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ABSTRACT 

Inflammation is a regulated adaptive response that protects the body’s normal 
function and homeostasis. However, when dysregulated, it can contribute to the 
development of chronic disease. Chronic cardiovascular diseases, such as 
atherosclerosis, can lead to myocardial infarction, in which the cardiomyocyte death 
is recognized as an inflammatory stimulus. Macrophages, professional phagocytes 
involved in the regulation of inflammation, can be polarized into M1 and M2 
phenotypes depending on the mediators present in their microenvironment. The 
increase of M2 macrophages is a hallmark of the anti-inflammatory phase, as they 
play a significant role in resolving the inflammatory process, including cardiac 
healing after MI.  

The aim of this thesis was to develop and preclinically evaluate a novel positron 
emission tomography (PET) tracer for targeted M2 macrophage imaging. [18F]AlF-
NOTA-D10CM, a fluorinated, mannosylated dextran derivative, was designed to 
recognize the mannose receptor CD206, which is predominantly expressed on M2 
macrophages. To evaluate the suitability of [18F]AlF-NOTA-D10CM for PET 
imaging, studies were conducted on cells and experimental animals.  

In vitro cell studies revealed that [18F]AlF-NOTA-D10CM selectively binds to 
CD206-positive M2 macrophages, and the results were further confirmed in vivo 
using CD206 deficient versus wild-type mice. [18F]AlF-NOTA-D10CM PET 
enabled the detection of skin inflammation and lymph node activation in mice as 
well as inflammation associated with experimental acute MI in rats. Immunostaining 
of tissue samples verified that tracer uptake positively correlated with the amount of 
the macrophage mannose receptor CD206.  

In summary, these results demonstrate that [18F]AlF-NOTA-D10CM is a valid 
tool for PET imaging of CD206-positive M2 macrophages, and for non-invasive 
assessment of inflammation. 

KEYWORDS: PET, M2 macrophage, macrophage mannose receptor CD206, 
fluorine-18, inflammation, myocardial infarction.   
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Heinäkuu 2025 

TIIVISTELMÄ 

Inflammaatio eli tulehdustila on kehon säädelty vaste ulkopuolisille ärsykkeille, 
jonka tarkoituksena on suojata kehon normaalia toimintaa ja ylläpitää homeostaasia. 
Säätelyn epäonnistuessa tulehdus voi kuitenkin edistää kroonisten tautien, kuten 
sydän- ja verisuonisairauksien, kehittymistä. Esimerkiksi ateroskleroosi voi johtaa 
sydäninfarktiin, jossa sydänlihassolujen kuolema aiheuttaa tulehdustilan. Makro-
fagit ovat syöjäsoluja, jotka osallistuvat tulehduksen säätelyyn. Ne voivat erilaistua 
mikroympäristön välittäjäaineiden vaikutuksesta M1- ja M2-fenotyypeiksi. M2-
makrofagien lisääntyminen on merkki tulehdusta hillitsevästä vaiheesta, ja ne ovat 
tärkeitä tulehduksen lievittämisessä, kuten sydäninfarktin jälkeisessä paranemisessa.  

Tämän väitöskirjan tavoitteena oli kehittää ja prekliinisesti arvioida uutta 
positroniemissiotomografia (PET)–merkkiainetta, jota voidaan käyttää kohdennet-
tuun M2-makrofagikuvantamiseen. Kyseessä on [18F]AlF-NOTA-D10CM, fluori-
noitu, mannosyloitu dekstraanijohdannainen, joka on suunniteltu tunnistamaan 
mannoosi-reseptori CD206, jota esiintyy pääasiassa M2-makrofageissa. Tutkimuk-
set tehtiin sekä soluilla että kokeellisilla eläinmalleilla, jotta voitiin arvioida 
merkkiaineen soveltuvuutta PET-kuvantamisessa. 

In vitro solututkimukset osoittivat, että [18F]AlF-NOTA-D10CM sitoutuu selek-
tiivisesti CD206-positiivisiin M2-makrofageihin. Nämä tulokset vahvistettiin in vivo 
kokeilla, joissa käytettiin sekä CD206-puutteisia että villityypin hiiriä. PET-
kuvantaminen mahdollisti ihotulehduksen ja imusolmukkeiden aktivoitumisen 
havaitsemisen hiirillä sekä kokeelliseen akuuttiin sydäninfarktin aiheuttaman 
tulehduksen tunnistamisen rotilla. Kudosnäytteiden vasta-ainevärjäys vahvisti, että 
merkkiaineen kertyminen kudokseen korreloi positiivisesti makrofagien mannoosi-
reseptori CD206:n määrän kanssa.  

Yhteenvetona voidaan todeta, että [18F]AlF-NOTA-D10CM soveltuu hyvin 
CD206-positiivisten M2-makrofagien PET-kuvantamiseen ja tulehduksen arvioin-
tiin tutkittavassa, kajoamatta kehoon merkittävästi. 

AVAINSANAT: PET, M2-makrofagit, makrofagin mannoosi-reseptori CD206, 
fluori-18, tulehdus, sydäninfarkti.   
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Abbreviations 

APCs Antigen-presenting cells 
AT1R Angiotensin II subtype 1 receptor 
CCR2 C-C chemokine receptor type 2 
CD  Cluster of differentiation 
CD206−/− CD206 deficient 
CFA Complete Freund’s adjuvant 
CHO Chinese hamster ovary 
CRD Carbohydrate recognition domain 
CT Computed tomography 
CTLD C-type lectin domains 
CysR Cysteine-Rich 
D10CM Dextran10-cysteine-mannose 
DAB 3,3′-Diaminobenzidine 
DAMPs Damage-associated molecular patterns 
DAPI 4′,6-diamidino-2-phenylindole 
DTPA Diethylene triamine pentaacetic acid 
EOS End of synthesis 
FAP Fibroblast activation protein 
FBA N-(maleoylethyl-4)-[18F]fluorobenzamide 
FDG [fluorine-18]fluoro-2-deoxy-D-glucose 
FNEM N-(2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)-6-

fluoronicotinamide 
FNII Fibronectin type II domain 
GC Gas chromatography 
GLUT Glucose transporter 
GMP Good manufacturing practice 
H&E Hematoxylin-eosin 
H3L1 1,4,7-tris(2-hydroxybenzyl)-1,4,7-triazacyclononane 
H3L3 2-(mercapto)ethylaminoacetyl-L-cysteine 
H3RESCA Tetrafluorophenyl ester derivative of restrained complexing agent 
HEPES N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) 
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HPLC High-performance liquid chromatography 
IFN-γ Interferon-gamma 
Ig  Immunoglobulin  
IHC Immunohistochemistry 
IL Interleukin  
ILC Innate lymphoid cell 
iNOS Nitric oxide synthase 
KD Dissociation constant 
KO Knockout 
LAD Left anterior descending 
LAL Limulus amebocyte lysate 
LAMPs Lifestyle-associated molecular patterns 
LN Lymph node 
LPS Lipopolysaccharide 
LV Left ventricle 
M0 Non-activated macrophages 
M1 / M2 Macrophage type 1 / macrophage type 2 
MHC-II Major histocompatibility complex class II 
MI Myocardial infarction 
MMR Macrophage mannose receptor 
MRC-1 Mannose receptor C-type 1 
MRI Magnetic resonance imaging 
MSA Mannosylated serum albumin 
NaOAc Sodium acetate 
NALP3 Nucleotide-binding-domain, leucine-rich–containing family, pyrin 

domain-containing-3 
Nb Nanobody 
NHS N-hydroxysuccinimide 
NK Natural killer 
NLRs Nod-like receptors 
NMR Nuclear magnetic resonance 
NODA 1,4,7-triazacyclononane-1,4-diacetic acid 
NODAGA 2-(4,7-bis (carboxymethyl)-1,4,7-triazonan-1-yl) pentanedioic acid 
NOTA 1,4,7-triacyclononane-1,4,7-triacetic acid  
OSEM-3D Ordered subsets expectation maximization 3-dimensional 
PAMPs Pathogen-associated molecular patterns 
PBMC Peripheral blood mononuclear cell 
PBS Phosphate-buffered saline 
PDGF Platelet-derived growth factor 
PET Positron emission tomography 
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PLA(2)R Phospholipase A(2) receptor 
PMN Polymorphonuclear neutrophil 
PRR Pattern recognition receptor  
PSL Photostimulated luminescence 
PSMA Prostate specific membrane antigen 
QMA Quaternary methyl ammonium 
RAS Renin-angiotensin system 
RCP Radiochemical purity 
RGD Arginyl-Glycyl-Aspartic acid 
ROI Region of interest 
ROS Reactive oxygen species 
SD Standard deviation 
sdAb Specialized domain antibody 
SFB N-(hydroxysuccimidyl)-[18F]fluorobenzoate 
SPECT Single photon emission computed tomography 
SSRT-2 Somatostatin receptor-2 
SUV Standardized uptake value 
TAC Time-activity curve 
TAM Tumor-associated macrophage 
TBR Target-to-background ratio 
Tc Cytotoxic T cells 
TCRs T-cell receptors 
TFA Trifluoroacetic acid 
TGF-𝛽𝛽 Transforming growth factor-beta 
Th cells T helper cells  
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1 Introduction 

Inflammation is a manifestation of adaptive defence mechanism where the immune 
cells recognize and control the pathogen clearance or eliminate the inflammatory 
response triggers, to restore the homeostasis in injured tissues regardless of the 
causes. (Tracey et al., 2006; Cronkite et al., 2018). A controlled inflammatory 
response is beneficial for the physiological function and homeostasis recovery. 
However, when the inflammation process fails to eliminate its cause and the damage 
is not repaired, inflammation become persistent and dysregulated and this switches 
the beneficial adaptive response to maladaptive function and detrimental (Okin et 
al., 2013). Inflammation contributes to the development of many modern human 
diseases caused by the failure to adapt to changes in current lifestyle and 
environment, such as obesity, cancer, neurodegenerative diseases and 
atherosclerosis that can manifest as myocardial infarction (MI) (Furman et al., 2019). 
In this context, understanding and monitoring inflammation is critical for precise 
diagnosis and effective therapeutic strategies.  

Positron emission tomography (PET) remains a cutting-edge molecular imaging 
technique that provides real-time information on tissue molecular function, making 
it invaluable for the detection of inflammation and the development of 
radiopharmaceuticals (Berger, 2003; Son et al., 2019). While glucose analogue 2-
[fluorine-18]fluoro-2-deoxy-D-glucose ([18F]FDG) remains the golden standard for 
PET detection routine worldwide, its unavoidable lack of specificity can result in 
false positives, thus limiting its diagnosis accuracy (Fletcher et al., 2008; Shreve et 
al., 1999). To overcome this limitations, the development of new PET tracers 
targeting specific inflammatory cell biomarkers such as macrophages, has been one 
of the focuses of recent PET tracer development. Macrophages are essentially 
involved in inflammatory cascade during pro-inflammatory state: macrophage type 
1 (M1), and anti-inflammatory state: macrophage type 2 (M2). Among these two, 
M2 macrophages are of particular interest in this thesis subject, due to their 
association with tissue repair and resolution of inflammation. Mannose receptor 
cluster of differentiation 206 (CD206), which is predominantly expressed on M2 
macrophages, presents an ideal target for PET imaging to specifically detect 
inflammation. With this background information, this dissertation explores the 
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potential of macrophage mannose receptor CD206-targeting for detection of 
inflammation by PET imaging. The study design is illustrated in Figure 1 and 
outlines the process starting with the development of the PET tracer, followed by in 
vivo evaluation in an animal model. We developed the Fluorine-18 labeled 
mannosylated dextran derivative: dextran10-cysteine-mannose (D10CM) using 
aluminum fluoride-18 ([18F]AlF) chelation technique, yielding [18F]AlF-NOTA-
D10CM with excellent in vivo and in vitro stability. Then, we investigated [18F]AlF-
NOTA-D10CM uptake in macrophage mannose receptor CD206 rich tissues in 
healthy Sprague Dawley rats (Study I). Further, in mouse skin inflammation model, 
we evaluated the [18F]AlF-NOTA-D10CM uptake in the inflamed area during acute 
and chronic inflammatory phases (Study II). Finally, [18F]AlF-NOTA-D10CM was 
evaluated for its ability to detect inflammation following acute myocardial infarction 
in a permanent coronary artery ligation model (Study III). 

 
Figure 1. Study plan for dissertation project: Targeting macrophage mannose receptor CD206 for 

detection of inflammation by positron emission tomography using [18F]AlF-NOTA-
D10CM. Three sub-projects are included to evaluate [18F]AlF-NOTA-D10CM PET in (I) 
healthy rats, (II) mice with skin inflammation and lymph node activation, and (III) rats 
with acute myocardial infarction. 
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2 Review of the Literature 

2.1 Inflammation 

A brief historical perspective 

Signs of morbid phenomena were observed in the bones of dinosaurs, and similar 
signs were later found in early humanoids and Homo sapiens (Cavilling, 2021). The 
term "inflammation," derived from the Latin inflammare (to set on fire), was first 
used to describe these phenomena (Scott et al., 2004). In the 5th century BC, 
Hippocrates defined inflammation as part of the healing process following injury, 
using the term edema to describe it. Aulus Cornelius Celsus (30 BC – 45 AD) 
identified the four cardinal signs of inflammation: rubor (redness), calor (heat), 
tumor (swelling), and dolor (pain). Aelius Galenus (130 – 200 AD) later added a 
fifth sign, functio laesa (loss of function), completing the classic signs of 
inflammation (Punchard et al., 2004). In 1858, the father of modern pathology, 
Rudolf Virchow, incorporated the loss of function into his theory of inflammation, 
recognizing it as a universal sign that accompanies all inflammatory phases, while 
the Celsus’s four cardinal signs are primarily applied to acute inflammation caused 
by wounds and infections. The work of Virchow shifted the understanding of 
inflammation from an imbalance of the four signs at the surface level to a cellular 
basis for the pathology of inflammation (Medzhitov, 2010). Later, in 1892, another 
major breakthrough by Eli Metchnikoff, was the discovery of phagocytosis by 
macrophages and microphages (neutrophils), which are involved in defense 
mechanisms following inflammatory cascade (Tauber, 2003). The first precise 
diagnosis of an inflammatory disorder was made by Sir Marc Armand Ruffer (1859 
– 1917), who identified atherosclerosis in the mummified remains of an Egyptian 
pharaoh (Cavaillon, 2021). The evolution of inflammation is depicted in Figure 2. 

What exactly is inflammation (and what is not?) Is inflammation always destructive? 
(Oronsky et al., 2022). 

Inflammation has traditionally been regarded as a detrimental pathological 
condition requiring intervention and suppression (Fioranelli et al., 2021). This 



Putri Andriana 

 16 

perception is further reinforced by the promotion of terminology such as anti-
inflammatory agents or inflammation inhibitors (Oronsky et al., 2022). Although 
this viewpoint contains elements of truth, it fails to acknowledge the essential 
physiological roles of the inflammatory response. An effective acute inflammatory 
reaction leads to the clearance of infectious agents and subsequently facilitates the 
healing process (Medzhitov, 2008). 

Accordingly, is inflammation always protective? 

There is no definitive answer to this. The role of inflammation as a protective 
mechanism is complex and lacks a definitive dichotomy. Inflammation is 
characterized by its non-binary nature and is not governed by a singular regulatory 
pathway (Scott et al., 2004). The intricate interplay of molecular, immunological, 
and physiological processes that occur during the inflammatory response 
complicates the precise characterization of inflammation (Netea et al., 2018). In 
contemporary understanding, inflammation is recognized as a protective biological 
response elicited by harmful stimuli, including pathogenic infections, toxic 
substances, and endogenous signals arising from cellular damage due to tissue injury. 
This multifaceted response encompasses the eradication of the primary cause of 
tissue injury, the removal of necrotic cells, and subsequent tissue repair (Netea et al., 
2018; Medzhitov, 2008). While inflammation is a fundamental aspect of the immune 
response to infection, it can become detrimental when excessive or uncontrolled, 
leading to chronic inflammatory conditions (Bennet et al., 2018). The successful 
resolution of inflammation hinges on the equilibrium between pro-inflammatory 
mediators that initiate pathogen clearance and anti-inflammatory factors that 
promote the cessation of the inflammatory process (Caches et al., 2018). 

 
Figure 2. Time line of inflammation concept evolution from Mesozoic to modern human era, until 

the discovery of phagocytes involvement. 
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Modern human inflammatory diseases 

Human evolution has been shaped significantly by environmental factors, leading to 
adaptations in the immune system aimed at achieving homeostasis in response to 
these changes. Over extended evolutionary timeframes, the inflammatory response 
has been fine-tuned, albeit at the expense of normal tissue function (trade off). This 
evolutionary optimization has resulted in an equilibrium that is specifically tailored 
to specific environmental conditions (Medzhitov et al., 2010; Okin et al., 2012). 
However, the current rapid environmental changes have outpaced the rate at which 
human physiology can adapt, creating a mismatch whereby the evolutionary 
characteristics of the immune system fail to align with modern environmental 
conditions. This discordance contributes to dysregulated inflammation and the 
emergence of inflammatory-related pathologies (Okin et al., 2012; Chen et al., 
2017). For instance, the human mucosal epithelia, which have evolved to protect 
against particulate matter and infectious agents, may, when excessively protective, 
impair diffusion and overall function. This impairment can increase susceptibility to 
conditions such as asthma and allergies (Palm et al., 2012). Likewise, adaptations 
that favored energy storage during periods of scarcity, such as famines, now 
predispose individuals to obesity and sedentary lifestyles in modern contexts 
(Speakman, 2007). A variety of modern diseases, including cardiovascular 
conditions such as atherosclerosis, obesity, certain cancers, neurodegenerative 
disorders, and type 2 diabetes mellitus, are increasingly recognized as manifestations 
of the imbalance between the costs and benefits of the inflammatory response (Okin 
et al., 2012). 

2.1.1 Acute and chronic inflammation 
Inflammation may present as acute, characterized by the extravasation of leukocytes, 
predominantly neutrophils, which are programmed to reinforce resolving the 
inflammatory response. Acute inflammation resolution process can ideally last for 
days to weeks since the inflammatory stimuli eradication until it reaches back the 
baseline status. However, persistent inflammatory stimuli may lead to the 
development of chronic inflammation (Furman et al., 2019; Kaur et al., 2022; 
Oronsky et al., 2022). The inflammatory response generally follows a generic 
pathway that encompasses four primary components: (1) inducers, (2) sensors, (3) 
mediators, and (4) effectors (target tissues). (Furman et al., 2019; Kaur et al., 2022; 
Oronsky et al., 2022). Inducers initiate inflammatory cascade which include 
infectious (such as lipopolysaccharide from bacteria) and non-infectious stimuli 
(such as foreign bodies, allergens, and damaged / necrotic cells signals). These 
inducers activate sensors, which are specialized molecules (e.g. toll like receptor 4 
(TLR4), IgE, Nucleotide-binding-domain, leucine-rich–containing family, pyrin 
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domain–containing-3 (NALP3), Hageman factor) that can stimulate the 
inflammatory mediators (e.g. tumor necrosis factor- 𝛼𝛼 (TNF-𝛼𝛼), interleukin-6 (IL-
6), PGE2, interleukin-1 𝛽𝛽 (IL-1𝛽𝛽). The mediators are responsible for eliciting the 
cardinal signs of inflammation and activating the effectors, which include various 
tissues and cells implicated in the inflammatory response (e.g., endothelial cells, 
hepatocytes, leukocytes, hypothalamus, and smooth muscle cells) (Varela et al., 
2018; Medzhitov, 2010). 

2.1.1.1 Acute inflammation 

Acute inflammation requires the presence of external stimuli (Abudukelimu et al., 
2018). These stimuli may be classified into infectious agents, such as bacteria, 
viruses, fungi, and parasites, or non-infectious factors, including physical trauma, 
foreign objects, chemical substances, toxins, cancer cells, biological damage, and 
psychological stressors. Both infectious and non-infectious triggers can elicit similar 
inflammatory responses (Marshall et al., 2018; Chen et al., 2017). 

Upon exposure to these stimuli, pattern recognition receptors (PRRs) located on 
immune and non-immune cells recognize pathogen-associated molecular patterns 
(PAMPs) or danger signals released by damaged or necrotic cells, known as damage-
associated molecular patterns (DAMPs). These PRRs sensors then activate the innate 
immune cells and pro-inflammatory cascade (Li et al., 2021). 

Following PRR activation, inflammatory stimuli, including microbial products 
and cytokines, engage with specific receptors such as Toll-like receptors (TLRs), 
interleukin-1 (IL-1) receptors, IL-6 receptors, and tumor necrosis factor (TNF) 
receptors (Li et al., 2021). This receptor-ligand interaction promotes the production 
of various inflammatory mediators, including cytokines and chemokines, such as 
TNF-α, IL-1, and IL-6, as well as prostaglandins (Abdulkhaleq et al., 2018; Turner 
et al., 2014). These inflammatory mediators exert effects on multiple organs and 
tissues, including the heart, pancreas, liver, kidneys, lungs, brain, gastrointestinal 
tract, and reproductive system, where they can contribute to both acute and chronic 
inflammation-related tissue damage (Chen et al., 2017).  

When the mediators act on local blood vessels in the organs, they induce 
vasodilation, thereby enhancing the extravasation and influx of neutrophils and plasma 
components, including antibodies, to the site of inflammation. This process initiates 
phagocytic activity aimed at eliminating pathogens, clearing infected and necrotic 
cells, and facilitating tissue repair. The resulting physiological changes manifest as the 
cardinal signs of inflammation, including edema, exudate formation, and pain (Soares 
et al., 2023; Kany et al., 2019; Westman et al., 2020). Additionally, the released 
inflammatory mediators also activate antigen-presenting cells (APCs), such as 
dendritic cells, macrophages, and B cells, which subsequently interact with T cells, 
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resulting in the activation of the adaptive immune response, thereby augmenting the 
overall defense mechanisms (Cronkite et al., 2018; Gaudino et al., 2019). 

In cases where neutrophil response is inadequate, macrophages are recruited from 
the circulation to aid in the clearance of dead cells and debris and to initiate tissue 
repair at the affected site (Mosser et al., 2021). The acute inflammatory response 
typically resolves upon the clearance of the inciting stimuli and the repair of damaged 
tissues (Germolec et al., 2018). The resolution of acute inflammation is principally 
mediated by tissue-resident and recruited macrophages (Serhan et al., 2005). 

2.1.1.2 Chronic inflammation 

Chronic inflammation is the manifestation of unresolved acute inflammation. When 
the initial inflammatory stimuli persist and fail to be cleared, neutrophils are 
gradually replaced by increased macrophage infiltration, and more inflammatory 
mediators are continuously produced. This dysregulation may lead to various 
chronic diseases, including cancers, type 2 diabetes, rheumatoid arthritis, 
cardiovascular diseases, and atherosclerosis (Chen et al., 2018). 

The transition from the acute to the chronic phase of inflammation is 
characterized by a significant alteration in leukocyte composition. Initially, short-
lived neutrophils are replaced by macrophages, lymphocytes, and plasma cells at the 
site of tissue injury. This shift enhances the production of inflammatory cytokines, 
growth factors, and enzymes, thereby exacerbating tissue damage and initiating 
secondary repair mechanisms, including tissue remodeling and the formation of 
fibrotic scar tissue. Such phenomena are evident in conditions such as post-
myocardial infarction cardiac remodeling, granuloma formation resulting from the 
aggregation of macrophage clusters, and the development of tertiary lymphoid 
structures (Pahwa et al., 2023; Lambert et al., 2008; Yousuf et al., 2019; Milenkovic 
et al., 2019; Cutolo et al., 2019; Needham et al., 2019).  

Chronic inflammation differs from acute inflammation in several key aspects. It 
is characterized by a prolonged duration, lasting from months to years, and is marked 
by persistence and an inability to resolve. The progression of chronic inflammation 
is gradual and is associated with collateral tissue damage (Pahwa et al., 2023; 
Furman et al., 2019). The etiology of the chronic inflammatory phase is not solely 
attributed to the unsuccessful resolution of acute inflammation. Various triggers, 
including DAMPs—such as those arising from the exposome, metabolic 
dysfunction, and tissue injury—and lifestyle-associated molecular patterns 
(LAMPs), which encompass inflammatory factors derived from specific social, 
environmental, and lifestyle influences (e.g., excessive cholesterol intake, 
monosodium urate, oxidized low-density lipoprotein, alcohol consumption, and 
smoking), can contribute to the development of chronic inflammation (Furman et al., 
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2019; Oronsky et al., 2022). In contrast to the pronounced magnitude typically 
observed in acute inflammation, the initiation of chronic inflammation is generally 
characterized by low-grade intensity, often lacking overt signs and symptoms 
(Fioranelli et al., 2021; Furman et al., 2019). This phenomenon, referred to as low-
grade chronic inflammation, engages immune components that are distinct from 
those activated during the acute immune response (Chen et al., 2019; Furman et al., 
2019; Kaur et al., 2022). 

2.1.2 Overview of immune cells in inflammation 
Immune cells in general are migratory cells that are able to change their shape and 
physical characteristics in response to different stimuli as key component of human 
natural defense against outside invaders (Margraf et al., 2022). Within the immune 
system, distinct lineages of immune cells consist of various subsets, each with 
specific roles in modulating both immune activation and immune suppression (Fang 
et al., 2018). The diverse subsets of immune cells and their corresponding functions 
during inflammation can be delineated based on their specific actions and 
contributions to immune homeostasis. The immune system is commonly divided into 
two main branches: innate immunity and adaptive immunity, which both are engaged 
in acute and chronic inflammation (Turvey et al., 2010; Bonilla et al., 2010; Vaknin 
et al., 2011). Human immune system division and the immune cells are briefly 
described in Figure 3. 

Innate immunity constitutes the initial line of defense in the human body, 
delivering prompt and non-specific protection against a diverse array of pathogens. 
This system encompasses:  
(1) Anatomical barriers, including the integumentary system (skin) and mucous 

membranes, serve as the initial line of defense in the human body (Chaplin, 
2003; Medina, 2016). Additionally, physiological secretions such as tears, 
sweat, and urine contribute to this defense mechanism by facilitating the 
expulsion of potential pathogens (Kalló et al., 2022). 

(2) Physiological barriers encompass various chemical defense mechanisms, 
including the production of lysozyme and interferon, which establish 
inhospitable conditions for pathogens. Additionally, the regulation of 
temperature and pH serves to suppress microbial growth. These factors 
contribute to the overall efficacy of the immune response (Medina, 2006; 
Ragland et al., 2017; Schieber et al., 2016; Costa et al., 2022).  

(3) Endocytic and phagocytic defenses are mediated by specialized immune cells, 
including blood monocytes, neutrophils, and tissue macrophages (Medina, 
2006; Tan et al., 2015; Gordon, 2016). In instances where pathogens evade 
these anatomical barriers, the innate immune system is activated, engaging 
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immune cells such as neutrophils, macrophages, and dendritic cells. These 
cells utilize PRRs to identify conserved structures on pathogens (Thomson et 
al., 2011). Specifically, PRRs detect PAMPs, including lipopolysaccharides 
(LPS) and RNA, thereby initiating an immune response aimed at eliminating 
the invading pathogens (Vercammen et al., 2008).  

(4) Inflammatory response. The inflammatory response is initiated by infection 
and tissue damage, which serve as triggers for the inflammatory process. 
These stimuli lead to increased vascular permeability, resulting in the 
extravasation of fluid that contains serum proteins, including antibodies and 
bactericidal agents. This vascular response facilitates the rapid recruitment of 
additional phagocytic cells to the affected area (Medina, 2006; Borton, 2008; 
Soares et al., 2023; Asija et al., 2014; Kumar et al., 2012).  

