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drome. The Trisomy 21 Research Society (T21RS) is the pre-
mier scientific organization for researchers and clinicians
studying Down syndrome. The Third International Confer-
ence of T21RS, held June 6-9, 2019, in Barcelona, Spain,
brought together 429 scientists, families, and industry rep-
resentatives to share the latest discoveries on underlying
cellular and molecular mechanisms of T21, define cogni-
tive and behavioral challenges and better understand co-
morbidities associated with Down syndrome, including Al-
zheimer’s disease and leukemia. Presentation of cutting-
edge results in neuroscience, neurology, model systems,
psychology, cancer, biomarkers and molecular and phar-
macological therapeutic approaches demonstrate the
compelling interest and continuing advancement in all as-
pects of understanding and ameliorating conditions asso-

ciated with T21. © 2021 S. Karger AG, Basel

Trisomy 21 (T21) causes Down syndrome (DS), the
most common genetic cause of intellectual disability and
the most recognized genetic syndrome. Individuals with
DS and their families face significant health challenges.
Scientific discoveries at the basic, preclinical and clinical
levels are necessary to improve development and health
of individuals with DS. In addition, research focused on
DS can benefit typical individuals at risk for co-morbidi-
ties associated with DS.

The T21 Research Society (T21RS) was founded in
2014 to stimulate and facilitate preclinical and clinical DS
research, support education and training for young re-
searchers, and promote interaction between scientists,
people with DS and their families. Biennial conferences
are devoted to advancing both basic and clinical science
in DS and provide a venue for presentation of exciting
and innovative research on the varied impacts of DS. The
Third International Conference of T21RS was held June
6-9, 2019 at Cosmo-Caixa in Barcelona, Spain. Building
on the success of previous conferences in Paris and Chi-
cago [Delabar et al., 2016; Reeves et al., 2019], the meeting
engaged new researchers to the DS field and promoted
collaboration with current researchers. 429 scientists,
families, and industry representatives from around the
world attended with 167 posters presented and 65 chosen
for short talks. The meeting included 4 plenary lectures,
3 satellite symposia, 14 symposia, 1 Industry session, 1
Education Committee Session, 6 pre-meeting workshops,
and a tour of the Barcelona Biomedical Research Park. A
program for families, the Science & Society Symposium
and a Social Program complemented the research presen-
tations.

Third International Conference of the
T21 Research Society

Human Chromosome 21 and Human Brain
Development

In the Lejeune Plenary Lecture, Stylianos Antonarakis
(Switzerland) gave a historical perspective on human
chromosome 21 (Hsa21) genes and their causative rela-
tionship to the characteristics of DS individuals. By com-
paring the transcriptional kinetics of a gene triplicated in
T21, he showed that the presence of a doubled allele in
trisomic cells leads to increased monoallelic expression
compared to diploid cells and more simultaneous activa-
tion of gene expression compared to diploid controls
[Stamoulis et al., 2019]. These data provide a deeper un-
derstanding of the causative links between altered gene
expression and phenotypes in T21. Dr. Antonarakis was
presented the Montserrat Trueta Outstanding Career
Award to recognize his dedication to understanding the
genetics of Hsa21 and DS.

Nereo Kalebic (Germany) gave the EMBO Plenary
Lecture and discussed human-specific genes, neural stem
cell amplification, and neocortical expansion in develop-
ment and human evolution. He presented data showing
neocortical expansion in humans compared to other spe-
cies is due to increased proliferation of basal progenitors
and identified human membrane-bound palmdelphin as
a factor mediating progenitor expansion [Kalebic et al.,
2019]. These results have implications for cortical devel-
opment in DS, where progenitor neural proliferation and
expansion is reduced.

Models to Study DS

The meeting included a “Mouse Master Class” work-
shop organized by the T21RS Preclinical Committee and
presentations of findings using established mouse models
and the introduction of new, innovative mouse models to
the T21RS community that are likely to be widely used.
Further, the establishment of human induced pluripotent
stem cells (iPSCs) from somatic cells of DS individuals
was also presented and examples of how this system en-
ables elucidation of human-specific cellular and molecu-
lar characteristics underlying T21 were provided.

Investigating DS Phenotypes and Mechanisms through

Comprehensive Mouse Modeling

The Ts65Dn model, due to its strong cognitive pheno-
types and easy accessibility, has been the most widely used
DS model for phenotypic analyses and testing of potential
therapeutics. However, overexpression of additional trip-
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licated genes likely contribute to the phenotypes of T's-
65Dn mice.

To address this problem, Yann Herault (France) pre-
sented the Ts66Yah mouse model which does not carry
the trisomy of the centromeric Mmul7 region and reca-
pitulates many behavioral phenotypes observed in the
Ts65Dn model. Gene expression analysis of Ts66Yah
compared to the Ts65Dn hippocampus revealed that the
Ts66Yah hippocampus has several dysfunctional path-
ways compared to controls including some pathways
similarly dysregulated in the Ts65Dn hippocampus, as
well as distinct differences between the 2 strains.

