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Abstract
Puuvuori, E. 2023. Translational PET imaging of inflammation. Digital Comprehensive 
Summaries of Uppsala Dissertations from the Faculty of Pharmacy 322. 75 pp. Uppsala: Acta 
Universitatis Upsaliensis. ISBN 978-91-513-1691-8.

Inflammation is our body’s sophisticated defense mechanism against invading pathogens, 
traumas, and tumors. Repeatable and non-invasive monitoring of inflammation process would 
open opportunities to improve our knowledge of several diseases and enable assessment 
of personalized treatments. Positron emission tomography (PET) combined with computed 
tomography (CT) has sufficient sensitivity to visualize the location of inflamed tissue in 
minimally invasive way.

Paper I focused utilizing an already clinically available radiotracer [68Ga]Ga-DOTA-TATE 
as a macrophage marker for PET imaging in porcine and rodent models of pulmonary 
inflammation. In Paper II novel radiotracer [11C]GW457427 was evaluated as marker for 
neutrophil elastase expression in a large animal model of acute respiratory distress syndrome. 
In Paper III the most favorable Affibody molecule conjugate for SPECT and PET imaging of 
CD69 expression of activated immune cells was selected. Paper IV followed the results from 
Paper III and compared the uptake of [68Ga]Ga-DOTA-ZCAM241with a negative control Affibody 
molecule conjugate [68Ga]Ga-DOTA-ZAM106 in rheumatoid arthritis mouse model.

[68Ga]Ga-DOTA-TATE had increased SUV uptake in the most damaged parts of the lungs in 
porcine lavage model, that corresponded with the results from CT images and quantification, 
histology staining and [18F]FDG uptake in Paper I . On the rat lung inflammation model the 
[68Ga]Ga-DOTA-TATE uptake was significantly increased in the damaged lungs compared with 
healthy control group. The uptake could also be blocked in vivo. Paper II demonstrated that 
the binding of the neutrophil elastase radiotracer [11C]GW457427 was specific and selective 
in vivo. SUV were especially elevated in damaged lung regions and neutrophil rich tissues 
bone marrow and spleen. Paper III indicated that the Affibody molecule variant ZCAM241 had 
the highest affinity for human and murine CD69 as well as the lowest background binding in 
SPECT images and was chosen as the most favorable to continue with. Paper IV followed paper 
III and demonstrated that the optimized Affibody molecule-based radiotracer [68Ga]Ga-DOTA-
ZCAM241 uptake in the inflamed joints increased gradually over time as the clinical symptoms 
got worse and were in line with the images from immunostaining. However, also the uptake 
of the negative control [68Ga]Ga-DOTA-ZAM106 increased over time, raising questions about the 
specificity and selectivity of [68Ga]Ga-DOTA-ZCAM241.

In conclusion, this thesis presents the preclinical evaluation of several PET-imaging 
radiotracers targeting different inflammatory cells and their processes in small and large animal 
models.
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ROI Region of Interest 
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Introduction 

Inflammation 
The word ‘inflammation’ can connote painful memories, such as falling off a 
bicycle or even burning your finger after a failed attempt at putting out a can-
dle at Christmas. Inflammation comes from the Latin word inflammare, which 
means ‘to set on fire’. It is an accurate description of how it might feel, but 
summing inflammation up as just something that is burning in our system 
would be a gross oversimplification. Inflammation is our sophisticated and 
eclectic - but also natural - way of defending us against physical harm. The 
immediate immune response can be triggered against invasive pathogens (in-
fection) or injury (sterile inflammation) to maintain homeostasis in our body. 
Even though this is a protective response, an inappropriate volume of the 
forces of our defence troops or an error in ending the inflammation process 
will also damage healthy normal organisms and at worst lead to chronic in-
flammation. Thus, inflammation can be classified as acute or chronic, depend-
ing on how accurate the process is. The destructive chronic inflammation is 
suspected to be the underlying cause of various autoimmune, cardiovascular, 
neurological and oncological diseases. (1–3) 

Traditionally, the obvious clinical signs of acute inflammation consist of red-
ness, swelling, heat, pain and loss of function at the affected site. The symp-
toms are caused by the dilation of blood vessels (vasodilation), enhanced per-
meability of the capillaries and increased blood flow. Once recognized and 
triggered, the acute inflammation is initiated by tissue-resident immune cells 
and platelets. Phagocytes are a type of leukocyte (a.k.a. white blood cells) that 
engulfs germs and consumes them with the help of lysosomes. The remains 
are moved to the cell surface of the phagocytes to be displayed to the cells by 
the adaptive immune system. Activated phagocytes and damaged cells release 
various pro-inflammatory mediators, including cytokines and growth factors, 
to activate one another in a chain-like reaction that allows immune system 
responses to escalate rapidly. 

To cease the inflammation process, the release of specialized pro-resolving 
mediators (SPMs) causes apoptosis of granulocytes which ideally leads to the 
termination of inflammation. The inflammation is considered completed when 
the tissue resident immune cells return to phenotypes and their numbers are 
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restored to the level they were prior to the start of inflammation. (4) The in-
complete elimination of the inflammation process leads to chronic inflamma-
tion which is characterized by simultaneous destruction and healing of the tis-
sue, while capillary permeability, vasodilation and diapedesis remain. (5) 

Sterile inflammation occurs in the absence of any micro-organisms, and it is 
triggered by physical, chemical or metabolic injury. As during infection, the 
process includes the recruitment of e.g. phagocytes and the production of pro-
inflammatory mediators. Conditions that result from sterile inflammation in-
clude myocardial infarction, liver fibrosis, Alzheimer's disease, Parkinson’s 
disease, atherosclerosis and certain tumours. Therefore, differentiating the 
process of sterile inflammation from infection is consequential for the treat-
ment of several diseases. (6) 

Innate immune system 
Our immune system can be roughly divided into two parts that co-operate with 
each other but have different way of working: the innate system and the adap-
tive system. From the evolutionary point of view, the innate immune system 
is the older defence system that we are born with. The innate immune system 
is responsible for the immediate, acute reaction to danger, and within a few 
hours it can detect and destroy e.g. bacteria that have entered the skin through 
a small wound. The weakness of the innate immune system is that it responds 
to all attacks in a similar way and it has limited power to stop pathogens from 
spreading. The innate immune system consists of the protection of the ana-
tomical barriers, such as skin and mucous membranes and if passed, the spe-
cific immune cells will be activated.  

Macrophages 
Macrophages are a versatile type of phagocytes that derive either directly from 
stem cells or from monocytes. Monocytes are a heterogeneous population that 
grows in the bone marrow and become mature in the blood. When the mono-
cyte leaves the blood stream to travel to tissues, it transforms into macro-
phages. These tissue resident macrophages can be found nearly everywhere in 
the body, all the way from the central nervous system (CNS) to adipose tissue, 
liver and lungs. Depending on the tissue they are located in, the name of the 
resident macrophages varies according to anatomy or after the scientist who 
has discovered them. (7) The job of the macrophages is to observe their sur-
roundings; take care of substantial amount of cell signalling and work as a 
garbage collector of damaged cells and metabolic waste. Their tasks can also 
be very specific depending on the location. For example, Kupffer cells remove 
the dying red blood cells in the liver, osteoclasts degrade the bone matrix, and 
alveolar macrophages remove excess surfactant and impurities from the lungs. 
(8)  
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Macrophages can also be categorized into subtypes according to their func-
tion. M0 macrophages are considered to be undifferentiated, naïve macro-
phages whose main purpose is to shape the tissue architecture and when 
needed, polarize into other subtypes depending on the environment in the tis-
sue. During pathogen attack, M1 macrophages, also called classically acti-
vated or pro-inflammatory macrophages (activated by INF-γ, LPS) release cy-
tokines (IL-1β, IL-6, IL-12, TNF-α) to activate and recruit other immune cells. 
Their role becomes to kill and present the antigens to the adaptive immune 
system. (9) M2 macrophage subtype is called alternatively activated or anti-
inflammatory type whose responsibility is to calm down the inflammation and 
to repair and remodel the tissue. A situation where there is excessive amount 
of either type of activated macrophages present can lead to either inflamma-
tory diseases or to the formation of fibrosis and cancer. (10) 

Neutrophils 
Neutrophils are short-lived phagocytes and one of the most crucial players in 
the innate immune system. Due to their short lifespan (6-12 h in circulation, 
1-2 days in tissues) they are constantly formed in the bone marrow in large 
numbers, approximately 1010 to 1011 cells per day. (11,12) Once the neutro-
phils have matured, they can stay or leave the bone marrow into the blood 
circulation, where they form a major part of circulating leucocytes. This pro-
cess is tightly regulated to ensure a steady number of neutrophils in the blood, 
which is estimated to be only 1-2% of all the neutrophils in our system. The 
production and release of new neutrophils in the blood stream are controlled 
by the bone marrow (G-CSF) and outside of it, the cytokine network produced 
by other phagocytes (IL-23) and T cells (IL-17). (13) 

After the inactivated neutrophils have remained in the blood circulation, they 
proceed into tissues. These aged neutrophils gather in locations called mar-
ginated pools and similarly to macrophages, they can serve different functions. 
The pools can be found in the lungs, lymph nodes, spleen, liver, etc. Exercise 
and adrenaline increase the number of circulating neutrophils but decrease the 
number in marginated pools, while steroids, endotoxins and infections in-
crease the size of both marginated and blood pools. (7,14) 

