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Abstract

Alzheimer’s disease (AD) is historically difficult to treat, in part due the inaccessible nature of 

brain pathology. Amyloid-β (Aβ) and tau proteins drive pathology by forming toxic oligomers 

that eventually deposit as insoluble amyloid plaques and neurofibrillary tangles. Recent clinical 

studies suggest that effective drugs must specifically target oligomers, not native monomers or 

insoluble fibrils. Passive immunotherapy is one promising pharmaceutical strategy used to 

specifically target these oligomers in situ. Using the specificity of antibodies coupled with the 

natural power of the body’s immune response, this treatment provides an opportunity for safe 

clearance of pathogenic protein species from the brain. Passive immunotherapies against Aβ and 

tau oligomers have progressed to clinical trials, with many currently in progress. Biochemical 

studies of antibody-oligomer complexes have helped identify previously unknown toxic epitopes, 

thus providing knowledge to the AD field as a whole. This mini-review focuses on the efforts to 

develop passive immunotherapy treatments for AD and discusses the knowledge gained from 

recent failures and clinical trials in progress.
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Introduction

Alzheimer’s disease (AD) is historically difficult to treat, in part due to the challenge of 

delivering a drug across the blood brain barrier (BBB). Many neurodegenerative diseases 
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share a common pathology of aberrant protein aggregation that results in neuronal toxicity, 

where native monomeric protein is converted to toxic oligomers and insoluble fibrillar 

deposits (Figure 1).1 According to the amyloid cascade hypothesis,2 AD is caused by 

abnormal aggregation of the amyloid beta (Aβ) peptide and the tau protein that results in 

neurotoxicity and leads to wide-spread neurodegeneration.

Aggregation is thought to cause neurotoxicity through a variety of mechanisms. Insoluble 

protein deposits, such as amyloid plaques and neurofibrillary tangles (NFTs) made from Aβ 
and tau, respectively, are pathological hallmarks of AD.1 These proteinaceous deposits are 

observed in brain tissue during post-mortem analysis, and also through amyloid-binding 

PET probes in living patients. Amyloid plaques were originally thought to be the primary 

source of toxicity in AD, but they are now considered to be generally benign after 

discovering them in the brains of asymptomatic individuals.3 There is some evidence for 

plaque-mediated toxicity through inhibition of synaptic connections,4 however this is likely 

a secondary mode of toxicity.

Most researchers have turned to investigating oligomers made from Aβ and tau as the 

primary neurotoxic species. There are several hypothesized mechanisms of toxicity, the most 

prominent is that oligomers cause neuronal cell death through interactions with the cell 

membrane.5 Many studies have shown that Aβ and tau oligomers induce degradation of the 

membrane, resulting in dysregulation of cellular ion homeostasis.6 In AD, Aβ aggregates 

decades before the disease is apparent, followed by tau aggregation that coincides with the 

onset of symptoms.7 Since Aβ and tau oligomers are the most neurotoxic species,8 there is a 

significant focus and challenge in specifically targeting the toxic species while leaving the 

native monomeric proteins unperturbed. Most disease-modifying therapies in clinical trials 

aim to detoxify these oligomers or prevent their formation.

Passive immunotherapy9,10 is a promising pharmaceutical strategy for AD. Antibodies can 

be developed to specifically target Aβ and tau oligomers, and natural immune defenses can 

reach the brain and safely clear pathogenic species. These therapies invoke production-

oriented host immune cells to generate monoclonal antibodies against a pre-formed 

population of antigens, Aβ and tau oligomers in this case. The monoclonal antibodies are 

collected and then administered to a patient with AD. The patient receives repeated doses of 

monoclonal antibodies and their own immune response clears the antibody-bound 

oligomers. Concurrent with passive immunotherapy treatment, there are also significant 

efforts to develop active immunotherapies, vaccines, for AD treatment.10 In contrast to 

passive immunotherapy, active strategies directly expose the patient to the antigen, thus 

soliciting antibody production from the patient’s own immune response. These strategies 

have their own unique challenges, including the risk of initiating a dangerous overactivated 

immune response, which is not the focus of the current minireview.