 
Figure 3. Human immune system is an intricate network of cells and molecules working together 

to maintain homeostasis and protect the body. Inflammatory response is one of the 
barrier that bridge innate and adaptive immunity due to the involvement of leukocytes 
e.g. neutrophils, lymphocytes (T cells, B cells) and mast cells in both phases. 

Innate immunity employs numerous cells, including phagocytes (macrophages 
and neutrophils), dendritic cells, mast cells (which produce cytokines early after 
infection or injury), basophils, eosinophils, natural killer (NK) cells, innate lymphoid 
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cells (ILCs, which produce pro-inflammatory cytokines including interleukin-4 (IL-
4), interferon- γ (IFN-γ), and interleukin-17 (IL-17) that are needed to direct an 
appropriate immune response to specific pathogens), and lymphocytes (natural killer 
T cells) (Takeuchi et al., 2010; Kumagai et al., 2010; Beutler, 2009; Bedoui et al., 
2016). Each type of these cells serves a different function and targets different 
pathogens, which are discussed further in this chapter. 

Adaptive immunity is a highly specialized and antigen-specific component of 
the immune system. It requires a longer activation period compared to innate 
immunity but offers long-term protection against pathogens (Bonilla et al., 2010; 
Chi et al., 2024; Lanier et al., 2009). Adaptive immunity is characterized by the 
ability to recognize specific pathogens through the use of T cells that are activated 
via APCs and B cells, which further producing antibodies transported by plasma to 
the site of inflammation (Wang et al., 2024). A notable characteristic of adaptive 
immunity is its ability to retain a memory of previous infections. This immunological 
memory enables a more rapid and effective response upon subsequent exposure to 
the same pathogen (Lanier et al., 2009). 

Innate and adaptive immunity are intertwined to each other during inflammation 
by immune cells. 

Antigen presenting cells  

When pathogens bypass the innate immune defenses, adaptive immunity is called 
upon to target and neutralize specific threats (Farber et al., 2016). This process 
begins with APCs, such as dendritic cells, macrophages and lymphatic B cells, which 
capture and present pathogen fragments to lymphatic T cells (Netea et al., 2019).  

Lymphatic cells (T cell and B cell) 

Each T cell is equipped with a unique receptor, T-cell receptors (TCRs) that is 
activated upon recognizing fragments of antigens presented to them by the major 
histocompatibility complex (MHC) of APCs (Shah et al., 2021). These T cells then 
proliferate and patrol (trafficking) throughout the body via the bloodstream and 
lymphatic systems, searching for APCs presenting the corresponding antigens. 
Eventually, they accumulate in lymph nodes after finding the matched APCs (Hunter 
et al., 2016; Bajénoff et al., 2003). 

T cells then differentiate into different subsets, including T helper (Th) cells and 
T cytotoxic (Tc) cells. Th cells are CD4+ and function to help coordinate the immune 
response by releasing cytokines that activate other immune cells (Luckheeram et al., 
2012). Meanwhile, cytotoxic Tc cells are CD8+ and target and kill infected cells, 
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tumor cells, or virus-infected cells by inducing apoptosis (Jaime-Sanchez et al., 
2020). 

Several APCs further induce Th cells into subtypes: Th1, Th2, and Th17, each 
with distinct roles in the immune response (Martynova et al., 2022). Th1 cells 
produce IFN-γ, which promotes the activation of macrophages and promotes 
macrophage polarization to M1 type macrophages upon exposure to PAMPs, such 
as LPS during microbial infection (Arora et al., 2017). Th1 cells also support B cell 
differentiation to produce antibodies that aid in pathogen clearance (Mitsdoerffer et 
al., 2010). Th2 cells help to resolve inflammation by releasing cytokines such as IL-
4, IL-5, and IL-13, which are necessary mediators to polarize macrophages to the 
M2 phenotype, which contributes to the resolution of inflammation and becomes the 
main topic in this dissertation (Liu et al., 2014; Gitto et al., 2020). 

Another T helper cell subset, designated as Th17 cells, is implicated in the 
pathogenesis of chronic inflammation and autoimmune disorders (Zambrano-
Zaragoza et al., 2014). Th17 cells are engaged in the persistent inflammatory 
responses associated with conditions such as rheumatoid arthritis and multiple 
sclerosis (Waite et al., 2012). The equilibrium among Th1, Th2, and Th17 responses 
is essential for maintaining effective immune function while preventing the 
excessive inflammatory processes.  

B cells, another key player in adaptive immunity, produce antibodies that bind 
to specific antigens, neutralizing pathogens or marking them for destruction by 
phagocytes. Antibodies are transported through the bloodstream to sites of infection, 
where they can bind to and neutralize harmful microbes (Tsai et al., 2019). The 
process of antigen-specific immunity ensures that each pathogen is recognized and 
eliminated efficiently. 

2.2 Macrophages 
Macrophages are integral components of the innate immune system, playing pivotal 
roles in inflammatory responses and exhibiting significant plasticity in their 
functional adaptations to microenvironmental stimuli (Chen et al., 2023; Mosser et 
al., 2008). These cells are involved in a wide array of physiological processes, 
including the regulation of homeostasis, modulation of immune responses, and 
facilitation of tissue repair. Under homeostatic conditions, macrophages are 
designated as homeostatic macrophages (in vivo) and baseline macrophages (in 
vitro). During embryonic development, the human organism acquires tissue-resident 
macrophages from the yolk sac and fetal liver, which are influenced by their specific 
tissue environments and contribute to local homeostasis. Furthermore, monocyte-
derived macrophages migrate from the bloodstream into sites of tissue damage, 
where they perform essential functions in host defense and facilitate pathological 
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signaling (Lee et al., 2022; Ruytinx et al., 2018). Activation of macrophages (Figure 
4) occurs upon the recognition of stress signals via PRRs, as well as through the 
engagement of cytokine, chemokine, or growth factor receptors (Schultze et al., 
2016). Once activated, macrophages maintain their inherent plasticity, allowing 
them to transition between various functional phenotypes. This adaptability enables 
them to execute critical roles in immunomodulation, phagocytosis, and antigen 
presentation (Chen et al., 2023). In response to diverse stimuli, macrophages can 
polarize into distinct functional states, reflecting their ability to adapt and respond to 
the needs of their microenvironment (Mantovani et al., 2004). 

The macrophages classification continues to be a topic of considerable 
discussion within the scientific community. Nevertheless, the traditional 
designations of M1 and M2 macrophages, along with their respective subtypes, 
remain widely used for elucidating the role of macrophages in inflammatory 
processes (Chen et al., 2021; Wang et al., 2020). This binary classification offers a 
structured approach to comprehending the anti-inflammatory properties associated 
with CD206. 

M1 and M2 macrophages are often described as pro-inflammatory and anti-
inflammatory macrophages, respectively, each demonstrating distinct functional 
roles (Xia et al., 2023). As part of the first line of defense, macrophages engage in 
phagocytosis to eliminate noxious stimuli. Furthermore, they process and present 
antigens to guide a specific immune response (Sheu et al., 2022). Macrophage 
polarization is influenced by various inducers of inflammatory pathways (Figure 4) 
(Zhu, 2015; Nakayama et al., 2017; Endo et al., 2011; Walker et al., 2018; McAleer 
et al., 2008). PRRs, including TLRs and NOD-like receptors (NLRs), expressed on 
immune cells such as macrophages and dendritic cells, recognize PAMPs like 
lipopolysaccharides, glycoproteins, or nucleic acids, as well as DAMPs resulting 
from tissue injury or necrosis, which are often observed following events such as 
myocardial infarction (Zhao et al., 2021; Mogensen, 2009; Tang et al., 2012). In 
response, these immune cells release inflammatory mediators, including cytokines 
(e.g., IFN-γ, IL-6, IL-1β, TNF-α, chemokines, proteolytic enzymes, and lipid 
mediators (Medzhitov, 2008).  

M1 macrophages are typically activated following the recognition of LPS and 
IFN-γ, resulting in the secretion of various pro-inflammatory mediators, including 
IL-6, IL-1β, TNF-α, inducible nitric oxide synthase (iNOS), and various 
chemokines. These macrophages also exhibit the expression of surface markers such 
as CD40, CD80, CD86, and major histocompatibility complex class II (MHC-II). 
M1 macrophages play a pivotal role in the immune defense against pathogens and 
are instrumental in promoting the T helper 1 (Th1) response during the initial stages 
of inflammation. Furthermore, they are involved in the generation of reactive oxygen 
species (ROS), which, while contributing to pathogen elimination, may also lead to 
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tissue damage and hinder tissue regeneration and wound healing processes (Yadav 
et al., 2022; Zhao et al., 2010). 

The exact timing of when immune cells begin to produce anti-inflammatory 
cytokines, such as IL-4, IL-13, IL-10, and transforming growth factor-beta (TGF-β), 
which initiate the tissue repair or regeneration phase, remains unclear (Nikovics et 
al., 2023). However, it is established that exposure to secreted IL-4 (from 
granulocytes, T cells, mast cells, macrophages, and many others) and IL-13 (from 
CD4 T cells, basophils, eosinophils, mast cells, and NK T cells) induces the 
polarization of M0 macrophages into M2-type macrophages (Paul, 2015; Junttila, 
2018; Iwaszko et al., 2021; Song et al., 2021). M2 macrophages play a crucial role 
in mitigating inflammation, promoting tissue repair, and aiding in wound healing by 
secreting additional anti-inflammatory molecules, such as IL-10 and TGF-beta. 
Notably, these cytokines are not exclusively produced by macrophages; various 
immune cells can also release both cytokines and their associated receptors to 

Figure 4. Macrophage polarization from non-activated macrophages (M0) to M1 and M2 type 
macrophages. The figure illustrates one example of macrophage polarization signaling 
cascade amongst the other complex polarization pathway.  
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amplify their functions. For instance, Th2 cells produce IL-4 and IL-13, which 
facilitate the polarization of macrophages to the M2 phenotype. In turn, M2 
macrophages secrete additional anti-inflammatory cytokines, such as IL-10 and 
TGF-β, contributing to the resolution of inflammation (Wynn et al., 2013). 

M2 macrophages can be categorized into distinct subtypes, namely M2a, M2b, 
M2c, and M2d, which are differentiated based on their expression of cell surface 
proteins, cytokine production, and various other biological functions. Regardless of 
these subtype-specific characteristics, all M2 macrophages consistently express the 
mannose receptor CD206 on their cell surfaces. This makes CD206 one of the most 
specific markers for M2 macrophages, which are activated during the inflammation 
resolution process (Nikovics et al., 2023; Stein et al., 1992; Gordon, 2003; Atri et 
al., 2018). 

2.3 Macrophage mannose receptor 
Mannose is classified as a type of glycan. Glycans, which are also known as 
carbohydrates, saccharides, or sugars, represent one of the essential macromolecular 
building blocks of life, found naturally alongside nucleic acids (DNA and RNA), 
proteins, and lipids (Schnaar, 2016). The human glycome, which is the complete set 
of glycans, is primarily composed of nine fundamental building blocks: mannose 
(mannan), glucose, galactose, N-acetylglucosamine, N-acetylgalactosamine, L-
fucose, sialic acid, xylose, and glucuronic acid (Schnaar, 2016). These glycan 
building blocks can covalently bond to proteins or lipids through a process known 
as glycosylation, resulting in glycoproteins or glycolipids, which play vital roles in 
cell-cell and pathogen-cell recognition, as well as in the regulation of cellular 
functions (Reily et al., 2019; Loke et al., 2016). 

Glycoproteins can be classified into two major groups consisting of lectins and 
glycosaminoglycan-binding proteins (Varki, 2009). Furthermore, lectins are 
structurally subgrouped into several types, including C-type lectins (Ca2+ 
dependency), P-type lectins (phosphate dependency), I-type lectins 
(immunoglobulin-like carbohydrate recognition domains), S-type lectins (thiol 
dependency), and pentameric lectins (pentraxins) (Raposo et al., 2021). The 
mannose receptor family is classified as C-type lectins, with four family members: 
mannose receptor CD206, also known as the macrophage mannose receptor (MMR) 
or mannose receptor C-type 1 (MRC-1), due to its predominant expression on the 
surface of activated macrophages (specifically M2 type), Endo 180 (CD280, MRC-
2), DEC-205 (CD205), and phospholipase A(2) receptor (PLA(2)R). All four of 
these members share a similar domain arrangement, including an N-terminal 
cysteine-rich (CysR) domain, a single fibronectin type II domain (FNII), and eight 
to ten C-type lectin-like domains (CTLD) (Boskovic et al., 2006). 
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2.3.1 Mannose receptor CD206 and other types 
The mannose receptor CD206 belongs to the mannose receptor family, which also 
includes three other glycoprotein receptors: the recycling endocytic receptor 
Endo180 (CD280), the thymic epithelial cell receptor DEC-205 (CD205), and the 
phospholipase A2 receptor (PLA2R). These four receptors share a common 
structural framework characterized by a single polypeptide backbone that contains 
an N-terminal CysR domain, an FNII domain, and eight to ten CTLDs. As depicted 
in Figure 5, the mannose receptor family is categorized as a subgroup within the C-
type lectin superfamily. These receptors engage with carbohydrate-containing 

 
Figure 5. Protein, lipid, glycan and nucleic acid are four major kind of macromolecule, which 

further modified such as for synthesis of glycoprotein and glycolipid via covalent bonding 
with building blocks from carbohydrate set (glycome). C-type lectins is one subclass of 
lectins, which originating from glycoproteins and the Mannose Receptor family belongs 
to C-type lectins family. 
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ligands in a calcium-dependent manner and are classified as Type I transmembrane 
receptors (Boskovic et al., 2006; East et al., 2002; Brown et al., 2018). While they 
possess similar domains, each receptor employs a specific domain for interaction 
with its particular ligands, leading to differences in their ability to mediate endocytic 
and phagocytic pathways (East et al., 2002). Given their diverse multidomain 
structure and multifunctional roles, each member of the mannose receptor family 
exhibits a unique repertoire of ligands and is integral to the regulation of 
physiological homeostasis and the innate and adaptive immune responses through 
sugar ligand recognition (Brown et al., 2018; Boskovic et al., 2006).  

While the family members share common domains, CD206 is the only one with 
a functional CysR domain that binds sulfated carbohydrates or N-
acetylgalactosamine (GalNAc) sulfated. These ligands are found in lymphoid 
tissues, kidneys, the anterior pituitary (lutropin), and major cat allergens, while the 
other three family members lack sugar-binding ability in their CysR domains. The 
conserved FNII domain is functional only in CD206 and Endo180, where it binds 
collagen, including types I, II, III, IV, and V in CD206 and types I, IV, and V in 
Endo180. The CTLD domain functions exclusively in CD206 (CTLD4) and 
Endo180 (CTLD2), both of which are capable of calcium-dependent carbohydrate 
binding, such as mannose, fucose, or GalNAc. Functional CTLDs are beneficial to 
the immune system by recognizing and binding endogenous and exogenous 
molecules, including allergens and pathogens (viruses, fungi, bacteria, and 
helminths), as discussed in the inflammation chapter (Llorca, 2008; Martinez-
Pomares, 2012). Despite both CD206 and Endo180 having functional CTLDs for 
ligands such as mannose, one study revealed that CTLD2 in Endo180 contacted the 
CysR domain due to the globular structure of the Endo180 receptor tip, and this 
unique conformation is suspected to shift the ligand binding to Endo180 (Figure 6–
7) (Llorca, 2008). 

In general, the functional domains of the whole mannose receptor family are to 
recycle between the plasma membrane and the endosomal environment so that 
extracellular ligands can be internalized and delivered to the cell interior (Llorca, 
2008). Prof. Martinez-Pomares from the University of Nottingham has consisstently 
conducted remarkable investigations into the mannose receptor CD206 and has been 
an instrumental source of knowledge on mannose receptor CD206. 
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Figure 6. Organization of domains assembling the mannose receptor family members in linear 

arrangement. The functional domains for ligand interaction are marked with black star. 
(Modified from Llorca, 2008). 

 
Figure 7. Diagram of ligands for each of functional domain in mannose receptor CD206. (Modified 

from Martinez-Pomares, 2012). 
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2.3.2 Mannose receptor role in inflammation 

Table 1 Member of the Mannose Receptor family with their different functions and the location 
where they are expressed. 

Family member Location Function 

CD206 1-4 Macrophages, dendritic cells, 
selective lymphatic, liver endothelial 
cells 

Scavenger of harmful glycoproteins; 
phagocytosis mediator 

Endo180 5-12 Mesenchymal cells including 
fibroblasts and osteogenic cells 

Extracellular matrix remodeling 
through interaction with collagen; 
pathway of collagen turnover during 
malignancy, collagen biding receptor 

PLA2R 13, 14 Podocytes Internalize soluble lipolytic enzymes 
(PLA2) 

DEC-205 15, 16 Thymic cortical epithelium and 
dendritic cells, T and B lymphocytes, 
epithelial cells 

Antigen internalization to be 
presented to T lymphocytes 

References 1Taylor et al., 2005; 2Taylor et al., 2005; 3Taylor et al., 1992; 4Azad et al., 2014; 
5Behrendt et al., 2000; 6Thomas et al., 2005; 7Wienke et al., 2003; 8Kjoller et al., 2004; 9Curino et 
al., 2005; 10Wagenaar-Millet et al., 2007; 11Melander et al., 2015; 12Evans et al., 2023; 13Lambeau 
et al., 1990; 14Hoxha et al., 2012; 15Jiang et al., 1995; 16Butlet et al., 2007. 

The role of the mannose receptor CD206 in maintaining physiological 
homeostasis and recognizing pathogens during the initiation of inflammation is well 
established. The expression of the mannose receptor can be interpreted as a signal 
that the anti-inflammatory clearance response has effectively begun. Although the 
mannose receptor does not directly cause a fixed effect on inflammation, its 
cooperation with other signaling receptors promotes the reduction of pro-
inflammatory cytokines, modulates the secretion of anti-inflammatory cytokines, 
and ultimately contributes to the resolution of inflammation (Gazi, 2009). 
Anatomically, 10-30% of the mannose receptor is found on the cell surface, whereas 
the remaining 70% is located intracellularly (Gazi, 2009). As mentioned earlier, the 
mannose receptor consists of three distinct binding domains: CTLD, FNII, and 
CysR. Each of these domains has a unique functions and specific ligands that initiate 
various biological cascades, including those associated with inflammation. In our 
study, we utilized the mannose moiety as the ligand for our tracer, with the CTLD 
as responsible domain for the binding of the tracer to CD206 (Andriana et al., 2023; 
Andriana et al., 2024). The FNII domain of the mannose receptor is suggested to 
play a role in the migration of myeloid cells and in the degradation of collagen 
(Martinez-Pomares et al., 2006; Napper et al., 2006).  

Mannose receptor CD206's involvement in antigen processing and presentation 
stimulates CD8+ T cells via the class I MHC pathway, which is crucial for immune 
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responses against viruses and cancers (Burgdorf et al., 2008; Apostolopoulus et al., 
1995; Apostolopoulus et al., 2000). As an antigen-presenting cell, the mannose 
receptor directs ligands to the endosomal compartment, where antigen presentation 
occurs via class I and class II MHC, especially in the presence of infection. 

The mannose receptor's role in pathogen phagocytosis is well documented, 
including pathogens such as Mycobacterium kansasii, Mycobacterium tuberculosis, 
Francisella tularensis, and Candida albicans, by delaying phagosome maturation 
following phagocytosis (LeCabec et al., 2005; Kang et al., 2005; Schulert et al., 
2006; Marodi et al., 1991; Astarie-Dequeker et al., 1999). Furthermore, the mannose 
receptor is considered a professional phagocytic receptor (Taylor et al., 2005). 

Mannose receptors are categorized as non-canonical PRRs because they can bind 
both endogenous molecules and pathogens, mediating physiological clearance and 
bridging homeostasis with immunity. Therefore, the mannose receptor's role in 
facilitating PRR-induced responses in inflammation is complex and involves 
intracellular signaling activation. In collaboration with other receptors, the mannose 
receptor triggers further signaling cascades. Upon pathogen binding, the mannose 
receptor may form a functional complex with TLR2 on the cell surface, facilitating 
signal transduction (Tachado et al., 2007). 

2.4 Myocardial infarction 
Myocardial infarction, the most severe manifestation of coronary artery disease, is 
described as the cell death of cardiomyocytes caused by prolonged ischemia, which 
means an imbalance between oxygen demand and supply after the absence of blood 
flow to the heart (Reed et al., 2017; Thygesen et al., 2018; Frank et al., 2012). The 
European Society of Cardiology (ESC) and the American College of Cardiology 
(ACC) redefine the universal definition of MI using a biochemical and clinical 
approach as myocardial injury detected by biomarker abnormality (elevated cardiac 
troponin) in the setting of acute myocardial ischemia, which includes type 1 MI (due 
to atherothrombotic events) and type 2–5 MI (due to other potential causes of 
myocardial ischemia and myocyte necrosis) (Thygesen et al., 2018; Byrne et al., 
2023). MI remains one of the leading causes of mortality and morbidity. Following 
MI, several complications can arise when it is left untreated or the treatment is 
inadequate (Stephens et al., 2019). Despite developments in the treatment of acute 
MI, chronic left ventricular dysfunction and heart failure remain common after MI. 

2.4.1 Inflammation in myocardial infarction 
Inflammatory response following MI is a naturally innate and adaptive immune 
function aiming for cardiac recovery. Despite the ultimate goal of inflammatory 
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response being to recover the physiological function of the damaged tissue, it also 
critically contributes to the determination of the infarct size and adverse post-MI left 
ventricle (LV) remodeling (Matter et al., 2024). 

Cardiomyocytes death following ischemia then lead to the activation of a cascade 
of inflammatory pathway including the infiltration of inflammatory cells and 
mediators, which in a number of ways are potentially harmful, but also scavenge the 
debris and promote the healing process (Matter et al., 2024; Swirski et al., 2013; 
Libby et al., 2016). Hence, a controlled inflammatory response plays a pivotal role 
in cardiac recovery. 

Cardiac ischemia caused the myocytes death and tissue damages (Thygesen et 
al., 2012; Anderson et al., 2017). The necrotic cells then released DAMPs signal and 
ROS that contribute to clearance of dead cells, but can also damage healthy cells 
(Prabhu et al., 2017; Frangogiannis et al., 2022; Lefer et al., 2000; Dhalla et al., 
2000). DAMPs were then recognized by the PRR on resident immune cells, get 
activated and release the pro-inflammatory cytokines such as IL-1, IL-6 which 
promote the recruitment of neutrophil (PMNs) from blood circulation (Pittman et al., 
2013; Florentin et al., 2021).  

Neutrophil is one of the earliest innate immune cells that become the first line 
defense to clean the debris or damaged cells. Neutrophil also releases toxic content 
such as ROS, reactive nitrogen species, proteinase 3, cathepsin G and elastase which 
also cannot discriminate between the damaged cells and host targets; this can cause 
collateral damages to the host tissues and cause the pro-inflammatory response to 
keep getting worse (Nathan, 2006; Serhan et al., 2005). This inflammatory cascade 
can occure during the first 4 hours to 24 hours post-acute MI. When neutrophil 
phagocytose is insufficient to eliminate the damage source, then new characteristic 
of defense is needed (Medzhitov, 2008). The neutrophil and the damaged cell release 
chemotactic factors that stimulate the recruitment of myeloid macrophages to the 
damaged tissue and replace the infiltration of neutrophil, which can start from day 1 
post MI (Frodermann et al., 2017; Shen et al., 2025; Medzhitov, 2008).  

Togather with the macrophages, the T cells are activated in the cardiac draining 
lymph node, which then differentiate to T-helper cells and regulatory T (Treg) cells 
(Matter et al., 2024; Hoffman et al., 2016; Corthay, 2009). The differentiated Th1 
cells release the cytokines such as IFNγ that promote inactivated macrophages to M1 
type macrophages (classically activated macrophages, pro-inflammatory 
macrophages), which also phagocytose the debris (Ruan et al., 2023; Jayasingan et 
al., 2020; Sica et al., 2012). However, M1 macrophages also release cytokines that 
stimulate more neutrophil recruitment from blood circulation. These waves together 
are known as pro-inflammatory phase and can occur from day 1 to day 3, with a peak 
on day 3 – 4 and start to decrease on day 5 post MI (Ong et al., 2018; Nahrendorf et 
al., 2007; Nahrendorf et al., 2010).  
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On the other hand, Th-cell also polarize into Th2 cells which promote the 
inactivated macrophages to M2-type macrophages (alternatively macrophages, anti-
inflammatory macrophages) via their released cytokines such as IL-4 and IL-10 
(Guan et al., 2023; Gonzales et al., 2022; Sica et al., 2012). These concepts are used 
in in vitro setting to artificially polarize human blood monocytes, either to M1 
macrophages with LPS and IFNγ, or to M2 macrophages with IL-4 and IL-10. In 
addition, Treg cells from activated T cell also release the anti-inflammatory 
cytokines and together with Th2 cells promote the macrophage polarization to M2 
type and stimulate the healing or inflammation resolution process (Saraiva et al., 
2010; Wynn et al., 2016). M2 macrophages were known to peak day 7 following MI 
(Ong et al., 2018; Nahrendorf et al., 2007; Nahrendorf et al., 2010).  

When the anti-inflammatory macrophages attempt to engulf and clean the debris 
and damaged cells, the macrophages will form granulomas, which are the clusters of 
macrophages, in attempt to protect the host (Li et al., 2023; Guan et al., 2023; 
Medzhitov, 2008). M2 macrophages secretes the pro-fibrotic activities factors such 
as TGF-β1, IL-4, (Platelet-derived growth factor ) PDGF and IL-13 and determine 
the repair of infarcted heart by regulating fibroblast activation, stimulate fibroblast 
proliferation and myofibroblast activation (Shen et  al., 2025; Shiraisi et al., 2016; 
Wang et al., 2019; Jiang et al., 2024). Fibrotic tissue formation compensates for the 
loss of cardiomyocytes due to necrosis (Shen et al., 2025; Shiraisi et al., 2016). These 
cascade are illustrated in Figure 8.  

Within 1 week following MI, macrophage function related to recovery and 
inflammation are increasing and these cardiac macrophages interact with other 
professional immune cells and various other cell types such as cardiomyocytes 
themselves, PMNs, monocytes, B cells, apoptotic cells, Treg cells, lymphatic 
endothelial cells, endothelial cells, fibroblast and myofibroblasts. One of those 
interactions is efferocytosis (clearance of the apoptotic cells by the macrophages) 
which contribute to myofibroblast activation and scar formation (Thorp, 2023). 
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Figure 8. Inflammatory response following acute myocardial infarction. Not all cytokines, 

chemokines and immune cells involved in the actual inflammatory cascade are 
mentioned in the figure. 
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2.4.2 Macrophage mannose receptor CD206 in MI 
The role of the mannose receptor CD206 in inflammation was discussed in the 
previous chapter, along with three other types of mannose receptors. Due to its 
predominant expression on macrophages, CD206 is often referred to as the MMR 
(Azad et al., 2014). As inflammation plays a crucial role in restoring physiological 
homeostasis after MI, several studies have explored targeting CD206 for MI imaging 
and therapy. 

The role of CD206 in MI has been primarily explored in the context of the 
inflammatory response that follows the event. In addition to its role as a pattern 
recognition receptor expressed on anti-inflammatory macrophages (M2 
macrophages), CD206 is a signature receptor of the resolution of the inflammation 
phase (García et al., 2021). 

