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 40 
Summary 41 
Alzheimer’s disease (AD) is the most common cause of dementia in the elderly with a long 42 

presymptomatic phase. Disease-modifying or preventive therapies for AD are not yet available. 43 

Small molecule inhibitors of the protease β-site amyloid precursor protein (APP)-cleaving 44 

enzyme 1 (BACE1, β-secretase), which reduce the production of amyloid-β peptide, are among 45 

the most advanced drug candidates against AD. Yet, the phase 2 and 3 clinical trials were 46 

concluded without benefit or discontinued due to futility or occurrence of side effects, including 47 
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mild, early, non-progressive and reversible but consistent cognitive impairment. This has 48 

raised questions regarding the suitability of BACE1 as a drug target for AD. This commentary 49 

discusses the status of BACE1 inhibitors, suggests how the recent and upcoming trial results 50 

can inform future development of preventive clinical trials, proposes experiments that should 51 

be performed for go-no-go decisions, and considers the possibility that low levels of BACE1 52 

inhibition (<50%) may avoid side effects yet still achieve efficacy for AD prevention.  53 

 54 

Introduction  55 

A large body of genetic, molecular, cellular, animal model, and human data strongly suggest 56 

that the cerebral accumulation of the β-amyloid peptide (Aβ) plays a central, early role in the 57 

pathogenesis of AD. This evidence forms the foundation of the amyloid hypothesis and has 58 

been a major focus of AD drug development1,2. Besides Aβ, additional key proteins and cellular 59 

processes contribute to AD pathogenesis, particularly in later phases2. The discovery of 60 

BACE1 as the β-secretase that initiates Aβ production spurred intense efforts to develop small 61 

molecule drugs that inhibit this enzyme3-6 (Box 1). Consequently, several pharmaceutical 62 

companies advanced BACE1 inhibitors into non-clinical and clinical studies7. Disappointingly, 63 

BACE inhibitor trials in the clinical stages of AD failed to slow AD-associated cognitive 64 

decline8,9. In fact, both completed and discontinued trials in the symptomatic and 65 

presymptomatic stages of AD were even associated with mild, early, non-progressive cognitive 66 

worsening and several trials were associated with early, non-progressive reductions in brain 67 

volume. These findings have caused the field to reassess the conditions, if any, under which 68 

BACE1 inhibitors should be considered in future trials. One conclusion of the trial results is 69 

that BACE1 and Aβ are the wrong therapeutic targets for AD10, particularly at the symptomatic 70 

stages, and this is particularly relevant if the recent adverse effects identified in clinical trials is 71 

specific to Aβ. Another possibility is that BACE1 is such an important physiologic enzyme that 72 

inhibition cannot be achieved in a safe way. Similar conclusions led to the termination of γ-73 

secretase inhibitors11,12 several years ago, but this discontinuation is now seen by some as 74 

having occurred prematurely13 and recent work on γ-secretase modulators has suggested 75 
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opportunities remain in targeting this enzyme (Rynearson 2021). However, before drawing 76 

similar conclusions on BACE1, it would be wise to re-evaluate the basic assumptions on which 77 

the previous trials were built, to analyze and interpret the outcomes of the BACE1 inhibitor 78 

clinical trials as objectively as possible and to study possible ways to overcome the problems 79 

before discarding a major drug target for this disease. This is particularly relevant because a) 80 

no other suitable drugs for lowering Aβ are available currently for long-term prevention (see 81 

Box 2 for alternative Aβ-lowering strategies, their current state of development and their 82 

challenges), b) small molecule drugs like BACE1 inhibitors that are orally administered may 83 

be less expensive than biologicals, at least when dosed chronically for years, c) the adverse 84 

cognitive effects in presymptomatic BACE1 inhibitor trials have now been demonstrated as 85 

being almost completely reversible in 3 months’ time (REF) and d) it is unknown how long the 86 

development of drugs for other targets (REF), such as tau and neuroinflammation may take.  87 

 88 

In this article, we will discuss findings from clinical and non-clinical studies of BACE inhibitors 89 

and suggest priorities for future research on BACE1 inhibitors to evaluate whether or not they 90 

remain a viable option for AD drug development, particularly for prevention trials in populations 91 

at high risk of developing AD. Finally, we propose the conditions that may be needed to 92 

evaluate BACE inhibitors in trials for at-risk persons who have evidence of no to minimal Aβ 93 

plaque deposition at trial start.  94 

 95 

 96 

Looking back  97 

 98 

BACE1 inhibitors efficiently lower soluble Aβ  99 

During the past several years, six different BACE1 inhibitors were tested in Phase 2 or Phase 100 

3 clinical trials at doses that achieved a reduction of Aβ levels in human CSF by up to 90% 101 

(Table 1), exquisitely similar to results achieved in non-clinical studies (PMID: 27807285, 102 

Umibecestat: PMID: 30224383, Lanabecestat: PMID: 26890753). Key lessons learned from 103 
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the trials were the robust dose-response relationship between drug dose and Aβ reduction and 104 

that a stable continuous level of Aβ reduction can be achieved precisely in participants with 105 

AD (e.g., stable 60% Aβ lowering). These points are especially important when considering 106 

the potential use of a consistent low-level BACE1 inhibition for long-term prevention in 107 

individuals rather than treatment of symptomatic AD. Positron emission tomography (PET) 108 

demonstrated that BACE1 inhibitors also lowered insoluble (plaque) Aβ levels in human brains 109 

by an average of 5-10% per year, as published for verubecestat8,14 and lanabecestat15. Taken 110 

together, BACE1 inhibitors achieved in humans what they were designed for, namely effective 111 

target engagement and dose-dependent lowering of Aβ in the CNS. Importantly, at the time 112 

these therapies were developed, a high level of BACE1 inhibition to achieve maximal Aβ 113 

lowering (i.e. typically greater than 60% lowering) was the goal. As a result, the effect of lower 114 

BACE1 inhibition on clinical outcomes is not known as trials with lower doses have not been 115 

performed. However, the modest effects that BACE1 inhibitors have on removing established 116 