Roger Reeves (USA) described a mouse model created
with Drs. Yasuhiro Kazuki and Mistuo Oshimura using a
mouse artificial chromosome containing most of the long
arm of Hsa21 (MAC21). The MAC21 model is not mo-
saic and has similar gene expression, protein expression,
and a number of phenotypes present in other mouse
models of DS, validating the model for studies relevant to
DS [Kazuki et al., 2020]. Interpretation of results from
mouse models overexpressing human instead of mouse
genes and the strengths and weaknesses of different mod-
el systems were discussed.

Randall Roper (USA) discussed modeling of skeletal
abnormalities and comparison of several DS mouse mod-
els with differing trisomic content that revealed different
trisomic genes and/or regions may exacerbate or improve
bone mineral density, skeletal structure, stature and cra-
niofacial skeletal phenotypes associated with DS and lead
to the sexual dimorphism seen in DS. Understanding the
gene-phenotype relationship in DS mouse models may be
used to decrease fracture risk and design specific treat-
ments to improve skeletal deficits in individuals with DS
and other individuals with skeletal abnormalities.

Veronique Brault (France) showed correlation of
DYRKIA overexpression with cognitive deficits. Dyrkla
plays a crucial role in the perturbation of the excitation/
inhibition (E/I) balance that leads to deficits in synaptic
transmission and memory. Using a conditional knockout
allele of Dyrkla crossed with the Tg (Camk2-Cre) 4Gsc
transgenic mouse that targets forebrain glutamatergic
neurons, or with the Tg (dlx6a-cre) 1Mekk mouse that
targets forebrain GABAergic interneurons Dyrkla ex-
pressioncan be selectively knocked down in specific cell
populations. Dyrkla gene dosage change in glutamater-
gic neurons did not impact working memory or suscep-
tibility to epilepsy, which was solely impacted by the Dyr-
kla gene dosage change in GABAergic neurons. Interest-
ingly, Dyrkla gene haploinsufficiency in GABAergic
neurons affected social behavior. However, long-term
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object recognition memory was impacted by Dyrkla gene
copy number in glutamatergic neurons, indicating a ma-
jor effect of Dyrkla triplication in the excitatory neuron
subpopulation in declarative memory. These findings
point to a major impact of Dyrkla via a direct impact on
GABAergic neurons and reveal that Dyrkla has a direct
cell-type specific function in regulating long-term explic-
it memory in glutamatergic neurons.

Elizabeth Fisher (UK) showed altered hippocampal-
prefrontal neural dynamics in the Dp1Tyb mouse model
through electrophysiology and the T-maze behavioral
test. Dp1Tyb mice have a delayed decision-making phe-
notype that is associated with altered theta dynamics: re-
duced frequency, increased hippocampal-mPFC coher-
ence, and increased modulation of hippocampal high
gamma. Using Dp1Tyb*Dyrk1aKO mice that have only 2
functional copies of Dyrk1a, the group observed a similar
delayed decision-making phenotype as seen in Dp1Tyb
animals. Hence, a third copy of Dyrkla is not necessary
to produce this behavioral deficit in Dp1Tyb mice, and
must therefore arise from other gene(s) in this region of
Hsa21 homology. These results demonstrate that behav-
ioral deficits associated with altered neuronal dynamics
in a DS mouse model do not result from the increased
expression of Dyrkla.

New Directions in Induced Pluripotent Stem Cells

(iPSC) to Study DS

The power of human iPSCs to model human develop-
ment lies in the ability to recapitulate many developmen-
tal steps to generate specific cell types in vitro over a pe-
riod of time that corresponds to in vivo development. En-
gineering better stem cell models and exploring
epigenomics of T21 are novel avenues of investigation of
the consequences of T21 and may potentially identify
new targets of therapeutics.

Stefan Pinter (USA) discussed efforts to understand
the effect of T21 on neural differentiation and, in particu-
lar, the link between reported impaired primary cilia
[Galati et al., 2018] and neural induction and rosette for-
mation by neural progenitors. Dr. Pinter also presented
new strategies to silence the extra Hsa21 using DOX-in-
ducible XIST after neurogenesis, rather than at the plu-
ripotent stem cell stage [Jiang et al., 2013].

Hiruy Meharena (USA) presented his work on the
consequences of T21 on the epigenome in iPSC-derived
neural cells. Even though numerous studies have recently
shown genome-wide disruption of gene expression be-
cause of T21, the epigenomic consequences remain large-
ly unexplored. Dr. Meharena discussed transchromo-
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somal interactions, specifically chromosome introver-
sion, and presented data linking altered chromosomal
looping with differentially expressed genes.

Ernst Wolvetang (Australia) used CRISPR genome ed-
iting to normalize APP gene copy number in DS iPSCs
and showed that APP copy number has a surprisingly
strong impact on genome wide and Hsa21-specific neu-
ronal gene expression that is neurodevelopmental stage
dependent. Neuronal differentiation into cortical neu-
rons or brain organoids revealed APP gene copy number
affects amyloid production and deposition but not Tau-
pathology, promotes premature neuronal differentiation,
and enhances glial differentiation at the expense of neu-
rogenesis. Single cell RNA seq corroborated these find-
ings and identified cell type-specific overexpression of
different cohorts of HSA21 genes at specific developmen-
tal stages [Ovchinnikov et al., 2018].