During inflammation, millions of neutrophils are recruited from the blood 
stream and marginated pools to the site of inflammation by tissue resident 
macrophages, together with other cells. Neutrophils have several ways to de-
stroy harmful agents. Like macrophages, they can capture and ingest patho-
gens through phagocytosis. If the pathogen is too large to be consumed, neu-
trophils store serine proteases and antimicrobial peptides in their primary 
granules and extra-cellular traps (NETs) that they can release. Both granules 
contain elastase, which is a cytotoxic enzyme that increases the breaking down 
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of proteins. An imbalance in elastase activity can cause several diseases, es-
pecially in the lungs, such as chronic obstructive pulmonary disease (COPD), 
acute respiratory stress syndrome (ARDS) and pulmonary fibrosis. (12,13,15)  

In regular conditions, the life cycle of neutrophils ends when they undergo 
apoptosis and are cleaned away by other phagocytes. (13) The accurate elim-
ination of neutrophils is crucial as the overproduction (neutrophilia) can 
worsen the damage in healthy tissues. In the opposite case, the reduced amount 
of neutrophils in a condition called neutropenia can lead to recurring infec-
tions and chronic inflammation. (11)  

Adaptive immune system 
While the innate immune system is more of a general defence system, fighting 
against injuries and pathogens, the adaptive system (also called the acquired 
system) is designed to target specific pathogens that are causing inflammation. 
The adaptive immune system joins the battlefield to support the innate im-
mune system when the latter fails to clear the cause of inflammation alone. To 
be able to handle the specific type of invaders, the cells of adaptive immunity 
need to first recognize them. This process takes more time, but it comes with 
the benefit of accuracy. Another hallmark of adaptive immune system is the 
ability to remember the antigens they have encountered and as a result, re-
spond more efficiently next time. The adaptive immune system consists of T 
cells, B cells and antibodies (humoral immunity). (16) 

T cells 
T cells are powerful immune cells in the adaptive immune system that can 
maintain immune homeostasis in the body even for decades. The name of T 
cells comes from ‘thymus’ because after they are produced in the bone mar-
row, they migrate into the thymus to differentiate into various distinct sub-
types. The differentiation to mature T cell is a delicate process that includes 
several checkpoints and continues still after the T cell leaves the thymus. The 
maturation phase is completed when the receptors of the T cell (TCR) are fully 
functional. To make sure the TCR is working properly, it has to run a test 
against the major histocompatibility complex (MHC) to confirm they do not 
react to the friendly self-antigens and cause an autoimmune reaction in the 
body. (17)  

A T cell is like a piece of a puzzle and it is called naïve when it has matured 
and left the thymus but has not met its matching piece – a hostile antigen yet. 
After leaving the thymus, these naïve T cells enter the spleen and lymph 
nodes. During inflammation, they get exposed to external antigens presented 
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by the MHC molecules of the phagocytes and B cells. This causes the activa-
tion of the T cell, which will then undergo the final step of the differentiation 
to execute its type-specific functions. (17) 

The different conventional types of T cells consist of T helper cells, memory 
T cells, cytotoxic T cells and regulatory T cells. T helper cells (also known as 
effector T cells, Th cells and CD4+ T cells) main functions are to regulate and 
activate other immune cells, such as macrophages (INF-γ, CD40) and neutro-
phils, and to initiate the movement of the adaptive immune system. Memory 
T cells are the long-lived adaptive immune cells that guarantee rapid action 
against re-exposure to the same antigen they have encountered before. There 
are several subtypes of the memory T cells, such as tissue-resident memory 
cells (TRM) that reside permanently in tissues without recirculating. (18) Cy-
totoxic T cells (also known as TC cells, CTLs, T killer cells and CD8+ cells) 
destroy cancer cells and cells that are infected by viruses. Regulatory T cells 
(Treg) are responsible for suppressing the T cell-mediated immunity and taking 
care of the immature T cells that escaped the MHC testing checkpoint in the 
thymus and could cause an autoimmune reaction by attacking self-antigens. 
(19,20) 

As with macrophages and neutrophils, the number and function of T cells is 
connected to their anatomical location. The proliferation of T cells is also con-
nected to the lifespan of a person. In early life, there are mostly naïve and 
regulatory T cells present, since not many antigen attacks have happened yet. 
After a while, the memory T cells start to accumulate and take care of the 
stable immunity in adulthood. As we get older, the function of the T cells starts 
to decline, making us more vulnerable to pathogen attacks and diseases related 
to errors in  the regulation of our immune system. (21) 

CD69 
Cluster of differentiation 69 (CD69) is one of the earliest cell membrane pro-
teins expressed by activated immune cells at the site of inflammation. (22–24) 
It is upregulated in several chronic inflammatory diseases, such as rheumatoid 
arthritis, allergic asthma and atopic dermatitis. CD69 has been long considered 
to be a proinflammatory mediator due to its quick upregulation (2-3 h) in 
plasma upon activation of the innate immune system. However, it has recently 
been proposed that its role is to work as a regulator of the immune response 
as well. (23) Activated macrophages (3,25), neutrophils (26,27), eosinophils 
(28) and T cells express CD69, but the resting and circulating leukocytes do 
not portray any expression. (23) The low expression in blood makes CD69 a 
promising biomarker for wide use of imaging of the inflammation process in 
different diseases. 
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PET imaging of inflammation 
Positron emission tomography (PET) is a form of molecular imaging that can 
be used to visualize, characterize and quantify biological processes of several 
diseases at cellular level with high sensitivity and specificity. It is a minimally 
invasive method where a chemical compound is first labelled with a radioac-
tive isotope, then injected intravenously into a patient and followed by the 
PET scanner. Next the radiotracer either binds or gets metabolically trapped 
in the region of interest (ROI), where the concentration of the accumulation 
can be measured. PET is usually combined with another imaging modality, 
more commonly with computed tomography (CT) or magnetic resonance im-
aging (MRI). The advantage of the hybrid PET is the ability to merge the an-
atomical image with physiological information. 

Another emission tomography method in nuclear medicine imaging is single-
photon emission tomography (SPECT), where radioisotopes with an energy 
window of <200 keV are preferred. In clinical SPECT imaging, radiotracers 
labelled with generator based 99mTc are mostly used. The ready-made label-
ling kits together with generator production make the process of SPECT im-
aging easy and cheap to use on-site. The disadvantages of SPECT include the 
relatively low image resolution (8-12 mm in clinical, ≤ 1 mm preclinical) de-
tection efficiency and difficulty in reliably quantifying images in comparison 
with PET. (29–31) In preclinical use, SPECT imaging enables the practice of 
longitudinal studies where long-lived radioisotopes with single administration 
can be used. 

PET imaging in a clinical environment has long been dominated by the onco-
logical field, but in recent years inflammation imaging has started to increase 
in popularity. This is partly because the treatment planning of patients is mov-
ing towards more personalized care, which requires the use of novel specific 
targets and improved diagnostic methods, such as PET. By imaging inflam-
mation process, we could gain information about the aetiology of different 
diseases and about autoimmune, chronic and acute inflammation processes. 
This information could be used to help slowing down or even preventing dis-
ease development by changing the course of treatment. Since the other imag-
ing systems, CT and MRI, deliver information mainly about the structural 
changes in the tissue which usually appear at later stages of the diseases, PET 
is a more viable option for localizing the early stages of inflammation. In the 
preclinical setting, the ability to study an ongoing inflammation process in 
vivo is one of PET’s most significant advantages. 

The main challenges in imaging inflammation arise from the complicated 
scale of inflammatory behaviour and distinguishing between infection and 
sterile inflammation. In severe inflammation, the increased blood flow and 
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enhanced permeability of the walls of the blood vessels allow even large mol-
ecules to travel into the intracellular space. This may result in increased non-
specific uptake in the PET images, which could cause bias in quantification of 
the tracer uptake. 

PET camera image 
Radionuclide (also radioisotope) is an unstable atom (uneven number of neu-
trons relative to protons) that releases radiation as it decays into less energetic 
and more stable state. The rate of the decay is called radioactivity, which is 
defined by the time it takes for half of the original atom core to decay, as in 
the half-life. PET scanner images are formed from the uptake of positron-
emitting radionuclides (e.g. 18F, 11C, 68Ga). Positrons are particles that are 
identical in their characteristics to electrons, just positively charged. They are 
a form of anti-matter, which means they are unable to co-exist for a long time 
close to each other. When a positron is emitted, it first travels a short distance 
depending on its energy, density and atomic number, until it slows down and 
eventually collides with an electron, causing both particles to be annihilated. 
This process sends two photons (γ) of 511 keV energy in almost exactly op-
posite directions in a straight line. This line is detected by the PET scanner. 
Thereafter an image of the physiological uptake of the radiotracer is recon-
structed, which can then be fused together with the anatomical CT or MRI 
image for more precise localization. (32) 

Image quality plays an important role for the physician to be able to differen-
tiate lesions from normal tissue. If the image is blurry, the risk of inaccurate 
diagnosis increases. In preclinical imaging, inadequate resolution makes the 
interpretation and analysis of a novel radiotracer uptake uncertain. In recent 
years, the spatial resolution of PET detectors (4-6 mm in clinical scanners) has 
improved considerably, especially in small-animal scanners (1-2 mm). (31) 
This has led the camera to be more sensitive to the nuclides with long positron 
range, which is the distance from positron emission to positron annihilation. 
The long positron range causes variation in the position of the positron emitter, 
resulting in a decrease in resolution and image contrast. The high positron 
energy corresponds to the long range as seen in Table 1. (33,34) Of the PET 
radionuclides presented in Table 1, 18F grants the shortest and thus most ideal 
range. 