Aβ plaques indicate that the optimal therapeutic window may be prior to the onset of 117 

appreciable Aβ plaque deposition, Figure 1, as a preventative therapy. Moreover, the 118 

mounting evidence that the removal of established Aβ plaques in symptomatic AD results in a 119 

modest clinical benefit (REF) supports therapies that could target the accumulation of Aβ 120 

peptides prior to significant accumulation significant amyloid pathology for the prevention of 121 

cognitive impairment.  122 

 123 

BACE1 inhibitors need to be safe for long-term treatment.  124 

As a preventative therapy, BACE1 inhibitors would need to be taken for long periods of time, 125 

similar to antihypertensive and cholesterol-lowering medications for the prevention of 126 

cardiovascular disease related events. Thus, BACE1 inhibitors need to have an acceptable 127 

side effect profile. The dosing paradigms used in recent trials are clearly not acceptable for 128 

long term dosing. During BACE1 inhibitor development the side effects observed in non-clinical 129 

studies and later clinical trials generally fall into three classes: a) off-target, b) mediated by the 130 

BACE1 homolog, BACE2, and c) mechanism-based/BACE1-mediated.  131 
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Regarding off-target effects, some early BACE1 inhibitors partially inhibited cathepsin D and 132 

showed retinal toxicity16,17. Other drugs showed hepatotoxicity 9,18, which was interpreted as 133 

an off-target effect, given that most clinically tested BACE1 inhibitors and Bace1 gene deletion 134 

in mice did not lead to hepatotoxicity. The off-target effects resulted in the discontinuation of 135 

these drugs.  136 

All six BACE1 inhibitors that were in recent clinical trials not only block BACE1 but also inhibit 137 

BACE2, a close homolog of BACE1. Four of the recently tested BACE inhibitors block BACE1 138 

and BACE2 with similar potency, while two of them inhibit BACE1 approximately three-fold 139 

more potently than BACE2 in in vitro assays, Table 119. While BACE1 is highly expressed in 140 

brain, BACE2 appears to be mostly expressed outside of the brain, at least under non-141 

inflammatory conditions20. In contrast to BACE1, BACE2 does not contribute to Aβ generation, 142 

but may even partially prevent Aβ generation21,22. While not seen with the more selective 143 

BACE1 inhibitors,20,23-28 one side effect, hair discoloration, was seen in animals23,29-31 and in 144 

less than 10% of the individuals treated with the non-selective BACE inhibitors. In isolation this 145 

may be seen as an acceptable side effect. It remains to be seen whether the cognitive 146 

worsening reported for most BACE inhibitors is partly due to BACE2 inhibition (discussed 147 

below) and whether inhibitors that are more specific to BACE1 over BACE2 would avoid such 148 

side effects.  149 

The last class of side effects of BACE1 inhibitors observed in non-clinical studies are 150 

mechanism-based, i.e. arising from inhibition of the diverse physiological functions and 151 

substrates of BACE126-28 (add REF PMID: 32954517). The major side effect of concern 152 

identified in the recent trials was cognitive decline. Other important side effects, such as 153 

anxiety, weight loss, falls, suicidal ideation and sleep disturbances, were also increased in 154 

BACE1 inhibitor clinical trial participants, but not consistently across compounds and only to a 155 

mild extent32. For example, suicidal ideation rates increased from 6.4% on placebo to 6.8% 156 

and 9.3% on a lower and a higher dose of verubecestat in a prodromal AD population, and 157 

rate of falls and injuries increased from 20.7% on placebo to 25.4% and 25.7% on 158 

verubecestat8. Roughly analogous drug-placebo differences were seen with verubecestat in 159 
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patients with mild AD dementia14 , but this adverse event profile was not seen in two large trials 160 

of lanabecestat15. It is not clear whether aberrant processing of single or multiple BACE1 161 

substrates underlies these symptoms, but the latter appears quite possible, as BACE1 has 162 

dozens of substrates with important functions in the nervous system (Box 3).  163 

Taken together, it is possible, but not yet proven that strong inhibition of cleavage of BACE1 164 

substrates may contribute to the occurrence of the cognitive and psychiatric side effects 165 

(anxiety, suicidal ideation and sleep disturbances) in BACE1 inhibitor-treated humans8,14.  166 

 167 

BACE1 inhibitors need to stop, slow, or delay the onset of cognitive decline  168 

To date, long-term trials with high-dose BACE1 inhibitors were performed in people with clinical 169 

AD, prodromal AD, or in individuals with a high genetic risk of developing AD33. The main 170 

clinical purpose of BACE1 inhibitors is to stop or slow disease progression or delay the onset 171 

of the cognitive decline in AD. In all instances, BACE1 inhibitors have either been stopped for 172 

toxicity or futility14.  The degree of the clinical and cognitive worsening reported was 0.5 points 173 

for the high dose in the CDR-sum of boxes (range 0-18; Cohen’s d of -0.32 for cognitive decline 174 

on the Repeatable Battery of Neuropsychological Status (RBANS))8,9,34 and had not been seen 175 

in the prior Phase 1 trials, presumably because they were not powered or long enough to 176 

reveal a mild effect on cognition. Additionally, a notable reduction of hippocampal volumes, as 177 

measured by magnetic resonance imaging (MRI), has been reported for most BACE1 inhibitor 178 

trials with sufficient longitudinal data8,14,15. Both the cognitive and MRI effects were observed 179 

within three months after the treatment was started and did not appear to worsen over time, 180 

raising the possibility that they are not related to worsening of the underlying disease itself.  181 

Both the exacerbated cognitive worsening and hippocampal volume loss are seen as severe 182 

side effects that need to be resolved if BACE1 inhibitors are to be further tested in clinical trials. 183 

The cognitive worsening caused by exposure to umibecestat is almost completely reversible 184 

(Cohen’s d changed from -0.32 to -0.06) within 3 months after taking trial participants off the 185 

drug (since the trials included safety follow up after drug discontinuation, blinded to prior 186 

treatment condition), and has been suggested the same for atabecestat34-36. This is an 187 
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important finding because it suggests that the cognitive side effects do not result from an 188 

acceleration of neurodegeneration. This observation leaves open the possibility that lower 189 

