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The Alzheimer's disease 5xFAD mouse model is best suited to investigate pretargeted imaging approaches beyond the blood-brain barrier
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Alzheimer's disease (AD) is the most common neurodegenerative disease, with an increasing prevalence. Currently, there is no ideal diagnostic molecular imaging agent for diagnosing AD. Antibodies (Abs) have been proposed to close this gap as they can bind selectively and with high affinity to amyloid β (Aβ)—one of the molecular hallmarks of AD. Abs can even be designed to selectively bind Aβ oligomers or isoforms, which are difficult to target with small imaging agents. Conventionally, Abs must be labeled with long-lived radionuclides which typically results in in high radiation burden to healthy tissue. Pretargeted imaging could solve this challenge as it allows for the use of short-lived radionuclides. To develop pretargeted imaging tools that can enter the brain, AD mouse models are useful as they allow testing of the imaging approach in a relevant animal model that could predict its clinical applicability. Several mouse models for AD have been developed with different characteristics. Commonly used models are: 5xFAD, APP/PS1 and tg-ArcSwe transgenic mice. In this study, we aimed to identify which of these models were best suited to investigate pretargeted imaging approaches beyond the blood brain barrier. We evaluated this by pretargeted autoradiography using the Aβ-targeting antibody 3D6 and an 111In-labeled Tz. Evaluation criteria were target-to-background ratios and accessibility. APP/PS1 mice showed Aβ accumulation in high and low binding brain regions and is as such less suitable for pretargeted purposes. 5xFAD and tg-ArcSwe mice showed similar uptake in high binding regions whereas low uptake in low binding regions and are better suited to evaluate pretargeted imaging approaches. 5xFAD mice are advantaged over tg-ArcSwe mice as pathology can be traced early (6 months compared to 18 months of age) and as 5xFAD mice are commercially available.
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Introduction

Alzheimer's disease (AD) is the most common neurodegenerative disease, affecting nearly 50 million people worldwide with expenses in the order of more than 1% of the global economy (1, 2). Higher prevalence is expected in the coming decades due to ageing populations worldwide (3, 4). AD is characterized by a spectrum of clinical symptoms. The most prominent and significant symptoms are progressive memory loss and decline in cognitive function (5). Up until today, the exact biological mechanisms underlying AD are unclear. However, cellular hallmarks causing AD pathology have been defined. Extracellular accumulation of amyloid beta (Aβ) plaques plays a crucial role in disease onset and progress (5, 6). More specifically, the 38- to 42-aminoacid Aβ peptides are the drivers of senile plaques formation (7). The amyloid hypothesis, stating that cerebral Aβ accumulation is the main driver of AD pathology, led to the development of several anti-Aβ therapies aiming to image, prevent and treat AD. Therapeutic antibodies (Abs) targeting different Aβ peptides aim at reducing the overall Aβ aggregation rate and amount of Aβ aggregation in the brain. However, increasing evidence shows that different Aβ aggregates cause diverse pathologies, and therefore high specificity towards these specific Aβ forms is a necessity for adequate and accurate drug treatment and imaging of AD at an early stage (1). In general, drug development for AD has been stagnant over the past decades, which may be related to a lack of biomarker tools. For many therapeutic targets, it remains impossible to measure target engagement or impact on disease progression—primarily due to the lack of suitable Positron emission tomography (PET) ligands. PET is a non-invasive nuclear molecular imaging method that allows visualization and quantification of biochemical processes in vivo. This technique relies on target-specific radioactive molecules—radioligands—that are administered to the patient prior to scanning (8–10). Abs have excellent target specificity which, combined with improved brain penetration, e.g., by conjugating a transferrin receptor (TfR) targeting moiety, may serve as an alternative approach to address these challenges. Preclinical data suggest that Ab-based PET imaging of Aβ plaques is feasible (11). However, their slow pharmacokinetics pose a major challenge, with respect to signal-to-noise ratios, as well as patient radiation burden to healthy tissue. This may be overcome by pretargeted imaging based on in vivo labeling of a target-bound large molecule with a small molecule tracer (12). Pretargeted imaging is a two-step approach where a tagged Ab is administered first, allowing accumulation at its target and clearance from blood circulation, before a second small radioactive molecule is administered that reacts bioorthogonally with the tagged Ab. Consequently, the pretargeted Ab can be radiolabeled in vivo and, the target of the Ab imaged with short-lived radionuclides such as fluorine-18, the most clinically relevant radionuclide. Currently, the most attractive reaction for pretargeted brain imaging is the tetrazine ligation. This is due to the high selectivity and fast reaction kinetics of this ligation (>50,000 M−1s−1), that is typically based on the bioorthogonal reaction between tetrazines (Tzs) and a trans-cyclooctene (TCOs) (13–16). However, pretargeted imaging beyond the blood-brain barrier (BBB) has not been achieved thus far. As pretargeting beyond the BBB is dependent at least seven factors [(1) possibility of the mAb to cross the BBB, (2) in vivo stability of the TCO in the brain, (3) BBB permeability and reactivity of the Tzs, (4) concentration of the target (the animal model), (5) metabolism of the Tzs, (6) concentration of the pretargeting vector and the Tz as well as (7) the clearance of the mAb from the blood pool before the tetrazine is injected], it makes sense to reduce the challenge first to single parameter. In this manuscript, we study which animal model is most suited (Figure 1).
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FIGURE 1
Schematic overview of the study outline. Brains from APP/PS1, 5xFAD and tg-ArcSwe mice are sectioned and tested by pretargeted autoradiography to compare the imaging contrast between these mouse models.