PET tracer development 
PET tracer development for human use is a multidisciplinary field with collab-
oration combining the skills and expertise of clinicians and scientists from var-
ious specialties. It is an intricate process that can be split into several steps. 
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The first step is e.g. identifying a clinical need based on the limitations, such as 
cost, availability and preciseness of already available diagnostic methods and 
other radiotracers. In the second step, finding an appropriate target has become 
easier thanks to the more structural process of genomic and proteomic analysis. 
Often the targets include proteins such as enzymes or receptors with an expres-
sion in the tissue of interest. Using small, radiolabelled peptides propose numer-
ous advantages for receptor targeted imaging, such as generally good tissue pen-
etration, rapid blood clearance and no immunogenic response. (35)  

The third step includes the selection of precursor ligands and designing of ra-
diolabelling strategies, techniques and finally the optimization to improve 
synthesis yield, specific activity and stability of the compound. Afterwards in 
vitro and in vivo testing of the affinity, specificity, biodistribution, dosimetry 
and toxicity of the radiolabelled product can be performed. A part that is cru-
cial in PET tracer development is selection of the most ideal isotope, since 
different nuclides vary in chemical, pharmacological and physical character-
istics. Radioisotopes that are naturally found in biological molecules, such as 
11C will not interfere with the biological activity in the body. However, due to 
the short half-life of 11C (Table 1), completing a multistep radiosynthesis 
would be very ambitious. 18F has a longer half-life than 11C which enables the 
use of more complicated synthesis as well as shipping to other imaging facil-
ities. The physical characteristics of the radionuclide need to also be taken into 
consideration, as it affects the image quality and radiation dose given to the 
patient. For example, large proteins such as antibodies have a long biological 
half-life and require the use of longer- lived radionuclides. It takes longer time 
for the large molecules to clear from the blood, and thus they can cause back-
ground noise on the images and possibly high radiation dose for non-palliative 
patients.  

Table 1. Physical properties of the common radioisotopes used for PET and SPECT 
imaging and in this thesis. (36,37) 

Isotope Half-life 
(min) 

β+ yield Mean β+ range 
in water (mm) 

Mean energy 
(keV) 

18F 109.8 96.7% 0.6 250 

11C 20.3 99.7% 1.1 386 

68Ga 67.6 88.9% 2.9 836 

111In* 4032 (2.8d) - - - 

*SPECT isotope 
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Inflammation imaging radiotracers 
In immuno-imaging, the inflammation cascade offers a broad range of poten-
tial targets from the function of the immune cells and their receptors to pro-
inflammatory mediators including cytokines. The clinical need for multiple 
inflammatory radiotracers is evident to comprehend the more specific features 
of inflammation biology that leads to disease development. (38) 

To many people outside of the field, PET imaging still equals 18F-labeled glu-
cose analogue fluorodeoxyglucose ([18F]FDG). Used broadly in oncology for 
staging, the accumulation of [18F]FDG is dependent on the use of glucose as 
a source of energy. Additionally, increased glucose accumulation occurs in 
the inflammatory reaction due to the high amount of glucose transporters in 
the cell membranes of leucocytes. (39) The limitation of the use of [18F]FDG 
is due to its lack of specificity to inflammation, but also the ability to distin-
guish infection from sterile inflammation, since [18F]FDG uptake can be seen 
in both cases. In addition, increased uptake in the naturally high glucose-con-
suming organs - the heart and the brain - makes it challenging to detect ongo-
ing inflammation in nearby organs. 

Besides [18F]FDG, there have been several promising attempts at targeting 
different immune cells and inflammation-related vascular changes, but not 
without limitations. The common challenges are listed in Table 2, ranging 
from high uptake in unwanted organs to unspecific binding and difficulties in 
quantification. For example, targets that have binding in resting immune cells 
as well could potentially yield a significant background signal in PET imag-
ing. Sometimes the tracers have been developed keeping in mind a specific 
target organ or disease but could be utilized with caution in other inflammation 
imaging as well. 
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Table 2. PET tracers targeting inflammatory cells and inflammation related-vascular 
changes. (40–50) 
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Affibody molecules for PET imaging 
Affibody molecules are small (6 kDa) residue protein scaffolds originating 
from the immunoglobulin G (IgG) binding domain of staphylococcal protein 
A. Affibody molecules consist of three alpha helices with a total of 58 amino 
acids, out of which 13 can be re-arranged to create libraries where promising 
binders may be isolated and optimized. (51) Monoclonal antibodies (150 kDa) 
are approximately 20 times bigger and nanobodies (15 kDa) twice as big in 
molar mass compared with Affibody molecules. (52) Affibody molecules 
make a feasible option for antibodies and nanobodies in therapeutics and im-
aging. The benefits of Affibody molecules in PET imaging include robustness 
for harsh radiolabelling conditions and, due to their small size, rapid blood 
clearance and further penetration into tissue. So far one of the most successful 
Affibody molecule PET radiotracers (68Ga-ABY-025) is targeting human ep-
idermal growth factor receptor type 2 (HER2) expression in breast cancer pa-
tients and is currently in clinical trials phase 2. (53) 

Translational medicine in PET imaging - All paths lead 
to human 

“All models are wrong, but some are useful.” – George Box 

As statistician George Box once said, modelling can never be fully identical 
to the subject that is being mimicked. In translational medicine, we are trying 
to simulate a human condition by using animal models, as the law does not 
permit testing a new drug or treatment directly on a human. Using animal 
models is challenging for obvious reasons, such as differences in genetics and 
possible occurring comorbidities, but also because all animals are individuals, 
just like humans. Sometimes it can be challenging to even extrapolate results 
from small clinical cohorts into the general human condition. (54)  

When designing the study protocol that uses animals, the 3R principle plays a 
significant role. The 3R stands for replacement (using alternative methods to 
animals if possible), reduction (using as little amount of animals as possible) 
and refinement (decrease the pain and discomfort caused to animals as much 
as possible). (55) In addition, we should try to construct and use animal mod-
els that are as reproducible as possible, as well as validating the use of the 
model as well as we can. Several things can be taken into consideration, such 
as that the biology and symptoms of the disease are similar in both human and 
the animal (face validity). The treatment of the disease should have similar 
effects (predictive validity), and the disease mechanism or the specific target 
is alike (construct validity) in human and the animal model. (56,57)  
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Translational research is trying to bridge the gap between drug development 
in fundamental science and the practical applications in clinical research, fol-
lowing the famous concept of ‘from bench to bedside’. Unfortunately, most 
drug clinical trials end in failure, with only approximately 9.6% of drugs 
reaching the final consumers’ market. This is partly because the results ob-
tained from animal models do not eventually translate well into humans. Even 
if all scientific disciplines suffer from reproducibility issues to some extent, 
both industry and academia have raised awareness and are even referring to a 
crisis when it comes to the use of animal models in preclinical research. (58) 
Sadly, due to these reasons, translational research is sometimes described as 
‘the valley of death’, between basic and clinical research, where promising 
discoveries do not live up to expectations. To address the reproducibility prob-
lem, the ARRIVE guidelines (Animal Research: Reporting of In Vivo Exper-
iments) were created in 2010 to increase the transparency of animal models 
reporting (updated in 2020). (59) In addition, the US National Institute of 
Health (NIH) has also expressed its concern and made it a key initiative to 
develop its own training program to emphasise reproducibility and transpar-
ency in preclinical research. (58)  
 
Preclinical PET imaging is closely bound up with using animal models. We 
can optimize the radiochemistry and look at the properties of a radiotracer in 
vitro to a certain extent, but since the ultimate goal is to provide an imaging 
probe, we need to be able to see how well they actually work in vivo, before 
moving on to clinical trials. Since it is crucial in PET imaging that the animal’s 
anatomy and physiology resemble humans as closely as possible, we are lim-
ited in what type of animals we can use. Insects and fish, for example, are 
excluded. In order to get a good image over time, the animals need to lay as 
still as possible and are thus often anaesthetised, which could affect the blood 
flow and in turn the pharmacokinetics of a radiotracer, especially in neurolog-
ical studies. (60) In inflammation imaging, both intravenous and inhalation 
anaesthesia can have immunosuppressive effects on several immune cells and 
their cytokines, including neutrophils, macrophages and TNF-α. (61) The 
stress caused to the animals by the scanning situation can also lead to variable 
results, especially in longitudinal studies, and it should be minimized as much 
as possible.  

Mouse as a model of inflammation 
For more than 80 years, mice (Mus musculus) have been the most used species 
in preclinical research and thus a major source of where the understanding of 
our immune system comes from. The popularity of using inbred laboratory 
mice is due to the availability of a variety of different strains, cost-effective-
ness, and similarity to human genetics. We also know a lot more about mice 
genetics compared with other mammals, and the engineered gene-knockout 
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mice and chimeric strains could be challenging to execute on any other type 
of animals. Mouse models have also facilitated several successful findings in 
translational immunology, such as the discovery of MHC, monoclonal anti-
body production and, in 1996, the discovery of immune checkpoint inhibitors 
by James Allison that led to several effective cancer treatments. (62)  

In mice, the immune phenotype and immune responses are determined by a 
combination of genetics and environment. (63) Mice grown in a nearly sterile 
laboratory environment have very little to do besides eating and sleeping 
whereas their wild counterparts spend their days running around in search of 
food. Thus, laboratory mice are larger and heavier than wild mice, but they 
also differ in other ways. Wild mice have significantly higher serum protein 
concentrations, but the size of their spleen and the number of leucocytes they 
have are much smaller compared with laboratory mice. According to Abolins 
et al., wild mice have fewer immunological differences (e.g. serum IgG and 
IgE levels) between genders compared with laboratory mice. However, the 
cytokines secreted by the innate immune system were found to be similar, 
although the immune response was more suppressed in the wild type. (64)  

Mice and humans differ in several ways, some of which are more obvious than 
others. One of the most apparent differences is lifespan, as one human year 
corresponds to approximately 9 days in the life of mice. However, on a mo-
lecular level the aging process in mice is similar to humans. (65) During a 
research experiment, laboratory mice are often exposed to pathogens for the 
first time in their life, and thus their immune system is not as ‘trained’ as that 
of a human adult. (64) This could be one of the reasons why there is a low 
density of mature T cells and a scarcity of neutrophils in the blood circulation 
of laboratory mice. (63) Unlike humans, mice are nocturnal animals, and most 
research studies are conducted during the daytime, i.e. during their resting pe-
riod. This might cause variability in results but also errors in translation since 
the amount of circulating immune cells and the responses from both the innate 
and the adaptive immune systems vary according to the circadian rhythm. (66)  

Mouse models are also widely used in PET imaging. Because of their small 
size, their organs are very close to each other, which can cause issues in image 
analysis due to spillover from high-uptake organs, such as the kidneys and the 
liver. Mice have a much faster heart rate and blood circulation than humans, 
which makes it impossible to use clinical CT contrast to support organ seg-
mentation. 