Following MI, tissue regeneration and enhanced cardiomyocyte proliferation are 
the ultimate goals. Considering that all cell surfaces and extracellular matrices are 
glycosylated, carbohydrates, especially mannose (CD206 ligand), play a major role 
in tissue regeneration after MI, as mannose has been found to be the most abundant 
glycan in the left and right ventricles. This indicates the key contribution of mannose 
and CD206 in glycosylation to achieve effective tissue regeneration post-MI (Varki, 
2017; Contessotto et al., 2020). The involvement of CD206 in cardiac recovery was 
also demonstrated by Siraishi and coworkers, who ablated tribbles pseudokinase 1 
(TRIB1) in mice, which depleted M2 macrophages after MI and caused impaired 
fibroblast activation in the infarct, leading to an increased rate of myocardial rupture 
(Shiraishi et al., 2016).  

In addition to sentinel lymph node detection, CD206 targeting has been 
investigated with a focus on cancer detection due to its overexpression in tumor-
associated macrophages (TAMs), also known as M2-like macrophages. Expanding 
the focus to cardiovascular diseases has also been investigated, especially in 
atherosclerosis, with promising results in detecting vulnerable plaques. However, 
CD206 targeting in MI is very limited. One preclinical study on experimental acute 
MI was conducted in rodents with permanent ligation of the left anterior descending 
(LAD) coronary artery. The anti-MMR nanobody-based fragment was labeled with 
Gallium-68 [68Ga]Ga-NOTA-anti-MMR nanobody) and showed higher tracer 
uptake in the MI area of LAD-ligated rats (infarct-to-remote ratio of 1.3 ± 0.2 in rats 
7 days after LAD ligation) and mice, compared to the sham-operated control group 
(Varasteh et al., 2022). Research focusing on CD206-targeting PET tracers for 
imaging MI remains very limited, in addition to its application in the detection of 
other inflammatory-related diseases by PET, as summarized earlier in table II. 



Putri Andriana 

 36 

2.5 Nuclear molecular imaging 
Molecular imaging is generally described as the in vivo characterization and 
quantification of biological, physiological, and pathological processes at the cellular 
and molecular levels in the body (Weissleder et al., 2001; MacRitchie et al., 2020). 
In clinical imaging practice, anatomically based imaging techniques, including 
computed tomography (CT), magnetic resonance imaging (MRI), and ultrasound, 
remain the first line for the detection of inflammation (Subramaniam et al., 2007; 
Gotthardt et al., 2010). Anatomical information is crucial for disease diagnosis but 
is not sufficient to provide the functional information needed to determine the precise 
diagnosis, especially in the early phases when many diseases have barely established 
structural changes (Kumar et al., 2008). Therefore, nuclear molecular imaging is 
useful for complementing the role of structural imaging modalities, creating hybrid 
imaging modalities such as PET/CT, Single photon emission computed 
tomography/computed tomography (SPECT/CT), and PET/MRI for the diagnosis of 
inflammatory-related diseases in most clinical settings (MacRitchie et al., 2020). 

Nuclear imaging is one medical specialty of nuclear medicine applied for disease 
diagnosis that utilizes radioactive materials, which involve the non-invasive 
administration of a small quantity of radiotracers or radiopharmaceuticals by 
injection, inhalation, or ingestion (Sureshkumar et al., 2020). In cardiology, nuclear 
imaging is considered to play a significant role in the diagnosis and management 
plan for patients with coronary artery disease, in addition to inflammatory-related 
diseases such as rheumatoid arthritis, inflammatory bowel diseases, osteomyelitis, 
sarcoidosis, and others (Pedretti et al. 2024; Jamar et al., 2023; Noriega–Álvarez et 
al., 2023; Valero - Martínez et al., 2024). Nuclear imaging can be divided into 
positron emission tomography (PET) and single-photon emission computed 
tomography (SPECT). 

2.5.1 PET 
PET imaging has its roots in 1932, when the positron was first discovered. This 
breakthrough was followed by the invention of the cyclotron and the development 
of artificial radioisotopes such as carbon-11, nitrogen-13, oxygen-15, and fluorine-
18—key components used in PET imaging today. Between 1950 and 1970, 
cyclotrons were first installed at medical centers, enabling the local production of 
positron-emitting radioisotopes. In the mid-1970s, the development and 
implementation of dedicated PET imaging systems began, marking the start of 
clinical PET imaging as we know it today (Rich, 1997).  

PET imaging is a visualization technique that assesses physiological functions at 
the molecular level by analyzing blood flow, metabolic activities, their metabolites, 
and neurotransmitters. This approach enables quantitative analysis, facilitating the 

https://pubmed.ncbi.nlm.nih.gov/?term=%22Valero-Mart%C3%ADnez%20C%22%5BAuthor%5D
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monitoring of relative changes over time, which provides insights into the 
progression of disease by utilizing positron-emitting radionuclides (Berger, 2002). 
There are several radionuclides used for PET imaging that are produced by 
cyclotrons, including: fluorine-18 (t1/2 109.8 min), carbon-11 (t1/2 20.4 min), 
nitrogen-13 (t1/2 10 min), oxygen-15 (t1/2 2 min), Iodine-124 (t1/2 4.2 d), Cupper-64 
(t1/2 12.7 h), yttrium-86 (t1/2 14.7 h), and zirconium-89 (t1/2 78.4 h), and by generators, 
including gallium-68 (t1/2 67.7 min), scandium-44 (t1/2 4 h), and rubidium-82 (t1/2 1.3 
min) (Rong et al., 2023; Ametamey et al., 2008; Wei et al., 2020; Taïeb et al., 2019; 
Müller et al., 2018; Reiner et al., 2014; Knight et al., 2014). An exception is that 
gallium-68 and scandium-44 can also be produced by cyclotrons, and Cupper-64 can 
be produced by reactors (Pandey et al., 2014; Nelson et al., 2020; Severin et al., 
2012; Mikolajczak et al., 2021; Cakravarty et al., 2020). 

The basic principle of PET imaging is based on the detection of photons by the 
PET scanner detector (Figure 9). Neutron-deficient unstable positron-emitting 
radionuclides are attached to the ligand that will direct the tracer to a specific 
target. A spontaneous decay occurs to reach a stable form of the radionuclide by 
converting the extra proton (p) to a neutron (n) and simultaneously emitting a 
positron (e+) and a neutrino (v). Positron emission is one form of beta decay, which 
emits a positively charged beta particle (β+), in addition to the other two modes: 
negative beta decay (β-) and electron capture (Welsh, 2007; Welsh, 2006). The 
emitted positron travels and scatters until it encounters an electron (e-) and collides. 
This collision causes positron-electron annihilation, which converts mass to energy 
in the form of two photons. Each photon generates 511 keV of energy according 
to Einstein's relativity formula E = mc2. The two photons are emitted in opposite 
directions at approximately 180 degrees with a small deviation (± 0.3 degrees) due 
to random variations in residual momentum at the time of annihilation. These two 
photons are simultaneously detected by the PET scanner through a process called 
coincidence detection, which allows the system to accurately localize the point of 
annihilation along a straight line, thereby enabling high-resolution, three-
dimensional imaging of tracer distribution within the body (Cherry et al., 2012). 
The photons are absorbed by the crystal scintillator, producing light that is 
converted into an electrical signal, which is processed as quantitative data (Berger, 
2002; Vaquero et al., 2015; Cole et al., 2015; Spinks, 1999). The basic principle 
of PET imaging is depicted in Figure 9 below. The fluorine-18 decays to the stable 
nuclide oxygen-18: 
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18
9 F → 18

8 O + 𝑒𝑒+ + 𝑣𝑣𝜀𝜀 

 
Figure 9. Schematic representation of annihilation coincidence that is detected by PET detector. 

Fluorine-18 and cardiac imaging is used for representative illustration. (Modified from 
Vaquero et al., 2017) 

Currently, the most widely used positron emitters in clinical practice is fluorine-
18, particularly for small molecule (such as D10CM) and peptide tracers, even 
though other radionuclide such as 68Ga are also commonly used both in clinical and 
preclinical settings. Additionally, isotopes such as 89Zr are increasingly used in 
immune-PET and antibody-based applications (Rong et al., 2023; Sonderlund et al., 
2015). The longer physical half-life of fluorine-18 (t1/2 109.77 min) compared to 68Ga 
(t1/2 67.83 min) accommodates tracer production requiring longer protocols as well 
as imaging. The lower positron energy of fluorine-18 (Emax 0.63 MeV) compared to 
68Ga (Emax 1.90 MeV) provides higher image spatial resolution, which is desirable 
for the visualization of small targets. On the other hand, 68Ga offers generally 
straightforward radiolabeling protocols. 68Ga can be conveniently obtained from a 
68Ge/68Ga generator that can be situated in laboratories along with imaging facilities, 
while fluorine-18 production requires a cyclotron-equipped facility. However, 
nowadays, fluorine-18 transportation to a non-cyclotron-equipped facility can be 
easily realized. One other major advantage of 18F-labeled tracers is the possibility to 
produce them with high molar activity, which is important for imaging low tissue 
density (Ajenjo et al., 2021; Eskola et al., 2012). Up until now, [18F]fluoride is the 
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most widely used radionuclide due to the relatively pure positron emission process 
and low beta-energy of fluorine-18. The emitted positron from fluorine-18 travels a 
shorter distance (typically 1–2 mm) until it interacts with the tissue electron, 
compared to other radionuclides with higher beta-energy. 

2.5.2 SPECT 
Single photon emission computed tomography (SPECT) is another type of nuclear 
imaging that provide physiological function similar to PET. However, the basic 
principle of SPECT imaging is step-wise simpler. Unlike PET imaging that requires 
the use of positron emitters, SPECT directly measures the photon (gamma radiation) 
emitted during the decay of unstable radionuclide to the stable form and generates 
lower energy. There is only one photon produced from the decay that is then 
absorbed by the collimator and detected by the SPECT detector to eventually 
produce three-dimensional images. Another imaging method that detects energy for 
image generation is gamma scintigraphy, also referred to as planar imaging, which 
generates two-dimensional images. The basic principle of conventional planar 
imaging and SPECT imaging is similar, but SPECT acquires multiple 2D images 
while rotating around the object of imaging. This factor makes SPECT superior, 
offering greater precision in quantifying the accumulation of tracers in targeted 
tissues (Conway, 2012). Additionally, SPECT imaging is more cost-effective 
compared to PET. It does not require a local cyclotron for radionuclide production, 
and SPECT scanners are more widely available and less expensive than current 
PET/CT scanners that combine both positron emission tomography and computed 
tomography technologies (Davis et al., 2020). The radiopharmaceuticals used in 
SPECT are also cheaper and easier to distribute (Crișan et al., 2022). Furthermore, 
SPECT radionuclides typically have relatively long physical half-lives, which allow 
for extended preparation times—a feature that is particularly advantageous in 
hospital settings (Yandrapalli et al., 2022; Brooks, 2005; Xu et al., 2012). Although 
long-lived PET radionuclides such as ⁸⁹Zr, ¹²⁴I, and ⁶⁴Cu are available, they are 
valuable for specialized applications like immuno-PET and targeted theranostics. 
Additionally, they produce higher radiation burden and require more complex 
production and handling protocols. In contrast, ⁹⁹ᵐTc offers a more favorable balance 
of safety, availability, and logistical ease, making it more suitable for routine 
diagnostic imaging. 

SPECT imaging detects gamma energy ranging from 30 to 300 keV from 
radionuclides. The metastable form of technetium-99 (99mTc) is currently the most 
used gamma-emitting radionuclide for SPECT imaging, with a physical half-life 
(t1/2) of 6.03 hours and a gamma energy of 140 keV (Papagiannopoulou, 2017). Other 
commonly used radionuclides for SPECT imaging include 123I (t1/2 13.22 hours, 159 
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keV), 111In (t1/2 2.80 days, 171.25 keV), 67Ga (t1/2 78.20 hours, 93 keV), 155Tb (t1/2 

5.32 days, 105 keV), and to a lesser extent, some use 201Tl (t1/2 73 hours, 167.4 keV) 
(Müller et al., 2014; Hutton, 2014; Khalil et al., 2011; Koniar et al., 2024; 
Blanchardon et al., 2005; Gomes et al., 2011). The higher the gamma energy, the 
more scintillation photons reach the photomultiplier tube, contributing to fewer 
variations in the recorded position of the source (Finn et al., 2023). It is evident that 
each of the radionuclides mentioned here emits gamma rays within different spectra. 
This allows for the simultaneous SPECT imaging of multiple probes labeled with 
different radionuclides and the visualization of multiple cellular or molecular events 
(Gomes et al., 2011). 

99mTc is produced using generator from the mother radionuclide molybdenum-
99 (99Mo, t1/2 66 h) decay (Green, 2012). Relatively easy preparation of 99mTc labeled 
tracer which are usually carried out through freeze-dried instant kit formulation, 
longer physical half-life than most PET radionuclide, and sufficient E𝛾𝛾 radiation are 
beneficial for hospital preparation before administration to patient and able to collect 
high quality images (Duatti, 2021). Basic principle of SPECT imaging is depicted 
below in Figure 10.  

Figure 10. Schematic representation of photon emitted during 99mTc decay to the stable 99Tc. Dash 
line show the emitted photon absorbed by the collimator and the full line represent the 
photon that pass through collimator and reach the SPECT crystal detector that later are 
converted as digital signal as quantitative data. 99mTc and cardiac imaging is used for 
representative illustration. 
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2.5.3 PET and SPECT: comparative imaging modalities 
Multiple factors are considered between PET and SPECT imaging to be employed in 
radiopharmaceutical development. In clinical evaluation, PET generally has better 
spatial resolution (4-6 mm) compared to SPECT, which has a clinical standard 
maximum spatial resolution of 6-8 mm and can achieve resolutions below 1 mm, 
respectively (Dall’ara et al., 2016). For preclinical evaluation, the spatial resolution of 
PET and SPECT should ideally accommodate the smaller organ size of the animal 
subjects. PET can provide a spatial resolution of 1.5–1.6 mm with advanced light 
detector technology, and even below 1 mm. With some research systems, PET can 
achieve sub-millimeter spatial resolution for structures as small as 0.7–0.8 mm. Even 
though this resolution is still relatively low considering the small size of animals such 
as mice, improvements in PET modality have been consistently observed over the last 
few years (Dall’Ara et al., 2016; España et al., 2014; Weissler et al., 2015). SPECT, on 
the other hand, can provide resolutions below 1 mm using different types of collimators, 
such as pinhole or multi-pinhole collimators, instead of using standard collimators that 
have a resolution of 6-8 mm (Van Audenhaege et al., 2015; Acton et al., 2003). 

One other important aspect is sensitivity. SPECT is known to have lower 
sensitivity (approximately 10 times lower) compared to PET in clinical and 
preclinical settings. This is due to the basic mechanism of SPECT, which operates 
with collimators. Considerable amounts of emitted gamma rays are lost in absorptive 
collimation (Sandhu et al., 2010; Rowland et al., 2008). While PET is equipped with 
a crystal scintillator that absorbs both photons resulting from annihilation 
coincidence, consequently, PET has higher sensitivity, providing functional and 
molecular information by detecting tracers within nanomolar and picomolar 
concentrations (Khalil et al., 2011; Gotthardt et al., 2010).  

While both PET and SPECT are valuable molecular imaging modalities, PET offers 
several key advantages that justify its use even when a corresponding SPECT tracer 
exists. Most importantly, PET enables absolute quantification of tracer uptake, whereas 
SPECT is generally limited to semi-quantitative or relative measurements. This 
difference arises because PET systems are calibrated to detect coincidence events from 
positron annihilation, which allows for more accurate measurement of tracer 
concentration in tissues (e.g., in Bq/mL or SUV). In contrast, SPECT detects single 
photons, which are emitted isotropically, and the process is more prone to attenuation 
and scatter, making accurate quantification more difficult without complex corrections. 
Although quantitative SPECT methods are evolving, PET remains the gold standard for 
applications requiring precise, reproducible measurements—such as monitoring 
inflammation, evaluating target expression, or assessing treatment response. 

Furthermore, PET typically involves shorter-lived isotopes like ¹⁸F, which 
contribute to lower radiation doses and faster image acquisition. These characteristics 
make PET particularly advantageous in preclinical and clinical settings where image 
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quality, quantification, and safety are critical. For these reasons, PET imaging provides 
meaningful technical improvements over SPECT that justify the repurposing of the 
D10M tracer for PET applications. In addition to improved resolution and sensitivity, 
PET offers absolute quantification of tracer uptake, enabling precise assessment of 
target engagement and dose–response relationships. This makes PET a particularly 
valuable tool in therapy development, where accurate measurements are essential for 
identifying effective doses, monitoring treatment response, and supporting 
translational research. When considering whether a tracer will progress to clinical trials 
or be used in therapeutic contexts, PET remains the gold standard due to its quantitative 
accuracy, reproducibility, and regulatory acceptance bodies such as the U.S. Food and 
Drug Administration and the European Medicines Agency for use in early-phase 
clinical studies and biomarker validation. Despite both imaging modalities have been 
rapidly employed in the early stages of drug development, and advances to improve 
their limitations have gradually increased, one systematic review revealed that PET 
was used 4.7 times more frequently than SPECT in clinical drug development (Son et 
al., 2019).  

2.6 PET imaging of macrophages 
Macrophages play a central role in inflammation, tissue remodeling, and immune 
regulation, making them a compelling target for molecular imaging in a variety of 
diseases, including cancer, neuroinflammation, and cardiovascular pathology. Several 
PET tracers have been developed to visualize macrophages in vivo, targeting molecular 
markers that reflect their activation state, recruitment, and phenotypic polarization.  

Imaging macrophages offers valuable insights into the immune response 
following inflammatory processes. Several surface receptors and molecular features 
of macrophages have been investigated for their feasibility as imaging targets in 
inflammation and inflammation-related diseases. PET imaging of activated 
macrophages, regardless of their phenotypic subtype, has been developed for the 
diagnosis and monitoring of various conditions.  

One of the most extensively studied targets is the 18 kDa translocator protein 
(TSPO), a mitochondrial protein upregulated in activated macrophages and 
microglia. TSPO-targeted PET tracers such as [¹¹C]PK11195, second-generation 
ligands like [¹⁸F]DPA-714 and [18F]FEMPA have been widely applied in 
neuroinflammation and cardiovascular imaging, including conditions such as 
myocarditis and atherosclerosis (Malpetti et al., 2021; Kaneko et al., 2022; 
Gaemperli et al., 2012; Hellberg et al., 2018; Kim et al., 2018). Another target, 
CCR2, a chemokine receptor expressed on macrophages, has been imaged using 
tracers like [⁶⁸Ga]ECL1i to assess cardiac injury (Cifarelli et al., 2021). CD68, a pan-
macrophage lysosomal marker, has also been explored in PET imaging—for 
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example, using [¹⁸F]FEPPA to visualize neuroinflammation in non-human primates 
(Zammit et al., 2020). However, TSPO, CCR2, and CD68 lack of ability to 
distinguish between macrophage phenotypes and their expression by non-
macrophage cell types, limit their specificity for macrophage subset imaging. 

Targeting specific polarized macrophage subsets enables differentiation between 
ongoing pro-inflammatory activity and the resolution phase of inflammation by 
imaging M1 and M2 macrophages, respectively. This strategy is important for 
inflammation imaging because it moves beyond simply detecting the presence of 
immune activity, enabling the characterization of the specific phase and quality of 
the inflammatory response. By distinguishing between pro-inflammatory and anti-
inflammatory or reparative macrophage populations, it becomes possible to assess 
whether inflammation is escalating, persisting, or resolving. This phenotypic 
specificity enhances diagnostic accuracy, supports prognostic evaluation, and can 
guide personalized therapeutic interventions—especially in chronic or complex 
inflammatory conditions where standard imaging lacks sufficient resolution of 
immune dynamics. Several receptors of M1 and M2 macrophages have been 
evaluated as biomarkers for detection of various inflammatory diseases.  

The PET tracer [¹⁸F]NOS, which targets inducible nitric oxide synthase (iNOS), 
an enzyme specifically upregulated in classically activated (M1) macrophages, has 
been evaluated for imaging pulmonary and cardiovascular inflammation (Herrero et 
al., 2012; Wetherill et al., 2023). Another M1-associated target, CD80/CD86, 
consists of co-stimulatory receptors that are highly expressed on M1 macrophages 
and  have been investigated in preclinical models using [⁶⁴Cu]NODAGA-abatacept 
PET imaging to monitor lipopolysaccharide (LPS)-induced local inflammation in 
mice (Taddio et al., 2021). Although these markers offer greater specificity toward 
the M1 phenotype compared to more general macrophage markers, each presents 
limitations. iNOS expression is tightly regulated, as excessive nitric oxide 
production can cause tissue damage. Moreover, iNOS expression is limited to the 
acute phase of inflammation, making PET imaging highly time-sensitive. If imaging 
is performed too early or too late, iNOS levels may be undetectable, even if 
inflammation is still ongoing or entering the resolution phase. On the other hand, 
CD80/CD86 are also expressed on dendritic cells and activated B cells, reducing 
macrophage specificity. 

PET imaging targeting alternatively activated macrophages (M2) has shown 
steady progress, with increasing interest in surface receptors as biomarkers of 
inflammation. Among the most studied are the folate receptor-β (FR-β) and the 
mannose receptor CD206. Both have demonstrated promising results in preclinical 
models of inflammatory and tumor-related diseases. 

While many successful studies have reported that FR-β is highly expressed on 
M2 macrophages, its expression appears to be context-dependent. For instance, in a 
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rheumatoid arthritis model, FR-β-targeted PET imaging revealed expression in M1 
macrophages. In contrast, studies using glioblastoma and melanoma models 
identified FR-β expression in M2 macrophages. Similarly, in an atherosclerosis 
model, FR-β expression was not exclusive to either M1 or M2 macrophage subsets. 
These findings suggest that FR-β expression may vary in response to different 
microenvironmental stimuli, limiting its utility as a universal M2 marker (Furusho 
et al., 2012). Nonetheless, PET imaging targeting FR-β has advanced to clinical 
studies, including a 2020 trial using [¹⁸F]fluoro-PEG-folate (Verweij et al., 2020). 
Ongoing efforts aim to optimize FR-β-targeting tracers through chemical structure 
modifications to improve specificity and performance. 

Another potential M2 marker is the CD163 receptor, which has been identified as 
a promising biomarker for PET imaging of M2 macrophages and M2-like tumor-
associated macrophages (TAMs). A novel tracer, [¹⁸F]AlF-NODA-MP-C6-
CTHRSSVVC, has been developed for the purpose of tumor imaging (Fernandes et al., 
2024). Although CD163 is mostly evaluated for tumor imaging, its expression has also 
been detected in both inflammatory and malignant disease contexts. A study using 
[⁶⁴Cu]/[⁶⁸Ga]-NODAGA-ICT-01 in ApoE⁻/⁻ atherosclerotic mice and a reperfused 
myocardial infarction model demonstrated CD163's imaging potential in cardiovascular 
inflammation (Zhang et al., 2024). In another study, the CD163-targeted PET tracer 
[⁶⁸Ga]Ga-NOTA-anti-CD163 nanobody enabled dynamic tracking of TAMs during 
immunotherapy and linked their spatial distribution to therapeutic response (Lauwers 
et al., 2024). Despite these promising results, CD163-targeted imaging faces 
challenges. Ligand availability is currently limited to antibodies or antibody fragments, 
which are large, costly, and have slow pharmacokinetics that hinder efficient imaging. 
Moreover, CD163 is less abundantly expressed on general M2 macrophages compared 
to the M2c subtype, limiting its versatility across disease types.  

CD206, also known as the macrophage mannose receptor, is currently the most 
widely used M2 macrophage marker in radiotracer development. Compared to 
CD163, CD206 is more extensively studied, and its expression is not limited to a 
specific M2 macrophage subtype. This broad expression pattern makes CD206 an 
attractive biomarker for imaging a wide range of inflammation-related diseases, 
including fibrosis, atherosclerosis, and myocardial infarction. 

As a signature marker of alternatively activated (M2-like) macrophages, CD206 
imaging may provide insights into the immune response during the resolution phase 
of inflammation. Importantly, CD206 has well-characterized natural ligands, such as 
mannosylated structures—most notably utilized in the clinically approved [⁹⁹ᵐTc]-
tilmanocept (a mannosylated dextran) (Vera et al., 2001; Leong, 2022; Pirmettis et 
al., 2012; Tahara et al., 2014). This biological compatibility facilitates the 
development of radiotracers using small molecules, peptides, and nanoparticle 
platforms. Additionally, rapid advancements in CD206-targeted imaging have 



Review of the Literature 

 45 

improved the accessibility of chemical precursors, making CD206 a practical and 
scalable target for PET tracer development.  

2.7 PET imaging of mannose receptor CD206 
Over the past two decades, several radiotracers targeting the mannose receptor 
CD206 have been developed for preclinical and clinical imaging using both SPECT 
and PET modalities. Table 2 summarizes representative examples of these tracers, 
illustrating the progression from early SPECT agents to more recent PET tracers 
designed for applications such as tumor-associated macrophage (TAM) imaging and 
cardiovascular inflammation.  

A key milestone was the development of 99mTc-mannosyl-dextran for sentinel 
lymph node detection, targeting CD206 expressed in lymphatic tissues (Vera et al., 
2021). Following its promising preclinical results, a Phase I clinical trial was 
conducted in 2003 in breast cancer patients, and the tracer was ultimately FDA-
approved in 2013 for clinical use in lymphatic mapping and sentinel node biopsy 
(Wallace et al., 2003; Wallace et al., 2013). Building on this work, Pirmettis et al. 
developed a more stable chelator for labeling mannosylated dextran derivatives 
(DCM), optimizing 99mTc labeling and biodistribution (Pirmettis et al., 2012; 
Papassava et al., 2021). Their group has since produced a series of 99mTc-DCM 
tracers of varying molecular sizes (Table 2).  

With growing interest in macrophage imaging and the known expression of 
CD206 on TAMs and anti-inflammatory macrophages, attention has shifted toward 
PET imaging to harness its advantages over SPECT — including better spatial 
resolution and quantification, as discussed in more detail in the previous section. In 
2014, Tahara and his group introduced the first PET tracer targeting CD206 — 
[¹⁸F]FDM — marking a shift from lymph node mapping to macrophage imaging in 
tumor contexts (Tahara et al., 2014). Since then, a variety of CD206-targeted PET 
tracers have been developed using different chemical platforms suited to various 
preclinical and translational settings. 

The present study builds on this foundation by repurposing a clinically validated, 
FDA-approved SPECT tracer platform — mannosylated dextran — for PET 
imaging. Specifically, we collaborated with Pirmettis’ group to develop 18F-labeled 
DCM and for preliminary preclinical evaluation, a low-molecular-weight 
mannosylated dextran derivative was selected to optimize in vivo pharmacokinetics 
by balancing receptor binding, tissue penetration, and clearance. A NOTA chelator 
was conjugated via a cysteine linker in D10CM structure to enable radiolabeling 
through the Al[¹⁸F]F method.  

Repurposing this platform for PET offers the benefits of improved resolution, 
quantitative imaging, and translational potential, while retaining the biological 
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specificity and clinical familiarity of the parent SPECT tracer. [¹⁸F]AlF-NOTA-
D10CM thus represents a rational development of CD206-targeted imaging tools 
toward clinical PET applications in inflammation. 

Table 2. Mannose receptor CD206-targeted imaging of inflammation-associated conditions. 

