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Abstract

While clues have existed that endosomal trafficking is associated with Alzheimer’s disease (AD), 

whether it plays a central role in the disease and if so how has remained unknown. Here we rely on 

recent genetic and cellular findings to construct a model proposing that traffic jams in the early 

endosome can act as an upstream pathogenic hub in AD. We also rely on an independent series of 

findings to suggest how the traffic jams can act as a unified mediator of downstream 

pathophysiology. The model predicts, therefore, that interventions designed to unjam the 

endosome carry high therapeutic promise.

Four Classes of Genes Linked to Alzheimer’s Disease

The turn of the century represents a convenient timestamp around which the genetic 

investigation into Alzheimer’s disease (AD) can be organized. Available genetic tools at the 

end of the 20th century were best suited to isolate Mendelian-inherited mutations, and when 

applied to the rare autosomal-dominant forms of AD identified mutations in genes encoding 

the amyloid precursor protein (APP) and the presenilins, presenilin1 (PSEN1) & presenilin 2 

(PSEN2) (Hardy and Selkoe, 2002). During the early part of the 21st century, new tools, 

large-scale samples, and computational prowess allowed the focus to shift to the more 

common late-onset ‘sporadic’ form of AD, which accounts for over 95% of all cases. These 

genetic studies have revealed approximately two dozen genes linked to late-onset AD 

(LOAD) (Guerreiro et al., 2013; Karch and Goate, 2015; Naj et al., 2017). Remarkably, the 

genes cohere into three general biological classes: ‘cholesterol metabolism’ genes, ‘immune 
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response’ genes, and ‘endosomal trafficking’ genes. Thus, together with the class of ‘APP 

processing’ genes associated with autosomal-dominant disease, there are now 4 main gene 

classes that are linked to AD.

In this Opinion, we rely on recent insight into the function of these genes together with their 

intraneuronal effects to construct a testable pathogenic model of disease that is centered on 

‘endosomal traffic jams’ (Fig. 1). The model proposes that endosomal traffic jams represents 

a pathogenic hub onto which nearly all AD genes can directly or indirectly converge, and 

suggests that this hub can act as a final common pathway through which many downstream 

pathophysiological effects can be mediated. If validated, this model predicts that 

immunotherapies directed against extracellular amyloid plaques might fail even if 

administered early on, and suggests alternative cell biological targets for therapeutic 

interventions.

ENDOSOMAL TRAFFIC JAMS IN ALZHEIMER’S DISEASE

The first indication that endosomal traffic jams can occur in AD came from a careful 

microscopic analysis of postmortem brains showing that abnormal enlargement of the early 

endosome occurs with near diagnostic precision (Cataldo et al., 2000). The early endosome 

is a central hub in membrane trafficking, particularly in neurons (Kennedy and Ehlers, 

2006), and cellular mechanisms carefully regulate the balance of transport in and out of this 

organelle (Chi et al., 2015; Pfeffer, 2013). Enlarged endosomes represent an imbalance in 

endosomal trafficking and this phenotype is therefore one, although not the only, 

manifestation of endosomal traffic jams. Together with AD’s histological hallmarks, 

amyloid plaques and neurofibrillary tangles, enlarged endosomes have now emerged as a 

cytopathological hallmark of the disease. For example, besides AD’s histological hallmarks, 

enlarged endosomes are characteristic observations in IPSC-derived neurons generated from 

late-onset sporadic AD patients (Israel et al., 2012) and in neurons or organoids derived 

from autosomal-dominant AD cases (Israel et al., 2012; Raja et al., 2016).