Rat as a model of inflammation 
The rat (Rattus norvegicus) is one of the most hated species in the history of 
humankind and not least because they can carry over 70 diseases. (67) Rats 
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are nonetheless smart and social animals who can form life-long bonds with 
their owners. In research, rats are mostly used in behavioural, toxicology, can-
cer, transplantation, and surgery studies. The most commonly used laboratory 
rats are both albino strains: Wistar and Sprague Dawley. 

Rats and mice share many similarities as nocturnal rodents, and going back in 
time, their genetic lineages diverged from one another approximately 12 to 24 
million years ago. Rats are estimated to have genes that are not present in the 
mouse, including genes producing pheromones and involved in immunity, 
proteolysis and the detection and detoxification of chemicals. (67) Rats were 
originally the more popular choice for laboratory animals in science, but after 
the development of genetic manipulation and different strains, mice passed 
them in popularity. (68) Other incentives to use mice over rats were that rats 
are more expensive to breed and take care of and that rat-specific diagnostic 
tools like antibodies have been difficult to find in the past. In immunology, 
rats have been considered more similar to humans than mice. For example, 
The MHC class II and Foxp3 expression by activated T cells is not found in 
mice. (69) In PET imaging, rats are a more favourable choice than mice due 
to their larger size and thus greater space between the organs. 

Pig as a model of inflammation 
The domestic pig (Sus scrofa domesticus) is an omnivorous animal that is used 
for food worldwide. Their use in biomedical research began in the 1940s when 
mini pig breeding started, and it increased dramatically after the 1980s. Other 
than the physical size and breeding environment, there are no reports consid-
ering the physiological differences between minipigs and domestic landrace 
pigs. Today, pigs are mostly used in cardiovascular, skin, metabolism and im-
mune system studies as well as in studies on xenotransplantation to humans. 
(70) 

The benefits of using pigs in research include higher similarity in size and 
physiology for defining safe dosage ranges in drug development studies, tox-
icology, and genetic modifications for humanization. (71,72) Since pigs are 
already used as food animals in agriculture, they are more easily available for 
access to free tissue, which follows the 3R principle by reducing the use of 
other animals for research-only purposes. Pigs usually live in non-sterile en-
vironments, and they are susceptible to similar pathogens and diseases as hu-
mans. Like humans, pigs are diurnal mammals and the changes in their im-
mune system caused by circadian rhythm are alike. Pigs are smart animals that 
can be taught many things, like getting used to setting up a cannula for blood 
sampling. The disadvantages of using pigs in research are their large size, 
which is why they need more space, and the fact that they are far more expen-
sive to maintain than rodents. (72)  
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Even though pigs are considered to be closer to humans than rodents, there are 
several important differences. Among the main structural differences are the 
location of certain muscles, e.g. gluteal, and liver and lung anatomy. Unlike 
human babies, the pig foetus is born without antibodies and naïve T cells due 
to the tight placental barriers that prevent the transfer of passive immunity 
from the sow to the piglet. (71,73) Another main difference in pig immunity 
is the inverted structure of their lymph nodes, which causes immune cells to 
mainly depart directly into the blood through high endothelial venules (HEV). 
There is a very low number of lymphocytes in the efferent vessels (that carry 
lymph out of the lymph nodes) of the lymph and a high occurrence of TCR 
with γ and δ chains in blood, which is the opposite of humans where most 
chains consist of α and β chains. (71,73) Despite the inverted structure of the 
lymph nodes, the pig lymphatic system is comparable to the human lymphatic 
system when it comes to the drainage from one lymph node to another, which 
is not present in mice. (74) Other differences and similarities between humans, 
mice, rat and pig are listed in Table 3. 
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Table 3. Typical features of an average human adult (75–82), laboratory mouse 
(64,65,83–85), rat (86–93) and pig (71,72,94–101). 
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Aims of this Thesis 

The overall aim of this thesis project was to evaluate several PETimaging ra-
diotracers as biomarkers targeting different inflammatory cells and their pro-
cesses in vitro and in large and small animal models, in comparison with clin-
ical assessment parameters, such as lung function, clinical scoring of animal 
health and histology staining. The individual papers included in the thesis 
aimed to: 

 
 Investigate the performance of [68Ga]Ga-DOTA-TATE as a 

marker for macrophage expression of PET imaging in large and 
small animal models of pulmonary inflammation. (Paper I) 
 

 Investigate the use of [11C]GW457427 as a PET marker for neutro-
phil elastase expression in a large animal model of acute respira-
tory distress syndrome. (Paper II) 
 

 Select the most favourable Affibody molecule variant for SPECT 
and PET imaging of CD69 expression of activated immune cells. 
(Paper III) 
 

 Investigate gallium-68 labelled CD69 Affibody molecule conju-
gate DOTA-ZCAM241 expression and compare the uptake with a 
negative control Affibody molecule conjugate [68Ga]Ga-DOTA-
ZAM106 in an induced rheumatoid arthritis mouse model. (Paper 
IV) 
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Methodology 

Table 4. Summary of the methodology used in this thesis. 

 Paper I Paper II Paper III Paper IV 

Radio-
tracer 

[68Ga]Ga-
DOTA-
TATE 

[11C]GW457427 [111In]In-
DOTA-
ZCD69:x 

[68Ga]Ga-
DOTA-ZCAM241 

Target M1 macro-
phages 

Neutrophil elas-
tase 

CD6, acti-
vated im-

mune cells 

CD6, activated 
immune cells 

Model LPS + Lung 
lavage 

ARDS Healthy an-
imals 

Rheumatoid  
arthritis 

Species Rat, pig Pig Rat Mouse 

Imaging 
protocol 

Pig:dy-
namic, com-
parison with 

[18F]FDG 

Rat:dynamic 

Dynamic Longitudi-
nal, com-
parison 

with unspe-
cific tracer 

Longitudinal, 1 h 
post tracer induc-
tion, comparison 
with unspecific 

tracer 

Affibody production 
The Affibody molecules used on Papers III and IV were produced and opti-
mized at Kungliga Tekniska Högskolan (KTH). A more detailed description 
is available in the references. (102) 
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Radiolabelling 
The radiolabelling was done by our collaborators at the hospital and by the 
radiochemists in our group.  

Animal models 
For all the animal studies the ethical permit was obtained from the Ethics 
Committee for Animal Research in Uppsala, Sweden. 
 
All the porcine studies were conducted on Swedish landrace pigs, which is a 
common, non-genetically modified race.  

LPS lung inflammation model on Sprague Dawley rats 
Lipopolysaccharide (LPS) is a part of gram-negative bacteria that causes acti-
vation of the innate immune system by binding to the Toll-like receptor 4 
(TLR4) in granulocytes and monocytes. (103) There are several ways to in-
duce lung inflammation by using LPS. In Paper I, Sprague Dawley (SPRD) 
rats were treated with LPS by oropharyngeal aspiration to cause a direct injury 
in the lungs. To get a better understanding of the course of the inflammation, 
we first ran a pilot study by CT and MRI using the same model and afterwards 
with [68Ga]Ga-DOTA-TATE. 

Lung injury model on pig 
In Paper I, the injury in the pig lungs was induced using the so-called dual-hit 
model with repeated lung lavages and ventilator-induced lung injury (VILI). 
First, body-temperature saline is poured through the endotracheal tube into the 
lungs to remove the lung surfactant, and this is repeated a maximum of 8 
times. Then, the pig is aggressively ventilated by applying excessive air pres-
sure and tidal volume for about 1 h. Without the surfactant, the alveoli will 
stick together, causing them to collapse and trigger inflammation in the lungs. 
The process is monitored by measuring the blood gas values throughout the 
study. 

Acute respiratory stress syndrome model on pig 
In the pig ARDS model, oleic acid solution is used to induce a strong inflam-
matory reaction in the lungs. The effects of oleic acid are apparent almost im-
mediately, and the damage caused in the lungs is characterized as multifocal 
and heterogeneous. (104) In Paper II, the oleic acid was administered through 
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a central venous catheter as repeated boluses, causing direct injury to endo-
thelial cells that will lead to necrosis. Lung function was constantly monitored, 
and the severity of the damage was measured before the induction of the 
ARDS model (baseline), directly after ARDS induction (T1), after the first 
injection of the tracer (T2), and after the administration of blocking compound 
(T3).  
 