Radiotracer Mannosylated 
platform 

Application Imaging 
modality 

64Cu-labeled MAN-LIPs 1 Vesicle Tumor-associated macrophages 
detection 

PET 

[18F]FB-anti-MMR 
Specialized domain 
antibody (sdAb) 2 

Antibody / 
Antibody fragment 

Tumor-associated macrophages 
detection 

PET 

[68Ga]Ga-NOTA-anti-
MMR-sdAb 3,4 

Antibody / 
Antibody fragment 

Human radiation dose and 
protumorigenic macrophages 
detection in solid tumors (Clinical 
study) 

PET 

[68Ga]Ga-NOTA-anti-MMR 
nanobody (Nb) 5,6 

Antibody / 
Antibody fragment 

Atheroslerosis, myocardial 
infarction 

PET 

[68Ga]Ga-RP832c 7 Peptide Cancer detection PET 
[68Ga]Ga-NOTA-MSA 8-10 Human 

mannosylated 
serum albumin 
(MSA)  

Myocarditis, atherosclerosis, 
inflammation in pulmonary artery 
hypertension  

PET 

[18F]FDM 11 Mannose 
derivative 

Tumor associated macrophages 
detection, atherosclerosis  

PET 

[68Ga]Ga-tilmanocept 12 Mannosylated 
dextran derivative 

Sentinel lymph node and tumor 
associated macrophages 
detection in early stage oral cavity 
carcinoma (human study) 

PET 

[18F]AlF-NOTA-D10CM 13 Mannosylated 
dextran derivative 

Inflammation PET 

[99mTc]Tc-DCM; 
[99mTc]Tc(CO)3-DCM20; 
[99mTc]Tc-D10CM; 
[99mTc]Tc-D20CM; 
[99mTc]Tc-D40CM;  
99mTc-D75CM;  
[99mTc]Tc-D150CM; 
[99mTc]Tc -D500CM 14-17 

Mannosylated 
dextran derivative 

Sentinel lymph node detection PET 

[99mTc]Tc-DTPA-
mannosyl-dextran 
(Lymphoseek)18 

Mannosylated 
dextran derivative 

Sentinel lymph node mapping of 
breast cancer, (U.S. FDA 
approved)  

PET 

References: 1Locke et al., 2012; 2Blykers et al., 2015; 3Xavier et al., 2019; 4Gondry et al., 2023; 
5Varasteh et al., 2019; 6Varasteh et al., 2022; 7Parker et al., 2023; 8Park et al., 2020; 9Kim et al., 
2016; 10Lee et al., 2017; 11Tahara et al., 2014; 12Mahieu et al., 2021; 13Andriana et al., 2023; 
14Pirmettis et al., 2012; 15Yamaguchi et al., 2015; 16Morais et al., 2011; 17Papasavva et al., 2021; 
18Wallace et al., 2014. 
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2.8 PET imaging of myocardial infarction 
Molecular imaging research and clinical applications have been expanding 
significantly over the past two decades and contribute greatly to all avenues of medical 
imaging, such as early detection, diagnosis, therapy monitoring, and treatment follow-
up (Pysz et al., 2010; Kang et al., 2023). Molecular imaging provides advanced 
information on the pathological mechanisms of myocardial infarction by unraveling 
critical molecular and cellular events during myocardial infarction, complementing 
conventional anatomical imaging modalities (Osborn et al., 2013). 

SPECT and PET are the most widely used non-invasive imaging techniques to 
evaluate tissue molecular function following MI, along with CT and MRI, which 
provide anatomical information. Although SPECT remains common practice for 
clinical use due to the lower cost of the tracer and scanner, as well as its ability to 
utilize variety of protocols and radiotracers for myocardial perfusion imaging, PET is 
still considered superior due to its higher spatial resolution, lower radiation dose, 
accurate attenuation correction, faster imaging times, and dynamic imaging for 
myocardial blood flow quantification. In general, the PET technique will include 
visualizing and quantifying metabolic activity in myocardial inflammation, 
angiogenesis, and fibrosis. The wound healing at the molecular level that occurs during 
the first 1 to 2 weeks following MI will determine the prognosis of the patients. 

[18F]FDG, a glucose analog-based radiopharmaceutical, has been the most 
clinically used PET tracer for imaging MI by marking the glucose metabolism 
activity in viable myocytes (Sogbein et al., 2014; Buck et al., 2004; Brown et al., 
1993; Reske et al., 1997; Rempel et al., 1996). [18F]FDG imaging can differentiate 
between viable and non-viable myocardium after MI (Lukovic et al., 2024; Evertz 
et al., 2023; Miller et al., 2023; Nyolczas et al., 2007). An infarct area is indicated 
by reduced [18F]FDG uptake (Graf et al., 2004; Kazakauskaite et al., 2023; Masuda 
et al., 2018). In addition to detecting myocyte viability, [18F]FDG has been clinically 
deployed to identify sites of inflammation and infection due to increased glucose 
metabolism, which is associated with high glucose transporters (GLUTs) in 
inflammatory cells and uptake by infectious organisms. [18F]FDG is also used for 
monitoring the response to therapeutic interventions (Wahl et al., 2021). One 
important factor to be aware of is that the high physiological accumulation of 
[18F]FDG in the myocardium makes assessing myocardial inflammation challenging. 
Normal myocytes use various energy sources, including glucose, free fatty acids, 
pyruvate, ketone bodies, lactate, and amino acids, which can interfere with accurate 
assessment of [18F]FDG uptake. Therefore, fasting prior to imaging with [18F]FDG 
has become a standard protocol in both clinical and preclinical applications 
(Norikane et al., 2024). 

Nonetheless, the lack of specificity of [18F]FDG, caused by its accumulation in 
any site with increased glucose metabolism, is vulnerable to positive false diagnoses 
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(Pijl et al., 2021; Kosinska et al., 2023; Strauss, 1996; Long et al., 2011; Gormsen 
et al., 2016). This is inconvenient for detecting small targets such as infarct areas, 
where specificity and accuracy are critical. Hence, studies targeting more specific 
markers of inflammation, such as inflammatory metabolism markers (e.g., 
neutrophils, macrophages, cytokines, and chemokines), have increased. In addition, 
tracers targeting angiogenesis and fibrosis following MI have been evaluated 
extensively (Table 3) (Varasteh et al., 2022). 

Table 3. PET radiotracer for imaging of MI via mechanism of inflammation, angiogenesis and 
fibrosis following MI. (Modified from Varasteh et al., 2002). 

PET tracer Marker Post MI inflammation targeting mechanism Phase of 
usage 

[18F]FDG 1,2 GLUTs 

Targeting enhanced glucose transporters 
(GLUTs) and then phosphorylated by glycolytic 
enzymes hexokinases to FDG-6 which then 
stored within activated inflammatory cells 

Clinical / 
preclinical 

[68Ga]Ga-DOTA-TOC 
3-5 

SSRT-2 

Targeting the overexpression of G-protein-
coupled receptor somatostatin receptor 
subtype-2 (SSTR-2) by activated macrophages 
during inflammation3,4 

Clinical / 
preclinical [68Ga]Ga-DOTA-

TATE 3-7 

[68Ga]Ga-pentixafor 5-

10 
Chemokine 
receptors 
CXCR4 

Targeting transmembrane G-protein-coupled 
chemokine receptor CXCR4 which is essential 
in stem and progenitor cells recruitment to the 
infarct zone for inflammation resolution 

Clinical / 
preclinical 

[68Ga]Ga-DOTA-
ECL1i 11-13 

Chemokine 
receptors 

CCR2 

Targeting chemokine receptor CCR2+ 
expressed on monocytes infiltrating to the heart 
which differentiate to CCR2+ macrophages 
contributing to heart failure pathogenesis 

Preclinical 

[18F]GE180 14,15 TSPO 
Targeting mitochondrial translocator protein 
(TSPO) expressed on activated macrophages 
and microglia involved in inflammatory cascade 

Preclinical 

[11C]methionine 16,17 
Amino acid 
and protein 

tunrover 

Targeting specific post-ischemic injury 
inflammatory component (amino acid) 
metabolism, transmethylation and protein 
synthesis which reflect the activity of 
inflammatory cells 

Clinical / 
preclinical 

[68Ga]Ga-NOTA-anti-
MMR Nb 18 Mannose 

receptor 
CD206 

Targeting CD206 positive macrophages which 
are heavily involved in inflammation resolution 
process and cardiac recovery following MI 

Preclinical 
[68Ga]Ga-NOTA-MSA 
19,20 

PET tracer Marker Post MI angiogenesis targeting mechanism Phase of 
usage 

[64Cu]NOTA-TRC105 
21-23 CD105 

Targeting disulphide-linked homodimeric 
transmembrane protein CD105 expressed 
selectively on endothelial cells of newly formed 
vessels 

Preclinical 
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[64Cu]-DOTA-VEGF121 
24-26 

vascular 
endothelial 

growth 
factor 

(VEGF) 

Post MI angiogenesis : Targeting VEGF which 
stimulate the angiogenesis and contribute to 
LV remodelling following MI 

Preclinical 

[68Ga]Ga-NOTA-RGD 
27 

αvβ3/αvβ5 
integrins  

Arginyl-Glycyl-Aspartic acid (RGD) peptide has 
strong affinity to heterodimeric glycoprotein 
receptor αvβ3/αvβ5that is higly upregulated on 
endothelial cells during angiogenesis in 
infarcted and border zone during early healing 
process following myocardial injury. peptide 
has stron 

Preclinical 

[68Ga]Ga-DOTA-RGD 
28 
[68Ga]Ga-NODAGA-
RGD 29,30 
[68Ga]Ga-RGD 31 
[68Ga]Ga-TRAP-
(RGD)3 

32 
[18F]AlF-NOTA-
PRGD2 33 
[18F]Alfatide II 34 
[18F]galacto-RGD 35,36 Preclinical 

/ clinical 
[68Ga]Ga-PRGD2 37 

Clinical 
[18F]Fluciclatide 38 

PET tracer Marker Post MI fibrosis targeting mechanism Phase of 
usage 

[68Ga]Ga-MHLL1 39 

FAP 

Targeting membrane-bound serine protease 
fibroblast activation protein (FAP) which are 
highly expressed by activated myofibroblast 
during healing phase for fibrotic tissue 
formation following MI 

Preclinical 
[68Ga]Ga-FAPI-04 40-42 Clinical / 

preclinical 
[68Ga]Ga-FAPI-46 43,44 

Clinical [18F]AlF-NOTA-FAPI 
45 

[18F]galacto-RGD 46,47 
Fibroblast 

activity αvβ3 
integrin 

Targeting αvβ3 integrin to identify the 
myofibroblast proliferation 

Clinical / 
preclinical 

[11C]KR31173 48-51 Angiotensin 
receptor 

Targeting myocardial renin-angiotensin system 
(RAS) via angiotensin II subtype 1 receptor 
(AT1R) which its expression in myofibroblast 
are associated with interstitial fibrosis and 
ventricular dysfunction 

Preclinical 

References: 1Rischpler et al., 2016; 2Lukovic et al., 2024; 3Perez et al., 2003; 4Dalm et al., 2003; 
5Lapa et al., 2015; 6Tarkin et al., 2017; 7Thackeray et al., 2015; 8Lapa et al., 2015; 9Askari et al., 
2003; 10Gupta et al., 1999; 11Strunk et al., 2024; 12Lavine et al., 2014; 13Heo et al., 2020; 
14Thackeray et al., 2018; 15Jacobs et al., 2012; 16Thackeray et al., 2016; 17Morooka et al., 2009; 
18Varasteh et al., 2022; 19Lucinian et al., 2024; 20Lee et al., 2017; 21Orbay et al., 2013; 22Hong et 
al., 2013; 23Zhang et al., 2013; 24Rodriguez-Porcel et al., 2008; 25McCOLL et al., 2004; 26Goodsell 
et al., 2002; 27Eo et al., 2013; 28Kiugel et al., 2014; 29Lang et al., 2020; 30Grönman et al., 2017; 
31Bentsen et al., 2023; 32Laitinen et al., 2013; 33Gao et al., 2012; 34Mandic et al., 2016; 35Sherif et 
al., 2012; 36Makowski et al., 2021; 37Sun et al., 2014; 38Jenkins et al., 2017; 39Langer et al., 2021; 
40Notohamiprodjo et al., 2022; 41Qiao et al., 2022; 42Varasteh et al., 2019; 43Kessler et al., 2021; 
44Diekmann et al., 2021; 45Xie et al., 2022; 46Jenkins et al., 2017; 47Higuchi et al., 2008; 48Weber, 
1997; 49Fukushima et al., 2012; 50Higuchi et al., 2010; 51Verjans et al., 2010. 
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2.9 Preparation of fluorine-18 radiolabeled tracer 

2.9.1 Production of fluorine-18 
Cyclotrons produce [18F]fluoride ([18F]F-) or [18F]fluorine ([18F]F2) through various 
nuclear reactions for different purposes of radiolabeling. [18F]fluoride is most 
frequently used for nucleophilic radiolabeling and is, in most cases, produced via the 
nuclear reaction 18O(p,n)18F, using oxygen-18 enriched water ([18O]H2O) as the 
target material as depicted in Figure 11 (Solin et al., 1988; Cole et al., 2015).  

 
Figure 11. 18O(p,n)18F nuclear reaction scheme to produce nucleophilic fluorine-18. Proton beam 

is bombarded from cyclotron to oxygen-18 nucleus.  18F then decays back to the stable 
18O and this phenomena is used as basic principle of PET imaging. 

Another chemical form is [¹⁸F]F₂, which is used for electrophilic ¹⁸F-fluorination. 
Nuclear reactions that can produce [¹⁸F]F⁻ and [¹⁸F]F₂ are listed in Table 4 (Bergman 
et al., 1995; Bergman et al., 1997; Forsback et al., 2015). 

Table 4. Nuclear reactions for production of nucleophilic and electrophilic fluorine. (Modified from 
Bergman, 2001). 

Nuclear reaction Target material Product 
18O(p,n)18F  [18O]H2O Nucleophilic fluorine 
20Ne(3He,𝜶𝜶n)18Ne, 18Ne-18F Ne Nucleophilic fluorine 
16O(3He,p)18F H2O Nucleophilic fluorine 
16O(𝜶𝜶,pn)18F H2O Nucleophilic fluorine 
18O(p,n)18F [18O]O2/noble gas + carrier (fluorine) Electrophilic fluorine 
20Ne(d,𝜶𝜶)18F Ne + carrier (fluorine) Electrophilic fluorine 
20Ne(p,2pn)18F Ne + carrier (fluorine) Electrophilic fluorine 

 



Review of the Literature 

 51 

[18F]F- is used for the nucleophilic fluorination of the ligand, while [18F]F2 is 
intended for electrophilic fluorination and will be discussed later. One important 
factor to consider is the molar activity of the produced fluorine-18. Even though 
[18F]F2 ([18F]F+) is the most reactive form of fluorine-18, which makes it easier for 
radiolabeling reactions with the ligand, the molar activity of [18F]F2 is much lower 
(maximum ~100 GBq/μmol) compared to [18F]F-, which can reach 10 TBq/μmol 
(Bergman et al., 1997; Solin et al., 1988). This can be attributed to the fluorine-19 
carrier needed in the process of producing [18F]F2 (Coenan, 2007). The molar activity 
of the fluorine-18 used for radiolabeling affects the molar activity of the product and 
can influence the radiochemical yield of the radiolabeled tracer. Thus, when working 
with a ligand-receptor binding system with lower concentrations, the lower [18F]F2 

molar activity due to the [19F]F2 added as a carrier may cause receptor saturation and 
reduce the PET signal from the binding (Chai et al., 2008).  

2.9.2 18F-fluorination 
Radiolabeling of PET tracers with fluorine-18 can be performed through 
nucleophilic fluorination, electrophilic fluorination, and chelation-based 
fluorination, as briefly mentioned before (Jacobson et al., 2015). 

2.9.2.1 Nucleophilic fluorination 

As previously indicated, nucleophilic fluorination is conducted by [18F]fluoride, 
which is less reactive compare to electrophilic fluorine. This is caused by [18F]F- 

hydrogen bonding formed with water, which is used to trap fluoride for next step 
labeling (Kim et al., 2008). Thus, to facilitate the nucleophilic substitution with the 
ligand, [18F]F- nucleophilicity should be increased by dehydration, also known as 
azeotropic drying using organic solvent such as acetonitrile (Jacobson et al., 2015; 
Perrio et al., 2016). The drying process is considerably time consuming which can 
become one of the challenge in nucleophilic fluorination (Lahdenpohja et al., 2019).  

There are multiple nucleophilic substitution mechanisms used for radiolabeling 
the ligand, including aliphatic nucleophilic substitution, as seen in the production of 
[18F]FDG, and nucleophilic aromatic fluorination, such as that used in 6-
[18F]fluorodopamine (Bratterby et al., 2021; Timmers et al., 2009). Nucleophilic 
aromatic fluorination requires an electron-deficient aromatic ring to achieve [18F]F- 
substitution, which in some cases can be challenging to achieve. Several methods 
have been explored to achieve successful nucleophilic aromatic substitution, 
including incorporating heteroarenes that contain electron-deficient nitrogen, using 
the Balz-Schiemann reaction, the Wallach reaction, and employing diarylidenonium 
salts to introduce [18F]F- into arenes (Jacobson et al., 2015). 
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2.9.2.2 Electrophilic fluorination 

Electrophilic fluorination utilizes the electrophilic fluorine [18F]F2, where the 
radiolabeling reactions are allowed to occur at mild temperatures and are less time-
consuming compared to the nucleophilic method. Electrophilic fluorination requires 
electron-rich reactants to attach the F+, such as electron-rich aromatic rings and 
alkenes (Lee et al., 2011; Wang et al., 2021). 

Electrophilic F2 is the most reactive form of fluorine, making radiolabeling 
reactions relatively straightforward to accomplish (Casella et al., 1980). However, 
the highly reactive nature of [18F]F2 can pose challenges when working with inactive 
precursors. [18F]F2 can be converted into other reactive electrophilic fluorine species, 
which act as impurities that can also label the precursor, resulting in unwanted by-
products that are difficult to separate from the desired [18F]F2-labeled precursor. This 
potential issue should be considered when using electrophilic fluorination. 
Additionally, the low molar activity, as briefly mentioned before, is a consequence 
of the need to add a relatively large amount of carrier fluorine 19F. 

2.9.3 [18F]AlF-chelation based fluorination 
[18F]fluoride is used in [18F]AlF-chelation chemistry for the indirect 18F-fluorination 
of target molecules. This is a revolutionary discovery by McBride and colleagues to 
harness the favourable imaging properties of fluorine-18 with the simplicity of 
metal-chelate chemistry. Traditional methods for 18F-labeling (e.g. nucleophilic and 
electrophilic substitution) often involve complex, multi-steps syntheses that can be 
time-consuming and may not be suitable for sensitive biomolecules which prefer 
mild condition for labelling with fluorine-18.  

[18F]AlF-labeling method eliminates the azeotropic drying steps and provides a 
direct use of aqueous [18F]fluoride for labeling (McBride et al., 2009). The basic 
principle involves introducing [18F]F- to the ligand by incorporating the aluminum 
metal to form [18F]AlF, which is known as a pseudo-radiometal complex (Archibald 
et al., 2021). This labeling method was used in the production of PET tracers in 
studies I, II, and III included in this dissertation.  

[18F]AlF radioalebing method is based on the general labeling scheme as shown 
by Figure 12:  
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Figure 12. General radiolabeling scheme with [18F]AlF method.  1,4,7-Triazacyclononane-1,4,7-

triacetic acid (NOTA) chelator is used for representative illustration. (Modified from Allott 
et al., 2017) 

The [18F]fluoride in water medium needs to be extracted using a quaternary 
methyl ammonium (QMA) cartridge or other types of ion exchange cartridges. 
Several QMA cartridges have been explored in various studies, such as Sep-Pak 
Light QMA, using saline as the eluent for [18F]F- (Jiang et al., 2021; Giglio et al., 
2018), Sep-Pak Accell Plus QMA (Lütje et al., 2019; Karsemans et al., 2018), and 
Sep-Pak Accell Plus QMA Light (Tshibangu et al., 2020). The choice of eluent is 
important to recover the maximum amount of [18F]F- trapped in the QMA cartridge. 
Several other eluents that can be used include sodium acetate (NaOAc, 0.05 M, pH 
4.5), NaHCO3 (0.5 M), and NaNO3 (Kersemans et al., 2018). This extraction aims to 
concentrate [18F]F- into a small volume and remove impurities coming from the 
water used in fluorine-18 production (Archibald et al., 2021). In addition, the 
reaction volume usually affects the radiolabeling efficiency (Het et al., 2014). 

Bifunctional chelator selection is an important factor for the adequate 
sequestration of metallic or metal-mediated radionuclides and provides the requisite 
chemistry for tight attachment to the targeting vector of interest, such as peptides, 
proteins, carbohydrates, or nanoparticles. Bifunctional chelator selection can affect 
the stability of the final product and the efficiency of the radiolabeling reaction 
(Brechbiel, 2009). Aside from NOTA, several chelators have been tested for AlF 
chemistry, including diethylenetriaminepentaacetic acid (DTPA), 2-(4,7-bis 
(carboxymethyl)-1,4,7-triazonan-1-yl) pentanedioic acid (NODAGA), 1,4,7-
triazacyclononane-1,4-diacetic acid (NODA), 2-AMPTA, NHB-2-AMPDA, 2-
AMPDA-HB, 1,4,7-tris(2-hydroxybenzyl)-1,4,7-triazacyclononane (H3L1), 2-
(mercapto)ethylaminoacetyl-L-cysteine (H3L3), and tetrafluorophenyl ester 
derivative of restrained complexing agent ((±)-H3RESCA) (McBride et al., 2009; 
Da Pieve et al., 2020; Da Pieve et al., 2016; Ruselli et al., 2020; Cleeren et al., 2017; 
Cleeren et al., 2016). [¹⁸F]AlF-NOTA complexes have demonstrated both in vitro 
and in vivo stability, and several NOTA-based tracers have progressed to clinical 
evaluation, including [¹⁸F]AlF-NOTA-Octreotide for imaging neuroendocrine 



Putri Andriana 

 54 

tumors, [¹⁸F]AlF-NOTA-FAPI-04 for targeting cancer-associated fibroblasts, and 
[¹⁸F]AlF-NOTA-PRGD2 for visualizing tumor angiogenesis. These precedents form 
the rationale for selecting NOTA as the chelator for [¹⁸F]AlF-labeling of D10CM 
molecules (Laupe et al., 2024; Dong et al., 2024; Yang et al., 2012). 

Temperature and pH used in the radiolabeling reaction are other key factors that 
determine the reaction efficiency. Higher temperatures (100 – 120 °C) are needed to 
chelate ([18F]AlF2+) with the NOTA chelator, and the formation of [18F]AlF from 
[18F]F- and AlCl3 in ammonium acetate buffer is highly pH dependent. The optimum 
pH is in the range of 4 – 5 to minimize the formation of [18F]HF and Al(OH)3 
precipitation, with acidic pH < 4 and basic pH > 5, respectively (Martin, 1988; 
McBride et al., 2013). In short, the [18F]AlF labeling method is one innovation that 
contributes to the advancement of fluorination with [18F]fluoride. 

2.9.4 Biomolecule fluorination 
Apart from the 18F-fluorination method, the characteristics of the ligand that will be 
labeled are another important factor to consider. Many biomolecules are 
incorporated as target compounds in molecular imaging, such as carbohydrates like 
sugars, proteins, and nucleic acids such as deoxyribonucleic acid (DNA) and 
ribonucleic acid (RNA), peptides, oligonucleotides, and other vectors. These 
molecules are typically sensitive to temperature and pH, and harsh radiolabeling 
conditions may affect their stability, leading to issues such as hydrolysis and 
denaturation (Felgueiras, 2023). These biomolecules can be labeled using direct or 
indirect labeling methods (Kniess et al., 2015). The direct labeling method may be 
simpler, as the fluoride is directly reacted with the biomolecules or the modified 
biomolecules, such as through ligation with a bifunctional chelator. The next 
necessary step is the purification of the results from the radiolabeling reaction. In 
contrat, indirect labeling refers to the use of a prosthetic compound to facilitate the 
fluoride attachment to the sensitive biomolecules.  

Most peptides, proteins, and oligonucleotides are typically heat-sensitive and 
may undergo decomposition. Several types of 18F- labeled prosthetic groups have 
been explored, such as N-succinimidyl 4-[18F]fluorobenzoate ([18F]SFB), 2,3,5,6-
tetrafluorophenyl 6-[18F]fluoronicotinate ([18F]FPy-TFP), 1-alkylamino-7-
[18F]fluoro-8-azaisatoic anhydrides ([18F]AFAs) and others (Gröner et al., 2023). 
The prosthetic group radiolabeling with fluorine-18 is first prepared and requires 
subsequent purification to remove unreacted precursors, byproducts, and reagents 
used in the labeling process. After purification, the fluorine-18 labeled prosthetic 
group complex is conjugated with biomolecules via alkylation, amination, and other 
methods (Jacobson et al., 2010). The recent innovation that won the Nobel Prize is 
the discovery of click chemistry, which provides a more efficient and effective way 
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to introduce prosthetic groups to biomolecules (Zaia, 2023). Click chemistry has 
revolutionized the labeling of bioactive compounds by enabling rapid and selective 
formation of carbon–heteroatom bonds (e.g. C–N or C–O) which are more 
commonly found in natural biomolecules and generally better tolerated in biological 
system than carbon–carbon bonds. This bioorthogonality makes click reactions 
suitable for radiolabelling peptides, proteins and other sensitive biological structures 
(Moses et al., 2007; Bauer et al., 2023). 

2.9.5 Quality control of 18F-radiolabeled tracer 
Quality control is a critical process that must be performed before radiotracers are 
delivered for imaging, applicable to both clinical and preclinical settings. While the 
standards for preclinical applications may be less stringent compared to those for 
radiopharmaceuticals used in clinical practice, it remains essential to ensure the 
integrity of the products. 

In both clinical and preclinical studies, a variety of tests are conducted to ensure 
the quality of radiopharmaceuticals. Some tests are performed for each batch, while 
others are made for selected batches. These tests encompass the identification of the 
product against a reference compound, pH measurement, evaluation of appearance, 
radiochemical and chemical purity, molar activity, solubility assessment, and 
stability evaluation.  

For 18F-labeled radiopharmaceuticals intended for clinical use, quality control is 
conducted under Good Manufacturing Practice (GMP) standards and includes 
additional critical parameters such as radionuclide identification and purity, 
enantiomeric purity (when applicable), sterility, bacterial endotoxin levels, and 
residual solvent and metal content. These requirements are outlined in detail in 
monographs from regulatory bodies such as the European Pharmacopoeia, the 
United States Pharmacopeia, and the British Pharmacopeia, as well as in the 
Chemistry, Manufacturing, and Controls (CMC) section of the U.S. Food and Drug 
Administration.  

Taking [¹⁸F]FDG as the reference standard, radionuclide verification involves 
confirming a physical half-life of 110 ± 5 minutes using a calibrated dose calibrator, 
and characteristic gamma energies of 511 keV or 102.22 keV using a gamma 
spectrometer. Chemical purity assessments include colorimetric tests for residual 
kryptofix—ensuring no darker spot appears in the sample than in the reference—and 
HPLC analyses to detect tetra-alkyl ammonium salts, where side product peaks 
should remain below that of the reference.  

Residual organic solvents must also be carefully monitored, especially those 
used during radiosynthesis and purification processes. These solvents are necessary 
for dissolving precursors and intermediates, as well as for facilitating efficient 
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radiolabelling, such as acetonitrile and ethanol used in Al[¹⁸F]F radiolabeling 
method. According to [¹⁸F]FDG standards, residual acetonitrile should not exceed 
4.1 mg per maximum dose volume for a single day’s injection (Yu et al., 2006).  

Sterility testing is mandatory to confirm the absence of microbial contamination 
in the final product. This includes a direct inoculation test and bacterial endotoxin 
testing using the Limulus Amebocyte Lysate (LAL) assay, with an acceptance limit 
of 175 IU per maximum dose volume. The integrity of the sterilizing filter must also 
be verified, typically via a bubble point test, such as the ≥3.5 bar threshold specified 
for the Cathivex-GV 0.22 µm filter, as applied in the quality control of [¹⁸F]PSMA-
1007 (Yu et al., 2006; Lau et al., 2020; Cardinale et al., 2017).  

