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Abstract

In the United States, estimates indicate there are between 250,000 and 400,000 individuals with 

Down syndrome (DS), and nearly all will develop Alzheimer's disease (AD) pathology starting in 

their 30s. With the current lifespan being 55 to 60 years, approximately 70% will develop 

dementia, and if their life expectancy continues to increase, the number of individuals developing 

AD will concomitantly increase. Pathogenic and mechanistic links between DS and Alzheimer's 

prompted the Alzheimer's Association to partner with the Linda Crnic Institute for Down 

Syndrome and the Global Down Syndrome Foundation at a workshop of AD and DS experts to 

discuss similarities and differences, challenges, and future directions for this field. The workshop 

articulated a set of research priorities: (1) target identification and drug development, (2) clinical 

and pathological staging, (3) cognitive assessment and clinical trials, and (4) partnerships and 

collaborations with the ultimate goal to deliver effective disease-modifying treatments.
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1. Introduction

Down syndrome (DS) is the most common genetic condition in the United States, currently 

affecting approximately one in 700 live births. In addition to intellectual disability and 

characteristic physical traits such as small stature and facial dysmorphism, people with DS 

are at increased risk for cardiac defects and certain blood diseases, such as leukemia during 

childhood, autoimmune disorders and recurrent infections, and are at a markedly increased 

risk of Alzheimer's disease (AD). Because life expectancy for people with DS has more than 

doubled over the past 30 years, their increased risk for AD has become an important 

concern. Virtually all adults with DS develop neuropathology consistent with AD by their 

40s and by age 55–60 years, their current lifespan, at least 70% will develop dementia [1–4]. 

Unfortunately, as they live longer their risk for developing Alzheimer's will increase for 

there are no treatments to slow, stop, or prevent AD. Thus, with prevalence varying between 

250,000 and 400,000 in the United States and more than 5 million worldwide, DS represents 

the largest group of individuals with early onset AD (EOAD) (i.e. individual under the age 

of 65 years).

The high incidence of AD among adults with DS, combined with the ability to identify these 

individuals at or before birth, suggests that it may be possible to target this population for 
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early intervention or prevention. With this in mind, the Alzheimer's Association, in 

partnership with the Linda Crnic Institute for Down Syndrome and the Global Down 

Syndrome Foundation, convened a workshop of AD and DS experts to explore the 

pathogenic and mechanistic links between the two disorders, discuss whether individuals 

with DS comprise an appropriate population for AD clinical trials, and strategize about how 

to advance collaborative research toward the parallel goals of providing effective treatment 

for individuals with DS and AD and expediting AD drug development. The workshop 

articulated a set of research priorities to move the field forward, including further 

exploration of shared pathophysiologic mechanisms, exploration of the course of 

pathogenesis long before the onset of dementia, identification of additional and possibly 

unique biomarkers that herald the onset of pathogenesis and/or that differentiate AD + DS 

from the other types of early or late onset AD, establishment of a national repository of AD 

+ DS brains and other tissues, discovery and validation of novel therapeutic targets, and 

implementation of clinical trials designed to anticipate and prevent pathogenesis. Since this 

meeting, this group has gone on to establish a Professional Interest Area for DS-AD under 

the auspices of the International Society To Advance Alzheimer's Research and Treatments 

of the Alzheimer's Association (AA). Furthermore, the AA, Linda Crnic Institute for Down 

Syndrome, and the Global Down Syndrome Foundation have sponsored a grant program to 

support these efforts.

2. Pathologic and mechanistic links between DS and AD

Post-mortem studies of DS brains reveal both pathological similarities to and differences 

from AD brains. Amyloid-β (Aβ) protein is deposited into extracellular plaques and blood 

vessel walls in brain in both AD and DS, however, Aβ deposition occurs decades earlier in 

DS compared with non-DS individuals with the most common form of AD, late-onset 

Alzheimer's disease (LOAD) (i.e. individuals over the age of 65) [3–5]. In a study of 29 DS 

subjects between the ages of 3 and 73, Aβ deposition was seen as early as age 12 in 

individuals with DS and was universal by age 31 [6], beginning with diffuse Aβ42 deposits 

and progressing to compacted, fibrillar plaques often containing Aβ40, that was associated 

with neurodegeneration. Similar to AD, Aβ42 is always more abundant than Aβ40 in DS 

individuals, and N-terminally truncated Aβ is observed in both conditions [7]. Imaging 

studies, using the Pittsburgh compound B (PiB) [8], suggest that early accumulation of 

amyloid follows a fronto-striatal pattern similar to PS-1 mutation carriers, while a study 

from using [(18)F]FDDNP (2-(1-{6-[(2-[fluorine-18]fluoroethyl)(methyl)amino]-2-

naphthyl}-ethylidene)malononitrile) [9] reported early accumulation of AD pathology in the 

frontal cortex rather than in the temporal cortex, raising the possibility that there may be 

regional differences in the pathological progression between AD and DS + AD.

