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ACU193: An Immunotherapeutic Poised to Test the Amyloid β Oligomer Hypothesis of Alzheimer’s Disease
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Alzheimer’s disease (AD) is an age-related neurodegenerative disease that affects 50 million people worldwide, with 10 million new cases occurring each year. The emotional and economic impacts of AD on patients and families are devastating. Approved treatments confer modest improvement in symptoms, and recently one treatment obtained accelerated approval from the United States Food and Drug Administration (FDA) and may have modest disease modifying benefit. Research over the past three decades has established a clear causal linkage between AD and elevated brain levels of amyloid β (Aβ) peptide, and substantial evidence now implicates soluble, non-fibrillar Aβ oligomers (AβOs) as the molecular assemblies directly responsible for AD-associated memory and cognitive failure and accompanying progressive neurodegeneration. The widely recognized linkage of elevated Aβ and AD spawned a comprehensive 20-year therapeutic campaign that focused primarily on two strategies – inhibition of the secretase enzymes responsible for Aβ production and clearance of Aβ peptide or amyloid plaques with Aβ-directed immunotherapeutics. Unfortunately, all clinical trials of secretase inhibitors were unsuccessful. Of the completed phase 3 immunotherapy programs, bapineuzumab (targeting amyloid plaque) and solanezumab (targeting Aβ monomers) were negative, and the crenezumab program (targeting Aβ monomers and to a small extent oligomers) was stopped for futility. Aducanumab (targeting amyloid plaques), which recently received FDA accelerated approval, had one positive and one negative phase 3 trial. More than 25 negative randomized clinical trials (RCTs) have evaluated Aβ-targeting therapeutics, yet none has directly evaluated whether selective blockage of disease-relevant AβOs can stop or reverse AD-associated cognitive decline. Here, we briefly summarize studies that establish the AD therapeutic rationale to target AβOs selectively, and we describe ACU193, the first AβO-selective immunotherapeutic to enter human clinical trials and the first positioned to test the AβO hypothesis of AD.
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INTRODUCTION

Alzheimer’s disease (AD) currently affects over 6 million people in the United States) and approximately 50 million people worldwide, and it is the sixth-leading cause of death in the United States (Alzheimer’s Association, 2021). Current demographic trends suggest that these numbers will triple by the year 2050, with associated healthcare costs expected to exceed $1.2 trillion in the United States alone, unless effective preventative measures or disease-modifying treatments emerge (Cahill, 2020; WHO, 2021). Four AD drugs (donepezil, rivastigmine, galantamine, and memantine) were approved by the FDA between 1996 and 2003 (New York Times, 1996; The Pharma Letter, 2000, 2001, 2003), with worldwide sales from 2015 to 2020 of $67B (BCC Research, 2020), yet these medications afforded only minimal palliative benefit to AD patients. In June 2021, following an 18-year gap in AD drug approvals, the FDA granted accelerated approval for Biogen’s therapeutic antibody aducanumab, which is currently marketed as Aduhelm at an annual wholesale cost of $28K per patient (Fleck, 2021; The Pharma Letter, 2021). In granting this approval, the FDA used the accelerated regulatory pathway rather than full approval. Full approval was nearly unanimously rejected by the Peripheral and Central Nervous System (PCNS) Drugs Advisory Committee, which concluded that the phase 3 clinical trial data did not provide sufficient evidence of efficacy (Alexander et al., 2021; Dunn, 2021; Restifo, 2021). Notwithstanding the approval of aducanumab, the circumstance remains that no medication with full approval addresses the underlying AD molecular pathology or prevents the inexorable progression of the disease. The field has now reached a general consensus that soluble, non-fibrillar amyloid beta (Aβ) oligomers (AβOs) are the primary neurotoxic molecular assemblies responsible for the cognitive dysfunction and progressive neurodegeneration that occur in AD (Lambert et al., 1998, 2001; Klein et al., 2001, 2004; Kirkitadze et al., 2002; Klein, 2002, 2006, 2013; Gong et al., 2003; Lacor et al., 2004, 2007; Walsh and Selkoe, 2004, 2007; De Felice et al., 2008; Viola et al., 2008; Krafft and Klein, 2010; Ondrejcak et al., 2010; Ferreira and Klein, 2011; Hayden and Teplow, 2013; Viola and Klein, 2015; Cline et al., 2018; Mroczko et al., 2018; Li and Selkoe, 2020; Tolar et al., 2021). In June 2021, ACU193 became the first AβO-selective therapeutic antibody to enter human clinical trials (Siemers, 2021), and the first candidate therapeutic poised to test the amyloid oligomer hypothesis (Lambert et al., 1998; Cline et al., 2018; Wang et al., 2018).



THE CURRENT STATUS OF AMYLOID-TARGETING EXPERIMENTAL THERAPEUTICS

A comprehensive discussion of amyloid-directed AD therapeutics is beyond the scope of this paper; however, recent reviews have provided thorough coverage of this topic (Bullain and Doody, 2020; Avgerinos et al., 2021; Decourt et al., 2021; Jeremic et al., 2021; Lin et al., 2021; Restifo, 2021; Sun et al., 2021; Van Bokhoven et al., 2021; Xie et al., 2021; Yu et al., 2021). Jeremic et al. (2021) summarized the late-stage clinical failures of eight secretase inhibitors, and they report on the clinical status of eight amyloid-directed monoclonal antibodies. Decourt et al. (2021) provide concise summaries across a wider range of amyloid approaches, including secretase inhibitors and anti-amyloid antibodies. To varying degrees, the secretase inhibitors were effective in blocking conversion of amyloid precursor protein (APP) to Aβ peptide. Several studies in transgenic AD mice showed a treatment-related decrease in amyloid deposits (Deleye et al., 2017; Brendel et al., 2018), and one positron emission tomography (PET) study of AD patients treated with lanabecestat showed a significant treatment-related decrease in florbetapir-positive amyloid deposits (Wessels et al., 2020; Zimmer et al., 2021). Regardless of the outcome of PET imaging, clinical trial data did not reveal significant slowing of cognitive decline for any secretase inhibitor.

For more than a decade, clinical studies of amyloid-directed therapeutics have revealed varying pictures ranging from little or no reduction to substantial reduction of brain amyloid, depending on the target of the antibody. Avgerinos et al. (2021) has published a comprehensive review and meta-analysis of 17 amyloid-directed immunotherapeutic clinical trials. These authors concluded that the amyloid-directed therapeutics “induced clinical improvements of small effect sizes, biomarker improvements of large effect sizes, and increases in risk for the hallmark adverse event, amyloid-related imaging abnormalities (ARIA), by a large effect size, when all drugs were pooled together.” The first anti-amyloid immunotherapeutic tested in humans was bapineuzumab, which targeted amyloid plaque. A phase 2 trial showed comparable rates of cognitive decline for treated and placebo groups (Salloway et al., 2009), while an associated imaging study showed that bapineuzumab brought about only a very modest reduction of brain amyloid at the low antibody doses used in this early study (Rinne et al., 2010). Two large randomized phase 3 studies showed that bapineuzumab did not improve clinical outcomes in treated AD patients (Salloway et al., 2014). Solanezumab, which targets Aβ monomers, was the second anti-amyloid immunotherapeutic tested in humans. Two phase 3 studies (EXPEDITION and EXPEDITION2) did not achieve statistical significance on the primary outcome, but a small trend for slowing of progression was evident, with most secondary outcomes achieving nominal statistical significance (Doody et al., 2014). Florbetapir PET imaging of a subset of patients in the EXPEDITION3 study indicated that solanezumab did not reduce amyloid plaque (Honig et al., 2018).

Aducanumab, which targets primarily plaques and protofibrils (Sevigny et al., 2016), was evaluated in two phase 3 studies, ENGAGE and EMERGE. Both studies were terminated in 2019 after interim futility analysis of the ENGAGE study indicated that primary outcome goals would not be achieved (Arnold, 2020). Subsequent data analysis from EMERGE revealed slowing of cognitive decline by 18–27% over 18 months, leading Biogen to request regulatory approval from the FDA. Data from these studies have not yet been published in a peer-reviewed journal, however, the full data package is publicly available (FDA.gov, 2020). In November, 2020, the PCNS Drugs Advisory Committee to the FDA voted against aducanumab approval (Alexander et al., 2021; Dunn, 2021). Nevertheless, in June 2021, the FDA granted accelerated approval of aducanumab (Dunn et al., 2021). Writing on behalf of the FDA to explain this decision to PCNS committee members, Dr. Billy Dunn, Director, Office of Neuroscience at the FDA’s Center for Drug Evaluation offered the following: “An effect on this surrogate endpoint must be shown to be reasonably likely to predict clinical benefit. We concluded that these requirements were met for aducanumab, with substantial evidence that the drug reduces amyloid beta plaque, and that this reduction is reasonably likely to predict clinical benefit” (Dunn, 2021). In making its decision, the FDA considered recently published data from a phase 2 study of donanemab (Mintun et al., 2021), which showed statistically significant slowing of clinical progression based on the primary outcome measure, along with significant reduction in amyloid plaques. These data were not available to the PCNS Drugs Advisory Committee. A phase 3 study of donanemab is currently being conducted to demonstrate clinical benefit in a larger patient cohort (NCT05026866) ClinicalTrials.gov (2021). Donanemab binds to N-terminal pyroglutamate Aβ (AβpE3-42) which exists exclusively on amyloid plaques. A recent phase 1b florbetapir PET imaging study involving 61 AD patients demonstrated strong plaque-clearing ability (Lowe et al., 2021).

Lecanemab (BAN2401) is another anti-amyloid immunotherapeutic currently being evaluated in two phase 3 studies (Clarity AD, NCT03887455 and AHEAD 3-45, NCT04468659) (ClinicalTrials.gov, 2020). Lecanemab has been described as a protofibril-selective antibody, however, it exhibits appreciable binding to fibrillar Aβ (Gellerfors et al., 2009) and it also binds high molecular weight (80–2000 kDa) AβOs, but not lower molecular weight AβOs (dimer to 18-mer) (Sehlin et al., 2012; Yang et al., 2013). The lecanemab phase 2 study did not achieve statistical significance on its primary outcome measure at 12-months. However, 18-month Bayesian and frequentist analyses demonstrated that brain amyloid reduction was accompanied by modest slowing of cognitive decline across several clinical endpoints (Swanson et al., 2021).

Gantenerumab is another amyloid-directed immunotherapeutic that reduced brain amyloid substantially (Klein et al., 2019, 2020), however, interim futility analysis of the corresponding phase 3 cognitive data showed that the treated and placebo groups were not significantly different (Ostrowitzki et al., 2017). The phase 3 trial of gantenerumab at higher doses has resumed (NCT03444870).

Safety is a significant issue and potential liability for all current plaque-targeting immunotherapeutics because they all cause amyloid-related imaging artifacts (ARIA), which are indicative of cerebral edema (ARIA-E) or microhemorrhage (ARIA-H). ARIA-E in particular may be problematic; symptoms can include headache, confusion, dizziness, nausea, fatigue, visual impairment, blurred vision, and gait disturbance (Salloway et al., 2021). A significantly increased risk of ARIA has been observed for carriers the apolipoprotein E (ApoE) ε4 allele. In phase 3 aducanumab studies, for patients taking aducanumab, ARIA-E was seen in 43% of ApoE ε4 carriers and 20.3% of non-carriers (Salloway et al., 2021). Gantenerumab was associated with ARIA-E in 10.7% of ε4 homozygotes, 5.4% of ε4 heterozygotes, and 1.8% of ApoE ε4 non-carriers (Ostrowitzki et al., 2017) using a dose lower than that being studied currently. Lecanemab triggered ARIA-E in 14.3% of patients who were ApoE ε4 carriers and 8.0% in patients who were non-carriers for patients taking 10 mg/kg every 2 weeks (Swanson et al., 2021). In a phase 2 study of donanemab, ARIA-E occurred in 44% of patients taking donanemab who were ApoE ε4 homozygotes, 30% of patients who were heterozygotes, and 11% of patients who were non-carriers (Mintun et al., 2021).