What causes endosomal traffic jams in AD? As elaborated in the next section, until recently 

the answer to this question could simply be that traffic jams reflect a secondary consequence 

of intracellular accumulation of APP fragments. To briefly review (Hardy and Selkoe, 2002), 

the amyloidogenic processing of APP into its fragments begins inside neurons by its 

cleavage by ‘β-amyloid cleaving enzyme 1′ (BACE1), whose products include the ‘c-

terminal fragment’ (βCTF) (Fig. 1). This intermediate fragment is a substrate for γ-

secretase, a multiprotein enzyme that contains the presenilins, whose products inside 

neurons include a range of ‘amyloid β’ (Aβ) peptides of varying amino acid lengths, but 

most commonly Aβ40 and Aβ42.

Intracellular accumulation of APP fragments occurs in all forms of AD. In autosomal-

dominant forms, APP mutations commonly increase the production of its cleaved products 

in neurons, and since presenilin mutations cause a loss of enzymatic function, most -- 

though not all -- cause an increase in γ-secretase’s substrate, interneuronal βCTF (De 

Strooper, 2007; Li et al., 2016; Woodruff et al., 2013). The presenilin mutations’ effect on 

Aβ production is more complicated, but all seem to cause a relative increase in Aβ42 (De 
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Strooper, 2007) inside neurons, and Aβ42 is thought to be the more toxic form of the 

peptide. Aβ42 also accumulates inside neurons in late-onset sporadic forms of the disease 

(Gouras et al., 2010). In some cases this accumulation occurs because of increased APP 

processing (Mattsson et al., 2016), which is associated with increased interneuronal βCTF 

and Aβ42, while in others it can occur as a secondary consequence of reduced extracellular 

clearance (Castellano et al., 2011) and increased neuronal uptake.

Evidence suggests that the intraneuronal accumulation of APP fragments, either βCTF 

and/or Aβ42, are toxic to the endosome and linked to endosomal trafficking (Fig. 1). There 

is near consensus that it is in the endosomal membrane of neurons where BACE1 is found 

and where APP is most likely to be cleaved by BACE1 (Small and Gandy, 2006). Although 

still debated, most studies suggest that βCTF is also commonly cleaved in the endosome 

(Kaether et al., 2006; Sannerud et al., 2016; Small and Gandy, 2006), liberating Aβ into the 

lumen of endosomes from where it can be secreted to the extracellular space. In scenarios 

where there is reduced clearance of extracellular Aβ42, that species can secondarily gain 

access to the endosomal lumen by neuronal endocytosis (e.g., (Kanekiyo et al., 2013).

What are the lines of evidence suggesting that the endosome is the site where APP 

fragments are likely to confer their intracellular toxicity? Indirect evidence comes from the 

fact that the endosome is the intraneuronal location where APP fragments typically 

accumulate, and it is in enlarged endosomes where Aβ is typically found (Cataldo et al., 

2004). More direct evidence comes from (1) studies in cell culture and animal models 

showing that the intracellular accumulation of βCTF can cause endosomal enlargement 

(Jiang et al., 2010; Xu et al., 2016); and (2) a seminal study by the laboratory of the late Sue 

Lindquist that established that intracellular Aβ42 toxicity is differentially linked to 

endosomal trafficking (Treusch et al., 2011). Together, therefore, evidence exists linking 

intracellular APP fragments to endosomal traffic jams. Unclear, however, are the precise 

mechanisms for how APP fragments cause endosomal dysfunction. βCTF has been proposed 

to do so by disrupting membrane permeability (Jiang et al., 2010) and this might apply to 

intracellular Aβ42 as well. Nevertheless, and irrespective of the underlying mechanism, the 

Lindquist study suggests that endosomal trafficking genes, some linked to AD, are the 

dominant class that differentially regulates intracellular Aβ42 toxicity.

Taken together, as illustrated in the model (Fig. 1), endosomal traffic jams can, at least in 

part, be driven by the intracellular accumulation of APP fragments, either βCTF and/or 

Aβ42.

ENDOSOMAL TRAFFIC JAMS CAN OCCUR AS AN UPSTREAM EVENT

The identification of the ‘endosomal trafficking’ class of genes as being strongly linked to 

Alzheimer’s disease establishes that endosomal traffic jams can in principle occur as a 

primary event in AD, upstream to the accumulation of intracellular APP fragments (Fig. 1). 