BACE1 inhibitor doses may avoid this side effect altogether, which, however, still needs to be 190 

shown. Likewise, the presence of MRI volumetric changes upon treatment with BACE 191 

inhibitors that has been consistently identified also appears to improve with dose 192 

discontinuation, as suggested for umibecestat in a preliminary analysis34. More follow-up 193 

analyses are required, ideally also for some of the other BACE inhibitors tested clinically. At a 194 

minimum, these observations offer the opportunity to propose rational trial designs that could 195 

protect trial participants from long-term cognitive harm which could help regulatory agencies 196 

in reconsidering BACE1 for clinical testing.      197 

 198 

While we await additional data on the most recently discontinued BACE1 inhibitor trials to 199 

further compare results across all compounds, in the following sections we look forward and 200 

discuss if and under what conditions BACE1 inhibition may remain a viable option for AD drug 201 

development. 202 

 203 

 204 

Looking forward 205 

 206 

Would dose-lowering prevent side effects of BACE1 inhibitors but retain sufficient Aβ 207 

lowering?  208 

For a BACE1 inhibition therapeutic strategy optimized for prevention, a low dose of BACE1 209 

inhibitor administered over years may be fully sufficient to halt or delay the onset of AD 210 

pathology and/ or symptoms and decrease the chance of side effects. In support of this claim, 211 

heterozygous Bace1 gene deleted mice, which correspond to 50% BACE1 inhibition37, showed 212 

less of an axon targeting defect in the olfactory bulb compared to mice completely deficient in 213 

BACE138 and in a separate study resulted in a dramatic reduction in Aβ pathology37. 214 

Importantly, heterozygous BACE1-deficient mice had normal performance in multiple 215 
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behavioral assays, including memory tests39,40. Moreover, mice with a genetic reduction of 216 

BACE1 by about 50% had normal myelination41, normal hippocampal structure, and only a 217 

mild reduction in LTP42, suggesting that chronic BACE1 inhibition, but less than 50%, may 218 

reduce or prevent the occurrence of side effects such as cognitive worsening. Moreover, there 219 

is good evidence of a therapeutic window at lower concentrations of BACE1 inhibitor: at 3 nM 220 

concentration APP processing can be inhibited by ~40%, while significant inhibition of BACE 221 

dependent neuronal growth cone collapse requires above 300 nM43. A second, and perhaps 222 

the strongest, line in support of this claim is the Icelandic APP gene mutation (A673T) which 223 

leads to an approximately 30% life-long reduction of BACE1 cleavage of APP and provides 224 

protection against AD44,45. However, this mutation also reduces aggregation of the Aβ peptide, 225 

which might provide another protection against amyloid pathology46. Nevertheless, the 226 

Icelandic mutation offers a strong rationale for what level of BACE1 inhibition to target for 227 

modest Aβ lowering over long periods of time to prevent AD. Taken together, the heterozygous 228 

mouse and Icelandic APP mutation studies strongly suggest that chronic BACE1 inhibitor 229 

doses below 50% inhibition, and likely closer to 30%, may be sufficient to delay or even prevent 230 

the onset of clinical AD symptoms, if started before Aβ pathology has reached saturation, while 231 

the in vitro experiment demonstrates that there is a therapeutic window versus biologically 232 

relevant other substrates.  However, in the absence of clear data to suggest lower levels of 233 

inhibition (e.g. 10%) have an effect on preventing or reversing Aβ plaques, using doses this 234 

low would significantly risk the ability to have the necessary target engagement of Aβ needed 235 

for long term prevention. Should other Aβ therapies like the passive immunotherapies continue 236 

to demonstrate the ability to more rapidly clear Aβ plaques and have clear benefit, it is 237 

reasonable to consider that a BACE1 inhibitor in a combination paradigm could be used in the 238 

long term to maintain lower Aβ plaque loads following removal by immunotherapies.  239 

Avoidance of side effects may not only be achieved with the chronic, low dose BACE1 inhibition 240 

described above, but potentially also with an intermittent dosing paradigm, even at the higher 241 

doses used previously. While this is a conceptually different approach, intermittent dosing is 242 

frequently used for cancer treatment, where a high dose chemotherapy is given for a short 243 



 10 

period of time followed by a recovery phase without dosing before the next therapeutic cycle 244 

starts. This treatment strategy is accepted by patients with a tumor diagnosis. However, the 245 

risk-benefit evaluation is different for a potential AD prevention, where individuals are still 246 

cognitively unimpaired and may be less willing to accept the risk of cognitive worsening even 247 

if it was only temporary. Thus, an intermittent dosing strategy at the previously used higher 248 

doses would require a treatment time that is shorter than the time of occurrence of cognitive 249 

worsening, which still needs to be determined. However, there remain significant challenges 250 

in implementing this approach in a population beyond the dominantly inherited AD as it 251 

requires a precise determination of when an individual is at a point of very early Aβ plaque 252 

development (below current detection thresholds) where the inhibition of BACE1 would be 253 

enough to result in the long-term suppression of future growth, as has been demonstrated in 254 

preclinical models of AD-transgenic models with gamma secretase inhibitors (Das et al). 255 

 256 

Timing of BACE1 inhibition:  prevention versus treatment of AD.  While there is a large 257 

body of evidence demonstrating a key role for Aβ in AD pathogenesis, it appears likely that Aβ 258 

deposition has a more prominent role early prior to substantial neurodegeneration, therefore 259 

removing Aβ plaques over a prolonged period of time late in the disease process is unlikely to 260 

substantially reverse all AD pathogenesis (Figure 1). Additionally, work in transgenic mice has 261 

indicated that the secretase inhibitors are more effective at preventing the formation of Aβ 262 

plaques47 rather than reversing them once they are formed41, suggesting that lowering Aβ 263 

production with BACE1 inhibitors at late stages of Aβ accumulation is unlikely to have a 264 

significant disease modifying effect as it would likely take many years to substantially lower 265 

established Aβ plaques. Likewise, given the availability of therapies that have demonstrated 266 

the ability to remove established Aβ plaques (REF) much more efficiently than BACE1 267 

inhibitors, it makes sense that this class of therapies would be used in an Aβ plaque prevention 268 

approach.  269 

No trials to date have been completed in participants when Aβ accumulation is low or absent48-270 

50. However, the discontinued Alzheimer Prevention Initiative (API) Generation Studies 1 and 271 
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2 have recently provided information about the early cognitive and imaging biomarker effects 272 

in more than 1,600 unimpaired 60-75-year-old individuals who were APOE4 homozygotes and 273 

heterozygotes, including more than 250 Aβ-negative homozygote individuals34 exposed to 274 

umibecestat or placebo. Because a large number of participants had early cognitive testing 275 