Concern about treatment-emergent ARIA has led to the recommendation of surveillance magnetic resonance imaging (MRI) scans in labeling for aducanumab and based on recommendations from independent experts. The current aducanumab package insert in the United States recommends surveillance MRI scans prior to the 7th and 12th infusions. An independent panel of experts has developed “appropriate use criteria” which includes a recommendation for surveillance MRIs prior to the 5th, 7th, and 12th infusions (Cummings et al., 2021a). Additionally, an MRI should be obtained whenever symptoms suggestive of ARIA occur. Thus, treatments associated with ARIA require additional monitoring by MRI scans, resulting in greater complexity and costs associated with these treatments.

The expectation that reduction of brain amyloid should confer clinical benefit follows directly from the amyloid cascade hypothesis (ACH) and its core tenet that “deposition of amyloid β protein” is the cause of AD (Hardy and Higgins, 1992). Because much of the discovery and development effort leading to anti-amyloid therapeutics was based on the ACH, it was widely anticipated that reducing brain amyloid to undetectable levels would stop cognitive decline. Yet, over the dozen years between publication of the bapineuzumab phase 2 trial (Salloway et al., 2009) and aducanumab’s FDA accelerated approval (The Pharma Letter, 2021), the best outcome associated with substantial amyloid reduction was 18–27% slowing of cognitive decline by aducanumab in the EMERGE study (Cummings et al., 2021b), and approximately 30–35% slowing in the phase 2 donanemab study (Mintun et al., 2021). As noted elsewhere, therapies that target plaque and reduce it are associated with ARIA, which diminishes the clinical utility of these drugs.


Implications of Treatments Targeting Oligomers for Other Amyloid-Related Therapies

Testing the oligomer hypothesis is certainly an important goal for the field, however, from a broader perspective, the ACH will continue to be debated. One might pose the question as to whether any future negative trial would nullify the ACH. As detailed elsewhere in this manuscript, the various therapeutic approaches generally considered relevant to the ACH operate by mechanisms that have clear differences. Small molecule inhibitors of gamma-secretase and BACE were unsuccessful, and in fact, caused slight cognitive worsening. Monoclonal antibodies have generated more promising results in certain cohorts, but even these therapeutics have important differences and should not be considered a monolithic class. For example, solanezumab targets monomers rather than plaque, does not reduce plaque and does not cause ARIA. Aducanumab and donanemab target and reduce amyloid plaques based on PET imaging, however, they cause ARIA as a result. Lecanemab may target protofibrils preferentially compared with monomers, however, it also exhibits appreciable binding to amyloid fibrils (Englund et al., 2007; Lord et al., 2009; Magnusson et al., 2013). As expected, plaque reduction and ARIA are observed, though existing data indicate that the ARIA incidence may be less than that observed for aducanumab and donanemab treatments (Logovinsky et al., 2016). As discussed in the section “ACU193: AD Immunotherapy that Selectively Targets Amyloid β Oligomers,” plaque binding and ARIA are not expected for ACU193, based on its binding selectivity for AβOs; however, clinical data confirming this expectation are not yet available. Thus, it is important to recognize important differences in mechanism of action of the varied therapeutics presumed to test ACH. Over time, failed clinical trials may result in formulation of new or modified hypotheses, which eventually become accepted when supporting clinical data emerge.



Recent Advances in Trial Design in Alzheimer’s Disease Studies

An important advance in a number of therapeutic antibody trials has been the inclusion of individuals assessed to have early AD i.e. mild cognitive impairment (MCI) or mild dementia due to AD. In the past, some have speculated that any amyloid-related treatment would need to be given as secondary prevention to individuals who are cognitively normal but harbor amyloid plaques. Such studies include public–private partnerships such as the Anti-Amyloid Treatment in Asymptomatic Alzheimer’s (A4) study and the AHEAD 3-45 study. By definition, these studies are conducted with cognitively normal individuals and require very sensitive cognitive measure. Trial design parameters for these secondary prevention studies are not particularly well understood, so while prevention may be a worthy goal, negative trial results may emerge for a therapeutic that could be efficacious in a symptomatic population. The recent emergence of promising efficacy signals in certain early AD clinical cohorts receiving high doses of aducanumab, donanemab (Mintun et al., 2021), and lecanemab (Siemers et al., 2022) is an encouraging development.




THE RATIONALE FOR CLINICAL DEVELOPMENT OF AN AMYLOID β OLIGOMER-SELECTIVE THERAPEUTIC

While extensive plaque reduction may confer some clinical benefit, these treatments will be associated with ARIA, such that efficacy might be achieved at the cost of significant safety concerns. Ideally, an AD therapeutic must intercept the most relevant mechanistic target, and it must possess properties that enable efficient and selective interaction with that target. An AβO-selective therapeutic may represent such an approach to the treatment of AD.


The Role of Deposited Amyloid Plaques in the Pathogenesis of Alzheimer’s Disease

The near-complete failure of anti-plaque therapeutics suggests that amyloid plaques and deposits are not the ideal target for AD therapeutics. Critics of the ACH have argued that deposition of Aβ protein is not the cause of AD (Lee et al., 2004; Teich and Arancio, 2012; Mullane and Williams, 2013, 2018; Morris et al., 2014, 2018; Behl, 2017; Makin, 2018; Panza et al., 2019; Høilund-Carlsen et al., 2020; Tolar et al., 2020). To be fair, however, the ACH relied heavily on compelling and irrefutable evidence that early-onset AD-causative mutations increased production of Aβ42, the most abundant plaque protein (Hardy and Allsop, 1991; Hardy and Higgins, 1992). The obvious inference made by Hardy was that elevated Aβ42 monomer deposited into plaques, which initiated the damage that occurs in AD. What Hardy and colleagues could not have known or anticipated in the early 1990s, was that Aβ42 monomer was capable of self-assembly into soluble, non-fibrillar neurotoxic oligomers possessing the ability to interfere directly with synaptic function and learning and memory.

That scenario came to light only a few years after the ACH was published, when Oda et al. (1995) observed soluble, neurotoxic Aβ42 structures in incubations of Aβ42 with small amounts of apoJ. Aβ42 fibril formation was unexpectedly inhibited, and instead, highly neurotoxic supernatant solutions were formed. Lambert et al. (1998) carried out extensive follow-up studies involving atomic force microscopy (AFM) and gel analysis to characterize soluble non-fibrillar oligomeric structures, ranging in size from trimer to dodecamer (Krafft et al., 1998). The soluble, globular oligomers exhibited potent neurotoxicity in hippocampal brain slice cultures, and at lower concentrations, the ability to block long-term potentiation (LTP) when added to organotypic brain slice cultures or injected into anesthetized rats. These neurotoxic oligomers were referred to as amyloid β-derived diffusible ligands (ADDLs). Lambert et al. (1998). wrote: “We hypothesize that impaired synaptic plasticity and associated memory dysfunction during early stage Alzheimer’s disease and severe cellular degeneration and dementia during end stage could be caused by the biphasic impact of Aβ-derived diffusible ligands acting upon particular neural signal transduction pathways.”

Further studies demonstrated the ability to generate rabbit polyclonal antibodies exhibiting > 80:1 AβO:monomer selectivity, and the polyclonal serum was used to detect AβOs in homogenates from AD frontal cortex and temporal cortex, but not in cerebellar homogenates (Lambert et al., 2001). The polyclonal serum also exhibited dose-dependent blockage of AβO toxicity in a PC12/MTT assay, a rudimentary demonstration of an AβO-selective immunotherapeutic approach.



Two Decades of Profiling Bolsters the Amyloid β Oligomer Hypothesis

In 2001, Klein et al. reiterated the AβO hypothesis and argued the case for targeting Aβ oligomers. In 2002, Kirkitadze et al. recognized the emergence of AβOs as a clear paradigm shift, and Walsh et al. (2002a) emphasized the potential importance of AβOs as a therapeutic target. In the subsequent two decades, many studies across multiple disciplines have gathered extensive data that implicate AβOs as the causative AD structures, as discussed in a number of comprehensive reviews (Klein, 2002, 2006, 2013; Walsh and Selkoe, 2004, 2007; Viola et al., 2008; Krafft and Klein, 2010; Ondrejcak et al., 2010; Ferreira and Klein, 2011; Hayden and Teplow, 2013; Ferreira et al., 2015; Viola and Klein, 2015; Cline et al., 2018; Mroczko et al., 2018; Li and Selkoe, 2020; Tolar et al., 2021).

Several distinct AβO activities and characteristics are particularly noteworthy. AβOs bind with high affinity to a subset of hippocampal and cortical neurons (Lacor et al., 2004, 2007; Barghorn et al., 2005; Koffie et al., 2009; Shughrue et al., 2010; Pickett et al., 2016; Wang et al., 2017), indicative of specific binding to discrete cell surface receptors that are developmentally regulated. In rodent hippocampal slice preparations, AβOs rapidly inhibit LTP (Lambert et al., 1998; Walsh et al., 2002b; Wang et al., 2002; Rowan et al., 2004; Barghorn et al., 2005; Rammes et al., 2011). Direct injection of AβO solutions into the rodent brain leads to reversible impairment of cognitive function (Cleary et al., 2005; Townsend et al., 2006; Poling et al., 2008; Reed et al., 2011) and injection of AβO solutions into the lateral cerebral ventricle of non-human primates leads to formation of neurofibrillary tangles (Forny-Germano et al., 2014) and synapse loss (Batista et al., 2018). Recently, ultra-high resolution microscopy revealed that AβOs do not bind directly at the synaptic cleft, but instead, form distinct nanoscale clusters encircling the postsynaptic membrane (Actor-Engel et al., 2021). Significant binding was also observed at presynaptic axon terminals. This study further demonstrated that LTP was impaired only at AβO-targeted synapses and not at neighboring AβO-free synapses. Importantly, aberrant AβO signaling activates GSK3β-mediated hyperphosphorylation of tau (De Felice et al., 2008; Zempel et al., 2010; Ochalek et al., 2017), which eventually causes tau aggregation, paired helical filament formation, cytoskeletal collapse, and neurodegeneration. Because AβOs appear to act upstream of tau abnormalities and inhibit LTP rapidly after binding, therapies that target aggregated, hyperphosphorylated tau or GSK3β would not be expected to rescue neurons from early LTP compromise that directly and immediately compromises information storage, well before any tau dysfunction occurs.

Many studies have identified interactions between AβOs and a variety of cellular proteins, however, the identity of the receptor(s) that mediate peri-synaptic AβO binding, aberrant AβO signaling and disrupted synaptic plasticity remains to be established (Laurén et al., 2009; Benilova and De Strooper, 2013; Xia et al., 2016; Ding et al., 2019; Smith et al., 2019; Guo et al., 2020; Lao et al., 2021). The review by Mroczko et al. (2018) provides a succinct summary of many cell surface molecules for which AβOs have apparent affinity. The principal conundrum for many of the putative receptor candidates is a relatively high measured equilibrium dissociation constant (Kd) for the binding interaction between AβOs and the putative receptor.

Amyloid β oligomers are widely reported to be the most neurotoxic form of Aβ, capable of triggering aberrant neuronal signaling which leads to loss of synapses and progressive neurodegeneration (Gong et al., 2003; De Felice et al., 2008; Krafft and Klein, 2010; Ondrejcak et al., 2010; Zempel et al., 2010; Klyubin et al., 2012; Koffie et al., 2012; Hayden and Teplow, 2013; Hefti et al., 2013; Fowler et al., 2014; Goure et al., 2014; Batista et al., 2018; Hong et al., 2018). Wang et al. (2018) described the dysregulation of calcium homeostasis in cultured neurons by 150–180 pM AβOs, the most potent AβO signaling yet reported. Size exclusion chromatography (SEC) analysis of these AβO solutions revealed a predominant peak eluting shortly before the 43 kDa standard, likely corresponding to the 56 kDa dodecamer identified in human AD brain extracts by 2D gel analysis, and frequently observed in synthetic AβO preparations (Gong et al., 2003; Bernstein et al., 2009; Ahmed et al., 2010; Inayathullah and Teplow, 2011; Bisceglia et al., 2018). Lesné et al. (2006) also isolated stable dodecamer (referred to as Aβ*56) from transgenic AD mouse brain extracts, and showed that its appearance correlates closely with cognitive deficits in three different lines of transgenic AD mice (Billings et al., 2007; Cheng et al., 2007).