Passive immunotherapy has been wildly successful in AD-model animals, dramatically 

reversing cognitive impairment symptoms and brain pathology. These successes have led to 

large-scale clinical trials, many of which are currently ongoing. An history of passive 

immunotherapy has been reviewed for Aβ9 and tau10; however, early treatments mainly 

targeted monomers and insoluble fibrils. The failures of these early clinical trials point to a 
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future of AD immunotherapy focused on oligomer-specific treatment. In light of recent 

advances,11,12 we chose to specifically focus on treatments targeting Aβ and tau oligomers.

In this minireview, we discuss passive immunotherapy treatments being developed to target 

Aβ and tau oligomers and explore some of the pharmaceutical challenges associated with 

these therapies. As epitope selection is critical in antibody design, we have included ongoing 

structural biology work that accompanies each therapy. We selected this topic for this 

dedicated issue in honor of John F. Carpenter and Theodore W. Randolph because of their 

pioneering work in two aspects protein therapeutics, driving forces and mechanisms of 

protein aggregation and the potential of protein aggregates to induce endogenous 

immunogenicity. Passive immunotherapies for AD are a timely marriage of these fields and 

we hope to provide an interesting background and perspective for readers of this dedicated 

issue.

Passive immunotherapy strategies for AD

There are two inherent challenges in using passive immunotherapy to treat AD. The first is 

to determine effective dosing protocols for the antibody to reach the neuropathology; an 

estimated <0.1% of immunoglobins dosed into the serum will penetrate the BBB.13 It has 

been proposed that pathology may instead be cleared through a peripheral sink mechanism. 

This involves an immune response that removes Aβ and tau from the serum, eventually 

drawing soluble pathological species out of the central nervous system by a concentration 

gradient.14 However, the predominant hypothesis is that the small percentage of antibodies 

that do cross the BBB are able to trigger microglial activation and phagocytosis of the 

antibody-bound antigens.15 Some additional strategies have been used to facilitate brain 

uptake, including the use of transferrin receptor (TfR)-mediated transcytosis in pre-clinical 

Aβ-targeted therapies.16,17

The second challenge is the high risk of unintended inflammatory reactions in the brain. 

Naturally, immune responses can include production of pro-inflammatory cytokines such as 

TNFα, with serious consequences in the brain. Strategies to minimize inflammation include 

specifically choosing IgG1 and IgG4 isotype subclasses, and avoiding pro-inflammatory 

subclasses such as IgG3.18 In AD clinical trials, brain inflammation likely occurs as a result 

of over-activated microglial cells that induce inappropriate proinflammatory responses.19 

These inflammation impacts are generally classified as amyloid-related imaging 

abnormalities (ARIA).20 ARIA-E refers to vasogenic edema, where tight endothelial 

junctions of the BBB are broken down, eventually leading to fluid accumulation. ARIA-H 

refers to cerebral microhemorrhages, evidenced by accumulation of hemosiderin deposits in 

the brain. Clinical trial protocols include screening for ARIA-E and -H.

Although not currently applied in clinical trials, there are a number of clever passive 

immunotherapy strategies being tested in pre-clinical experiments targeting Aβ and tau.21 

One approach is to use a single chain variable fragment (scFv), which contains only the 

variable domains of the heavy and light chain (VH and VL) connected with a short peptide 

linker.22 Another method for targeting Aβ and tau in situ23 is camelid single domain 

antibodies, which were discovered as a natural component of the camel immune system. 
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These antibodies are ~15 kDa homodimers without light chains,24 and due to their small size 

they have better diffusion across the BBB. scFv’s and camelid single domain antibodies can 

also be used as intrabodies – antibodies recombinantly expressed inside the target cell.21 

This gene-based approach uses either a virus or nanoparticle-based delivery system to 

introduce the intrabody gene into the host, and it has been applied for pre-clinical treatments 

targeting Aβ in mouse models.21,25,26

Antibodies targeting Aβ oligomers

It has been ca. two decades since researchers first began investigating Aβ as an 

immunotherapy target.27 The first generation of trials targeted monomeric Aβ, and 

antibodies for the fibrillar species soon followed. In 2003, Kayed et al. discovered a 

common epitope among non-fibrillar oligomers for a number of proteins involved in 

neurodegenerative diseases.28 His work was pivotal in naming non-fibrillar oligomers and 

protofibrils as the most toxic Aβ species, and many oligomer-based antibodies have since 

been developed. While there are many antibodies currently being investigated in pre-clinical 

contexts, we chose to focus specifically on those that have advanced to human clinical trials.

