
HPLC High-performance liquid chromatography 
ICAM-1 Intracellular adhesion molecule-1 
IFNγ Interferon-γ 
IL Interleukin 
i.v. Intravenous 
JAM Junctional adhesion molecule 
LA Lyme arthritis 
LB Lyme borreliosis 
LFA-1 Lymphocyte function associated antigen-1 
mAb Monoclonal antibody 
MAC-1 Macrophage-1 antigen 
MEM Modified Eagle medium 
MRI Magnetic resonance imaging 
mRNA Messenger RNA 
NF-кB Nuclear factor kappa-light-chain-enhancer of activated B cells 
NK Natural killer cell 
PAMP Pathogen-associated molecular pattern 
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PBS Phosphate-buffered saline 
PECAM-1 Platelet endothelial cell adhesion molecule-1 
PET Positron emission tomography 
PID Proximal interphalangeal joint 
PSGL1 P-selectin glycoprotein ligand 1 
RA Rheumatoid arthritis 
RGD Arginyl-glycyl-aspartic acid  
ROI  Region of interest 
s.c. Subcutaneous 
SHARPIN Shank-associated RH domain-interacting protein 
Siglec Sialic acid-binding immunoglobulin-like lectin  
SPECT Single photon emission computed tomography 
SSAO Semicarbazide-sensitive amine oxidase 
SSTR Somatostatin receptor 
STAT3 Signal transducer and activator of transcription 3 
SUV Standardized uptake value 
sVAP-1 Soluble vascular adhesion protein-1 
Treg Regulatory T cell 
TAM Tumor-associated macrophage 
TAN  Tumor-associated neutrophil 
TIL Tumor infiltrating lymphocyte 
TME Tumor microenvironment 
TNF Tumor necrosis factor 
TPQ Topaquinone  
TSPO Translocator protein 
VAP-1 Vascular adhesion protein-1 
VCAM-1  Vascular cell adhesion molecule-1 
VLA-4 Very late antigen-4 
VOI Volume of interest 
WBC White blood cell  
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1 Introduction 

Inflammation, including leukocyte infiltration, vascular changes, and increased 
blood flow, plays an important role during acute defense against pathogens and other 
inflammatory stimuli. However, uncontrolled and long-lasting inflammation can 
eventually lead to pathologic changes in tissues. Inflammation contributes to the 
pathogenesis of chronic diseases, such as rheumatoid arthritis, inflammatory bowel 
disease, and cardiovascular disease, and is involved in various steps of tumor 
development (Elinav et al., 2013; Guo et al., 2018; Libby, 2006; Zhang & Li, 2014). 
Many of these diseases are global health problems with increasing morbidity, which 
often leads to disability, increases both health care and non-health care related costs, 
and contributes to mortality (Jacobs et al., 2011). Early detection of inflammatory 
lesions is important for proper diagnosis and better opportunities for cost-effective 
treatment of these diseases.  

Positron emission tomography (PET) provides a non-invasive method to explore 
inflammation in humans in vivo at molecular and cellular levels. Upon inflammatory 
stimuli, the release of proinflammatory mediators, increased vascular permeability 
with infiltrating leukocytes, increased tissue destruction, and attempts to heal are 
among the potential targets for visualizing inflammation. Glucose analog 2-deoxy-
2-[18F]-fluoro-D-glucose ([18F]FDG) is the most extensively studied PET tracer in 
the field of oncology, which has shown to be a valuable tool for tumor detection, 
staging, restaging, radiation therapy planning, and therapy response monitoring 
(Boellaard et al., 2015). In addition to tumor detection, [18F]FDG imaging is feasible 
for the detection of inflammation and infection, for example, in rheumatoid arthritis 
and chronic osteomyelitis, because the uptake of [18F]FDG is based on increased 
glucose metabolism of inflammatory cells (Chaudhari et al., 2010; Guhlmann et al., 
1998; Kubota et al., 2009). However, the major disadvantage of [18F]FDG is that it 
is unable to distinguish metabolically active cells from each other (inflammatory cell 
vs. tumor cell) and can then cause false-positive results. The possibility to give false-
positive results affects its usability. Additionally, the high background uptake in the 
heart and brain impairs the ability of [18F]FDG to detect inflammatory lesions or 
tumors near these tissues. (Wu et al., 2013)  
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There are several approaches for PET imaging of immune cells, but novel 
inflammation specific imaging agents are needed. Leukocyte extravasation from 
blood to inflamed tissues is a crucial step in both acute and chronic inflammation. 
Targeting of endothelial adhesion molecules, which mediate leukocyte extravasation 
may provide a solution for a more inflammation specific PET tracer. Vascular 
adhesion protein-1 (VAP-1) is an endothelial adhesion molecule that contributes to 
leukocyte extravasation. A beneficial property of VAP-1 is that it is absent on the 
surface of endothelium under normal conditions but is rapidly translocated upon 
inflammation from intracellular storage granules to the endothelial cell surface. 
VAP-1 has also enzymatic activity that catalyzes the oxidative deamination of 
primary amines, and the end products of this reaction act as inflammation mediators 
(Salmi & Jalkanen, 2005). It is known that sialic acid-binding immunoglobulin-like 
lectin 9 (Siglec-9) is a leukocyte ligand of VAP-1 (Aalto et al., 2011). Moreover, 
several preclinical studies have shown that gallium-68-radiolabeled Siglec-9 motif 
containing peptide ([68Ga]Ga-DOTA-Sigle-9) can be used for PET imaging of 
inflammation and cancer (Aalto et al., 2011; Ahtinen et al., 2014; Elo et al., 2018; 
Retamal et al., 2016; Silvola et al., 2016; Virtanen et al., 2015, 2017).  

Integrins, cell adhesion molecules consisting of α and β subunits, are essential 
for cell migration and invasion. Integrins mediate adhesion to the extracellular 
matrix and regulate intracellular signaling pathways that control cytoskeletal 
organization, force generation and survival. Regulation of integrin activity is 
fundamentally important during development and in many physiological processes 
in adults. Shank-associated RH domain-interacting protein (SHARPIN) is an 
endogenous inhibitor of β1-integrin activity that binds to integrin α-subunits and 
prevents interaction of activators to β-subunits. In addition, SHARPIN controls β1-
integrin dependent cell adhesion and migration in several normal and malignant cell 
types. (Bouvard et al., 2013; Desgrosellier &Cheresh, 2010; Rantala et al., 2011) 
The integrin αvβ3-targeting PET tracers, arginyl-glycyl-aspartic acid (RGD) 
peptides, provides information of αvβ3 integrin expression on the tumor vasculature 
because angiogenic endothelial cells express high levels of αvβ3 integrin whereas its 
expression is low in normal tissues (Dijkgraaf et al., 2007, 2011).    

For this thesis, the novel VAP-1 targeting PET tracer, [68Ga]Ga-DOTA-Siglec-
9, was investigated for its feasibility to detect inflammation at an early stage of the 
disease and to monitor the progression of the disease in mouse models of arthritis 
and melanoma. In the SHARPIN deficient mouse model, we investigated how 
[68Ga]Ga-DOTA-E[c(RGDfK)]2 accumulated in inflamed areas and melanoma 
tumors, and how stromal SHARPIN regulated tumor growth, metastasis, and 
vascularization. In addition, the safety, whole-body distribution, metabolism, and 
radiation dosimetry of [68Ga]Ga-DOTA-Siglec-9 was assessed, for the first time, in 
healthy subjects. 
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2 Review of the Literature 

2.1 Inflammation 
The hallmarks of acute inflammation are increased blood flow and vascular 
permeability, vasodilation, and infiltration of leukocytes to the inflamed tissue. 
(Kumar et al., 2017; Serhan et al., 2010) Inflammation is a biological response of 
human body to harmful stimuli, such as tissue damage or pathogens. As early as the 
first century CE, the classic four symptoms of inflammation were defined as rubor 
(redness), calor (heat), dolor (pain), and tumor (swelling). The fifth symptom of 
inflammation, functio laesa (loss of function), was later added to the list to improve 
the definition of inflammation. Today, we are well aware of the beneficial effects of 
inflammation and the required interaction of different molecular and cellular factors 
(Cavaillon & Singer, 2018). Every day human body is exposed to potentially harmful 
organisms that activate host defense mechanism. Immune response can be divided 
into innate and adaptive immune system. Innate immune system is activated 
immediately after recognition of pathogens by innate immune cells, such as 
neutrophils, and it leads to production of cytokines. If innate immune system fails to 
destroy the pathogen, adaptive immune system is activated. Adaptive immune 
system uses antigen-specific reactions through lymphocytes and forms 
immunological memory. This immunological memory provides long-lasting 
protection, which produce more robust response for subsequent exposure. (Parkin & 
Cohen, 2001) 

The pathogenesis of inflammation is a complex system comprised of a wide 
range of biological processes, which needs inducers, sensors, mediators, and 
effectors to eliminate the original cause of cell injury and to initiate the tissue repair 
(Medzhitov, 2008). Inducers initiate the inflammation response and they can be 
divided into two categories: exogenous and endogenous. Exogenous inducers can be 
categorized as microbial and non-microbial factors. Microbial inducers include 
pathogen-associated molecular patterns (PAMPs), which originate from 
microorganisms, and virulence factors. Non-microbial inducers include allergens, 
irritants, foreign bodies, and toxic compounds. (Medzhitov, 2008; Varela et al., 
2018) Endogenous inducers of inflammation are damage-associated molecular 
patterns (DAMPs) that are released by stressed, injured, or improperly functioning 
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tissue cells. These exogenous and endogenous signals stimulate the cells of the innate 
immune system, which then elicits the production and secretion of cytokines and 
other proinflammatory mediators. (Vestweber, 2015) Inflammatory mediators affect 
the vasculature and the recruitment of leukocytes by altering the functioning of many 
tissues.  Generally, mediators are derived from plasma proteins or secreted by cells 
(Kumar et al., 2017). In some cases, mediators can be produced directly in response 
to specific stimulation by inflammatory inducers (Medzhitov, 2008). 

Once initiated, the main purpose of the inflammatory response is to remove the 
source of disturbance, allow the host to adapt to the abnormal conditions, and finally, 
resolve the inflammation and restore the state of homeostasis in the tissue. 
Inflammation is divided into two types: acute and chronic inflammation. Acute 
inflammation involves a temporary source of disturbance and a rapid immune 
response. At an initial phase of acute inflammation, edema is formed by increased 
blood flow and leakage of water, salt and proteins from vasculature. Later, 
neutrophils migrate to the inflamed tissue, as a result of interactions between 
adhesion molecules on the vascular endothelium. The main purpose of acute 
inflammatory response is to restore the tissue to its preinjury state. (Kumar et al., 
2017) Chronic inflammation refers to a slow, long-term inflammation lasting from 
several weeks or months to years. Generally, the chronic state follows when the 
inflammatory response fails to eliminate the initial stimuli, or chronic inflammation 
may begin without any signs of a prior acute reaction (Varela et al., 2018). Different 
from the hallmarks of acute inflammation, chronic inflammation is associated with 
infiltration of mononuclear cells (macrophages, lymphocytes and plasma cells), 
tissue damage and repair, vascular proliferation, and fibrosis (Kumar et al., 2017). 

2.1.1 Leukocyte extravasation across inflamed endothelium 
Normal immune responses are required in order to move the circulating leukocytes 
from blood into tissues. Leukocyte trafficking across the endothelium in inflamed or 
damaged tissues happens in veins (Nourshargh et al., 2010). Transmigration is an 
extremely controlled multistep process that utilizes adhesive interactions between 
leukocytes and endothelial cells. Several adhesion molecules have been identified 
from the surface of endothelial cells, and they are key factors in this process. Initially, 
leukocyte extravasation was described as a three-step process, but nowadays, it 
includes several steps. These steps are tethering, rolling, arrest, adhesion, crawling 
and transmigration. (Ley et al., 2007; Nourshargh & Alon, 2014; Vestweber, 2015) 

The whole cascade begins when endo- or exogenous inducers stimulate the cells 
of the innate immune system to release cytokines and other pro-inflammatory 
mediators, which activate the endothelial cells of post-capillary venules in the 
inflamed tissue. The first interaction between circulating leukocytes and the 
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endothelium are mediated by P-, E-, and L-selectins via their counterpart P-selectin 
glycoprotein ligand 1 (PSGL1). PSGL1 is a ligand for all of these three selectins 
even though it was first described as a P-selectin ligand. The selectin-mediated 
capture of leukocytes leads to the rolling of leukocytes along the endothelium and 
slows down the rolling process. (Chavakis et al., 2009; Vestweber, 2015) 
Additionally, vascular adhesion protein-1 (VAP-1), an inflammation inducible 
adhesion molecule expressed on the surface of endothelial cells, participates in the 
capture and rolling steps of the leukocyte extravasation cascade (Salmi & Jalkanen, 
2019).  

 In addition to the selectin-mediated rolling, integrins are involved in the slow 
rolling step and the arrest of leukocytes firmly on the endothelium. The endothelial 
cells express chemokines on their surface, which initiate leukocyte arrest during the 
rolling step. First, the rolling leukocytes get activated by chemokines and this leads 
to the activation of integrins on the surface of leukocytes. Then, activated integrins 
can interact with their counterparts, intercellular adhesion molecule-1 (ICAM-1) and 
vascular cell adhesion molecule-1 (VCAM-1), on the surface of the endothelium. 
The most important integrins involved in leukocyte extravasation are lymphocyte 
function associated antigen-1 (LFA-1), macrophage-1 antigen (MAC-1), and very 
late antigen-4 (VLA-4). (Vestweber, 2015) 

Following the firm adhesion, the next step is crawling, where leukocytes are 
seeking appropriate places for transmigration into the tissue. During crawling, the 
same leukocyte integrins as in the firm adhesion step generate interactions with their 
endothelial ligands VCAM-1, ICAM-1 and ICAM-2. Transmigration is the final step 
in the leukocyte extravasation process. This step is mediated by several different 
adhesion molecules and receptors including integrins, platelet endothelial cell 
adhesion molecule-1 (PECAM-1), junctional adhesion molecules (JAMs), VAP-1 
and cluster of differentiation 99 (CD99). (Nourshargh & Alon, 2014; Salmi & 
Jalkanen, 2019; Vestweber, 2015) Transmigration can happen either through the 
tight junctions between adjacent endothelial cells (paracellular route) or through an 
individual endothelial cell (transcellular route). Granulocytes mainly use the 
paracellular route to migrate through the endothelium. The transcellular route is 
mainly used by lymphocytes and, especially in the thin parts of endothelium, with 
the help of vesiculo-vascuolar organelles. (Ley et al., 2007; Nieminen et al., 2006) 
The multistep leukocyte extravasation process is illustrated in Figure 1. 
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Figure 1. An overview of the leukocyte extravasation cascade and leukocyte-endothelial cell 

interactions. The key leukocyte ligands for each step and their endothelial cell 
counterparts are shown.    

2.1.2 Link between inflammation and cancer 
Inflammation is recognized as a critical component that greatly contributes to the 
development and progression of tumors. This phenomenon is not a novel finding, 
since already in the mid-19th century Rudolf Virchow suggested that the origin of 
cancers resides in the sites of chronic inflammation (Virchow, 1881). Cancer-related 
inflammation shares the same hallmarks with chronic inflammation: infiltration of 
inflammatory cells and mediators into the tumor tissue, angiogenesis, and attempts 
to heal. Epidemiological studies have shown that chronic inflammatory diseases and 
conditions precede the development of certain malignant cancers, including bladder, 
cervical, gastric, intestinal, esophageal, ovarian, prostate, and thyroid cancers. 
(Mantovani et al., 2008) Knowledge of the cancer promoting activity of microbial 
infections and oncoviruses is growing. The strongest association of microbial 
infection with malignancy is identified in gastric cancer arising from Helicobacter 
pylori infection. Hepatitis C infection is associated with liver carcinoma, while an 
increased risk of bladder and colon carcinoma is associated with parasites called 
schistosomes. Human papilloma virus, hepatitis B virus, and Epstein-Barr virus may 
develop virus-associated malignant tumors where these viruses can directly add 
active oncogenes to the human genome. (Coussens & Werb, 2002; Elinav et al., 
2013)  

The mechanisms of cancer-related inflammation are complex because tumors 
can induce different kinds of inflammatory responses, which vary depending on 
the context. The inflammatory response is mediated by the crosstalk between two 
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pathways: intrinsic and extrinsic. In the intrinsic pathway, genetic alterations 
including the activation of oncogenes or inactivation of tumor suppressors may 
trigger inflammatory cascade. Malignantly transformed cells are able to induce the 
expression and production of inflammatory mediators into the tumor 
microenvironment (TME), even in the absence of an inflammatory condition. 
Oncogenes ras and myc are the most frequently mutated or overexpressed in many 
human cancers. In contrast, the extrinsic pathway is mediated by leukocytes and 
environmental factors, such as hypoxia, which establish inflammatory conditions, 
thus increasing the risk of developing cancers. The crossroads for these two 
pathways to meet is provided by the activation of transcription factors. The 
transcription factors, including nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-кB), signal transducer and activator of transcription 3 
(STAT3), and hypoxia-inducible factor 1α (HIF1α), coordinate the production of 
cytokines and chemokines. This will result in an endless cycle that strengthens the 
inflammation in TME, where cytokines and chemokines recruit various leukocytes 
to tissues and the recruited leukocytes activate the same transcription factors to 
produce inflammatory mediators. This cycle promotes many tumor promoting 
effects: cell survival and proliferation, angiogenesis, tumor invasion and 
metastasis, and immunosuppression. (Mantovani et al., 2008; Nakamura & Smyth, 
2017) 

Integrins are cell adhesion molecules, which play an important role in how cells 
interact with surrounding environment and other cells. Circulating leukocytes 
express their integrins in an inactive or non-ligand binding state. Activation of 
integrins are needed for wide range of cellular events, such as platelet aggregation 
and leukocyte trafficking. Dysregulated ability to activate integrins associates with 
various human diseases, including cancer and bleeding disorders. (Bouvard et al., 
2013; Evans et al., 2009; Hynes, 2002) Tumor growth depends on the formation of 
new blood vessels called angiogenesis. Invasion and migration of endothelial cells 
in response to vascular growth factor signaling and integrin-mediated cell adhesion 
play a central role in the angiogenic process. Several endothelial cell integrins, for 
example, αvβ3 integrin, regulate angiogenesis by promoting endothelial cell 
migration and survival. Furthermore, certain integrins promote monocyte 
trafficking to tumors in response to tumor-secreted chemokines and cytokines, and 
subsequent angiogenesis. (Avraamides et al., 2008; Desgrosellier & Cheresh, 
2010)   

Generally, carcinogenesis has been regarded as a multistep process of genetic 
and epigenetic changes occurring in cancer cells only. However, nowadays many 
studies have indicated that TME plays an important role in tumor transformation. 
The TME consists of different cell types: stromal cells (fibroblasts and 
macrophages), endothelial cells, immune cells (myeloid cells and lymphocytes), 
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bone marrow-derived precursor cells, and circulating platelets. (Kim & Bae, 2016) 
Malignant cells utilize the stromal and immune cells of the TME to produce 
inflammatory mediators. As a result, adaptive immune response is suppressed and 
the primary tumor continues to grow toward its uncontrolled spread into distant 
tissues. (Garner & de Visser, 2020)  

2.1.2.1 Tumor-associated macrophages 

Macrophages are differentiated from monocytes and constitute the best-known 
immune cell population in tumors. Tumor-associated macrophages (TAMs) are 
recruited to tumors by cytokines and chemokines. TAMs have a complex dual function 
in the TME because they can either destroy cancer cells by secreting cytokines or 
produce potential mediators to induce angiogenesis and boost tumor progression. 
(Coussens & Werb, 2002; Kim & Bae, 2016) Macrophages in human cancers have 
traditionally been divided into two groups: classically activated M1 and alternatively 
activated M2 macrophages. The classically activated M1 macrophages secrete high 
amounts of pro-inflammatory cytokines like interleukin-12 (IL-12) and tumor necrosis 
factor (TNF) in response to the stimulation of interferon-γ (IFNγ). The M1 
macrophages have an anti-tumoral function because they initiate tumor rejection. In 
contrast, alternatively activated M2 macrophages are protumoral because they 
stimulate tumor progression. The M2 macrophages are activated by cytokines IL-4 and 
IL-13, and they mostly secrete high levels of IL-10 in the TME. (Caronni et al., 2015; 
Garner & de Visser, 2020; Mantovani et al., 2002) However, the growing knowledge 
of TAMs has raised questions about oversimplification in terms of the division into 
M1 and M2 macrophages. Different signals from the TME are influencing the 
activation of TAMs, and as a result, TAMs constitute a heterogeneous mixture of 
different macrophage phenotypes (Garner & de Visser, 2020; Kim & Bae, 2016). 
Today, a new nomenclature for macrophages has been discussed and suggested to be 
more specifically related to their activators (Murray et al., 2014).  