Rheumatoid arthritis model on T cell deficient mouse 
The rheumatoid arthritis model used in Paper IV utilizes a genetically modi-
fied T cell-deficient mouse that is injected with naïve, autoreactive T cells 
from spleen of KRN mouse (rearranged TCR α and β chains that causes T cell 
reactivity to their own MHC II complex). (105) The clinical signs of inflam-
mation appear approximately 7 days after the transfer, with the invasion of 
e.g. macrophages and neutrophils. The peak in the inflammation is around two 
weeks after the induction, (106) which is why in Paper IV we scanned the 
mice from baseline until day 12 after the induction of the model, to follow the 
disease onset on PET. 

In vivo studies 

Ex vivo autoradiography 
Ex vivo autoradiography is a technique where, after dissection, the tissue is 
frozen, sliced and mounted on microscope slides. After that the slides will be 
exposed to a storage phosphor imaging plate for approximately two half-lives 
and scanned on a phosphor imaging scanner. 

Ex vivo biodistribution 
Biodistribution of the radiotracer uptake in this thesis was mainly studied us-
ing the PET images, but in Paper I, the lungs, thymus, muscle, myocardium, 
blood, trachea, oesophagus and stomach of SPRD rats were dissected and the 
radioactivity measured in gamma counter after the injection of radioactivity. 
The animals were divided into three different groups: those induced with LPS, 
those induced with LPS and a blocking substance, and a control group that did 
not have induced inflammation.  

Rodent imaging by μPET-CT, μPET-MRI and μSPECT-CT 
For all the scans, the mice and rats were anaesthetised (sevoflurane 5% ini-
tially and afterwards 3% to maintain anaesthesia) during imaging. The animals 
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were monitored during the entire study and their body temperature was con-
trolled with a pre-heated scanner bed. 

In Paper I, a 30-min dynamic PET scan was acquired over the lungs of LPS 
induced SPRD rats (n = 3). After that both MRI and CT were taken. In Paper 
III, the imaging of SPRD rats was conducted as a longitudinal study on 
μSPECT-CT. The rats were imaged at 0 h, 3 h, 20 h, 48 h and 72 h post-
injection of the tracer. The CT scan was acquired first and then a 20-min 
whole-body scan was conducted. In Paper IV, the mice were scanned with a 
whole-body PET-CT for 30 minutes, one hour after injecting them with the 
radiotracer. The same mice were followed longitudinally throughout the study 
and first scanned at baseline and then 3, 7 and 12 days after the induction of 
the model. 

Pig imaging by clinical PET-CT 
All the pigs in Paper I and Paper II were anaesthetised, throughout the full 
study duration from model induction to imaging. The imaging took place 
about 1-2 h after the model induction in the supine position. During the dy-
namic scans, radioactivity was measured in arterial plasma and whole blood. 
PET scans were followed by CT scans for anatomical localisation. After all 
the scans were done, the pigs were euthanised. 

Seven out of ten pigs were induced with lung injury lavage model and scanned 
on dynamic PET-CT for 60 min in Paper I. Approximately 3 h after the 
[68Ga]Ga-DOTA-TATE injection, the same animal was injected with 
[18F]FDG and scanned for another 60 min. 

In Paper II, five pigs were induced with ARDS and four were untreated. PET 
scan was conducted as a dynamic study of 60 min over the lungs and a 30-min 
static scan over the spleen. Afterwards, the blocking was induced and the same 
scans were repeated on the same animal. 

Image analysis to define in vivo biodistribution and kinetics of 
the radiotracers 
All the images were corrected to the time and amount of radiotracer adminis-
trated, for the animal weight and converted into SUV. The analysis was per-
formed using PMOD or Nucline (Mediso, Hungary). 

In the studies with induced lung inflammation (Papers I -II), the segmentation 
of the pig lungs was divided into four different parts according to the anatomy 
and severity of the inflammation: deep dorsal, dorsal, ventral and deep ventral. 
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The same segments were used on both PET and CT images. In Paper II, the 
time-activity curves (TAC’s) were defined for lung ventral, lung dorsal, heart, 
muscle and bone marrow. 

In Paper III, the ROIs were drawn on kidneys, liver, heart, lung and muscle of 
the healthy SPRD rats. In Paper IV, the ROIs were drawn over the entire rear 
paws and axillary lymph nodes of the mice. 

Statistical analysis 
In the papers where data were not normally distributed, the groups were com-
pared with each other using the Mann-Whitney U-test, and where the data 
distribution was normal, the results were evaluated using a T-test. P values 
lower than 0.05 were considered significant and normality was tested using 
Shapiro-Wilk test. In Paper IV, Spearman’s rank correlation coefficient was 
used to study the relationship between animal health status and SUV, since 
the data was not normally distributed. 
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The Present Investigation 

Paper I – PET-CT imaging of pulmonary inflammation 
using [68Ga]Ga-DOTA-TATE 

Background and aim 
[68Ga]Ga-DOTA-TATE is a well-known radiotracer in clinical use for imag-
ing of primary and metastatic neuroendocrine tumours, with an affinity to-
wards somatostatin receptor subtype 2 (SSTR2). Since somatostatin receptors 
(SSTR) are found in healthy organs as well, uptake of [68Ga]Ga-DOTA-TATE 
can be observed in the spleen, pancreas, and the adrenal, thyroid, and pituitary 
glands. Very little uptake has been detected in the lungs of healthy subjects. 
(107)  

The SSTR2 is also expressed in pro-inflammatory macrophage type M1, and 
various studies have been conducted using [68Ga]Ga-DOTA-TATE to image 
the inflammation process in atherosclerosis. (47,108,109) In this study, we 
evaluated how [68Ga]Ga-DOTA-TATE would perform in the imaging of lung 
inflammation in rat LPS and pig dual-hit model, in comparison with [18F]FDG. 

Results 
First we assessed [68Ga]Ga-DOTA-TATE in the LPS lung inflammation 
model on rats. Ex vivo autoradiography revealed that there was a great deal of 
variation considering the severity of the inflammation, between individuals. 
In Figure 1 A the binding of [68Ga]Ga-DOTA-TATE is distributed fully in 
both lungs, whereas in Figure 1 F there is far less uptake visible. The results 
from various histology stainings are in line with the autoradiography images 
(Figure 1 B-E, G-J). 
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Figure 1. Rat autoradiography images of strong [68Ga]Ga-DOTA-TATE uptake in 
more severe LPS induced lung damage (A) compared with less prominent lung injury 
(F). Histology staining of LPS treated rat lungs with infiltration of CD68 positive 
macrophages (B & C), hematoxylin/eosin (C & H), Maisson’s trichrome (D & I) and 
Sirius red (E & J). 

The ex vivo biodistribution of the rat organs is presented in Figure 2. There 
was a significant difference in [68Ga]Ga-DOTA-TATE uptake in the lungs of 
the LPS-treated group compared with the group treated first with blocking and 
control groups. In the stomach, the uptake of [68Ga]Ga-DOTA-TATE was also 
successfully blocked, but there was no difference between the LPS-treated 
group and the control group. In the thymus and trachea, there was no signifi-
cant difference between the groups, as a high standard deviation was observed. 
The uptake in the muscle remained the same in all groups. 
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Figure 2. The ratio to the heart muscle of lungs, stomach, thymus, trachea and muscle 
in LPS, blocking and LPS, and control groups of rats. 
 
After the rat model, we moved on to a model closer to humans and induced 
dual-hit damage on the pig lungs. In Figure 3, the uptake of [68Ga]Ga-DOTA-
TATE and [18F]FDG is displayed in control animals and animals with lung 
injury. The uptake of both tracers increased towards the deep dorsal parts of 
the lungs, where the density inside the lung was also the highest (Figure 4). 
This indicates higher uptake in the most damaged parts of the lungs. 

Figure 3. Control and lung-injured pigs [68Ga]Ga-DOTA-TATE (A) and [18F]FDG 
(B) uptake at 60 min p.i. of the radiotracer. 
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Figure 4. Hounsfield units of pigs with lung injury (A) and control pigs (B) on differ-
ent parts of the lungs. 
 
The uptake of [68Ga]Ga-DOTA-TATE in the most damaged parts of the lungs 
was significantly increased compared with the control animals. This can also 
be seen in the axial images of the sick and healthy control animals shown in 
Figure 5. [18F]FDG uptake was more dominant in the heart and in the lungs, 
compared with [68Ga]Ga-DOTA-TATE. However, the [68Ga]Ga-DOTA-
TATE uptake in the bone marrow was more elevated than the [18F]FDG up-
take. 
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Figure 5. Uptake of [68Ga]Ga-DOTA-TATE in lavage induced pig lungs (A) and con-
trol pig (C). [18F]FDG uptake in lavage induced pig (B) and control animal (D). 

Discussion 
The evaluation of [68Ga]Ga-DOTA-TATE as a tracer targeting pro-inflamma-
tory macrophages was carried out first in the rat LPS model and then in the 
pig lung injury model. Previously conducted clinical studies have showed the 
potential of [68Ga]Ga-DOTA-TATE for imaging the inflammation process in 
atherosclerosis. However, these studies have lacked specificity evaluation. In 
our study, the rats with LPS-induced lung injury had increased uptake in the 
lungs, compared with the blocking and control groups, indicating specificity. 
The high uptake seen in the stomach in both LPS and control groups is most 
likely due to the binding of SSTR2 in the stomach lining, which could be 
blocked by Sandostatin. The rat model had quite a lot of variation in the results 
in general, which is why we decided to move on to a larger animal model, the 
pig.  