Neurofibrillary tangles (NFTs) accumulate later, with the hippocampus, entorhinal cortex, 

and neocortex among the most affected regions [10]. The distribution of plaques and tangles 

in DS brains is very similar to AD, although the density is greater in DS [11]. There may 

also be less robust progression of neuronal loss in DS compared with AD; however, the DS 

brain starts out with fewer neurons [12], suggesting a lower brain “reserve”, especially in the 

frontal and temporal cortices.
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Other similarities between AD and DS neuropathology include increased build-up of plaque-

associated proteins, microglial activation, astrogliosis, inflammation, and oxidative stress 

[1,13–17]. Although the pathogenesis proceeds over decades in DS, the staging of AD 

neuropathology is not as clearly established in DS as it is in AD.

The partial overlap in neuropathology of DS and AD suggests that some common 

pathogenic mechanisms may exist. More than 50 years ago, DS was shown to result from 

trisomy of chromosome 21, which contains hundreds of genes, including the gene for 

amyloid precursor protein (APP). Numerous lines of evidence point to the importance of 

APP in AD; increased copies of the APP gene is sufficient to cause EOAD with cerebral 

amyloid angiopathy (CAA) [18]. APP promoter polymorphisms that increase protein 

expression are also associated with EOAD [19] and may increase susceptibility to sporadic 

AD [20]. In one 78-year-old individual with DS but only partial trisomy 21 (missing APP 
and several other genes), there was no dementia or AD pathology at autopsy [21], supporting 

that APP plays a role in DS + AD.

APP overexpression is also linked to endocytic changes that are seen in both AD and DS. 

Endocytosis is critical for transmission and transport of neurotrophic factors in both the 

retrograde and anterograde direction. APP is processed by β- and γ-secretases in the 

endosomes, which are markedly enlarged in the AD brain early in the disease process. In 

DS, significant endosome enlargement is seen in the fetus at 28 weeks gestation, decades 

before the development of AD pathology, suggesting a failure of endosomal trafficking 

and/or recycling [22]. Endosomal dysfunction results in the disruption of many cellular 

processes essential for neuronal functioning, including protein turnover at synapses, local 

signaling, and subsequent effects on the cytoskeleton, protein synthesis, and retrograde 

signaling. In mouse models of AD and DS, APP overexpression resulted in endosomal 

dysfunction, increased nerve growth factor (NGF), and brain-derived neurotrophic factor 

(BDNF) signaling, especially at gamma-aminobutyric acid (GABA) synapses, failed 

retrograde transport of NGF and BDNF, and neurodegeneration of basal forebrain 

cholinergic neurons (BFCNs) [23].

BFCNs are important for memory function, and are shown to degenerate progressively in 

humans with DS, in idiopathic AD, and in the Ts65Dn mouse model of DS [24]. Ts65Dn 

mice are born with a normal density of BFCNs. However, like patients with DS, older 

Ts65Dn mice show a progressive decline in density of BFCNs in parallel with progressive 

loss of spatial reference and working memory [25]. Furthermore, reduced staining for the 

high-affinity NGF receptor, trkA, is observed in BFCNs not only from Ts65Dn mice, but 

also from individuals with DS and idiopathic AD, suggesting a biological mechanism for the 

cell loss involving this growth factor. Recently, Iulita et al [26] demonstrated parallel 

changes in neurotrophin maturation and cleavage mechanisms in the temporal and frontal 

cortices of both humans with DS + AD, and in Ts65Dn mice, providing potential 

mechanisms for BFCN degeneration and a target for development of pharmacotherapy for 

this population. Endosomal dysfunction is related to increased TrkB signaling, especially in 

inhibitory synapses, which may underlie the progression of AD [27]. Also notable, 

endosome enlargement and associated abnormal acceleration of endocytosis are mediated 
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specifically by the β-cleaved carboxyl-terminal fragment (β-CTF) of APP, independently of 

Aβ [28].