2.1.2.2 Tumor-associated neutrophils 

Neutrophils are crucial during acute inflammation as they form a barrier against 
infection or inflammation. However, a large meta-analysis concerning different 
human malignancies has shown that an increased number of tumor-associated 
neutrophils (TANs) are associated with a poorer outcome in patients (Gentles et al., 
2015). Within the TME, numerous signals activate TANs to differentiate as anti- or 
pro-tumorigenic phenotypes. Similarly to the M1 and M2 division, TANs are 
classified as N1 (anti-tumor neutrophil) or N2 (pro-tumor neutrophil) neutrophils. 
The N1 neutrophils are more cytotoxic to malignant cells by expressing pro-
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inflammatory chemokines and cytokines. In contrast, the N2 neutrophils express 
more pro-tumoral factors and induce immunosuppression in the TME. (Fridlender et 
al., 2009)  

2.1.2.3 Tumor infiltrating lymphocytes 

Tumor mass consists of tumor cells but also a range of other cell types, including 
leukocytes, fibroblasts, and endothelial cells. Together with TAMs, tumor infiltrating 
lymphocytes (TILs) are the major subpopulations that infiltrate inside the tumors. TILs 
are a diverse group of lymphocytes that is mainly comprised of effector T cells, 
regulatory T cells (Treg), natural killer (NK) cells, macrophages, dendritic cells, and 
myeloid derived suppressor cells. (Mantovani et al., 2008) Numerous publications 
have demonstrated that increased infiltration of lymphocytes in tumors is associated 
with improved survival in, for instance, melanoma, lung, prostate, and colorectal 
cancer patients (Clemente et al., 1996; Dieu-Nosjean et al., 2008; Tosolini et al., 2011; 
Vesalainen et al., 1994). In the following, the focus is on CD8, CD4, Treg and NK cells.  

Similarly to innate immune response, cytotoxic CD8+ T and CD4+ helper T cells 
play an important role during the immune defense against cancers (Speiser et al., 
2016). CD8+ T cells are activated by antigen presenting cells via major 
histocompatibility complex molecules. Differentiated cytotoxic CD8+ T cells find 
and attack directly the tumor cells, resulting in the destruction of the tumor. Unlike 
cytotoxic CD8+ T cells, anti-tumoral response of CD4+ helper T cells is indirect. 
CD4+ helper T cells organize and promote other immune cells, such as macrophages, 
NK cells and cytotoxic CD8+ T cells, to fight against tumor cells by secretion of 
TNF, IFNγ and IL-2. (Gonzalez et al., 2018) Regulatory T cells are a subpopulation 
of T cells and play a crucial role in maintaining the homeostasis of the immune 
system by suppressing the function of cytotoxic CD8+ T cells, CD4+ helper T cells, 
macrophages, and NK cells (Garner & de Visser, 2020; Gonzalez et al., 2018). 
However, Treg cells can inhibit anti-tumoral immune response by accumulating in 
primary tumors and lymph nodes. An increased number of Treg cells has been shown 
to correlate with a poor prognosis. (Sasada et al., 2003) 

NK cells are a subpopulation of innate lymphoid cells that participate in 
mediating the adaptive immune response. NK cells express numerous receptors on 
the cell surface, and these receptors are responsible for the activation, inhibition, and 
adhesion effects. The name ‘natural killer cells’ comes from their ability to recognize 
and destroy defective cells, including tumor cells and infected cells. (Vivier et al., 
2012) Some publications have shown that the infiltration of NK cells into tumors is 
associated with a good prognosis in human non-small cell lung cancer, renal cell 
carcinoma, and colorectal carcinoma (Carrega et al., 2008; Eckl et al., 2012; Halama 
et al., 2011). 
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2.2 Vascular adhesion protein-1 
In the early 1990s, Salmi and Jalkanen discovered novel adhesion molecule. The 
discovery was made by producing several monoclonal antibodies (mAbs) against 
purified synovial vessels from patients suffering from rheumatoid arthritis (RA). In 
immunohistochemical stainings, a particular mAb (1B2) stained high endothelial 
venules (HEV) in inflamed synovial membranes as well as in human peripheral 
lymph nodes and tonsils. The antigen of 1B2 antibody differed from other known 
adhesion molecules for several details, and this new antigen was named as vascular 
adhesion protein-1,VAP-1 (Salmi & Jalkanen, 1992).  

The expression of VAP-1 is not limited to synovial endothelial cells. VAP-1 is 
also found in various other cell and tissue types. It is expressed in the HEVs of 
lymphoid tissues, such as tonsils and peripheral lymph nodes, where VAP-1 controls 
leukocyte trafficking. (Salmi & Jalkanen, 1992; Salmi et al., 1993) In larger vessels, 
such as aorta and vena cava, VAP-1 is detected in smooth muscle cells of the vessel 
wall. However, VAP-1 is not present in skeletal or cardiac muscle cells. (Jaakkola et 
al., 1999; Salmi et al., 1993) In human heart, VAP-1 is detected in the endothelial 
cells of endocardium and to a limited extent in the small vessels of myocardium. In 
human kidney, VAP-1 is present in intratubular vessels, but not in arterial 
endothelium of glomeruli. (Salmi et al., 1993) In adipocytes, VAP-1 is detected in 
intracellular glucose transporter type 4 positive vesicles (Enrique-Tarancón et al., 
1998). The human liver is another VAP-1 positive tissue, and VAP-1 is constantly 
expressed in the sinusoidal and vascular endothelium (McNab et al., 1996). In 
addition to these tissues, VAP-1 is detected in some occasional venules in brain and 
skin, but the surface of leukocytes, fibroblasts, and epithelial cells are VAP-1 
negative (Salmi et al., 1993).  

2.2.1 Structure of VAP-1 
VAP-1 is a membrane-bound endothelial cell surface molecule.  It is composed of a 
short N-terminal cytoplasmic tail, a single transmembrane domain, and a large 
extracellular domain. Structurally, VAP-1 consists of two identical 90 kDa 
monomeric subunits, which form a dimeric structure. (Salmi & Jalkanen, 1992; 
Smith et al., 1998) VAP-1 is heavily sialylated and the cloning of VAP-1 revealed 
that O- and N-linked glycans can be found, as decorations, on the top of the VAP-1 
structure (Salmi & Jalkanen, 1996; Smith et al., 1998). There are six N-linked 
glycosylation sites on the surface of the VAP-1 molecule. These sugar units are 
necessary for the adhesion process, and mutations in these glycosylation sites have 
resulted in reduced lymphocyte binding properties. (Maula et al., 2005) The 
determination of the crystal structure of VAP-1 revealed that the molecule is a heart-
shaped protein and the monomeric subunit consists of domains D1, D2, D3, and D4. 
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The D4 domain of VAP-1 contains an active site, which is located deep inside the 
molecule, forming a circular shape cavity for the substrate. One crucial amino acid, 
leucine 469, functions as a gatekeeper that blocks the entrance of the active site for 
potential substrates. The heart of the active site includes the topaquinone (TPQ) 
cofactor with tyrosine modification, the catalytic base, and the copper ion with 
histidines coordinating its place. (Airenne et al., 2005) 

2.2.2 VAP-1 as an enzyme 
Cloning of VAP-1 and the subsequent biochemical analyses in 1998 revealed that 
VAP-1 is an enzyme. It shares significant homology with the enzymes called 
semicarbazide-sensitive amine oxidases (SSAOs). (Smith et al., 1998) Currently, 
VAP-1 is officially called amine oxidase copper-containing 3 (AOC3) and the 
correct enzyme name for VAP-1 is primary amine oxidase (EC.1.4.3.21). SSAOs, 
also known as primary amine oxidases, differ from other amine oxidases, such as 
monoamine oxidases A and B, in terms of their sensitivity of substrates and 
inhibitors, subcellular localization, cofactors, and function (Salmi & Jalkanen, 
2001).  

VAP-1 (AOC3) belongs to the human copper-containing amine oxidase (CAO) 
family, which includes three other genes: AOC1, AOC2, and AOC4 (Finney et al., 
2014). All CAOs catalyze the oxidative deamination of primary amines but differ 
from each other for substrate specificities. The AOC1 gene encodes an enzyme 
called diamine oxidase, which is responsible for metabolizing ingested histamine 
and maintaining normal pregnancy (Elmore et al., 2002; Finney et al., 2014). The 
AOC2 gene encodes retina-specific amine oxidase. The protein has only been found 
in the retina although the messenger RNA (mRNA) is detected in many tissues 
(Imamura et al., 1997; Kaitaniemi et al., 2009). The AOC4 gene is found in the 
human genome but it is a pseudogene. This means that the AOC4 gene does not form 
a functional protein since the sequence contains a premature stop codon. 
(Schwelberger, 2007) The AOC3 gene encodes VAP-1, which is the most studied of 
the three CAOs and physiologically an essential protein (Finney et al., 2014; Smith 
et al., 1998). The natural substrates of VAP-1 are methylamine and aminoacetone, 
whereas AOC2 prefers phenylethylamine, tryptamine and p-tyramine as its 
substrates (Kaitaniemi et al., 2009; Smith et al., 1998). Moreover, proteins encoded 
by AOC2 and VAP-1 share 65% sequence homology, whereas the protein encoded 
by AOC1 shares 38% similarity with VAP-1 (Finney et al., 2014). The human AOC3 
gene has four exons and it is located in chromosome 17 (17q21.31) (Pannecoeck et 
al., 2015; Schwelberger, 2007).  

VAP-1 catalyzes the oxidative deamination of primary amines to generate 
aldehyde while releasing hydrogen peroxide and ammonium. The overall reaction of 



Riikka Viitanen née Siitonen 

22 

SSAO is written as R-CH2-NH3
+ + H2O + O2  R-COH + H2O2 + NH4

+ (Vakal et 
al., 2020). As mentioned earlier, the TPQ cofactor is required for the enzymatic 
reaction. The SSAO reaction is divided into two half-reactions, a reductive and an 
oxidative reaction. In the reductive half-reaction, the amine substrate first reacts with 
TPQ in the active site and forms a Schiff base. Next, the aldehyde product is released 
by hydrolysis and the remaining TPQ is reduced. In the oxidative half-reaction, 
molecular oxygen reoxidizes the reduced TPQ, and hydrogen peroxide and 
ammonium are released. (Lopes de Carvalho et al., 2019; Salmi & Jalkanen, 2019) 
These end products of the primary amines act as inflammation mediators and 
contribute to leukocyte extravasation.   

2.2.3 VAP-1 as an adhesion molecule 
VAP-1 participates in leukocyte extravasation across the inflamed endothelium. As 
an adhesion molecule, VAP-1 is an inflammation inducible molecule. In normal 
conditions, VAP-1 is absent on the surface of endothelium and is stored in 
intracellular storage granules. Upon inflammation, VAP-1 is rapidly translocated 
from the intracellular storage granules to the endothelial cell surface. VAP-1 
contributes to leukocyte extravasation during the tethering, rolling, and 
transmigration steps. 

Initial evidence of the adhesive properties of VAP-1 was demonstrated in 
inhibition studies: using in vitro assays and intravital imaging, the anti-VAP-1 
monoclonal antibodies have been shown to inhibit the binding of leukocytes to 
endothelium in different tissues and to reduce the rolling, adhesion, and 
transmigration of leukocytes (Arvilommi et al., 1996; Koskinen et al., 2004; 
Kurkijärvi et al., 2001; Lalor et al., 2002; McNab et al., 1996; Salmi & Jalkanen, 
1992). To date, several experimental animal models have been utilized to acquire 
further evidence of the adhesive role of VAP-1. It has been shown to mediate the 
migration of monocytes to an air pouch inflammation (Merinen et al., 2005). In 
peritonitis models of rabbits and mice, VAP-1 mediates the migration of 
granulocytes (Merinen et al., 2005; Tohka et al., 2001). Moreover, VAP-1 is 
expressed in pancreas during the development of type 1 diabetes, and anti-VAP-1 
antibody treatment prevents its development (Merinen et al., 2005). In mouse 
atherosclerotic plaques, VAP-1 is expressed on the luminal surface of endothelial 
cells, and small molecular inhibitor treatment reduces the macrophage density in 
plaques (Silvola et al., 2016). In a rat experimental autoimmune encephalomyelitis 
model, VAP-1 is present in vascular lesions, and small molecular inhibitor treatment 
reduces the accumulation of lymphocytes into lesions during the acute phase (Elo et 
al., 2018). In a rat liver allograft rejection model, VAP-1 mediates the binding of 
lymphocytes to the rejected organ (Martelius et al., 2004). In addition to 
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inflammatory diseases, it has been shown that, in tumors, anti-VAP-1 inhibit the 
binding of NK cells, tumor infiltrating lymphocytes (TILs) and lymphokine-
activated killer cells to VAP-1 positive vessels of cancer tissue (Irjala et al., 2001). 
In melanomas and lymphomas, VAP-1 regulates tumor growth and enhances the 
migration of Gr-1+CD11b+ myeloid cells into tumors (Marttila-Ichihara et al., 2009). 
Furthermore, anti-VAP-1 mAbs have been shown to attenuate the accumulation of 
CD3+ and CD8+ T cells into melanomas (Marttila-Ichihara et al., 2010).  

As mentioned before, VAP-1 is both an enzyme and an adhesion molecule. In 
addition to mAbs, the adhesive function of VAP-1 can be inhibited by specific 
inhibitors of its enzyme activity. The SSAO inhibitors have been shown to reduce 
the number of lymphocytes rolling on and adhering to endothelium by in vitro flow 
assays (Salmi et al., 2001). Additionally, in the same experiments, it has been 
detected that the lymphocyte tethering to endothelium is not dependent on the 
SSAO activity of VAP-1. Inhibition of the SSAO activity of VAP-1 reduces 
adhesion and transmigration of lymphocytes to endothelium as shown by in vitro 
flow assays of hepatic endothelial cells (Lalor et al., 2002). Using in vitro assays 
and in vivo models, SSAO inhibitors also reduce the number of granulocytes during 
the rolling, adhesion, and transmigration steps (Koskinen et al., 2004). In the same 
experiments, anti-VAP-1 mAbs do not hamper the SSAO activity of VAP-1 and 
vice versa. Therefore, VAP-1 is a dual function molecule that affects leukocyte 
extravasation both depending on and independently of the enzyme activity (Salmi 
& Jalkanen, 2011). 

It has been earlier shown that the CD4+ and CD8+ T cells, B lymphocytes, 
monocytes, and granulocytes use the VAP-1 dependent adhesion to vasculature 
(Salmi & Jalkanen, 2019). The Treg cells and CD16+ monocytes also use the VAP-1 
mediated adhesion to vasculature (Aspinall et al., 2010; Shetty et al., 2011). The 
leukocyte ligands of VAP-1 are sialic acid-binding immunoglobulin-like lectin 
(Siglec) 9 on the surface of granulocytes and Siglec-10 on the surface of a 
subpopulation of lymphocytes (Aalto et al., 2011; Kivi et al., 2009). Cell-mediated 
binding assay and docking studies revealed that Siglec-9 binds to the enzymatic 
groove of VAP-1 and the interaction involves enzyme activity-dependent as well as 
independent mechanisms (Aalto et al., 2011). The SSAO activity of VAP-1 catalyzes 
primary amines and its end product, hydrogen peroxidase, promotes leukocyte 
extravasation. Hydrogen peroxidase produced during the VAP-1 mediated amine 
oxidation regulates the synthesis of other adhesion molecules, including ICAM-1, 
mucosal addressin cell adhesion molecule 1 (MadCAM-1), E-selectin, and P-selectin 
(Jalkanen et al., 2007; Lalor et al., 2007; Liaskou et al., 2011). Furthermore, the 
SSAO activity of VAP-1 activates transcription factors, such as NF-ĸB and tumor 
suppression factor p53, and induces the secretion of chemokine CXCL8 (Lalor et al., 
2007; Solé et al., 2008).  
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2.2.4 Soluble form of VAP-1 
Besides its transmembrane form, VAP-1 is found in a soluble form in the blood 
circulation (Kurkijärvi et al., 1998). Soluble VAP-1 (sVAP-1) is formed through the 
cleavage of the membrane-bound form by a metalloproteinase dependent process 
(Abella et al., 2004). In humans, liver sinusoidal endothelial cells (Kurkijarvi et al., 
2000) and adipocytes are the sources of sVAP-1, and the level of sVAP-1 is partly 
regulated by insulin (Abella et al., 2004). In healthy human plasma, the concentration 
of sVAP-1 is stable and normally about 820 ng/ml (Aalto et al., 2014). For the most 
part, an increased sVAP-1 level has been associated with several diseases with an 
inflammatory component, such as diabetes, liver diseases, and psoriasis (Kurkijärvi 
et al., 1998; Salmi & Jalkanen, 2019). Inflammatory bowel disease is an exception 
to other inflammatory diseases because no elevated concentration of sVAP-1 has 
been found in relation to it (Koutroubakis et al., 2002).  