The genes that best represent this class are SORL1, BIN1, PICALM, and CD2AP.

SORL1 in particular has been extensively investigated and validated. In contrast to other hits 

from gene-wide association studies, which typically confer a small increase in AD risk, 
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SORL1 variants have been found that confer a five-fold risk (Vardarajan et al., 2015; 

Verheijen et al., 2016), on par with APOE4 carriers. More importantly, recent studies 

suggest that rare SORL1 mutations are actually causal mutations (Pottier et al., 2012; 

Vardarajan et al., 2015), akin to the autosomal-dominant mutations in APP or PSENs 

(Holstege et al., 2017).

An in-depth analysis of the studies that have investigated the function of the encoded 

proteins of this family of genes suggests that they affect the balance of membrane traffic into 

the early endosome, but even more so out of it. In general, there are three primary trafficking 

routes out of the early endosome (Fig. 1): the ‘recycling’ pathway, which delivers cargo 

directly to the cell surface, or via an intermediate endocytic organelle, the recycling 

endosome; the ‘retrograde’ pathway, which delivers cargo from the early endosome back to 

the trans-Golgi network; and the ‘degradation’ pathway, where cargo in the early endosome 

is delivered to intraluminal vesicles (ILVs), a first step by which that cargo is sorted for 

lysosomal degradation.

These trafficking outflow pathways have been linked genetically to AD. SORL1 (also called 

SORLA or LR11) is a member of a family Vps10-containing receptors that are trafficked by 

retromer (Rogaeva et al., 2007; Small and Gandy, 2006; Small et al., 2005), a multi-modular 

protein assembly that transports cargo out of the early endosome via the recycling and 

retrograde pathways (Small and Petsko, 2015). SORL1 has also been shown to traffic cargo 

via the third degradation pathway, in a retromer-independent manner (Dumanis et al., 2015). 

BIN1 functions in trafficking cargo out of the early endosome via the recycling pathway 

back to the cell surface (Pant et al., 2009), and CD2AP appears to mediate a primary sorting 

step in trafficking cargo out of the early endosome down the degradation pathway (Cormont 

et al., 2003). While most studies suggest that the dominant function of PICALM is to 

regulate traffic into the endosome (Xu et al., 2015), some studies have suggested that it also 

plays a role in endosomal recycling (Matsudaira et al., 2015; Petralia and Yao, 2007). We 

consider it pathogenically informative that these genes all converge on a single and specific 

intracellular organelle, the early endosome, and not the many other compartments of the 

endocytic system—i.e., the late endosome, the multivesicular body, or the lysosome.

The conclusion that disease-associated variants in this class of AD-linked genes directly 

cause endosomal traffic jams is supported by studies that have shown that primary 

alterations in retromer (Bhalla et al., 2012), SORL1 (Offe et al., 2006), BIN1 (Pant et al., 

2009), and CD2AP (Cormont et al., 2003) all cause endosomal enlargements. The fact that 

some SORL1 variants are causal mutations (Holstege et al., 2017), on par with mutations in 

APP and PSENs, provides the strongest evidence that endosomal traffic jams can act as 

upstream drivers of AD pathogenesis.

At the same time, however, this class of genes has a secondary consequence of increasing 

intracellular APP fragments by regulating the levels of APP and/or BACE1 in the early 

endosome (Dumanis et al., 2015; Fjorback et al., 2012; Miyagawa et al., 2016; Ubelmann et 

al., 2016) and APP’s amyloidogenic cleavage (Andersen et al., 2005; Dumanis et al., 2015; 

Fjorback et al., 2012; Miyagawa et al., 2016; Offe et al., 2006; Rogaeva et al., 2007; Thomas 

et al., 2016; Ubelmann et al., 2016; Xiao et al., 2012) (Fig. 1). Additionally, SORL1 can also 
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directly bind intra-endosomal Aβ (Dumanis et al., 2015), and thus further regulate 

intracellular Aβ42 levels by diverting this peptide toward the degradation pathway 

(Caglayan et al., 2014; Dumanis et al., 2015).