Endocytosis is also critical for apoE function. The ApoE ε4 allele is the strongest genetic 

risk factor for LOAD, and in individuals with DS a doubling of amyloid burden is observed 

[10], and a significantly higher risk for AD and an earlier age of onset [29,30]. In patients 

with sporadic AD, the presence of the ApoE ε4 allele leads to significantly larger endosomes 

[22]. Interestingly, there is some evidence that the ApoE ε2 allele is protective against the 

development of dementia in individuals with DS [31].

Of course, APP is not the only gene triplicated in DS, for there are thought to be 635 genes 

according to the European Bioinformatics Institute listing; certainly other genes play 

important roles in producing the AD phenotype. One of the other genes triplicated in DS is 

the gene for dual-specificity tyrosine phosphorylated and regulated kinase 1a (DYRK1A), a 

protein that is overexpressed in both the DS and AD brain [32], with somewhat lower levels 

of overexpression in the AD brain. DYRK1A affects alternative splicing of tau by 

phosphorylating several splicing factors [33], priming tau for abnormal 

hyperphosphorylation by GSK-3 [34]. Overexpression of DYRK1A may also indirectly 

contribute to the early onset of neurofibrillary degeneration through phosphorylation of 

alternative splicing factors, leading to an imbalance between 3R-tau and 4R-tau. This 

imbalance results in a several-fold increase in the number of DYRK1A-positive and 3R-tau-

positive NFTs in DS subjects in comparison to subjects with sporadic AD [35]. Moreover, 

the enhanced phosphorylation of APP at Thr 688 by overexpressed DYRK1A [36] facilitates 

amyloidogenic APP cleavage, which elevates Aβ40 and 42 levels resulting in possibly higher 

level of toxic Aβ oligomers that contributes to the earlier onset of Aβ pathology [37]. Hence, 

the inhibition of DYRK1A activity can be explored as a potential therapeutic approach to 

treat the developmental defects and the early onset Alzheimer-type pathology in DS.

Another gene encoded on human chromosome 21 (HSA21) is synaptojanin 1 (SYNJ1), a 

lipid phosphatase that plays an important role in synaptic transmission. SYNJ1 protein 

negatively regulates the levels of phosphatidylinositol-4,5-biphosphate [PtdIns(4,5)P(2)], a 

signaling phospholipid involved in many cellular processes. Studies in DS transgenic mice 

suggest that overexpression of SYNJ1 and the resulting perturbation of PtdIns(4,5) P(2) 

metabolism is associated with cognitive impairment [38]. Furthermore, trisomy for SYNJ1 
in DS is functionally linked to the enlargement of early endosomes [39]. Conversely, SYNJ1 
haploinsufficiency appears to be protective against the synaptotoxic action of Aβ [40], 

indicating that SYNJ1 protein levels may be relevant both in DS and AD.

Neuroinflammation has also been linked to cognitive deficits, and many inflammatory genes 

found on chromosome 21 may contribute to neurodegeneration in DS [16]. For example, the 

astrocyte-derived growth factor S100β has been implicated in the formation of neuritic 

plaques in AD. In DS, elevated numbers of S100β positive astrocytes are present throughout 

life and are associated with neuritic dystrophy [41]. Other inflammatory molecules, 

including ApoE and alpha1-antichymotrypsin, have also been shown to be upregulated in 

astrocytes and microglia in both AD and DS and are found in amyloid plaques [42]. 

Interestingly, a recent study demonstrated alterations in the transcriptome between a pair of 
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monozygotic twins, where only one twin had DS [43]. The investigators found widely 

occurring gene expression dysregulation domains (GEDDs), suggesting that nuclear 

components of trisomic cells undergo modifications of the chromatin environment that can 

influence the overall transcriptome and give rise to specific DS-related phenotypes. The 

investigators also discovered that similar GEDDs were observed along the mouse 

chromosomes in Ts65Dn mice that were syntenic to HSA21, suggesting that this mouse 

model may, indeed, be an appropriate mouse model for DS at least in terms of genome wide 

alterations. Genetic alterations observed in the trisomic twin were related to an inflammatory 

response and cytokine-cytokine receptor interactions, confirming that neuroinflammation is 

an important pathological trait in DS brains. Further support is provided by DS mouse 

models exhibiting age-related and progressive activation of both microglial cells and 

astrocytes in the hippocampus and other limbic areas, and BFCN loss, and memory loss that 

can be prevented by treatment with the tetracycline derivative minocycline [44]. Finally, 

complement proteins, associated with innate immunity, have also been observed in 

association with amyloid plaques, dystrophic neuritis, and NFTs in AD and DS [45], 

supporting an important role of neuroinflammation genes in DS and AD pathophysiology.