Melvys Valledor (USA) presented a short talk on her
work using CRISPR genome editing to establish isogenic
T21 iPS cell lines that vary in the gene dosage of APP, in-
cluding a null line. She used these valuable lines to gener-
ate cerebral organoids and presented her RNA and pro-
tein expression data that nicely complemented the results
from Wolvetang, providing critical reproducibility in the
human stem cell field.

Blandine Ponroy (Canada) explored the molecular
and cellular differences in astrocytes differentiated from
T21 iPSCs and showed that T21 astrocytes have tran-
scriptional and chromatin accessibility differences com-
pared to control cells. Misexpression of neurodevelop-
mental, cell adhesion, and extracellular matrix genes were
concomitant with perturbations in astrocyte size, cell-cell
and cell-substrate adhesion, and protocadherin (PCDH)-
mediated cell recognition. Thus, T21 leads to global epig-
enomic and transcriptomic changes in astrocytes that af-
fect astrocyte adhesive properties [Ponroy Bally et al.,
2020].

Advantages and Challenges of Mouse Models and

Human iPSCs to Study DS

Researchers using different models came together dur-
ing the Education Committee Workshop to discuss the
existing model options to study DS and present ongoing
in vivo and in vitro approaches driving future discovery.

Mouse models have been of vital importance to study
and understand many aspects of DS. Nevertheless, sig-
nificant differences exist at the molecular and systems
levels between rodents and primates. Elizabeth Fisher
(UK) pointed out that the scientific objective should be
the main driver of which model is best suited for the re-
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search at hand, opting for an integrative methodology
that incorporates both in vivo as well as in vitro models
[Fisher and Bannerman, 2019].

Victor Tybulewicz (UK) suggested using multiple
models to verify findings and identify consistent pheno-
types in the mice. Some models take advantage of the por-
tions of mouse chromosomes 10, 16, and 17 syntenic to
Hsa21 while others contain a copy of Hsa21 itself. While
models containing human genes from Hsa21 can incor-
porate the full range of genetic material triplicated in DS,
introducing human-specific genes into the mouse may
not accurately reproduce the effect of those genes in the
human environment. Conversely, when utilizing the trip-
lication of mouse genes, the mouse orthologues may have
different levels of expression and yield different pheno-
types than those found in people with DS.

Randall Roper (USA) discussed the impact of method
of generation and/or genetic background on phenotypes.
For example, when Ts1Rhr is bred on the inbred C57BL/6
background, trisomic animals have an increased volume
of neural crest first pharyngeal arch (PA1) region during
embryonic development and a reduced body weight dur-
ingadulthood. However, on a mixed C57BL/6-C3H back-
ground the model shows no difference in the volume of
PA1 and the trisomic animals have an increased adult
body weight compared to controls. These examples show
that mouse model husbandry is a critical variable to con-
sider.

Tarik Haydar (USA) chronicled the changing pheno-
types of Ts65Dn over generations. His lab’s findings il-
lustrate that even animals of the same trisomic line bred
on the same background but of different historic times
and generation exhibit significant variation in well-doc-
umented phenotypes, including cortical expansion dur-
ing embryonic development, the trajectory of oligoden-
drogenesis and maturation, and learning and memory
performance. The phenotypes also showed a drift in wild
type mice. Dr. Haydar’s work suggests there may be a
greater degree of variability than previously anticipated
and that the phenotypes of trisomic animals may not be
preserved from generation to generation [Shaw et al,
2020] and raises the idea that variability between animals
may be a representation of the variability within the DS
population.

Human models that recapitulate human-specific ge-
netics and brain development are alternatives to using
mouse models to study DS. Jeanne Lawrence (USA) and
Anita Bhattacharyya (USA) emphasized the value of iP-
SCs generated from individuals with DS and the use of
brain organoids to study neural development. While iP-
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SCs accurately represent the human genetic environ-
ment, in vitro experiments do not recapitulate the envi-
ronment of a developing brain. Cell lines differ from lab
to lab, and differences in culturing techniques can affect
how the cells develop in vitro. Drs. Lawrence and Bhat-
tacharyya called for a greater degree of transparency be-
tween labs using iPSCs, including the sharing of isogenic
cell lines and detailed protocols to mitigate variances in
experimental outcomes.

Cellular and Mechanistic Insight into DS

New Disease-Relevant Behavioral Perspective in

Preclinical Intellectual Disability Studies

In this symposium, Nicholas Santiago (USA) present-
ed a new approach to study hippocampus-dependent
learning and memory to avoid interpretive cofounding
factors. Using the social transmission of food preference
(STFP) paradigm, Ts65Dn mice showed normal learning
and memory, but did not retain socially acquired infor-
mation, evidenced by impaired performance following
the 7-day retention interval. The STFP paradigm can be
a valuable tool for studies using DS models to evaluate
potential therapies targeting hippocampal function.

Charles Hoeffer (USA) explored the sleep abnormali-
ties common in DS individuals using the Dp16 mice that
show altered electroencephalography (EEG) oscillations
in both sleep and awake states. Aged mice showed dis-
rupted sleep characterized by increased activity during
the dark phase and increased time awake at the expense
of Non-Rapid Eye Movement (NREM) sleep, similar to
DS individuals. Correcting the dosage of Regulator of
Calcineurinl (RCANT1), a Hsa21 gene, ameliorated some
sleep and EEG abnormalities, suggesting that underlying
differences in neuronal activity at the network level might
be causative rather than merely symptoms of DS.