Ultimately, successful preclinical and clinical PET studies depend on the 
comprehensive application of quality control. Whether developing new radiotracers 
or conducting routine imaging, stringent quality control processes—including 
radiosynthesis monitoring, chemical analysis, and biological evaluation—are 
indispensable for ensuring safe and effective molecular imaging. 

2.9.6 Identity 
The identity of fluorine-18 labeled tracers includes both the reference compound 
identity and the radiolabeled compound. Typically, the identity and purity of the cold 
reference compound are determined using mass spectrometry, nuclear magnetic 
resonance (NMR) and high-performance liquid chromatography (HPLC) systems. 
The radiolabeled compound is usually identified with a reference standard using an 
HPLC system equipped with a radioactivity detector. In typical cases, the acceptance 
criteria state that the retention time of the radiolabeled compound is within ± 0.5 
minutes of the retention time of the reference standard. This allows the coinciding 
retention times of the cold standard and the radiolabeled product to confirm the 
presence of the compound of interest and that the correct compound is radiolabeled 
(Mercado et al., 2023). 

2.9.6.1 Physical parameters (pH, osmolality, visual appearances) 

The final pH of the 18F-labeled compound should be safe for the biological and 
physiological systems of the study subjects. The pH can be determined using 
potentiometric methods or strip indicators and needs to be in the range of 4.5–7.5, or 
4.5–8.5 in [18F]FDG quality control according to the British Pharmacopeia (Yu, 
2006). 

Osmolality is important to consider for intrathecal administration of 
radiopharmaceuticals due to the dilution and buffering capacity of the blood 
(Loveless, 2009). However, in general, the final radiopharmaceutical products 
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should be isotonic, which means they have the same osmotic pressure as human 
serum. The osmolality of the radiopharmaceuticals can be measured using an 
osmometer, and 250 to 350 mOsm/kg-1 are considered isotonic (Ekinci et al., 2022). 

Visual appearances are evaluated through manual observation, and the final 
product is expected to be clear and colorless (Cardinale et al., 2017). Nonetheless, 
the [18F]FDG guideline permits a slight yellow coloration (Yu, 2006). 

2.9.6.2 Chemical and radiochemical purity 

The chemical purity of the final product can be assessed using HPLC equipped with 
suitable detectors such as ultra-violet (UV) detector, refractive index detector, mass 
detector and electrochemical detectors, to identify impurities that could impact the 
quality of radiolabeled products or potentially lead to adverse reactions when 
administered to subjects (Mercado et al., 2023). Furthermore, other methods such as 
thin-layer chromatography (TLC) and gas chromatography (GC) have also been 
documented as viable options for evaluating chemical purity (Cardinale et al., 2017). 

The conditions of the radiolabeling reaction can influence the final product, 
including the potential for radiolysis, which may lead to the formation of impurities. 
The presence of these impurities might affect the image, compromise its targeting 
capability, and ultimately affect the quality of the diagnostic results (Mercado et al., 
2023). Impurities may also be introduced through the storage methods or during long-
distance transportation, which can impact the stability of the precursor, as well as from 
inaccuracies during the synthesis of the precursor. Assessing radiochemical purity 
(RCP) is an essential quality control measure, defined as the ratio of the desired 
radiolabeled species to the total radioactivity in the sample (Maioli et al., 2017). The 
RCP of fluorine-18 labeled tracers can be evaluated using HPLC and TLC. 

2.9.6.3 Molar activity 

Molar activity (Am) is described as the amount of radioactivity per mole of the 
compound and is expressed in GBq/μmol or Bq/mol. Am can be identified when the 
molecular weight of the compound is known (Luurtsema et al., 2021). The 
determination of Am is particularly important for bioactive or toxic molecules that 
may generate undesirable pharmacological or adverse reactions, making it crucial to 
administer non-pharmacological or non-toxicological doses. One example is 
[18F]DOPA, which can cause serious adverse effects in subjects after the 
administration of low Am [18F]DOPA (6 GBq/μmol), and thus, it is necessary to 
produce it with as high an Am as possible (Anderson et al., 2021). Am is also crucial 
when aiming for low-density receptors, where an excessive amount of the compound 
may affect receptor availability at the binding site. [18F]DCFPyL is one example for 
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prostate-specific membrane antigen (PSMA) imaging that can achieve an Am of 1.40 
± 0.15 TBq/μmol (Dorman et al., 2018). High Am is required in neuroreceptor and 
central nervous system receptor imaging to increase radioactivity uptake in the target 
area and obtain a high target-to-background ratio (Toomey et al., 2012; Liu et al., 
2021). Theoretically, the occupancy of receptors by the non-radioactive compound 
should be < 5%. In PET kinetic modeling, high Am is necessary to achieve a good 
signal-to-noise ratio, as it may affect the quantification process and the qualitative 
interpretation of the derived images. One study showed that using high Am [18F]F-
DPA (990 ± 150 GBq/μmol) increased the tracer uptake by 1.5-fold in the brain of a 
mouse model with Alzheimer's disease compared to using low Am [18F]F-DPA (9.0 
± 2.9 GBq/μmol) (Keller et al., 2019). 

The significance of Am diminishes when the target concentration is sufficiently 
high within the body or when the biological target does not easily reach saturation. 
An example is the use of radiolabeled water for PET imaging of myocardial blood 
flow (Maaniitty et al., 2020), radiolabeled glucose for brain imaging (Graham et al., 
1998), and radiolabeled acetate for assessing myocardial oxygen metabolism (Grassi 
et al., 2012). 

Am can be determined using HPLC or ultra-performance liquid chromatography 
(UPLC) with a suitable detectors. The fluorine-18 Am also affects the Am of the 
radiolabeled compound due to the decay process (Luurtsema et al., 2021). 
Theoretically, the highest fluorine-18 Am is 63.3 TBq/μmol (Savisto et al., 2018). 
However, there is no consensus on the definition of high Am of fluorine-18. One 
study considered that Am > 185 GBq/μmol is high (Sergeev et al., 2018). As the 
standard, the typical Am of [18F]FDG is 63.3 GBq/μmol, with a starting activity of ≥ 
140 GBq of fluorine-18 (Tippayamontri et al., 2022). 

2.9.6.4 Lipophilicity 

The lipophilicity of the fluorine-18 labeled tracer determines its penetration through 
the cell membrane and minimizes the radiotracer’s non-specific binding in the 
background tissue (Liu et al., 2024). Lipophilicity or hydrophilicity of a PET tracer 
can be determined by a distribution coefficient (logD) study (Lee et al., 2017; 2006). 
A logD study is an important parameter that describes the ability of the PET tracer 
to transit through the blood-brain barrier to the binding site in the targeted tissues 
(Chang et al., 2006). LogD can be calculated from the ratio of radioactivity in the 
organic phase to that in the aqueous phase (Lee et al., 2017). Depending on the type 
of tissue target, either high to moderate lipophilicity or high hydrophilicity may be 
preferred as desirable tracer characteristics. Brain imaging generally requires a 
higher lipophilicity; for example, the logD value of [18F]cEFQ was 3.25 for imaging 
of metabotropic glutamate receptor targeting in the brain, and the logD value of 
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[18F]Fluspidine for imaging of tau receptor in the brain is between 2-3 (Lee et al., 
2017; Ludwig et al., 2024). On the other hand, other fluorine-18 labeled tracers 
require a lower logD value, such as [18F]vancomycin for imaging bacterial infection, 
which has a logD of -0.96 ± 0.03, indicating that the tracer's systemic distribution 
favors a hydrophilic nature (Spoelstra et al., 2024). 

Lipophilicity plays a significant role in a tracer's interaction with plasma 
proteins, which can impact its biodistribution and availability for tissue distribution 
(Lever et al., 2016). Hydrophilic tracers exhibit higher availability when they have 
a lower tendency to bind to plasma proteins; in contrast, highly lipophilic tracers are 
more likely to associate with these proteins (Wanat, 2020; Lau et al., 2020; Liu et 
al., 2016).  

2.9.6.5 Stability 

The stability of the fluorine-18 labeled tracer is crucial and should be assessed from 
both in vitro and in vivo perspectives. These factors are significant due to issues such 
as defluorination and radiolysis. It is essential to utilize stable radiopharmaceuticals, 
as instability can compromise targeting efficacy and imaging quality. Additionally, 
considerations regarding stability are vital when developing PET kinetic models 
(Aarnio et al., 2022). Defluorination of the tracer can lead to fluorine-18 
accumulation in bone tissue, which may disrupt both quantitative and qualitative 
image analysis (Lau et al., 2020). The stability of the PET tracer in its final 
production formulation, including its shelf-life, can be conveniently evaluated by 
injecting tracer samples into an HPLC system fitted with both a radioactivity detector 
and a suitable  detector at the end of synthesis (EOS) and subsequently at intervals 
of 1 hour, 2 hours, 3 hours, 4 hours, and so on. The HPLC results will allow for the 
assessment of radiochemical purity and any variations in purity over time (Wang et 
al., 2020). Furthermore, in vitro stability in blood plasma or serum can also be 
analyzed using the same HPLC technique (Brömmel et al., 2021). Typically, in vitro 
stability is evaluated prior to the tracer's application in vivo. 

In vivo stability is a critical parameter due to the role of enzymes in biological 
processes within plasma or target tissues, which can lead to the breakdown of the 
parent structure of the radiolabeled tracer (Lau et al., 2022). This degradation may 
result in defluorination or the conversion of the tracer into another radiolabeled 
species, potentially causing unintended uptake in target tissues as well as in non-
target tissues. Research can be conducted using HPLC or TLC on blood or plasma 
samples collected from experimental animals following tracer administration 
(Aarnio et al., 2024). Furthermore, for peptide-based PET tracers, stability against 
enzymatic degradation can be evaluated by the co-administration of peptide 
inhibitors (Lau et al., 2022; Nock et al., 2014). 
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3 Aims 

The purpose of this work was to develop a new PET tracer for the macrophage 
mannose receptor CD206-targeted imaging of inflammation, particularly the 
detection of M2 macrophages. Accordingly, we utilized a mannosylated dextran 
derivative for aluminum fluoride-18 labeling via the NOTA chelator and evaluated 
it in experimental animals.  
 
Specifically, the aims of this study were to: 

(1) Radiolabel a mannosylated dextran derivative to form [18F]AlF-NOTA-
D10CM and evaluate its suitability for in vivo PET imaging in healthy 
rats. 

(2) Validate the ability of [18F]AlF-NOTA-D10CM to specifically detect the 
macrophage mannose receptor CD206 in inflammation foci and active 
lymph nodes in a mouse model of skin inflammation, and by comparing 
CD206-deficient and wild-type (WT) mice. 

(3) Investigate the ability of [18F]AlF-NOTA-D10CM to detect CD206 
expression in experimental acute myocardial infarction in rats. 
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4 Materials and Methods 

Table 5. Summary of preclinical evaluation trajectory in each studies. 

Study/ 
Imaging 
modality 

Radiotracer/ 
Administration 

route 

Experimental 
subjects 

Complementary analysis 

Study 1/ 
PET/CT 

[18F]AlF-NOTA-
D10CM 
i.v. 

SD rats (healthy) • Distribution coefficient (LogD) determination 
• Molar activity determination 
• [18F]FDG 
• ex vivo gamma counting 
• in vivo blocking study 
• in vivo stability study in SD rats (healthy) 
• CD206 IHC staining of liver, spleen and bone marrow 

Study 2/ 
PET/CT 

[18F]AlF-NOTA-
D10CM 
 
i.v. 
i.d. 

• CD206 KO mice 
• CD206 WT mice 
• C57BL/6N mice 

with foot pad skin 
inflammation 
induced by CFA 
(Day 5) 

• C57BL/6N mice 
with foot pad skin 
inflammation 
induced by CFA 
(Day 14) 

• C57BL/6N mice 
(healthy) 

• [18F]FDG 
• ex vivo gamma counting 
• ex vivo ARG of popliteal LNs and inflamed foot pad 

skin 
• H&E and CD206 IHC staining of inflamed popliteal LNs 

and inflamed foot pad skins 
• IF staining (CD206, CD31, CD11b and DAPI) of 

inflamed and healthy popliteal LNs, and inflamed and 
healthy foot pad skin 

• Quantification of CD206 area-% 
• in vitro binding specificity study in inflamed popliteal 

LNs 
• in vivo stability study in C57BL/6N mice (healthy) 

Study 3/ 
PET/CT 

[18F]AlF-NOTA-
D10CM 
i.v. 
 

• SD rats with MI 
induced by 
permanent LAD 
ligation (Day 3) 

• SD rats with MI 
induced by 
permanent LAD 
ligation (Day 7) 

• Sham operated 
SD rats (Day 3) 

• Sham operated 
rats (Day 7) 

• Binding study in polarised human blood monocyte to 
MI and & M2 macrophages using flow cytometry 

• Affinity binding study in CD206 CHO transfected cells 
• [18F]FDG 
• ex vivo gamma counting 
• ex vivo ARG of LV (all groups) 
• H&E staining and CD206 IHC staining of LV (all 

groups) 
• IF double staining (CD206 + CD68) of infarcted LV 
• Quantification of CD206 area-% (all groups) 
• in vitro binding specificity study in infarcted LV 
• Kinetic modeling of PET data 

Abbreviations: SD: Sprague Dawley; i.v.: intravenous; i.d.: intradermal; IHC: immunohistochemistry; 
DAPI: 4′,6-diamidino-2-phenylindole; KO: knockout; WT: wild type; CFA: Complete Freund’s 
Adjuvant; LNs: lymph nodes; ARG: autoradiography; H&E: hematoxylin and eosin; IF: 
immunofluorescence; CD (206, 31, 11b, 68); CHO: Chinese hamster ovary. 
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4.1 Radiotracer production and characterization 

4.1.1 Production of [18F]fluoride 
[18F]fluoride was produced in the Turku PET Centre, Accelerator Laboratory, Åbo 
Akademi University via 18O(p,n)18F nuclear reaction where oxygen-18 enriched 
water was irradiated with proton beam from cyclotron and the yielded fluoride 
[18F]F- was then harvested from accelerator target chamber as [18F]F- in water.  

4.1.2 [18F]AlF labeling strategy 
Pseudo-radiometal labeling technique aims to convert the [18F]F- to a  [18F]AlF 
complex ready for a chelation reaction with the ligand (Figure 13). The principle is 
taking advantage of tight bond formation between F- and Al3+. Thus, the vector 
introduction to fluorine-18 is accessible via aluminum metal. 

 
Figure 13. Chelation of Al[18F]F with 2,2’,2”-(1,4,7-triazacyclononane-1,4,7-triyl)triacetic acid 

(NOTA) chelate. (Modified from Allott et al., 2017). 

4.1.3 [18F]AlF-NOTA-D10CM production 

4.1.3.1 Synthesis of D10CM 

The mannosylated and cysteinylated dextran derivative (D10CM, 21.9 kDa), was 
synthesized using a method similar to those previously described by our collaborator, 
Prof. Ioannis Pirmettis group (Pirmettis et al. 2012; Papasavva et al., 2021; 
Tsoukalas et al., 2014).  

The compound 2,2′-(7-(2-((2,5-dioxopyrrolidin-1-yl)oxy)-2-oxoethyl)-1,4,7-
triazonane-1,4-diyl)diacetic acid (NOTA-NHS, the N-hydroxysuccinimide-
activated ester of NOTA) was obtained from CheMatech (Dijon, France). All other 
chemicals were sourced from commercial suppliers. 
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4.1.3.2 NOTA-D10CM 

A solution of NOTA-NHS ester (117 mg) in 2 mL of dimethyl sulfoxide was added 
to a solution of D10CM (100 mg) in 4 mL of borate buffer (0.1 M, pH 9.0). The 
reaction mixture was stirred at room temperature for 18 hours, then transferred to an 
ultrafiltration cell (model 8050, Millipore Corp, Bedford, MA) equipped with an 
ultrafiltration membrane (YM03). The volume was adjusted to 50 mL with deionized 
water, and the solution was concentrated to 5 mL by applying nitrogen gas under 
pressure directly to the ultrafiltration cell. This process was repeated four times, and 
the final residue was lyophilized, yielding the product as a white solid (100 mg).  

4.1.3.3 Radiofluorination of NOTA-D10CM 

Radiolabeling of NOTA-D10CM with [18F]fluoride was carried out using a custom-
made remote-controlled device (DM Automation, Nykvarn, Sweden), as described 
earlier (Figure 14 and Appendix 1) (Andriana et al., 2023). [18F]Fluoride was 
produced in a cyclotron as described earlier in 4 mL H2O. [18F]F- was then extracted 
into an anion-exchange cartridge (PS-HCO3−). Physiological saline (0.9 mg/mL, 220 
µL) was used to elute the [18F]fluoride into a reaction vial containing NOTA-D10CM 
(1.5 mg) in 50 µL TraceSELECT water (Honeywell, Morristown, NJ), ascorbic acid 
(150 mM, 40 µL), AlCl3 (2 mM) in CH3CO2Na buffer (pH 4.0, 1 M, 25 µL), and 
CH3CN (50 mM, 60 µL). The mixture was heated at 100°C for 13 minutes, then 
cooled to 40°C before adding a mixture of water (810 µL) with 0.1% trifluoroacetic 
acid (TFA) and ascorbic acid (150 mM, 90 µL). The product was purified using 
HPLC with a semipreparative C18 Jupiter Proteo column (250 × 10 mm, 4 µm, 90 
Å; Phenomenex, Torrance, CA). The mobile phases used were water with 0.1% TFA 
(solvent A) and acetonitrile with 0.1% TFA (solvent B). The flow rate started at 1 
mL/min and increased to 4 mL/min from 0 to 1 minute, with 95% solvent A and 5% 
solvent B. Over the next 1–20 minutes, the solvent B content increased to 30%. The 
[18F]AlF-NOTA-D10CM fraction was collected into a vial with water (30 mL) and 
ascorbic acid (150 mM, 400 µL). The product was extracted using a preconditioned 
tC18 cartridge (Waters, Milford, CT), rinsed with water, and then eluted with 1 mL 
of 30% ethanol (300 µL ethanol, 100 µL ascorbic acid in water, and 600 µL water). 
The final product was collected in a bottle containing 15 mM ascorbic acid in saline 
(1.5 mL), and 0.1 M phosphate-buffered saline (PBS) was used to adjust the pH for 
animal studies. 
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Figure 14. (a) Hotcell illustration used for tracer production of [18F]AlF-NOTA-D10CM and others in 

Aurum radiochemistry laboratory, Turku PET Centre,  with DM Automation synthesis 
device inside and (b) the magnified arrangement of the DM Automation system device. 
The real life picture of DM automation system devise is presented in Appendix 1. 

4.1.4 Quality control of [18F]AlF-NOTA-D10CM 
[18F]AlF-NOTA-D10CM was injected to animal after it passed the quality control. The 
radiochemical purity of the final product sample (0.3–0.8 MBq) was analyzed using 
an HPLC system (Hitachi; Merck, Darmstadt, Germany) with a Jupiter Proteo column 
(reversed-phase C18, 150 × 4.6 mm, 300 Å; Phenomenex) and a radioactivity detector 
(Radiomatic 150TR flow-through, Packard, Meriden, CT). Solvent A was water with 
0.1% TFA, and solvent B was acetonitrile with 0.1% TFA. During the elution, the 
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solvent B content was gradually increased from 8% to 40% over 0–9 minutes, and then 
held at 40% for 9–10 minutes, with a flow rate of 1 mL/min. The stability of [18F]AlF-
NOTA-D10CM in the final product formulation buffer was checked by HPLC, with 
samples taken at 1, 2, 3, and 4 hours after the EOS. 

4.1.5 Characterization of [18F]AlF-NOTA-D10CM 

4.1.5.1 Lipophilicity 

Lipophilicity of [18F]AlF-NOTA-D10CM was determined by LogD measurement. 
PBS (600 µL) and 1-octanol (600 µL) were added to a 1.5 mL Eppendorf tube, 
followed by 5 kBq of [18F]AlF-NOTA-D10CM. The mixture was vortexed for 5 
minutes, then centrifuged at 14,100 ×g for 3 minutes at room temperature to separate 
the water and organic phases. From each phase, 400 µL was collected for gamma 
counting using a Wizard 3″ gamma counter (PerkinElmer/Wallac, Turku, Finland). 
The experiment was performed in triplicate, and the LogD value was calculated 
using the corresponding formula: 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝐿𝐿𝐿𝐿𝐿𝐿10 �
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 1- 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 𝑃𝑃𝑃𝑃𝑃𝑃
� 

4.1.5.2 Molar activity 

The molar activity (Am), indicates the amount of radioactivity per mole of the ligand. 
In this study, Am was measured using HPLC with UV detection at 220 nm. 
Calibration curves were created by HPLC analysis of five NOTA-D10CM samples 
at concentrations of 1, 2, 4, 6, and 8 µM, and each concentration tested in triplicate. 
The same HPLC method used earlier for quality control was applied. To determine 
the product concentration, 50 µL of the decayed final product was analyzed, and the 
concentration (c, nmol/mL) was calculated using the calibration curve. The molar 
activity at EOS was then calculated using the following formula: 

𝐴𝐴𝑚𝑚 =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎 𝐸𝐸𝐸𝐸𝐸𝐸 (𝑀𝑀𝑀𝑀𝑀𝑀)

𝑐𝑐 �𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑚𝑚𝑚𝑚 � × 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 (𝑚𝑚𝑚𝑚) 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎 𝐸𝐸𝐸𝐸𝐸𝐸
 

4.1.5.3 In vivo stability 

The in vivo stability of [18F]AlF-NOTA-D10CM was evaluated in healthy male 
Sprague-Dawley rats (n = 6, 457.5 ± 15.5 g, 15 weeks old) and female C57BL/6N 
mice (n = 6, 19.8 ± 0.7 g, 8–9 weeks old) following intravenous injection. Rats 
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received a dose of 49.1 ± 2.1 MBq, while mice were injected with 9.8 ± 0.4 MBq. 
Blood samples were collected into lithium heparin tubes at various time points 
including 5, 15, 30, 45 and 50 minutes post-injection using tail-cut in rats and cardiac 
or saphenous vein puncture method in mice. Plasma and cells were separated by 
centrifugation (14,000×g for 5 minutes at room temperature), and plasma proteins 
were precipitated with 10% sulfosalicylic acid. The filtered supernatant was diluted 
with 0.1% TFA in water and analyzed by radio-HPLC using a C18 Jupiter Proteo 
semipreparative column (Phenomenex, 250 × 10 mm, 5 µm, 90 Å) (Figure 15). The 
gradient used was 0.1% TFA in water (solvent A) and 0.1% TFA in acetonitrile 
(solvent B), starting with 5% B from 0 to 3 minutes, then increasing linearly to 60% 
B over 15 minutes, at a flow rate of 5 mL/min. 

 
Figure 15. Stability study workflow of [18F]AlF-NOTA-D10CM in rats or in mice. 

4.2 Experimental animals 
All animal experiments were approved by the national Project Authorization Board 
in Finland (license numbers ESAVI/43134/2019, ESAVI/8648/2020, and 
ESAVI/14685/2020) and conducted in compliance with EU Directive 2010/63/EU 
on the protection of animals used for scientific purposes. Animals were housed under 
controlled environmental conditions, including a 12:12-hour light-dark cycle, at the 
Central Animal Laboratory of the University of Turku and provided with free access 
to water and food ad libitum. 
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4.2.1 Healthy Sprague Dawley rats (Study I) 
For initial in vivo PET imaging in Study I, healthy male Sprague-Dawley rats were 
used in the study, including six animals weighing 268.3 ± 31.8 g (7–8 weeks old) 
and four smaller rats weighing 94.9 ± 3.7 g (4 weeks old) to get whole body field of 
view for the in vivo blocking study. All rats were sourced from the Central Animal 
Laboratory at the University of Turku, Turku, Finland. 

4.2.2 Wild-type and CD206 deficient mice (Study II) 
CD206 knockout (CD206-/-KO) and WT mice C57BL/6N mice were used in Study II 
to validate the specificity of [18F]AlF-NOTA-D10CM uptake. The CD206−/− deficient 
(CD206−/− KO) MB6.129P2-Mrc1tm1Mnz/J mice alongside age- and sex-matched WT 
littermate controls, were sourced from Janvier Labs. The comparison included 
CD206−/− KO mice (n = 8; 4 females and 4 males, 25.2 ± 6.0 g, aged 10–15 weeks) 
and WT mice (n = 7; 4 females and 3 males, 26.7 ± 3.5 g, aged 10–23 weeks). Both 
groups underwent in vivo PET imaging, followed by ex vivo analysis on the same day. 

4.2.3 Mice with skin inflammation (Study II) 
To validate the [18F]AlF-NOTA-D10CM uptake in inflamed tissue and active lymph 
nodes, mice with foot pad skin inflammation were developed for Study II.   

Inflammation was induced in C57BL/6N mice by subcutaneous injection of 
20 µL of a mixture containing CFA, F5881, Sigma Aldrich) and 2 µg of ovalbumin 
(vac-pova, InvivoGen) into the dorsal side of the left hind paws using 0.3 mL 
Microfine Demi syringes (BD) with a 30-G needle. The mice were studied either 5 
or 14 days after CFA induction (day 0). CFA induction experiments were performed 
exclusively on WT mice, with non-inflamed, healthy C57BL/6N mice serving as 
controls. The CFA-induced mice were divided into two groups: Day 5 post-induction 
(n = 6 females, 20.2 ± 1.7 g, 9–10 weeks old) and Day 14 post-induction (n = 10 
females, 20.1 ± 1.2 g, 11–12 weeks old). Healthy controls included 4 females 
(20.6 ± 0.5 g, 9 weeks old). 

4.2.4 Rats with acute myocardial infarction and Sham 
control rats (Study III) 

The last study on this thesis was aiming to investigate the application of [18F]AlF-
NOTA-D10CM in vivo PET for detection of myocardial infarction in a rat model. A 
total of 23 rats were assigned to four groups: 3 days post-myocardial infarction (n = 
7), 3 days post-sham operation (n = 4), 7 days post-MI (n = 8), and 7 days post-sham 
operation (n = 4).  



Putri Andriana 

 68 

Myocardial infarction was induced in male Sprague-Dawley rats through 
permanent ligation of the LAD coronary artery. Approximately 30 minutes before 
anaesthesia, the rats received a subcutaneous (s.c.) dose of 0.5 mg/kg buprenorphine 
(Temgesic, Schering-Plough). Anaesthesia was induced via intraperitoneal (i.p.) 
injection of 80 mg/kg ketamine (Ketaminol®vet, Intervet) and 0.5 mg/kg 
medetomidine (Cepetor vet, Vetmedic). The thoracic area was shaved, cleaned, and 
treated with s.c. lidocaine (<7 mg/kg, Orion Pharma). Body temperature was 
maintained with a heating pad and monitored using a digital thermometer. Rats were 
intubated and connected to a rodent ventilator (TOPO dual mode ventilator, Kent 
Scientific). All surgical instruments and the surgical field were sterilized. 

The LAD coronary artery was permanently ligated, and successful infarction was 
confirmed by myocardial paleness. Sham-operated rats underwent identical 
procedures without LAD ligation. The incisions were closed, and the rats were revived 
using 1 mg/kg i.p. atipamezole (Antisedan, Orion Pharma). Saline was administered 
s.c. before and after surgery. Post-surgical care included close monitoring and 0.5 
mg/kg buprenorphine administration every 8 hours for three days. Mortality rates after 
LAD ligation were approximately 27% by MI Day 7 and 55% by MI Day 3, primarily 
due to severe infarction occurring on Day 0 or Day 1 post-surgery. 

