
Prospects for the Use of Antibodies Against 
Parkinson’s Disease: A Multi-Edged Sword?
Monoclonal antibodies (mAbs) show great potential for targeting ɑ-synuclein aggregates in 
Parkinson's disease. However, overcoming barriers like blood-brain barrier penetration, the 
need for precise target elimination, and reliable early diagnosis remain critical challenges. New 
approaches, such as engineered nanobodies and advanced drug delivery systems, are being 
developed to address these obstacles, offering promising pathways for more effective treat-
ments and diagnostics.
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Antibodies are amazing inventions of Nature, designed 
by the immune system to rapidly and specifically target 
virtually any foreign or harmful entity encountered by the 
body. Their structure is tailored to balance recognition 
and activation for optimal defense, providing the immune 
system with both specificity and broad-range reactivity. 

This is maintained by two important features: (1) mo-
lecular recognition in the variable domains (which by 
themselves can suppress undesirable events by binding 
to toxic target molecules) and (2) a constant domain 
that can activate cellular defenses by marshalling mac-
rophages, neutrophils, and natural killer cells to engulf 
and degrade the target molecules/pathogens, or can 
facilitate attack of the complement system. 

The Blood-Brain Barrier is a  
Challenge for Monoclonal Antibodies 
Unfortunately, while monoclonal antibodies (mAbs) have 
achieved spectacular success against non-neurological 
diseases such as cancers and inflammatory disorders, 
they have been much less successful against diseases 
of the central nervous system (CSN). This is particularly 
the case for conformational diseases such as Alzheimer’s 
(AD) and Parkinson’s (PD). They both involve aggregation 
of proteins, the amyloid-β (Aβ) peptide in the case of 
AD and the intrinsically disordered protein ɑ-synuclein 
(ɑ-syn) in PD. These proteins accumulate inside or on 
the surface of neurons in the form of insoluble fibrils and 
soluble oligomers, which can spread to neighboring neu-
rons, driving further aggregation1. Many small molecules 
and antibodies targeting and blocking this aggregation 
have been developed and tested, yet without clear clin-

ical promise2. Indeed, three clinical trials for PD driven by 
mAbs directed against ɑ-syn were recently terminated 
without a successful outcome3. While the specific reasons 
for the inability to meet milestones were not clear, one of 
the most significant hurdles to overcome in these trials 
is the blood-brain barrier (BBB). 

Three Necessary Advancements 
The BBB is a functional and structural barrier at cerebral 
microvessels that protects the brain from most blood-
borne substances. Diffusion across the BBB is possible 
but restricted to low-molecular-weight hydrophilic and 
hydrophobic compounds and countered by rapid outward 
transport by efflux pumps4. Proteins may enter by vesicular 
transport (transcytosis), but this route is highly selective 
and actively suppressed5. Consequently, the BBB precludes 
>99% of neuroprotective compounds from reaching the 
brain, rendering CNS disorders resistant to conventional 
therapeutic approaches6. Furthermore, many parts of our 
defenses, such as antibodies, neutrophils, T cells, and the 
complement system, are excluded from the brain pa-
renchyma, making it difficult to mobilize these otherwise 
powerful molecular tools to eliminate protein aggregates. 

To fully leverage the potential of therapeutic mAbs, 
three critical advancements are needed. Firstly, we must 
improve methods to deliver antibodies across the BBB. 
Secondly, the mAbs must be optimized not just to bind 
to their targets but also to actively promote target elim-
ination. Thirdly, we need reliable methods to diagnose 
the extent and distribution of ɑ-syn aggregation in live 
patients. Let us consider each in turn. 
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Brain Delivery Systems 
Most current approaches for targeted drug delivery aim 
to utilize receptor-mediated transcytosis, a type of ve-
sicular transport in endothelium. A popular approach 
to move cargo across the BBB is to use the transferrin 
receptor (TfR), a densely expressed ferrying receptor 
on brain endothelial cells (BECs)7 - 9. For instance, mAbs 
cross the BBB to a greater extent if they can “hijack” the 
TfR-mediated transport. This is achieved by “stapling” 
mAbs with ligands that bind to the TfR. To avoid blocking 
the TfR’s interactions with its natural substrate, transferrin, 
these ligands are often fragments of other antibodies 
that recognize the TfR10 - 12. 