Increased and decreased sVAP-1 levels are also found in cancer patients. Several 
studies have reported that circulating sVAP-1 levels in serum samples were higher 
in gastric, colorectal, and hepatocellular cancer patients as compared to the controls 
(Kemik et al., 2010; Y. I. Li et al., 2014; Toiyama et al., 2009; Yasuda et al., 2011). 
Patients with low sVAP-1 levels have a notably worse prognosis of gastric and 
colorectal cancers. Moreover, sVAP-1 correlated negatively with lymph node and 
hepatic metastasis, and this suggests that sVAP-1 could be a good prognostic marker 
for metastasis. (Toiyama et al., 2009; Yasuda et al., 2011) In contrast to increased 
sVAP-1 levels in different cancers, decreased circulating sVAP-1 levels have only 
been reported in thyroid cancer patients. The sVAP-1 levels correlated negatively 
with serum thyroglobulin levels and provide an additional tool for diagnosing thyroid 
cancer. (Hu et al., 2016) 

2.2.5 VAP-1 in arthritis  
Rheumatoid arthritis is a chronic inflammatory disease, which mainly affects joints 
with cartilage and bone destructions, but also involves extra-articular manifestations 
(Smolen et al., 2016). Additionally, it is a systemic inflammatory disease in which 
RA patients suffer from comorbid conditions, such as cardiovascular disease, renal 
disease, and depression (Anders & Vielhauer, 2011; Bruce, 2008; Nurmohamed et 
al., 2015). Joint swelling in RA is a reflection of an inflamed synovial membrane, 
which is a result from the activation of the immune system. Leukocyte extravasation 
from blood to the joints is involved in the pathogenesis of arthritis. This process is 
mediated by adhesive interactions between the blood leukocytes and endothelium, 
and several adhesion molecules and chemokines are involved. (Pannecoeck et al., 
2015) As stated earlier, VAP-1 is one of these adhesion molecules, participating in 
the leukocyte extravasation cascade.  
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In humans, the first evidence of VAP-1 on the vasculature of inflamed synovia 
was found when the VAP-1 molecule was discovered (Salmi & Jalkanen, 1992). 
Following the initial discovery, it has been shown that VAP-1 is expressed on the 
surface of synovial blood vessels in RA patients (Salmi et al., 1997). In arthritis 
models, the VAP-1 deficiency and inhibition of SSAO activity have been shown to 
attenuate the clinical inflammation scores of arthritis and disease progression 
(Marttila-Ichihara et al., 2006). In addition, high expression of VAP-1 has been 
reported in inflamed synovial vessels of patients with treatment-resistant Lyme 
arthritis (LA) (Akin et al., 2001). However, increased serum levels of sVAP-1 have 
not been indicated in RA patients (Kurkijärvi et al., 1998).  

The involvement of VAP-1 in leukocyte extravasation across inflamed 
endothelium and the inhibition of adhesive properties have made the VAP-1 
molecule an interesting drug target for anti-inflammatory therapy. Several drug 
companies are developing antibodies and inhibitors to block the VAP-1 function in 
different disease indications (Vakal et al., 2020). One of the drug companies is Biotie 
Therapies (currently known as Acorda), which developed a fully human anti-VAP-
1 antibody (BTT1023 or Timolumab). In early clinical trials it has been shown to be 
safe, well tolerated, and efficient for patients with RA and psoriasis. However, the 
phase II clinical trial with primary sclerosing cholangitis patients showed lack of 
efficacy and this trial was discontinued. (Arndtz et al., 2017)  

2.2.6 VAP-1 in melanoma 
Melanoma is responsible for the majority of deaths in skin cancers (Miller & Mihm, 
2006). A few malignant melanoma cells may dissociate from the primary tumor, 
enter blood circulation or lymphatic vessels, adhere to the vascular wall of distant 
organs, and generate metastasis. Common sites for melanoma metastases are lungs, 
liver, and brain. (Braeuer et al., 2014) Similarly to inflammatory cells, tumor cells 
need adhesion molecules and their counter receptors to facilitate the invasion and 
spread of primary tumors (Kobayashi et al., 2007; Miller & Mihm, 2006).  

Some cancer studies have investigated the role of VAP-1 in tumor progression 
and metastasis. Initially, adhesion molecules VAP-1 and ICAM-1 were shown to 
participate in the recruitment of TILs and to support the adhesion of TILs to tumor 
vascular wall in human hepatocellular carcinoma (Yoong et al., 1998). Thereafter, 
VAP-1 has been shown to mediate the adhesion of TILs, lymphokine activated killer 
cells, and NK cells to the tumor endothelium in squamous cell carcinoma of the head 
and neck cancer (Irjala et al., 2001), and the recruitment of myeloid cells in 
experimental lung metastasis model (Ferjančič et al., 2013). In human melanoma 
samples, immunofluorescence staining of VAP-1 has indicated that intratumoral 
vessels exhibit lower expression of VAP-1 compared to the border region of 
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melanoma  (Forster-Horváth et al., 2004). Experimental in vivo studies have 
confirmed the role of VAP-1 in melanoma progression. VAP-1 regulates the growth 
of melanoma by increasing the recruitment of myeloid cells, especially Gr-
1+CD11b+, into tumors (Marttila-Ichihara et al., 2009). Additionally, VAP-1 
enhances angiogenesis, for which the oxidative activity of VAP-1 is necessary. In 
subsequent studies with SSAO inhibitors, it was proved that angiogenesis was 
dependent on the oxidative activity of VAP-1 (Marttila-Ichihara et al., 2010). To this 
day, no studies have reported elevated or decreased levels of sVAP-1 in melanoma 
patients.  

2.3 Imaging of inflammation in arthritis and 
melanoma 

The classical symptoms of inflammation, i.e. redness, heat, pain, and swelling, are 
easily recognized by clinical examination. In addition to clinical examination, 
laboratory tests and imaging methods are usually required to confirm the diagnosis 
of different inflammatory diseases. The clinical picture and suspicion of the disease 
type influence the choice of imaging methods. The purpose of imaging, for example, 
in RA, is to confirm the inflammatory findings and to verify seriously damaged 
tissues.  In addition, imaging may detect the ongoing disease process at an early 
stage, allowing for timely intervention and possibly prevention of disease 
progression. Inflammation imaging methods can be divided into two groups: 
anatomical and molecular imaging. Anatomical imaging methods provide 
information of the structural changes in adjacent tissues and morphology of lesion 
(Cavaillon & Singer, 2018; Histed et al., 2012). Molecular imaging methods detect 
biological and biochemical processes at cellular or molecular level. Molecular 
imaging helps to understand the mechanism behind the disease and provides a 
potential tool for detecting inflammatory foci at an early stage of the disease. 
(Cavaillon & Singer, 2018; MacRitchie et al., 2020) Molecular imaging is a valuable 
tool in the clinical context because it can be used in the early diagnosis of diseases, 
monitoring of therapy response, and identifying of new drug targets (MacRitchie et 
al., 2020). However, it is unlikely that a single imaging method would be useful to 
fulfill all desired features for clinical molecular imaging. Therefore, molecular 
imaging is usually combined with an anatomical imaging method, and this is called 
hybrid imaging modality.  

2.3.1 Anatomical imaging 
Conventional radiography is based on X-rays, which pass through the body and are 
arrested by a detector. This imaging modality has been considered as a gold standard 
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for imaging of RA for many years and is routinely used in clinical diagnosing. 
Although new imaging modalities have been developed, conventional radiography 
is still used because of its reliability, long-term of experience, easy availability, good 
spatial resolution, and low cost. Conventional radiography provides important 
knowledge of bone erosions in specific sites, bone deformities, and cartilage loss, 
which are key factors in the diagnosis of RA. On the other hand, conventional 
radiography causes radiation exposure and it has a low sensitivity to certain distinct 
early signs of joint manifestations. (Bansal, 2006; Kgoebane et al., 2018; Llopis et 
al., 2017; Narayan et al., 2017) In oncology, chest radiography is also used for the 
investigation of lung metastases in patients with melanoma. This is a reasonable 
examination approach since melanoma tends to metastasize into the lungs. Chest 
radiograph is not routinely performed for all melanoma patients, but it is 
recommended for those who are symptomatic or whose melanoma has not yet 
metastasized into sentinel lymph nodes. (Dancey et al., 2008)  

Computed tomography (CT) imaging is based on X-rays and a detector in a 
similar manner as conventional radiography. The difference between these two 
imaging methods is that CT combines many X-ray measurements taken from 
different projections and creates cross-sectional images of the scanned area using 
mathematical algorithms. CT detects tumors and metastases based on changes in the 
organ structures and the angiogenesis of malignant neoplasms. However, small 
metastases are difficult to accurately detect by CT. (Dancey et al., 2008; Histed et 
al., 2012; MacRitchie et al., 2020) Non-targeted ionized contrast agents are used to 
visualize blood vessels. Increased blood flow in abnormally vascularized tissues may 
indicate tumor and inflammation (Histed et al., 2012). A liver metastasis of 
melanoma is highly vascularized, and a contrast agent is often used in abdominal CT 
imaging to detect liver metastases. However, the correct timing between contrast 
enhancement and scanning calls for further evaluation. (Dancey et al., 2008) CT 
provides an excellent spatial resolution, fast scanning times, and whole-body 
imaging. On the other hand, its use exposes patients to radiation and it lacks 
functional information. The use of ionized contrast agents is also limited due to 
possible allergy or renal insufficiency of the patient. (Gotthardt et al., 2010; 
MacRitchie et al., 2020)   

Ultrasound technique is used for many purposes in the field of medicine. It is 
based on high frequency sound impulses, which a transducer generates and detects 
as returning echoes from the tissues (Dancey et al., 2008). The ultrasound method 
can be used for clinical examination of patients with RA and melanoma. In patients 
with RA, ultrasound is utilized in the assessment of soft tissues. It can visualize 
synovial hypertrophy, accumulation of fluid in joints and tendons, and small 
alterations in the structure of tendons and ligaments (Sudoł‑Szopińska et al., 2012). 
A special ultrasound technique called color Doppler ultrasound gives further 
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information of the blood flow in the inflamed synovium. In patients with RA, this 
method could be used to monitor the efficiency of therapy responses (Kgoebane et 
al., 2018). In patients with melanoma, ultrasound imaging visualizes skin lesions and 
it is also used to investigate the formation of metastases in different tissues, for 
example, in the abdominal and pelvic area. The color Doppler ultrasound method is 
used to detect vasculature of skin lesions to enhance the accuracy in imaging. 
(Dancey et al., 2008) The ultrasound imaging method is useful because it has a good 
spatial resolution (below 1 millimeter), good availability, and affordable price, it 
enables functional imaging (Doppler), and does not expose patients to ionizing 
radiation. The limitations of ultrasound imaging are its high dependence on the 
experience of the operator, low tissue penetration, and reflection of sound impulses, 
which can be obstructed by gas bubbles from the bowel. (Gotthardt et al., 2010; 
Kgoebane et al., 2018) 

Magnetic resonance imaging (MRI) is a technique that uses a powerful magnetic 
field and radio waves to form a detailed image of the inside of the body. Hydrogen 
nucleus has magnetic properties and it is naturally abundant in human body in water 
and fat. The external magnetic field of the MRI scanner aligns the dipoles of 
hydrogen atoms and the pulse of radio waves can rotate polarization. After the pulse 
of radio waves, the hydrogen nucleus emits a radiofrequency signal simultaneously 
with its magnetization returning to the normal orientation, and this can be detected 
with the MRI scanner. (Dancey et al., 2008; Grover et al., 2015) In patients with RA, 
MRI detects sensitively all changes occurring in the soft tissue, cartilage and bone, 
and even at an early phase. Furthermore, it allows the detection of enhanced 
vascularization in areas of active inflammation by means of a gadolinium contrast 
agent. (Kgoebane et al., 2018) In patients with melanoma, MRI is not routinely used 
in clinics due to the long imaging times, but melanoma deposits have been shown to 
produce high tissue contrast (Dancey et al., 2008). The MRI method is feasible at the 
clinical level because it provides functional, anatomical, and molecular imaging data 
with high resolution and without radiation exposure (Gotthardt et al., 2010; 
MacRitchie et al., 2020). Long imaging times, loud noise, and artifacts resulting from 
respiratory and cardiac movements limit the use of MRI. Additionally, patients 
suffering from claustrophobia and patients with pacemakers, implants, and other 
devices cannot be imaged with MRI without limitations. (Dancey et al., 2008; 
Gotthardt et al., 2010) 

2.3.2 Targeted molecular imaging 
Targeted molecular imaging aims to non-invasively visualize and detect biological 
processes at molecular or cellular level in the body. To detect these biological 
processes, it utilizes molecules as probes, which can be either endogenous molecules 
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or exogenous probes depending on the selected imaging modality. It is unlikely that 
single imaging technique offers all desired features from a high spatial resolution to 
deep tissue imaging. Hence, different imaging modalities are combined to provide 
hybrid imaging methods. The most commonly fused imaging modalities are CT, 
MRI, positron emission tomography (PET), and single photon emission computed 
tomography (SPECT) for clinical molecular imaging. (MacRitchie et al., 2020) The 
molecular imaging methods can be used for the purpose of the early diagnosing of 
the disease, monitoring therapy response, identifying and/or validating new drug 
targets, and revealing an unknown pathway that underlies the disease.   

The latest and emerging new technology approach is based on indocyanine green 
(ICG)-enhanced fluorescence optical imaging (FOI), which has shown promising 
results for imaging of inflammation. In experimental animal model of arthritis, ICG-
FOI was able to detect inflamed joints, and these results corresponded to histological 
findings (Meier et al., 2010). In humans with arthritis, this approach revealed its 
feasibility to detect inflammatory changes with a good sensitivity (Werner et al., 
2012). However, further investigations are needed for better image interpretation and 
analysis until it can be used as an imaging tool in clinics.  

The ultrasound technique can serve both as an anatomical and targeted molecular 
imaging method. In contrast-enhanced ultrasound imaging, targeted microbubble 
contrast agents are applied to enhance the ultrasound signal. Microbubbles are 
injected intravenously, and they are composed of gas bubbles stabilized with a shell. 
An encapsulated shell consisting of albumin was used as the first-generation 
microbubble contrast agent, but today the encapsulated shell may consist of proteins, 
lipids, and polymers. The choice of shell material plays an important role since it 
affects the target binding properties, prevents diffusion of gas-filled microbubbles, 
and affects the compatibility of the material and the host without toxicity. 
Microbubbles can be targeted to the vascular endothelium affected by the disease, 
using an angiogenesis marker αvβ3 integrin or inflammatory markers, such as ICAM-
1. Currently, microbubble contrast agents for ultrasound imaging are mainly 
approved for clinical indications of cardiovascular imaging. In some circumstances, 
contrast-enhanced ultrasound is used to detect liver lesions in the clinic. (Martin & 
Dayton, 2013; Perera et al., 2015) 

Nuclear imaging modalities, SPECT and PET, facilitate the acquisition of both 
functional and molecular information. Additionally, these imaging modalities 
provide the possibility to image the dimensions of the body in their entirety in the 
same manner as CT and MRI. (MacRitchie et al., 2020) SPECT is a non-invasive 
and sensitive imaging method based on gamma-ray emitting radionuclides. The 
SPECT camera rotates around the patient and the detectors detect the emitted gamma 
rays from several different projections. The collected data are reconstructed into 
three-dimensional images. The commonly used SPECT radionuclides are 
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Technetium-99m (99mTc), Indium-111 (111In), and Iodine-123 (123I), which are 
intermediate-lived radionuclides [half-lives range from 6.0067 hours (99mTc) to 
2.8047 days (111In)]. (Khalil et al., 2011; Rahmim & Zaidi, 2008) Radiolabeling of 
the patient´s own white blood cells (WBC) has been used for many years as the gold 
standard for SPECT imaging of inflammation and infection. Radiolabeled WBCs 
accumulate in the inflamed tissue through leukocyte transmigration, where they first 
adhere to the vascular endothelium and then migrate to inflammatory foci. Before 
radiolabeling, WBCs must be isolated from the patient. The isolated WBCs are 
labeled either with 111In-oxine or 99mTc-hexamethylpropylene (99mTc-HMPAO). 
99mTc is the most frequently used radionuclide for the labeling of WBCs because it 
provides more of optimal physical characteristics and a lower radiation exposure 
than 111In. (Connolly & Donohoe, 2017) Other clinically used SPECT tracers for the 
imaging of inflammations and infections are 67Ga-citrate, 99mTc- or 111In-labeled 
liposomes, antibodies or antibody fragments, cytokines, and chemotactic peptides 
(Boerman et al., 2001; Gotthardt et al., 2010; Signore & Glaudemans, 2011). 
Furthermore, SPECT imaging allows simultaneous imaging with two different 
radionuclides in different energy windows. The method is called dual tracer imaging, 
and it reduces study times and patient discomfort, and provides concurrent 
information of two distinct body functions, but its use is mainly limited to research 
purposes. Dual tracer imaging is not possible to perform with PET since all PET 
tracers emit positrons that are converted to photons in the same energy window 
(≈511 kEv). (Rahmim & Zaidi, 2008) In addition to dual tracer imaging, the 
advantages of SPECT include the wide availability of SPECT cameras and long-
lived radionuclides that permit the flexible scheduling and delivery of tracers to 
distant research centers or hospitals. However, the spatial resolution of clinical 
SPECT cameras is around 10 mm, which limits their usability to detect lesions of 
small size. (Khalil et al., 2011) 

PET is a minimally invasive and very sensitive molecular imaging method, 
which has multiple functional imaging applications in medicine. It is utilized to 
detect and measure changes in physiological functions like blood flow, metabolism, 
and absorption. For the imaging of biochemical processes, PET uses radioactive 
tracers that are labeled with positron emitting radionuclides. When PET 
radionuclides decay, they emit a positron that moves a short distance until it 
encounters an electron. The kinetic energy of positron affects the distance it travels 
in the tissue and impact on spatial resolution. The collision between a positron and 
an electron leads to annihilation, which produces two 511 kiloelectron volt gamma 
rays traveling to opposite directions. The PET camera detects these gamma rays with 
detectors, which are surrounding the patient. The collected data of the location and 
energy of gamma rays are then reconstructed into three-dimensional images with 
computational algorithms. (Rahmim & Zaidi, 2008) PET radionuclides can be 
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produced either with a cyclotron or with a generator. The most commonly utilized 
cyclotron produced PET radionuclides are Fluorine-18 (18F, physical half-life 109.77 
min), Carbon-11 (11C, 20.364 min), and Oxygen-15 (15O, 122.24 s). These three 
classical PET radionuclides are short-lived, routinely used and have favorable 
physical features for the production of high quality PET images. (Synowiecki et al., 
2018) The most commonly used short-lived and generator produced PET 
radionuclide is Gallium-68 (68Ga, physical half-life 67.71 min). The generator 
facilitates the production of PET tracers in a radiochemical laboratory and does not 
require a large space. (Dash & Chakravarty, 2019) PET imaging has many 
advantages over SPECT imaging. Most importantly, PET has higher sensitivity to 
detect functional and molecular information between nanomolar and picomolar 
concentrations. Furthermore, the spatial resolution of clinical PET cameras is around 
4-6 mm, which is higher than that of SPECT cameras. PET imaging modality differs 
from other imaging modalities in that it allows the quantification of the imaging data. 
(Gotthardt et al., 2010; Khalil et al., 2011; MacRitchie et al., 2020) Properties of 
different imaging modalities are summarized in Table 1.  