4.3 In vivo PET studies 

4.3.1 Initial PET studies in healthy rats (Study I) 
PET/CT imaging was conducted using an Inveon Multimodality scanner (Siemens 
Medical Solutions, Knoxville, TN). Rats were anesthetized with isoflurane (4–5% 
for induction and 1.5–2% for maintenance), and a tail vein cannula was placed. A 
CT scan was performed first for attenuation correction and anatomical reference, 
followed by a 60-minute PET acquisition starting at the time of intravenous injection 
of [18F]AlF-NOTA-D10CM (51.6 ± 1.8 MBq, 431.1 ± 233.4 µL). 

PET data were acquired in list mode and reconstructed using an ordered subsets 
expectation maximization 3-dimensional (OSEM-3D) algorithm into time frames of 
30 × 3 s, 9 × 10 s, 4 × 30 s, 5 × 60 s, and 10 × 300 s. 

Following PET/CT imaging, the animals were euthanized 70 minutes after 
[18F]AlF-NOTA-D10CM injection, and tissues were collected, weighed, and 
analyzed with a gamma counter (Triathler 3″, Hidex, Turku, Finland). The 
radioactivity in tissues was expressed as a percentage of the injected radioactivity 
dose per gram of tissue (%ID/g), corrected for residual radioactivity in the cannula 
and tail. 

PET/CT image analysis was conducted using Carimas 2.10 software (Turku PET 
Centre, Turku, Finland). Regions of interest (ROIs) were manually defined in organs 



Materials and Methods 

 69 

of interest using CT for anatomical reference. Time-activity curves (TACs) were 
generated from the 60-minute PET data and expressed as standardized uptake values 
(SUVs) over time post-injection. 

4.3.2 PET studies in CD206 deficient and mice with skin 
inflammation (Study II) 

A total of 35 mice were assigned to five groups: (1) CD206−/− KO, (2) WT, (3) day 
5 post-CFA induction, (4) day 14 post-CFA induction, and (5) healthy controls. 
Imaging was conducted using PET and CT systems (Molecubes) under isoflurane 
anaesthesia (4–5% induction, 1.5–2% maintenance) with tail vein cannulation 
performed prior to scanning. CT scans were used for attenuation correction and 
anatomical reference. On consecutive days, PET imaging involved either a 20-
minute static acquisition performed 90 minutes after intravenous injection of 
[18F]FDG (4.95 ± 0.51 MBq), or a 120-minute dynamic acquisition initiated 
immediately after intravenous injection of [18F]AlF-NOTA-D10CM (5.66 ± 2.18 
MBq, 12.45 ± 4.80 µg, 0.57 ± 0.22 nmol), or intradermal injections of [18F]AlF-
NOTA-D10CM into the left hind paw (4.55 ± 1.69 MBq, 10.00 ± 3.73 µg, 
0.45 ± 0.16 nmol) were performed for localized imaging. PET data were 
reconstructed using OSEM-3D algorithm into time frames of 10 × 60 s, 4 × 300 s, 
and 9 × 600 s and analyzed with Carimas 2.10 software. ROIs were manually defined 
on key organs using CT for anatomical guidance, and TACs (radioactivity 
concentration as a function of time after injection) were generated. The inflamed skin 
region was validated by increased [18F]FDG uptake. Quantitative analysis was 
conducted using at least three consecutive planes acquired between 50–60 minutes 
post-injection of [18F]AlF-NOTA-D10CM. On the final study day, mice received a 
7.55 ± 2.84 MBq intravenous dose of [18F]AlF-NOTA-D10CM for ex vivo analysis 
conducted 60 minutes post-injection.  

4.3.3 PET studies in rats with acute myocardial infarction 
(Study III) 

Rats were anaesthetized with isoflurane and imaged using an Inveon Multimodality 
PET/CT scanner (Siemens Medical Solution). For [18F]FDG, a 10-minute static PET 
acquisition was performed 20 minutes post-injection. In the case of [18F]AlF-NOTA-
D10CM, a 60-minute dynamic PET acquisition was initiated at the time of injection 
and reconstructed into time frames of 30 × 3 s, 9 × 10 s, 4 × 30 s, 5 × 60 s, and 10 × 
300 s. Image analysis was conducted using Carimas 2.10 software, where ROIs in 
main organs were defined using CT as an anatomical reference. ROIs of MI and 
remote area were delineated based on [18F]FDG PET uptake where MI area were 
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determined by identifying regions with reduced [18F]FDG uptake on short-axis 
images, while ROIs for the remote area were defined by selecting regions with high 
[18F]FDG uptake in the septum. ROIs for the MI area were delineated in frames 
where [18F]AlF-NOTA-D10CM uptake was visibly present and avoiding the apical 
region to prevent spill-over from the liver. H&E staining further confirmed the 
locations of both the MI and remote areas. Quantitative analysis included at least 
three consecutive planes evaluated at 50–60 minutes post-injection of [18F]AlF-
NOTA-D10CM. TACs were extracted from the dynamic PET data and presented as 
the mean SUV over time post-injection. 

Sequential [18F]FDG PET scans were further utilized to evaluate infarct size 
using Carimas 2.10’s heart plugins. After segmentation of the loaded images, the LV 
contour was manually defined for short-axis, horizontal, and vertical long-axis 
views. These contours were automatically transformed into a 17-segment polar map. 
A threshold of 70% of the highest SUV value was applied to identify infarct regions, 
where areas with SUV below the threshold were marked as infarcted. The infarct 
size percentage was calculated by manually defining ROIs. 

4.4 Ex vivo analysis 
After the euthanasia, the organ of interest were dissected and measured for the 
accumulated radioactivity after [18F]AlF-NOTA-D10CM injections. Animals were 
euthanized via cardiac puncture and cervical dislocation under isoflurane anaesthesia 
60–70 minutes after the final intravenous injection of [18F]AlF-NOTA-D10CM. 
Tissues of interest were excised, weighed, and analyzed for radioactivity using a 
gamma counter (Triathler 3″, Hidex, Turku, Finland). The measured radioactivity 
was decay-corrected to the time of injection, adjusted for residual activity in the 
cannula and tail, and expressed as %ID/g. Animals showing significant residual 
radioactivity at the tail were excluded from analysis, as this may indicate failed 
intravenous administration and could result in an unintended delivery route. 

4.5 Autoradiography analysis 
Main tissue of interests including inflamed foot pad skin and inflamed popliteal LN 
from CFA induced mice and LV samples from LAD ligated and sham operated rats 
were collected and prepared for autoradiography analysis. 

The tissue samples of the LV of the heart were embedded and frozen in Tissue-
Tek O.C.T. Compound (Sakura) and sectioned into serial 20 µm and 8 µm sections. 
The LV sections were made at approximately 1 mm intervals from the apex to the 
base and placed onto microscopic slides. The inflamed foot pad skin and inflamed 
popliteal LN were embedded in Tissue-Tek O.C.T. Compound (Sakura) and frozen, 
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then sectioned into three serial 20 µm slices and five 6 µm slices, which were 
mounted onto microscope slides. The slides were briefly air-dried and opposed to 
phosphor imaging plates (BAS-TR2025, Fuji), exposed overnight, and scanned 
using a Fuji Analyzer BAS-5000. Following autoradiography, frozen sections were 
stained with H&E for histological reference or stored in -70 degree freezer and used 
for CD206 immunohistochemical staining.  

ROIs were analyzed on superimposed autoradiography and digitalized H&E 
images using the Carimas data processing tool. Results were expressed as 
photostimulated luminescence per square millimeter (PSL/mm²), decay-corrected 
for injection and autoradiography exposure times, and normalized to the injected 
radioactivity dose. For Study I, the target-to-background ratio (TBR) was calculated 
by comparing inflamed and non-inflamed regions identified through CD206 
expression levels (CD206high area/CD206low area). These regions were classified 
based on histological analysis and immunohistochemical and immunofluorescence 
staining of sequential tissue sections. The region classification were completed 
automatically using a specific cut-off value in GIMP software. 

4.6 Histological, immunohistochemical, and 
immunofluorescence staining 

In Study II and III, histological staining were used as reference to point the inflamed 
area of foot pad skin, popliteal LN and LV. Histological staining were performed by 
H&E stains. Sections were fixed in 10% formalin, stained with hematoxylin (Fluka) 
and eosin (Reagena) using a Leica Autostainer, mounted with Pertex, and digitized 
using a Pannoramic P1000 slide scanner (3DHistech Ltd.). The H&E stained slides 
were used to make contour of inflamed foci that were superimposed to IHC stained 
slides.  

CD206 immunohistochemistry staining were performed in Study I, II and III to 
depict the mannose receptor positive area on the tissue section. In Study I, sample of 
mannose receptor associated tissue including liver, spleen and bone marrow were 
CD206 stained to validate the high [18F]AlF-NOTA-D10CM uptake on those tissues. 
In Study II and III, CD206 staining were performed in samples of inflamed foot pad 
skin and inflamed popliteal LN (6 µm) and LV (8 µm) from all animal groups. Anti-
CD206 were used for immunohistochemical staining. First, the sections were fixed 
in 4% paraformaldehyde, followed by antigen retrieval, washing, and blocking of 
endogenous peroxidase activity. Next, the sections were incubated for 60 minutes at 
room temperature with a polyclonal rabbit anti-mannose receptor (CD206/MRC1) 
antibody (diluted 1:10,000; ab64693, Abcam), rinsed, and treated with a horseradish 
peroxidase-conjugated goat anti-mouse secondary antibody (BrightVision 
DPVR110HRP, WellMed) for 30 minutes at room temperature. The staining reaction 
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was developed using 3,3-diaminobenzidine (BrightDAB, BS04-110, WellMed), 
counterstained with Mayer’s hematoxylin, mounted in Pertex, and left to dry 
overnight. The stained sections were scanned using a digital slide scanner 
(Pannoramic P1000 or Pannoramic 250 Flash, 3DHISTECH Ltd.) and analyzed with 
Pannoramic Viewer 1.15 software (3DHISTECH Ltd.). 

Immunofluorescence staining were conducted in Study II for CD206, CD31 (for 
blood and lymphatic endothelial cells identification) and CD11b (for myeloid cells 
identification). In Study II, sample of healthy foot pad skin and popliteal LN and 
inflamed foot pad skin and inflamed popliteal LN were stained for both 5 Days and 
14 Days after the CFA induction. Immunofluorescence staining were performed on 
sections that were fixed in ice-cold acetone for 3 minutes, followed by a 60-minute 
incubation in a humidified, light-protected chamber with Alexa Fluor® 488 
monoclonal rat anti-mouse CD206 antibody (BioLegend® 14170, clone C068C2, 10 
µg/mL), Alexa Fluor® 594 monoclonal rat anti-mouse CD31 antibody (BioLegend® 
102520, clone MEC13.3, 10 µg/mL), and Alexa Fluor® 647 monoclonal rat anti-
mouse CD11b antibody (BioLegend® 101220, clone M1/70, 10 µg/mL). The 
sections were then rinsed twice with PBS, counterstained with DAPI (Invitrogen 
D1306), and washed again with PBS. Finally, coverslips were mounted using 
ProLong Gold Antifade mounting medium (Invitrogen P36930). Tissue sections 
were scanned using a digital slide scanner (Pannoramic P1000 or Pannoramic 250 
Flash, 3DHISTECH Ltd.) and analyzed with Pannoramic Viewer 1.15 software 
(3DHISTECH Ltd.). 

Double immunofluorescence were performed in Study III for CD206 + CD68 
(for macrophages identification) in LV sections. To do that, frozen LV sections were 
treated with pre-warmed citrate buffer (pH 6.0, BioSite), brought to a boil, and then 
cooled for 20 minutes. The sections were washed with PBS containing 0.05% Tween 
20 (pH 7.4) and blocked with normal antibody diluent (BD09-125, WellMed). Next, 
the slides were incubated for 60 minutes at room temperature with primary 
antibodies: mouse anti-rat CD68 (1:1000, MCA341GA, Bio-Rad) and polyclonal 
rabbit MRC-1 (1:10000, ab64693, Abcam), prepared in normal antibody diluent. 
This was followed by sequential incubations with Alexa Fluor® 594-conjugated 
donkey anti-rabbit (A-21207, Invitrogen) and Alexa Fluor® 488-conjugated goat 
anti-mouse (A-11017, Invitrogen) secondary antibodies, each for 30 minutes at room 
temperature. The sections were mounted with Prolong Gold Antifade reagent 
containing DAPI (P36935, Invitrogen) and visualized using a Pannoramic Midi 
fluorescence slide scanner (3DHistech Ltd.). Images were analyzed with 
CaseViewer software (version 2.4, 3DHistech Ltd.).  
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4.7 Quantification of CD206 positive cells by 
immunohistochemical staining 

CD206-positive area percentage (area-%) in inflamed foci were calculated from 
CD206 immunohistochemistry staining of the sections. At least 3 sections per slide 
were used for calculation. In Study II, CD206 area-% were calculated in foot pad skin 
inflammation area and inflamed popliteal LN both in Day 5 and Day 14 post CFA 
induction. Stained tissue sections were digitalized using a Pannoramic slide scanner 
(P1000 or 250 Flash, 3DHISTECH Ltd.) and analyzed with Pannoramic Viewer 1.15 
software (3DHISTECH Ltd.). For quantifying the CD206 area-%, regions were 
categorized as CD206high or CD206low using fuzzy selection in GIMP (version 2.10.24) 
based on an RGB color threshold of 19, with H&E staining as a reference. The 
percentage of CD206high and CD206low areas was calculated through color 
deconvolution analysis of hematoxylin and 3,3′-Diaminobenzidine (DAB) stains using 
Fiji software (ImageJ 1.52n, Wayne Rasband, https://imagej.net/software/fiji/) 
(Figure 16). 

 
Figure 16. Histology and immunohistochemical analysis of footpad skin: (A) H&E staining shows 

inflammation in the skin caused by subcutaneous injection of complete Freund’s 
adjuvant on the dorsal side of the left hind paw. (B) Less inflamed regions, identified as 
CD206low areas based on H&E staining, were visually distinguished and classified using 
fuzzy tools in GIMP. This classification employed an RGB color threshold of 19 and color 
inversion to define the CD206low area with a clear boundary. The outlined contours 
were transferred to the original CD206-stained section for accurate delineation. (C) The 
CD206low area (right panel) was separated from the CD206high area (left panel) along 
these contours, and DAB staining was subsequently analyzed for color deconvolution 
using the Fiji image processing software in ImageJ. (Adopted with permission from 
Andriana et al, 2023). 

https://imagej.net/software/fiji/
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In Study III using experimental acute myocardial infarction model, H&E stained 
MI confirmed LV sections were used to calculate the CD206 area-%. LV sections were 
divided into MI and remote areas using the manual selection tool in GIMP (version 
2.10.24), with clear boundaries defined based on H&E histological references. The 
CD206 area-% in both the MI and remote regions was quantified separately through 
color deconvolution analysis of hematoxylin and DAB staining using ImageJ 1.52n 
software (Wayne Rasband) (Figure 17). 

 
Figure 17. H&E staining served as an anatomical reference to identify infarcted and necrotic tissue. 

Adjacent LV sections stained for CD206 were contoured to distinguish the remote area, 
MI area, and necrotic tissue within. Contouring was performed using the automatic fuzzy 
selection tool in GIMP (version 2.10.24), with CD206-positive staining (dark brown) in 
the MI area as the basis for area selection. Threshold adjustments were made to ensure 
clear boundaries between the MI area, remote area, and necrotic tissue, as shown in 
the contoured section above. The remote and MI areas, excluding necrotic tissue, were 
then analyzed using ImageJ 1.52n (Wayne Rasband) (from Original submitted 
manuscript III). 

4.8 In vivo blocking study and in vitro competitive 
binding study 

In vivo  blocking study were performed in initial PET study in healthy rats for 
studying [18F]AlF-NOTA-D10CM in vivo specificity uptake by associated mannose 
receptor tissues. The blocking experiment were performed with a 100-fold molar 
excess of mannan from Saccharomyces cerevisiae (Sigma-Aldrich M7504) in 400 
µL saline intravenous administration 15 minutes before the [18F]AlF-NOTA-
D10CM injection. After [18F]AlF-NOTA-D10CM administration, rats were 
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undergone the PET/CT scan with the same protocol as previously described for 
Study I. 

In vitro competitive displacement study were added in Study II and Study III in 
cryosections of inflamed popliteal lymph nodes and footpad skin (6 µm) from mice 
with CFA-induced inflammation in study (Study II), as well as cryosections of the 
LV (20 µm) from rats on MI Day 7 (Study III). First, frozen sections were defrosted 
at 4 °C for 40 minutes and pre-incubated at room temperature for 15 minutes in N-
(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid (HEPES, Sigma-Aldrich) 
buffer (pH 7.4) containing 10 mM Ca2+. For total binding assays, sections were 
incubated with [18F]AlF-NOTA-D10CM at concentrations of 23 kBq/mL (2.3 nM) 
for mice tissue or 35 kBq/mL (3.5 nM) for rat tissue. For competitive binding assays, 
adjacent sections were co-incubated with [18F]AlF-NOTA-D10CM and a molar 
excess of unlabeled NOTA-D10CM for 70 minutes (400-fold for mice sample and 
200-fold for rat sample). After incubation, all slides were rinsed twice with cold 
buffer, dipped in cold water, air-dried, and exposed overnight to phosphor imaging 
plates for scanning and analysis. All experiments were performed in triplicate using 
tissue samples from three animals (n = 3) per group. 

4.9 Binding specificity of NOTA-D10CM and 
[18F]AlF-NOTA-D10CM to M1/M2-polarized 
human macrophages and CHO cells 

4.9.1 Alexa-488-NOTA-D10CM preparation 
Binding specificity of NOTA-D10CM to M1/M2 polarized macrophages was 
determined using flow cytometry (Fortessa, BD Biosciences) in Study III. First, 
NOTA-D10CM was labeled with the near-infrared dye AlexaFluor-488 
tetrafluorophenyl ester using the AlexaFluor-488 Microscale Protein Labeling Kit 
(A3006; Invitrogen), following the protocol from the manufacturer. Solution stock 
of Alexa-488-NOTA-D10CM (1 mg/mL) was prepared by 100 µL of 1 mM NOTA-
D10CM stock solution mixing with 10 µL of 1 M sodium bicarbonate in a reaction 
tube and homogenized manually with a micropipette. A stock solution of reactive 
dye was prepared by adding 10 µL of deionized water to the AlexaFluor-488 
tetrafluorophenyl ester vial, yielding a concentration of 11.3 nmol/µL. Next, 8 µL of 
the reactive dye solution was added to the NOTA-D10CM mixture, and the reaction 
was incubated for 15 minutes at room temperature. Excess unreacted dye was 
removed using the purification resin and spin filters included in the labeling kit 
(Appendix 3). The degree of labeling (DOI) of AlexaFluor-488-labeled NOTA-
D10CM was determined by measurement of absorbance at 280 nm and at 494 nm 
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using NanoDrop ND-1000 spectrophotometer and showed the DOI of 2 molecule of 
fluorophores per one molecule of NOTA-D10CM.  

4.9.2 Peripheral blood mononuclear cells preparation 
Peripheral blood mononuclear cells (PBMCs) were isolated from human buffy coats 
using Ficoll centrifugation. Monocytes were then enriched from PBMCs through 
positive selection with a magnetic-activated cell sorting kit (Monocyte Isolation Kit 
with CD14 MicroBeads; Miltenyi Biotec). These monocytes were cultured and 
polarized into M1 or M2 macrophages as described previously (Silvola et al., 2018). 
To evaluate CD206 expression, cells were first pre-blocked with human 
immunoglobulin (Ig 100 μg/mL; KIOVIG, Baxter) and subsequently incubated with 
an AlexaFluor-647-conjugated anti-human CD206 antibody (mouse IgG1; 
BioLegend) or an isotype control (mouse IgG1; BD Biosciences). After incubation, 
cells were fixed with paraformaldehyde and analyzed using flow cytometry 
(Fortessa, BD Biosciences) and Flowing software (Turku Center of Biotechnology). 

4.9.3 Binding of Alexa-488-NOTA-D10CM to M1/M2 
macrophages 

To assess the binding of Alexa-488-NOTA-D10CM, macrophages were collected 
and incubated for 30 minutes or 4 hours at 37°C in a CO2 incubator with fresh 
medium (Iscove’s Modified Dulbecco’s Medium containing 2% AB serum and 
2 mmol L-glutamine; Gibco, Thermo Fisher Scientific) supplemented with Alexa-
488-NOTA-D10CM (10 µg/mL). After incubation, the cells were washed twice with 
1 mL of PBS to remove any unbound Alexa-488-NOTA-D10CM. The cells were 
then fixed with paraformaldehyde and analyzed using flow cytometry and Flowing 
software. 

4.9.4 CHO cell culture 
CHO cells stably expressing mouse CD206 (CHO-CD206+) and CD206-negative 
CHO cells (CHO-CD206−) were generously provided by Prof. Luisa Martinez-
Pomares (University of Nottingham, United Kingdom). The cells were cultured at 
37°C in a CO2 incubator in RPMI 1640 medium (Gibco/Thermo Fisher Scientific) 
supplemented with 10% fetal bovine serum (Biowest), 2 mmol L-glutamine 
(Gibco/Thermo Fisher Scientific), 100 U/mL penicillin, and 100 µg/mL 
streptomycin (Sigma-Aldrich/Merck). CD206 expression were confirmed by flow 
cytometry. First, the cells were harvested and incubated with an AlexaFluor-488-
conjugated anti-mouse CD206 antibody (rat IgG2; Bio-Rad) or an isotype control 
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(rat IgG2; BD Biosciences). Afterward, the cells were fixed with paraformaldehyde 
and analyzed by flow cytometry using Flowing software. 

4.9.5 Binding of [18F]AlF-NOTA-D10CM to CHO cells 
Binding affinity of [18F]AlF-NOTA-D10CM to CHO-CD206+ and CHO-CD206− 
were investigated by the following protocol. Cells were cultured and allowed to 
adhere to opposite sides of a 92 mm Petri dish, following the LigandTracer 
(Ridgeview Instruments AB) guidelines. A region of the Petri dish without attached 
cells served as a background control to account for non-specific binding of [18F]AlF-
NOTA-D10CM. The dissociation constant (KD) of [18F]AlF-NOTA-D10CM was 
determined using a LigandTracer Yellow instrument. The assay involved 
sequentially measuring radioactivity in the target cells (CHO-CD206+), the negative 
control cells (CHO-CD206−), and the cell-free background areas of the dish. 

4.10 Statistical analysis 
All statistical analysis were conducted using GraphPad Prism (version 10.1.2 (324), 
2023). Results are presented as mean ± standard deviation (SD). Normality of the 
data was assessed using the D’Agostino-Pearson or Shapiro-Wilk test. Group 
differences were analyzed using unpaired Student’s t-tests, one-way ANOVA, or the 
Wilcoxon test for non-normally distributed data. P-values < 0.05 were considered 
statistically significant and are denoted as *P < 0.05, **P < 0.01, and ***P < 0.001. 
Associations between variables were examined using Pearson’s correlation 
coefficient.  

 



 78 

5 Results 

5.1 Radiosynthesis of [18F]AlF-NOTA-D10CM and 
initial PET imaging of healthy rats 

This Study I aimed to establish a radiolabeling method for NOTA-D10CM with [18F]F- 
to produce [18F]AlF-NOTA-D10CM and conduct an initial PET imaging in healthy 
rats using [18F]AlF-NOTA-D10CM. The study revealed the favorable characteristic of 
a PET tracer with a straightforward and reproducible radiolabeling protocol.  

5.1.1 Radiosynthesis of [18F]AlF-NOTA-D10CM 
First, NOTA-D10CM were synthesized as 21.3 kDa size of molecule with 17 
mannosylated S-derivatized cysteine and 7 free cysteine content in each molecule of  
D10CM and at least there were one NOTA chelator per one D10CM molecule 
(Figure 18).  

The radiolabeling last for 91.8 ± 15.7 minutes (n = 10) from the end of 
bombardment with initial 6.1 ± 0.6 GBq [18F]F-. The average decay corrected 
radiochemical yield of was 24.8 % ± 13.1. [18F]AlF-NOTA-D10CM was finally 
eluted to product vial containing PBS with ascorbic acid and <10% ethanol content 
with final average radioactivity concentration of 312.2 ± 140.7 MBq/mL at EOS. 

 
Figure 18. Chemical structure of [18F]AlF-NOTA-D10CM. The structure contains D10CM (dextran10 in 

pink, cysteine in black and mannose moiety in green colored structure). After radiolabeling, 
NOTA chelator bind to [18F]AlF-complex via aluminum (blue block) attached to cysteine. 
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[18F]AlF-NOTA-D10CM underwent quality control by HPLC as previously 
describe and showed consistent radiochemical purity of >99% at EOS and over 4 
hours at room temperature. In addition to excellent shelf-life, [18F]AlF-NOTA-
D10CM showed a favorable hydrophilicity with LogD of -3.10 and molar activity of  
9.9 GBq/µmol. 

5.1.2 In vivo PET imaging 
The PET/CT imaging results revealed that the highest uptake of [18F]AlF-NOTA-
D10CM were found in mannose receptor associated tissues including liver, spleen 
and bone marrow with SUV of 10.38 ± 0.13, 3.71 ± 0.04 and 2.95 ± 0.02), 
respectively. These high SUVs due to abundance of CD206-positive cells were 
confirmed by colocalisation of CD206 positive immunohistochemical staining. The 
lower uptake were detected in other organs which also known to have some CD206 
expression including salivary glands (1.40 ± 0.02), kidneys (1.37 ± 0.03), and 
pancreas (1.32 ± 0.05). Within 20 minutes after injection, tracer were cleared from 
blood circulation and the rest were accumulated in the liver, spleen, bone marrow 
(Figure 19a, b) and other tissues with CD206 expression. 

In vivo blocking study with 100-fold of mannan injection 15 minutes prior to 
[18F]AlF-NOTA-D10CM injection demonstrate the specific uptake of the tracer in 
mannose receptor associated tissues with a reduced uptake by 88.6% in liver, 35.1% 
in  spleen and 59.9% in bone marrow (Figure 19a–c) . These results were supported 
by the ex vivo gamma counting of the correspondent tissues (Figure 19c, d). 

5.1.3 In vivo stability 
In vivo stability study revealed an excellent [18F]AlF-NOTA-D10CM stability with 
intact tracer of 100% ± 0, 96.2% ± 1.8, 91.6% ± 3.0, 90.1% ± 5.3 and 84.1% ± 3.7 
of total plasma radioactivity at 5, 15, 30, 45 and 60 minutes post-injection, 
respectively. 
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Figure 19. Representative coronal maximum intensity projection of [18F]AlF-NOTA-D10CM PET/CT 

images in healthy rats between total binding and blocked binding by mannan at 60 minutes 
after injection (a). Quantification of the [18F]AlF-NOTA-D10CM uptake in blood, bone 
marrow, liver and spleen at 3560 minutes post injection in total versus block binding (b), 
as confirmed by ex vivo gamma counting measured at 60 minutes post-injection (c), and 
ex vivo gamma counting of the whole tissue of interest from total binding rats (d). *P < 
0.05, **P < 0.001, ***P < 0.0001. (Modified from Original publication I)  

5.2 Validation study in mice 
In Study II, we aimed to investigate the [18F]AlF-NOTA-D10CM ability to target 
macrophage mannose receptor CD206 in inflammation. We first evaluated the 
tracer’s specificity in CD206-/- KO mice compared to WT mice. Then, we studied 
the [18F]AlF-NOTA-D10CM uptake in mice with foot pad skin inflammation. The 
mice that underwent PET/CT were screened based on the clear visual of swollen foot 
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compared to the contralateral foot and the [18F]FDG PET imaging 1 the day prior to 
PET imaging with [18F]AlF-NOTA-D10CM. The foot size were also monitored 
since day 1 after CFA induction.  