Taken together, as illustrated in the model (Fig. 1), endosomal trafficking genes support the 

proposed principle that endosomal traffic jams can occur as an upstream pathogenic event, 

which as a secondary consequence can lead to accumulation of intracellular APP fragments. 

Since late-onset AD is driven by a complex interplay of genes and environmental risk 

factors, we assume that besides genetics, other risk factors can also affect endosomal 

trafficking. For example, type II diabetes is one of the strongest risk factors for AD, and 

studies in animal models have shown how serological defects in this diabetes can cause 

retromer deficiencies in the hippocampus (Morabito et al., 2014).

Whether driven by genes or by the environment, the accumulation of intracellular APP 

fragments caused by defects in endosomal trafficking can in turn exacerbate endosomal 

traffic jams, as reviewed above. The model therefore proposes a feedback loop between 

traffic jams and intracellular amyloid, a vicious cycle that we believe is critical in the 

disease.

OTHER GENES AND THEIR LINKS TO ENDOSOMAL TRAFFICKING

The APOE4 allele best represents the class of cholesterol metabolism genes associated with 

AD, and TREM2 mutations best exemplify the class of immune response genes, both in 

terms of genetic effect size and the mechanistic insight about their function (Guerreiro et al., 

2013; Karch and Goate, 2015; Naj et al., 2017). While there are still outstanding questions, 

the dominant view is that one main effect of both genes is to reduce the clearance of 

extracellular Aβ (Colonna and Wang, 2016; Kim et al., 1998).

Extracellular Aβ is known to be endocytosed into neurons (Dafnis et al., 2016; Kanekiyo et 

al., 2013), and an increase in the concentration of extracellular Aβ will likely cause a 

secondary increase in its intracellular levels. Indeed, studies have shown that compared to 

other APOE alleles, APOE4 increases the intracellular uptake of Aβ in neurons (Dafnis et 

al., 2016), and as reviewed above intracellular Aβ has been linked to endosomal trafficking 

(Treusch et al., 2011). Consistent with this formulation, postmortem studies have observed 

that the APOE4 genotype worsens the enlargement of endosomes in the neurons of AD 

brains, in regions relatively free of extracellular amyloid plaque deposition (Cataldo et al., 

2000).

Interestingly, a similar association between APOE4 genotype and enlarged endosomes has 

been observed in ischemic brains (McColl et al., 2003), suggesting that APOE4 might be 

linked to endosomal traffic jams independent of amyloid. Mechanistic support for this 

interpretation comes from lipoprotein and cholesterol metabolism studies in non-neuronal 

cells that have investigated the differential effect of APOE vs. other apolipoproteins, or the 

effects of the APOE3 allele vs. APOE4. Compared to other apolipoproteins, APOE is more 

likely to be trafficked through the endosomal recycling pathway (Heeren et al., 2004), while 

compared to APOE3, APOE4 interferes with endosomal recycling (Heeren et al., 2006; 
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Heeren et al., 2004). This differential effect of APOE4 vs. APOE3 has been extended into 

neurons, showing that APOE4 reduces endosomal recycling of cargo to the neuronal cell 

surface (Chen et al., 2010; DeKroon and Armati, 2001). Another study also suggested that 

APOE4 might accelerate endocytosis into the endosome (Ye et al., 2005). Since APOE4 
exemplifies the class of cholesterol metabolism genes, it is noteworthy that altering the 

cholesterol levels of neurons (Marquer et al., 2014), or cholesterol transport within neurons 

(Jin et al., 2004), induces enlarged endosomes, reflective of putative endosomal traffic jams.