Crenezumab:

Developed by the company AC Immune SA and licensed by Genentech, crenezumab29 was 

the first antibody developed to target oligomeric Aβ. In early studies with hAPP(V717I)/PSI 

transgenic mice, crenezumab displayed higher affinity for oligomers over monomeric Aβ, 

while also binding to fibrillar species and plaques.19 Antibody treatment inhibited Aβ 
aggregation, and even promoted moderate disaggregation of oligomers and fibrils.19 The 

affinity for oligomers stems from the antibody’s recognition for amino acids 13-24 in an 

extended conformation, uniquely binding the mid-domain of the peptide.30,31 With this 

region bound, a hydrophobic section of the peptide was sequestered, thus inhibiting 

hydrophobicity-driven aggregation. The forced extended conformation consequently broke a 

salt bridge between Asp23 and Lys28 that is known to stabilize the β-hairpin in aggregated 

species.

The humanized antibody was developed with an IgG4 backbone, intended to limit 

inflammation by instead stimulating phagocytosis by microglia.19 Early clinical trial results 

showed that the drug displayed good BBB penetration.32 Secondary inflammation responses 

were minimal, with only an 11.4% increase in ARIA-H for the treatment group compared to 

the control.33-35 Analysis of this trial revealed non-significant trends of slowing symptoms 

and plaque accumulation in the highest-dose group,36 and was thus continued onto phase 3 

trials in patients with prodromal to mild AD (CREAD1 and CREAD2 trials).37,38 In January 

2019, both trials were halted due to a lack of efficacy. The drug was “unlikely to reach its 

primary endpoint” with no significant slowing in cognitive decline as measured by a Clinical 

Dementia Rating - Sum of Boxes (CDR-SB) test.11

One observation from the drug trial was that minimal ARIA may indicate minimal impact on 

clearing Aβ species in the brain. Inflammation is an expected side effect of microglial 

activation, so perhaps crenezumab was not successfully initiating the immune response 

needed to promote clearance.6 Another popular opinion is that treatment must be applied in 
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pre-symptomatic patients to be effective. Patients who display symptoms already have 

significant neurodegeneration, so treatment even in prodromal AD cases may be ineffective. 

Accordingly, crenezumab continues to be tested as part of the Alzheimer’s Preventative 

Initiative39 in pre-symptomatic patients with the pre-senilin 1 (PS1) familial AD mutation 

E280A.40,41

Aducanumab:

Another promising treatment was the drug aducanumab,42 produced and tested by Biogen. 

Aducanumab has >10,000 fold increased selectivity for aggregated Aβ species compared to 

monomers.43,44 Crystal structures of the Fab revealed that the antibody binds residues 3-7 in 

an extended conformation, with Phe4 and His6 being critical to binding.45 Biochemical 

analyses showed that weak binding affinity to Aβ monomers, coupled with fast dissociation, 

contributed to high selectivity for aggregated species.45 Furthermore, in studies with 

artificial dimeric and tetrameric branched peptides, aducanumab had an EC50 of >1 μM for 

dimeric Aβ and ~7 nM for tetrameric Aβ. This indicates a large preference for Aβ 
assemblies with their N-termini in close proximity.

Early mouse studies showed that the murine precursor antibody entered the brain and 

reduced Aβ deposits by >70%, where microglia-mediated phagocytosis likely cleared the 

deposits.43 In 2016, reports from a Phase 1b trial of aducanumab (PRIME) showed no 

indications of toxicity.43 The trial contained 165 prodromal or mild AD patients with 

visually positive PET scans. There was however, a dose-dependent increase in ARIA-E, 

including up to 41% of patients (13 patients) treated with the highest dose (10 mg/kg). 