Table 1. Properties of different imaging modalities. 

Imaging modality Spatial resolution Provided information References 
Conventional 
radiography 

0.1 mm Anatomical (Bansal, 2006) 

CT 15–50 µm  Anatomical (MacRitchie et al., 2020) 
Ultrasound > 1 mm Anatomical (Gotthardt et al., 2010) 
MRI 0.5–1.5 mm (1.5 T)  

10–200 µm (> 3 T) 
Anatomical, functional and 
molecular 

(Gotthardt et al., 2010;  
MacRitchie et al., 2020) 

SPECT  8–12 mm (clinical) 
≤ 1 mm (preclinical) 

Functional and molecular  (Khalil et al., 2011)  

PET 4–6 mm (clinical) 
1–2 mm (preclinical) 

Functional and molecular  (Gotthardt et al., 2010; 
Khalil et al., 2011; 
MacRicthie et al. 2020) 

2.4 PET imaging of inflammation biomarkers 
The field of PET imaging of inflammation has been active during the past decades. 
Several radiopharmaceuticals have been developed to target various inflammatory 
molecules in order to acquire more information of the disease pathology on tissue 
level. Upon inflammatory stimuli, the release of pro-inflammatory mediators, 
increased vascular permeability with infiltrating leukocytes, increased tissue 
destruction, and attempts to heal are potential targets to visualize inflammation. In 
addition, PET imaging of inflammation is a feasible method for the purposes of 
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providing essential information of an inflammatory disease at an early phase, 
monitoring the disease progression, and validating anti-inflammatory drug targets.  

2.4.1 Tracer targeting glucose metabolism 
The most commonly used PET tracer is an 18F-labeled glucose analog known as 2-
deoxy-2-[18F]fluoro-D-glucose ([18F]FDG). The uptake of [18F]FDG is based on the 
high metabolic activity in tissues where cells are using glucose as an energy source. 
[18F]FDG is taken up in cells in a similar manner as glucose via glucose transporters. 
Once inside the cell, [18F]FDG is phosphorylated by hexokinase to [18F]FDG-6-
phosphate. After phosphorylation, [18F]FDG-6-phosphate cannot enter into 
glycolysis and further metabolize like glucose-6-phosphate because the hydroxyl 
group in C2 position is replaced with 18F. Hence, [18F]FDG-6-phosphate is trapped 
in the cells. In 1980, [18F]FDG PET was first described as a potential biomarker in 
tumor imaging (Som et al., 1980). Based on the European Association of Nuclear 
Medicine (EANM) guideline, [18F]FDG PET is a valuable imaging modality tool for 
tumor detection, staging, restaging, radiation therapy planning, and therapy response 
monitoring in the field of oncology (Boellaard et al., 2015). Besides tumor imaging, 
[18F]FDG PET/CT imaging is used for detection of inflammation and infection. 
During inflammatory condition, [18F]FDG is taken up by inflammatory cells, 
neutrophils and macrophages in particular, that express high levels of glucose 
transporters 1 and 3 (Chrapko et al., 2016). Based on the EANM and Society of 
Nuclear Medicine and Molecular Imaging (SNMMI) guidelines, major indications 
for [18F]FDG PET/CT imaging of inflammation and infection include vasculitis, 
fever of unknown origin, sarcoidosis, peripheral bone osteomyelitis, suspected spinal 
infection, metastatic infection, and high-risk patients with bacteremia (Jamar et al., 
2013). Although [18F]FDG has many advantages, such as high sensitivity and fast 
accumulation, it has limitations as well. [18F]FDG PET is not specific for 
inflammation imaging because it is a marker of glucose metabolism in several cell 
types and may thus cause false-positive results. In addition, [18F]FDG has high 
physiological uptake in the heart and brain. High physiological uptake limits the 
detection of inflammatory foci near to these tissues.  

2.4.2 Tracers targeting integrins 
Integrins are heterogenic transmembrane receptors that mediate both cell-
extracellular matrix and cell-cell interactions. These receptors consist of an α- and a 
β-subunit, which mediate signals from cell surface to cytoplasm. The best-known 
integrin is αvβ3, which is overexpressed in angiogenic endothelial cells, cancer cells, 
and inflammatory cells, such as macrophages. This makes αvβ3 integrin an interesting 
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target for the imaging of different inflammatory and oncologic diseases. αvβ3 integrin 
recognizes and binds to the arginyl-glycyl-aspartic acid (RGD) tripeptide motif. 
(Antonov et al., 2011; Bouvard et al., 2013; Brooks et al., 1994; Desgrosellier & 
Cheresh, 2010; Kapp et al., 2017) The first successfully tested RGD-targeting PET 
tracer in humans was [18F]-Galacto-RGD, which provided a good tumor-to-
background ratio (Haubner et al., 2005). Later on in the clinical use, [18F]-Galacto-
RGD has been evaluated in a wide variety of cancers, such as melanoma, sarcoma, 
glioblastoma, head and neck cancer, and breast cancer, with promising results (Beer 
et al., 2006, 2008; Haubner et al., 2005; Schnell et al., 2009). Apart from tumor 
imaging, another αvβ3 integrin targeting tracer, [68Ga]Ga-PRGD2, has been utilized 
to image neovascularization and treatment response in patients with RA. [68Ga]Ga-
PRGD2 showed high uptakes in the affected joints and tendons, and the changes in 
tracer uptake correlated with the disease activity (Zhu et al., 2014). In experimental 
animal models, several 68Ga-labeled RGD peptide-based PET tracers have been 
developed and tested to improve the pharmacokinetic properties while maintaining 
the high receptor affinity and selectivity to αvβ3 (Beer & Schwaiger, 2008; Eo & 
Jeong, 2016; Wu et al., 2013). In a mouse renal cell carcinoma model, Dijkraaf and 
co-workers have demonstrated that the multimerization of RGD peptide improved 
tumor targeting for αvβ3 integrin (Dijkgraaf et al., 2011). Additionally, changing the 
bifunctional chelating agent between 68Ga and RGD peptide to 1,4,7-
triazacyclononane-1,4,7-triacetic acid (NOTA) or 1,4,7-triazacyclononane,1-
glutaric acid-4,7-acetic acid (NODAGA) shows better tumor-to-background ratios 
than the pioneer 1,4,7,10-tetraazacyclododecane-N,N´,N´´,N´´´-tetraacetic acid 
(DOTA)-RGD peptide in mouse prostate and glioblastoma models (Dumont et al., 
2011; Israel et al., 2014).  

2.4.3 Tracers targeting membrane molecules of 
inflammatory cells 

Somatostatin receptors (SSTRs) are well-known and much investigated imaging 
targets for diagnosing and monitoring the therapy response of neuroendocrine 
tumors. There are three somatostatin analogs DOTANOC, DOTATOC, and 
DOTATATE, which differ from each other for binding affinity to SSTR subtypes 
(Reubi et al., 2000). In addition to neuroendocrine tumors, high SSTRs expression 
is also found in human monocytes and macrophages (Dalm et al., 2003). This makes 
SSTRs a potential target for imaging inflammation. 68Ga-labeled DOTA-conjugated 
somatostatin analog, [68Ga]Ga-DOTANOC, is predominantly used for 
neuroendocrine tumor imaging and binds to SSTR2, SSTR3 and SSTR5 (Wild et al., 
2003, 2005). Besides neuroendocrine tumor imaging, Ambrosini and coworkers 
have demonstrated that [68Ga]Ga-DOTANOC can detect fibrotic lungs in patients 
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with idiopathic pulmonary fibrosis (Ambrosini et al., 2010). Another somatostatin 
analog, SSTR2- and SSTR5-targeting [68Ga]Ga-DOTATOC, has been successfully 
demonstrated to detect carcinoid lesions and neuroendocrine tumors with lung and 
bone metastases (Buchmann et al., 2007; Hofman et al., 2015; Hofmann et al., 2001). 
Additionally, a pilot study with sarcoidosis patients has illustrated that [68Ga]Ga-
DOTATOC can visualize lymph node, uvea, and muscle lesions (Nobashi et al., 
2016). The third somatostatin analog, SSTR2-targeting [68Ga]Ga-DOTATATE, has 
been approved for detecting neuroendocrine tumors in the clinic (MacRitchie et al., 
2020). Recently, Tarkin and coworkers have detected high [68Ga]Ga-DOTATATE 
uptake in atherosclerotic plaques and the uptake correlated with macrophage-rich 
areas (Tarkin et al., 2017). However, further studies are needed to validate the 
feasibility of somatostatin analogs for inflammation imaging.  

Translocator protein (TSPO), formerly known as benzodiazepine receptor, is a 
mitochondrial membrane protein, which is widely distributed in peripheral tissues. 
TSPO is mainly overexpressed in macrophages, monocytes, activated microglia 
cells, and astrocytes. Therefore, TSPO-targeted PET imaging has been mostly 
evaluated in neuroinflammatory diseases, such as multiple sclerosis. (Canat et al., 
1993; Oh et al., 2011; Papadopoulos & Lecanu, 2009) Imaging of synovitis using 
selective TSPO ligand [11C]PK11195 has also been reported. PET studies in patients 
with RA revealed high [11C]PK11195 uptakes in the inflamed joints, and the 
increased uptake correlated with the number of macrophages (Gent et al., 2015; van 
der Laken et al., 2008). Furthermore, TSPO-targeted [11C]PK11195 has been used 
to image vascular inflammation in patients with systemic inflammatory disorders, 
and it has shown to be feasible for imaging intraplaque inflammation in patients with 
a carotid stenosis (Gaemperli et al., 2012; Lamare et al., 2011; Pugliese et al., 2010). 
The second generation TSPO tracers [11C]DPA-713 and [18F]DPA-714 had better 
target-to-background ratio than [11C]PK11195 in an experimental rat arthritis model, 
and [11C]DPA-713 has shown similar results in a proof-of-principle study in patients 
with RA (Bruijnen et al., 2019; Gent et al., 2014).  

2.4.4 Tracers targeting other potential inflammatory markers 
Targeting cytokines or enzymes in an inflamed environment is a potential new 
strategy to image inflammatory diseases. Interleukin 2 (IL-2) is a small cytokine (15 
kDa) with pleiotropic effects on immune system. IL-2 binds to an IL-2 receptor 
complex, which leads to the activation and differentiation of T lymphocytes. 
Activation of T lymphocytes takes place in many inflammatory diseases, including 
autoimmune diseases, tumor inflammation, and graft rejection. (Boyman & Sprent, 
2012; Mizui, 2019) Previously, IL-2 has been radiolabeled with 123I and 99mTc and 
used to image tumor infiltrating lymphocytes and chronic inflammatory diseases, 
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such as autoimmune diseases, by using SPECT imaging technique (Loose et al., 
2008; Signore et al., 2003; Signore et al., 2000, 2004). However, PET imaging offers 
better resolution than SPECT imaging, and various IL-2-targeting PET tracers have 
been developed during the past years. 18F-labeled IL-2 ([18F]FB-IL-2) was capable 
of detecting activated T lymphocytes in a mouse and rat xenograft model of 
inflammation (Di Gialleonardo, Signore, Glaudemans, et al., 2012; Di Gialleonardo, 
Signore, Willemsen, et al., 2012). Recently, Hartimath and coworkers have shown 
that [18F]FB-IL-2 can detect tumor infiltrating T lymphocytes and can be used to 
monitor therapy response in a mouse tumor model (Hartimath et al., 2017). Two new 
radiolabeled IL-2 variants, [68Ga]Ga-NODAGA-IL-2 and [18F]AlF-RESCA-IL-2, 
have been developed, and they showed high uptake in lymphoid tissue and activated 
T lymphocytes in a mouse xenograft model of inflammation (van der Veen et al., 
2020).  

Rituximab, a monoclonal antibody targeting B lymphocyte antigen CD20, is a 
widely used drug to treat lymphomas and autoimmune diseases. This antibody can 
be radiolabeled with Zirconium-89 (89Zr) and used for the imaging of CD20-positive 
B cell lymphomas (Muylle et al., 2015). Subsequently, [89Zr]Zr-rituximab has been 
used for imaging patients with RA. [89Zr]Zr-rituximab showed increased uptake in 
the affected joints, and the uptake correlated with response to rituximab treatment 
(Bruijnen et al., 2016). Imaging of B cells with 64Cu-labeled rituximab ([64Cu]Cu-
rituximab) has been utilized to image multiple sclerosis in an experimental 
autoimmune encephalomyelitis (EAE) model. James and coworkers have 
demonstrated that [64Cu]Cu-rituximab has higher uptake in lumbar spinal cord of an 
EAE mouse model expressing human CD20 on B cells than in the spinal cord of the 
control mouse group (James et al., 2017). Recently, next generation anti-CD20 
antibodies, such as obinutuzumab and ofatumumab, have been developed and their 
antibody fragments have been radiolabeled with 89Zr and 124I. 89Zr-labeled antibody 
fragments of obinutuzumab showed better tumor uptake than 124I-labeled compounds 
in a murine lymphoma tumor model expressing human CD20 (Zettlitz et al., 2017). 
Additionally, 89Zr-labeled obinutuzumab and ofatumumab detected human 
lymphoma xenografts in mice and the tumor uptake of these PET tracers was slightly 
higher than that of [89Zr]Zr-rituximab (Yoon et al., 2018). The promising results with 
these radiolabeled humanized anti-CD20 antibodies can be directly translated to the 
clinic, and CD20 may prove to be a potential target for the imaging of autoimmune 
diseases.  

Fibroblast activation protein (FAP) is a transmembrane glycoprotein and cell 
surface serine protease. FAP is upregulated in cancer-related fibroblasts of human 
epithelial cancers and at sites of tissue remodeling, such as fibrosis, arthritis, and 
wound healing. (Bauer et al., 2006; Garin-Chesa et al., 1990; Levy et al., 1999; Rettig 
et al., 1993) Imaging of FAP expression has been utilized using radiolabeled FAP 
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antibody and inhibitors (FAPIs). FAP-targeting antibody 28H1 has been used both 
in PET and SPECT imaging of RA. In studies with an animal model of RA, antibody 
28H1 radiolabeled with 111In, 89Zr or 99mTc has been shown to accumulate  in the 
inflamed synovium, and the increased uptake in inflamed joints correlated with the 
arthritis score (Laverman et al., 2015; van der Geest et al., 2017). Preclinical studies 
with radiolabeled FAPI compounds have been utilized in myocardial infarction, 
human pancreatic xenograft, and FAP-positive tumor models, and the results have 
shown good target-to-background ratios (Lindner et al., 2018; Loktev et al., 2018; 
Toms et al., 2020; Varasteh et al., 2019; Watabe et al., 2020). Clinically, the most 
potential 68Ga-labeled FAPI compounds ([68Ga]Ga-FAPI-2/4) have effective dose 
and tumor-to-background ratios comparable with the oncologic standard [18F]FDG 
(Giesel et al., 2019). Recently, [68Ga]Ga-FAPI-4 has been reported to show high 
tumor uptake in 28 different kinds of FAP-positive cancers including breast, head 
and neck, pancreatic, and salivary gland cancer (Kratochwil et al., 2019). New 68Ga-
labeled FAPI compounds have been developed, and they have improved intratumoral 
uptake and tumor-to-background ratio in vivo and in the first diagnostic trials of 
cancer patients  (Loktev et al., 2019).    

2.4.5 Tracer targeting adhesion molecules 
Adhesion molecules are upregulated in various diseases, for example, RA, and are 
therefore potential targets for inflammation imaging. VCAM-1 and ICAM-1 are 
members of immunoglobulin superfamily that are endothelial adhesion proteins. 
VCAM-1 plays an important role in the initiation and development of atherosclerotic 
plaques (Cybulsky et al., 2001). A synthetic VCAM-1 targeting peptide was 
identified and labeled with 18F ([18F]4V) to evaluate expression of VCAM-1 in 
atherosclerosis. In atherosclerotic mice, [18F]4V showed high uptake in 
atherosclerotic plaques and the uptake correlated to mRNA levels of VCAM-1. 
Furthermore, increased VCAM-1 mRNA levels and high uptake of [18F]4V were 
detected during myocardial ischemia and transplanted hearts. (Nahrendorf et al., 
2009) ICAM-1 targeting tracers have shown promising results in studies concerning 
pulmonary diseases. In rats, 111In-labeled ICAM-1 antibody showed high uptakes in 
injured lungs in two different experimental lung injury models, and the expression 
of ICAM-1 remained upregulated after lung injury (Weiner et al., 2001; Weiner et 
al., 1998). In addition, radiolabeled ICAM-1 targeting nanoparticles have been used 
to monitor the drug delivery properties of nanoparticles to lung endothelium. 
Copper-64 (64Cu)- and 123I-labeled ICAM-1 targeting nanoparticles have shown 
favorable properties as drug delivery carriers to lung endothelium in mice (Rossin et 
al., 2008; Zern et al., 2013), and are therefore potential PET tracers to image 
pulmonary diseases. 
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Another adhesion molecule, VAP-1, was for the first time shown to be a 
promising target for in vivo imaging of inflammation in animal models of skin 
inflammation and arthritis by Jaakkola and co-workers (Jaakkola et al., 2000). To 
date, several preclinical studies using radiolabeled synthetic peptides based on the 
crystal structure of human VAP-1 or selected from phage display libraries have 
proven VAP-1 to be a potential target for imaging inflammation in animal models 
(Aalto et al., 2011; Autio et al., 2010, 2011; Lankinen et al., 2008; Silvola et al., 
2010; Ujula et al., 2009). Using a molecular model of VAP-1, the linear 
GGGGKGGGG peptide was designed to bind to the active site of VAP-1 and 
interacts with TPQ residue of VAP-1 thereby inhibiting SSAO enzyme activity 
(Yegutkin et al., 2004).  The first generation radiolabeled VAP-1 targeting PET 
tracer was a linear nine amino acid peptide GGGGKGGGG containing DOTA-
chelator and labeled with 68Ga, [68Ga]Ga-DOTAVAP-1 (Ujula et al., 2009). The in 
vivo specificity of [68Ga]Ga-DOTAVAP-1 has been shown in an osteomyelitis rat 
model and turpentine oil-induced acute sterile inflammation rat model (Autio et al., 
2010; Lankinen et al., 2008). Following the first VAP-1 specific imaging candidate, 
a 8-amino-3,6-diooxaoctanoyl linker (polyethylene glycol, PEG derivative) was 
attached to the peptide to improve its imaging properties. In turpentine oil-induced 
sterile skin inflammation model, [68Ga]Ga-DOTAVAP-PEG-1 showed enhanced 
pharmacokinetic properties and higher target-to-background ratios compared to the 
original [68Ga]Ga-DOTAVAP-1 (Autio et al., 2011). Sialic acid-binding 
immunoglobulin-like lectins (Siglecs) are transmembrane cell surface receptors that 
bind sialylated glycoconjugates. These interactions mediate cell-cell 
communication. (Bornhöfft et al., 2018) Siglec-9, a member of the Siglec family, is 
found with varying expressions in monocytes, neutrophils, B cells, NK cells, CD4+ 
T cells and CD8+ T cells (Zhang et al., 2000). To further develop second generation 
VAP-1 targeting PET tracer, a phage display method discovered a novel VAP-1 
binding peptide with similarities to the amino acid sequence of Siglec-9 and this 
peptide revealed to act as a natural leukocyte ligand for VAP-1. Surface plasmon 
resonance assay revealed that the found phage peptide binds selectively to 
recombinant VAP-1. A cyclic peptide (CARLSLSWRGLTLCPSK) containing 
enriched amino acids 283-297 from Siglec-9 was stabilized with a PEG derivative, 
8-amino-3,6-diooxaoctanoyl linker, between the peptide and DOTA-chelator and 
radiolabeled with 68Ga, resulting in [68Ga]Ga-DOTA-Siglec-9. In skin inflammation 
and melanoma models, [68Ga]Ga-DOTA-Siglec-9 was able to detect inflammation. 
(Aalto et al., 2011) Later on, several publications have shown that 68Ga-labeled 
Siglec-9 can be used for imaging of inflammation in bone infection, synovitis, 
atherosclerosis, and lung injury models (Ahtinen et al., 2014; Retamal et al., 2016; 
Silvola et al., 2016; Virtanen et al., 2015).  
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In summary, our previous studies have demonstrated the feasibility of VAP-1-
targeted PET imaging of inflammation in several experimental models. However, 
further studies with [68Ga]Ga-DOTA-Siglec-9 peptide in a model of bacterial 
infection-induced arthritis and its response to treatment are warranted because only 
chemically induced arthritis has been previously studied. In addition, the in vitro 
assays of human tissue samples provide only limited information on the suitability 
of [68Ga]Ga-DOTA-Siglec-9 peptide for PET imaging of inflammation. Therefore, 
the biodistribution, metabolism, pharmacokinetics, and safety issues of [68Ga]Ga-
DOTA-Siglec-9 as well as its ability to detect inflammation must be studied in 
humans.  
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3 Aims 

The purpose of this study was to investigate the feasibility of targeting VAP-1 with 
radiolabeled Siglec-9 peptide for PET imaging of inflammation in arthritis and 
melanoma models. In melanoma study, the purpose was to investigate the role of 
SHARPIN in inflammation, tumorigenesis, and vasculature using [68Ga]Ga-DOTA-
E[c(RGDfK)]2 and [68Ga]Ga-DOTA-Siglec-9. The ultimate goal was to study the 
biodistribution, metabolism, pharmacokinetics and safety issues of [68Ga]Ga-
DOTA-Siglec-9 as well as its ability to detect inflammation in humans.  
 