Victor Tybulewicz (UK) presented the Dp1Tyb mouse
model with a segmental duplication of the Hsa21-orthol-
ogous region of mouse chromosome 16 (MMU16), and a
series of 8 other strains with shorter duplications that can
be used to identify the location of causative dosage-sensi-
tive genes. Dp1Tyb mice showed embryonic heart mal-
formations, disrupted sleep, memory problems, craniofa-
cial alterations, a pre-diabetic state and splenomegaly,
similar to phenotypes seen in DS. Interestingly, the loco-
motor defects of Dp1Tyb mice mapped to a 25-gene in-
terval and one of the causative genes was Dyrkla. His re-
sults showed the Dp1Tyb mice are a good model to ex-
plore DS phenotypes.
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Eugene Yu (USA) described functional interactions
among different genetic elements of the Setd4-Mx2 re-
gion syntenic to Hsa21 based on the cognitive profile of
four new mouse mutants. Dr. Yu initiated a genetic dis-
section of the mechanisms of DS-specific differential
methylation, providing two candidate mechanisms, one
involving altered expression of genes in S-adenosylme-
thionine-dependent methylation pathways and the other
involving altered occupancy of transcription factor bind-
ing sites in cells with T21.

Mahiuddin Ahmed (USA) presented a new potential
therapy to revert cognitive deficits in DS and physiologi-
cal aging. Administration of Granulocyte-macrophage
colony-stimulating factor (GM-CSF) in Dp(16)1Yey/+
(Dp16) mice reversed some behavioral deficits in the ra-
dial arm maze and brain neuropathology, specifically in
astrocyte morphology and inhibitory neuron popula-
tions.

Stereotyped Homeostatic Compromises

Despite their strikingly different genetics, human au-
tosomal trisomies 13, 18 and 21 share dysfunctional phe-
notypes that may shed light on potential therapeutic tar-
gets for DS. In particular, accelerated senescence in hu-
man trisomic lines has been associated with different
aspects of altered cellular metabolism.

Eduardo Torres (USA) focused on nuclear morpho-
logical alterations caused by long chain lipids deficit
shared by all human autosomal trisomies. Lipid-related
nuclear disruption was recapitulated in multiple lines of
artificially generated yeast with single supernumerary
chromosomes. Interestingly, increased levels of long
chain fatty acids rescued nuclear morphology and cellular
fitness both in human and yeast aneuploid cells.

Jorge Busciglio (USA) described a pattern of mito-
chondrial dysfunction and oxidative stress characterized
in T21 cells and extended to trisomies of chromosome 13
and 18 respectively. Oxidative damage correlated with in-
creased mitophagy, while concomitantly triggering a
common Nrf2-mediated antioxidant response. The in-
duction of an enhanced Nrf2 response by treatment with
Oltipraz prevented accelerated aging phenotypes in all 3
human trisomies, suggesting that the modulation of the
Nrf2 pathway represents a potential target for pharmaco-
logical intervention [Hwang et al., 2019].

Yasuji Kitabatake (Japan) demonstrated detrimental
effects in trisomic cells predicted by general aneuploidy-
associated stress. In particular, he focused in abnormal
accumulation of protein aggregates and increased apop-
tosis in fibroblasts and iPSCs. Treatment with sodium
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4-phenylbutyrate (4-PBA), a chemical chaperone, pre-
vented protein aggregate deposits and associated patho-
logical phenotypes [Nawa et al., 2019].

The session included 2 brief talks by Mohit Rastagi (It-
aly) who presented advances in the identification of tar-
gets for cognitive impairment in DS applying integrated
multi-omics-driven system biology and Chiara Di Vona
(Spain) that described a novel link between Dyrkla to
RNF169 and DNA damage response using proteomics
based interaction screen.

Modifications of Autophagy-lysosomal-endosomal
Pathways in DS and other Neurodegenerative
Disorders.

The morphology and functional properties of several
organelles are altered in DS and other neurodegenerative
diseases. The endo-lysosomal pathway is modified in Al-
zheimer disease (AD) and DS while lysosomal-autophagy
pathway dysfunctions are common mechanism in neuro-
degeneration.

Steve Finkbeiner (USA) presented an automated im-
aging platform capable of high-throughput longitudinal
single-cell analysis to characterize the autophagy-lyso-
somal pathway (ALP). Dr. Finkbeiner’s lab imaged the
clearance of misfolded proteins in single neurons and
showed that deficits in protein homeostasis could predict
neurodegeneration [Finkbeiner, 2020]. These deficits
could be corrected by specific compounds selected using
this automated technology. Deficits in the ALP may rep-
resent therapeutic targets that are applicable to multiple
neurodegenerative diseases including DS-related AD.