(13 weeks) and had visits after the discontinuation of the trial, the Generation results have 276 

addressed important uncertainties highlighted in other trials, specifically: adverse cognitive 277 

effects can be identified as early as 13 weeks, remain stable and are nearly fully reversible 278 

within three months of stopping drug, as described above; cognitive effects varied by APOE4 279 

and Aβ PET level with higher Aβ levels being associated with greater cognitive decline; a drop-280 

out rate of three percent of umibecestat to one percent for placebo suggesting the cognitive 281 

worsening did not have a clear effect on discontinuation; evidence that the hippocampal 282 

atrophy may reverse with drug discontinuation and was not clearly linked to cognition. Together 283 

these findings provide important guidance in developing safer trials (see below) and informing 284 

potential participants with a more accurate estimate of the risks of enrolling in BACE1 inhibitor 285 

trials. A primary prevention test of the amyloid hypothesis (i.e. before the onset of substantial 286 

amyloid induced pathological changes) could be started in populations at greatest risk for 287 

developing AD including in Aβ-negative APOE4 homozygotes in the 6th and 7th decades as 288 

well as in dominantly inherited AD mutation carriers one to two decades before symptom onset, 289 

where the majority of mutations are associated with an alteration in the enzymatic processing 290 

of APP. Importantly, the development of secretase inhibitors as a potential therapy for the 291 

treatment of AD was based on transgenic mouse models using mutations identified in 292 

dominantly inherited AD, and have primarily been tested in these models at a stage of amyloid 293 

pathology most consistent with primary prevention in humans. Therefore, the greatest potential 294 

for translating the information learned in preclinical studies may be in those with dominantly 295 

inherited AD mutations first (Mills et al; Reiman et al). A major advantage of primary prevention 296 

is that a BACE1 inhibitor may not need to be dosed chronically, but only for a limited time, 297 

which – at least in mice – resulted in sustained reduction of amyloid pathology in late life (PMID: 298 



 12 

22892055, PMID: 19369565, PMID: 33199898). While conceptually attractive, feasibility and 299 

success of such an approach still needs to be tested in humans.  300 

Secondary prevention strategies are also possible, which would start after onset of Aβ 301 

deposition in the brain, but before clinical symptoms manifest. The at-risk population could 302 

then be broadened to include Aβ-positive APOE4 heterozygotes. In this scenario, suppression 303 

of Aβ generation with BACE1 inhibitors may decrease the risk or delay onset of clinical 304 

symptoms.  305 

In summary, BACE1 inhibitors are likely to be most effective at early preclinical stages of AD 306 

to prevent the formation, rather than the growth, of Aβ plaques. Because this prevention 307 

strategy has not yet been fully tested in a clinical trial with any BACE1 inhibitor to date, it is 308 

premature to conclude that BACE1 inhibition for AD is a failure, despite the recent clinical trial 309 

discontinuations. A major practical constraint is that true prevention studies in AD will likely 310 

require thousands of participants and/or very long trials. However, a clear advantage of BACE1 311 

inhibitors over Aβ immunotherapies is the ease of administration and cost for using them. 312 

Should any therapies currently in late stage AD trials (e.g. anti-tau therapies) demonstrate 313 

clear efficacy and an advantageous safety profile in presymptomatic AD ongoing trials for 314 

BACE1 inhibitors might then be discontinued for ethical reasons. However, this is not a 315 

scenario unique to BACE inhibitors and will be similar for all AD prevention studies underway 316 

and should not preclude moving forward at this time. 317 

    318 

 319 

Next steps – priorities for BACE1 research  320 

To decide whether or not to continue with the clinical development of BACE inhibitors, we 321 

suggest a number of important studies, both preclinical and clinical (Table 2). With the 322 

increased understanding of the clinical data highlighted in the preceding sections, we propose 323 

that further mechanistic and clinical studies should be conducted in parallel. The most 324 

important topic for BACE1 research is the mechanistic understanding of side effects of BACE1 325 

inhibitors in order to develop strategies to avoid them. This may be achieved by a more 326 
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comprehensive analysis of the body fluid samples and data obtained in the clinical studies, 327 

which is, in fact, currently ongoing. One approach is to identify responsible substrate(s), which 328 

may be obtained from CSF and blood samples collected in the recent BACE1 inhibitor trials. 329 

The samples should be used to correlate known BACE1 and BACE2-cleaved substrate 330 

fragments with the adverse neuropsychiatric and brain imaging effects. This could provide 331 

informative biomarkers, along with Aβ (and whether the degree of Aβ lowering is associated 332 

with neuropsychiatric or MRI based side effects), for tailoring future therapeutic dosing to avoid 333 

unwanted effects. If important substrates related to the neuropsychiatric side effects are 334 

identified, these could be used to make go/no-go decisions for lower doses by analyzing them 335 

from CSF early in trials. Additionally, the overall safety profiles from the available BACE1 336 

inhibitors would be assessed in order to identify which would be best to bring forward for 337 

additional studies. 338 

Other important points are to understand whether the hippocampal atrophy observed in MRI 339 

studies is related to the cognitive worsening in the patients and whether the atrophy and the 340 

cognitive worsening are reversible upon termination of inhibitor dosing. Preliminary results with 341 

umibecestat suggest no relationship between brain volume reduction and cognitive decline, 342 

and that both are reversible, at least partially34  within a three-month period of time after drug 343 

discontinuation. Likewise, a recent publication from the verubecestat trial found that 344 

hippocampal and whole brain volume changes could be detected within 13 weeks of treatment 345 

but did not continue to worsen, were greatest in areas of highest baseline Aβ plaque, were not 346 

correlated with a plasma biomarker of neurodegeneration (neurofilament light chain) and were 347 

only weakly correlated with cognitive decline (Sur et al). Together, this suggests that the 348 

volume changes seen with BACE inhibition are unlikely a reflection of accelerating 349 

neurodegeneration and should be relatively easy to monitor in future studies.  350 