The compiled experimental evidence implicating AβOs as the cause of AD memory malfunction and neurodegeneration is strong and continues to gain support. Perhaps the strongest support comes from discovery of an inherited APP mutation (E693Δ), known as the Osaka mutation (Tomiyama et al., 2008; Inayathullah and Teplow, 2011), which results in production of an Aβ peptide variant (Aβ E22Δ) lacking glutamic acid residue 22. This Aβ variant possesses the surprising properties of enhanced oligomerization and no fibrillization. Even though the APP E693Δ mutation reduces Aβ secretion by 38%, the enhanced oligomerization of Aβ E22Δ brings about memory loss in affected family members at ages as young as 35 (Tomiyama and Shimada, 2020). PET imaging of Osaka carriers shows very little deposited amyloid, while post-mortem characterization shows extensive tau pathology and neurofibrillary tangles, with few or no amyloid plaques. In other words, AD without amyloid plaques, coupled with an oligomerization-prone Aβ variant, plainly implicates AβOs as the relevant AD neurotoxins.




ACU193: ALZHEIMER’S DISEASE IMMUNOTHERAPY THAT SELECTIVELY TARGETS AMYLOID β OLIGOMERS

ACU193 is a humanized, affinity-matured, immunoglobulin G2m4 (IgG2m4) subclass monoclonal antibody, derived from the murine immunoglobulin G1 (IgG1) parent, ACU3B3 (Acton et al., 2014). The sequence of ACU193, which was first designated as clone 19.3, has been published (Goure et al., 2015, 2016). Figure 1A provides a 3D model of the ACU193 Fab region, highlighting the relative locations of the complementarity determining regions (CDR1, CDR2, and CDR3) in the variable light (VL) and variable heavy (VH) chains. The IgG2m4 isotype incorporates four amino acid changes (H268Q, V309L, A330S, and P331S) within the C1q binding region to reduce complement activation and antibody-dependent cellular cytotoxicity (An et al., 2009; Strohl, 2010). Figure 1B illustrates a 3D model of the IgG2m4 Fc region, and it highlights the location of the four engineered mutations. As discussed in more detail below, ACU193 binds with high selectivity to soluble AβOs versus Aβ monomer (section “Selectivity of ACU193 for Amyloid β Oligomers Versus Monomeric Amyloid β”), and it exhibits little or no binding to plaques or diffuse Aβ deposits (section “Selectivity of ACU193 for Amyloid β Oligomers Versus Amyloid Plaques”). This characteristic significantly distinguishes it from other therapeutic monoclonal antibodies that primarily bind Aβ monomers or fibrillar forms of Aβ. ACU193 binding to AβOs prevents synaptic attack, thereby allowing neurons to resume normal signaling. Because it selectively targets AβOs, ACU193 is expected to provide clinical benefit and safety superior to anti-Aβ antibodies currently in clinical development, as depicted in Figure 2.
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FIGURE 1. (A) A three dimensional model of the ACU193 Fab, depicting the heavy and light variable regions with locations of the CDRs, the sequences of which have been published (Goure et al., 2015, 2016; Gaspar et al., 2016). (B) A three dimensional model of the IgG2m4 Fc region. The four amino acid changes (highlighted in red) reduce complement activation and antibody-dependent cellular cytotoxicity (An et al., 2009; Strohl, 2010).
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FIGURE 2. Summary comparison of ACU193 to amyloid-directed therapeutic antibodies in clinical development.



Selectivity of ACU193 for Amyloid β Oligomers Versus Monomeric Amyloid β

ACU193 exhibits significant preferential binding to AβOs over Aβ monomers. In a competition ELISA assay (Figure 3A), ACU193 binds to AβOs with 650-fold greater affinity than to Aβ monomers (Savage et al., 2014; Goure et al., 2016). Because this value does not account for the larger average size of synthetic AβOs used in these experiments, on a molar basis, the selectivity may be as high as 10,000-fold. Further evidence of ACU193 selectivity for AβOs was obtained in a cell-based AβO binding assay in which a very high concentration (5 μM) of monomeric Aβ did not decrease the ACU193 binding affinity for AβOs (Figure 3B). ACU193’s selectivity for AβOs in the presence of abundant Aβ monomers is expected to be representative of the in vivo levels of these Aβ species in AD patients. Thus, ACU193 does not experience “target distraction” from non-toxic Aβ monomers in an environment simulating brain interstitial fluid.
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FIGURE 3. (A) Competitive ELISA for ACU193 binding to AβO or monomeric Aβ40 (Savage et al., 2014); (B) binding affinity of ACU193 to AβOs does not change significantly when 5 μM monomeric Aβ40 is added to the cell culture medium. These results support the conclusion that selectivity of ACU193 for AβOs is maintained in a biochemical environment simulating the brain (for methods, see Shughrue et al., 2010). Experiments in both figures use ADDLs (i.e., amyloid-derived diffusible ligands (Lambert et al., 1998; Chromy et al., 2003) as the synthetic AβO model system.




Selectivity of ACU193 for Amyloid β Oligomers Versus Amyloid Plaques

ACU193 binds AβOs from CSF and brain tissue extracts of AD patients, and it exhibits minimal or no binding to amyloid plaques, as illustrated in Figure 4. Amyloid plaques stained with thioflavin S appear fluorescent green, while the binding of ACU193 appears as red fluorescence (Cline et al., 2019). Substantial ACU193 binding can be observed in regions that are without thioflavin S-stained amyloid plaques (Figures 4B,E), with minimal binding in regions exhibiting thioflavin-S-positive fibrillar Aβ structures (Figure 4D). Close examination does reveal occasional co-localization of ACU193 at the periphery of some amyloid plaques (Figure 4F). It is likely that this ACU193 localization reflects binding to AβOs associated with plaque surfaces (Gaspar et al., 2016). Taken together, these results are consistent with the concept that ACU193 binds endogenous AβOs, does not prevent thioflavin-S binding to plaques, and importantly, preferentially binds AβOs versus plaque-associated Aβ.
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FIGURE 4. The upper left portion of the immunohistochemistry figure shows that in areas of advanced AD hippocampal tissue with no amyloid plaque binding (no green fluorescent ThioS staining, (A) there is substantial ACU193 binding (red fluorescent staining, (B) not related to amyloid plaque. The merge of these panel (E) shows ACU193 binding with no amyloid plaque present. On the upper right portion of the figure, the area that is positive for amyloid plaque (green fluorescent staining, (C) shows minimal ACU193 binding (red fluorescent staining, (D). The merge of these panel (F) shows the minimal binding of ACU193 (red fluorescent staining) at the periphery of the amyloid plaque (green fluorescent staining), most likely related to AβOs binding at or associating with the periphery of the amyloid plaque.


ACU193 exhibited no binding to amyloid deposits surrounding blood vessels (cerebral amyloid angiopathy) in AD brain slices, nor did it bind to vascular amyloid when injected into transgenic mice, as illustrated in Figure 5. On the other hand, injected bapineuzumab bound to vascular amyloid at all doses tested (Figures 5E,F).
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FIGURE 5. ACU193 (A,C) shows no binding to the vascular amyloid that is visible in the vessels stained by thioflavin-S (ThioS, green fluorescence, B,D) in the brain 24 h following IV dosing of 10 or 50 mg/kg (mpk) in 7- to 8-month-old Tg2576 mice. In contrast, hu3D6 (bapineuzumab) binds vascular amyloid (E,F) at all dose levels assessed (Krafft et al., 2012).


In view of the linkage between the amyloid plaque-binding properties of multiple amyloid-directed antibodies and the frequent occurrence of ARIA (e.g., aducanumab, gantenerumab, lecanemab, and donanemab), the negligible binding of ACU193 to amyloid plaques, including amyloid plaques associated with cerebral amyloid angiopathy, suggests that ACU193 treatment will not elicit ARIA side effects.



ACU193 Binds to a Broad Molecular Weight Range of Amyloid β Oligomers

ACU193 binds a broad spectrum of AβOs across various molecular weights. AβOs prepared from synthetic Aβ42 were fractionated by SEC (Figure 6) and characterized by ELISA using ACU193, hu3D6 (bapineuzumab) or hu266 (solanezumab) as the capture antibody and biotinylated anti-human Aβ antibody 82E1 for detection (Goure et al., 2015). These data show ACU193 binds mid- to higher molecular weight AβOs, with preferential binding to mid-molecular weight oligomers compared to hu266. This range of molecular weights includes dodecameric AβOs that are thought to be physiologically relevant (Gong et al., 2003; Lesné et al., 2006).


[image: image]

FIGURE 6. Binding of humanized antibodies to SEC fractions of synthetic AβOs (ADDLs – Lambert et al., 1998; Chromy et al., 2003; Hepler et al., 2006). SEC fractionation of AβOs with sandwich ELISA detection (Savage et al., 2014). Hu3D6 is also known as bapineuzumab; hu266 is also known as solanezumab. These data demonstrate the specificity of ACU193 for oligomers versus monomers, and also demonstrate the ACU193 is capable of binding AβOs ranging from dimers to higher order structures up to several hundred kDa.


Collectively, the data show that ACU193 binds AβOs with 650-fold selectivity versus Aβ monomers (perhaps > 10,000-fold on molar basis), exhibits limited to no plaque binding, and binds to a broad range of synthetic and endogenous low, mid, and higher molecular weight AβOs. Based on these and other data, ACU193 is expected to target therapeutically relevant AβOs effectively within the brain in early AD patients.




ACU193 PROTECTS NEURONS FROM AMYLOID β OLIGOMER-INDUCED SYNAPTIC TOXICITY

An essential capability of ACU193 is preventing AβOs from attacking synaptic receptors. A series of ex vivo studies was carried out to quantify the ability of ACU193 to block or minimize AβO-induced neuronal toxicities.


ACU193 Prevents Amyloid β Oligomer-Induced Compromise of Synaptic Plasticity

In ex vivo studies using the murine hippocampal slice LTP model (Rammes et al., 2011), pre-incubation with 100 pM ACU193 or ACU3B3 (murine precursor of ACU193) can prevent AβO-induced LTP blockage, as illustrated in Figure 7 (Cline et al., 2019). As discussed earlier in section “Two Decades of Profiling Bolsters the Amyloid β Oligomer Hypothesis,” AβO disruption of LTP has been widely documented. LTP blockage prevents synaptic strengthening that is essential for learning and memory, and the ability of ACU193 to prevent AβO-LTP disruption may be a key property for preventing further memory deterioration in early AD patients.
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FIGURE 7. Effects of ACU3B3 and ACU193 on AβO-induced change in LTP (Cline et al., 2019). Addition of 50 nM Aβ42 to brain slice media forms AβOs that block normal LTP, however, pre-incubation with 100 pM ACU3B3 prevents LTP disruption. (see Rammes et al., 2011 for methods).




Prevention of Amyloid β Oligomer-Induced Disruption of Calcium Homeostasis

Exposure to ACU3B3 prevents AβO-induced calcium overload in cortical neuronal cultures (Figure 8; Wang et al., 2018). Disruptions in calcium homeostasis that cause cellular dysfunction have been implicated in a number of disease states, including myocardial infarction and stroke. Further, AβOs have been shown to cause disruption of calcium homeostasis, and thus, restoration of intracellular calcium to normal levels could serve as a functional indicator of treatment effect in AD. Multiphoton microscopy was used to examine the relationship of AβOs and neuronal calcium homeostasis in vitro (Figure 8). Direct application of AβOs elicited calcium elevations in cortical neuronal cultures. Prior exposure to ACU3B3 prevented this calcium elevation (Figure 8). These results demonstrate that AβOs induce elevated concentrations of intracellular neuronal calcium and that ACU3B3 prevented the AβO-induced calcium overload.
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FIGURE 8. The relationship of AβOs and neuronal calcium homeostasis in the presence and absence of ACU3B3 was studied in primary cultures of transgenic APP-PS1 mouse cortical neurons (Wang et al., 2018). Multiphoton microscopy was used to obtain images of neuronal cultures at 12–14 days in vitro (DIV), or 21 DIV. Cortical regions were identified and reimaged before and after topical applications of AβOs to allow comparison of resting calcium within the same neuronal compartments. After baseline calcium measurement, the cultures were treated with antibody-immunodepleted AβOs (1 mL of 3 nM AβOs with 9 μg of antibody) or AβO alone (150–180 pM) for 45 min. The cultures were then re-imaged in the same areas in the dish. AβO assembly of 1–3 nM Aβ42 monomer in cell culture media was carried out at 37°C (Rammes et al., 2011). n.s., non significant; *Signifies a P-values of < 0.05.