Taken together, as illustrated in the model, the class of cholesterol metabolism genes is 

proposed to link to endosomal traffic jams through two pathways. The first, which we 

consider the dominant link, is by affecting extracellular Aβ. The second is by directly 

affecting the trafficking into endosomes, and even more likely, out of them.

ENDOSOMAL TRAFFIC JAMS AND DOWNSTREAM PATHOPHYSIOLOGY

Synaptic dysfunction in AD is now understood to be an early manifestation of neurotoxicity 

(Selkoe, 2002). A range of studies in postmortem AD brains (Yasuda et al., 1995), animal 

models and cell culture (Guntupalli et al., 2016; Hsieh et al., 2006) suggest that a reduction 

in glutamate receptors is a key early feature of synaptic dysfunction in the disease. Notably, 

one of the most important functions of the neuronal early endosome is its role in glutamate 

receptor recycling. At the early endosome, endocytosed receptors are diverted away from the 

degradation pathway, and transported to the recycling endosome (Fig. 2). From there, they 

are trafficked back to the postsynaptic surface (Ehlers, 2000). Jamming outflow from the 

early endosome can lead to a reduction in glutamate receptor recycling, independent of 

amyloid, as shown in the case of retromer deficiency (Choy et al., 2014). Interestingly, 

APOE4 has also been shown to cause a reduction in glutamate receptor recycling (Chen et 

al., 2010), supporting the possibility, discussed above, that APOE4 might be part of the class 

of endosomal trafficking genes. Thus, endosomal traffic jams can act as final common 

pathway mediating synaptic toxicity by reducing glutamate receptors at the cell surface of 

neurons (Fig. 2).

Another pathophysiology of AD that might be mediated by endosomal traffic jams is ‘trans-

synaptic spread’. Exosomes have been proposed as a likely candidate to act as a carrier of 

amyloid (Rajendran et al., 2006) and tau as it spreads from a region to its neighbor (Polanco 

et al., 2016). Exosomes are intraluminar vesicles (ILVs) observed in early endosomes that 

progressively accumulate in the endosomal lumen as this compartment matures into a 

multivesicular endosome (MVB). Exosomes are formed by the invagination and scission of 

the limiting membrane of the endosome towards the endosomal lumen. These nanoparticles, 

of 50 to 150nm in diameter, can be released into the extracellular environment upon the 

fusion of the MVB with the plasma membrane. In neurodegenerative diseases they are 

capable of spreading and delivering pathogenic proteins to neighboring cells (Fig. 2).

Because of the site and manner of their production, exosomes contain proteins that 

accumulate on the endosomal membrane, while their lumen contains engulfed cytosolic 

molecules. Upon APP’s cleavage by BACE1, βCTF accumulates in the limiting membrane 

of the early endosome, before being sorted into ILVs (Perez-Gonzalez et al., 2012; Sharples 
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et al., 2008). Endosomal jamming of APP and/or BACE1 leads to an accumulation of βCTF 

in endosomal membranes, and as shown for example in retromer deficiency (Sullivan et al., 

2011), can then lead to an increase in exosomal βCTF (Sullivan et al., 2011). An interesting 

recent observation is that tau can also be found in exosomes, both in patients (Fiandaca et 

al., 2015; Saman et al., 2012) and animal models of AD (Polanco et al., 2016). This likely 

occurs because cytosolic tau, both full-length and its various processed subspecies, are 

incorporated into ILVs as they bud off from the limiting membrane of the endosome, ending 

up in the lumen of secreted exosomes.

Besides mediating synaptic toxicity and exosomal spread of disease, we briefly note that 

some studies have linked retromer trafficking (Small and Petsko, 2015), BIN1 (Calafate et 

al., 2016; Chapuis et al., 2013; Zhou et al., 2014), and CD2AP (Shulman et al., 2014) to tau 

pathology, potentially independent of amyloid, and retromer has also been linked to immune 

response genes, such as TREM2, that are phagocytic receptors trafficked in microglia (Lucin 

et al., 2013; Small and Petsko, 2015; Sole-Domenech et al., 2016; Yin et al., 2016). A 

detailed discussion of these additional pathophysiological links is considered outside the 

scope of this Opinion.