The specific aims of the study were to: 

1. Delineate the feasibility of [68Ga]Ga-DOTA-Siglec-9 for detecting Borrelia 
burgdorferi infection-induced inflammation.  

2. Explore the possible effects of SHARPIN deficiency on the [68Ga]Ga-
DOTA-E[c(RGDfK)]2 peptide distribution with or without melanoma tumor 
allografts, tumor microenvironment and tumor-associated inflammation 
detected by [68Ga]Ga-DOTA-Siglec-9 peptide. 

3. Assess the safety, tolerability, metabolism, pharmacokinetics, whole-body 
distribution and radiation dosimetry of [68Ga]Ga-DOTA-Siglec-9 peptide in 
healthy subjects, and the ability to detect arthritis.  
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4 Materials and Methods 

4.1 Animal models 
All animal experiments were performed in compliance with the European  
Union directive relating to the conduct of animal experimentation.  
Study protocols were approved by the National Animal Experiment Board in 
Finland and the regional State Administrative Agency for Southern Finland 
(license numbers ESAVI/3116/04.10.07/2017, ESAVI/9339/04.10.07/2016, and 
ESAVI/5239/04.10.07/2017). The animals were housed under standardized 
conditions in the Central Animal Laboratory of University of Turku with a 12 hour 
light-dark cycle and they had access to water and food ad libitum.    

4.1.1 Animal model of Lyme borreliosis (I) 
Twenty-six 4-week-old female C3H/HeNhsd mice (Envigo, Horst, The Netherlands) 
weighing 23 ± 1.8 g were utilized in Study I. To induce Lyme borreliosis, twenty-
two mice were intracutaneously injected with 106 bacteria of a wild-type Borrelia 
burgdorferi sensu stricto N40 strain (abbreviated B. burgdorferi) in phosphate-
buffered saline (PBS) solution into lower back. Four uninfected control mice were 
injected with an equal volume of PBS into lower back. Four weeks after B. 
burgdorferi infection, eight of B. burgdorferi-infected mice were subcutaneously 
(s.c.) treated with 25 mg/kg ceftriaxone (Rocephalin®, Roche, Grenzach-Wyhlen, 
Germany) twice a day for five days. 

4.1.2 Sharpin-deficient mouse model (II) 
Sixteen 6-week-old (weight 19 ± 1.8 g) mice harboring a spontaneous null mutation in 
the Sharpin gene (C57BL/KaLawRij-SHARPINcpdm/RiJ-SunJ, strain 007599, Jackson 
Laboratory, Bar Harbor, MA, USA; abbreviated hereafter Sharpincpdm) and their nine 
littermate wild-type (wt) mice (weight 20 ± 2.8 g) were utilized. Sharpincpdm mice 
suffer from progressive multi-organ inflammation with chronic eosinophilic 
hyperproliferative dermatitis starting at 3-5 weeks of age, and limiting the lifespan of 
the mice to 7 weeks of age (HogenEsch et al., 1993; Seymour et al., 2007).    
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4.1.3 Animal model of melanoma (II) 
For Study II, B16 murine melanoma cells with high metastatic potential (Fidler & 
Nicolson, 1977)  (B16-F10-luc-2G5) were grown in modified Eagle medium (MEM) 
supplemented with 10% fetal calf serum, MEM vitamin solution (Gibco; Invitrogen, 
Carlsbad, CA, USA), L-glutamine, sodium pyruvate, and penicillin-streptomycin 
(Sigma-Aldrich, Saint Louis, MO, USA) at 37°C in the presence of 5% carbon 
dioxide. For the B16 melanoma model, female and male Sharpincpdm and their 
littermate wt mice were utilized. At the age of five and a half weeks, 106 B16 
melanoma cells were s.c. injected into the neck area of the Sharpincpdm (n = 12, weight 
20 ± 2.5 g) and wt (n = 12, weight 22 ± 2.0 g) mice, and tumors were allowed to 
grow for seven days before PET studies. For the B16 melanoma footpad tumor 
model, right hind leg footpads were sterilized with alcohol and 106 B16 melanoma 
cells mixed with Matrigel were injected into the right hind leg of the Sharpincpdm and 
wt mice. The tumors were allowed to grow for fourteen days. 

4.2 Subject characteristics in the first-in-human 
study (III) 

Study III included six healthy male subjects (age 37 ± 9 years) and one 49-year-old 
male patient with newly diagnosed RA. The study protocol was reviewed and 
approved by the joint Ethics Committee of the University of Turku and Turku 
University Hospital, and by the Finnish Medicines Agency. This first-in-human 
study was conducted in accordance with the principles of the Declaration of Helsinki. 
All participants provided their written informed consent before the PET studies. The 
study has been registered as a clinical trial on ClinicalTrials.gov (NCT03755245).  

All subjects were screened for medical, neurological, and psychiatric history, 
and the history of alcohol or drug abuse was determined using questionnaires. Before 
the PET/CT imaging, routine blood tests, electrocardiography, and a clinical 
examination were performed for all subjects. During imaging, vital signs were 
monitored, and blood and urine samples were taken during and after the PET/CT 
imaging.   

4.3 Tracer radiosyntheses 
All tracers utilized in these studies were synthesized in the Radiopharmaceutical 
Chemistry Laboratory of the Turku PET Centre. For the first-in-human study, 
[68Ga]Ga-DOTA-Siglec-9 was synthesized and produced according to the good 
manufacturing practice (GMP) standard. [18F]FDG was synthesized as previously 
described (Hamacher et al., 1986). The radiochemical purity of the tracers was over 
95% in each synthesized batch. 
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4.3.1 [68Ga]Ga-DOTA-Siglec-9 
68Ga was obtained from a 68Ge/68Ga generator (Eckert & Ziegler, Valencia, CA, 
USA) by elution with 0.1 M HCl. 68Ga eluate (0.5 mL, 220 ± 47 MBq) was mixed 
with 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) to give a 
pH of approximately 4.1, and thereafter DOTA-Siglec-9 peptide (3-6 nmol, 7.3-
14.5 µg dissolved in deionized water; Peptide Specialty Laboratories GmbH, 
Heidelberg, Germany) was added to the mixture. The reaction mixture was then 
heated at 100°C for 15 minutes. After cooling down with an ice bath to 
approximately room temperature, 1 M NaOH solution was used to adjust the pH to 
neutral. The radiochemical purity of [68Ga]Ga-DOTA-Siglec-9 was determined 
using radio detector-coupled reversed-phase high-performance liquid 
chromatography (radio-HPLC). The radio-HPLC system consisted of LaChrom 
instruments (Hitachi, Merck, Darmstadt, Germany), and a Radiomatic 150TR 
radioisotope detector (Packard, Meriden, CT, USA). Jupiter C18 column (4.6 × 
150 mm, 300 Å, 5 µm; Phenomenex, Torrance, CA, USA) was used and the HPLC 
conditions were as follows: flow rate 1 mL/min; λ = 215 nm; A = 0.1% 
trifluoroacetic acid (TFA) in water; B = 0.1% TFA in acetonitrile (ACN); gradient: 
during 0-2 min 82% A and 18% B; during 2-11 min from 82% A and 18% B to 
40% A and 60% B; during 11-15 min from 40% A and 60% B to 82% A and 18% 
B; during 15-20 min 82% A and 18% B. Molecular structure of DOTA-Siglec-9 
peptide is shown in Figure 2.     

Figure 2. Molecular structure of DOTA-Siglec-9 peptide. Modified and reprinted with permission 
from Virtanen et al., 2015. 

4.3.2 GMP-grade [68Ga]Ga-DOTA-Siglec-9 
The radiosynthesis of GMP-grade [68Ga]Ga-DOTA-Siglec-9 was performed using a 
fully automated synthesis device (Modular Lab PharmTracer, Eckert & Ziegler). 
68Ga was obtained from a 68Ge/68Ga generator (Eckert & Ziegler, Valencia, CA, 
USA) by elution with 0.1 M HCl and passing the eluate through a Strata-XC cation 
exchange cartridge. Bound 68GaCl3 (766 ± 148 MBq) was eluated with acidified 
acetone (0.6 mL, containing 3.25% water and 0.02 M HCl) into a reaction vial. The 
reaction vial contained GMP-grade DOTA-Siglec-9 precursor (30 µg, 12 nmol in 60 
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µL water; ABX Advanced Biomedical Compounds GmbH, Radeberg, Germany), 
0.2 M sodium acetate buffer, and absolute ethanol, and the reaction mixture was 
incubated at 65°C for 6 min. After incubation time, the reaction mixture was diluted 
with physiological saline and purified by loading onto a C18 cartridge (SepPak Light 
C18, Waters) and washing the cartridge twice with physiological saline. Purified 
[68Ga]Ga-DOTA-Siglec-9 was eluted with ethanol through a 0.22 µm filter into the 
sterile end product vial and formulated into physiological saline. The radiochemical 
purity of GMP-grade [68Ga]Ga-DOTA-Siglec-9 was evaluated by radio-HPLC (LC-
20A Prominence HPLC System, Shimadzu, Kyoto, Japan; on-line radioactivity 
detector Flow-Count, Bioscan Inc.) using an analytical Kinetex C18 column (2.6 µm, 
100 Å, 75 × 4.6 mm; Phenomenex). Solvent A was 0.16% TFA in water and solvent 
B was 0.16% TFA in ACN, and linear gradient from 18% B to 50% B over 12 min 
was used. Flow rate was 1 mL/min and λ = 220 nm. 

4.3.3 [68Ga]Ga-DOTA-E[c(RGDfK)]2 and [68Ga]Ga-DOTA-
E[c(RGEfK)]2 

68Ga was obtained from a 68Ge/68Ga generator (Eckert & Ziegler) as previously 
described (Chapter 4.3.1). DOTA-E[c(RGDfK)]2 precursor (3 nmol, 5 µg dissolved 
in deionized water) was added to the mixture. The reaction mixture was then heated 
at 100°C for 15 min. The radiochemical purity of [68Ga]Ga-DOTA-E[c(RGDfK)]2 

was determined by radio-HPLC. Jupiter C18 column was used and the HPLC 
conditions were as follows: flow rate 1 mL/min; λ = 220 nm; A = 0.1% TFA in water; 
B = 0.1% TFA in ACN. The A/B gradient was as follows: during 0-2 min 82%/18%; 
during 2-11 min from 82%/18% to 40%/60%; during 11-14 min 40%/60%; during 
14-15 min from 40%/60% to 82%/18%; and during 15-20 82%/18%. Molecular
structure of DOTA-E[c(RGDfK)]2 is shown in Figure 3. DOTA-E[c(RGEfK)]2

control peptide precursor (3 nmol, 5 µg dissolved in deionized water) was
radiolabeled in same reaction conditions as [68Ga]Ga-DOTA-E[c(RGDfK)]2.
Additionally, the radiochemical purity of [68Ga]Ga-DOTA-E[c(RGEfK)]2 was
determined as described above.
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Figure 3. Molecular structure of DOTA-E[c(RGDfK)]2. Modified and reprinted with permission from 
Dijkgraaf et al., 2011. 

4.4 Small animal PET studies 

4.4.1 PET studies of Lyme borreliosis (I) 
The swelling of hind tibiotarsal joint of each mouse was measured once a week using 
a metric caliper and followed up for seven weeks. Six mice (two B. burgdorferi-
infected, two uninfected controls, and two ceftriaxone-treated B. burgdorferi-
infected mice) were followed up and imaged weekly with Inveon Multimodality 
PET/CT scanner (Siemens Medical Solutions, Knoxville, TN, USA) for seven weeks 
starting at four days post-infection. In addition, two B. burgdorferi-infected and/or 
ceftriaxone-treated B. burgdorferi-infected mice were imaged with PET/CT and 
killed each week from two weeks up to seven weeks post-infection. The mice were 
i.v. injected with 9.9 ± 1.1 MBq (1.2 ± 0.53 µg) of [68Ga]Ga-DOTA-Siglec-9 via a
tail vein under isoflurane anesthesia and a 30-min dynamic PET imaging was
performed based on our previous study (Aalto et al., 2011). The PET data were
acquired in a list mode and iteratively reconstructed with an ordered subset
expectation maximization three-dimensional algorithm (OSEM3D). The
quantitative analysis of in vivo PET/images was performed using Inveon Research
Workplace 4.1 software (Siemens Medical Solutions, Malvern, PA, USA). Regions
of interest (ROIs) were defined in hind tibiotarsal joints and other main tissues based
on CT. The results were expressed as standardized uptake values (SUVs) calculated
as (average radioactivity within the ROI) / (injected radioactivity/animal weight).

After the last PET/CT imaging, the mice were sacrificed, various tissue samples 
were excised using sterile techniques and weighed, and radioactivity was measured 
using a gamma counter (Triathler 3′′, Hidex, Turku, Finland). Ex vivo radioactivity 
measurements were corrected for radionuclide decay from the time of injection and 
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for the weight of tissue and animal. The tissue uptake results were reported as 
percentage of injected radioactivity dose per gram of tissue (%ID/g).  

After gamma counting, samples of ear, heart, tibiotarsal joint, and urinary 
bladder were collected using sterile techniques to assess the B. burgdorferi infection 
status. Samples were cultured in BSK II medium supplemented with phosphomycin 
(50 µg/mL, Sigma-Aldrich) at 33°C for six weeks, and the growth was monitored 
every two weeks with a microscope. Furthermore, one tibiotarsal joint of each animal 
was collected for histological analysis.   

4.4.2 PET studies of Sharpincpdm mice with and without 
melanoma tumors (II) 

Study II consisted of two experimental study designs. The first study design involved 
Sharpincpdm and wt mice without B16 melanoma tumors. Seven Sharpincpdm (weight 
20 ± 1.3 g) and nine wt (weight 20 ± 2.8 g) were i.v. injected with 10 ± 1.0 MBq 
(0.56 ± 0.22 µg) of [68Ga]Ga-DOTA-E[c(RGDfK)]2 and a 30-min dynamic PET/CT 
imaging was performed. The PET data were reconstructed with an ordered subset 
expectation maximization two-dimensional algorithm. Two different competition 
studies were performed to verify the specificity of [68Ga]Ga-DOTA-E[c(RGDfK)]2 

uptake. Sharpincpdm mice (n = 4, weight 18 ± 0.77 g) were injected with an 18 mg/kg 
dose of non-labeled DOTA-E[c(RGDfK)]2 peptide 10 min before PET/CT imaging. 
Subsequently, [68Ga]Ga-DOTA-E[c(RGDfK)]2 (9.1 ± 0.90 MBq, 0.63 ± 0.33 µg) 
was injected and imaged as described above. In another competition study, 
Sharpincpdm mice (n = 5, weight 17 ± 2.0 g) were i.v. injected with 9.1 ± 0.60 MBq 
(0.51 ± 0.20 µg) of control peptide [68Ga]Ga-DOTA-E[c(RGEfK)]2 and imaged as 
described above. After PET/CT imaging, the mice were sacrificed, various tissues 
were excised, weighed, and measured with a gamma counter (Triathler 3′′, Hidex). 
The results of ex vivo biodistribution were expressed as %ID/g.  

In the second study design, Sharpincpdm and wt mice with B16 melanoma tumors 
were utilized. The growth of B16 melanoma cells was verified with bioluminescence 
imaging (IVIS Spectrum, Perkin Elmer, Waltham, MA, USA) one day after cell 
inoculation. Using ultrasound imaging (Vevo 2100, VisualSonics Inc., Toronto, 
Ontario, Canada), the growth of tumors was monitored and measured at 1, 4, 6, 7, 8, 
and 9 days after inoculation under isoflurane anesthesia. To measure the blood flow 
in tumors, the non-targeted contrast agent consisting of phospholipid shell 
microbubbles filled with nitrogen and perfluorobutane (5 × 107 microbubbles; Vevo 
MicroMarker, VisualSonics) was i.v. injected via a tail vein catheter. ROIs were 
defined around the entire tumor and time to peak was determined from the graph and 
used as a measure of blood flow. PET/CT imaging studies with [68Ga]Ga-DOTA-
E[c(RGDfK)]2 and [68Ga]Ga-DOTA-Siglec-9 were performed seven, nine, and ten 
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days after  the B16 melanoma cell inoculation. The mice were first i.v. injected with 
5.5 ± 0.72 MBq (0.32 ± 0.15 µg) of [68Ga]Ga-DOTA-Siglec-9 and a 30-min dynamic 
PET/CT imaging was performed. After radioactive decay, the mice were i.v. injected 
with 9.6 ± 2.3 MBq (0.65 ± 0.34 µg) of [68Ga]Ga-DOTA-E[c(RGDfK)]2 and a 60-
min dynamic PET/CT imaging was performed. The PET data were reconstructed 
with OSEM3D. Using Carimas 2.9 software (Turku PET Centre), quantitative PET 
analysis was done by defining the ROI within tumor. Time frames 45-60 min post-
injection were used for the [68Ga]Ga-DOTA-E[c(RGDfK)]2 PET image analysis and 
time frames 20-30 min post-injection were used for the [68Ga]Ga-DOTA-Siglec-9 
PET image analysis. The in vivo results were expressed as SUVmean.  