In the pig model, we could see that [18F]FDG had the same pattern of uptake 
as [68Ga]Ga-DOTA-TATE, that was increased in the most damaged parts of 
the lungs. [18F]FDG also had a slightly higher overall SUVmean uptake, which 
is reasonable since the uptake is accumulation of more than just one type of 
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immune cells. However, the alveolar macrophages do not have as high glucose 
consumption as the bone-marrow recruited ones, which could limit the use of 
[18F]FDG for evaluation of macrophage-specific therapies. 

Conclusions 
[68Ga]Ga-DOTA-TATE had an increased SUV uptake in the most damaged 
parts of the lungs, in the porcine dual-hit model that corresponded with the 
results from CT images and quantification, histology staining and [18F]FDG 
uptake. In the rat LPS model, the [68Ga]Ga-DOTA-TATE uptake was signifi-
cantly increased in the damaged lungs compared with the healthy control 
group. The uptake could also be blocked in vivo, making [68Ga]Ga-DOTA-
TATE a promising candidate for clinical imaging of activated macrophages. 
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Paper II – PET imaging of neutrophil elastase with 11C-
GW457427 in Acute Respiratory Distress Syndrome in 
pigs 

Background and aim 
[11C]GW457427 is a novel radiotracer targeting neutrophil elastase (NE). 
Neutrophil elastase is a destructive glycoprotein that is released by neutrophils 
during inflammation to eliminate pathogens but also harmless host tissue. Ad-
ditionally, NE has proinflammatory properties, and an imbalance in the pro-
duction levels can break down the lung structure and lead to several serious 
diseases, such as the life-threatening acute respiratory distress syndrome 
(ARDS).  

So far [11C]GW457427 has been extensively evaluated by Estrada et al. (110) 
e.g., in vitro and in the mouse LPS model. Thus in this study, we wanted to 
further assess [11C]GW457427 binding in a large animal model of ARDS, that 
is closer to the human condition. 

Results 
The uptake of [11C]GW457427 was both visibly apparent (Figure 6) and sig-
nificantly different (Figure 7 A) in the lungs of the ARDS-induced pigs, com-
pared with control animals. The uptake was significantly decreased after in-
jection of NE inhibitor and remained around the same level in the time-activity 
curves as the muscle uptake. The uptake in the lungs remained stable 20 min 
after the tracer injection. 

The lung damage was monitored by e.g. following the P/F ratio and SpO2. 
(Figure 7 B). The P/F ratio decreased significantly after the induction of the 
ARDS model (T1). The SpO2 did not decrease immediately after the model 
induction but over time. The lung damage was also confirmed by quantifying 
the CT HU (Figure 7 C) similarly as in Paper I, where the density in the dorsal 
parts of the lungs of the sick pig was significantly higher compared with the 
ventral parts and control animals. 
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Figure 6. PET-CT coronal images of [11C]GW457427 uptake in the lungs of pigs with 
induced ARDS model (A-B) and healthy control animals (C-D). Uptake could be 
blocked by pre-treatment of NE inhibitor (B,D). The arrows mark the damage in the 
lungs. The time-activity curves of the uptake in the ventral and dorsal parts of the 
lungs, heart, muscle and bone marrow (E-H)
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Discussion 
For PET imaging, the local concentration of NE in its granules is high enough 
to be imaged during inflammation, as was confirmed in an earlier publication 
by Estrada et al. (110) In this study, further preclinical evaluation of 
[11C]GW457427 targeting NE was conducted in the pig model of ARDS. The 
damage in the lungs followed the distribution of lung circulation and the up-
take was higher in the more damaged dorsal parts, similarly as in Paper I. The 
uptake remained stable in the lungs throughout the study, as can be seen in the 
time-activity curves. However, an increase of the tracer was observed in the 
bone marrow of both healthy control pigs and the ARDS pigs. This could be 
due to the binding of [11C]GW457427 into intracellular NE, located in the 
closed granules, which happens more slowly compared with the release of NE 
of activated neutrophils. 

A common issue with the tracers targeting inflammation is the vascular leak-
age of the radiotracer, which is part of the inflammation process but not spe-
cific to the target. Thus, it was important in this study to see the blocking effect 
working on both the dorsal and ventral parts of the lungs, as well as in the 
spleen and bone marrow. 

Conclusions 
The binding of the neutrophil elastase radiotracer [11C]GW457427 was spe-
cific, selective and reproducible in vivo. SUV were especially elevated in the 
damaged lung regions and neutrophil-rich tissues - bone marrow and spleen. 
The next step is to continue with the clinical evaluation of [11C]GW457427. 
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Paper III – Discovery, optimization and biodistribution 
of an Affibody molecule for imaging of CD69 

Background and aim 
Paper III was conducted in collaboration with The Royal Institute of Technol-
ogy (KTH), where we identified and characterized five CD69 Affibody mol-
ecule variants. CD69 is a transmembrane protein that is expressed by most 
activated leukocytes at inflammatory sites. Since it is not expressed in resting 
or circulating immune cells, it is a promising target for PET imaging. 

All the CD69 variants were radiolabelled with 111In and in vivo binding spec-
ificity was assessed by using longitudinal SPECT-CT imaging of healthy rats 
(n=3). In addition, a negative control Affibody molecule [111In]In-DOTA-
ZTAQ construct was also evaluated. The aim of this study was to rank the most 
favourable variant to further continue the development of CD69 targeting PET 
tracer. 

Results 
All five Affibody molecule variants exhibited nanomolar range affinity to-
wards human recombinant CD69 (Table 5). The first three variants on the ta-
ble also demonstrated sufficient affinity towards mouse CD69 recombinant. 
All variants were radiolabelled with high purity and ZCD69:6 and ZCD69:12 

demonstrated over 90% radiochemical yield (RCY) (Table 6). The stability 
remained near 90% on ZCD69:4 and ZCD69:8 after four days of labelling. 
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Table 5. Affinity of the different Affibody molecule variants towards human and 
mouse recombinants. 

Variant 

 

Human 
CD69 (Kd 

nM) 

Mouse CD69 
(Kd nM) 

ZCD69:2 52 67 

ZCD69:4 34 34 

ZCD69:6 51 46 

ZCD69:8 49 ND 

ZCD69:12 30 ND 

 

Table 6. Summary of radiolabelling results of the different CD69 Affibody molecule 
variants. 

Variant Added  
radioactiv-
ity(MBq) 

Purity 
(%) 

Molar  
Activity 

(MBq/nmol) 

Radio-
chemical 

yield 
(RCY, %) 

Stability 

ZCD69:2 14 99 5 5 Not per-
formed 

ZCD69:4 85.0 99 6 71 91% (4 
days) 

ZCD69:6 92 98 9 90 98% (1 
day) 

ZCD69:8 76.5 100 6 84 88% (4 
days) 

ZCD69:12 83.2 99 18 93 67% (4 
days) 
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Figure 9. Coronal SPECT-CT images of [111In]In-DOTA-ZCD69:6 (A) and negative 
control [111In]In-DOTA-ZTAQ (B) and the SUV of kidneys, (C) liver (D) and muscle 
(E) of each of the Affibody molecule variants. The lymph nodes are marked with red  
(A) and white (B) arrows
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The variant [111In]In-DOTA-ZCD69:6 exhibited binding to the right popliteal 
lymph node, potentially indicating a local, spontaneous inflammatory re-
sponse (Figure 9 A). The negative control Affibody molecule [111In]In-
DOTA-ZTAQ (Figure 9 B) did not show similar binding to lymph nodes in 
healthy animals. The in vivo biodistribution in healthy rats demonstrated low 
uptake in the lungs for all variants, while the background (muscle, liver uptake 
and renal clearance varied. (Figure 10). Variants ZCD69:4, ZCD69:8 and ZCD69:12 

exhibited the lowest renal uptake after 48h (Figure 9 C) and for the liver var-
iant (Figure 9 D) ZCD69:4 showed the least uptake 3 h post-injection. The muscle 
uptake (Figure 9 E) was also lowest on the ZCD69:4 variant. 

Discussion 
We tested five different Affibody molecule variants on healthy rats using a 
SPECT-CT camera 3 h, 20 h, 48 h and 72 h post-injection. The highest uptake 
was mainly limited to kidneys, and binding to other organs was negligible. For 
some of the variants, we saw uptake matching the location of popliteal lymph 
nodes. In previous studies of Affibody molecules targeting e.g. HER2 and 
HER3 in animals and humans, focal uptake in lymph nodes similar to our 
study has not been observed. (111–116) The negative control Affibody mole-
cule [111In]In-DOTA-ZTAQ, which has an amino acid sequence that is not rel-
evant for binding to CD69, did not demonstrate any uptake in the lymph 
nodes. Thus, the lymph node binding of ZCD69:6 is likely specific to a sponta-
neous immune response. 

The aim of this study was to evaluate the most favourable variant for imaging 
of CD69 expression. We used several main categories for ranking. First, for 
inflammation imaging, the background binding of the radiotracer should be as 
little as possible to achieve optimal image contrast in target of interest with 
inflammation. Second, the renal uptake and retention dose should be reduced 
as much as possible since the kidneys are often the limiting organ when it 
comes to calculating the radiation dose in human. And last, high affinity is 
critical to be able to detect small differences in CD69 expressing immune 
cells. Based on these considerations, variant ZCD69:4 proved to be most optimal 
for further development of a PET radiotracer targeting CD69. Positron-emit-
ting radionuclides such as 68Ga or 18F would reduce the radiation dose to kid-
neys and improve sensitivity, resolution and quantification accuracy. 