It will also be important that the pharma companies release all data from the clinical 351 

trials. This will allow a cross-comparison of the inhibitors, e.g. with regard to their effect on Aβ 352 

lowering and cognitive worsening and may allow defining a threshold of BACE1 inhibition that 353 

should not be exceeded. As an example, as the BACE inhibitor trials were identifying cognitive 354 
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adverse effects the Alzheimer’s Association convened a committee of academic leaders, 355 

pharmaceutical industry representatives (including those with ongoing trials), philanthropic 356 

supporters and patient advocacy groups to determine what were the key areas to examine for 357 

concluded trials and those that were still underway. This paper reflects the ideas proposed by 358 

this group but we acknowledge there remain important steps which we have outlined here. 359 

Specifically, we strongly recommend that biofluid samples that were collected during these 360 

trials (including all phases) should be released to the research groups that could carry out the 361 

analyses highlighted here. Related to this, future studies in AD should include clear language 362 

in the consent forms that would allow for the use of samples collected for these types of post-363 

trial collaborations so that there is no need to try to contact participants after. 364 

A complementary approach is to continue preclinical studies with BACE1-deficient and BACE1 365 

inhibitor-treated mice to obtain more detailed mechanistic information about different BACE1 366 

substrates, their physiological functions and their possible contribution to the cognitive 367 

worsening in humans exposed to BACE1 inhibition (Table 2).  368 

Taken together the proposed preclinical and clinical studies will provide the data required for 369 

informed go or no-go decisions on the further clinical development of BACE inhibitors and the 370 

design of future clinical trials. For example, short-term human studies that are powered to 371 

detect cognitive decline may be undertaken to find a safe yet effective BACE1 inhibitor dose 372 

below 50% inhibition for prevention (ranges of ~30% to 50%). Following the aforementioned 373 

studies, including the detailed analysis of the recently terminated clinical trials, a first new trial 374 

may need to last for only three to six months, which is the time point when cognitive worsening 375 

appears to begin, and test multiple doses either in parallel or in a dose ascending paradigm. If 376 

an inhibitor at lower dose does not negatively affect cognition at the three-month time point, it 377 

may be carried forward into Phase 3 trials of longer duration with appropriate cognitive 378 

assessments, monitoring of brain volume changes by MRI and measurement of BACE1 379 

substrate-based biomarkers. Moreover, it will be necessary to start with populations that have 380 

the greatest long-term risk of developing AD (e.g. APOE4 homozygotes and dominantly 381 

inherited AD mutation carriers) and would thus have the most to gain should a lower dose 382 
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work, while also ensuring that they are provided clear information of the actual risks. 383 

Specifically, research participants would be provided with information that puts the known risks 384 

in context: 1) all adverse cognitive effects identified thus far have only been detected on 385 

sensitive cognitive testing rather than study participant reports; 2) the adverse cognitive effects 386 

identified appear to be reversible in within a short period of time when the therapies are 387 

discontinued. 388 

In these trials, sensitive cognitive tests for assessing subtle changes would be 389 

administered more frequently in order to better detect cognitive impairment, but also changes 390 

in everyday functions, thus providing reassurance to participants that any evidence of cognitive 391 

decline would result in immediate discontinuation of therapy. Different sensitive cognitive tests 392 

are available (REF Mortamais PMID: 27702618) and one study recently reported differential 393 

effects with BACE1 inhibitors on episodic memory versus other measures, such as verbal 394 

fluency (and recent BACE trial data: PMID: 33049114), suggesting that cognitive 395 

impairment may indeed be identified with high specificity and sensitivity. There are a number 396 

of drugs prescribed that have mild cognitive or systemic side effects yet are still frequently 397 

used, provided the underlying condition being treated justifies this adverse event (e.g., statin 398 

therapies for primary and secondary prevention of cardiovascular events (myositis); 399 

antiepileptic medications for prevention of migraine (cognitive effects); anti-hypertensives limit 400 

cardiovascular performance, while protecting future events over many years to decades)). This 401 

prevention treatment with mild side-effects (especially if reversible) may appropriately balance 402 

the risk:beneft for trial participants, and for the patient population in the future if found to be 403 

effective. In many ways, this would be very consistent with phase II studies that are conducted 404 

all of the time in order to identify the optimal dose for phase III studies. However, in contrast to 405 

most phase II studies, at this point there is a large body of data to anticipate the degree of 406 

cognitive decline which would be communicated clearly to participants in order for them to 407 

make a more informed decision on their own level of risk-benefit tolerance. If a BACE1 inhibitor 408 

is able to prevent or significantly delay the onset of AD and has minimal impact on day to day 409 

function, reversible, mild, cognitive side effects that are identified on objective tests may be 410 
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acceptable in those at high risk. However, before proceeding with these studies, the full data 411 

from the most recently discontinued BACE1 inhibitor trials is necessary to better investigate 412 

the reversibility of the cognitive changes leading to their discontinuation and to understand 413 

whether asymptomatic participants from the atabecestat and umibecestat trials were aware of 414 

any adverse cognitive effects. Again, there is no evidence that BACE1 inhibitors led to a 415 

continued acceleration of cognitive decline over studies up to 18 months duration. A historical 416 

example from another field may be helpful to put in context what is at stake.  When statins 417 

were being developed for lowering cholesterol based on the ‘cholesterol hypothesis’, there was 418 

a major concern in the field for risk and toxicity of lowering cholesterol and findings of potential 419 

carcinogenicity and toxicity halted all programs in development51. One program continued 420 

slowly and carefully, and eventually demonstrated clinical benefit.  Had it not been for that 421 

program continuing, it’s likely statins beneficial effects would not have been discovered for 422 

many years, if at all. 423 

Another important aspect for a potential future prevention trial with BACE1 inhibitors, 424 

is the use of suitable biomarkers. AD was originally defined as a cognitive disorder, but the 425 

emerging consensus is that AD is in fact a brain disease in which memory deficits and 426 

dementia are late-stage phenomena. This has been recently articulated in the NIA-AA 427 

Research Framework in which AD is defined as a biological continuum beginning with the 428 

presence of amyloid pathology (A+/T-/N-) that progresses to tau pathology (A+/T+/N-) and 429 

eventually ending with neurodegeneration (A+/T+/N+) (Jack reference). In this scheme, low-430 

dose BACE1 inhibition may be most effective during early stages of pathology (A-/T-/N- or 431 