IN VIVO PHARMACOLOGY

Independent behavioral studies were performed to characterize the in vivo central pharmacologic activity of peripherally administered ACU3B3. The behavioral effects observed in these studies indicate that ACU3B3 crosses the blood–brain barrier to engage the target, resulting in behavioral improvements in the transgenic AD model mice.


Behavioral Studies of Alzheimer’s Disease Mouse Models After Sub-Chronic ACU3B3 Treatment Administered Pre- and Post-Plaque Accumulation

In a blinded study (Figure 9) conducted by QPS Austria GmbH, plaque bearing 9- to 10-month-old, female, APP/SL transgenic (Havas et al., 2011; Faizi et al., 2012) and non-transgenic mice were administered ACU3B3 (20 mg/kg) or vehicle (PBS) by intraperitoneal (IP) injection once a week for 4 weeks. The last injection was given 24 h before the first water maze training trial. Prior to treatment, transgenic mice demonstrated behavioral deficits compared to non-transgenic mice, but as shown in Figure 9B, significantly improved their performance across testing sessions. On the first training day, ACU3B3 treatment improved swim path length in transgenic mice (Figure 9A), and this effect was significant (p < 0.05) after exclusion of outliers. ACU3B3 also improved swim path length performance in session 3 trials (Figure 9B), and restored swim speed in transgenic mice (p < 0.02) to the same level as in wild-type mice (Figure 9C).
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FIGURE 9. ACU3B3 treatment in 9- to 10-month old APPSL mice (n = 10/group) (Faizi et al., 2012) improves performance on the first day of water maze training (A; p = 0.057), decreases swim path length (B; p = 0.034), and reverses a swim speed abnormality (C; p < 0.02). **Signifies a P-values of < 0.01.


In another blinded study (Figure 10) conducted at Stanford University (Dodart et al., 2014), the hyperactivity phenotype of 5- to 7-month-old Thy1-hAPP/SL transgenic mice in the Open Field and Y-Maze tests was also significantly reduced after 4–5 weeks of ACU3B3 treatment (20 and 30 mg/kg, weekly). Prior to dosing, Thy1-hAPP/SL mice showed increased activity in the activity chamber compared to wild-type mice. After ACU3B3 treatment, Thy1-hAPP/SL mice activity fell to a level comparable to wild-type mice, particularly activity in the center of the test arena (Figure 10A). Similar effects of ACU3B3 were found with changes in Y-maze behavior (Figure 10B) and passive avoidance (Figure 10C).
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FIGURE 10. ACU3B3 treatment at 20 mg/kg in 5- to 7-month-old Thy1-hAPP/SL mice (n = 13–14/group, means + SEM). (A) Open field total distance measurement, APP-Veh vs. APP-3B3, *p = 0.029. (B) Y-maze arm entries, APP-Veh vs. APP-3B3, *p = 0.045; APP-Veh vs. WT-Veh, **p = 0.007. (C) Passive avoidance latency, APPSL-APP3B3 vs. APPSL-Veh trended for drug effect, but was not statistically significant (Dodart et al., 2014).


Additional studies were conducted at the Gladstone Institute of Neurological Disease in young hAPP/J20 mice, which express APP carrying the Swedish and Indiana mutations (Mucke et al., 2000). Animals, ages 2–5 months were dosed with ACU3B3 to evaluate its efficacy prior to detectable amyloid deposition. Treatment intervention preceded the appearance of measurable levels of amyloid plaques as well as the progressive decrease in synaptic markers, microglia activation and tau hyperphosphorylation (Shankar and Walsh, 2009) but coincided with the appearance of measurable levels of AβOs (Johnson et al., 2020). ACU3B3 significantly improved behavioral deficits measured in Open Field, Y-Maze, Plus Maze, and Morris Water Maze tests (Cline et al., 2019; Ma et al., 2019), supporting the AβO selectivity of ACU3B3 and its potential for intervening prior to a stage where synaptic loss and the underlying behavioral impairment and memory loss becomes irreversible.

Taken together, the extent of behavioral studies conducted in two different APP transgenic lines with different AD phenotypes and at different stages of disease progression (notably pre- and post-plaque accumulation) provides a comprehensive understanding of the pharmacological activity across age groups. The beneficial behavioral effects observed in animals treated with ACU3B3 indicate that the antibody effectively crosses the blood–brain barrier to engage target AβOs. The dose range selected in the behavioral studies is also representative of the dose range evaluated in the ACU193 phase 1 clinical trial.




DISCUSSION: THE RIGHT THERAPEUTIC TO INTERCEPT AMYLOID β OLIGOMERS, THE RELEVANT ALZHEIMER’S DISEASE NEUROTOXINS

This focused account highlights the target and the essential properties of ACU193, the first AβO-selective immunotherapeutic clinical candidate for AD. This account also provides a detailed profile of AβOs as the instigating AD neurotoxins. Because AβOs exert their memory-compromising effects at such low concentrations, amidst much higher concentrations of Aβ monomer and extensive amyloid plaques, the attributes required of an effective therapeutic candidate are formidable. While inhibition of secretases was certainly a rational approach to treatment of AD, this approach was unfortunately not successful. The monoclonal antibodies targeting amyloid plaque and perhaps showing some clinical efficacy are all burdened with ARIA and the need for additional MRI monitoring. ACU193 has many essential properties required of a successful therapeutic, and its unique property is its selective binding to AβOs. The investigation of ACU193 in clinical trials in patients with early AD will provide an important test of the amyloid oligomer hypothesis.



AUTHOR CONTRIBUTIONS

GK organized and wrote the first draft of the manuscript. ES, EC, and JJ contributed to one or more sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

The preparation and publishing of this review was supported by Acumen Pharmaceuticals.



ACKNOWLEDGMENTS

We would like to thank Kirsten Viola and William Klein (Northwestern University) for supplying the immunohistochemistry data; S. Nay, M. Monbureau, and M. Shamloo (Stanford University) for supplying the behavior data from 5- to 7-month APP/SL mice; Birgit Hutter-Paier (QPS Austria GmbH) for supplying the behavior data from 9- to 10-month APP/SL mice; Keran Ma and Jorge Palop (Gladstone Institute of Neurological Disease) for supplying the behavior data from hAPP/J20 mice; J. C. Dodart for assistance in analyzing the APP/SL and hAPP/J20 behavior data; and Gerhard Rammes (Technische Universitat Munchen) for supplying the LTP data. We would also like to thank Janice Hitchcock and Kimber Price (Acumen Pharmaceuticals, Inc.) for editing the manuscript.



REFERENCES

Acton, P., An, Z., Bett, A. J., Breese, R., Chang, L., Dodson, E. C., et al. (2014). Anti-ADDL antibodies and uses thereof. U.S. Patent No 8,889,138. Washington, DC: U.S. Patent and Trademark Office.

Actor-Engel, H. S., Schwartz, S. L., Crosby, K. C., Sinnen, B. L., Prikhodko, O., Ramsay, H. J., et al. (2021). Precision mapping of amyloid-β binding reveals perisynaptic localization and spatially restricted plasticity deficits. eNeuro 8:ENEURO.0416-21.2021. doi: 10.1523/eneuro.0416-21.2021

Ahmed, M., Davis, J., Aucoin, D., Sato, T., Ahuja, S., Aimoto, S., et al. (2010). Structural conversion of neurotoxic amyloid-beta(1-42) oligomers to fibrils. Nat. Struct. Mol. Biol. 17, 561–567.

Alexander, G. C., Emerson, S., and Kesselheim, A. S. (2021). Evaluation of Aducanumab for Alzheimer Disease. JAMA 325, 1717–1718. doi: 10.1001/jama.2021.3854

Alzheimer’s Association (2021). Alzheimer’s disease facts and figures. Alzheimers Dement. 17, 327–406. doi: 10.1002/alz.12328

An, Z., Forrest, G., Moore, R., Cukan, M., Haytko, P., Huang, L., et al. (2009). IgG2m4, an engineered antibody isotype with reduced Fc function. mAbs 1, 572–579. doi: 10.4161/mabs.1.6.10185

Arnold, C. (2020). Post-hoc analysis could give new life to the Alzheimer’s drug aducanumab. Nat. Med. doi: 10.1038/d41591-020-00031-z [Epub ahead of print].

Avgerinos, K. I., Ferrucci, L., and Kapogiannis, D. (2021). Effects of monoclonal antibodies against amyloid-β on clinical and biomarker outcomes and adverse event risks: a systematic review and meta-analysis of phase III RCTs in Alzheimer’s disease. Aging Res. Rev. 68:101339. doi: 10.1016/j.arr.2021.101339

Barghorn, S., Nimmrich, V., Striebinger, A., Krantz, C., Keller, P., Janson, B., et al. (2005). Globular amyloid beta-peptide1-42 oligomer - a homogenous and stable neuropathological protein in Alzheimer’s disease. J. Neurochem. 95, 834–847. doi: 10.1111/j.1471-4159.2005.03407.x

Batista, A. F., Forny-Germano, L., Clarke, J. R., Lyra, E., Silva, N. M., Brito-Moreira, J., et al. (2018). The diabetes drug liraglutide reverses cognitive impairment in mice and attenuates insulin receptor and synaptic pathology in a non-human primate model of Alzheimer’s disease. J. Pathol. 245, 85–100. doi: 10.1002/path.5056

BCC Research (2020). Alzheimer’s Disease Therapeutics and Diagnostics: Global Markets Report. PHM062D. Available online at: https://www.bccresearch.com/market-research/pharmaceuticals/alzheimers-disease-therapeutics-diagnostics-markets-report.html (accessed January 3, 2022).

Behl, C. (2017). Amyloid in Alzheimer’s Disease: Guilty beyond reasonable Doubt? Trends Pharmacol. Sci. 38, 849–851. doi: 10.1016/j.tips.2017.07.002

Benilova, I., and De Strooper, B. (2013). Neuroscience. Promiscuous Alzheimer’s amyloid: yet another partner. Science 341, 1354–1355. doi: 10.1126/science.1244166

Bernstein, S. L., Dupuis, N. F., Lazo, N. D., Wyttenbach, T., Condron, M. M., Bitan, G., et al. (2009). Amyloid-beta protein oligomerization and the importance of tetramers and dodecamers in the aetiology of Alzheimer’s disease. Nat. Chem. 1, 326–331.

Billings, L. M., Green, K. N., Mcgaugh, J. L., and Laferla, F. M. (2007). Learning Decreases Abeta*56 and Tau Pathology and Ameliorates Behavioral Decline in 3xTg-AD Mice. J. Neurosci. 27, 751–761. doi: 10.1523/jneurosci.4800-06.2007

Bisceglia, F., Natalello, A., Serafini, M. M., Colombo, R., Verga, L., Lanni, C., et al. (2018). An integrated strategy to correlate aggregation state, structure and toxicity of Ass 1-42 oligomers. Talanta 188, 17–26.