Trisomy of chromosome 21 in DS also leads to other cellular changes. Cells may respond to 

changes in gene dose by altering DNA methylation of genes not only on chromosome 21, 

but on other genes throughout the genome. Methylation can alternatively silence or activate 

genes, and may be manipulated by drugs and nutrients. Studies of T-lymphocytes from 

adults with DS showed a characteristic pattern of methylation abnormalities in genes 

involved in the immune response [46]. In further studies of other tissues, particularly brain 

tissue from individuals with DS, researchers have begun to identify changes in methylation 

in neurons and glia that appear early in development. More research will be needed to 

determine the consequences of these changes and whether they can be modified 

therapeutically.

There is some evidence that trisomy may contribute to other forms of sporadic and familial 

AD. Trisomy 21 mosaicism has been found in fibroblasts from people with all forms of AD, 

both sporadic and familial [47]. In addition, hyperploidy has been demonstrated in neurons 

of AD brains at mild stages, before neuronal loss, and these neurons appear to be targeted 

for cell death as the disease progresses [48]. Studies in human cells and Xenopus egg 

extracts suggest that excess Aβ in hyperploid cells disrupts mitotic spindle formation by 

inhibiting kinesins (mitotic motor proteins), including Eg5, thus affecting neurogenesis and 

neuroplasticity [49]. In contrast, enhancement of neurogenesis and neuronal plasticity by 

treatment with a ciliary neurotrophic factor peptide was found to rescue cognitive 

impairment in Ts65Dn mice [50]. This suggests a mechanistic link between trisomy 21 and 

neurodegenerative disease [49], but the specifics of how small proportions of trisomic cells 

might contribute to brain-wide AD neuropathophysiology remain unclear.

3. DS animal models to understand AD

Mouse models are useful for studying disease processes and identifying potential 

interventions in genetically well-defined populations that can be manipulated in various 

ways. Of the several DS mouse models that have been generated, the most widely used is the 
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Ts65Dn model for studying DS, which is trisomic for 88 of 161 of the ortholog protein 

coding genes on human chromosome 21 [51]. Ts65Dn mice are characterized by a 

progressive loss of working memory, cholinergic deficit in the basal forebrain, and 

neuroinflammation; changes observed in AD. Additionally, there is dysregulation of trophic 

factors and an altered plasmin pathway for neurotrophin cleavage [52,53]. Importantly, there 

is a striking correspondence between the developmental impact of trisomy in this mouse and 

humans with DS, resulting in similar phenotypes such as short stature, flat facies, flat nasal 

bridge, and a small cerebellum [54].

However, two facts regarding the Ts65Dn genetics must be kept in mind in evaluating it as a 

model for AD in DS. First, the Ts65Dn lacks trisomy of a number of HSA21 genes with 

functional features that are of compelling relevance to development of AD. These include 

S100 B (discussed previously), the Small Ubiquitin-like Modifier, SUMO3 and the serine 

protease inhibitor, CSTB, and other genes [55]. Second, the Ts65Dn is also trisomic for a 

small centromeric segment of mouse chromosome 17 that is not orthologous to HSA21. It 

has recently been shown that this segment is more gene rich than previously assumed, and 

indeed includes 50 protein coding genes [56], among them paralogs of some HSA21 genes, 

including SYNJ2 (see previously for paralog SYNJ1) and TIAM2, plus several Dynein light 

chain genes whose increased dosage could influence endosomal transport. Thus, the genetic 

basis for the phenotype of the Ts65Dn is more complex and may not be identical to DS.

The functions of orthologs of a few HSA21 genes have been studied individually in model 

organisms including mouse, fruit fly, Caenorhabditis elegans, and yeast. Typically, such 

studies suggest these orthologs regulate similar developmental pathways [57]. In mouse 

models overexpressing single HSA21 genes, hippocampal function is often affected, 

resulting in specific behavioral abnormalities and sometimes in excessive inhibitory input to 

the hippocampus, resulting in reduced long-term potentiation. In these studies, treatment 

with drugs that antagonize GABAergic transmission normalized these physiologic and 

behavioral outcomes [52]. In particular, studies focusing on the hippocampus indicate that 

down-regulation of GABA-A interneurons holds promise as a therapeutic agent. However, to 

date many other therapeutic interventions have also proved effective in the Ts65Dn, 

suggesting that other important mechanisms need to be explored [58].