Florbetapir PET imaging results indicated that aducanumab was able to reduce Aβ plaques 

with dose- and time-dependency. It also appeared to slow cognitive decline, although the 

study was not powered to detect cognitive change.43 ENGAGE46 and EMERGE47 were two 

large phase 2 clinical trials, each aimed to enroll 1350 early-stage AD patients. In March 

2019, both trials were halted due to a lack of efficacy because there was no slowing of 

cognitive decline over the 18-month treatment period.12

Complete analysis of the trial data has not been released, however there are some 

speculations about the reasons for aducanumab’s failure. Interestingly, the treatment was 

able to clear amyloid plaques, as measured by florbetapir PET imaging, but plaque clearance 

did not yield gains in cognitive function. Perhaps this is not entirely surprising, as the 

presence of plaques does not always correlate with neurodegeneration.8 AD clinical 

symptoms closely follow the appearance of tau pathology, so tau may be a more suitable 

target to stop disease progression. Aβ aggregation precedes clinical symptoms by several 

years, so drugs targeting Aβ will have the highest likelihood of success in pre-symptomatic 

patients.

BAN2401:

Developed by BioArctic AB and with clinical trials sponsored by Eisai Co., Ltd. and 

Biogen, the remaining antibody in clinical trials, BAN2401,48 has unique binding to soluble 

protofibrils. Soluble β-sheet rich protofibrils are a highly neurotoxic species, alongside non-

fibrillar oligomers.49 The murine predecessor, mAb158, was shown to reduce protofibrils by 
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42% in the brains of tg-ArcSwe mice, with no change in monomeric Aβ42 50 or insoluble 

amyloid plaques.51 Through interactions with the N-terminus,52 the antibody displayed 

>1000-fold preference for binding protofibrils over monomeric Aβ, and 10-15 fold 

preference for binding protofibrils over mature fibrils.52,53 Cellular studies showed that 

mAb158 abolished Aβ accumulation in astrocytes and prevented toxicity in cultured 

neurons.54

The humanized IgG1 antibody was non-toxic in Phase 1 clinical trials, with no measurable 

increases in ARIA-E/H.55-57 Phase 2 trials were designed using a Bayesian adaptive proof-

of-concept method to accelerate dosing decisions, thus shortening the trial and requiring 

fewer participants58. 18-month analysis of 856 early AD patients in the Phase 2b trial 

revealed statistically significant and dose-dependent slowing of disease markers, including 

amyloid accumulation in the brain and cognitive function as measured by the Alzheimer’s 

Disease Composite Score (ADCOMS).59-61 ARIA-E was observed in a <10% of patients. 

Phase 2b patients were re-enrolled for continued trials at the highest dose (10 mg/kg 

monthly), which are scheduled to continue until August 2021. Concurrently, a Phase 3 trial 

“Clarity AD” began in March 2019 with plans to enroll 1566 patients with early AD.62,63

Antibodies targeting tau oligomers

While Aβ pathology occurs years before onset of AD, tau pathology coincides with clinical 

symptoms. Cognitive ability is quickly reduced as tau pathology spreads through the brain, 

making tau an attractive candidate for slowing the disease progression.64,65 For targeting tau, 

there are additional considerations regarding the variety of splicing isoforms, truncations, 

and post-translational modifications naturally occurring in the brain. A single patient may 

have a heterogeneous population of pathogenic tau “seeds.” Another concern is the risk of 

perturbing native tau function of stabilizing microtubules, so antibodies must be purposely 

designed to avoid binding native monomeric tau in the cell.66 Choosing the right epitope, 

rather than achieving high binding affinity, is critical for the antibody’s ability to clear toxic 

tau species.67 In fact, antibodies against some epitopes can instead promote tau aggregation 

in vitro.68 A recent report by Courade et al. states that the central region of tau is the best 

target for passive immunotherapies, likely because antibody binding blocks key fibrillation-

promoting regions.67 Furthermore, antibodies that target the N-terminus do not have access 

to all forms of tau due to frequent N-terminal truncations.67 Tau is a newer target for passive 

immunotherapy treatments in AD, and the biochemical knowledge of antibody-oligomer 

interactions is generally less developed. Most clinical studies are currently in Phase 1 or 

early Phase 2 trials with little data on efficacy.