Andre Miranda (Portugal) presented studies on phos-
phatidylinositol-3-phosphate (PI3P) that is synthesized
primarily by class III PI 3-kinase called Vps34. Disrup-
tion of Vps34 function leads to early endosomal enlarge-
ment and blockade of autophagy via inhibition of au-
tophagosome formation as well as an accumulation of
amyloid precursor protein C-terminal fragments (APP-
CTFs) and a counteracting homeostatic response involv-
ing elevated secretion of atypical extracellular vesicles
(exosomes) [Miranda et al., 2018b]. In response to a
VSP34 defect, these exosomes help eliminate lysosomal
waste, including pAPP-CTFs and glycerophospholipids,
like bis(monoacylglycero)phosphate (BMP). These exo-
somal products may be useful candidate biomarkers for
endolysosomal dysfunction associated with neurodegen-
eration in DS.

Catherine Marquer (USA) explored the role of the reg-
ulator of synaptic vesicle trafficking SYNJ1, a Hsa21 en-
coded protein linked to amyloid toxicity and endolyso-
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somal dysfunction in AD. Increased SYNJI levels in au-
topsy brains from adults with DS/AD were inversely
correlated with synaptophysin levels, a read-out of syn-
aptic integrity. Mice overexpressing Synjl exhibited hip-
pocampal hyperexcitability and defects in the spatial re-
producibility of place fields, thus highlighting a novel role
for SYNJ1 in the function of place cells in memory deficits
[Miranda et al., 2018a]. Results suggest elevated levels of
SYNJ1 in DS-related AD and sporadic AD brain tissue
could reflect synaptic deficits and long-term memory de-
cline.

Beverly Rothermel (USA) discussed the role of anoth-
er Hsa2l encoded gene, calcineurinl (RCAN1/DSCRI),
on mitochondrial function. Using human iPSCs, she
showed that T21 iPSCs had increased mitochondrial fu-
sion and elevated metabolic activity compared to isogen-
ic controls. Depletion of RCAN1 from T21 iPSCs was suf-
ficient to restore the mitochondrial network, reducing
both O, consumption and ROS generation. The hyper-
fused mitochondrial network observed in T21 suggests
that mitochondrial dysfunction may be due to increased
RCANT1 suppression of mitochondrial fission [Parra et
al., 2018].

Correction of Circuit-Specific GABAergic

Overinhibition and Dendritic Alterations in DS

Increasing studies converge on the hypothesis that ex-
citatory-inhibitory imbalance occurs in DS and affects
synaptic plasticity and cognitive performance.

Trevor G. Smart (UK) described an increased frequen-
cy of GABA-mediated spontaneous inhibitory postsyn-
aptic currents (SIPSCs) and increased levels of tonic inhi-
bition in dentate granule cells in acute brain slices of the
Dpl1Tyb mouse model compared to controls, without
changes to sIPSC amplitudes. These results are consistent
with increased GABA-mediated inhibition in trisomic
neurons likely to be driven by presynaptic mechanisms.
Resting membrane potentials between trisomic and diso-
mic neurons were similar, but the threshold for spike fir-
ing was increased for trisomic cells. Using fluorophore
filled single hippocampal neurons, trisomic neurons un-
dergo dendritic remodeling that may involve changes to
parvalbumin interneurons that may underlie the in-
creased phasic and tonic inhibition.

Javier Zorrilla de San Martin (France) reported in vivo
single unit and local field potential recordings from the
prefrontal cortex of Ts65Dn mice and whole-cell patch
clamp recordings from specific neuronal types compos-
ing cortical inhibitory circuits. While in vivo recordings
revealed a high degree of network desynchronization in

Mol Syndromol 2021;12:202-218
DOI: 10.1159/000514437

207



Ts65Dn mice, simultaneous whole-cell patch clamp re-
cordings from layer 2/3 pyramidal neurons (PNs) and
dendrite targeting Martinotti cells (MCs) revealed a
boosted activity of this inhibitory feedback loop due to
enhanced synaptic strength in trisomic mice. Perisomat-
ic inhibitory connections made by parvalbumin inter-
neurons are not altered in trisomic mice while their excit-
ability and characteristic fast spiking activity is dramati-
cally altered leading to an overexcitable PV phenotype.
These results show the existence of 2 circuit-specific
mechanisms.

Jan Michael Schulz (Switzerland) described local field
potential and whole-cell patch-clamp recordings from
the CA1 region of hippocampal brain slices from Ts65Dn
mice. IPSCs onto dendrites of pyramidal neurons evoked
at increasing stimulation intensities in stratum radiatum
(SR) were significantly larger in Ts65Dn. By contrast,
there was no difference in perisomatic IPSCs evoked in
stratum pyramidale, but a ~25% reduction of NMDAR-
mediated PSCs relative to AMPAR-PSCs in SR. Conse-
quently, burst-induced NMDAR-mediated membrane
depolarization and long term potentiation (LTP) induc-
tion are impaired in Ts65Dn mice. a5-GABAARs-
mediated IPSCs evoked in SR showed a nonlinear voltage
dependence and slow decay time constants closely match-
ing NMDAR-PSCs in wild-type and Ts65Dn mice. Selec-
tivepharmacologicalreductionofa5-GABAAR-mediated
inhibition rescued both, synaptic NMDAR activation and
LTP, suggesting both underlie impaired synaptic plastic-
ity in Ts65Dn mice.