Brendel, M., Jaworska, A., Overhoff, F., Blume, T., Probst, F., Gildehaus, F. J., et al. (2018). Efficacy of chronic BACE1 inhibition in PS2APP mice depends on the regional Aβ deposition rate and plaque burden at treatment initiation. Theranostics 8, 4957–4968. doi: 10.7150/thno.27868

Bullain, S., and Doody, R. (2020). What works and what does not work in Alzheimer’s disease? From interventions on risk factors to anti-amyloid trials. J. Neurochem. 155, 120–136. doi: 10.1111/jnc.15023

Cahill, S. (2020). WHO’s global action plan on the public health response to dementia: some challenges and opportunities. Aging Ment. Health 24, 197–199. doi: 10.1080/13607863.2018.1544213

Cheng, I. H., Scearce-Levie, K., Legleiter, J., Palop, J. J., Gerstein, H., Bien-Ly, N., et al. (2007). Accelerating amyloid-beta fibrillization reduces oligomer levels and functional deficits in Alzheimer disease mouse models. J. Biol. Chem. 282, 23818–23828. doi: 10.1074/jbc.M701078200

Chromy, B. A., Nowak, R. J., Lambert, M. P., Viola, K. L., Chang, L., Velasco, P. T., et al. (2003). Self-Assembly of Aβ1-42into Globular Neurotoxins. Biochemistry 42, 12749–12760. doi: 10.1021/bi030029q

Cleary, J. P., Walsh, D. M., Hofmeister, J. J., Shankar, G. M., Kuskowski, M. A., Selkoe, D. J., et al. (2005). Natural oligomers of the amyloid-beta protein specifically disrupt cognitive function. Nat. Neurosci. 8, 79–84. doi: 10.1038/nn1372

Cline, E., Viola, K., Klein, W., Wang, X., Bacskai, B., Rammes, G., et al. (2019). Synaptic intervention in Alzheimer’s disease: soluble Aβ oligomer directed ACU193 monoclonal antibody therapeutic for treatment of early Alzheimer’s disease. J. Prev. Alzheimers Dis. 6, (Suppl. 1):S151.

Cline, E. N., Bicca, M. A., Viola, K. L., and Klein, W. L. (2018). The Amyloid-β oligomer hypothesis: beginning of the third decade. J. Alzheimers Dis. 64, S567–S610. doi: 10.3233/JAD-179941

ClinicalTrials.gov (2020). NCT04468659 AHEAD 3-45 Study: A Study to Evaluate Efficacy and Safety of Treatment With Lecanemab in Participants With Preclinical Alzheimer’s Disease and Elevated Amyloid and Also in Participants With Early Preclinical Alzheimer’s Disease and Intermediate Amyloid. Bunkyō: Eisai Inc.

ClinicalTrials.gov (2021). NCT05026866 A Donanemab (LY3002813) Prevention Study in Participants With Alzheimer’s Disease (TRAILBLAZER-ALZ 3). Indianapolis, IN: Eli Lilly and Co.

Cummings, J., Aisen, P., Apostolova, L. G., Atri, A., Salloway, S., and Weiner, M. (2021a). Aducanumab: appropriate use recommendations. J. Prev. Alzheimers Dis. 8, 398–410. doi: 10.14283/jpad.2021.41

Cummings, J., Aisen, P., Lemere, C., Atri, A., Sabbagh, M., and Salloway, S. (2021b). Aducanumab produced a clinically meaningful benefit in association with amyloid lowering. Alzheimers Res. Ther. 13:98. doi: 10.1186/s13195-021-00838-z

De Felice, F. G., Wu, D., Lambert, M. P., Fernandez, S. J., Velasco, P. T., Lacor, P. N., et al. (2008). Alzheimer’s disease-type neuronal tau hyperphosphorylation induced by A beta oligomers. Neurobiol. Aging 29, 1334–1347. doi: 10.1016/j.neurobiolaging.2007.02.029

Decourt, B., Boumelhem, F., Pope, E. D., Shi, J., Mari, Z., and Sabbagh, M. N. (2021). Critical appraisal of amyloid lowering agents in AD. Curr. Neurol. Neurosci. Rep. 21:39. doi: 10.1007/s11910-021-01125-y

Deleye, S., Waldron, A.-M., Verhaeghe, J., Bottelbergs, A., Wyffels, L., Van Broeck, B., et al. (2017). Evaluation of small-animal PET outcome measures to detect disease modification induced by BACE inhibition in a transgenic mouse model of Alzheimer Disease. J. Nucl. Med. 58, 1977–1983. doi: 10.2967/jnumed.116.187625

Ding, Y., Zhao, J., Zhang, X., Wang, S., Viola, K. L., Chow, F. E., et al. (2019). Amyloid beta oligomers target to extracellular and intracellular neuronal synaptic proteins in Alzheimer’s Disease. Front. Neurol. 10:1140. doi: 10.3389/fneur.2019.01140

Dodart, J.-C., Nay, S., Monbureau, M., Hefti, F. F., Jerecic, J., and Shamloo, M. (2014). “Passive immunization with the anti-Ab oligomer antibody ACU-3B3 improves behavioral deficits in hAPPSL transgenic mice,” in Proceedings of the Meeting Abstract 135.04/G1 (Washington, DC: Society for Neuroscience).

Doody, R. S., Thomas, R. G., Farlow, M., Iwatsubo, T., Vellas, B., Joffe, S., et al. (2014). Phase 3 trials of Solanezumab for mild-to-moderate Alzheimer’s disease. N. Engl. J. Med. 370, 311–321. doi: 10.1056/nejmoa1312889

Dunn, B. (2021). FDA Memorandum to PCNS Drugs Advisory Committee – Accelerated Approval of Aducanumab NDA for Alzheimer’s disease. Available online at: https://www.fda.gov/media/149903/download (accessed November 28, 2021).

Dunn, B., Stein, P., and Cavazzoni, P. (2021). Approval of Aducanumab for Alzheimer Disease—The FDA’s Perspective. JAMA Intern. Med. 181, 1276–1278. doi: 10.1001/jamainternmed.2021.4607

Englund, H., Sehlin, D., Johansson, A. S., Nilsson, L. N., Gellerfors, P., Paulie, S., et al. (2007). Sensitive ELISA detection of amyloid-beta protofibrils in biological samples. J. Neurochem. 103, 334–345. doi: 10.1111/j.1471-4159.2007.04759.x

Faizi, M., Bader, P. L., Saw, N., Nguyen, T. V., Beraki, S., Wyss-Coray, T., et al. (2012). Thy1-hAPP Lond/Swe+ mouse model of Alzheimer’s disease displays broad behavioral deficits in sensorimotor, cognitive and social function. Brain Behav 2, 142–154. doi: 10.1002/brb3.41

FDA.gov (2020). Combined FDA and Biogen Briefing Information for the November 6, 2020 Meeting of the Peripheral and Central Nervous System Drugs Advisory Committee. Available online at: https://www.fda.gov/media/143502/download (accessed January 3, 2022).

Ferreira, S. T., and Klein, W. L. (2011). The Aβ oligomer hypothesis for synapse failure and memory loss in Alzheimer’s disease. Neurobiol. Learn. Mem. 96, 529–543. doi: 10.1016/j.nlm.2011.08.003

Ferreira, S. T., Lourenco, M. V., Oliveira, M. M., and De Felice, F. G. (2015). Soluble amyloid-β oligomers as synaptotoxins leading to cognitive impairment in Alzheimer’s disease. Front. Cell. Neurosci. 9:191. doi: 10.3389/fncel.2015.00191

Fleck, L. M. (2021). Alzheimer’s and Aducanumab: unjust profits and false hopes. Hastings Cent. Rep. 51, 9–11. doi: 10.1002/hast.1264

Forny-Germano, L., Lyra, E., Silva, N. M., Batista, A. F., Brito-Moreira, J., Gralle, M., et al. (2014). Alzheimer’s disease-like pathology induced by Amyloid-β Oligomers in Nonhuman Primates. J. Neurosci. 34, 13629–13643. doi: 10.1523/jneurosci.1353-14.2014

Fowler, S. W., Chiang, A. C., Savjani, R. R., Larson, M. E., Sherman, M. A., Schuler, D. R., et al. (2014). Genetic modulation of soluble Aβ rescues cognitive and synaptic impairment in a mouse model of Alzheimer’s disease. J. Neurosci. 34, 7871–7885. doi: 10.1523/JNEUROSCI.0572-14.2014

Gaspar, R. C., Shughrue, P. J., Wang, F., Wang, W., Zhang, N., Zhao, W.-Q., et al. (2016). Anti-ADDL monoclonal antibody and uses thereof. U.S. Patent No 9,309,309. Washington, DC: U.S. Patent and Trademark Office.

Gellerfors, P., Lannfelt, L., Sehlin, D., Pettersson, F. E., and Englund, H. (2009). Protofibril-Selective Antibodies and the Use Thereof, United States Patent Application, Publication Number US 2009/0258009 A1. Available online at: https://patentimages.storage.googleapis.com/58/9d/df/b9429027bbe7c0/US20090258009A1.pdf (accessed January 3, 2022).

Gong, Y., Chang, L., Viola, K. L., Lacor, P. N., Lambert, M. P., Finch, C. E., et al. (2003). Alzheimer’s disease-affected brain: presence of oligomeric Aβ ligands (ADDLs) suggests a molecular basis for reversible memory loss. Proc. Natl. Acad. Sci. U.S.A. 100, 10417–10422. doi: 10.1073/pnas.1834302100

Goure, W. F., Gaspar, R. C., McCampbell, A., Savage, M. J., Shughrue, P. J., Wang, F., et al. (2015). Antibodies, kit and method for detecting amyloid beta oligomers. U.S. Patent No 9,176,151B2. Washington, DC: U.S. Patent and Trademark Office.

Goure, W. F., Hefti, F. H., Gaspar, R. C., Shughrue, P. J., Wang, F., Wang, W., et al. (2016). Method for treating disease associated with soluble Oligomeric species of amyloid beta 1-42. U.S. Patent No 9,320,793B2. Washington, DC: U.S. Patent and Trademark Office.

Goure, W. F., Krafft, G. A., Jerecic, J., and Hefti, F. (2014). Targeting the proper amyloid-beta neuronal toxins: a path forward for Alzheimer’s disease immunotherapeutics. Alzheimers Res. Ther. 6:42. doi: 10.1186/alzrt272

Guo, T., Zhang, D., Zeng, Y., Huang, T. Y., Xu, H., and Zhao, Y. (2020). Molecular and cellular mechanisms underlying the pathogenesis of Alzheimer’s disease. Mol. Neurodegener. 15:40. doi: 10.1186/s13024-020-00391-7

Hardy, J., and Allsop, D. (1991). Amyloid deposition as the central event in the aetiology of Alzheimer’s disease. Trends Pharmacol. Sci. 12, 383–388. doi: 10.1016/0165-6147(91)90609-v

Hardy, J. A., and Higgins, G. A. (1992). Alzheimer’s disease: the amyloid cascade hypothesis. Science 256, 184–185. doi: 10.1126/science.1566067

Havas, D., Hutter-Paier, B., Ubhi, K., Rockenstein, E., Crailsheim, K., Masliah, E., et al. (2011). A longitudinal study of behavioral deficits in an AβPP transgenic mouse model of Alzheimer’s disease. J. Alzheimers Dis. 25, 231–243. doi: 10.3233/JAD-2011-101866

Hayden, E. Y., and Teplow, D. B. (2013). Amyloid β-protein oligomers and Alzheimer’s disease. Alzheimers Res. Ther. 5:60. doi: 10.1186/alzrt226

Hefti, F., Goure, W. F., Jerecic, J., Iverson, K. S., Walicke, P. A., and Krafft, G. A. (2013). The case for soluble Aβ oligomers as a drug target in Alzheimer’s disease. Trends Pharmacol. Sci. 34, 261–266. doi: 10.1016/j.tips.2013.03.002

Hepler, R. W., Grimm, K. M., Nahas, D. D., Breese, R., Dodson, E. C., Acton, P., et al. (2006). Solution state characterization of amyloid beta-derived diffusible ligands. Biochemistry 45, 15157–15167. doi: 10.1021/bi061850f

Høilund-Carlsen, P. F., Barrio, J. R., Werner, T. J., Newberg, A., and Alavi, A. (2020). Amyloid hypothesis: The Emperor’s new clothes? J. Alzheimers Dis. 78, 1363–1366. doi: 10.3233/JAD-200990

Hong, W., Wang, Z., Liu, W., O’Malley, T. T., Jin, M., Willem, M., et al. (2018). Diffusible, highly bioactive oligomers represent a critical minority of soluble Aβ in Alzheimer’s disease brain. Acta Neuropathol. 136, 19–40. doi: 10.1007/s00401-018-1846-7

Honig, L. S., Vellas, B., Woodward, M., Boada, M., Bullock, R., Borrie, M., et al. (2018). Trial of Solanezumab for mild dementia due to Alzheimer’s Disease. N. Engl. J. Med. 378, 321–330. doi: 10.1056/nejmoa1705971

Inayathullah, M., and Teplow, D. B. (2011). Structural dynamics of the DeltaE22 (Osaka) familial Alzheimer’s disease-linked amyloid beta-protein. Amyloid 18, 98–107.