UBC1070:

Tested by UBC, the antibody was developed to treat AD and progressive supranuclear palsy 

by specifically binding seed-capable tau oligomers. UBC1070 was designed to inhibit spread 

of pathogenic tau between cells, and it binds near the microtubule-binding domain at 

residues 235–246.69,70 In HEK293F cells expressing human Tau 2N4R with a P301S 

mutation, UCB1070 blocked tau seeding activity with an IC50 of 2.9 nM.67 Phase 1 trials 

Vander Zanden and Chi Page 6

J Pharm Sci. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were completed in December 2018,71,72 but no official publication has reported the safety or 

plans to progress to Phase 2 trials.

LY3303560:

Produced by Eli Lilly and Company, LY3303560 was designed to bind soluble pathological 

tau aggregates. The antibody was derived from MC-1, another antibody developed in 1997 

to have affinity for paired helical filaments from AD brain homogenates.73 MC-1 interacts 

with both the N-terminus and the C-terminus of tau, including residues 7-9 and a location 

between residues 312-342.73 As these residues are conserved in all six isoforms of tau,74 the 

antibody is expected to bind regardless of splicing variant. Preclinical results show 

LY3303560 binds soluble tau aggregates with a Kd of <220 pM, while binding monomers 

with a Kd of 235 nM.75 The antibody binds the N-terminal region of tau, but more details 

have not yet been disclosed. Phase 1 trials illustrated safety and tolerability in healthy and 

AD patients,76,77 and Phase 2 trials began recruiting patients with early symptomatic AD in 

May 2018.78

RO 7105705:

This antibody was developed by Genentech in collaboration with AC Immune SA, with the 

intent to intercept extracellular tau and prevent pathogenic spread across the brain.79 

RO7105705 is an IgG4 antibody that binds the N-terminus of tau, regardless of the protein’s 

isoform, phosphorylation, or oligomerization state. As the phosphorylation and 

oligomerization of pathogenic tau are poorly characterized, this treatment aims to clear all 

extracellular tau. The spread of tau pathology through the brain strongly correlates with 

clinical symptoms; thus, clearing all extracellular tau is proposed to preserve patient 

cognitive function.10,80 Phase 1 clinical trial results on safety and tolerability were presented 

at the 2017 Alzheimer’s Association International Conference.81,82 Two Phase 2 clinical 

trials began in October 2017 83 and February 2019 84, enrolling patients with prodromal to 

mild AD and moderate AD respectively.

JNJ-63733657:

Developed by Janssen Pharmaceutica, JNJ-63733657 was identified as a promising drug 

candidate because of its ability to eliminate pathogenic tau “seeds”.69,85 The antibody 

targets the mid-region of tau, following the hypothesis that this region, and not the N-

terminus, should be the primary target for passive immunotherapy. JNJ-63733657 was 

reported to eliminate pathogenic tau "seeds" in cells expressing P301S tau, and mouse model 

experiments revealed decreased spread of tau pathology.69 Two phase 1 trials are actively 

recruiting, one testing the safety and tolerability in healthy Japanese adults,86 and another 

testing healthy or prodromal/mild AD adults in locations across Europe87.

Perspectives

Crenezumab and aducanumab clinical trials targeting Aβ oligomers were not successful, but 

Phase 3 trials with BAN2401 are ongoing. From these failures, we have gained the insight 

that Aβ is unlikely to be a good choice of target once a patient is already displaying clinical 

symptoms. Aβ aggregation drives the disease in the pre-symptomatic stage, so treatments 
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targeting Aβ should be tested as early as possible in the disease trajectory. Of course, this 

creates a difficult problem of how to select patients for clinical trials before they are 

displaying symptoms. The results from the Alzheimer’s Preventative Initiative39 trials 

testing crenezumab in asymptomatic genetically pre-disposed patients will help to confirm 

this hypothesis. It is a newer idea to target tau, and specifically to target tau oligomers. As 

tau pathology coincides with clinical symptoms, we wait with anticipation for results from 

trials testing UBC1070, LY3303560, RO7105705, and JNJ-63733657. Despite the recent 

failures of passive immunotherapies targeting Aβ oligomers, there is hope for successful AD 

treatment by shifting the focus to the tau oligomers and by treating patients when they are in 

earlier disease stages.