In addition to the genetic concerns for replicating human trisomy in mice is the concern for 

the lack of plaques and tangles formation in DS mouse models to replicate the hallmarks of 

AD. However this may be due to the three amino acid difference in the mouse vs. the human 

β-amyloid sequence that increases the ability of the protein to aggregate in humans. 

Additionally, evidence has suggested that β-amyloid aggregation may be a trigger for tau 

aggregation, limiting the ability to develop tau abnormalities in mice. Therefore the DS 

models have interesting potential for studying AD by introducing human β-amyloid 

sequences into DS mouse models, allowing different trisomy models and their 

corresponding gene expression patterns to reflect on how they affect the pathophysiology of 

plaque and tangle development. Conversely, the lack of Aβ aggregation may allow the 

evaluation of other processes contributing to cognitive impairment and brain 

neurodegeneration independent of Aβ production or aggregation.
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A problem with the current AD mouse models is that they do not reproduce the neuronal cell 

loss observed in humans; in fact, there is little to no neuronal loss. Of interest is the 

neurodegeneration in the Ts65Dn mouse, which may be due to increased APP production or 

one of its nonamyloid cleavage products, impaired NGF transport and/or cleavage to its 

mature form, gliosis in the hippocampus, impaired mitochondrial function, oxidative stress, 

neuroinflammation, calcium dysregulation or some combination of these changes [55]. The 

Ts65Dn model or other DS mouse models could therefore be useful to test whether 

intervening in these pathways, independent of plaques and tangles, is therapeutic to 

generally address neuronal cell loss. Although these animals do not produce plaques and 

tangles, these same cell death mechanisms may play an important role in cell loss 

downstream from these pathological changes. These similarities and differences in the DS 

and AD animal models have yet to be explored and may point to important aspects of 

underlying biochemical and structural changes that may drive the development of AD.

DS mouse models have provided a powerful tool for translational research in DS, and these 

models may also prove similarly useful in evaluating AD treatments, although the 

differences between mouse models and humans, as discussed previously, raise some 

concerns about relevance. Nonetheless, these models are enormous untapped areas of 

research with implications for drug development in both the DS and AD fields, overlapping 

in areas such as modifying APP levels and its cleavage products, modifiers of the 

endosomal/lysosomal system, and the interaction between basic metabolic pathways, such as 

those involving insulin, mTOR, immune signaling, amyloid and growth factor pathways. 

Along these lines are the several novel mouse models for DS that have been developed (for 

review, see Kleschevnikov et al. [59], Rueda et al. [60], Figure 1). It will be important in 

future studies to correlate phenotypes in the novel models with those already described for 

Ts65Dn mice, to confirm that a higher inclusion of syntenic genes leads to a more accurate 

behavioral and pathological model for the human condition. A recently developed mouse 

model [61] carries duplications of many of the gene regions corresponding to human 

chromosome 21. Initial studies suggest that this model exhibits additional memory 

impairment and pathological brain development, suggesting that it may serve as a more 

appropriate model; however, no aging studies or intervention studies have been carried out to 

date. The workshop participants identified a need to study the aging process in all DS mouse 

models, with particular concern for different background strains, to determine the most 

appropriate models to reflect AD progression in humans.

4. Diagnosing AD in individuals with Down syndrome

AD and DS follow a similar trajectory of decline; however, diagnosis of dementia in 

individuals with DS presents challenges, the most obvious related to the baseline functioning 

of individuals with substantial pre-existing intellectual disabilities that vary in type and 

severity within this population. Universal norms used in assessing the activities of daily 

living (ADLs) in AD are difficult when assessing individuals with DS, for some tasks may 

never have been performed previously, such as handling their own finances or driving a car. 

Thus, changes in ADLs function in DS need to be compared with the individual's baseline 

abilities as opposed to current standardized tests. Cognitive assessments must also take into 

account variability in baseline performance across cognitive domains, because some aspects 
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of cognition are more affected than others. For example, a DS cognitive phenotype is 

characterized by relative weaknesses in morpho-syntax, visual short-term memory, and 

explicit long-term memory compared with visual-spatial short term memory, associative 

learning, and implicit long-term memory [62].