Jeremic, D., Jiménez-Díaz, L., and Navarro-López, J. D. (2021). Past, present and future of therapeutic strategies against amyloid-β peptides in Alzheimer’s disease: a systematic review. Ageing Res. Rev. 72:101496. doi: 10.1016/j.arr.2021.101496

Johnson, E., Ho, K., Yu, G. Q., Das, M., Sanchez, P. E., Djukic, B., et al. (2020). Behavioral and neural network abnormalities in human APP transgenic mice resemble those of App knock-in mice and are modulated by familial Alzheimer’s disease mutations but not by inhibition of BACE1. Mol. Neurodegener. 15:53. doi: 10.1186/s13024-020-00393-5

Kirkitadze, M. D., Bitan, G., and Teplow, D. B. (2002). Paradigm shifts in Alzheimer’s disease and other neurodegenerative disorders: the emerging role of oligomeric assemblies. J. Neurosci. Res. 69, 567–577. doi: 10.1002/jnr.10328

Klein, G., Delmar, P., Kerchner, G. A., Hofmann, C., Abi-Saab, D., Davis, A., et al. (2020). Thirty-Six-month amyloid positron emission tomography results show continued reduction in amyloid burden with subcutaneous Gantenerumab. J. Prev. Alzheimers Dis. 8, 3–6. doi: 10.14283/jpad.2020.68

Klein, G., Delmar, P., Voyle, N., Rehal, S., Hofmann, C., Abi-Saab, D., et al. (2019). Gantenerumab reduces amyloid-β plaques in patients with prodromal to moderate Alzheimer’s disease: a PET substudy interim analysis. Alzheimers Res. Ther. 11:101. doi: 10.1186/s13195-019-0559-z

Klein, W. L. (2002). Aβ toxicity in Alzheimer’s disease: globular oligomers (ADDLs) as new vaccine and drug targets. Neurochem. Int. 41, 345–352. doi: 10.1016/s0197-0186(02)00050-5

Klein, W. L. (2006). Synaptic targeting by Aβ oligomers (ADDLS) as a basis for memory loss in early Alzheimer’s disease. Alzheimers Dement. 2, 43–55. doi: 10.1016/j.jalz.2005.11.003

Klein, W. L. (2013). Synaptotoxic amyloid-β oligomers: A molecular basis for the cause, diagnosis, and treatment of Alzheimer’s disease? J. Alzheimers Dis. 33, (Suppl. 1), S49–S65. doi: 10.3233/jad-2012-129039

Klein, W. L., Finch, C. E., and Krafft, G. A. (2001). Targeting small Aβ oligomers: the solution to an Alzheimer’s disease conundrum? Trends Neurosci. 24, 219–224. doi: 10.1016/s0166-2236(00)01749-5

Klein, W. L., Stine, W. B. Jr., and Teplow, D. B. (2004). Small assemblies of unmodified amyloid beta-protein are the proximate neurotoxin in Alzheimer’s disease. Neurobiol. Aging 25, 569–580. doi: 10.1016/j.neurobiolaging.2004.02.010

Klyubin, I., Cullen, W. K., Hu, N.-W., and Rowan, M. J. (2012). Alzheimer’s disease Aβ assemblies mediating rapid disruption of synaptic plasticity and memory. Mol. Brain 5:25. doi: 10.1186/1756-6606-5-25

Koffie, R. M., Hashimoto, T., Tai, H. C., Kay, K. R., Serrano-Pozo, A., Joyner, D., et al. (2012). Apolipoprotein E4 effects in Alzheimer’s disease are mediated by synaptotoxic oligomeric amyloid-β. Brain 135, 2155–2168. doi: 10.1093/brain/aws127

Koffie, R. M., Meyer-Luehmann, M., Hashimoto, T., Adams, K. W., Mielke, M. L., Garcia-Alloza, M., et al. (2009). Oligomeric amyloid beta associates with postsynaptic densities and correlates with excitatory synapse loss near senile plaques. Proc. Natl. Acad. Sci. U.S.A. 106, 4012–4017. doi: 10.1073/pnas.0811698106

Krafft, G. A., Hefti, F., Goure, W., Jerecic, J., and Iverson, K. (2012). “ACU-193: a drug candidate antibody selectively recognizing soluble abeta oligomers,” in Prceedings of the Meeting Abstract 851.20/E2 (Washington, DC: Society for Neuroscience).

Krafft, G. A., and Klein, W. L. (2010). ADDLs and the signaling web that leads to Alzheimer’s disease. Neuropharmacology 59, 230–242. doi: 10.1016/j.neuropharm.2010.07.012

Krafft, G. A., Klein, W. L., Chromy, B. A., Lambert, M. P., Finch, C. E., Morgan, T., et al. (1998). Amyloid beta protein (Globular assemblies and uses thereof). U.S. Patent No 6,218,506. Washington, DC: U.S. Patent and Trademark Office.

Lacor, P. N., Buniel, M. C., Chang, L., Fernandez, S. J., Gong, Y., Viola, K. L., et al. (2004). Synaptic targeting by Alzheimer’s-Related Amyloid β oligomers. J. Neurosci. 24, 10191–10200. doi: 10.1523/jneurosci.3432-04.2004

Lacor, P. N., Buniel, M. C., Furlow, P. W., Sanz Clemente, A., Velasco, P. T., Wood, M., et al. (2007). Aβ oligomer-induced aberrations in synapse composition, shape, and density provide a molecular basis for loss of connectivity in Alzheimer’s Disease. J. Neurosci. 27, 796–807. doi: 10.1523/jneurosci.3501-06.2007

Lambert, M. P., Barlow, A. K., Chromy, B. A., Edwards, C., Freed, R., Liosatos, M., et al. (1998). Diffusible, nonfibrillar ligands derived from Abeta1-42 are potent central nervous system neurotoxins. Proc. Natl. Acad. Sci. U.S.A. 95, 6448–6453. doi: 10.1073/pnas.95.11.6448

Lambert, M. P., Viola, K. L., Chromy, B. A., Chang, L., Morgan, T. E., Yu, J., et al. (2001). Vaccination with soluble Aβ oligomers generates toxicity-neutralizing antibodies. J. Neurochem. 79, 595–605. doi: 10.1046/j.1471-4159.2001.00592.x

Lao, K., Zhang, R., Luan, J., Zhang, Y., and Gou, X. (2021). Therapeutic strategies targeting amyloid-β receptors and transporters in Alzheimer’s Disease. J. Alzheimers Dis. 79, 1429–1442. doi: 10.3233/JAD-200851

Laurén, J., Gimbel, D. A., Nygaard, H. B., Gilbert, J. W., and Strittmatter, S. M. (2009). Cellular prion protein mediates impairment of synaptic plasticity by amyloid-β oligomers. Nature 457, 1128–1132. doi: 10.1038/nature07761

Lee, H. G., Casadesus, G., Zhu, X., Joseph, J. A., Perry, G., and Smith, M. A. (2004). Perspectives on the amyloid-beta cascade hypothesis. J. Alzheimers Dis. 6, 137–145. doi: 10.3233/jad-2004-6205

Lesné, S., Koh, M. T., Kotilinek, L., Kayed, R., Glabe, C. G., Yang, A., et al. (2006). A specific amyloid-β protein assembly in the brain impairs memory. Nature 440, 352–357. doi: 10.1038/nature04533

Li, S., and Selkoe, D. J. (2020). A mechanistic hypothesis for the impairment of synaptic plasticity by soluble Aβ oligomers from Alzheimer’s brain. J. Neurochem. 154, 583–597. doi: 10.1111/jnc.15007

Lin, P., Sun, J., Cheng, Q., Yang, Y., Cordato, D., and Gao, J. (2021). The development of pharmacological therapies for Alzheimer’s Disease. Neurol. Ther. 10, 609–626. doi: 10.1007/s40120-021-00282-z

Logovinsky, V., Satlin, A., Lai, R., Swanson, C., Kaplow, J., Osswald, G., et al. (2016). Safety and tolerability of BAN2401–a clinical study in Alzheimer’s disease with a protofibril selective Aβ antibody. Alzheimers Res. Ther. 8:14. doi: 10.1186/s13195-016-0181-2

Lord, A., Gumucio, A., Englund, H., Sehlin, D., Sundquist, V. S., Söderberg, L., et al. (2009). An amyloid-beta protofibril-selective antibody prevents amyloid formation in a mouse model of Alzheimer’s disease. Neurobiol. Dis. 36, 425–434. doi: 10.1016/j.nbd.2009.08.007

Lowe, S. L., Duggan Evans, C., Shcherbinin, S., Cheng, Y.-J., Willis, B. A., Gueorguieva, I., et al. (2021). Donanemab (LY3002813) Phase 1b Study in Alzheimer’s disease: rapid and sustained reduction of brain amyloid measured by Florbetapir F18 Imaging. J. Prev. Alzheimers Dis. 8, 414–424. doi: 10.14283/jpad.2021.56

Ma, K., Martinez-Losa, M. M., Xue, Y., Khan, A., Ho, K., Dodart, J.-C., et al. (2019). P2-063: soluble Aβ-Oligomer-selective Antibody ACU-3B3 reduces amyloid pathology and improves multiple behavioral domains in a mouse model of Alzheimer’s Disease. Alzheimers Dement. 15:595. doi: 10.1016/j.jalz.2019.06.2470

Magnusson, K., Sehlin, D., Syvänen, S., Svedberg, M. M., Philipson, O., Söderberg, L., et al. (2013). Specific uptake of an amyloid-β protofibril-binding antibody-tracer in AβPP transgenic mouse brain. J. Alzheimers Dis. 37, 29–40. doi: 10.3233/JAD-130029

Makin, S. (2018). The amyloid hypothesis on trial. Nature 559, S4–S7. doi: 10.1038/d41586-018-05719-4

Mintun, M. A., Lo, A. C., Duggan Evans, C., Wessels, A. M., Ardayfio, P. A., Andersen, S. W., et al. (2021). Donanemab in Early Alzheimer’s Disease. N. Engl. J. Med. 384, 1691–1704. doi: 10.1056/nejmoa2100708

Morris, G. P., Clark, I. A., and Vissel, B. (2014). Inconsistencies and controversies surrounding the amyloid hypothesis of Alzheimer’s Disease. Acta Neuropathol. Commun. 2:135. doi: 10.1186/s40478-014-0135-5

Morris, G. P., Clark, I. A., and Vissel, B. (2018). Questions concerning the role of amyloid-β in the definition, aetiology and diagnosis of Alzheimer’s disease. Acta Neuropathol. 136, 663–689. doi: 10.1007/s00401-018-1918-8

Mroczko, B., Groblewska, M., Litman-Zawadzka, A., Kornhuber, J., and Lewczuk, P. (2018). Amyloid β oligomers (Aβo) in Alzheimer’s disease. J. Neural Transm. 125, 177–191. doi: 10.1007/s00702-017-1820-x

Mucke, L., Masliah, E., Yu, G. Q., Mallory, M., Rockenstein, E. M., Tatsuno, G., et al. (2000). High-level neuronal expression of abeta 1-42 in wild-type human amyloid protein precursor transgenic mice: synaptotoxicity without plaque formation. J. Neurosci. 20, 4050–4058. doi: 10.1523/JNEUROSCI.20-11-04050.2000

Mullane, K., and Williams, M. (2013). Alzheimer’s therapeutics: Continued clinical failures question the validity of the amyloid hypothesis—but what lies beyond? Biochem. Pharmacol. 85, 289–305. doi: 10.1016/j.bcp.2012.11.014

Mullane, K., and Williams, M. (2018). Alzheimer’s disease (AD) therapeutics – 1: repeated clinical failures continue to question the amyloid hypothesis of AD and the current understanding of AD causality. Biochem. Pharmacol. 158, 359–375. doi: 10.1016/j.bcp.2018.09.026

New York Times (1996). F.D.A. Approves Second Drug for Alzheimer’s, The New York Times. Available online at: https://www.nytimes.com/1996/11/27/us/fda-approves-second-drug-for-alzheimer-s.html (accessed November 28, 2021).