5.2.1 PET/CT study in CD206 deficient versus wild-type 
mice 

PET/CT imaging results of [18F]AlF-NOTA-D10CM indicated that WT mice 
showed highest SUV in mannose receptor associated tissues compared to CD206-/- 
KO mice including liver (8.21 ± 2.51 vs. 1.06 ± 0.16, P < 0.001), salivary glands 
(1.86 ± 0.34 vs. 0.61 ± 0.14, P < 0.05) and bone marrow (1.63 ± 0.37 vs. 0.22 ± 0.05, 
P < 0.0001). These results were in line with the results of Study I in healthy rats. 
Conversely, the SUV in CD206-/- KO mice were higher than WT mice in spleen (3.56 
± 0.85 vs. 4.92 ± 0.81, P < 0.05) and kidney (1.94 ± 0.93 vs. 6.03 ± 1.79, P < 0.001). 

Table 6. In vivo distribution of [18F]AlF-NOTA-D10CM at 50–60 minutes post-Injection in CD206-

/- KO and WT mice. P value is from Student’s t test. 

Tissue WT (n = 7) 
SUV mean ± SD 

KO (n = 8) 
SUV mean ± SD P value 

Brown adipose tissue 0.11 ± 0.04 0.15 ± 0.05 0.09 
Blood 0.56 ± 0.22** 1.22 ± 0.29 < 0.001 
Bone marrow 1.63 ± 0.37*** 0.22 ± 0.05 < 0.0001 
Brain 0.22 ± 0.20 0.08 ± 0.03 0.12 
Heart 0.50 ± 0.09* 0.76 ± 0.16 < 0.05 
Intestine (small) 0.65 ± 0.30* 0.33 ± 0.07 0.03 
Kidneys 1.94 ± 0.93** 6.03 ± 1.79 < 0.001 
Liver 8.21 ± 2.51** 1.06 ± 0.16 < 0.001 
LN (axillary, left) 0.14 ± 0.05* 0.40 ± 0.19 < 0.05 
LN (inguinal, left) 0.18 ± 0.08* 0.37 ± 0.20 < 0.05 
LN (mesenteric, left) 0.27 ± 0.13* 0.43 ± 0.15 0.05 
LN (popliteal, left) 0.12 ± 0.05* 0.38 ± 0.21 < 0.05 
Lungs 0.36 ± 0.10 0.46 ± 0.12 0.08 
Muscle 0.10 ± 0.04 0.12 ± 0.04 0.46 
Ovaries 0.38 ± 0.11 0.32 ± 0.20 0.58 
Pancreas 0.96 ± 0.14** 0.40 ± 0.07 < 0.001 
Salivary glands 1.86 ± 0.34 0.61 ± 0.14 0.02 
Skin (foot pad, left) 0.21 ± 0.08 0.27 ± 0.15 0.38 
Skull 0.21 ± 0.12* 0.08 ± 0.03 < 0.05 
Spleen 3.56 ± 0.85 4.92 ± 0.81 0.02 
Stomach 0.46 ± 0.23 0.28 ± 0.09 0.09 

*P < 0.05, **P < 0.001, ***P < 0.0001. 
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5.2.2 PET/CT study in C57BL/6N mice with foot pad skin 
inflammation 

[18F]AlF-NOTA-D10CM PET imaging in CFA induced mice were conducted in two 
types of administration: intravenous and intradermal routes.  

Using intravenous injection, significantly higher SUVs were observed in the left 
inflamed foot pad skin (0.41 ± 0.10 vs. 0.04 ± 0.01, P < 0.0001) high up to the left 
ankle joint (0.48 ± 0.13 vs. 0.18 ± 0.05, P < 0.0001), popliteal (0.24 ± 0.05 vs. 
0.14 ± 0.06, P < 0.0001) and inguinal LN (0.37 ± 0.15 vs. 0.10 ± 0.04, P < 0.05) of 
CFA induced mice both in CFA Day 5 and CFA Day 14 group, compared to the 
healthy control, with no significant difference between CFA Day 5 and CFA Day 14 
group (Figure 20).  

The in vivo PET imaging results were supported by ex vivo gamma counting at 
60 minutes after [18F]AlF-NOTA-D10CM intravenous injection. Healthy mice 
showed a significantly lower uptake in foot pad skin compared to the both group of 
CFA induced mice (0.74 ± 0.21 vs. 1.44 ± 0.44, P < 0.05). The difference in popliteal 
LN were not determined due to insufficient size of the popliteal LN in healthy mice. 
However, the gamma counts of popliteal LN from CFA induced mice can be 4–7 
times higher than healthy one and reliable enough for gamma counting measurement 
(1.34 ± 0.76). The size difference as well as autoradiography uptake of healhy LN 
and CFA induced LN is portrayed in Figure 21.  

In addition, autoradiography confirmed the significantly higher accumulation of 
the [18F]AlF-NOTA-D10CM in inflamed area of foot pad skin and popliteal LN, or 
in this study we refer to CD206high area and the control tissue background as 
CD206low area. The determination of CD206high area/ CD206low area were defined 
based on the histological contour derived from H&E staining of its adjacent section. 
Autoradiography revealed that [18F]AlF-NOTA-D10CM uptake ratio of CD206high 
area (in inflamed foci of foot pad skin and popliteal LN) and CD206low area (in 
healthy tissue background) in CFA Day 5 group were 10.24 ± 0.79 (skin) and 32.32 
± 20.68 (LN) and in CFA Day 14 group were 10.36 ± 4.66 (skin) and 22.29 ± 6.27 
(LN). 
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Figure 20. (a) Representative maximum intensity projection PET/CT images of intravenously (i.v) 

administered [18F]AlF-NOTA-D10CM of the foot pad of  healthy mouse and CFA induced 
mice on day 5 and 14, and (b) the inflamed popliteal LN (white arrow) and inguinal LN 
(red arrow) in mice, 5 days after CFA induction. (c)  SUV quantification of PET imaging 
50-90 minutes after i.v. injection. Bars represent mean and error bars are standard 
deviation. *P<0.05, **P<0.01, ***P<0.001. (Modified from Original publication II) 

 
Figure 21. Autoradiography of popliteal LN from healthy, CFA Day 5 and CFA Day 14 illustrate the 

significantly bigger size of the LN in inflamed condition. 

Intradermal injection of [18F]AlF-NOTA-D10CM demonstrated the shift in 
lymphatic drainage during the inflammation development from healthy to inflammation 
stage (day 5 and day 14 after CFA induction) as shown in Figure 22 and 23. 
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Figure 22. Intradermal injection of [18F]AlF-NOTA-D10CM illustration reveal the lymphatic 

drainage route from site of injection in healthy mouse compared to CFA Day 5 and CFA 
Day 14 groups. The figures demonstrate the activation of alternative drainage (red 
dotted line) in inflamed mice and significant increased of SUV in popliteal (PO), inguinal 
(IN) to axillary (AX) LN from healthy condition (blue dotted line), to day 5 and to the 
highest SUV in day 14 after CFA induction. The values are expressed as SUV mean ± 
SD. IL: Iliac LN; RE: renal LN. 

 
Figure 23. Quantification of Al[18F]F-NOTA-D10CM uptake at 2 hours post intradermal injection. 

Results in the table are presented as mean ± SD and bars represent SUV mean with error 
bar as standard deviation. *P < 0.05, **P < 0.01 (Modified from Original publication II) 

5.2.3 Histology 
H&E staining defined the histological feature of inflamed area (CD206high area) and 
healthy area (CD206low area). Quantification of CD206 using CD206 
immunohistochemical staining verify the significantly higher CD206 area-% in 
inflamed area of foot pad skin and lymph node compared to the healthy tissue and 
colocalized with focal autoradiography uptake of [18F]AlF-NOTA-D10CM in the 
adjacent sections (Figure 24). The correlation matrix also found that the [18F]AlF-
NOTA-D10CM autoradiography uptake were positively correlated with CD206 
area-% both in foot pad skin and popliteal samples from CFA Day 5 and CFA Day 
14 groups (r = 0.80, P < 0.001). 
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Figure 24. Representative autoradiography of [18F]AlF-NOTA-D10CM, H&E histological staining 

and CD206 immunostaining of the foot pad skin 14 days after CFA induction. Visible 
hotspot on autoradiography co-localized with the inflamed area denoted by H&E staining 
and mannose receptor CD206 overexpression showed by CD206 IHC staining (positive 
stained seen as brown color). 

5.3 PET imaging in experimental acute myocardial 
infarction 

This study aimed to assess the feasibility of using [18F]AlF-NOTA-D10CM to detect 
acute MI in experimental rat model, where MI was induced by permanent coronary 
artery ligation. Additionally, a sham control group was developed using the same 
surgical procedure, but without coronary artery ligation. Prior to this, we evaluated the 
Alexa-488-NOTA-D10CM specific uptake by M2 macrophages using human blood 
monocytes that were in vitro polarized into M1 and M2 macrophages. We also 
conducted another binding assay using LigandTracer to examine the tracer’s binding 
affinity in CHO cells transfected with CD206. These two binding assays confirmed that 
Alexa-488-NOTA-D10CM bound to M2 macrophages more than to M1 macrophages 
(2914.76 ± 503.10 vs. 168.36 ± 137.30, respectively; P = 0.001) and that [18F]AlF-
NOTA-D10CM binding affinity to CHO-CD206+ cells was 1.83 ± 0.68 nM. In addition, 
in vitro competition study were performed to evaluate the [18F]AlF-NOTA-D10CM 
specific uptake in MI area confirmed that the addition of excess unlabeled NOTA-
D10COM reduced the tracer uptake in MI area by approximately 85%. 

5.3.1 PET study 
The rats that had been through LAD ligation surgery were divided into MI Day 3 
and MI Day 7 group. In this study, the survival rate from LAD surgery were 45 % 
for MI Day 3 group and 73 % for MI Day 7 group. The rats were then imaged with 
[18F]AlF-NOTA-D10CM based on their group time point. 

[18F]FDG were used to visualize the myocardial infarction. The average MI size 
were found to be 31.87% ± 18.20 of the LV for both MI Day 3 and MI Day 7 group. 
Only rats with a confirmed MI were used in data analysis. 
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In vivo PET imaging of [18F]AlF-NOTA-D10CM is represented in Figure 25 
and demonstrated a significantly higher SUV in MI area compared to remote area 
(SUV 0.64 ± 0.19 vs. 0.40 ± 0.11; P = 0.018) and myocardium of the sham operated 
rats (SUV 0.43 ± 0.07; P = 0.002) in MI Day 3 group, and so did the MI Day 7 group 
with higher SUV in MI area compared to the remote area (SUV 0.61 ± 0.16 vs. 0.45 
± 0.12; P = 0.047) and sham operated rat’s myocardium  (SUV 0.42 ± 0.06; P = 
0.017).  There were no observed significant difference on [18F]AlF-NOTA-D10CM 
uptake in MI area of MI Day 3 and MI Day 7 group. 

 
Figure 25. Representative PET images of rats on Day 3 (upper panel) and Day 7 (lower panel) 

post-myocardial infarction, using [18F]AlF-NOTA-D10CM. [18F]FDG PET imaging were 
performed the day before to highlights viable myocardium (indicated by blue arrows), 
while [18F]AlF-NOTA-D10CM shows uptake in the infarcted and border zone regions 
(marked by red arrows). The white arrows point to tracer uptake in the healing surgical 
scar. (Adopted from Original submitted manuscript III). 
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5.3.2 Ex vivo gamma counting and autoradiography 
The whole heart was excised and measured with gamma counter. The measurement 
of the whole heart is not representative to confirm the in vivo SUV uptake, which 
were measured exclusively on LV chamber for at least 3 planes of segmented PET 
image. Hence, there were no significant difference of [18F]AlF-NOTA-D10CM 
accumulation detected in heart of the MI group and Sham group either on Day 3 and 
Day 7. However, the gamma counting confirmed that the high [18F]AlF-NOTA-
D10CM accumulation were in line with our previous study in healthy rats (I) and 
mice (II) which were highest in mannose receptor associated tissues including liver, 
spleen and bone marrow. 

Autoradiography for the LV sections supported the in vivo PET imaging results. 
Significantly higher uptake of [18F]AlF-NOTA-D10CM were found to be in MI area 
compared to remote area (PSL/mm2 100.04 ± 34.81 vs. 45.83 ± 18.79; P = 0.005) 
and myocardium of Sham operated rats (65.56 ± 11.03, P = 0.043) at day 3 time 
point. Similarly at day 7 time point, [18F]AlF-NOTA-D10CM uptake were 
significantly higher in MI area compared to remote area (PSL/mm2 139.07 ± 64.46 
vs. 70.021 ± 29.70; P = 0.021) and myocardium of Sham operated rats (71.90 ± 
14.16, P = 0.022).  

5.3.3 Histology and immunohistochemical staining 
All the rats that were screened by [18F]FDG were indeed showing histological sign 
of MI. The H&E staining of the LV showed that the MI area were co-localized with 
the [18F]AlF-NOTA-D10CM autoradiography hotspot and CD206 overexpression. 
On the other hand, there were no indication of infarction in LV section of Sham 
operated rats based on the histological staining. Thus, as expected, no visible uptake 
of [18F]AlF-NOTA-D10CM found in LV of Sham operated rats as supported by 
autoradiography and confirmed by CD206 staining. These findings are shown in 
Figure 26. 

Quantification of CD206 from CD206 immunohistochemical staining supported 
the PET study and autoradiography results. The highest CD206 area-% were found 
in MI area compared to remote area and myocardium of sham-operated rats at 3 days 
time point (31.14 ± 7.08 vs. 4.02 ± 0.38 vs. 2.37 ± 0.29, respectively; P < 0.001) and 
at 7 days time point  (24.07 ± 5.29 vs. 10.77 ± 9.90, P = 0.007, vs. 1.80 ± 0.31, 
respectively; P < 0.001).  
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Figure 26. Representative axial plane, autoradiography of [18F]AlF-NOTA-D10CM, H&E staining 

and CD206 immunostaining of LV at 3 days and 7 days post LAD ligation surgery, and 
sham control. Hotspot were visible on axial slice of LV in LAD ligated rats, but not in 
Sham control. The hotspot were co-localized with the focal [18F]AlF-NOTA-D10CM 
autoradiography uptake. The hotspot were confirmed to be in MI area according to H&E 
staining and co-localized with CD206 overexpression (positive stained seen as brown 
color). Red arrow: infarct area, green arrow: remote area. (Modified from Andriana et 
al., 2022) 

In addition, we found that PET uptake were positively correlated to CD206 
positive area-% (r = 0.451, P = 0.006) and to autoradiography uptake (r = 0.290, P 
= 0.039) in MI region both on day 3 and day 7 time point. CD206 positive area-% 
were also found to be positively correlated with autoradiography uptake in infarcted 
area of MI Day 3 (r = 0.655, P = 0.028) but not in MI Day 7 group (r = 0.440, P = 
0.073). 

We complemented this study with double immunofluorescence staining of 
CD206 to mark mannose receptor CD206 and CD68 to mark macrophages. The 
results showed that mannose receptor expressed on MI area were indeed expressed 
by macrophages instead of any other type of CD206 expressing leukocytes.  
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6 Discussion 

The studies in this thesis aimed to develop a new PET tracer targeting the mannose 
receptor CD206 and assess its ability to detect inflammation. Study I focused on 
establishing a radiolabeling method for the tracer. We successfully radiolabeled the 
D10CM precursor with fluorine-18 to produce the mannose receptor-targeting PET 
tracer, [18F]AlF-NOTA-D10CM. This tracer demonstrated the ability to specifically 
target mannose receptor-rich tissues, such as the liver, spleen, and bone marrow, 
using PET imaging, making it a promising candidate for further animal model studies 
(Andriana et al. 2023). 

In Study II, we evaluated the ability of [18F]AlF-NOTA-D10CM to detect 
inflammation. [18F]AlF-NOTA-D10CM showed significantly higher uptake in the 
inflamed areas of the foot pad skin and popliteal lymph nodes of mice with CFA-
induced inflammation, both in the acute and chronic phases. In addition, an in vivo 
comparison study of CD206-/- KO versus WT mice revealed that the tracer's uptake 
was significantly reduced in mannose receptor-associated tissues in CD206-/- KO 
mice, but not in WT mice, indicating the specific uptake of [18F]AlF-NOTA-D10CM 
by the mannose receptor CD206. These findings support further evaluation in animal 
models of inflammatory-related diseases (Andriana et al. 2024). 

Building on these results, we studied a rat model of acute myocardial infarction, 
in which inflammation has been studied extensively (Frangogianis, 2015; 
Frangogiannis et al., 2002). Our study showed that [18F]AlF-NOTA-D10CM had 
significantly higher uptake in the MI area compared to remote areas and the 
myocardium of sham-operated rats. Notably, the tracer was able to detect 
inflammation in the MI area as early as three days after LAD surgery, suggesting its 
potential as a tool for studying the early inflammatory response after MI (submitted 
manuscript). All of these constructed studies highlight the promising role of CD206-
targeted PET imaging in inflammation detection. 

6.1 Production and characterization of  
[18F]AlF-NOTA-D10CM (Study I) 

In Study I, we aimed to develop a new PET tracer targeting the macrophage mannose 
receptor CD206, [18F]AlF-NOTA-D10CM, an 18F-labeled mannosylated dextran 
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derivative, for initial PET studies in healthy rats. Study I demonstrated that [18F]AlF-
NOTA-D10CM is a suitable tracer for PET imaging and is able to specifically target 
CD206-associated tissues. 

The macrophage mannose receptor CD206 targeting mechanism is used in the 
US Food and Drug Administration-approved SPECT radiopharmaceutical 99mTc-
Tilmanocept, a Technetium 99m-labeled mannosylated dextran, for 
lymphoscintigraphy and sentinel lymph node mapping (Leong, 2022; Surasi et al., 
2015). Pirmettis and co-workers then developed a new Technetium 99m-labeled 
mannosylated dextran derivative DCM20 for sentinel lymph node mapping, 
introducing S-derivatized cysteine as the chelator instead of DTPA, which is 
considered less ideal for 99mTc stabilization (Pirmettis et al., 2012; Eckelman, 1995). 
Further, different sizes of mannosylated dextran (21.3-805.6 kDa) with 19-645 units 
of mannose and dextran with a molecular weight of 10-500 kDa were compared. The 
study revealed that 99mTc-labeled D75CM with 75 kDa dextran and 74 mannose units 
(111.2 kDa) was superior due to the highest sentinel lymph node accumulation after 
subcutaneous injection (Papasavva et al., 2021). The intravenous administration 
showed the highest uptake in the liver, which is known to be CD206-rich tissue 
(Papasavva et al., 2021; Linehan et al., 1999). All these preceding studies indicate 
the specificity of the mannosylated dextran derivative in mannose receptor CD206 
targeting. 

Correspondingly, we explored a smaller mannosylated dextran derivative 
D10CM (21.3 kDa) with 10 kDa dextran decorated with 7 free cysteines and 17 
mannosylated S-derivatized cysteines per molecule of D10CM to achieve a better 
biodistribution profile for molecular imaging of small targets (Jeong JM, 2015). 
Fluorine-18 was chosen in this study due to its obvious advantages over other PET 
radionuclides. To name a few, in addition to its dominance in clinical PET practice 
along with the radiometal gallium-68, fluorine-18 has a longer physical half-life 
compared to 68Ga, low positron energy (0.635 MeV), easy transport to a non-
cyclotron equipped facility, and is preferable for imaging low-density 
receptors/targets in tissue due to its ideally high molar activity. Additionally, it offers 
higher spatial resolution than common PET radiometals (e.g. 68Ga, 89Zr, and 124I) 
(Ajenjo et al., 2021; Eskola et al., 2012; Van Dalen et al., 2008; McBride et al., 
2013). 

Even though S-derivatized cysteine in the D10CM structure is not intended for 
18F-fluorination, we maintained a similar structure to preserve tracer stability and 
favorable biokinetics achieved in previous studies (Papasavva et al., 2021; Pirmettis 
et al., 2012). Instead, to achieve optimum chemical stability for the 18F-labeled 
compound, the NOTA chelator was incorporated into the D10CM structure. Several 
bifunctional chelators have been tested to potimize the [18F]AlF labelling method. 
The study by Archibald and Allot on 2021 investigated the potential chelators as 
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mentioned earlier in 18F-fluorination chapter. According to their finding, NOTA and 
NODA are the most popular chelators of choice for [18F]AlF-based PET tracer 
development owing to some considerations such as their commercial availibility, 
stability, radiochemical purity and radiochemical yield, radiolabelling efficiency and 
kinetic barrier for aluminum  bond to the chelator. The [18F]AlF radiolabelling 
method favors the hexadentate ligand such as NOTA and DOTA, where one 
coordination site is occupied by [18F]F- and 5 other sites anchor the [18F]AlF2+ 

(Archibald et al., 2021). These coordinations provide complex stability which 
subsequently generate more radiolabelling efficiency at elevated temperature used 
in [18F]AlF-NOTA-D10CM radiosynthesis protocol (100 ℃). However, among the 
available chelators, NOTA is likely the most widely used in clinical applications. 
The [18F]AlF-NOTA complex has demonstrated excellent in vivo stability in both 
animal and human studies (Fersing C et al., 2019; Giesel FL et al., 2021). To date, 
no clinical safety concerns have been reported regarding the [18F]AlF-NOTA moiety 
in radiopharmaceuticals used for imaging. While DOTA has higher kinetic barrier 
for radiolabelling and thus may require higher temperature compared to NOTA to 
complete the [18F]AlF2+ chelating reaction, which can affect the stability and 
radiochemical purity of the product. Consequently, we chose [18F]AlF-NOTA 
chelation chemistry for labeling D10CM.  

The sugar nature of the dextran backbone affects the hydrophilicity of the tracer 
and contributes to the tracer distribution through blood circulation after intravenous 
injection. This was demonstrated by the coefficient distribution study of [18F]AlF-
NOTA-D10CM with a LogD of -3.10, indicating a hydrophilic profile. Hydrophilic 
tracers contribute to better tracer’s distribution via blood circulation following 
intravenous injection, lower nonspecific uptake and faster blood clearance and renal 
excretion (Liu, 2008). 

Among all the options, the chelation-based fluorination method with [18F]AlF is 
an excellent choice for 18F-labeling of biomolecules. The strong bond formation 
between aluminum and fluorine-18 will facilitate the indirect 18F-fluorination of 
D10CM via the chelator attached to its structure (McBride WJ, et al., 2009). 
However, [18F]AlF is a pH-sensitive reaction that requires a consistent pH between 
4 and 5 to avoid the formation of impurities other than [18F]AlF-NOTA. This can be 
achieved by strictly maintaining the reaction in a pH 4-5 buffer solution. In study I, 
AlCl3 was dissolved in a pH 4 acetate buffer. Another consideration for efficient 
fluorination with [18F]AlF is the possible competition from metal impurities to bond 
with [18F]F-. These metal impurities are sometimes unavoidable, even in trace 
amounts, and can originate from simple contamination in the solvents used, metal 
utensils, and trace metals from prior [18F]F- production. All of these side product 
formations can lower the molar activity of the final product, which is essential for 
molecular imaging of smaller targets. To minimize this contamination effect, the 
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strict use of trace metal-free solvents is mandatory. In addition, using a high amount 
of precursor is useful to avoid the possible covalent bonding of 18F-F- with other 
metals. However, increased mass of precursor decreases the apparent molar activity 
where the non-labled precursor can saturate the target and compete with the 
radiolabelled precursor for binding sites. Indeed, apparent molar activity remains an 
important factor in PET tracer development and future labeling strategy should aim 
to further optimize this parameter without compromising yield or biological activity. 
However, under given condition, [18F]AlF-NOTA-D10CM still demonstrated a 
reliable performance in CD206 targeting by PET and in this initial study, lower 
apparent molar activity was considered a reasonable trade-off. 

Indeed, NOTA-D10CM fluorination was accomplished in a relatively short time 
(90 minutes) using the straightforward and robust [18F]AlF labeling protocol with a 
starting [18F]F- activity of 6 GBq per synthesis batch. The use of approximately 65 
nmol resulted in approximately 800 MBq of [18F]AlF-NOTA-D10CM at EOS, 
starting from 6 GBq of [18F]fluoride, which was sufficient to facilitate a 60-minute 
dynamic PET imaging protocol for 4 or more rats. Furthermore, despite the potential 
metal contamination in the [18F]AlF labeling technique mentioned earlier, [18F]AlF-
NOTA-D10CM was produced with moderate molar activity (9.9 GBq/μmol). In 
comparison, mannosylated dextran Lymphoseek labeled with another fluorination 
technique—covalent bond formation with a boron-based fluorine-18 labeling 
method—produced [18F]BOMB Lymphoseek with lower molar activity (1.85 
GBq/μmol) compared to [18F]AlF-NOTA-D10CM (Ting et al., 2010). However, 
higher molar activity could possibly be achieved using nucleophilic fluorination such 
as TSPO targeting tracer [18F]F-DPA which reported molar activities of 990 ± 150 
GBq/μmol (Keller et al., 2018). However, a higher molar activity does not always 
guarantee better targeting properties (Wurzer et al., 2018). For instance, for PSMA-
targeting PET tracers, lower molar acitivty resulted in substantial better tumor to 
organ ratio, suggesting that an optimal balance of molar activity is crucial for 
effective PET uptake. Depending on the application, high Am is critical in situations 
such as imaging low-density receptors, studying bioactive or potentially toxic 
molecules, or when studying kinetic modeling parameter. In contrast, high Am is less 
critical in cases where endogenous compounds are abundant—such as in glucose 
metabolism—or when the biological target is not easily saturated. 

The highest [18F]AlF-NOTA-D10CM uptake from in vivo PET imaging in Study 
I was found in mannose receptor CD206-rich tissues, including the liver, spleen, and 
bone marrow. This result is similar to another study that targeted CD206 with 
mannosylated compounds, including 68Ga-labeled human serum albumin (68Ga-
NOTA-MSA) (Choi et al., 2011). The blocking experiment in Study I, which 
involved a 100-fold mannan injection 15 minutes prior to the [18F]AlF-NOTA-
D10CM injection, demonstrated a dramatic reduction in [18F]AlF-NOTA-D10CM 
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uptake in those mannose receptor CD206-associated tissues, indicating the tracer's 
specificity towards mannose receptor CD206. 

[18F]AlF-NOTA-D10CM was produced with consistently excellent 
radiochemical purity of >99% for every batch and in vivo stability, with 
approximately 84% of total plasma radioactivity originating from intact [18F]AlF-
NOTA-D10CM at 60 minutes after intravenous injection (Study I). This result can 
be attributed to the use of the NOTA chelator, which is known to be one of the most 
widely used chelators in clinical practice and has shown in vitro and in vivo stability 
in complexation with [18F]AlF (Fersing et al., 2019; Giesel et al., 2021).  

The relatively high uptake observed in the femur might be misleading and 
interpreted as defluorination, a common concern with [¹⁸F]-labeled tracers where 
free [¹⁸F]⁻ accumulates in osseous tissue. However, according to in vivo stability 
studies in both rats and mice, [18F]AlF-NOTA-D10CM remains metabolically stable. 
Additionally, CD206 immunohistochemical staining revealed high CD206 
expression in the bone marrow, supporting the interpretation that the observed 
uptake reflects target-specific binding to CD206-positive macrophages rather than 
nonspecific tracer degradation. This high bone marrow uptake  is consistent with 
other preclinical and clinical studies using CD206 targeting PET tracers mentioned 
earlier (Choi et al., 2019; Gondry et al., 2023). 