A+/T-/N-) for primary or secondary prevention of progression to later stages of AD. Therefore, 432 

to facilitate the demonstration of disease modification, the primary outcomes of future BACE1 433 

inhibitor clinical trials should not solely rely on cognitive endpoints, but should also include 434 

biomarkers that assess A/T/N status. Such a therapeutic strategy has been shown to be 435 

successful with the development of the statin drugs, wherein lowering serum cholesterol as 436 

the primary outcome was indicated after epidemiological studies linked cholesterol to 437 
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cardiovascular and cerebrovascular disease. An analogous situation now exists for lowering 438 

cerebral Aβ and AD.  439 

Lastly, there needs to be a mechanism that will allow a potentially safe level of BACE1 440 

inhibition to be tested in a prevention setting with appropriate incentives for drug makers and 441 

reassurances to regulatory and ethical agencies to approve these trials. Particularly, primary 442 

prevention studies, which aim to prevent Aβ related pathological changes from developing in 443 

high risk populations, will require exposure to drug for many years to prove efficacy. Even for 444 

drugs with a very good safety profile, the incentive for pharmaceutical companies to conduct 445 

long duration prevention trials is low because of the diminished likelihood of financial benefit 446 

(REF: PMID: 21262461). Therefore, alternative funding mechanisms (philanthropic, 447 

governmental, patient advocacy groups), longer patent life times or prolonged regulatory 448 

exclusivity after drug approval (e.g. 10-15 years) that recognize the urgent need for prevention 449 

therapies but also the long duration of AD prevention trials as well as a regulatory environment 450 

that could provide guidance on alternative approval pathways (e.g., accelerated approval 451 

based on biomarker outcomes, orphan drug status) will be necessary to consider moving 452 

forward with prevention trials testing BACE1 inhibitors. Additionally, at least in the United 453 

States, broader policy changes that recognize the critical need for AD prevention therapies 454 

could establish a specific designation for these types of trials which could facilitate alternative 455 

regulatory pathways for therapies tested in prevention studies. Fortunately, there are 456 

prevention platforms ready to implement these types of studies in populations at high risk for 457 

developing AD (e.g., Anti Amyloid Treatment in Asymptomatic Alzheimer’s study, Alzheimer 458 

Prevention Initiative, Dominantly Inherited Alzheimer Network Trials Unit)48-50. 459 

 460 

Conclusion 461 

Strong inhibition of cleavage of the many substrates of BACE1 and the concomitant side 462 

effects pose a formidable challenge, but BACE inhibitors exhibit exquisite sensitivity for titrating 463 

Aβ levels in the CNS and thus may offer a powerful, practical, and simple (compared to 464 

intravenous infusion) approach for AD prevention. Long-term exposure to BACE1 inhibition at 465 
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appropriate dosages below 50% in the preclinical population may lower Aβ enough to delay 466 

AD symptom onset with an acceptable side effect profile. Thus, we propose that as long as no 467 

other drugs are available to treat or even prevent AD, BACE1 should remain a drug target, 468 

primarily for AD prevention instead of therapy. Additionally, if an acceptable dose is identified, 469 

it might be an important component of combination approaches targeting multiple AD 470 

pathologies. The clinical and preclinical studies suggested in Table 2 will help us to better 471 

understand the adverse effects of BACE1 inhibitors and their reversibility, to determine 472 

whether an appropriate, preventive low dose-inhibition of BACE1 is meaningful and to decide 473 

whether BACE1 inhibition remains a viable option for AD prevention. The case of the 474 

cholesterol-lowering statins is instructive: these drugs, some of the most widely prescribed in 475 

the world, were nearly abandoned because of concerns about long-term side-effects. In the 476 

face of challenges, even those of perceived risk, persistent preclinical and clinical research 477 

eventually led to the discovery of safe and effective statin doses for the prevention of 478 

cardiovascular disease51. Following the discontinuation of a drug program, there is little 479 

incentive for a pharmaceutical company to pursue further research for that compound. 480 

Therefore, one way of advancing the field is for academic and AD advocacy groups to work 481 

together and encourage our pharmaceutical partners to continue studying the important 482 

questions highlighted in the previous sections of this commentary and making their compounds 483 

available for researcher-initiated small scale clinical trials testing some of the above discussed 484 

hypotheses. The goal is the same for all of us, namely the treatment or prevention of AD. This 485 

is a severe disease and we should be ready to accept more risks, in concert with patients and 486 

their caregivers, to explore all aspects of a potential treatment. Learning from the BACE1 487 

inhibitor trials will require us to change the way we collaborate and share information and 488 

clinical samples. We want to open the discussion to identify how we move forward to avoid or 489 

mitigate similar premature discontinuation of development of promising drugs for Alzheimer’s 490 

disease in the future13. 491 

 492 
 493 
 494 
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Box 1: Role of BACE1 in Aβ generation  585 

Proteolytic generation of Aβ. The Aβ 586 
peptide is an approximately 40 amino 587 
acid long proteolytic cleavage product of 588 
the amyloid precursor protein (APP). The 589 

protease BACE1 (also known as β-590 
secretase) cleaves APP at the N-591 

terminus of the Aβ domain (Vassar 592 
Science 99; Yan et al. 1999; Sinha et al. 593 
1999; Husain et al., 1999). 594 

Subsequently, γ-secretase cleaves at the 595 

C-terminal end of Aβ, leading to Aβ 596 
secretion (PMID: 32616437, PMID: 597 

32418657, PMID: 29976761). γ-secretase can cleave distinct peptide bonds, generating Aβ 598 

peptides of different lengths. The cleavage position of γ-secretase matters, because longer 599 

Aβ peptides (e.g. Aβ42, Aβ43) are more prone to aggregation than shorter Aβ peptides (e.g. 600 

Aβ40) and are the predominant Aβ peptides found in the amyloid plaques in AD patients. In 601 

an alternative pathway, the α-secretase ADAM10 cleaves APP within the Aβ domain 602 

(Lammich PNAS99, Kuhn EMBOJ10, Jorissen J Neurosci 10), which precludes Aβ 603 
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generation. Additional proteases, such as δ- and ε-secretase (REF PMID: 26322584, PMID: 604 
26549211), also cleave APP, but are not shown in this scheme for simplicity.  605 
 606 
 607 

Box 2: Chances and challenges of anti-amyloid therapy for use in long-term prevention 608 

 609 

Class of anti-amyloid 
therapy 

Support for use in long-term 
prevention  

Limitation for long-term 
prevention 

Secretase inhibitors 
(gamma and beta-
secretase inhibitors); 
secretase modulators 
(gamma- secretase 
modulators) 

Oral administration; well 
established 
pharmacokinetic/pharmacodynamic 
profiles to target a precise level of 
inhibition; ease of use; cost of 
production; ease of distribution; 
newer gamma-secretase 
inhibitors/modulators may avoid 
major side effects of previously 
tested drugs. 