THERAPUTIC IMPLICATIONS

A number of years ago Gunnar Gouras’ laboratory made the seminal observation that Aβ 
peptides can accumulate intraneuronally (Gouras et al., 2010; Gouras et al., 2000), and more 

specifically within the early endosomes. While initially met with resistance, this observation 

is now supported by an overwhelming body of literature (as reviewed in (Gouras et al., 

2010). Here too genetics has held sway, and the observation is supported by the fact that 

genetic defects in both LOAD and autosomal-dominant AD can cause a primary 

accumulation of endosomal βCTF and Aβ42.

A main component of our model is linking intracellular amyloid to what we consider a 

pathogenic hub and driver of disease, endosomal traffic jams, and in so doing places the 

primary site of amyloid toxicity inside the cell. This represents a shift from the ‘amyloid 

hypothesis’, which stipulates that it is amyloid deposition in the extracellular space that is 

the primary site of neuroxicity (Hardy and Selkoe, 2002). While this might seem like a 

subtle reformulation of the original hypothesis, it can resolve apparent challenges to the 

hypothesis and has profound therapeutic implications.

One of the greatest challenges to the amyloid hypothesis and its commitment to extracellular 

amyloid is the clear anatomical discordance between the distribution of plaque load and 

evidence for neurotoxicity (e.g, (Altmann et al., 2015). The clearest example of this 

discordance is in the medial temporal lobe. Recent imaging studies have extended prior 

observations first suggested by histological studies (Braak and Braak, 1991), documenting 

that this region typically accumulates near the lowest level of amyloid plaques throughout 

the cortex (e.g, (Altmann et al., 2015), yet by most indicators experiences the earliest and 

clearest evidence of neurotoxicity (Altmann et al., 2015; Khan et al., 2014). In fact some 

studies suggest that there might be an inverse relationship between levels of amyloid plaques 

and indicators of neurotoxicity (Altmann et al., 2015; Bischof et al., 2016). While the medial 
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temporal lobe has low extracellular amyloid deposition, studies indicate that its neurons 

accumulate intracellular amyloid (Cataldo et al., 2004; Gouras et al., 2000) providing a 

better anatomical match to sites of dysfunction, and supporting our assumption that 

intracellular amyloid acts as a primary neurotoxin.

Why is there an anatomical mismatch between intracellular amyloid and extracellular 

amyloid plaques? The answer remains a mystery but one possibility is that amyloid plaques 

act as a sink for toxic but soluble Aβ, and if so it is possible that areas with highest plaque 

load might be anticipated to have the lowest intracellular amyloid. This idea is difficult to 

test, but some evidence in its support comes from a detailed analysis in animal models, 

which has documented an inverse relationship between intraneuronal Aβ and extracellular 

amyloid plaques (Oddo et al., 2006). But by whichever mechanism, this formulation predicts 

that amyloid immunotherapy, which likely has its greatest effect on extracellular amyloid 

plaques, would not necessarily affect intracellular amyloid - or, in the extreme case, by 

removing the chemical sink might even lead to increases in intracellular amyloid. In either 

case, this might account for why amyloid immunotherapies have thus far been unsuccessful. 

A shift in focus from extracellular to intracellular amyloid does suggest that reducing the 

productions of intracellular APP fragments might be more efficacious. Support for this 

prediction comes from a protective APP mutant that has been shown to reduce the affinity of 

that protein to BACE1 (Jonsson et al., 2012), thereby reducing the intracellular production of 

βCTF and Aβ and reducing the risk for developing LOAD.