Vincenzo de Paola (UK) showed human iPSC-derived
cortical neurons transplanted in the adult mouse cortex
organized in large vascularized neuron-glia territories
with complex cytoarchitecture. Longitudinal imaging of
more than 4,000 grafted neurons revealed that neuronal
arbors refined via branch-specific retraction; human syn-
aptic networks substantially restructured over 4 months,
with balanced rates of synapse formation and elimina-
tion, and oscillatory population activity mirrored the pat-
terns of fetal neural networks. Using T21 iPSC-derived
neurons, dendritic spines were more stable and tended to
be more abundant in T21 circuits compared to controls,
and there was a reduction in nascent oscillatory network
activity in T21 [Real et al., 2018].

Anita Bhattacharyya (USA) described the analysis of
interneuron subtypes in postmortem superior temporal
gyrus from adult DS individuals. No difference was ob-
served in the parvalbumin population between DS and
controls, but the density of calretinin cells was reduced in
DS. Using isogenic T21 iPSCs patterned to interneuron
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progenitors, she confirmed that fewer COUP-TFII + pro-
genitors, that give rise to calretinin neurons, are gener-
ated from T21 iPSCs. Further, microarray and single-cell
analyses indicate that T21 progenitors have altered re-
sponse to SHH and WNT signaling pathways, providing
mechanistic insight into the generation of fewer COUP-
TFII progenitors and calretinin neurons in DS.

Metabolic Defects in DS: From Periphery to the Brain

Growing evidence supports the role of metabolic de-
fects as a risk factor for cognitive impairment in DS. De-
fining the molecular mechanisms underlying these pro-
cesses in DS is a key challenge to identify novel drug tar-
gets and establish prevention strategies to reduce the
impact of metabolic disorders on cognitive decline [Dier-
ssen et al., 2020].

Aurelie Ledreux (USA) discussed reliable blood bio-
markers to improve early diagnosis and as readouts for
treatment trials and proposed extracellular vesicles (EV's)
secreted into the blood and circulate to cellular targets.
Dr. Ledreux focused on the isolation of neuronal EVs
(NDE) to quantify AD biomarkers (Tau, phospho-Tau,
amyloid beta (Ap) 40, AP 42, BDNF, neurofilament-light)
in individuals with DS and compared AD biomarker lev-
els between cerebrospinal fluid (CSF) and neuron-de-
rived EVs from the same individuals to validate neuron-
derived EV biomarker levels as diagnostic tools for DS-
AD [Hamlett et al., 2017].

Kelly Sullivan (USA) presented the results of a large
plasma metabolomics study, which revealed the kynuren-
ine (KYN) pathway (KP) of tryptophan catabolism is ac-
tivated in DS subjects, resulting in higher levels of KYN
and the neurotoxic metabolite and quinolinic acid QA.
Expression of IDOI, the interferon-inducible enzyme
catalyzing the rate-limiting step of this pathway is upreg-
ulated in circulating immune cells of people with DS. Us-
ing cell culture models coupled with metabolic tracing
assays Dr. Sullivan showed that DS cells are hypersensi-
tive to both induction of IDO1 levels and activation of the
KP and that increased interferon receptor copy number
is required for this hypersensitivity [Powers et al., 2019].

Maria Chiara Pelleri (Italy) reported results of nuclear
magnetic resonance (NMR) analysis profiling the metab-
olome in plasma and urine samples from DS subjects. The
multivariate analysis o showed a clear discrimination (up
to of 80% accuracy) between the DS and control groups.
Most of the altered concentrations were consistent with
the 3:2 gene dosage model, suggesting effects caused by
the trisomy 21: DS/normal ratio in plasma was 1.23 (py-
ruvate), 1.47 (succinate), 1.39 (fumarate), 1.33 (lactate),
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1.4 (formate). Several altered metabolites are produced in
the Krebs cycle. More analyses are necessary to identify
the mechanism that underlies the unbalanced concentra-
tion of metabolites [Antonaros et al., 2020].

Eugenio Barone (Italy) showed that DS brain recapitu-
lates key features of brain insulin resistance similar to the
AD brain. Evaluation of neuronal-derived exosomes
(NDE) showed that DS subjects have reduced insulin re-
ceptor (IR) levels and increased inhibitory phosphoryla-
tion of insulin receptor substrate-1 (IRS1), compared to
age-matched controls. Similar changes for IR and IRS1
were observed in cortical postmortem brain samples
from DS and controls. Alterations of brain insulin signal-
ing parallel loss of synaptic proteins suggesting reduced
downstream neuronal plasticity mechanisms in DS and
suggest that alterations of brain insulin signaling may
contribute to dementia in DS subjects [Tramutola et al.,
2020].

Cognition and Language in Individuals with DS

Cognitive Outcomes in Children with DS

Individuals with DS often present with a distinct pat-
tern of behavioral and cognitive skills, but there is vari-
ability across individuals in different domains, including
self-regulation, social-emotional functioning, cognition,
attention, and language and motor skills. There is a need
to establish empirically evaluated, psychometrically
strong outcome measures appropriate for use in this pop-
ulation.

Lisa Jacola (USA) presented findings from a study of
neurocognitive outcomes in survivors of childhood acute
leukemia with DS. A comprehensive test battery included
research measures of attention, executive functioning,
and processing speed and standardized parent ratings of
attention and executive function. Results supported the
clinical utility of the research battery. For example, worse
performance on measures of verbal fluency significantly
predicted elevated parent-rated symptoms of attention
problems and executive dysfunction. Compared to previ-
ously collected data from an age-similar cohort of indi-
viduals with DS without cancer, the DS-leukemia cohort
had lower semantic fluency scores. Overall, these results
support the feasibility and clinical utility of a novel ap-
proach to neurocognitive assessment in individuals with
DS-leukemia.