During the last [68Ga]Ga-DOTA-E[c(RGDfK)]2 PET/CT imaging, the mice were 
i.v. injected with anti-VAP-1 antibody (clone 7-88, 1 mg/kg) ten minutes before
being sacrificed. After the last PET/CT, the radioactivity of excised tissues was
measured with a gamma counter (Triathler 3′′, Hidex). The ex vivo results were
expressed as SUV. The distribution of [68Ga]Ga-DOTA-E[c(RGDfK)]2 in tumors
was studied in more detail with digital autoradiography (ARG). After gamma
counting, the B16 melanoma tumors were frozen in isopentane, cut into 20 and 8 µm
cryosections, and apposed to an imaging plate (Fuji Imaging Plate BAS-TR2025,
Fuji Photo Film Co., Tokyo, Japan). After the end of the exposure time, the plates
were scanned with a Fuji Analyzer BAS-5000 (internal resolution 25 µm). The ARG
data were analyzed using Tina 2.1 software (Raytest Isotopenmessgeräte, GmbH,
Straubenhardt, Germany). According to hematoxylin-eosin staining, ROIs were
drawn in tumor, tumor border, tumor periphery, skin, and muscle. The results from
ARG analysis were reported as photostimulated luminescence per square millimeter
(PSL/mm2). The background count was subtracted from the image data, and
PSL/mm2 values were normalized for the injected radioactivity dose, weight of the
mouse, and radioactivity decay.

4.5 Human radiation dosimetry study (III) 
This study was performed using a Discovery 690 whole-body PET/CT scanner 
(General Electric Medical Systems). In healthy subjects, 162 ± 4 MBq (13.6 ± 3.0 
µg) of [68Ga]Ga-DOTA-Siglec-9 was i.v. injected and the PET imaging started at 1, 
10, 20, 40, 100, and 200 min after injection. Scanning at 100 min after injection 
covered the whole range from head to toes, whereas other scans covered the range 
from head to mid thighs. The patient with RA was first imaged with [18F]FDG. After 
fasting of 6 h, 198 MBq of [18F]FDG was i.v. injected and a PET scan from head to 
toes was performed at 46 min after injection. The next day, the patient was i.v. 
injected with 175 MBq (15 µg) of [68Ga]Ga-DOTA-Siglec-9 and a 30-min dynamic 
PET/CT imaging was performed on hands, followed by a whole-body scan.  PET 
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images were reconstructed with three-dimensional VUE Point algorithm. During 
PET imaging, venous blood samples were collected at 2, 3, 5, 6, 7, 10, 15, 20, 30, 
60, 90, 180, and 240 min after the injection of [68Ga]Ga-DOTA-Siglec-9. The 
radioactivity of whole blood and plasma was measured with an automated gamma 
counter (1480 Wizard 3′′, Perkin Elmer/Wallac, Turku, Finland), and then plasma 
proteins were precipitated with acetonitrile. The percentage of radioactivity bound 
to plasma proteins was calculated and expressed as previously described (Jensen et 
al., 2017). The stability of [68Ga]Ga-DOTA-Siglec-9 in vivo was examined from 
plasma samples. Plasma proteins were precipitated with 10% sulfosalicylic acid and 
the protein-free plasma supernatants were analyzed with radio-HPLC. The radio-
HPLC was performed using a semi-preparative Kinetex C18 column (5 µm, 300 Å, 
150 × 10 mm; Phenomenex) at flow rate 5 min/mL and gradient A = 0.16% 
TFA/water and  B = 0.16% TFA/ACN as follows: during 0-11 min solvent B from 
0% to 50%; during 11-12 min solvent B from 50% to 100%; during 12-14 min 
solvent B 100%; and during 14-15 min solvent B from 100% to 0%. The same HPLC 
procedure was used for the analysis of urine samples. 

Distribution kinetics and dose estimates were quantified from the whole-body 
image data of healthy subjects according to the Radiation Dose Assessment Resource 
method for internal dose estimation (Stabin & Siegel, 2003). Volumes of interests 
(VOIs) were defined using Hermes 2.7 software (Hermes Medical Solutions, 
Stockholm, Sweden). The VOIs covered the whole organ or a representative volume 
of the organ, and the following source organs were identified: brain, bone (cortical 
and trabecular), left ventricle of heart, heart wall, kidneys, liver, muscle, pancreas, 
red bone marrow, salivary glands, spleen, and urinary bladder. Urinary clearance and 
biological half-life were estimated using measurements of urinary voids. Time-
activity curves were determined for each source organ. The resultant kinetic data 
were modeled using the sums of exponentials to determine residence times of the 
source organs. A urinary bladder voiding interval of 3.5 h was used in the calculation 
of the bladder residence time. Radiation absorbed doses were calculated using these 
residence times and the Organ Level INternal Dose Assessment/EXponential 
Modeling (OLINDA/EXM) version 2.2 software (Stabin & Siegel, 2018). The adult 
male (~70 kg) reference model was used. OLINDA/EXM 2.2 uses the International 
Commission on Radiological Protection (ICRP) Publication 103 (ICRP 103) 
recommendation for calculating the effective dose (ICRP, 2007).   

In the patient with RA, VOIs were drawn in the area of three inflamed finger 
joints [proximal interphalangeal (PIP) joints 2 and 3, and distal interphalangeal (DIP) 
joint 3] of the right hand using Carimas 2.10 software (Turku PET Centre, Turku, 
Finland). The average radioactivity concentrations of VOIs were used for further 
analyses and the uptake of [68Ga]Ga-DOTA-Siglec-9 and [18F]FDG was expressed 
as SUV.  
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4.6 Histology and immunohistochemistry 
In Study I, one tibiotarsal joint of each mouse was collected, formalin-fixed, 
demineralized, paraffin-embedded, and cut into 5 µm sections. The 5 µm sections 
were stained with hematoxylin and eosin (HE) for basic histology. From HE 
stainings, joint inflammation was analyzed by a pathologist blinded to the infection 
status of the mouse. Synovial proliferation, chronic inflammation, and active 
inflammation were scored on a scale from 0 to 6. Furthermore, the diameters of the 
joints were also measured. In Study II, the 20 µm tumor cryosections were stained 
with HE for basic histology and scanned with a digital slide scanner (Pannoramic 
250 Flash, 3DHistech Ltd., Budapest, Hungary). The morphology of each tumor was 
examined using Pannoramic Viewer v. 1.15 software (3DHistech Ltd.).  

  For immunohistochemistry, VAP-1 stainings were performed on the tibiotarsal 
joint and B16 melanoma tumor sections. In Study I, the 5 µm formalin-fixed, 
decalcified, paraffin-embedded tibiotarsal joints were stained with a monoclonal 
TK10-79 antibody recognizing mouse VAP-1 (1 µg/mL). Antigen retrieval with 0.01 
M citric acid and removal of endogenous peroxidase with 1% hydrogen peroxidase 
were performed for the sections. The primary antibody was detected with a 
VECTASTAIN Elite ABC rat immunoglobulin G kit (PK-6104, Vector 
Laboratories, Burlingame, CA, USA), followed by a horseradish peroxidase-
conjugated avidin. Diaminobenzidine (K3468, DAKO, Glostrup, Denmark) was 
used as a chromogen, and hematoxylin was used for counterstaining. In Study II, the 
mice were i.v. injected with a monoclonal rat anti-mouse VAP-1 antibody (clone 7-
88, 1 mg/kg) before being sacrificed. The 8 µm B16 melanoma tumor sections were 
stained with a secondary Alexa Fluor 488-conjugated goat anti-rat IgG (A11006, 
Invitrogen, Carlsbad, CA, USA).  

To study vascularization, CD31 stainings were performed on the 8 µm B16 
melanoma tumor cryosections. The sections were incubated overnight with anti-
CD31 rabbit polyclonal antibody (RB10333, 1:200, Thermo Fisher Scientific, 
Waltham, MA, USA). Donkey Alexa Fluor 488-conjugated anti-rabbit IgG 
(A11006, Invitrogen, Carlsbad, CA, USA) was utilized as a secondary antibody. In 
order to detect β3 integrin expression, the 8 µm B16 melanoma tumor cryosections 
were incubated with anti-β3 rabbit monoclonal antibody (ab75872, 1:200, Abcam, 
Cambridge, UK). Donkey Alexa Fluor 488-conjugated anti-rabbit IgG (A11006, 
Invitrogen, Carlsbad, CA, USA) was utilized as a secondary antibody. CD45 
stainings were performed on the 8 µm B16 melanoma tumor cryosections to examine 
the invasion of inflammatory cells in B16 tumors. The sections were incubated with 
a fluorescein isothiocyanate (FITC)-conjugated rat monoclonal anti-CD45 antibody 
(BD553079, 1:50, BD Biosciences, San Jose, CA, USA). Thereafter, the sections 
were mounted in ProLong Gold antifade reagent with DAPI (P36935, Invitrogen). 
All fluorescence stainings (VAP-1, CD31, β3, and CD45) were scanned with a 
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fluorescence scanner (Pannoramic MIDI, 3DHistech Ltd.) or an AxioVert 200M 
microscope (Carl Zeiss Light Microscope) or were imaged using a 3i (Intelligent 
Imaging Innovations, 3i Inc) Marianas spinning disk confocal microscope with a 
Yokogawa CSU-W1 scanner and Hamamatsu sCMOS Orca Flash 4.0 camera 
(Hamamatsu Photonics K.K.), using a tile scan function. Images were analyzed with 
ImageJ 1.48 software (National Institutes of Health, Bethesda, MD, USA). The 
results were calculated using automated thresholding and expressed as the 
percentage of positive staining within the tumor area.  

4.7 sVAP-1 measurements 
In Study III, the activity and the levels of sVAP-1 were determined from plasma 
samples, which were taken before PET/CT imaging. In the fluorometric assay 
determining the activity of sVAP-1, the plasma samples were incubated on a 96-well 
microplate (Nunc, Roskilde, Denmark) with or without a VAP-1 inhibitor called 
hydroxylamine for 30 min at 37°C. The VAP-1 substrate benzylamine was added to 
the wells after the addition of Amplex Red reagent (Molecular Probes, Eugene, OR, 
USA) and horseradish peroxidase (Sigma Aldrich). The hydrogen peroxidase 
produced in the wells by sVAP-1 was measured by a standard created with known 
amounts of hydrogen peroxidase. The amount of the fluorescent end product, 
resorufin, was measured with a Tecan Infinite M200 plate reader (Tecan, Männedorf, 
Switzerland) during a period of 1 hour with 5 minute intervals. The specific activities 
(nmol/mL/h) of sVAP-1 were calculated with a custom-made Excel macro.  

An in-house ELISA assay was used to measure the levels of sVAP-1 from the 
heparin samples. First, the 96-well microtiter plate (MaxiSorp, Nunc, Roskilde, 
Denmark) was coated with a monoclonal anti-VAP-1 antibody (TK8-18). After 
blocking, the sample dilutions were added, followed by the detecting biotinylated 
anti-VAP-1 antibody (TK8-14), streptavidin-horseradish peroxidase (GE 
Healthcare, Chicago, IL, USA), and finally BM Chemiluminescence ELISA 
substrate (Roche Diagnostics, Basel, Switzerland). Each reagent was incubated for 
1 hour. A linear standard curve was produced with recombinant human VAP-1 
protein (R&D Systems, Minneapolis, MN, USA). The luminescence was measured 
with the Tecan Infinite M200 and the levels (ng/mL) were calculated with an Excel 
macro.  

4.8 Statistical analyses 
The statistical analyses were conducted using the GraphPad Prism 7 (GraphPad 
Software Inc, La Jolla, CA, USA) or IBM SPSS Statistics 23 (IBM, Armonk, NY, 
USA) software. All results are expressed as mean ± standard deviation (SD) or mean 
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± standard error of the mean (SEM). Normal distribution of the data was analyzed 
using the Shapiro-Wilk test. For comparisons between two groups, a Student t-test 
was used for normally distributed data, and nonparametric Mann-Whitney U test was 
used for all other experiments. Comparisons between multiple groups were done by 
one-way analysis of variance (ANOVA). The post-hoc correction methods for 
ANOVA were Dunnett (I) and Tukey (II). Pearson’s and Spearman’s correlation 
coefficients were calculated to assess correlations. A P value of less than 0.05 was 
regarded as statistically significant.   
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5 Results 

5.1 VAP-1 targeting imaging visualizes sites of 
inflammation in Borrelia burgdorferi-infected 
mice 

5.1.1 Characterization of B. burdorferi-induced arthritis in 
mice 

All cultured tissue samples of B. burgdorferi-infected mice were positive, whereas 
tissue samples from uninfected control and ceftriaxone-treated infected mice were 
culture-negative. These results indicate that the infected mice had developed a 
disseminated B. burgdorferi infection.   

All of the B. burgdorferi-infected mice developed visually distinct tibiotarsal 
joint swelling and redness, which reached maximum swelling at four weeks post-
infection (Figure 4A). The ceftriaxone treatment twice a day for five days did not 
markedly reduce the swelling of the tibiotarsal joint as compared to that of untreated 
infected mice, although the joint diameter was significantly higher at 4 and 5 weeks 
post-infection (Figure 4B). The joint diameters of uninfected mice remained at the 
same level throughout the follow-up period and differed significantly from the 
infected and ceftriaxone-treated infected mice.  
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Figure 4.  Development of hind tibiotarsal joint swelling in the three study groups. (A) Tibiotarsal joint 
swelling in B. burgdorferi-infected mice as compared to the uninfected mice during the 7-
week follow-up period. *P < 0.05 for infected vs. uninfected. (B) The effects of ceftriaxone 
treatment on tibiotarsal joint swelling as compared to the untreated infected and uninfected 
mice. *P < 0.05 for ceftriaxone-treated vs. uninfected and #P < 0.05 for ceftriaxone-treated 
vs. infected. Modified and reprinted with permission from Siitonen et al., 2017.  

5.1.2 Histology and immunohistochemistry of tibiotarsal joints 
The joint inflammation was also studied by HE staining. Histologically, the tibiotarsal 
joints of infected mice revealed severe signs of inflammation, including the thickening 
of synovial membrane, proliferation of synovial lining cells, and chronic 
inflammation. The inflammation status of tibiotarsal joints was scored and the 
maximum scores were reached at five weeks post-infection in the infected mice group. 

The expression of VAP-1 in tibiotarsal joints was verified from uninfected, 
infected, and ceftriaxone-treated mice. Based on immunohistochemistry staining, 
VAP-1 was moderately expressed on the synovial tissue vessels of infected mice at 
two weeks post-infection. The strongest VAP-1 expression was detected at four 
weeks post-infection in infected mice. The synovium of ceftriaxone-treated mice 
showed moderate expression of VAP-1, while only occasional VAP-1 positive 
vessels were observed in the synovium of uninfected mice.  

5.1.3 PET/CT imaging 
PET/CT imaging with [68Ga]Ga-DOTA-Siglec-9 detected B. burgdorferi-induced 
inflammation in the affected joints of infected mice (Figure 5A). In contrast, low 
accumulation of [68Ga]Ga-DOTA-Siglec-9 was detected in the joints of uninfected 
mice. According to the PET/CT imaging, the highest uptake in the affected joints was 
observed at four weeks post-infection (0.68 ± 0.17), which was significantly higher as 
compared to uninfected mice (0.36 ± 0.065, P = 0.0037) (Figure 5B). In spite of the 
short-term ceftriaxone treatment, the B. burgdorferi-induced arthritis still persisted and 
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in vivo uptake was equally high as that of untreated infected mice during 4–7 weeks 
post-infection (Figure 5C). The ex vivo measurements of excised tibiotarsal joints 30 
min after the injection of [68Ga]Ga-DOTA-Siglec-9 verified the in vivo PET/CT 
imaging results. Furthermore, the in vivo [68Ga]Ga-DOTA-Siglec-9 uptake of the 
individual tibiotarsal joints correlated significantly with the joint swelling (r = 0.73, P 
< 0.0001) as well as with the histological scoring of inflammation (r = 0.61, P = 0.020). 

Figure 5. The in vivo results of [68Ga]Ga-DOTA-Siglec-9 in mouse tibiotarsal joints. (A) Representative 
coronal PET/CT images of an uninfected mouse and a B. burgdorferi-infected mouse 
showing the increased uptake of [ 68Ga]Ga-DOTA-Siglec-9 in the tibiotarsal joint of B. 
burgdorferi-infected mouse at weeks 3 and 4 post-infection as compared to an uninfected 
control mouse. (B) Quantified in vivo uptake of [68Ga]Ga-DOTA-Siglec-9 in tibiotarsal joints 
of the infected and uninfected mice during the follow-up period. (C) Quantified in vivo uptake 
of [68Ga]Ga-DOTA-Siglec-9 in tibiotarsal joints of ceftriaxone-treated mice as compared to 
the untreated infected and uninfected mice from week 4 to week 7 post-infection. *P < 0.05 
for infected vs. uninfected and #P < 0.05 for ceftriaxone-treated vs. uninfected. Modified and 
reprinted with permission from Siitonen et al., 2017.    
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5.2 Imaging of altered αvβ3 integrin expression and 
activity status in inflammation and B16 tumor 
model 

5.2.1 Histology and immunohistochemistry 
The HE staining demonstrated that the B16 melanoma tissue was homogenous and 
viable without large necrotic areas. Luminal expression of VAP-1 in B16 melanoma 
was proved with i.v. administered anti-VAP-1 antibody followed by 
immunohistochemical staining with a fluorescent-labeled secondary antibody. Based 
on the fluorescence staining, the expression of VAP-1 indicative of inflammation 
was similar between Sharpincpdm and wt mice. Furthermore, CD45 staining did not 
show differences in the infiltration of immune cells into B16 melanoma between 
Sharpincpdm and wt mice. The quantitative analysis of CD31 staining revealed that 
the tumors of Sharpincpdm mice were more vascularized than the tumors of wt mice 
(percentage of tumor area 2.1 ± 0.11 vs. 1.7 ± 0.15, P = 0.04). The β3 integrin was 
expressed in both B16 tumor cells and endothelial cells. The quantitative analysis of 
β3 integrin staining showed a more elevated β3 integrin expression in the tumors of 
Sharpincpdm than those of wt mice, but the difference was not statistically significant 
(P = 0.08).   

5.2.2 Ex vivo biodistribution and autoradiography 
The uptake of [68Ga]Ga-DOTA-E[c(RGDfK)]2, measured as %ID/g, was higher in 
skin and several other tissues of Sharpincpdm mice than in those of wt littermates. In 
the competition study, the excess of unlabeled DOTA-E[c(RGDfK)]2 reduced by 
over 50% the uptake in salivary glands, small intestine, and thymus in Sharpincpdm 
mice. Moreover, the competition study with the control peptide [68Ga]Ga-DOTA-
E[c(RGEfK)]2 provided similar results, and reduced uptake in aorta, salivary glands, 
small intestine, and thymus was observed in Sharpincpdm mice.   