 Another paradigm, in which we expect to increase 
the delivery levels considerably, is to package the mAbs 
inside functionalized lipid nanoparticles (LNPs). LNPs are 
liposomes supplemented with ionizable lipids, choles-
terol, and PEG groups that enhance their stability, circu-
lation time, and reduce unwanted interactions with the 
immune system13, 14. Importantly, coupling TfRs ligands to 
the LNPs allows utilization of transcytosis, which leads to 
greatly enhanced brain uptake, making them versatile 
delivery vehicles able to encapsulate large payloads of 
mAbs. Such LNPs have already shown promise in pre-

clinical trials in brain cancer15, and stroke16, as well as 
in PD and other CNS diseases17; achieving ~2 orders of 
magnitude higher delivery to the brain compared to 
unfunctionalized (non-targeted) LNPs16. 

The LNP strategy has also recently been shown to 
outperform “naked” TfR-targeting mAbs in crossing the 
BBB and delivering anti-ɑ-syn mAbs that inhibit ɑ-syn 
aggregation13. The two approaches are summarized in 
Figure 1. Despite these advancements, further optimi-
zation of LNPs and trans-BBB delivery routes is needed 
to achieve delivery levels of clinical relevance. 

The group of Nikos Hatzakis has pioneered fluores-
cence-based microscopy methods to screen and op-
timize the loading of LNPs with cargo and to follow their 
delivery18, 19, building a platform to systematically analyse 
LNPs with machine learning techniques18, 20. This allows 
bulk analyses of LNP trafficking over brain endothelial cells 
and uniquely quantifies how the LNPs distribute them-
selves on the membrane, internalize through different 
cellular pathways, and release their cargo20. Such insights 
are essential because although LNPs have demonstrated 
the ability to cross the BBB21, 22, we have limited or no under-
standing of the mechanism. This imposes a challenge for 
the design of efficient drug delivery strategies. Following 

 Schematic representation of two modalities used for delivery of therapeutic cargo to the brain: “naked” antibody approach and LNPs-based approach. 

b: A schematic route showing each step of delivery of mAbs/LNPs, from the moment of injection into the bloodstream, binding to TfR, endocytosis, in-

tracellular transport, exocytosis, retention and uptake on the route to the target, and ɑ-synuclein target engagement with subsequent clearance from the 

brain. The upper grey bar shows an approximate timescale of events. 

Figure 1 – Principal concepts of antibody- and LNPs-based approaches for delivery of monoclonal 
antibodies against ɑ-syn aggregates in vivo 

Figure 1 – Principal concepts of antibody- and LNPs-based approaches for delivery of mono-
clonal antibodies against  α-syn aggregates in vivo
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this optimization, the therapeutic potential of these LNPs 
can then be tested in cells from PD patients that display 
ɑ-syn pathology as developed by the group of Céline 
Galvagnion23. Once the right LNPs have been identified, it 
is possible to follow their transport over the BBB into the 
brain parenchyma using 2-photon microscopy on live 
awake mice, as demonstrated by the group of Martin 
Lauritzen and Krzysztof Kucharz24, 25. We hope that all this 
will allow us to identify LNPs that can boost delivery levels 
to make a therapeutic impact within our research con-
sortium NanoPANS (Functionalized Nanocarriers sending 
anti-PArkinson’s Disease drugs to the Nervous System), 
recently funded by the Lundbeck Foundation. 

Engineered Aggregate-Binding Antibodies 
Aggregation of ɑ-syn to toxic oligomers and fibrils is one 
of the central events in the development of PD and other 
synucleinopathies, presenting an attractive therapeutic 
target. Therapy is, however, complicated by the fact that 
different subtypes of these diseases can have different 
distributions and types of aggregates. It is, therefore, im-
portant to have access to a range of antibodies that are 
able to recognize all specific types of these aggregates 
and eliminate them. Yet, this is no simple matter. Fibrils 
and oligomers of ɑ-syn consist of dynamic and disordered 
regions along with domains of atomically well-defined 
and persistent structures, arranged in a repetitive pattern. 