In this study, three different AD mouse models—5xFAD, APP/PS1 and tg-ArcSwe—were evaluated with respect to feasibility as models for pretargeted approaches. Evaluation criteria were target-to-background ratios and accessibility of the model. We investigated these criteria using in vitro pretargeted autoradiography using the Aβ-targeting antibody 3D6. Using this methodology, the two-step pretargeting approach could be investigated in the three animal models to give insights in the preferred animal model of choice for in vivo pretargeting. For these studies, we used the the highly polar 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-PEG11-tetrazine radiolabeled with indium-111 due to its low non-displaceable binding and fast kinetics towards the TCOs (16).


Mouse models of AD

Despite substantial efforts into developing appropriate mouse models of late onset AD (LOAD), there is currently no single model that covers all the features of human AD (17). After the identification of the APP gene mutation as a major contributor to AD onset, initial transgenic (Tg) mouse models express mainly human APP (hAPP) (3, 5). The most commonly used mutation is the Swedish APP mutation (K670N/M671l) which causes overproduction of total Aβ from APP. Tg-APP mice represent only a part of AD pathology and therefore combinations of other mutant mice have been developed. Nowadays, there are also mouse models mimicking other human genomic alterations, including PS1 mutations that have been combined with APP to create the APP/PS1 double transgenic model (18). Aβ pathology in sporadic and familial cases are largely morphologically similar, and therefore mouse models with genetically engineered familial AD (FAD) mutations can be rationalized for understanding sporadic LOAD (3). It is critical to consider the potential mechanism of Aβ accumulation when developing and using a mouse APP model. For example, in FAD, Aβ deposition is either caused by increased production of Aβ; by intra-Aβ sequence mutations that alter its structural properties; or by increased Aβ production due to increased enzymatic cleavage of APP at the β-site (19). In the following, we describe briefly the three different mouse models used in this study.


5xFAD

The 5xFAD mouse model was generated in the Vassar laboratory and is one of the most used AD models (5, 20). This model was developed to accelerate amyloid deposition in vivo and contains five combinatorial mutations (Swedish K670N/M671l, London V717I and Florida I716V in hAPP, M146l and L286V in PS1). These synergistic mutations lead to fast disease progression. 5xFAD mice show high expression of cerebral Aβ42 after 1.5 months of age, and amyloid deposition and gliosis becomes evident already after 2 months. Amyloid deposition at 9 months of age results in neurodegeneration and neuronal loss (20). Next to this, the neuroimaging characterization of this model is still incomplete due to a scarcity of publications that characterize and phenotype this mouse model (5).



APP/PS1

The APP/PS1 line are double transgenic mice expressing a chimeric mouse/human amyloid precursor protein (Mo/HuAPP695swe) and a mutant human presenilin 1 (PS1-dE9). Both mutations are associated with early-onset Alzheimer's disease (21, 22). The Mo/HuAPP695swe transgene allows the mice to secrete a human Aβ peptide. The included Swedish mutations (K595N/M596l) elevate the amount of Aβ produced from the transgene by favoring processing through the beta-secretase pathway (23). APP/PS1 mice reproduce some of the neuropathological and cognitive deficits that are observed in human AD. Reports detail that transgenic mice develop cerebral amyloid deposits by 6 months of age, with abundant plaques in the hippocampus and cortex by 9 months. Between 6 and 15 months of age, mice exhibit a gender-based disparity in Aβ burden. Females develop a 5-fold (Aβ42) and 10-fold (Aβ40) increase in Aβ deposits in the cerebellum by 15 months as compared to males. Accumulation of plaques is more abundant in the molecular layer than in the granular layer. In cortex, the amyloid burden is increased in both sexes in parallel. Astrocytosis develops in parallel with plaque deposition, with severe gliosis starting around 6 months, especially in the vicinity of plaques. The number of glial fibrillary acidic protein (GFAP)-positive cells progressively increases with age, with extensive staining throughout the cortex by 15 months. Between 8 and 10 months, modest neuronal loss has been observed adjacent to plaques relative to more distal areas (24).



Tg-ArcSwe

Tg-ArcSwe mice carry both the Arctic mutation, which is located within the Aβ domain of the APP gene and facilitates Aβ protofibril formation, and the previously mentioned Swedish mutation, which increases generation of Aβ peptides. The Swedish mutation accelerates the age onset in the mice compared to animals with only the Arctic mutation. The tg-ArcSwe model has a marked phenotype with age-dependent intraneuronal Aβ accumulation occurring several months before the onset of extracellular plaque formation. This has also been observed in post-mortem human AD brains. Morphological studies have shown progressive structural changes of plaque formation in combination with dynamic response in surrounding tissue, e.g., swollen and distorted dendrites and inflammatory reactions, starting when the mice are 6 months of age (25–27). After 12 months of age, Aβ40 and Aβ42 plaque deposits are consistently present in the cerebral cortex, hippocampus and thalamus. Gender comparison studies have revealed that there is a lower plaque load in the hippocampus of female mice, but no differences were observed in other regions (28).