Silvia Lanfranchi (Italy) discussed the heterogeneity in
cognitive profiles of children with DS, not only to assess
strengths and weaknesses, but also to understand the
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sources of individual differences. Administering the
WPPSI I1II scales to 60 children with DS, she found no
significant differences between verbal and nonverbal in-
dices, yet high variability within participants. Further,
cognitive indices correlated with age, language develop-
ment, and adaptive functioning. Cluster analysis revealed
3 different subgroups: (1) the classical profile of higher
nonverbal than verbal abilities, (2) the opposite profile of
higher verbal than nonverbal abilities, and (3) overall
high performance on both verbal and nonverbal abilities
with no differences between abilities. These data support
the hypothesis that, together with genetic factors, other
interacting factors are likely to contribute to individual
differences and cognitive-level outcomes in DS.

Anna Esbensen (USA) presented findings on the con-
current relationship between parent-reports of executive
functioning and parent-reports of maladaptive behavior
among children with DS, and replicated the concurrent
relationship with teacher-reports. Parent- and teacher-
reported concerns for behavioral regulation were related
to parent- or teacher-reported concerns for inattention,
rule-breaking behavior, and aggressive behavior. In con-
trast, parent- and teacher-reported concerns for meta-
cognition were only related to concerns of inattention.
The results suggest a consistent pattern of relationships
between executive functioning and maladaptive behav-
iors across settings. Understanding the relationship be-
tween these constructs has important implications for ap-
preciating the contributing factors to presenting mal-
adaptive behaviors, early targets of intervention, and
developing preventative strategies.

Language Outcome Measures for Pharmacological

and Behavioral Intervention Studies

Difficulties in language and communication are ubiqui-
tous among individuals with DS and declines in these do-
mains co-occur with the onset of AD symptoms. Conse-
quently, pharmacological and behavioral interventions tar-
geting language and communication are needed; however,
evaluation of these interventions is being hampered by a
lack of adequate outcome measures [Esbensen et al., 2017].

Angela John Thurman (USA) described an ongoing
multi-university consortium designed to evaluate a vari-
ety of prelinguistic communication and spoken language
metrics for use in treatment studies focused on young
children with DS ages 2-8 years of age. The project is us-
ing natural communication sampling, which entails re-
cording and analyzing the frequency and quality of com-
munication of young children with DS in a variety of
structured and unstructured play activities.
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Leonard Abbeduto (USA) described an ongoing multi-
university consortium that is documenting the utility of
expressive language sampling (ELS) as a source of psy-
chometrically sound outcome measures for treatment
studies. ELS entails collecting samples of spoken language
from participants interacting with an examiner in natu-
ralistic, yet standardized, interactions involving individu-
als with DS, ages 6-23 years.

Rafael de la Torre Fornell (Spain) presented data in
support of the semantic verbal fluency task (SVFT) as a
useful tool for screening for the early signs of dementia
and amyloidosis in young adults with DS. In this task, the
participant generates as many words as possible from a
specific category (e.g., animals).

Natalia Arias Trejo (Mexico) presented results of a
study documenting the ability of people with DS to use
the information provided by a verb to anticipate, or pre-
dict, the referential properties of a subsequent word in a
sentence during oral language comprehension. This skill
was also found to be an indicator of more general chang-
es in cognitive functioning and thus, has potential as an
indicator of treatment response.

Margaret Pulsifer (USA) described a study conducted
at three US sites that found that language skills, especial-
ly in the receptive domain, can predict AD-related cogni-
tive decline in adults with DS. Collectively, these projects
offer a new set of tools for measuring improvements in
treatment studies and marking points of AD-related de-
cline at which intervention is needed.

Health Comorbidities in Individuals with DS

Health Comorbidities in Children with DS

A pre-meeting session was organized by the T21RS
Child Developmental Clinical Committee to introduce
current clinical gaps in knowledge that can be addressed
through clinical research participation. Stephanie Sher-
man (USA) introduced the importance of clinical re-
search participation and discussed new resources and
technological advances to better understand the biologi-
cal underpinnings of the variation in clinical outcomes in
DS, with a goal of reducing the effects of T21. She pro-
vided a genotype/phenotype study as an example to iden-
tify factors that modify the severity of congenital heart
defects.

George Capone (USA) discussed medical conditions
that negatively affect cognition and behavior during child-
hood, including infantile spasms, severe sleep apnea, and
visual-hearing impairments. Dr. Capone emphasized that
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some of the most severe neurobehavioral conditions (e.g.,
regression, autism, stereotypy/self-injury) typically ob-
served in older children, adolescents, or young adults, of-
ten occur in the apparent absence of a well-defined medical
condition. He proposed that the brain’s intrinsic vulnera-
bility due to T21 increases the susceptibility to neurobe-
havioral and psychiatric symptoms and extends through-
out the neuro-maturational timetable, starting prenatally
and extending through adolescence. It is likely that spe-
cific brain circuits are underpowered, underperforming,
and trophically malnourished, leading to a heightened risk
for functional decompensation due to either medical con-
ditions or the failure of neurobiological events.