The C-terminal part of ɑ-syn, which is highly immu-
nogenic and a typical binding site for mAbs, is disordered 
both in the monomeric, oligomeric, and fibrillar state, so 
a mAb targeting this region will be able to bind all ag-
gregated states and will only prefer fibrils and oligomers 
due to avidity, i.e., a high local concentration of binding 
sites. It is therefore important to carry out a thorough 
analysis of the mAbs’ binding preferences to build up a 
molecular understanding of how they recognize ɑ-syn 
aggregation. Unlike immobilization techniques such as 
ELISA, which are prone to artifacts, in-solution methods 
provide more reliable insights. Using such in-solution 
techniques, Daniel Otzen’s group has recently reported 
the biophysical and immunohistochemical profiles of 30 
different mAbs2 which we raised in mice using different 
forms of oligomeric ɑ-syn. These mAbs target the whole 
range of ɑ-syn aggregates expected in PD in vivo with a 
broad range of affinities and specificities for fibrillated, 
oligomeric, and monomeric ɑ-syn. Several of these mAbs 
could identify ɑ-syn pathologies in postmortem PD brains, 
including early stages of the disease. Notably, the great 
variation in the binding profile of these mAbs illustrated 
the need for a careful and comparative evaluation of 
binding properties and histological profiles of the different 
mAbs currently under consideration for clinical trials, as 
argued both by Lashuel et al.26 and our own research2, 27.

 
Development of Antibodies 
into More Effective Treatment 
By immunizing llamas with our ɑ-syn oligomers, we have 

also raised single-domain antibodies or nanobodies 
against these aggregates28. Unlike our mAbs, these na-
nobodies show absolute specificity for the oligomers 
and do not bind to monomers or fibrils. It is useful to be 
able to distinguish between oligomers and fibrils since 
their relative roles in the development of PD are still a 
subject of considerable debate1 and it has traditional-
ly been difficult to detect oligomeric species in vivo. In 
contrast, fibrils can be quantified with impressive ac-
curacy using a seed amplification assay that is based 
on patient cerebrospinal fluid29. 

Once we have access to antibodies against the ɑ-syn 
aggregates, it would be helpful to engineer them not only 
to bind but also to effectively eliminate their targets so 
that all toxicity is eliminated. A very promising approach 
would be to fuse various degradation-signaling peptides 
to the antibodies in such a way that they do not interfere 
with target engagement but direct the antibody-target 
complex to a suitable degradation pathway, e.g., the pro-
teasome (PROTAC) or the lysosome (LYTAC), where “TAC” 
stands for “Targeting Chimeras”30. Since both oligomers 
and fibrils of ɑ-syn are too large for the proteasome to 
process, the PROTAC strategy is not likely to work. However, 
larger organelles such as lysosomes and autosomes are 
more promising and can be targeted using, e.g., short 
motifs binding to the chaperone Hsc7031, the receptor 
binding domain from apolipoprotein B32, or the sortilin 
receptor33. These innovations could transform antibodies 
into more effective therapeutic tools. 

Diagnosing PD and Other  
ɑ-Synucleinopathies at Earlier Stages 
Ideally, PD and other ɑ-synucleinopathies should be de-
tected early enough to allow therapeutic intervention even 
prior to the development of clinical symptoms. This is not 
yet the case. The seed amplification assay holds prom-
ise but uses cerebrospinal fluid and does not probe the 
brain itself. Detection of ɑ-syn aggregates in the brain 
would be possible if mAbs binding these aggregates could 
cross into the brain tissue and be monitored using PET 
ligands. This is currently not possible because there is no 
ɑ-syn-specific PET ligand available. Here, ɑ-syn-specific 
mAbs are an obvious tool to employ. It would be hugely 
encouraging to develop new PET tracers that are suffi-
ciently long-lived to allow the PET-labelled antibodies 
to reach steady-state distribution in the body and to be 
evaluated using total-body PET for distribution within and 
outside the brain. This PET-mAb approach could also be 
used to examine and distinguish the two major PD sub-
types proposed by Van den Berge and Borghammer34: 

In body-first PD, ɑ-syn pathology originates in the gut’s 
enteric nervous system and invades the brain through the 
sympathetic and parasympathetic system. In contrast, 
brain-first PD pathology starts in the olfactory bulb and 
limbic system, later spreading to the brainstem and PNS. 
Obviously, this approach could also be extended to other 
CNS diseases if combined with the appropriate mAbs.   
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We expect that the next few years will yield progress along 
all three fronts, i.e. developing better delivery systems 
using functionalized (receptor-targeting) nanolipid par-
ticles, optimizing antibodies to target both ɑ-syn aggre-
gates and the sortilin receptor for intracellular degra-
dation and developing new PET isotopes to label these 

antibodies for diagnostics. All in all, there is reason to be 
both hopeful and excited about the prospects for using 
antibodies to combat PD and other neurodegenerative 
diseases, not least when combined with the many other 
efforts made to combat these devastating diseases.  
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