Ochalek, A., Mihalik, B., Avci, H. X., Chandrasekaran, A., Téglási, A., Bock, I., et al. (2017). Neurons derived from sporadic Alzheimer’s disease iPSCs reveal elevated TAU hyperphosphorylation, increased amyloid levels, and GSK3B activation. Alzheimers Res. Ther. 9:90. doi: 10.1186/s13195-017-0317-z

Oda, T., Wals, P., Osterburg, H. H., Johnson, S. A., Pasinetti, G. M., Morgan, T. E., et al. (1995). Clusterin (apoJ) Alters the Aggregation of Amyloid β-Peptide (Aβ1-42) and Forms Slowly Sedimenting Aβ Complexes That Cause Oxidative Stress. Exp. Neurol. 136, 22–31. doi: 10.1006/exnr.1995.1080

Ondrejcak, T., Klyubin, I., Hu, N. W., Barry, A. E., Cullen, W. K., and Rowan, M. J. (2010). Alzheimer’s disease amyloid beta-protein and synaptic function. Neuromol. Med. 12, 13–26. doi: 10.1007/s12017-009-8091-0

Ostrowitzki, S., Lasser, R. A., Dorflinger, E., Scheltens, P., Barkhof, F., Nikolcheva, T., et al. (2017). A phase III randomized trial of gantenerumab in prodromal Alzheimer’s disease. Alzheimers Res. Ther. 9:95. doi: 10.1186/s13195-017-0318-y

Panza, F., Lozupone, M., Dibello, V., Greco, A., Daniele, A., Seripa, D., et al. (2019). Are antibodies directed against amyloid-β (Aβ) oligomers the last call for the Aβ hypothesis of Alzheimer’s disease? Immunotherapy 11, 3–6. doi: 10.2217/imt-2018-0119

Pickett, E. K., Koffie, R. M., Wegmann, S., Henstridge, C. M., Herrmann, A. G., Colom-Cadena, M., et al. (2016). Non-Fibrillar Oligomeric Amyloid-β within Synapses. J. Alzheimers Dis. 53, 787–800. doi: 10.3233/JAD-160007

Poling, A., Morgan-Paisley, K., Panos, J. J., Kim, E. M., O’Hare, E., Cleary, J. P., et al. (2008). Oligomers of the amyloid-beta protein disrupt working memory: confirmation with two behavioral procedures. Behav. Brain Res. 193, 230–234. doi: 10.1016/j.bbr.2008.06.001

Rammes, G., Hasenjäger, A., Sroka-Saidi, K., Deussing, J. M., and Parsons, C. G. (2011). Therapeutic significance of NR2B-containing NMDA receptors and mGluR5 metabotropic glutamate receptors in mediating the synaptotoxic effects of β-amyloid oligomers on long-term potentiation (LTP) in murine hippocampal slices. Neuropharmacology 60, 982–990. doi: 10.1016/j.neuropharm.2011.01.051

Reed, M. N., Hofmeister, J. J., Jungbauer, L., Welzel, A. T., Yu, C., Sherman, M. A., et al. (2011). Cognitive effects of cell-derived and synthetically derived Aβ oligomers. Neurobiol. Aging 32, 1784–1794. doi: 10.1016/j.neurobiolaging.2009.11.007

Restifo, L. L. (2021). Unraveling the Gordian knot: genetics and the troubled road to effective therapeutics for Alzheimer’s disease. Genetics 220:iyab185. doi: 10.1093/genetics/iyab185

Rinne, J. O., Brooks, D. J., Rossor, M. N., Fox, N. C., Bullock, R., Klunk, W. E., et al. (2010). 11C-PiB PET assessment of change in fibrillar amyloid-beta load in patients with Alzheimer’s disease treated with bapineuzumab: a phase 2, double-blind, placebo-controlled, ascending-dose study. Lancet Neurol. 9, 363–372. doi: 10.1016/S1474-4422(10)70043-0

Rowan, M. J., Klyubin, I., Wang, Q., and Anwyl, R. (2004). Mechanisms of the inhibitory effects of amyloid β-protein on synaptic plasticity. Exp. Gerontol. 39, 1661–1667. doi: 10.1016/j.exger.2004.06.020

Salloway, S., Chalkias, S., Barkhof, F., Burkett, P., Barakos, J., Purcell, D., et al. (2021). Amyloid-Related Imaging Abnormalities in 2 Phase 3 Studies Evaluating Aducanumab in Patients With Early Alzheimer Disease. JAMA Neurol. 79, 13–21. doi: 10.1001/jamaneurol.2021.4161

Salloway, S., Sperling, R., Fox, N. C., Blennow, K., Klunk, W., Raskind, M., et al. (2014). Two Phase 3 Trials of Bapineuzumab in Mild-to-Moderate Alzheimer’s Disease. N. Engl. J. Med. 370, 322–333. doi: 10.1056/nejmoa1304839

Salloway, S., Sperling, R., Gilman, S., Fox, N. C., Blennow, K., Raskind, M., et al. (2009). A phase 2 multiple ascending dose trial of bapineuzumab in mild to moderate Alzheimer disease. Neurology 73, 2061–2070. doi: 10.1212/wnl.0b013e3181c67808

Savage, M. J., Kalinina, J., Wolfe, A., Tugusheva, K., Korn, R., Cash-Mason, T., et al. (2014). A Sensitive A oligomer assay discriminates Alzheimer’s and aged control cerebrospinal fluid. J. Neurosci. 34, 2884–2897. doi: 10.1523/jneurosci.1675-13.2014

Sehlin, D., Englund, H., Simu, B., Karlsson, M., Ingelsson, M., Nikolajeff, F., et al. (2012). Large aggregates are the major soluble Aβ species in AD brain fractionated with density gradient ultracentrifugation. PLoS One 7:e32014. doi: 10.1371/journal.pone.0032014

Sevigny, J., Chiao, P., Bussière, T., Weinreb, P. H., Williams, L., Maier, M., et al. (2016). The antibody aducanumab reduces Aβ plaques in Alzheimer’s disease. Nature 537, 50–56. doi: 10.1038/nature19323

Shankar, G. M., and Walsh, D. M. (2009). Alzheimer’s disease: synaptic dysfunction and Aβ. Mol. Neurodegener. 4:48. doi: 10.1186/1750-1326-4-48

Shughrue, P. J., Acton, P. J., Breese, R. S., Zhao, W. Q., Chen-Dodson, E., Hepler, R. W., et al. (2010). Anti-ADDL antibodies differentially block oligomer binding to hippocampal neurons. Neurobiol. Aging 31, 189–202. doi: 10.1016/j.neurobiolaging.2008.04.003

Siemers, E. (2021). A Study to Evaluate the Safety, Tolerability, and Blood Levels of ACU193 in Participants with MCI or Mild AD (INTERCEPT-AD) ClinicalTrials.gov. Available online at: https://clinicaltrials.gov/ct2/show/study/NCT04931459 (accessed November 28, 2021)

Siemers, E., Aisen, P. S., and Carrillo, M. C. (2022). The Ups and Downs of Amyloid in Alzheimer’s. J. Prev. Alzheimers Dis. 9, 92–95. doi: 10.14283/jpad.2021.54

Smith, L. M., Kostylev, M. A., Lee, S., and Strittmatter, S. M. (2019). Systematic and standardized comparison of reported amyloid-β receptors for sufficiency, affinity, and Alzheimer’s disease relevance. J. Biol. Chem. 294, 6042–6053. doi: 10.1074/jbc.RA118.006252

Strohl, W. R. (2010). Non-immunostimulatory antibody and compositions containing the same. U.S. Patent No 7,700,099.Washington, DC: U.S. Patent and Trademark Office.

Sun, B.-L., Chen, Y., Fan, D.-Y., Zhu, C., Zeng, F., and Wang, Y.-J. (2021). Critical thinking on amyloid-beta-targeted therapy: challenges and perspectives. Sci. China Life Sci. 64, 926–937. doi: 10.1007/s11427-020-1810-y

Swanson, C. J., Zhang, Y., Dhadda, S., Wang, J., Kaplow, J., Lai, R. Y. K., et al. (2021). A randomized, double-blind, phase 2b proof-of-concept clinical trial in early Alzheimer’s disease with lecanemab, an anti-Aβ protofibril antibody. Alzheimers Res. Ther. 13:80. doi: 10.1186/s13195-021-00813-8

Teich, A. F., and Arancio, O. (2012). Is the Amyloid Hypothesis of Alzheimer’s disease therapeutically relevant? Biochem. J. 446, 165–177. doi: 10.1042/bj20120653

The Pharma Letter (2000). “Novartis Gains US Approval for Exelon.” Available online at: https://www.thepharmaletter.com/article/novartis-gains-us-approval-for-exelon (accessed November 28, 2021).

The Pharma Letter (2001). Reminyl Approved in USA for Alzheimer’s. Available online at: https://www.thepharmaletter.com/article/reminyl-approved-in-usa-for-alzheimer-s (accessed November 28, 2021).

The Pharma Letter (2003). Forest’s Namenda Becomes First FDA-Approved Therapy for Advanced AD. Available online at: https://www.thepharmaletter.com/article/forest-s-namenda-becomes-first-fda-approved-therapy-for-advanced-ad (accessed November 28, 2021).

The Pharma Letter (2021). Historic FDA Approval for Alzheimer’s Treatment. Available online at: https://www.thepharmaletter.com/article/historic-fda-approval-for-alzheimer-s-treatment (accessed November 28, 2021).

Tolar, M., Abushakra, S., and Sabbagh, M. (2020). The path forward in Alzheimer’s disease therapeutics: reevaluating the amyloid cascade hypothesis. Alzheimers Dement. 16, 1553–1560. doi: 10.1016/j.jalz.2019.09.075

Tolar, M., Hey, J., Power, A., and Abushakra, S. (2021). Neurotoxic soluble amyloid oligomers drive Alzheimer’s pathogenesis and represent a clinically validated target for slowing disease progression. Int. J. Mol. Sci. 22:6355. doi: 10.3390/ijms22126355

Tomiyama, T., Nagata, T., Shimada, H., Teraoka, R., Fukushima, A., Kanemitsu, H., et al. (2008). A new amyloid beta variant favoring oligomerization in Alzheimer’s-type dementia. Ann. Neurol. 63, 377–387. doi: 10.1002/ana.21321

Tomiyama, T., and Shimada, H. (2020). APP osaka mutation in familial Alzheimer’s Disease—Its discovery, phenotypes, and mechanism of recessive inheritance. Int. J. Mol. Sci. 21:1413. doi: 10.3390/ijms21041413

Townsend, M., Shankar, G. M., Mehta, T., Walsh, D. M., and Selkoe, D. J. (2006). Effects of secreted oligomers of amyloid β-protein on hippocampal synaptic plasticity: a potent role for trimers. J. Physiol. 572, 477–492. doi: 10.1113/jphysiol.2005.103754

Van Bokhoven, P., De Wilde, A., Vermunt, L., Leferink, P. S., Heetveld, S., Cummings, J., et al. (2021). The Alzheimer’s disease drug development landscape. Alzheimers Res. Ther. 13:186. doi: 10.1186/s13195-021-00927-z

Viola, K. L., and Klein, W. L. (2015). Amyloid β oligomers in Alzheimer’s disease pathogenesis, treatment, and diagnosis. Acta Neuropathol. 129, 183–206. doi: 10.1007/s00401-015-1386-3

Viola, K. L., Velasco, P. T., and Klein, W. L. (2008). Why Alzheimer’s is a disease of memory: the attack on synapses by Aβ oligomers (ADDLs). J. Nutr. Health Aging 12, S51–S57. doi: 10.1007/bf02982587

Walsh, D. M., Klyubin, I., Fadeeva, J. V., Rowan, M. J., and Selkoe, D. J. (2002a). Amyloid-beta oligomers: their production, toxicity and therapeutic inhibition. Biochem. Soc. Trans. 30, 552–557. doi: 10.1042/bst0300552