In B16 melanoma bearing mice, the ex vivo results of [68Ga]Ga-DOTA-
E[c(RGDfK)]2 showed significantly higher uptake in tumor, skin, and secondary 
lymphoid tissues in Sharpincpdm mice as compared to wt mice. The autoradiography 
analysis of tumors showed that the uptake in the skin above the tumor was 
significantly higher for Sharpincpdm mice than wt mice. The uptake of tumor 
periphery was elevated in Sharpincpdm mice but did not statistically differ from wt 
mice.      
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5.2.3 Imaging of B16 tumor-bearing mice with ultrasound 
and PET/CT 

The growth of B16 melanoma was similar between Sharpincpdm and wt mice 
throughout the study. Contrast-enhanced ultrasound imaging showed comparable 
blood flow rates in the tumors of Sharpincpdm and wt mice at day 9 or 10 after tumor 
cell inoculation. However, the B16 primary tumors of Sharpincpdm mice (2/12 
tumors) were found to create lymph node metastases at days 9-10 after inoculation, 
whereas no lymph node metastases were observed in wt mice (0/12 tumors). 
Similar lymph node metastases were observed in the B16 footpad tumor model at 
day 14 after tumor cell inoculation where SHARPIN deficiency increased the 
incidence of lymph node metastasis formation as compared to wt mice (11/16 vs. 
7/16 tumors). 

B16 melanoma tumors were visualized in vivo with [68Ga]Ga-DOTA-
E[c(RGDfK)]2 and [68Ga]Ga-DOTA-Siglec-9. The in vivo tumor uptake of [68Ga]Ga-
DOTA-E[c(RGDfK)]2 increased from day 7 to day 10 after tumor cell inoculation in 
Sharpincpdm mice, whereas  the tumor uptake remained unchanged in wt mice. At day 
10 after tumor cell inoculation, the tumor uptake was higher in Sharpincpdm mice than 
wt littermates (0.47 ± 0.082 vs. 0.22 ± 0.0033 SUV, P = 0.048). The experiments of 
tumor related inflammation in B16 melanoma showed that the tumor uptake of 
[68Ga]Ga-DOTA-Siglec-9 was significantly higher in Sharpincpdm mice as compared 
to wt mice at days 7 and 9 after tumor cell inoculation. The in vivo tumor uptakes of 
[68Ga]Ga-DOTA-E[c(RGDfK)]2 and [68Ga]Ga-DOTA-Siglec-9 in wt and 
Sharpincpdm mice are presented in Table 2.  

Table 2. [68Ga]Ga-DOTA-E[c(RGDfK)]2 and [68Ga]Ga-DOTA-Siglec-9 in vivo tumor uptakes in 
Sharpincpdm and wt mice. 

[68Ga]Ga-DOTA-
E[c(RGDfK)]2 
Sharpincpdm 

[68Ga]Ga-DOTA-
E[c(RGDfK)]2   

wt P value 

[68Ga]Ga-
DOTA-Siglec-9 

Sharpincpdm 

[68Ga]Ga-
DOTA-Siglec-9 

wt P value 
Day 7 0.27 ± 0.048 0.20 ± 0.011 0.22 0.34 ± 0.020 0.20 ± 0.026 0.0020 
Day 9 0.35 ± 0.055 0.23 ± 0.017 0.078 0.32 ± 0.029 0.24 ± 0.021 0.0061 
Day 10 0.47 ± 0.082 0.22 ± 0.0033 0.035 ND ND 

Results are expressed as mean of standardized uptake value (SUVmean; mean ± SEM). ND = not 
determined 
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5.3 First-in-human study of VAP-1 targeting tracer 

5.3.1 Safety, metabolism, and sVAP-1 measurements of 
healthy subjects 

In healthy male subjects, the i.v. administered [68Ga]Ga-DOTA-Siglec-9 PET tracer 
was well tolerated and no adverse or pharmacologic effects were observed. The 
results of clinical laboratory tests and echocardiograms did not show any marked 
changes after PET imaging when compared to baseline measurements. One out of 
six healthy subjects was nauseous and got a headache during PET/CT imaging, but 
it was later found that these symptoms were associated with fasting too long against 
the instructions. According to the radio-HPLC analysis of plasma samples, the intact 
tracer and several other peaks were detected. In healthy subjects, the amount of intact 
tracer was 79.2% ± 5.3% and 4.3% ± 1.6% at 1-min and 10-min post-injection, 
respectively. In contrast, only one radiometabolite was detected in the analysis of 
urine samples from healthy subjects. 

A soluble form of VAP-1 was analyzed from plasma samples taken prior to PET 
imaging. The concentration of sVAP-1 in plasma was 874.0 ± 139.9 ng/mL and the 
enzymatic activity was 10.9 ± 2.2 nmol/L/h. The blood uptake of radiolabeled 
Siglec-9 did not correlate with the concentration of sVAP-1 (r = -0.58, P = 0.42) or 
the enzymatic activity (r = -0.88, P = 0.12).  

5.3.2 Distribution and radiation dose estimates 
The highest uptake was observed in the urinary bladder followed by the kidneys. 
PET/CT imaging of healthy subjects revealed that i.v. administered [68Ga]Ga-
DOTA-Siglec-9 was rapidly excreted through kidneys to urinary bladder (Figure 6). 
The lowest uptakes of [68Ga]Ga-DOTA-Siglec-9 were observed in the brain, muscle, 
cortical bone, and trabecular bone. In healthy subjects, there was no detectable 
uptake of [68Ga]Ga-DOTA-Siglec-9 in the peripheral lymph nodes and tonsils. The 
liver uptake of [68Ga]Ga-DOTA-Siglec-9 did not correlate with the peptide mass of 
Siglec-9 (r = 0.08, P = 0.88). Venous blood samples taken during PET imaging 
revealed rapid radioactivity clearance from blood circulation, which correlated 
closely with the PET image-derived left ventricle radioactivity.    

In healthy subjects, the highest mean normalized residence times in units of 
hours was found in the urinary bladder contents (0.33 h) and the remainder of the 
body (0.73 h). The mean effective dose for [68Ga]Ga-DOTA-Siglec-9 according to 
ICRP 103 was 0.022 mSv/MBq. The most critical and highest absorbed dose was 
observed in the urinary bladder wall (383 µSv/MBq) followed by the kidneys (54.4 
µSv/MBq). 
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Figure 6.  Coronal PET images of a healthy subject after i.v. injection of [68Ga]Ga-DOTA-Siglec-9. 
Red arrows indicate the urinary bladder and blue arrowheads indicate the kidneys. 
Modified and reprinted with permission from Viitanen et al., 2020.  

5.3.3 Assessment of rheumatoid arthritis 
Based on a clinical examination four weeks before PET studies, the disease activity 
score (DAS28) was 3.3 and the number of tender and swollen joints was five for the 
male patient with RA. High uptakes of both [18F]FDG and [68Ga]Ga-DOTA-Siglec-
9 were clearly detected in the inflamed joints. For both tracers, the highest uptake 
was observed in the PIP2, PIP3, and DIP3 joints of the right hand (Figure 7). The 
SUVs for these joints were 1.05, 0.92, and 0.70 with [68Ga]Ga-DOTA-Siglec-9 and 
1.46, 1.22, and 1.08 with [18F]FDG. 

Figure 7.  [68Ga]Ga-DOTA-Siglec-9 and [18F]FDG PET/CT images of the hands of a pilot patient 
with early diagnosed RA. White arrows indicate the three most inflamed joints of the 
right hand. Modified and reprinted with permission from Viitanen et al., 2020.  
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6 Discussion 

The purpose of this thesis was to evaluate the feasibility of [68Ga]Ga-DOTA-Siglec-9 
PET for the imaging of inflammation. In Study I, we showed that VAP-1-targeting 
[68Ga]Ga-DOTA-Siglec-9 detected B. burgdorferi infection-induced inflamed joints in 
mice and was able to monitor the fluctuating nature of B. burgdorferi-induced arthritis. 
The results of ex vivo gamma counting measurements and visible joint swelling were 
in line with the in vivo PET results. Immunohistochemical VAP-1 staining revealed 
that VAP-1 expression was evident in the synovial tissue of the affected joints. These 
findings verified that [68Ga]Ga-DOTA-Siglec-9 PET/CT imaging was capable of 
detecting B. burgdorferi infection-induced arthritis at an earlier phase than the joint 
swelling measurement. In Study II, we demonstrated that an endogenous integrin 
inhibitor SHARPIN regulates the binding of a radiolabeled cyclic RGD peptide 
derivative in a B16 melanoma model and mice without tumor allografts. In the B16 
melanoma model, the stromal SHARPIN regulated tumor vascularization but was 
found to regulate tumor vascularization but not to affect the tumor growth or blood 
flow. Both of the studied tracers, [68Ga]Ga-DOTA-E[c(RGDfK)]2 and [68Ga]Ga-
DOTA-Siglec-9, were able to detect increased tumor uptake in SHARPIN deficient 
mice as compared to wt mice littermates, although the β3 integrin expression was 
slightly increased in SHARPIN deficient mice and the immune cell infiltration as well 
as VAP-1 expression was similar between the mice groups. In Study III, we showed, 
for the first time, that [68Ga]Ga-DOTA-Siglec-9 was well tolerated and safe in humans. 
In addition, the biodistribution of [68Ga]Ga-DOTA-Siglec-9 was favorable in terms of 
further clinical trials. The results of radiation dose estimates revealed that the radiation 
burden was low and the mean effective dose was comparable to other 68Ga-peptides. 
Furthermore, [68Ga]Ga-DOTA-Siglec-9 was able to clearly detect the arthritic joints, 
although only one patient was studied.   

6.1 Detection of B. burgdorferi infection-induced 
inflammation 

In Study I, the aim was to investigate the capability of VAP-1-targeting [68Ga]Ga-
DOTA-Siglec-9 PET to detect B. burgdorferi infection-induced joint inflammation 
and ceftriaxone-treatment induced changes in inflammation during a longitudinal 
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follow-up period. Study I provided evidence that VAP-1 could be a feasible imaging 
target to accurately detect B. burgdorferi infection-induced arthritis and monitor the 
development of arthritis over time.  

Human tick-borne infection, known as Lyme borreliosis (LB), is caused by the 
spirochete B. burgdorferi sensu lato. Manifestations of the early phase LB can occur 
in the nervous system and heart whereas late LB usually appears as a chronic skin 
lesion or as Lyme arthritis (LA). Mice are natural hosts for B. burgdorferi spirochetes 
with symptomless infection. (Bockenstedt & Wormser, 2014; Coburn et al., 2002; 
Stanek et al., 2012) The dissemination and treatment response of Borrelia infection 
is studied by using C3H mice. B. burgdorferi-infected C3H mice develop visually 
explicit joint symptoms with swelling and leukocyte infiltration, which resemble 
those of human disease (Barthold et al., 1993). Usually, mice are infected with the 
dose of 104 or 107 B. burgdorferi bacteria to induce prominent joint manifestations 
(Barthold et al., 1991, 1993; Bockenstedt et al., 2012; Hodzic et al., 2008). In Study 
I, the dose of 106 B. burgdorferi bacteria was selected and used to induce LB. The 
selected dose was sufficient to develop disseminated infection with explicit joint 
swelling and therefore no other doses were evaluated.  

Traditionally, LB has been studied by means of bacterial culture, polymerase 
chain reaction, serology, histology, and by measuring the mediolateral diameter of 
joints in the case of LA. Currently, there are fluorescence- or bioluminescence-based 
in vivo imaging techniques available to monitor LB in mice. In fluorescence-based 
imaging, a genetically engineered green fluorescent protein expressed in B. 
burgdorferi strain has been reported to detect and visualize disseminated infection 
from vasculature of infected mice at tissue level by intravital microscopy (Hyde et 
al., 2011; Moriarty et al., 2008; Norman et al., 2008). The use of B. burgdorferi strain 
expressing luciferase has been reported as being able to monitor the development of 
LB in mice by means of bioluminescence imaging (Hyde et al., 2011). Both imaging 
methods have their limitations as they require the use of genetically engineered 
bacteria and the killing of animals at different time points for the analysis of specific 
organs. PET imaging offers an alternative for the study of LB since it allows 
longitudinal whole-animal imaging at multiple time points, thus providing the 
opportunity to visualize the status of specific tissues. Additionally, PET imaging 
allows the monitoring of the dissemination of an infection, investigation of therapy 
responses, and use of wt bacteria.  

     Currently, the most established PET tracer for the detection of infection and 
inflammation is a glucose analog, [18F]FDG. It has proved its usefulness in various 
clinical settings involving, for example, benign and malignant tumors and infectious 
conditions. (Kircher & Lapa, 2020; Wu et al., 2013) Only a few case reports and one 
clinical trial have described the use of [18F]FDG PET in patients with LB infection 
and showed some differences in the metabolism of the brain (Kalina et al., 2005; 
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Newberg et al., 2002; Plotkin et al., 2005). Recently, TSPO ligand targeting 
[11C]DPA-713 has been reported to be a potential tool for studying cerebral glial 
activation in patients with a post-treatment Lyme disease syndrome (Coughlin et al., 
2018). 

Imaging of bacterial diseases in mice, such as infections caused by Escherichia 
coli and Mycobacterium tuberculosis, has identified new radiopharmaceuticals that 
may replace [18F]FDG and radiolabeled autologous leukocytes in the future 
(DeMarco et al., 2015; Gowrishankar et al., 2014; Weinstein et al., 2012). Several 
radiopharmaceuticals have been developed and investigated for the imaging of 
arthritic synovitis. Methyl-[11C]-choline, [11C]-(R)-PK11195, and [18F]fluoro-PEG-
folate have shown the most promising results for the imaging of RA (Roivainen et 
al., 2003; van der Laken et al., 2008; Verweij et al., 2020). Additionally, multiple 
macrophage-targeted and synovial fibroblast-targeted radiopharmaceuticals have 
been explored for the imaging of RA in animal models, but their feasibility in terms 
of human RA is still under investigation (Narayan et al., 2017).  

According to our study, [68Ga]Ga-DOTA-Siglec-9 PET/CT detected inflamed 
joints at an early stage and was able to monitor the fluctuating nature of B. 
burgdorferi-induced arthritis. The maximum uptake of [68Ga]Ga-DOTA-Siglec-9 
and the highest joint swelling were observed at four weeks post-infection, whereas 
no evident uptake of [68Ga]Ga-DOTA-Siglec-9 or joint swelling were identified in 
the joints of uninfected mice. This result is consistent with previously reported 
results, where it has been shown that the maximum joint swelling and inflammation 
is reached 3-4 weeks after infection (Barthold et al., 1991; Salo et al., 2015). In 
addition, we observed the expression of VAP-1 on synovial tissue of affected joints, 
which had also previously been reported in patients with treatment-resistant LA 
(Akin et al., 2001). [68Ga]Ga-DOTA-Siglec-9 showed potential for the imaging of 
synovial inflammation caused by B. burgdorferi infection. Further investigations are 
needed to evaluate the VAP-1-targeted imaging concept in patients with LA. 

6.2 Imaging of SHARPIN regulated integrin activity 
Multifunctional Shank-associated RH domain-interacting protein (SHARPIN) is 
involved in the NF-кB activation, regulation of inflammation, and promotion of 
tumor growth and metastasis (Jung et al., 2010; Tokunaga et al., 2011). In addition, 
SHARPIN functions as an endogenous integrin inhibitor by binding to the integrin 
α-subunit to interfere with the binding of activators to the β-subunit (Rantala et al., 
2011). The purpose of Study II was to investigate the role of SHARPIN in tumor 
growth, invasion, angiogenesis, and metastasis using [68Ga]Ga-DOTA-
E[c(RGDfK)]2 and [68Ga]Ga-DOTA-Siglec-9 PET imaging. 
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Integrins are heterodimeric transmembrane receptors consisting of an α- and a β-
subunit, which can form several different integrin receptor combinations. Depending 
on the αβ subunit combination, integrins can be divided into four receptor groups 
based on the ligand specificity. The receptor groups are collagen binding integrins, 
laminin binding integrins, leukocyte specific integrins, and tripeptide sequence RGD 
binding integrins. (Hynes, 2002; Plow et al., 2000) Several integrins recognize the 
RGD motif as their ligand, and one of these integrins is αvβ3 (Ruoslahti, 1996). Many 
compounds based on the RGD tripeptide sequence are designed to antagonize the 
function of αvβ3 integrin (Haubner et al., 1997). Peptides mimicking the RGD 
sequence can be engineered to be integrin heterodimer selective. Modifications of 
the RGD peptides, such as cyclization, multimerization, and incorporation of a D-
amino acid residue, enhance the receptor binding affinity and selectivity to αvβ3 

integrin (Dijkgraaf et al., 2007, 2011; Kapp et al., 2017).       
Angiogenesis is a physiological process where new blood vessels develop and 

form from existing blood vessels and proliferating endothelial cells. It is known that 
tumor growth depends on the angiogenesis, which in turn contributes to formation 
of metastasis. (Carmeliet, 2005) Imaging of the αvβ3 integrin expression is useful in 
the investigation of tumor vasculature because angiogenic endothelial cells have a 
high αvβ3 integrin expression as compared to normal tissue (Brooks, 1996). Besides 
cancer biology, angiogenesis plays an important role in chronic inflammatory 
disorders, and αvβ3 integrin is upregulated in patients with RA and inflammatory 
bowel disease (Danese et al., 2006; Wilder, 2002). In Study II, we observed 
increased uptake of [68Ga]Ga-DOTA-E[c(RGDfK)]2 in several organs of Sharpincpdm 
mice as compared to wt mice littermates. The in vivo competition studies detected 
reduced uptake and proved the specificity of αvβ3 integrin binding in Sharpincpdm 

mice.  However, the competition studies failed to detect the reduced uptake in the 
skin of Sharpincpdm mice because the skin phenotype is β1 integrin-dependent (Peuhu 
et al., 2017). Previously, 18F-labeled galacto-RGD and 64Cu-labeled RGD tetramer 
have been used in inflammation animal models and showed promising results for the 
imaging of angiogenesis during chronic inflammation processes (Cao et al., 2007; 
Pichler et al., 2005). These findings, together with our results, advocate the imaging 
of αvβ3 integrin expression in angiogenesis not only in tumor vasculature but also 
during chronic inflammation.  