Conclusions 
Variant [111In]In-DOTA-ZCD69:4 had the highest affinity for human and murine 
CD69 as well as the lowest background binding and was thus selected as the 
most optimal candidate for future development of a CD69 PET tracer. 



 

 49

Paper IV – Positron Emission Tomography imaging of 
CD69 in a murine model of rheumatoid arthritis 

Background and aim 
Rheumatoid arthritis is an autoimmune disease where chronic inflammation 
in the joints causes damage to the cartilage that can be very painful for the 
patient. CD69 is expressed in T cells, B cells and neutrophils of the synovial 
fluid of rheumatoid arthritis patients, making it an ideal target for studying the 
early disease onset by PET imaging. (117–120) As a continuation of Paper III, 
where we selected [111In]In-DOTA-ZCD69:4 (also ZCAM241) as the most favoura-
ble candidate of CD69 targeting to continue with for PET imaging, in this 
paper we radiolabelled DOTA-ZCAM241 with gallium-68. The [68Ga]Ga-
DOTA-ZCAM241 uptake was then studied in the mouse model of rheumatoid 
arthritis.  

The aim of this study was to examine the uptake of [68Ga]Ga-DOTA-ZCAM241 
in inflamed joints of the rheumatoid arthritis model in comparison with a neg-
ative control Affibody molecule [68Ga]Ga-DOTA-ZAM106. 

Results 

Figure 11. Clinical scoring of the paw swelling (A) and weight monitoring over time 
(B). Serum IgG anti-GPI levels at baseline and on day 12, versus blank (C).  

The animals’ well-being was monitored throughout the study by scoring the 
swelling of the paws (clinical score) and tracking their weight loss. The clini-
cal score started to increase (Figure 11 A) and the weight started to decrease 
(Figure 11 B) after 7 days of the model induction. Immunoglobulin G in-
creased significantly on day 12 compared with baseline and the blank sample 
(Figure 11 C). 
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Figure 12. Coronal PET images of the development of joint inflammation in rear 
paws (A-D). CD69 staining of the rear paws (E-H) and matching MTC staining (I-L) 
over time. 

PET imaging of the mouse rheumatoid arthritis model was conducted as a 
longitudinal study; at baseline and then 3, 7, and 12 days post-induction. The 
uptake was visibly increasing (Figure 12 A-D) over time and confirmed by 
quantification of the segments in the rear paws (Figure 13 A). The staining of 
the CD69 (Figure 12 E-H) followed the increase in SUV and was in line with 
the matching MTC staining (12 I-L). The difference between the uptake of 
each individual animal was diminutive, except for day 3 (Figure 13 B). 
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Figure 13. SUVmean over time in rear paws (A) and for each individual animal (B).  

 

 

Figure 14. The ratio of [68Ga]Ga-DOTA-ZCAM241 to baseline over time (A) and in cor-
relation to the clinical scoring (B). Baseline is indicated by bright green dots, the 
day 3 time point by blue dots, day 7 by purple dots and day 12 by black dots 
of each individual animal. 
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Figure 15. The ratio of negative control compound [68Ga]Ga-DOTA-ZAM106 to base-
line over time (A) and in correlation to the clinical scoring (B). Baseline is indicated 
by bright green dots, the day 3 time point by blue dots, day 7 by purple dots 
and day 10 by black dots of each individual animal. 

 

The ratio of [68Ga]Ga-DOTA-ZCAM241 to baseline increased over time and cor-
related with the clinical score (Figure 14). However, also the uptake of the 
negative control compound [68Ga]Ga-DOTA-ZAM106 to baseline (Figure 15) 
increased over time and showed a positive correlation to the clinical score. 

Discussion 
Rheumatoid arthritis is among the most common autoimmune diseases in the 
world. Being able to study the early progress in vivo would be crucial for plan-
ning and choosing the most suitable therapy for each patient and taking one 
step closer to curing the disease. That is why in this study we wanted to asses 
if we could see the early immune reaction based on CD69 activation in a rheu-
matoid arthritis mouse model by using the novel Affibody molecule-based ra-
diotracer [68Ga]Ga-DOTA-ZCAM241. 

The uptake of [68Ga]Ga-DOTA-ZCAM241 in PET images started to accumulate 
already on day 3 in the rear paws of the mice and it kept increasing the further 
the study went on. This was in line with the model used, where the most in-
tense inflammation reaction has been shown to be visible around 2 weeks post-
induction. The earliest clinical signs show up around 7 days post-induction as 
we saw in this study as well, with the increasing clinical score and weight loss 
appearing around that time. The model showed to be reproducible as there was 
not much difference between the individual animals considering PET uptake. 
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On day 3, the variation was the most pronounced, which might be due to var-
ying onset of the inflammation. 

We also explored the uptake of another Affibody molecule radiotracer, 
[68Ga]Ga-DOTA-ZAM106, which has no affinity to immune cells. Similarly, the 
uptake increased over time, but not as much as with our initial compound. The 
correlation on both compounds showed a strong positive connection between 
the SUVmean ratio to baseline and clinical scoring. 

Conclusions 
The optimized Affibody molecule-based radiotracer [68Ga]Ga-DOTA-ZCAM241 
uptake in the inflamed joints increased gradually over time as the clinical 
symptoms got worse and was in line with the images from immunostaining. 
Since the uptake of the negative control [68Ga]Ga-DOTA-ZAM106 increased 
over time as well, the specificity and selectivity of [68Ga]Ga-DOTA-ZCAM241 
is unclear. 
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Concluding remarks, limitations and future 
directions 

PET imaging of inflammation is a challenging field of molecular imaging. 
Considering the pace of new information coming from immunology research 
and constantly changing nomenclature, it amplifies the task to develop PET 
tracers and matching animal models. Nevertheless, there is a significant de-
mand for finding out more about immune processes in vivo and for that pur-
pose, PET is a vital non-invasive choice due to its ability and resolution to 
combine anatomical and physiological information. In this thesis we investi-
gated several targets in the immunology field to be imaged with PET: 

In Paper I we utilized [68Ga]Ga-DOTA-TATE, a tracer that is 
already available for clinical use for neuroendocrine tumours, 
to image M1 macrophages in rat and pig models. We found that 
the uptake in the rat model was significantly increased from the 
healthy control group, and it could be blocked. In the pig 
model, the most damaged parts of the lungs showed the highest 
SUV uptake. 

In Paper II we used neutrophil elastase targeting radiotracer 
[11C]GW457427 in the ARDS pig model. The binding was se-
lective and specific, and similarly to Paper I, elevated in the 
most damaged lung regions. 

In Paper III and Paper IV our target was CD69, a protein lo-
cated on the surface of most activated immune cells. In Paper 
III we concluded that variant ZCAM241 had the highest affinity 
for human and murine CD69 as well as the lowest background 
binding and was thus the most suitable for continuing with for 
gallium-68 labelling. In Paper IV we used the chosen ZCAM241 

CD69 variant and radiolabelled it with gallium-68 to image the 
CD69 expression in the mouse model of rheumatoid arthritis. 
[68Ga]Ga-DOTA-ZCAM241 uptake in the inflamed joints in-
creased gradually over time together with the clinical symp-
toms. However, the uptake of our negative control [68Ga]Ga-
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DOTA-ZAM106 increased over time as well, raising questions 
about the specificity of [68Ga]Ga-DOTA-ZCAM241. 

The limitations of Paper I were that [68Ga]Ga-DOTA-TATE specificity was 
not tested in the pig model and the overall uptake in SUV was not very high. 
Furthermore, the studies on rats were conducted during the daytime, i.e. dur-
ing the natural resting period for rats. In Paper II [11C]GW457427 will poten-
tially bind to both activated and inactivated NE inside the neutrophil granules. 
Even though the binding to intracellular NE takes longer, it is important to 
acknowledge in clinical studies as it can lead to an overestimation of the acti-
vated neutrophil count. In the future, the development of a more hydrophilic 
variant of [11C]GW457427 could result in less binding to the intracellular NE, 
but it would not eliminate it completely. Another limitation of Paper II is that 
the histology samples were obtained from the pigs after the blocking, which 
could affect the staining results. In both pig studies in Paper I and Paper II, 
the number of animals used in each group was somewhat low. Also, the pigs 
were young and young pig’s immunity does not correspond to that of adult 
humans. In Paper III, none of the variants has affinity tested post-radiolabel-
ling and the affinity could be improved even for the non-radiolabelled ones. 
In Paper IV [68Ga]Ga-DOTA-ZCAM241 specificity to CD69 is still a question 
mark and blocking studies should be conducted as the next step. Also, 
[68Ga]Ga-DOTA-ZCAM241 was only tested in genetically modified mice, so fu-
ture studies in larger animal model are needed.  

In general PET imaging will always be limited because of the use of ionizing 
radiation, especially for children, and the high costs of camera equipment and 
trained staff. In inflammation imaging, the leakage of radiotracers through 
veins will contribute to non-specific uptake, but it could be debatable how 
limiting that is, as long as the uptake is in the inflammatory area. The role of 
the tissue perfusion could be further studied by using [15O]Water for example. 
Establishing a baseline for the number of immune cells could be tricky in clin-
ical setting, since the counts can vary considerably for healthy individuals, and 
having a baseline of the same, healthy human is not possible as it is e.g. in pig 
studies. 