Current side effect 
profile. 

Active vaccination limited number of doses needed; 
broad distribution. 

Lack of sufficient 
pharmacodynamic 
engagement with 
currently tested 
therapies; 
immunogenicity profiles 
remain uncertain 
(chronic immune 
response uncertain). 

Passive 
immunotherapy 

Strong pharmacodynamic effect; 
possible clinical benefit. 

Cost of production; 
monthly infusions limit 
access; need for 
frequent MRI monitoring 
during initial titration.  

Amyloid Precursor 
Protein/ BACE RNA 
directed therapies 
(small interfering 
(silencing) RNA and 
antisense 
oligonucleotide) 

Precision targeting of amyloid 
precursor protein (APP) or related 
secretase activity); potential for 
quarterly or biannual dose 
administration.  

Clinical data currently 
limited; need for 
intrathecal 
administration; cost; 
potential for similar side 
effect profile if targeting 
BACE; optimal level of 
APP suppression 
unknown (physiologic 
function of amyloid 
protein not completely 
understood). 

   
A detailed description of chances and limitations of the different non-BACE1-targeting 610 
approaches was recently published (PAnza Nat REvNeurol 2019; Scheltens Lancet 2021, 611 
Cummings et al ALzheimers and Dementia 2019, Lewcock Neuron 2020 PMID: 33096024/) 612 

 613 
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Box 3: Physiological functions of BACE1 in adult mice 614 

Cleavage of several BACE1 substrates is required primarily during development52 and may 615 
not be relevant as a cause of side effects in elderly humans. Examples of physiological 616 
substrates with functions during development are type III neuregulin 1 (Nrg1) during postnatal 617 

myelination in mice 41,53-55 (take out here REF 53 and put in instead PMID: 17099708), Jagged1 618 

during hippocampal astro- and neurogenesis (Hu, X et al. 2013, Cell Rep 4, 40). However, at 619 
least five substrates and their cleavage products have been associated with phenotypes in 620 
mice when BACE1 was pharmacologically or genetically inhibited in adulthood, IgNrg1 (motor 621 
defects)53, SEZ6 (altered neuronal connectivity and long term potentiation (LTP))56,57, CHL1 622 
(structural changes in hippocampus and olfactory bulb)43,52,58, Nrg3 (altered 623 

synaptogenesis)59,60, APP/Aη-α61. Additional phenotypes may potentially be caused by other 624 

BACE1-dependent cleavage fragments of APP (e.g. Aβ) or other BACE1 substrates, where 625 
physiological functions are not yet well established. 626 
 627 
 628 
 629 
 630 
  1 
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Table 1: Outcomes of BACE1 inhibitors in clinical trials 1 

 2 

Compound and company Potency and 
selectivity 

(BACE1/BACE2) 

Doses Extent of Aβ 
lowering in CSF 

Phase and 
population 

tested 

Discontin
ued 

Cognition change 
(and primary 

cognitive test(s)? 

Reason for 
termination 

References  

Atabecestat 
(JNJ-54861911) 
Janssen/Shionogi 

Not published 5 mg,                     
25 mg 

CSF Aβ40:  
67–68% (10 mg dose) 
87–90% (50 mg dose)  

Phase 2/3, EARLY 
Asymptomatic at 
risk of AD 

May 2018 Cognitive 
worsening: 
Preclinical 
Alzheimer Cognitive 
Composite (PACC 
Score) 

Stopped because 
of hepatotoxicity 

9,62,63 
NCT: 
02569398 
 

Elenbecestat 
(E2609) 
Biogen/Eisai 

BACE1 IC50 7 nM  
(in cellular assay) 
BACE1 Kd 19 nM 
BACE2 Kd 67 nM 
(BACE1>BACE2) 

50 mg CSF: 70% Two Phase 3 trials, 
MISSION AD 1 and 
2 
Biomarker-
confirmed MCI due 
to AD/prodromal 
AD 
 

Septembe
r 2019 

NA: 
Alzheimer's Disease 
Composite Score 
 

Stopped for 
unfavourable 
risk/benefit ratio  

64,65 
NCT: 
03036280 
 

Lanabecestat 
(AZD3293 , LY3314814) 
AstraZeneca/ 
Eli Lilly 

BACE1 IC50 0.6 nM 
BACE2 IC50 0.9 nM 
(BAC1~BACE2) 

20 mg,                  
50 mg 

CSF Aβ40:  
58.0% (20 mg dose) 
73.3% (50mg dose)  
CSF Aβ42:  
51.3% (20 mg dose) 
65.5% (50mg dose) 

Phase 2/3, 
AMARANTH  
MCI due to AD or 
mild AD worsening 
in the past six 
months, and 
MMSE >21  

June 2018 No change: 
Alzheimer's Disease 
Assessment Scale - 
Cognitive Subscale 
(ADAS-Cog13) 

Stopped for 
futility 

15,66,67 
NCT: 
02245737 
 

20 mg,                  
50 mg 

insufficient CSF 
samples for 
meaningful analysis 

Phase 3, 
DAYBREAK-ALZ 
Mild AD dementia, 
probable AD with a 
biomarker 
evidence of brain 
amyloid and an 
MMSE of 10-26 

June 2018 No consistent 
change; trend for 
worsening of 20 mg 
but not 50 mg dose: 
Alzheimer's Disease 
Assessment Scale - 
Cognitive Subscale 
(ADAS-Cog13) 

Stopped for 
futility 

NCT:027835
73 
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LY3202626 
Eli Lilly 

BACE1 IC50 0.61 
nM 
BACE2 IC50 0.87 
nM 
(BAC1~BACE2) 
 