The pathogenic model proposed here, however, suggests that interventions that are directly 

designed to increase flow through the early endosomes might be a better, or at least an 

alternative, therapeutic approach. Certainly they would be indicated in patients who have 

primary defects in endosomal trafficking, whether caused by genetics and/or the 

environment, where reducing intracellular amyloid would be therapeutically insufficient, but 

potentially for other causes as well. Endosomal enlargement appears to be commonly 

observed in AD (Cataldo et al., 2000; Israel et al., 2012; Raja et al., 2016), even before the 

clear evidence of extracellular amyloid accumulation. Therefore, there is reason to believe 

that endosomal traffic jams occur either as a primary event in many AD cases, or even if 

secondary occur very early in the disease process, mediating downstream pathophysiology. 

A recent failure of a clinical trial using a BACE1 inhibitor (Mullard, 2017), supports the 

formulation that drugs that simply reduce intracellular amyloid might miss the primary 

target or simply be given too late.

Proof-of-principle for targeting endosomal traffic jams by agents that increase endosomal 

flow exists in cell culture. Pharmacological chaperones that increase retromer levels have 

been shown to increase the flow of both SORL1 and APP out of the early endosome 

(Mecozzi et al., 2014), and to reduce the neuronal accumulation of βCTF and Aβ.

Concluding Remarks

An emerging goal in the AD field is to unify the four main gene classes identified in the 

context of late-onset sporadic AD into a single hypothesis (Selkoe and Hardy, 2016). It is 

interesting to speculate how the dominant hypothesis in AD might have differed if the order 
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of genetic discoveries would have been reversed— i.e., first the discovery of the plethora of 

genes linked to late-onset sporadic AD, followed by genes underlying Mendelian forms of 

the disease. We posit that regardless of the historical ordering of these discoveries, a 

misprocessing of APP would certainly be included as a key biochemical event. However, if 

the late-onset genes had been discovered first, we believe that endosomal trafficking defects 

would be considered a central cellular event, around which APP misprocessing and its 

neurotoxic fragments would then be organized within its intracellular context.

We propose here a reformulation of AD’s pathophysiology, which assigns endosomal traffic 

jams a central organizing pathophysiological event, rather than extracellular amyloid. We 

argue that this reformulation reconciles inconsistencies of the amyloid hypothesis, and can 

help explain the poor record of therapeutic interventions that have emerged from the 

amyloid hypothesis. We emphasize that this reformulation does not reject the importance of 

‘amyloid’. We believe that the genetics of early onset autosomal-dominant disease firmly 

establishes the importance of incorporating APP processing, and its cleaved fragments, into 

a unified pathogenic model of AD. As reviewed, however, it seems now clear that APP 

processing occurs within neurons, where its fragments first accumulate intracellularly and 

where they are shown to cause endosomal trafficking defects. These fragments are 

ultimately secreted into the extracellular space, where soluble Aβ can aggregate and 

accumulate into extracellular amyloid plaques. As we discussed, olgomeric Aβ, when not 

incorporated into extracellular plaques, is free to be endocytosed into neurons, where it can 

worsen endosomal traffic jams. According to this formulation, while extracellular amyloid 

plaques are not the prime drivers of disease, they nevertheless can still act as ‘reporters’ of 

intracellular pathology and can have high diagnostic and prognostic value.

While additional work is certainly required to test specific components of these competing 

central events, they are unlikely to be resolved by studies in model systems alone (see 

Outstanding Questions). Rather, these competing views are best tested in patients. The 

distinction between intracellular vs. extracellular amyloid might be tested in ongoing trials, 

in patients who receive BACE1 inhibitors on the one hand, or immunotherapies on the other. 

However, future studies that administer agents that directly target endosomal traffic jams are 

required to test the central pathogenic hub proposed here.

Outstanding Questions

Biomarkers of endosomal traffic jams are needed, to ask: What is the precise 

prevalence and time course of endosomal traffic jams?

Will patients with genetic or biomarker evidence of endosomal traffic jams be 

more resistant to amyloid or tau therapies?