The previous failures of passive immunotherapies raise a few general concerns about the 

methodology. An ever-present consideration is whether sufficient quantities of the antibody 

treatment are reaching their protein targets in the brain. Results from aducanumab trials 

show that enough of the drug reaches the brain to clear Aβ plaques,43 however perhaps 

increased BBB permeability would have resulted in additional aggregate clearance and 

improved cognitive function. It is important to continue research to improve BBB 

permeability, including alternative approaches such as transferrin receptor-mediated 

transcytosis11 and camelid antibodies24. Another concern is the applicability of pre-clinical 

tests using the current animal models for AD. The barrage of AD clinical trial failures, 

despite promising pre-clinical results, suggest that current animal models are failing to 

accurately portray the complexity of sporadic forms of the disease.

To better target the most toxic epitopes in AD, there is a critical need for atomic-level 

structural information for Aβ and tau oligomers. Due to their heterogenous and dynamic 

nature, this class of protein conformers eludes the efforts of crystallographers and NMR 

spectroscopists. Recent passive immunotherapy efforts highlight our current inability as a 

field to rationally target toxic epitopes on Aβ and tau, because the specific toxic epitopes are 

not known. By trial and error, we are learning information about which parts of these 

proteins should be targeted to neutralize toxicity. This seems especially important for tau, 

where mid-region epitopes are more effective targets in pre-clinical studies. These antibodies 

also provide an opportunity to obtain atomic-resolution structural information, as seen in the 

case of multiple crystal structures solved from Fabs co-crystallized with Aβ fragments.
30,31,45 In a recent editorial by Novak et. al., he states “The greatest benefit to the field [of 

tau-targeted immunotherapy] would be a thorough characterization of the diseased tau 

proteome – what molecular properties are found in individual tau species, where these 

species are located (cellular compartment/extracellular), and what their effects are.”10 There 

is aspiration that antibody-tau crystallographic data will provide critical information about 

the toxic forms of tau in the coming years. Furthermore, high resolution fluorescent 

microscopy, performed with fluorescent-labeled Fab fragments, may be a powerful tool to 

track different tau species across the cell over time.

A final consideration is that there may not be one unique toxic protein species that is 

representative of all AD individuals.88 In vitro experiments have repeatedly shown that Aβ 
and tau adopt a wide variety of oligomeric conformations. The same variety of conformers 

may be present in an individual’s brain, or across AD patient populations depending on 
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environmental and genetic factors. To this end, there may be hope in combination therapies; 

perhaps a cocktail of antibodies is required to target a heterogenous population of protein 

conformers. In conclusion, passive immunotherapy remains a promising pharmaceutical 

approach to targeting toxic Aβ and tau oligomers in the brain. The results from clinical trials 

and biochemical analyses of these antibodies will be highly informative about pathological 

epitopes of these oligomers in the coming years.
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Figure 1: 
(A) An AD, Aβ and tau aggregate from intrinsically disordered monomers into oligomers 

and finally end as insoluble β-sheet rich fibrils. Characteristic AD pathology includes 

amyloid plaques formed from extracellular Aβ deposits and neurofibrillary tangles formed 

from tau fibrils deposited around the nucleus. Oligomers are the most toxic species; they are 

observed as either β-sheet rich protofibrils or globular oligomers. (B) Aβ and tau sequences 

are labeled with binding sites for passive immunotherapy drugs in clinical trials that target 

oligomers. The sequence of full-length human tau, hTau40, is shown with alternative 

splicing domains colored dark gray. R1-R4 are four microtubule binding domain repeats that 

drive tau fibrillation.
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