The Arizona Cognitive Test Battery (ACTB) was developed to provide a focused instrument 

for assessing possible improvements in cognition in clinical trials [63]. While this battery 

was originally designed to tap into aspects of cognition affected by intellectual disability and 

other cognitive impairments, it contains assessments of cognitive domains expected to be 

affected in AD. However, the ACTB is not widely used at this point. The challenge of 

assessing cognition in individuals with DS is complex, especially as we try to assess 

individuals very early in the disease process. Multiple groups are developing empirically 

validated methods for assessing AD in adults with DS, which should be done in conjunction 

with the current initiatives to develop more sensitive tests to address the new diagnostic 

guidelines for prodromal or earlier stages of AD (http://www.alz.org/research/

diagnostic_criteria/). Universal adoption of cognitive assessments would be helpful in 

developing national or international DS/AD programs, similar to the successful Alzheimer's 

Disease Neuroimaging Initiative (ADNI) that is providing valuable insights into the 

development of AD in the general population. ADNI and its global partners, Worldwide 

ADNI (http://www.alz.org/research/funding/partnerships/WW-ADNI_overview.asp), have 

together gathered and shared substantial biomarker data aimed at delineating the 

pathological progression of AD.

Biomarkers have the potential to aid not only in diagnosis of AD in individuals with DS, but 

more importantly, biomarkers track the progression of the disease in its earliest stages and 

the effectiveness of different treatments. However, biomarker data are sparse in the DS + AD 

field, but there is data from amyloid PET imaging suggesting the deposition of amyloid 

earlier in individuals with DS than late-onset AD [8,64,65], and with tau PET imaging on 

the horizon this will help in the identification of individuals at risk. Also, linking cognitive 

studies and functional imaging may allow prediction of cognitive impairment and provide a 

platform for early intervention [66]. Other techniques may be of value, such as high 

resolution electroencephalography to determine epileptic activity, because there appears to 

be a subset of individuals with DS and/or AD that have seizures [66]. Additionally, 

structural and functional magnetic resonance imaging in DS population, as in the general 

population, may reflect early AD neuropathophysiology [67,68].

Cerebrospinal fluid (CSF) biomarkers are thought by many investigators to be necessary to 

detect brain pathology; however they may be difficult to evaluate in DS individuals due to 

difficulties in performing lumbar punctures for research with “no prospect of direct benefit”, 

but with new treatments this could possibly change. Alternatively, the possible availability of 

plasma biomarkers, including telo-mere length as a marker [69], plasma Aβ [70], or new 

platforms under development such as the SomaLogic technology [71], may greatly increase 

acceptance and open the doors to dramatically increased study participation and numbers. A 

combination of these diagnostic tools may be extremely valuable in early assessment for 

individuals at risk for developing AD, both in individuals with DS and the general 

population.
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A public-private partnership was recently launched by the Alzheimer's Disease Cooperative 

Study and Michael Rafii, study director, as a means to establish biomarkers of dementia in 

DS that would support clinical trials of AD preventive therapies [72]. The clinical study, 

named the Down Syndrome Biomarker Initiative (DSBI), will mirror the efforts of the 

ADNI, which was established in 2003 to validate imaging and blood/CSF biomarkers for 

AD treatment trials as a means of speeding drug development [73]. Like ADNI, DSBI is 

intended to establish an infrastructure that could eventually be used in the development of 

clinical trials for secondary prevention studies in individuals with DS and AD. Programs and 

databases to identify individuals and ways to share information is growing for both 

communities, as seen in the newly created DS-Connect (https://dsconnect. nih.gov) and the 

Global Alzheimer's Association Interactive Network (GAAIN) (www.gaain.org).

5. AD clinical trials in individuals with DS

The extremely high prevalence of AD in people with DS could provide a unique opportunity 

to study how to slow, stop or prevent Alzheimer's in these individuals. Given the complexity 

of AD in the setting of DS, a single drug may not be completely effective, but novel 

therapeutics under development for AD and other neurodegenerative diseases may be of 

interest in the AD 1 DS population, particularly when they target mechanisms that appear to 

be important in DS. For example, almost all individuals with DS and AD, and about one-

third of cognitively normal elderly subjects, have Cerebral amyloid angiopathy (CAA). CAA 

is an independent risk factor for dementia and may need to be factored in regarding 

treatment options or for stratifying populations in clinical trials. Certainly, this has been a 

newly emerging aspect of AD where autopsied brains are showing mixed pathologies.