In the future, we plan to use [68Ga]Ga-DOTA-TATE to study M1 macro-
phages and [11C]GW457427 to study neutrophil elastase in e.g. the pancreas 
of patients with diabetes. [11C]GW457427 will also be tested in the same rheu-
matoid arthritis model as [68Ga]Ga-DOTA-ZCAM241 was and in clinical studies 
of long-covid, lymphoma, interstitial lung disease and lung cancer. The CD69 
targeting Affibody molecule variant ZCAM241 will be also radiolabelled with 
fluorine-18. 
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While writing my PhD thesis, I found it difficult to find reliable information 
about different animal models and especially their translatability to human. 
Most of the information is scattered in specific publications, and it is incredi-
bly time-consuming to conclude it all together. Since the information is widely 
scattered, it is also hard to evaluate what information already exists and how 
reproducible it is. For these reasons, I have started building a website called 
In Vivo Library, to gather and curate all the existing data on animal models in 
one place for easy access. I have received funding from Uppsala Innova-
tion/Vinnova for the prototype and it should be completed in March 2023. 
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Popular scientific summary 

When we hit our knee or catch a cold or when we burn our finger on fire, our 
defence system is ready to react immediately. This process is called inflam-
mation, and it means that several different cells and their messengers activate 
in our body to get rid of the invaders and heal any damage that has been done. 
Sometimes our troops work too hard, which can make what should have been 
just a short, innocent case of common cold last for a long time, and that means 
the inflammation has become chronic. It may also be that our defence system 
cannot beat the enemy alone and needs a little - or a lot of - help. In both cases 
we need to find the most accurate type of help, in the form of medicine and 
treatment. 

There are several ways to try to find out what is going on in our bodies. Most 
of them require taking blood samples or even tissue samples. Positron emis-
sion tomography, or  PET for short, is a camera that can track the flow and 
accumulation of radioactivity in the body. This may sound scarier than it is. 
First, a patient is injected with a very small amount of radioactive material and 
after that, they lay in the scanner for 10 to 30 minutes. The radioactive material 
is a specially developed medicine, called a radiotracer, that has a radioactive 
part combined with a carrier molecule that can be almost any type of normal 
drug. However, the amount of the carrier drug used is so small, that it does not 
have any effect on the body. This carrier, as the name implies, takes the radi-
oactivity where we wish for it to go. One can think of them as a horse and its 
rider, where the rider is the carrier drug, leading the horse, and the horse is the 
radioactive material. If we look at them from afar, we can only see the horse 
because the rider is so small. In a nutshell, this is what the PET image shows 
us: the horse, as in the radioactivity, which has been led into the right place by 
the rider. 

PET images are often combined with computed tomography (CT) images, that 
shows us the structure of the body. Combining these two images will give us 
a lot of information about what and where a possible issue in the body is. PET-
CT is most often used to look at metastasised cancer or to find out if a treat-
ment has worked. It can also be used to study inflammation, but first, we have 
to develop a radiotracer that shows us exactly what we want to see. Whether 
it is certain types of immune cells, their messengers or something else related 
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to the inflammation process. Then, according to the law, we have to test the 
radiotracer on animals before we can test them on humans. This thesis de-
scribes the process of testing several different radiotracers on animals, target-
ing different immune cells and their processes. 
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Populärvetenskaplig sammanfattning 

När vi slår i knät eller när vi har ont i halsen och feber eller när vi bränner 
fingret i elden är vårt eget försvarssystem redo att reagera direkt. Den proces-
sen kallas inflammation och den innebär att flera olika celler och deras bud-
bärare aktiveras i vår kropp för att ta hand om inkräktarna och läka eventuella 
skador som har inträffat. Ibland jobbar våra trupper för hårt för att det som 
från början var tänkt att vara en kort, oskyldig influensa varar länge, och det 
betyder att inflammationen har blivit kronisk. Det kan också vara så att vårt 
försvarssystem inte kan slå fienden ensam och behöver lite -eller stor- hjälp. I 
båda fallen behöver vi hitta den mest exakta typen av hjälp, i form av medicin 
och behandling. 

Det finns flera sätt att försöka ta reda på vad som pågår i vår kropp. De flesta 
av dem kräver att ta blodprover, eller till och med vävnadsprover. Positrone-
missionstomografi, förkortat till PET, är en kamera som kan spåra flödet och 
ansamlingen av en radioaktivitet i kroppen. Det här kan låta läskigare än vad 
det faktiskt är. Först injiceras en patient med en mycket liten mängd radioak-
tivt material och efter det ligger de i skannern från 10 till 30 min. Det radio-
aktiva materialet är specialutvecklad medicin, kallad radio-tracer som har en 
radioaktiv del i kombination med en bärarmolekyl, som kan vara nästan vilken 
typ av normalt läkemedel som helst. Mängden av bärarläkemedlet som an-
vänds är dock så lite att det inte orsakar någon effekt i kroppen. Denna bärare, 
som namnet antyder, tar radioaktiviteten dit vi önskar att den ska gå. Man kan 
tänka på det som en häst och dess ryttare, där ryttaren är bärardrogen, ledande 
hästen och hästen är radioaktiviteten. Om vi tittar på långt håll kan vi bara se 
hästen, eftersom ryttaren är så liten. Detta är i ett nötskal vad PET-bilden visar 
oss, hästen, som i radioaktiviteten som har letts till rätt plats av sin ryttare. 

PET-bilder kombineras ofta med datortomografi (CT)-bilder, som visar oss 
kroppens struktur. Att kombinera dessa två bilder kommer att ge oss mycket 
information om vad och var ett eventuellt problem i kroppen finns. PET-CT 
används oftast för att titta på metastaserad cancer, eller om en behandling har 
fungerat. Det kan också användas för att studera inflammation, men först 
måste vi utveckla ett radiospårämne som visar oss exakt vad det är vi vill se. 
Om det är en viss typ av immunceller, deras budbärare eller något annat rela-
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terat till inflammationsprocessen. Sedan måste vi enligt lagen testa radiospår-
ämnet först på djur, innan vi kan prova det på människor. Detta examensarbete 
beskriver processen att testa flera olika radiospårämnen på djur, inriktade på 
olika immunceller och deras processer. 
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Populaaritieteellinen tiivistelmä 

Kun lyömme polvemme tai kun meillä on kurkkukipua ja kuumetta tai kun 
poltamme sormemme, oma puolustusjärjestelmämme on valmis reagoimaan 
välittömästi. Tätä prosessia kutsutaan tulehdukseksi ja se tarkoittaa, että ke-
hossamme aktivoituu useita erilaisia soluja ja niiden lähettiläitä huolehtimaan 
hyökkääjistä ja parantamaan mahdollisia vaurioita. Joskus joukkomme työs-
kentelevät liian ahkerasti, mikä voi saada aikaan sen, että minkä alunperin piti 
olla vain lyhyt, viaton flunssa, pitkittyykin ja tulehduksesta tulee krooninen. 
Voi myös olla, että puolustusjärjestelmämme ei kykene voittamaan vihollista 
yksin ja tarvitsee vähän tai paljonkin apua. Molemmissa tapauksissa meidän 
on löydettävä oikea keino auttaa, lääkkeen tai hoidon muodossa. 

On olemassa useita tapoja yrittää selvittää, mitä kehossamme tapahtuu. 
Useimmat niistä vaativat verinäytteiden tai jopa kudosnäytteiden ottamista. 
Positroniemissiotomografia, lyhennetty PET:ksi, on kamera, jolla voi seurata 
radioaktiivisen aineen virtausta ja kertymistä kehossa. Tämä saattaa kuulostaa 
pelottavammalta kuin se todellisuudessa on. Ensin potilaaseen ruiskutetaan 
hyvin pieni määrä radioaktiivista ainetta ja sen jälkeen hän makaa skannerissa 
10-30 minuuttia. Radioaktiivinen materiaali on erityisesti kehitetty lääke, ni-
meltään radiomerkkiaine, jossa on radioaktiivinen osa yhdistettynä kantaja-
molekyyliin, joka voi olla melkein mikä tahansa normaali lääkeaine. Käytet-
tyä kantaja-ainetta on kuitenkin niin vähän, ettei se aiheuta elimistössä mitään 
vaikutusta. Tämä kantaja, kuten nimestä voi päätellä, vie radioaktiivisuuden 
minne haluamme sen menevän. Se on kuin hevonen ja sen ratsastaja; ratsastaja 
on kantajalääke, joka ohjaa hevosta ja hevonen on radiomerkkiaineen radio-
aktiivinen osuus. Jos katsomme kaukaa, näemme vain hevosen, koska ratsas-
taja on niin pieni. Tämä on pähkinänkuoressa mitä PET-kuva näyttää meille: 
”hevosen” eli radioaktiivisuuden, jonka ratsastaja on ohjannut oikeaan paik-
kaan. 

PET-kuva yhdistetään usein tietokonetomografiakuviin (TT), joista näemme 
kehon rakenteen. Näiden kahden kuvan yhdistäminen antaa meille paljon tie-
toa siitä, mikä ja missä kehon mahdollinen ongelma on. PET-TT:tä käytetään 
useimmiten metastasoituneen syövän tutkimiseen tai tarkastelemaan hoidon 
vaikutuksia. Sitä voidaan käyttää myös tulehduksen tutkimiseen, mutta ensin 
on kehitettävä radiomerkkiaine, joka näyttää meille mitä haluamme nähdä. 
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Kohteena voi olla joko tietyntyyppiset immuunisolut, niiden lähettilät tai jokin 
muu tulehdusprosessiin liittyvä. Lain mukaan meidän on testattava radiomerk-
kiainetta ensin eläimillä, ennen kuin voimme kokeilla sitä ihmisillä. Tämä väi-
töskirjatutkimus kuvaa eri radiomerkkiaineiden kuvantamista eri eläinmal-
leissa kohdentaen erilaisia immuunisoluja ja niiden prosesseja. 
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