Results and discussion


Pretargeted imaging using the tetrazine ligation

Pretargeting is based on a two-step approach. Success is determined by the properties of each agent used in both steps. We have recently developed a 18F-labeling strategy (29) that allows to label tetrazine based imaging agents capable of entering the brain and react with targets beyond the BBB (16). We also estimated the possibility to use existing Ab trafficking approaches to reach brain TCO concentrations suitable for pretargeted imaging beyond the BBB. Required concentration are estimated to be reachable. In this study, our aim was to evaluate which AD mouse model is best suited to test the feasibility of pretargeted brain imaging. For this purpose, we determined target-to-background ratios of high-to-low binding regions in three AD models. Pretargeted imaging was used to determine these ratios (Figure 2A) (30, 31). We evaluated the imaging contrast using a TCO modified monospecific mAb 3D6 (32) that targets Aβ and an 111In-labeled tetrazine that has already been successfully used for pretargeted imaging (16). 3D6 was non-site-specifically modified with TCO-PEG4-NHS to give an average of approximately 11 TCOs/Ab (Supplementary Material).
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FIGURE 2
(A) Schematic overview of pretargeted autoradiography. Control = Tg mice brains that received only 111In-Tz (no TCO-mAb). WT animals received TCO-3D6 and 111In-Tz. (B) Representative pretargeted autoradiography images at 0.06 µg/ml TCO-3D6.


Sagittal sections of AD or corresponding WT mouse brains (APP/PS1, tg-ArcSwe, 5xFAD and WT) were prepared. In accordance to the general pretargeted autoradiography workflow (16), TCO-3D6 was applied first. Two different TCO-Ab concentrations were investigated: 0.006 and 0.06 μg/ml. After 24 h incubation, an 111In-labeled Tz [1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-PEG11-tetrazine] was used for imaging purposes. Two different 111In-Tz concentrations—5 and 20 nM—were used to evaluate the binding. Tg mice received only 111In-Tz and WT mice were used as controls. Tetrazine binding was determined in the cerebral cortex (Aβ high binding region) and in the cerebellum (Aβ low binding region) (5, 28, 33). Representative examples of obtained pretargeted autoradiography results are visualized in Figure 2.



Comparison APP/PS1, tg-ArcSwe and 5xFAD

Region-of-interest (ROIs) were manually mapped around the cerebral cortex (cor) and the cerebellum (cer) and were used to calculate the cor/cer ratio (Figures 3A,B). Similar accumulations and ratios were observed when applying 5 or 20 nM 111In-Tz (Figure 1). Pretargeted autoradiography in 5xFAD and tg-ArcSwe mice resulted in similar cor/cer ratios of approx. 4 using 0.06 µg/ml TCO-3D6 (Figure 3). A clear imaging contrast was visual using 0.06 μg/ml of TCO-3D6. APP/PS1 mice, on the other hand, showed a much lower cor/cer ratio of 2. As previously mentioned, APP/PS1 mice have pathology in different brain tissues, including the cerebellum. It has also been shown previously that models with extensive cerebellum pathology, including models that harbor PS1 mutations, show in vivo amyloid-PET cor/cer ratios close to unity and that the animal model is crucial when ratios are used as the main read-out. However, the absolute uptake in the cortex was similar in all animal models (Figures 3C,D). As expected, a higher overall uptake was observed using 20 nM 111In-Tz.
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FIGURE 3
Cortex/cerebellum ratio and cortex uptake in 5xFAD, APP/PS1, tg-ArcSwe and WT mice determined by pretargeted autoradiography. (A) Cor/cer ratio using 5 nM 111In-Tz (n = 8 per mouse model). (B) Cor/cer ratio using 20 nM 111In-Tz (n = 8 per mouse model). (C) Cortex uptake using 5 nM 111In-Tz (n = 8 per mouse model). (D) Cortex uptake using 20 nM 111In-Tz (n = 8 per mouse model).





Conclusion

This study describes the comparison and evaluation of three different AD mouse models—5xFAD, APP/PS1 and tg-ArcSwe—by pretargeted autoradiography using mAb TCO-3D6 and 111In-Tz. All mouse models showed comparable uptake in the cerebral cortex. APP/PS1 mice also showed cerebellar uptake, resulting in a lower cortex/cerebellum ratio compared to the other two models. Both absolute uptake and cor/cer ratio of 5xFAD and ArcSwe were similar and both models are therefore suitable for pretargeted PET studies. 5xFAD mice are commercially available and develop pathology at an early age—we used animals of 6 months of age compared to 18 months of age for the tg-ArcSwe mice—which might be beneficial for practical reasons.
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