3 mg,                   
12 mg 

CSF Aβ40:  
50% (1mg dose)  
75% (6 mg dose)  
90% (26 mg dose)  

Phase 2, 
NAVIGATE-AD 
Mild AD dementia 
as diagnosed by a 
positive florbetapir 
scan, and an 
MMSE of 20-26 

August 
2018 

Trend for worsening 
in 3 mg dose: 
Alzheimer's Disease 
Assessment Scale - 
Cognitive Subscale 
(ADAS-Cog13) 

Stopped for 
futility 

68,69 
NCT: 
02791191 
 

  Phase 2, 
TRAILBLAZER in 
combination with 
Donanemab 
Memory decline, 
meet CogState 
Brief Battery cutoff 
and positive tau 
PET scan 

October 
2018 

 Stopped for 
safety and 
efficacy concerns 
 

NCT: 
03367403 
 

Umibecestat (CNP520) 
Amgen/Novartis 

BACE1 IC50 11 nM 
BACE2 IC50 30 nM 
(BAC1>BACE2) 

15 mg,                  
50 mg 

>60% (10 mg dose)              
>80% (35 mg dose)  
>90% (85 mg dose)  
 

Phase 2/3, 
GENERATION 1 and 
2 
Cognitively 
normal, 
homozygous for 
ApoE4 

July 2019 Cognitive 
worsening: 
RBANS 
 

Stopped for 
unfavourable 
risk/benefit ratio 

19,33,70 
NCT: 
02565511 
 

Verubecestat (MK-8931) 
Merck 

BACE1 Ki 2.2 nM 
BACE2 Ki 0.38 nM 
(BAC1<BACE2) 

12 mg,               
40 mg 

CSF Aβ40:  
71.1% (12 mg dose) 
80.6% (40mg dose)  
CSF Aβ42:  
62.7% (12 mg dose) 
76.4% (40mg dose) 
 

Phase 2/3, EPOCH 
Mild to moderate 
AD 

February 
2017 

Trend for 
worsening: 
Alzheimer's Disease 
Assessment Scale-
Cognitive Subscale 
(ADAS-Cog) Score  
 

Stopped for 
futility 

8,14,30,64 
NCT:017393
48 
NCT019536
01 

12 mg,               
40 mg 

CSF Aβ40:  
66.6% (12 mg dose) 
88.1% (40mg dose)  
CSF Aβ42:  
60.2% (12 mg dose) 
81.0% (40mg dose) 

Phase 3, APECS 
Prodromal AD, 
MCI due to AD 
with positive 
amyloid PET scan, 
but not 

February 
2018 

Cognitive worsening Stopped for 
futility 

https://www.alzforum.org/therapeutics/donanemab
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 functionally 
impaired 

PACC- Preclinical Alzheimer Cognitive Composite: Free and Cued Selective Reminding Test; Delayed Paragraph Recall test; Wechsler Adult Intelligence scale; and Mini Mental State 
Examination (MMSE); Repeatable Battery for the Assessment of Neurological Status (RBANS). 

3 
1 

 1 
Table 2: Next steps for low-dose BACE inhibition for AD prevention and go/no-go decisions 2 
 3 

Preclinical experiments Clinical experiments 
1. Correlate cleavage of known BACE1 substrates with cognitive 
worsening and brain/hippocampus volume reduction in mice 
treated with different doses and durations of BACE1 inhibitor.  
 
2. Identify substrate correlates of cognitive impairment and 
brain/hippocampus volume reduction associated with BACE1 
inhibition in mice. 
 
3. Manipulate substrate(s) genetically and/or pharmacologically 
up and down to demonstrate predicted cognitive and 
brain/hippocampus volume effects in mice. 
 
4. Perform in vitro and in vivo experiments (biochemical, 
electrophysiological, histological) to determine molecular and 
cellular mechanisms of substrate that is most likely responsible 
for cognitive worsening and brain/hippocampus volume 
reduction. 
 
5. Verify in CSF of humans treated with BACE1 inhibitor that 
substrate correlate is altered in expected manner to account for 
cognitive worsening and brain/hippocampus volume reduction. 
 
 

1. Determine whether reversibility of cognitive worsening and 
hippocampal volume loss observed for umibecestat are also 
seen for the other BACE1 inhibitors. 
  
2. Proteomic analyses of CSF from participants of BACE1 
inhibitor phase 3 clinical trials to correlate changes in one or 
more known BACE1 substrates with cognitive worsening and 
brain/hippocampus volume reduction.   
 
3. Unbiased proteomic analysis of CSF from participants treated 
with BACE1 inhibitor compared to placebo to determine other 
unknown proteins that correlate with cognitive worsening and 
brain/hippocampus volume reduction, which may inform 
mechanism.    
 
4. Determine dose-response relationship between Aβ lowering 
and substrate processing. Use CSF samples from small size 
(e.g., n=10-20/dose), short duration (e.g., 3 months) phase 1 or 2 
studies of healthy elderly treated with three low-doses of BACE1 
inhibitor (e.g., 12%, 25%, 50% Aβ lowering) and placebo and 
analyze BACE1 substrates in CSF. If required, carry out new 
short-term phase 1 trial with adjusted low dose.  
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5. Based on results from #4, conduct medium size (e.g., n=100-
200/dose), medium duration (e.g., 6 months) study of unimpaired 
Aβ-positive elderly or young, cognitively unimpaired DIAD 
mutation carriers treated with two low doses of BACE1 inhibitor 
that shows minimal changes in cognition-relevant BACE1 
substrate(s), compared to placebo. Correlate cognition and 
brain/hippocampus volume with CSF BACE1 substrates and Aβ.  
 
6. Based on results from #5, conduct large (e.g., n=1000-2000), 
long duration (e.g., 4-5 years) study of unimpaired Aβ-positive 
elderly treated with one low dose of BACE1 inhibitor that shows 
minimal changes in cognition-relevant BACE1 substrate(s), 
cognition, and brain/hippocampus volume with CSF BACE1 
substrates and Aβ, compared to placebo; or long duration (e.g. 
7-10 years) cognitively unimpaired DIAD mutation carriers in a 
primary prevention paradigm with natural history data as 
comparator population. 
 

 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
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