The biodistribution data suggest that [18F]AlF-NOTA-D10CM is primarily 
cleared via the renal route, as evidenced by the high urinary bladder uptake observed 
in the blocking condition, where CD206 binding sites were saturated by mannan 
blocker. In contrast, bladder activity was low in the non-blocked condition, 
indicating that a larger proportion of the tracer was retained in CD206-expressing 
tissues. Additionally, minimal uptake in the liver and gastrointestinal tract supports 
negligible hepatobiliary clearance. Furthermore, the in vivo blocking study 
confirmed a dramatically reduced uptake in CD206-rich tissues such as the liver, 
spleen, and bone marrow, while renal and bladder signals remained significantly 
high, strengthening the interpretation of target-specific binding and renal excretion 
as independent processes. These findings support renal clearance as the dominant 
elimination route for [18F]AlF-NOTA-D10CM. 

Altogether, [18F]AlF-NOTA-D10CM is reproducible with favorable 
characteristics by the pseudo-metal [18F]AlF fluorination method. Initial [18F]AlF-
NOTA-D10CM PET study results justify our next step to evaluate [18F]AlF-NOTA-
D10CM PET in an animal model with inflammation. 
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6.2 Validation study in mice with skin inflammation 
(Study II) 

In Study II, we aimed to validate mannose receptor CD206 targeting for the detection 
of inflammation using [18F]AlF-NOTA-D10CM PET in an animal model with skin 
inflammation. To demonstrate the [18F]AlF-NOTA-D10CM's inflammation 
targeting ability, C57BL/6N mice were induced with CFA to develop inflammation 
in the foot pad. CFA contains heat-killed Mycobacterium tuberculosis, which is 
emulsified with an antigen and widely used as an autoimmune disease inducer in 
animal experimental models by enhancing IL-6 production during the initiation of 
the immune response. IL-6 is required to induce the trafficking of inflammatory 
dendritic cells to the draining lymph node following immunization (Fontes et al., 
2017). This was an excellent model to showcase the inflammation targeting ability 
and lymph node activation mapping by intravenous and subcutaneous injection of 
[18F]AlF-NOTA-D10CM, respectively. Furthermore, the CFA-induced mice were 
divided into two groups: 5 and 14 days after CFA induction, to represent the acute 
and chronic inflammation groups, respectively. 

In vivo PET imaging of [18F]AlF-NOTA-D10CM in Study II showed a 
significantly higher uptake in inflamed foot pad skin compared to healthy skin in 
control mice, with no significant difference between CFA Day 5 and CFA Day 14. 
Autoradiography uptake in inflamed foot pad skin showed a high target-to-
background ratio in both groups.When comparing this result to other inflammation 
detection studies using CD206 targeting, this study results showed a comparable 
performance.  

Several PET tracers target CD206 with mannosylated structures, including 68Ga-
labeled mannosylated human serum albumin [68Ga]Ga-NOTA-MSA) for sentinel 
lymph nodes detection, fluorine-18 or 68Ga-labeled anti-MMR antibody or antibody 
fragment ([68Ga]Ga-NOTA-anti-MMR Nb, [18F]FB-anti-MMR-sdAb and [68Ga]Ga-
NOTA-anti-MMR-sdAb) used in myocardial infarction and atherosclerosis models 
and to detect CD206-positive tumor-associated macrophages, and 68Ga-labeled 
peptide ([68Ga]RP832c) for tumor-associated macrophages (Varasteh et al., 2022; 
Varasteh et al., 2019; Choi et al., 2019; Blykers et al., 2015; Xavier et al., 2019; 
Gondry et al., 2023; Parker et al., 2023). All these studies showed promising results 
in inflammation detection which support the CD206 targeting concept for imaging 
of inflammatory process. Our decision to employ a mannosylated dextran-based 
tracer for CD206 targeting was guided by the precedent of 99mTc-labeled 
mannosylated dextran based platform, 99mTc-tilmanocept, an FDA approved 
radiotracer for lymphoscintigraphy and lymph node mapping by SPECT 
demonstrating the feasibility in CD206 targeting, safety, and clinical acceptance of 
this molecular architecture.  
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Furthermore, regarding potential advantages of the new tracer, we have 
expanded the discussion comparing different CD206-targeted tracers and their 
application in imaging inflammatory response after MI. Compared to previously 
reported CD206-targeted tracers, [18F]AlF-NOTA-D10CM offers several notable 
advantages. This tracer selectively binds to CD206 expressed on M2 macrophages 
and demonstrates favorable pharmacokinetics, characterized by rapid clearance from 
the blood circulation and selective tissue accumulation. These distribution patterns 
are consistent with CD206-mediated binding, and are corroborated by anti-CD206 
immunohistochemical staining conducted in this study. Importantly, because CD206 
expression reflects a functional macrophage phenotype rather than a specific 
immune cell lineage - unlike tracers that selectively target T cells or activated 
neutrophils - [18F]AlF-NOTA-D10CM may offer broader applicability across 
diverse stages of immune response. In comparison to peptide-based CD206-targeted 
tracers, mannosylated dextran platform employed here confers several advantages 
including enhanced in vivo stability, reduced susceptibility to enzymatic 
degradation, and increased binding avidity. The latter arises from multivalent 
mannose presentation, achieved through the attachment of multiple mannose 
moieties to a single D10CM molecule. Moreover, while peptide-based tracers 
frequently exhibit elevated renal uptake due to their small molecular size, dextran-
based constructs such as [18F]AlF-NOTA-D10CM display more favorable 
biodistribution profiles for imaging inflammatory processes. Finally, the dextran 
scaffold contributes to the overall biocompatibility and safety of the tracer, 
supporting its suitability for clinical translation. From a radiopharmaceutical 
production standpoint, [18F]AlF-radiolabeling chemistry offers a straightforward 
approach that is highly compatible with fully automated manufacturing process 
(Archibald et al., 2021), thereby supporting its clinical application and potential for 
widespread implementation. 

Regarding [18F]AlF-NOTA-D10CM specificity, the involvement of wild-type 
and CD206-deficient mice is an elegant way to demonstrate the specific uptake of 
[18F]AlF-NOTA-D10CM in vivo. The results were as expected, as shown by the 
significantly lower uptake in CD206-associated organs, including the liver, spleen, 
and bone marrow. While moderate blocking of splenic uptake was observed in wild-
type rats, the persistently high uptake in CD206-deficient mice indicates that this 
signal is not primarily driven by CD206 binding. The spleen is a highly perfused 
organ that functions as a blood reservoir, and in both the CD206 knockout and 
blocking conditions, elevated blood radioactivity was observed. This suggests that 
the increased splenic signal may reflect a “blood bank” effect, rather than specific 
tracer retention. The spleen is known to express high levels of CD206, as confirmed 
by our IHC staining and consistent with previous reports identifying the spleen as a 
CD206-rich organ (Martinez-Pomares, 2012; Martinez-Pomares et al., 1998; Miller 
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et al., 2008). Nonetheless, while spleen uptake is consistent with CD206 expression, 
it should be interpreted cautiously and not be relied upon as the sole evidence of 
tracer specificity 

In Study II, intradermal injections were also performed for lymph node 
activation mapping following the study's finding that foot-draining popliteal LNs 
were used to characterize the LN response to acute inflammatory stimuli in the foot 
(Angeli et al., 2006). Since the CFA was subcutaneously injected into the back of 
the left hind leg of the mice, the first lymphatic drainage would be to the popliteal 
LN. Normally, the lymphatic drainage in healthy mice continues to the iliac LNs and 
then to the renal LNs. When the alternative lymphatic drainage is activated from the 
popliteal to the inguinal and then to the axillary LNs, it becomes an indicator of a 
more chronic phase, which is usually used for the diagnosis of metastasis in several 
cancers (Morton et al., 2003; Turner et al., 1997). The results of this study are 
consistent with the concept of the FDA-approved 99mTc-lymphoseek for 
lymphoscintigraphy and sentinel LN mapping. 

Another important finding was that there was a positive correlation between the 
percentage of the CD206 positive area and the uptake of [18F]AlF-NOTA-D10CM 
autoradiography in inflammation foci. In addition, the specificity of [18F]AlF-
NOTA-D10CM uptake in mannose receptor CD206 was verified by the reduced 
uptake in tissues associated with the mannose receptor, including the liver, spleen, 
bone marrow, and other CD206-associated organs in CD206 KO mice, compared to 
WT mice.  

All these results confirmed that [18F]AlF-NOTA-D10CM is capable of detecting 
inflammation through PET imaging by specifically targeting the overexpression of 
the mannose receptor CD206 in the inflamed areas and draining lymph nodes. 
Overall, Study II demonstrated that CD206 targeting with [18F]AlF-NOTA-D10CM 
is a promising tool for the detection of inflammation. 

6.3 PET imaging in experimental acute myocardial 
infarction (Study III) 

In Study III, we translate the inflammation detection ability of [18F]AlF-NOTA-
D10CM to detect acute MI in rats. The MIs were induced in male Sprague Dawley 
rats by permanent LAD ligation. 

Studies indicate that M2 macrophages are heavily involved in the inflammation 
resolution process and contribute to cardiac healing and remodeling post-MI 
(Frangogiannis, 2014). The mannose receptor CD206 is a signature of M2 
macrophages, providing a foundation for investigating M2 macrophage targeting via 
CD206 for the detection of inflammation in myocardial infarction (Rőszer, 2015). 
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Hypothetically, targeting M2 macrophages reflects the inflammation resolution 
phase post-MI. 

Compared to previous PET tracers targeting CD206 in animal models with LAD 
ligation, our PET study results showed similar outcomes with some differences 
regarding the tracer chemical structures. One study using 68Ga-labeled anti-MMR 
nanobody, [68Ga]Ga-NOTA-anti-MMR Nb, in rats and mice with LAD ligation was 
conducted (Varasteh et al., 2022). The similarities with Study III results are evident 
in the PET imaging findings, where the highest uptake of [68Ga]Ga-NOTA-anti-
MMR Nb and [18F]AlF-NOTA-D10CM was found in the liver and spleen. 
Additionally, high [18F]AlF-NOTA-D10CM uptake was also observed in the bone 
marrow, which aligns with the Phase I [68Ga]Ga-NOTA-anti-CD206-sdAb human 
study targeting CD206 (Gondry et al., 2023). 

[18F]AlF-NOTA-D10CM PET uptake in the infarct area was significantly higher 
compared to the remote area and the myocardium of the sham-operated control 
group, with the infarct-to-remote area ratio being 1.5 ± 0.3 (Study III). This result is 
also consistent with [68Ga]Ga-NOTA-anti-MMR Nb, which showed a high infarct-
to-remote area ratio of 1.3 ± 0.2 (Varasteh et al., 2022). Even though these two 
results are aligned, it is duly noted that [18F]AlF-NOTA-D10CM and [68Ga]Ga-
NOTA-anti-MMR Nb binding mechanisms to CD206 are theoretically different. 
While mannosylated dextran is a glycan-based molecule recognized by the 
carbohydrate recognition domain (CRD), this is not true of the anti-MMR nanobody-
based structure in [68Ga]Ga-NOTA-anti-MMR which binds to CD206 via a peptide 
or protein binding domain, such as the collagen-binding fibronectin Type II domain 
(Martinez-Pomares, 2012). Thus, theoretically, [68Ga]Ga-NOTA-anti-MMR will not 
be able to block [18F]AlF-NOTA-D10CM uptake in CD206 but they may 
complement each other. Despite the different binding mechanisms, both [18F]AlF-
NOTA-D10CM and [68Ga]Ga-NOTA-anti-MMR Nb are specifically targeted to the 
macrophage mannose receptor CD206, as confirmed by the colocalization of CD206 
and CD68 using double immunofluorescence staining. 

Studies suggest that M2 macrophage expression dominates on days 5 to 7 post-
MI, while days 1 to 3 are when M1 macrophages are at their highest (Ma et al., 
2018). Based on this, rats in Study III were divided into two groups: MI Day 3 and 
MI Day 7 after the LAD ligation. This is also supported by another study indicating 
that day 3 after LAD ligation is a pro-inflammatory state, while day 7 after LAD 
ligation is when the anti-inflammatory state peaks (Yan et al., 2013). Consistently, 
the PET study results of Study III and Varasteh and colleagues show that the uptake 
of [18F]AlF-NOTA-D10CM and [68Ga]Ga-NOTA-anti-MMR Nb was elevated on 
day 7. The uptake in the infarct area on day 3 after MI was also higher than in the 
remote area and sham-operated control. These results indicate that macrophages 
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have been polarized into M2 macrophages, suggesting that the healing process 
following MI actually begins even earlier than day 7 and possibly day 5 post-MI. 

Interestingly, the quantification of CD206 area-% measured from CD206 
immunohistochemical staining in Study III provides another insight into the immune 
response following MI demonstrating that it is not completely clear-cut. CD206 area-
% was higher on day 3 post-MI. This was assumed to be associated with M2 
macrophage phagocytosis function, which aims to clean up damaged or dead cells. 
After the clean-up, the recovery process follows and causes the formation of scar 
tissue and wall thinning, and M2 macrophages are not necessarily needed any longer 
after the formation of fibrotic tissue as a result of the healing process. Consequently, 
the population of CD206-positive cells was visibly reduced by immunostaining. 
These phenomena make sense since on the day of inflammation triggered by physical 
damage from LAD ligation, the anti-inflammatory cells responded quickly, and both 
pro- and anti-inflammatory states may overlap (Mouton et al., 2018). The M1 
macrophage staining on day 3 can help clarify the dynamics of these macrophages 
after MI, which was not performed in Study III. 

However, PET in vivo results in Study III were not supported by ex vivo gamma 
counting of the hearts due to the different measurement regions used in in vivo PET 
imaging analysis and in ex vivo gamma counting. However, ex vivo results still 
confirmed that the highest uptake was consistently in line with the previous study, 
which found it to be in the liver, spleen, and bone marrow. 

Regarding the specificity study of [18F]AlF-NOTA-D10CM, due to the nature of 
the heart as a blood-rich tissue, an in vivo blocking study will not be feasible to prove 
the specific uptake of [18F]AlF-NOTA-D10CM by the myocardial infarction in the 
heart. Alternatively, we performed an in vitro competition study on the infarcted LV 
section using an excess of unlabeled NOTA-D10CM as the blocker. The competition 
study showed that the uptake in the MI area was reduced by approximately 85% 
compared to the total binding sections. 

Another limitation that was taken into account was the fact that the highest SUV 
in the liver would interfere with the SUV measurement in the MI area, especially at 
the apex. However, in vivo analysis using a heart tool, where the ROIs in the MI area 
were defined on horizontal and vertical long axis and short axis, avoided the areas 
that were affected by liver spillover. This study found a positive correlation between 
PET SUV and CD206 positive area-% in the left ventricular myocardium, in addition 
to autoradiography uptake, indicating that the higher the SUV, the higher the 
inflammation resolution process. However, it should be noted that the inflammation 
resolution process does not directly reflect that the myocardium is healed. It is better 
interpreted that the higher inflammation resolution process reflects the more severe 
MI. This feature provided by M2 macrophages targeting for imaging of MI can be 
useful for monitoring therapy efficacy. 
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Overall, Study III revealed that CD206 targeting with [18F]AlF-NOTA-D10CM 
could be a useful tool for monitoring the inflammatory response following MI. 

6.4 Clinical importance of CD206 targeting PET 
tracer 

The results of this study contribute to the growing body of research supporting 
Mannose Receptor CD206 as a relevant imaging target for inflammation, particularly 
in the context of tissue healing and immune cell dynamics. In the clinical setting, a 
CD206-targeted PET tracer could provide a non-invasive biomarker for assessing 
post-infarct healing, monitoring therapeutic efficacy, or potentially differentiating 
inflammatory phenotypes in various cardiovascular and inflammatory diseases. This 
would offer clinicians a valuable tool for precision medicine — allowing tailored 
treatment strategies based on real-time imaging of immune activity. 

The promising preclinical performance of the [18F]AlF-NOTA-D10CM tracer 
supports its potential for clinical translation. If any opportunity occurs, future steps 
should include toxicity and safety evaluation, radiochemical scale-up, and initial 
human studies to confirm biodistribution and target engagement in patients. If 
successful, CD206 PET imaging could become an important modality in the 
evaluation and management of inflammation-related cardiovascular conditions, and 
possibly extend to other diseases where CD206 expression plays a key role (e.g., 
atherosclerosis, chronic lung disease, or cancer-associated macrophages). 

To justify, following myocardial infarction, the immune system plays a key role 
in both clearing necrotic tissue and initiating repair mechanisms. However, the 
balance and timing of this immune response are critical — excessive or prolonged 
inflammation can lead to adverse remodeling, fibrosis, and heart failure, while 
inadequate immune activation may impair tissue repair. 

Currently, clinicians lack effective tools to non-invasively assess the dynamics 
of immune cell activity in the myocardium. A PET tracer targeting CD206 — a 
marker of alternatively activated (M2-like) macrophages involved in tissue repair — 
could provide valuable insight into the healing process, enabling clinicians to stratify 
patients at risk of adverse remodeling, monitor the efficacy of anti-inflammatory or 
regenerative therapies, and guide the timing of therapeutic interventions. 

Few examples of therapeutic interventions where immune response imaging 
could inform the optimal therapeutic window: 

1. Anti-inflammatory therapies (e.g., IL-1β inhibitors like canakinumab)  
These therapies aim to reduce excessive inflammation after MI, but giving them too 
early may blunt necessary clearance of dead tissue, while too late may miss the 
window to prevent adverse remodeling. In this scenario, CD206 imaging helps 
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identifying the transition from pro-inflammatory to reparative macrophage activity, 
which could help guide the ideal time to initiate anti-inflammatory treatment without 
impairing natural healing. 

2. Cell-based regenerative therapies (e.g., stem cell or exosome therapy) 
These interventions may depend on a supportive immune environment to integrate 
or exert paracrine effects. High CD206 expression could indicate a pro-reparative 
immune phase, suggesting a window of opportunity for therapy delivery to enhance 
repair. 

3. Immunomodulatory agents targeting macrophage polarization 
Some experimental drugs aim to shift macrophages from M1 (pro-inflammatory) to 
M2 (reparative) phenotypes. PET imaging of mannose receptor CD206 could track 
the effect of such therapies in real time, allowing dose optimization and early 
identification of responders vs. non-responders. 

4. Timing of cardiac rehabilitation or mechanical interventions 
Decisions around interventions (e.g., ventricular assist devices or cardiac pacing) can 
benefit from knowing the state of myocardial inflammation and healing. Mannose 
receptor CD206 PET imaging may visualize the immune landscape and help avoid 
interventions during vulnerable inflammatory stages, reducing risk of complications. 

6.5 Study limitations 
We acknowledge that this study has some limitation which we have tried to improve.  

In Study II, we observed a notable difference in the SUV of foot pads between 
C57BL/6N WT control mice in the CFA study (SUV = 0.04) and those used in the 
CD206-deficient comparison (SUV = 0.21). While both groups consisted of the same 
strain, this discrepancy is most likely due to biological variation, particularly in foot 
pad size and overall body growth. The WT control mice in the CFA study were 
visibly smaller than both the CFA-treated mice and the WT mice in the CD206-
deficient study, which may have affected quantitative PET signal due to partial 
volume effects and differences in tissue geometry. Moreover, the age distribution 
differed: CFA controls were approximately 9 weeks old, whereas WT mice in the 
knockout study ranged from 10–15 weeks, which could significantly impact body 
size and organ development. The small sample size in the CFA WT control group (n 
= 4) may have also contributed to variability and reduced statistical power. While 
this variation may partly influence the observed group differences, the uptake pattern 
in CFA-treated mice remains consistent with expected inflammatory responses and 
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immune cell activation. This could be a reference for future study to use the same 
age for each group to avoid the variability which may affect the quantitative analysis. 

In study III, the high mortality rate of the LAD ligated rats were a major concern 
for the continuation of the study. The preclinical evaluation conducted in this study 
was firmly grounded in the principles of the 3Rs — Replacement, Reduction, and 
Refinement.  

All animal experiments were approved by the national Project Authorization 
Board in Finland (license numbers ESAVI/43134/2019, ESAVI/8648/2020, and 
ESAVI/14685/2020) and conducted in compliance with EU Directive 2010/63/EU 
on the protection of animals used for scientific purposes. Specifically, for Study III, 
animal studies were conducted in close coordination with the veterinaries at the 
University of Turku Central Animal Laboratory (UTUCAL), in line with the 
principles of the 3Rs — Replacement, Reduction, and Refinement — several 
measures were taken to ensure the ethical and responsible use of animals throughout 
this study.  

With respect to Refinement, multiple adjustments were made to improve animal 
welfare at all stages of the LAD ligation protocol. Medication regimens were 
optimized in collaboration with veterinary experts to ensure effective anesthesia, 
perioperative analgesia, and post-operative recovery. Enhanced monitoring 
protocols were applied to minimize animal distress and ensure adherence to humane 
endpoints. Despite these efforts, a relatively high mortality rate was observed in the 
myocardial infarction (MI) model, typically occurring immediately, within a few 
hours, or up to 24 hours post-surgery. These outcomes were most likely due to the 
extent of infarction caused by coronary artery ligation, which remains difficult to 
control and predict in small animal models. Additional anatomical limitations in rats 
made it challenging to consistently achieve an optimal ligation site and tension, 
contributing to variability in infarct size and survival.  

In accordance with the Reduction principle, the number of animals used was 
minimized through strategic planning of group sizes and imaging schedules. Due to 
the expected mortality and variability in infarct development, group sizes were 
calculated to yield approximately 3–4 MI-confirmed animals per imaging day — the 
practical maximum that could be scanned in a single session. This strategy ensured 
that each imaging slot was used efficiently, while avoiding unnecessary animal use. 
As the PET scanner is a shared, high-demand, and high-cost resource, optimizing 
each allocated session was essential to uphold both scientific integrity and ethical 
responsibility. 

Regarding the Replacement principle, in vitro or ex vivo models were considered 
during the planning phase. However, in vivo PET imaging was essential to evaluate 
tracer biodistribution, pharmacokinetics, and target specificity under physiologically 
relevant conditions — parameters that cannot be adequately assessed using non-
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living systems. As the tracer is being developed for potential clinical PET imaging, 
it was necessary to conduct whole-body imaging in live animals to ensure 
translational relevance. While full replacement of animal models was not possible, 
several methodological refinements were adopted as ethical replacements of 
previous protocols. These included improved anesthesia, analgesia, and post-
operative care procedures, introduced following the guidance of the ethical board 
and veterinary staff to maximize animal welfare.  

The use of the MI model was also scientifically justified based on the research 
focus of our group, which investigates inflammation and its role in cardiovascular 
disease. Post-infarct inflammation represents a well-established and clinically 
relevant process, making the MI model highly appropriate for evaluating a PET 
tracer targeting inflammation-associated mechanisms in the heart. 
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7 Summary/Conclusions 

This thesis investigated the macrophage mannose receptor CD206 targeting for 
imaging inflammation using the PET modality. The investigation began with the 
development of the mannose receptor CD206 targeting tracer [18F]AlF-NOTA-
D10CM, and we evaluated its characteristics and feasibility for initial PET imaging. 
The next step was validating the uptake of [18F]AlF-NOTA-D10CM in inflammation 
foci using mice with footpad skin inflammation induced by Complete Freund's 
adjuvant. In addition, we also evaluated the specificity of [18F]AlF-NOTA-D10CM 
uptake by the mannose receptor through a comparative study in CD206-deficient 
mice against WT mice. Study III aimed to translate the inflammation-targeting 
ability of [18F]AlF-NOTA-D10CM for the detection of acute myocardial infarction 
in rats developed through permanent coronary artery ligation surgery. We 
complemented this last study with a binding specificity uptake assay of NOTA-
D10CM by M2 macrophages and assessed the binding affinity of [18F]AlF-NOTA-
D10CM to CHO-CD206+ cells. The main findings from these three studies were: 

1. [18F]AlF-NOTA-D10CM was successfully developed in a robust and 
straightforward manner, resulting in a PET tracer with favorable 
radiochemical purity, radioactivity yield, in vitro and in vivo stability, 
solubility, and a decent molar activity. Initial in vivo PET imaging in healthy 
rats demonstrated that [18F]AlF-NOTA-D10CM specifically targeted 
mannose receptor-rich tissues, including the liver, spleen, and bone marrow. 
This was confirmed by the in vivo blocking study using the mannose ligand 
mannan, which dramatically reduced the uptake of [18F]AlF-NOTA-D10CM 
in those mannose receptor-associated tissues. 

2. [18F]AlF-NOTA-D10CM uptake by the mannose receptor was specifically 
validated by the significantly reduced uptake of [18F]AlF-NOTA-D10CM in 
mannose receptor-rich tissues in CD206-deficient mice compared to wild-type 
mice. Further investigation in CFA-induced mice successfully showcased the 
ability of [18F]AlF-NOTA-D10CM to specifically target the inflammation foci 
from the acute to chronic phase. Statistically, the SUVs in the inflamed 
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footpad skin and inflamed popliteal lymph nodes were significantly higher 
than the tissue background. 

3. [18F]AlF-NOTA-D10CM PET detects overexpression of CD206 after 
ischemic myocardial injury, making it a suitable biomarker for detecting M2-
type macrophages during resolution of the inflammatory process post-MI. 

To summarize, CD206 targeting demonstrated potential for detecting skin 
inflammation and experimental acute myocardial infarction, providing a foundation 
for further translational studies for the diagnosis of inflammatory-related diseases by 
PET, especially for early detection. The specificity studies confirmed that [18F]AlF-
NOTA-D10CM was taken up by the mannose receptor CD206 on M2 macrophages, 
which are also known as anti-inflammatory macrophages involved in the 
inflammation resolution process.  Given its relevance in inflammation resolution and 
the promising results from our preclinical evaluation, targeting CD206 is a well-
justified approach for evaluating its utility as a biomarker to monitor the immune 
response, particularly during the resolution phase of inflammation, assess 
therapeutic efficacy, or serve as a diagnostic tool. 
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Appendices 

Appendix 1. DM automation with the intregated valves purposed for safe remote controlling 
radiolabelling operation. The device include heating apparatus, preparative column for purification, 
collection tubes inside the hotcell.  
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Appendix 2. This painting, titled Mother Earth Heart, was inspired by my scientific research on 
inflammation and tissue healing in infarcted hearts — where ongoing damage from inflammation 
coexists with the body’s continuous effort to repair itself. Mother Earth Heart was exhibited in 
European Society of Cardiology Conference in Barcelona, Spain on 2022. 

The swirling organic forms reflect the biological processes I study: the fire-like zones symbolize 
ongoing inflammatory injury, while the green represents the healing forces spreading to restore 
balance — much like how nature fights to heal after disruption. 

The use of pink in this piece serves as a symbol — not of gender itself, but of nurturing, caregiving, 
softness, and emotional strength. These qualities belong to both mothers and fathers, to anyone 
who holds the responsibility of care and healing. Just as nature protects and regenerates life, 
caregiving and resilience are shared human experiences that transcend gender. 

This work blends my scientific work as a woman researcher with my personal reflections on healing, 
caregiving, and resilience — both within the body and within emotional life. 
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Appendix 3 Coupling process of NIR dye AlexaFluor-488 tetrafluorophenyl to NOTA-D10CM 
precursor. Purification of ALEXA-488 coupled to NOTA-D10CM using spin filter by 5 time of 
washing with 20% EtOH in water and centrifuged for 1 hour each time (A) and the identification of 
the compound using iTLC with mobile phase water : acetronitrile (20:80) (B).  
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Appendix 4 Working flow on animal imaging day. 18F-labeled tracer is used as the representative 
tracer to illustrate the workflow, starting from 18F-F- production, radiolabeling, in vivo PET animal 
imaging, ex vivo study, metabolite analysis, autoradiography and stainings.  
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