An added complication is the prevalence of Attention Deficit Hyperactivity Disorder 

(ADHD) in DS individuals, which is as high as 43% [74]. ADHD may, in part, be due to 

altered norepinephrine (NE) levels because DS individuals exhibit an early and progressive 

loss of neurons supplying NE, locus coeruleus neurons, also seen in AD. Thus, a novel 

treatment approach may be using NE enhancing drugs, such as Atomoxetine or Droxidopa 

[75]. Because NE signaling has been shown to regulate growth factor expression, 

inflammatory pathways, and amyloid processing, treatment with NE enhancing drugs may 

be neuroprotective and prevent or slow further neuropathology progression [76]. Other novel 

treatment options considered included stimulating innate immune system with a Toll-like 

receptor 9 ligand [77], inhibiting the interaction of apoE with Aβ, which may prevent or 

slow oligomerization and polymerization of Aβ, thus halting or reducing the pathogenic 

cascade [42]. It is unclear at this point whether treatment options for DS individuals will be 

the same as the general population or possibly require additional treatments in combination.

Currently, there are approximately 12 DS trials related to AD in development, recruitment or 

active/completed. These include anti-amyloid antibodies, myoinositol, epigallocatechin 

gallate, nicotine, memantine, and vitamin E. The DS efforts have been recently advanced by 

the NIH Down Syndrome Registry called DS-Connect™ which links individuals with DS to 

resources and research studies. Clearly the DS and the Alzheimer's communities will benefit 

from the crosstalk in these clinical trials and the advanced trials being conducted in the AD 

field, including the Dominantly Inherited Alzheimer's Network Trial Unit (DIAN-TU), the 
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Anti-Amyloid Asymptomatic Alzheimer's Trial (A4), the TOMMORROW trial, and the two 

trials under Alzheimer's Prevention Initiative [78].

A final important note with regard to clinical trials in individuals with DS: Institutional 

Review Board (IRB) approval and enrollment can be a barrier, given that adults with DS 

typically lack the capacity to balance potential benefits against potential risks. Therefore, 

IRBs may require increased evidence of safety and tolerability. One strategy for gaining IRB 

approval is to contend that people with DS constitute a health disparity population at 

exceptionally high risk, and these individuals should have access to the latest interventions 

and clinical trials. Programs such as these could greatly benefit from a national IRB protocol 

as proven to be successful in cancer trials.

6. Future directions

As care for individuals with DS has significantly improved, including medical treatments, 

educational policies, societal attitudes, better support, and advanced services, so has their 

lifespan which has unfortunately put them at greater risk for developing AD. Even though 

this risk has been recognized, awareness is still low, and only a relatively small portion of 

the DS + AD models have been explored and adequately tested. Expanded prospective 

studies in the DS population are needed to understand the biological processes that drive the 

disease. Moreover, a strong, unified effort to deconstruct the problems and identify solutions 

would be of tremendous benefit, not only to the AD field as a whole, but also to the many 

individuals and families caring for these individuals afflicted with the disease. Because of 

the high incidence of AD in individuals with DS, and because DS + AD represents a fairly 

large group of individuals globally, there is a great need to incorporate individuals with DS 

in the Alzheimer's biobanks. Few brain banks or Alzheimer Centers have included these 

individuals in their study, and the workshop participants recognized this as an important area 

of improvement. Clinical trials of Alzheimer's treatments in individuals with DS will be 

extremely insightful. As an outcome of this DS/AD workshop, meeting participants 

recommended a number of research priorities for moving the field forward:

Target Identification and Drug Development

• Develop mouse models that use the combination of the DS models with the AD 

models to investigate mechanism(s) of neuronal loss.

• Develop DS mouse models to express the human amino acid sequence of Aβ.

• Discover and validate novel therapeutic targets and promote clinical trials that may 

be mutually beneficial for both the DS and AD affected population.

• Study the role of inflammation and innate immunity in DS as it relates to the 

development of AD.

• Explore the links between pathogenesis of DS and AD, including the role of 

endosomal enlargement and dysfunction.
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• Test DYRK1A inhibition as a factor contributing both to developmental 

abnormalities and early onset Alzheimer-type pathology in a trisomy 21 

background.