Changes in integrin activity are associated with many diseases. Bleeding 
disorders and immune deficiencies are the results of impaired ability to activate 
integrin, whereas chronic inflammation and cancer result from increased integrin 
activity. (Bouvard et al., 2013; Hogg & Bates, 2000; Shattil et al., 2010) It is known 
that integrins  have an effect on tumor growth, angiogenesis, invasion, and metastasis 
(Desgrosellier & Cheresh, 2010). An endogenous integrin inhibitor SHARPIN is 
amplified and overexpressed in human breast cancer, hepatocellular carcinoma, 
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ovarian cancer, prostate cancer, and renal cell carcinoma (De Melo & Tang, 2015; 
He et al., 2010; Jung et al., 2010; Li et al., 2015). Moreover, SHARPIN enhanced 
the development of lung metastasis in an animal model of osteosarcoma (Tomonaga 
et al., 2012). Recently, in vitro and in vivo data on melanoma have demonstrated that 
SHARPIN expression is increased and promotes tumor migration and invasion by 
the upregulating expression of Ras-associated protein-1 and its downstream 
signaling pathways (Zhou et al., 2020). However, the role of SHARPIN in regulating 
the tumor stroma has not been fully investigated experimentally, although it is known 
to regulate stromal architecture in the developing mammary gland (Peuhu et al., 
2017).  

     It is well established that tumor-associated blood vessels are morphologically 
abnormal and many molecular differences exist between tumor-associated and 
normal vasculature (Desgrosellier & Cheresh, 2010). In Study II, we observed that 
stromal SHARPIN did not affect the B16 melanoma growth or blood flow. 
Nevertheless, angiogenesis was slightly increased in Sharpincpdm mice as compared 
to tumor-bearing wt mice. Vascular endothelial growth factor A is an angiogenic 
factor that stimulates proliferation of endothelial cells and promotes their 
permeability. Increased vascular permeability increases the migration of tumor cells 
through the endothelium into the blood circulation to form metastases. (Claesson-
Welsh & Welsh, 2013) Previously, the increased number of blood vessels and 
expression of vascular endothelial growth factor A mRNA have been reported in the 
skin lesions of Sharpincpdm mice (HogenEsch et al., 2016). In line with these findings, 
we observed that stromal SHARPIN may play a role in reducing the formation of 
melanoma metastases in the lymph nodes because lymph node metastases were only 
found in tumor-bearing Sharpincpdm mice. In addition, the tumor uptake of [68Ga]Ga-
DOTA-Siglec-9 was increased in Sharpincpdm mice but, unfortunately, the number of 
VAP-1-positive blood vessels indicating cancer-related inflammation did not differ 
between Sharpincpdm and wt mice. Similar immunohistochemistry results of human 
melanoma samples have been reported, in which a weak VAP-1 expression is found 
in intratumoral vessels (Forster-Horváth et al., 2004). These findings highlight that 
stromal SHARPIN plays a role in regulating angiogenesis and formation of 
metastasis.  

The ligand binding affinity of integrins is not constant and can be regulated by 
conformational changes. Conformational changes in integrins occur through a 
process called inside-out signaling, in which the binding of integrin-activating 
proteins, such as talins and kindlins, to the cytoplasmic domain causes conformation 
changes and leads to activation of integrins. (Calderwood, 2004; Hynes, 2002; 
Shattil et al., 2010) It is known that SHARPIN regulates β1-integrin activity and 
inhibits the inside-out integrin activation switch (Rantala et al., 2011). In Study II, a 
trend was seen that β3 integrin expression was more positive in tumors of Sharpincpdm 



Discussion 

 63 

than wt mice. In addition, we observed increased tumor uptake of [68Ga]Ga-DOTA-
E[c(RGDfK)]2 in Sharpincpdm tumor-bearing mice at 10 days post-inoculation, which 
may be a consequence of the higher β3 integrin expression. Two previous xenograft 
studies have indicated that anti-angiogenic treatments altered the tumor uptake of 
αvβ3 integrin binding radiotracers, which could not be accounted for by an altered 
αvβ3 integrin expression (Dumont et al., 2009; Rylova et al., 2014). Interestingly, a 
previous in vitro study provided evidence and broadened our understanding that both 
the αvβ3 integrin activation status and expression level have an impact on the binding 
of αvβ3 integrin targeting radiotracers to cells (Andriu et al., 2018). In line with that, 
we found that SHARPIN deficiency has an impact on the αvβ3 integrin activation 
status and that the cyclic RGD peptide derivative, [68Ga]Ga-DOTA-E[c(RGDfK)]2, 
can be used to reflect the αvβ3 integrin activation. Moreover, our results suggest that 
the radiolabeled cyclic RGD peptide derivative provides a tool for studying changes 
in the αvβ3 integrin expression and activation, and the use of αvβ3 integrin-targeted 
radiotracers could be extended to the investigation of inflammatory disorders.   

6.3 First-in-human study with [68Ga]Ga-DOTA-
Siglec-9 

Inflammation plays an important role during acute defense against pathogens and 
other inflammatory stimuli. However, uncontrolled and long-lasting inflammation 
can eventually lead to pathologic changes in tissues. Early detection of inflammatory 
lesions is essential for proper diagnosis and effective treatment in many 
inflammatory diseases. Traditionally, [18F]FDG is the most commonly used PET 
radiotracer for inflammation imaging, but as it is non-specific, there are challenges 
in distinguishing between cancer and inflammation. Moreover, [68Ga]Ga-citrate and 
[89Zr]Zr-transferrin can be used to image inflammation based on the increased 
expression of transferrin receptor 1 on mononuclear cells, but this receptor is also 
expressed in cancer cells, which limits its use (Holland et al., 2012; Nanni et al., 
2010). Therefore, there is a need for a more inflammation specific PET imaging 
agent.          

VAP-1, an inflammation inducible adhesion molecule, plays an important role 
during early inflammation through participation in leukocyte trafficking across 
endothelium (Salmi & Jalkanen, 1992). In addition, the luminal expression of VAP-
1 on the endothelial surface remains constant if inflammation continues (Jaakkola et 
al., 2000). These unique features make VAP-1 a promising target for imaging 
inflammation. It is well-known that Siglec-9 is a leukocyte ligand for VAP-1 (Aalto 
et al., 2011). Our research group has shown that 68Ga-labeled DOTA-conjugated 
Siglec-9 peptide can be used for inflammation imaging in various experimental 
models, including skin inflammation, osteomyelitis, synovitis, atherosclerosis, acute 
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lung inflammation, and multiple sclerosis (Aalto et al., 2011; Ahtinen et al., 2014; 
Elo et al., 2018; Retamal et al., 2016; Silvola et al., 2016; Virtanen et al., 2015). 
Before introducing [68Ga]Ga-DOTA-Siglec-9 for clinical trials, safety and 
toxicological studies were performed with precursor DOTA-Siglec-9 in rats. In 
safety studies, a 1000-fold excess of the planned clinical dose (40 µg per subject) 
was i.v. injected as a single dose, and the results showed that the dose was well-
tolerated and no adverse effects were observed (Chrusciel et al., 2019). In Study III, 
the injected clinical dose was considerably lower (mean 13.6 µg per subject) because 
we managed to use a smaller quantity of precursor for radiolabeling. Furthermore, 
we demonstrated that [68Ga]Ga-DOTA-Siglec-9 was well tolerated and no adverse 
or clinically observable pharmacologic effects were detected.  

 The biodistribution and excretion of [68Ga]Ga-DOTA-Siglec-9 have been 
evaluated in several animal species, such as mice, rats, rabbits, and pigs (Aalto et al., 
2011; Retamal et al., 2016; Virtanen et al., 2015, 2017). As shown by the preclinical 
studies, 68Ga-labeled Siglec-9 peptide is excreted via kidneys to the urinary bladder. 
In line with these findings, we observed that, in humans, the highest radioactivity 
concentration was in the urinary bladder and [68Ga]Ga-DOTA-Siglec-9 exhibited 
fast renal clearance. The radiation exposure of urinary bladder can be reduced by 
advising the patient to void bladder frequently. The lowest radioactivity 
concentration was detected in the skeletal muscle, which is in line with the fact that 
skeletal muscle is VAP-1 negative tissue (Jaakkola et al., 1999). Intermediate uptake 
of [68Ga]Ga-DOTA-Siglec-9 was observed in the liver, which is consistent with the 
expression of VAP-1 in the liver (McNab et al., 1996). In summary, the distribution 
of [68Ga]Ga-DOTA-Siglec-9 was largely consistent with the VAP-1 tissue 
expression. In addition, we observed plasma protein binding properties that are in 
line with previously reported values in pigs (Jødal et al., 2019; Retamal et al., 2016). 

  Conventional radiography is used in routine management of RA to detect 
anatomical changes, such as bone erosion and cartilage damage. More sensitive 
imaging techniques, including ultrasound, MRI, and PET, are needed to facilitate an 
earlier diagnosis of RA. (McQueen, 2013) Previously, we showed that [68Ga]Ga-
DOTA-Siglec-9 was able to detect synovitis in an experimental rabbit model and the 
uptake was comparable to [18F]FDG (Virtanen et al., 2015). In Study III, we 
demonstrated that [68Ga]Ga-DOTA-Siglec-9 was able to identify inflamed synovium 
in early RA, although the study only included one patient. Moreover, the uptake of 
[68Ga]Ga-DOTA-Siglec-9 was slightly lower than that of [18F]FDG. Interestingly, 
since this was the first time a rheumatic patient was imaged with [68Ga]Ga-DOTA-
Siglec-9, it remains to be seen in the future how the optimization of the imaging 
protocol will affect synovial uptake of [68Ga]Ga-DOTA-Siglec-9. Furthermore, how 
the findings of [68Ga]Ga-DOTA-Siglec-9 PET/CT affect the treatment of RA 
patients as compared to [18F]FDG remains to be seen in the future studies. 
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  Currently, the common standard for estimating the effective dose is based on 
the ICRP 103 recommendation (ICRP, 2007). Previously, human whole-body 
biodistribution and radiation dosimetry have been evaluated for certain 68Ga-labeled 
peptides. According to our study, the mean effective dose of [68Ga]Ga-DOTA-
Siglec-9 was 0.022 mSv/MBq, calculated according to ICRP 103, which is within 
the range of the reported values for other 68Ga-labeled peptides as follows: [68Ga]Ga-
DOTATATE 0.021 mSv/MBq, [68Ga]Ga-DOTATOC 0.023 mSv/MBq, [68Ga]Ga-
DOTANOC 0.025 mSv/MBq, and [68Ga]Ga-DOTA-RGD 0.022 mSv/MBq 
(Hartmann et al., 2009; Kim et al., 2012; Pettinato et al., 2008; Sandström et al., 
2013). In addition, we have earlier reported on the radiation burden and mean 
effective dose data extrapolated from rats (Virtanen et al., 2017). The mean effective 
dose reported in rats was 0.024 mSv/MBq, which was practically the same as in 
humans, taking into account the range of variation. In conclusion, PET imaging of 
humans with [68Ga]Ga-DOTA-Siglec-9 causes only modest radiation exposure, thus 
allowing multiple scans to be performed on the same patient over the years.       

6.4 Strengths, limitations and future aspects of 
VAP-1 targeted imaging 

PET is a non-invasive and quantitative imaging method that facilitates the 
visualization and measuring of biological processes in vivo with minimal 
disturbance. In addition, PET imaging provides a useful tool for diagnosing 
diseases, planning of therapy, and monitoring the treatment efficacy and disease 
progression. (Phelps, 2000; Rennen et al., 2001)  Several new tracers for 
inflammation imaging have been developed and their ability to detect 
inflammation has been assessed. PET imaging of inflammation has expanded its 
feasibility to understanding the mechanisms underlying the pathogenesis of 
inflammatory diseases and to identifying potential therapeutic targets (Wu et al., 
2013). Despite the continuous and long-term efforts to develop inflammation 
specific tracers, ideal tracers to image inflammation beyond [18F]FDG have not yet 
been found (Roivainen et al., 2012).   

VAP-1 is overexpressed and involved in many inflammatory diseases, such as 
inflammatory bowel disease, psoriasis, RA, and cancers (Irjala et al., 2001; Madej et 
al., 2007; Marttila-Ichihara et al., 2009; Salmi et al., 1993; Salmi et al., 1997). VAP-
1 is an inflammation-inducible endothelial cell molecule that participates in the 
leukocyte extravasation cascade. Additionally, VAP-1 plays an important role 
during early inflammation, and its expression on the surface of endothelial cells 
remains constant for a longer time, if the inflammation proceeds. (Salmi & Jalkanen, 
2019) These features make VAP-1 an ideal target for in vivo imaging of 
inflammation.  
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Already in 2000, the first proof-of-concept study was performed to indicate the 
use of VAP-1 as an imaging target with iodinated monoclonal antibodies against 
VAP-1 in experimental dermatitis and arthritis models (Jaakkola et al., 2000). The 
next development steps were taken when the crystallographic structure of VAP-1 
was resolved. The designed peptides fitting the enzymatic groove were radiolabeled 
and used to indicate their ability to image bone inflammation, acute sterile skin 
inflammation and cancer in rats (Autio et al., 2010, 2011; Lankinen et al., 2008). 
When Siglec-9 was found to be a leukocyte ligand for VAP-1, it was shown that the 
68Ga-labeled Siglec-9 motif containing peptide was able to detect VAP-1 in the 
vasculature of inflamed skin and melanoma tumors in mice (Aalto et al., 2011). In 
the present thesis, the studies concerning [68Ga]Ga-DOTA-Siglec-9 corroborated the 
VAP-1 targeting imaging concept and VAP-1 was identified as a promising imaging 
agent for detecting arthritis caused by B. burgdorferi infection as well as for 
detecting tumor-associated inflammation. Furthermore, for the first time, the 
toleration and distribution [68Ga]Ga-DOTA-Siglec-9 d in healthy humans was 
investigated.  

However, there are a few practical issues that limit the use of [68Ga]Ga-DOTA-
Siglec-9 PET and PET imaging itself. PET imaging requires many resources, such 
as imaging devices, PET tracers, and specialized staff, which increase the cost of 
imaging and limit its availability. These issues are likely to limit the use of PET 
imaging as a diagnostic tool in inflammation imaging. Regarding [68Ga]Ga-DOTA-
Siglec-9 PET, the imaging of the abdomen and pelvic area is limited because 
[68Ga]Ga-DOTA-Siglec-9 is excreted through kidneys to urinary bladder. This issue 
can be resolved by voiding the bladder often enough and optimizing the imaging 
protocol. In addition, we observed that the in vivo stability of intravenously injected 
[68Ga]Ga-DOTA-Siglec-9 peptide is suboptimal in humans. In general, there are 
several strategies to improve stability of peptide-based radiopharmaceuticals. 
Commonly used strategies include such as C- or N-terminal modification, use of ᴅ- 
or unnatural amino acids, cyclization of peptide structure, PEGylation or backbone 
modification (Evans et al., 2020). Our [68Ga]Ga-DOTA-Siglec-9 peptide already 
includes cyclization, PEGylation and C-terminal modification, but the use of a ᴅ-
amino acids or unnatural amino acids may help to improve stability and should be 
studied in the future. In Study III, the number of study subjects was relatively small 
for the purposes of investigating the safety and distribution of [68Ga]Ga-DOTA-
Siglec-9, and the study involved male subjects only. It would be interesting to 
investigate the distribution of [68Ga]Ga-DOTA-Siglec-9 in female subjects and see 
if the results differ from those reported in males. VAP-1 has a soluble form in the 
circulation, but sVAP-1 is not elevated in all inflammatory diseases (Kurkijärvi et 
al., 1998; Salmi & Jalkanen, 2019). The binding of [68Ga]Ga-DOTA-Siglec-9 to 
sVAP-1 may cause background signal in cases in which sVAP-1 concentrations are 
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high. In this thesis, we observed all inflammatory lesions and melanomas from the 
background tissues, demonstrating that sVAP-1 is not a problem in these indications.  

 Overall, several experimental animal models have shown that [68Ga]Ga-DOTA-
Siglec-9 seems to be a promising PET tracer for the imaging of inflammation (Aalto 
et al., 2011; Ahtinen et al., 2014; Elo et al., 2018; Retamal et al., 2016; Silvola et al., 
2016; Virtanen et al., 2015, 2017). The experimental studies included in this thesis 
corroborate the ability of [68Ga]Ga-DOTA-Siglec-9 to localize inflammatory process 
by imaging. VAP-1 is also a potential target molecule for anti-inflammatory therapy. 
Blocking the functional activity of VAP-1 with mAbs and small molecular inhibitors 
has been studied and indicated to be effective in several experimental disease models 
(Bonder et al., 2005; Koskinen et al., 2004; Martelius et al., 2004; Marttila-Ichihara 
et al., 2006, 2010; Merinen et al., 2005; Tohka et al., 2001). The first-in-human study 
confirmed the feasibility of [68Ga]Ga-DOTA-Siglec-9 in clinical studies, and the low 
radiation burden supports the possibility of performing repeated scans per year in the 
same patient. The repeatability provides the opportunity to investigate the efficacy 
of novel anti-inflammatory drugs in the future. As the next step, the intention is to 
investigate the potential of this VAP-1 targeting tracer in patients with RA. In the 
future, the [68Ga]Ga-DOTA-Siglec-9 PET tracer may potentially be used in various 
inflammatory diseases besides RA.      
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7 Conclusions 

This thesis investigated the feasibility of [68Ga]Ga-DOTA-Siglec-9 to detect 
inflammation in mouse models of arthritis and melanoma. The accumulation of 
[68Ga]Ga-DOTA-E[c(RGDfK)]2 in inflamed areas and melanoma, as well as the 
effects of stromal SHARPIN on the regulation of tumor growth, metastasis, and 
vascularization were examined in the SHARPIN deficient mouse model.  
Furthermore, the first-in-human study investigated the safety, tolerability, 
distribution, and radiation dosimetry of [68Ga]Ga-DOTA-Siglec-9. The main 
findings of the studies were the following: 

1. [68Ga]Ga-DOTA-Siglec-9 was able to accurately detect Borrelia
burgdorferi infection-induced arthritis in mice. Longitudinal PET/CT
imaging allowed the monitoring of the development of arthritis and the
efficacy of antibiotic treatment during the follow-up period.

2. Stromal SHARPIN regulated the binding of [68Ga]Ga-DOTA-
E[c(RGDfK)]2 both in a murine B16 melanoma model and in mice
without melanoma tumors. In SHARPIN deficient mice, [68Ga]Ga-
DOTA-Siglec-9 was able to detect tumor-related inflammation,
although the immune cell infiltration and VAP-1 expression were
similar between mice. In addition, stromal SHARPIN regulated tumor
vascularization and could prevent the formation of metastasis.

3. The first-in-human study showed that [68Ga]Ga-DOTA-Siglec-9 was
safe and the radiation burden was low and comparable to other 68Ga-
peptides. Furthermore, the ability of [68Ga]Ga-DOTA-Siglec-9 to detect
arthritic joints was shown in one patient with early RA.

In summary, the imaging concept of targeting VAP-1 demonstrates potential to 
detect arthritis caused by Borrelia burgdorferi, providing a basis for further 
evaluation of the method in human patients with Lyme arthritis. The SHARPIN 
deficiency studies with an αvβ3 integrin-targeted tracer provides valuable 
information of altered integrin activity and suggests that the feasibility of αvβ3 
integrin-targeted tracers can be expanded to the investigation of changes in the αvβ3 
integrin expression status and altered integrin activity in both cancer and 
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inflammatory diseases. Based on the first-in-human study, [68Ga]Ga-DOTA-Siglec-
9 targeting VAP-1 appears to be a promising new PET tracer for imaging 
inflammation.     
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