Neuroimaging biomarkers of intracellular amyloid are needed, to ask: In contrast 

to extracellular amyloid, do maps of intracellular amyloid better overlap with sites 

of brain dysfunction?

Would a manipulation that causes regional endosomal traffic jams accelerate trans-

synaptic spread of the disease?
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Trends Box

While defects in intracellular trafficking have long been suspected in Alzheimer’s 

disease, recent genetic findings localize the defect, specifically, to trafficking in 

and out of endosomes.

Endosomal traffic jams can be caused directly, for example by endosomal genetic 

defects, or secondarily, by any defect that increased intracellular amyloid.

Endosomal traffic jams can mediate downstream toxicity, by reducing glutamate 

receptor recycling, leading to synaptic dysfunction, and potentially by increasing 

trans-synaptic spread by altering the content of exosomes.

Endosomal traffic jams can be considered a validated ‘cell biological’ target for 

Alzheimer’s drug discovery.

Because endosomal traffic jams occur very early in the disease, and might occur in 

an amyloid-independent manner, we argue that drugs that unjam the endosome 

carry high therapeutic promise.
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Figure 1. A pathogenic hub of Alzheimer’s centered on endosomal traffic jams
As outlined in the flow diagram (upper panel) and as illustrated in the figure (lower panel), 

the four gene classes associated with Alzheimer’s disease are directly or indirectly linked to 

endosomal traffic jams. These traffic jams can occur by altering the balance of membrane 

traffic into the early endosomes via the endocytosis pathway (indicated by the green arrow 

in the figure), or more commonly by altering one of the three traffic pathways out of the 

early endosome (indicated by the numbered green arrows): 1. The degradation pathway, 

which is initiated by sorting cargo to the intraluminal vesicle (ILV). 2. The ‘recycling’ 
pathway to the cell surface. 3. The ‘retrograde’ pathway back to the trans-Golgi network. 

The four gene classes are:

Endosomal Trafficking Genes. Typified by SORL1, BIN1, CD2AP and PICALM, this 

class directly affects the balance of membrane trafficking in and mainly out of the early 

endosome, upstream to amyloid accumulation. A downstream consequence is to increase 

APP and/or BACE1 at the endosomal membrane, leading to intracellular accumulation of 

βCTF and Aβ42, or to a decrease in the intraneuronal clearance of Aβ42. As illustrated, 

βCTF and/or Aβ42 can feed back and worsen endosomal traffic jams, creating a vicious 

cycle
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Cholesterol Metabolism Genes. Typified by APOE4, this class can decrease the clearance 

of extracellular Aβ42, which can lead to increases in intracellular Aβ42. Additionally, this 

class can increase endocytosis or more likely reduce endosomal recycling, with a direct 

effect on endosomal traffic jams.

Immune response genes. Typified by TREM2 this class can decrease the clearance of 

extracellular Aβ42, leading to increases in intracellular Aβ42, which in turn can contribute 

to endosomal traffic jams.

APP processing genes. Including mutations in APP and the presenilins, this class leads to 

an intracellular accumulation of Aβ42 and/or βCTF and, which can act as drivers of 

endosomal traffic jams.
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Figure 2. Endosomal traffic jams can mediate Alzheimer’s pathophysiology
As outlined in the flow diagram (upper panel) and illustrated in the figure (lower panel) two 

disease-relevant pathophysiological consequences occur in the setting of traffic jams:

A reduction of glutamate receptor recycling. Traffic jams in the early endosome reduces 

the transport of glutamate receptors to the postsynaptic surface of neurons, via recycling 

endosomes, impairing synaptic health.

An Increase in pathogenic exosomes. Traffic jams in the early endosome either increases 

the number of intraluminal vesicles (ILVs) in the multivesicular body thereby increasing the 

number of released exosomes; or, increases the content of exosomes with, for example, 

βCTF, Aβ or tau. Either increasing exosomal number or increasing exosomal content can 

accelerate anatomical spread of disease.
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