• Explore further the links between NGF and brain-derived neurotrophic factor 

signaling and neurodegeneration of basal forebrain cholinergic neurons.

• Investigate the role of the synaptojanin 1 (SYNJ1) protein and lipid phosphatase 

signaling in causing abnormal synaptic transmission and endosome enlargement.

Clinical and Pathological Staging

• Develop better pathological staging in asymptomatic and prodromal individuals 

with DS.

• Define early biomarkers in the brain and blood that herald the onset of 

pathogenesis, e.g. Aβ42-specific ligands, fluorodeoxyglucose-positron emission 

tomography (FGD-PET), serum growth factors, inflammatory/oxidative stress 

markers, CSF biomarkers, or novel biomarkers such as telomere length and lens 

pathology.

• Characterize the preclinical course of AD in DS adults in longitudinal natural 

history studies (i.e.,DSBI) using biomarkers that would be sensitive to gender 

differences, traumatic brain injury, ApoE status, and seizure status.

• Compare the trajectory of disease between individuals with DS and individuals 

with autosomal dominant mutations that predispose to AD (i.e., the Dominantly 

Inherited Alzheimer's Network observational or trial unit (DIAN or DIAN-TU)).

• Examine whether genetic variants that increase the risk of AD influence the onset 

of dementia in DS.

Cognitive Assessment and Clinical Trials

• Standardize a core battery of cognitive and functional tests that are applicable to 

individuals across the broadest possible spectrum of impairment and intellectual 

disabilities.

• Standardize biomarker and neuroimaging protocols for DS trials and where 

possible to align with ongoing AD trials through the Alzheimer's Disease Centers 

and/or programs like Alzheimer's Disease Neuroimaging Initiative (ADNI).

• Analyze how prevention trials in AD may be adapted to individuals with DS or how 

prevention trials in DS might apply to a non-DS population at risk for developing 

AD.

• Examine the role of life style factors, including diet, and exercise, in the 

progression of dementia and AD pathology in DS.

• Establish a national repository for DS-AD brains and other tissues and cells, and a 

database for all specimens that have been biobanked in different locations.
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Partnership and Collaborations

• Partner with colleagues around the world to acquire and analyze CSF samples from 

people with DS.

• Facilitate communication and collaboration in the field by developing a database of 

all ongoing research, similar to National Alzheimer's Coordinating Center (NACC), 

ADNI or World Wide-Alzheimer's Disease Neuroimaging Initiative in the 

Alzheimer's field.

• Form a roundtable comprised of representatives of academia, industry, 

governmental and regulatory agencies, and funding and advocacy organizations to 

explore, brainstorm, and develop a plan for moving forward aggressively. 

Encourage the participation of a broader array of industry representatives from not 

only the pharmaceutical industry but health care and food/nutrition companies.
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RESEARCH IN CONTEXT

1. Systematic review: A workshop of world experts on Alzheimer's disease (AD) 

and Down Syndrome (DS) was convened to discuss their collective knowledge 

and expert opinions concerning similarities and differences between idiopathic 

AD and that observed in individuals with DS developing AD. This discussion 

was put in context of the current literature.

2. Interpretation: The workshop articulated specific challenges and promising areas 

of research that included: (i) Pathologic and mechanistic links between DS and 

AD, (ii) DS animal models for understanding AD, (iii) Diagnosing AD in 

individuals with Down syndrome, and (iv) Conducting AD clinical trials in 

individuals with DS.

3. Future directions: The workshop articulated a set of research priorities: (i) 

Target identification and drug development, (ii) Clinical and pathological 

staging, (iii) Cognitive assessment and clinical trials, and (iv) Partnerships and 

collaborations with the ultimate goal of delivering effective disease-modifying 

treatments.
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Fig. 1. 
Mouse models of Down syndrome (DS). The diagram shows a representation of human 

chromosome 21, HSA21, and separate mouse chromosomes (10, 16, and 17) that are 

orthologous to HSA21that have been used to develop mouse models of DS [59,60]. The 

mouse models diagrammed here represent the triplication of different regions of the various 

murine chromosomes, except the Tc1 mouse model, that carries a transchromosome with the 

human HAS21 genes (black boxes are two internal deletions). The most commonly used 

model is the Ts65DN which represents the triplication of the mouse chromosome (MMU) 16 

[79]. Ts1Cje, Ts1Yu and Ts1Rhr are segmental duplications or translocations of different 

lengths of MMU16 [60].
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