Walsh, D. M., Klyubin, I., Fadeeva, J. V., Cullen, W. K., Anwyl, R., Wolfe, M. S., et al. (2002b). Naturally secreted oligomers of amyloid beta protein potently inhibit hippocampal long-term potentiation in vivo. Nature 416, 535–539. doi: 10.1038/416535a

Walsh, D. M., and Selkoe, D. J. (2004). Oligomers on the brain: the emerging role of soluble protein aggregates in neurodegeneration. Protein Pept. Lett. 11, 213–228. doi: 10.2174/0929866043407174

Walsh, D. M., and Selkoe, D. J. (2007). Aβ Oligomers - a decade of discovery. J. Neurochem. 101, 1172–1184. doi: 10.1111/j.1471-4159.2006.04426.x

Wang, H.-W., Pasternak, J. F., Kuo, H., Ristic, H., Lambert, M. P., Chromy, B., et al. (2002). Soluble oligomers of β amyloid (1-42) inhibit long-term potentiation but not long-term depression in rat dentate gyrus. Brain Res. 924, 133–140. doi: 10.1016/s0006-8993(01)03058-x

Wang, X., Kastanenka, K. V., Arbel-Ornath, M., Commins, C., Kuzuya, A., Lariviere, A. J., et al. (2018). An acute functional screen identifies an effective antibody targeting amyloid-β oligomers based on calcium imaging. Sci. Rep. 8:4634. doi: 10.1038/s41598-018-22979-2

Wang, Z., Jackson, R. J., Hong, W., Taylor, W. M., Corbett, G. T., Moreno, A., et al. (2017). Human brain-derived Aβ oligomers bind to synapses and disrupt synaptic activity in a manner that requires APP. J. Neurosci. 37, 11947–11966. doi: 10.1523/JNEUROSCI.2009-17.2017

Wessels, A. M., Lines, C., Stern, R. A., Kost, J., Voss, T., Mozley, L. H., et al. (2020). Cognitive outcomes in trials of two BACE inhibitors in Alzheimer’s disease. Alzheimers Dement. 16, 1483–1492. doi: 10.1002/alz.12164

WHO (2021). Dementia Fact Sheets. Available online at: https://www.who.int/news-room/fact-sheets/detail/dementia (accessed November 28, 2021).

Xia, M., Cheng, X., Yi, R., Gao, D., and Xiong, J. (2016). The Binding Receptors of Aβ: an alternative therapeutic target for Alzheimer’s disease. Mol. Neurobiol. 53, 455–471. doi: 10.1007/s12035-014-8994-0

Xie, Y., Wang, Y., Jiang, S., Xiang, X., Wang, J., and Ning, L. (2021). Novel strategies for the fight of Alzheimer’s disease targeting amyloid-β protein. J. Drug Target. 30, 259–268. doi: 10.1080/1061186X.2021.1973482

Yang, T., Hong, S., O’Malley, T., Sperling, R. A., Walsh, D. M., and Selkoe, D. J. (2013). New ELISAs with high specificity for soluble oligomers of amyloid β−protein detect natural Aβ oligomers in human brain but not CSF. Alzheimers Dement. 9, 99–112. doi: 10.1016/j.jalz.2012.11.005

Yu, T.-W., Lane, H.-Y., and Lin, C.-H. (2021). Novel Therapeutic Approaches for Alzheimer’s Disease: an Updated Review. Int. J. Mol. Sci. 22:8208. doi: 10.3390/ijms22158208

Zempel, H., Thies, E., Mandelkow, E., and Mandelkow, E. M. (2010). Abeta oligomers cause localized Ca(2+) elevation, missorting of endogenous Tau into dendrites, Tau phosphorylation, and destruction of microtubules and spines. J. Neurosci. 30, 11938–11950. doi: 10.1523/JNEUROSCI.2357-10.2010

Zimmer, J. A., Shcherbinin, S., Devous, M. D., Bragg, S. M., Selzler, K. J., Wessels, A. M., et al. (2021). Lanabecestat: neuroimaging results in early symptomatic Alzheimer’s disease. Alzheimers Dement. 7:e12123. doi: 10.1002/trc2.12123


Conflict of Interest: GK is a co-founder, shareholder and compensated scientific advisor of Acumen Pharmaceuticals. EC is an employee of Acumen Pharmaceuticals, Inc. JJ is an employee, shareholder, and option holder of Acumen Pharmaceuticals, Inc. ES is an employee (Chief Medical Officer) and option holder of Acumen Pharmaceuticals, Inc. Since 2019, ES has consulted or is consulting for Acelot Inc., Aquestive Therapeutics Inc., Athira Pharma, Inc., Biogen Inc., Cogstate Ltd., Cortexyme Inc., Gates Ventures LLC, Hoffman La-Roche Ltd., Indiana University, LuMind Research Down Syndrome Foundation, Partner Therapeutics Inc., Pinteon Therapeutics Inc., Prothena Inc., Vaccinex, Inc., Washington University (St. Louis), Alzheimer’s Association, Bright Focus Foundation, Huntington Study Group, and Michael J. Fox Foundation. ES is a shareholder of Eli Lilly and Company.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Krafft, Jerecic, Siemers and Cline. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-16-848215-g003.jpg
A 150 ACU193 Binding Selectivity B

Inhibition of ABO Neuronal Binding
ABO vs. AB40 monomer

(+/- 5uM A{340 monomer)
-~ ACU193: ICs, = 15.4 nM
—- ACU193 + AB40: ICsy = 15.3 M

v

6x10°-

4x10°-

2x106+

ADDL IC., = 9 nM
0.0001  0.01 1 100 0 1 2 3 ;
[Competing Antigen] pg/mi ACU193 (log nM)






OPS/images/fnins-16-848215-g004.jpg
ThioS

ACU193 B

»
LY
- ln¥ .
N
- 2 ”l’ X X
- “ s
- 5
. ¥ ..
- .
<

ThioS

C JACU193

-
9
' S
S e
L]
®
& b
P
’

S
-
LI
S
-

AD Hippocampus
ACU193/ABO species

AD Hippocampus
ThioS/amyloid plaque

N 5

DA

-~ X L
SR

e i i—.‘
e -
3 2






OPS/images/fnins-16-848215-g001.jpg
ACU193 Fc

ACU193 Fab

et

A
e

418NN

SN

K/
A
‘“& -






OPS/images/fnins-16-848215-g002.jpg
\

solanezumab bapineuzumab* crenezumab

lgG1, Ph3 stop, A4, lgG1, Ph3, stop lgG4, Ph3 stop, API
DIAN AL el
. 1 N
Amyloid plaque \ 5 Ap monomers 3
Sdaaise .3 - ) < |
>3 o ‘ - \ ‘ \
N AR T b [ " -y AB oligomers
i R P Y
q‘:\“\"“\}\\" A oy, ¥ Sy
‘ - ‘R“ 2 ¥
>

e§§ ??s /}_% > N X %

/ . T . \ protoflbnls» ap
- ‘Z ~ AB fibrils )
gantenerumab* T P N

donanemab* .-, p,3  aducanumab* - ACU193
1gG1, Ph3 1gG1, Ph3, lecanemab* IgG2m4, Ph1
positive Aduhelm® June 2021 1gG1, Ph3 - B 3

ACU193 does not significantly bind to AB monomers or amyloid plaques
* Non-selective mAbs which bind to AB monomers and/ or plaques have reduced ability to bind to toxic ABOs
* Plaque binding mAbs have demonstrated increased inflammatory effects such as ARIA-E in clinical studies

* All IgG1 monoclonal antibodies that bind amyloid plaque have shown high rates of ARIA-E






OPS/images/fnins-16-848215-g010.jpg
Trials

o)
O
=
(T
2
@
> %
< o o
c >
Q - * .|_ (% b
2 4 7
7 = o
;T
(C ®
Q. Q/.\
f T T T T 1 &
] 8 g g 2 .
(W3S + sueaw ‘09s)
O Aduajen
" TA -
&.,?
~ . ke
<.
(T wv
2 ., %
> : %
2
(W3S + sueaw)
m Salljug wuy JO JaquinN
X wn
= "
2 580
e £ag
@ Sa4« ™
Sttt
e
N

(W3S + sueaw ‘syealq weaq)

< pajaAel] asue)si( |ejol





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		ACU193: An Immunotherapeutic Poised to Test the Amyloid β Oligomer Hypothesis of Alzheimer’s Disease



		INTRODUCTION



		THE CURRENT STATUS OF AMYLOID-TARGETING EXPERIMENTAL THERAPEUTICS



		Implications of Treatments Targeting Oligomers for Other Amyloid-Related Therapies



		Recent Advances in Trial Design in Alzheimer’s Disease Studies







		THE RATIONALE FOR CLINICAL DEVELOPMENT OF AN AMYLOID β OLIGOMER-SELECTIVE THERAPEUTIC



		The Role of Deposited Amyloid Plaques in the Pathogenesis of Alzheimer’s Disease



		Two Decades of Profiling Bolsters the Amyloid β Oligomer Hypothesis







		ACU193: ALZHEIMER’S DISEASE IMMUNOTHERAPY THAT SELECTIVELY TARGETS AMYLOID β OLIGOMERS



		Selectivity of ACU193 for Amyloid β Oligomers Versus Monomeric Amyloid β



		Selectivity of ACU193 for Amyloid β Oligomers Versus Amyloid Plaques



		ACU193 Binds to a Broad Molecular Weight Range of Amyloid β Oligomers







		ACU193 PROTECTS NEURONS FROM AMYLOID β OLIGOMER-INDUCED SYNAPTIC TOXICITY



		ACU193 Prevents Amyloid β Oligomer-Induced Compromise of Synaptic Plasticity



		Prevention of Amyloid β Oligomer-Induced Disruption of Calcium Homeostasis







		IN VIVO PHARMACOLOGY



		Behavioral Studies of Alzheimer’s Disease Mouse Models After Sub-Chronic ACU3B3 Treatment Administered Pre- and Post-Plaque Accumulation







		DISCUSSION: THE RIGHT THERAPEUTIC TO INTERCEPT AMYLOID β OLIGOMERS, THE RELEVANT ALZHEIMER’S DISEASE NEUROTOXINS



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Neuroscience

ACU193: An Immunotherapeutic
Poised to Test the Amyloid §
Oligomer Hypothesis
of Alzheimer’s Disease









OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience





OPS/images/fnins-16-848215-g009.jpg
>

Swim Path Length
(meters, means + SEM)

13

=

b

10 -

—@— nTg-Veh B —&@— nTg-Veh
—@— Tg-Veh 12 - —@— Tg-Veh
—v— Tg-3B3 —y— Tg-3B3
gt 10 -
=3
-l
S5 o
g -
£S5 4
SE
n o 5l
T T r . 0 . T T T
1 2 3 4 1 2 3 4

Session 1 Trials Sessions (days)

Swim Speed

(meters/second, means + SEM)

0.20 -

0.18 -

0.16 -

0.14 -

0.12 -

0.10

%* %

%* %

—&@— nTg-Veh
—@— Tg-Veh
—y— Tg-3B3

1 2 3 4

Sessions (days)





OPS/images/fnins-16-848215-g007.jpg
normalized fEPSP slope

2.5-

@® Control
AB;.4, (50 nM)
ACU3b3 (100 pM)

time [min]





OPS/images/fnins-16-848215-g008.jpg
[_]@® baseline
Bl treated
12-14 DIV

* o,
%QO SN

Yo o
Q| AN

(%) peolanQ ..D





OPS/images/fnins-16-848215-g005.jpg
ACU193 (10 mpk) 3D6 (2-50 mpk) t_\‘

rr‘\. (r ’-

A -
ACU193 (50 mpk)
: C D






OPS/images/fnins-16-848215-g006.jpg
Comparison of ELISA signals across SEC fractions of synthetic ABOs
50 -

ELISA Assay Format
B82E1
401 mm hu3D6 -
@S ABOs
T 59 HH ACU193 &
5] mm nuss o
7
o\c:o 20'
10+
0 -

1 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Fraction

HMW

> LMW