Floriana Costanzo (Italy) discussed psychiatric co-
morbidities of childhood/adolescents and their associa-
tion with cognitive impairment, including Applied Be-
havior Analysis, cognitive-behavioral treatments, stan-
dard behavioral approach, and counseling and/or
pharmacological treatment. A specific psychological, ed-
ucative and/or pharmacological treatment is necessary,
one that considers cognitive, adaptive and psychopatho-
logical facets of DS and takes into account specific
strengths and weaknesses. Identification of genetic, neu-
rological, and psychosocial factors that place some young
people with DS at high risk for severe psychiatric disor-
ders is critical.

Rafael de la Torre Fornell (Spain) discussed possible
interventions from early childhood to adolescents for DS.
Brief, early pharmacological interventions that may mod-
ify disease progression. It is important to consider: (i) the
duration of interventions (chronic treatments vs. early
short interventions), (ii) therapeutic effects seen in chil-
dren may be lost in adults, (iii) prenatal interventions in
DS may have some potential. Treatments enhancing the
altered synaptic plasticity postulated in DS may be useful
and include pharmacological (e.g., GABA, endocannabi-
noids, DYRK1A) and non-pharmacological (e.g., non-
invasive brain stimulation, such as transcranial direct-
current stimulation) options. Therapeutic developments
should be combined with functional cognitive training to
maximize their effectiveness.

Health Comorbidities in Older Adults with DS -

Assessment and Diagnosis

A pre-conference symposium focused on contempo-
rary health issues in adults with DS was organized by the
T21RS clinical committee and chaired by André Strydom
(UK).

Anne-Sophie Rebillat (France) presented clinical data
on obstructive sleep apnea (OSA), a modifiable risk factor
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of cognitive dysfunction. Dr. Rebillat reported that 77.4%
of 31 adults with DS had OSA, and 48.4% had severe OSA.
Results were similar to previously reported systematic
screening for OSA in 47 non-symptomatic individuals, of
whom 72.3% had OSA including 31.9% with severe OSA in
Europe [Giménez et al., 2018] and in the USA [Cornacchia
et al., 2019]. These data confirm that subjective evaluation
underestimates the presence of apneas in individuals with
DS and that objective sleep measures and systematic screen-
ing are essential. Therapies and management include life-
style changes well as continuous positive airway pressure
(CPAP). CPAP increases quality of life of individuals with
OSA, with or without DS, but there are significant compli-
ance issues and further research is required to adapt CPAP
to the needs of DS individuals and their families.

Tonnie Coppus (the Netherlands) presented data from
their longitudinal study of aging adults with DS. DS indi-
viduals start to age prematurely compared to controls and
can be considered “old” at the age of 40-45, due to the
development of typical aging-related comorbidities.
However, clear data on the prevalence of chronic diseases
and conditions (and their treatments) are lacking, and
further epidemiological studies are needed to identify risk
factors. Nevertheless, recent research confirmed that ac-
tivities of daily living are impaired by these comorbidities,
and there is a need for evidence-based and standardized
care to better support better management of multimor-
bidity to improve the quality of life and survival of people
with DS [Coppus, 2017].

Sharon Krinsky-McHale (USA) discussed findings
from their longitudinal study on the cognitive profiles of
older individuals with DS and how to distinguish the
changes of dementia-free individuals from those exhibit-
ing changes due to dementia [Krinsky-McHale and Sil-
verman, 2013]. Results show that a wide array of neuro-
psychological measures that demonstrate utility in distin-
guishing individuals by dementia status and emphasized
that it is necessary to factor in lifelong cognitive function-
ing when dementia status is being evaluated [Krinsky-
McHaleetal., 2017]. They concluded that working defini-
tions of mild cognitive impairment-DS and AD-DS are
needed referenced to individual decline rather than pop-
ulation-normed performance.

Mary McCarron (Ireland) reviewed dementia man-
agement and maintenance of functional abilities of older
individuals with DS and highlighted the need for a sup-
port model that included counseling; psychological and
medical surveillance with regular adjustments to care
plans, end-of-life care plans, and supports to caregivers
[Dodd et al., 2018]. Health and care organizations should
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recognize the greater likelihood of physical symptoms,
comorbidities, immobility, and neuropathological dete-
rioration to ensure ongoing high-quality care while com-
munity-based innovations could improve the quality of
life [McCarron et al., 2018].

Leukemia in Children with DS

Children with DS have an increased risk of developing
leukemia, higher treatment-related morbidities, and in-
creased rate of relapses compared to typical children.
Sébastien Malinge (Australia) discussed the relationship
between DS and B-cell leukemia. Children with DS have
a 27-fold increased risk of developing B-cell acute lym-
phoblastic leukemia (B-ALL). Dr. Malinge characterized
29 primary B-ALL T21 samples, including 8 DS-ALL, and
found a high incidence of somatic mutations leading to
RAS/MAPK pathway activation in 75% (22/29) of B-ALL
samples with T21. In vitro, overexpression of the consti-
tutively active mutant KRASS'2P was found to cooperate
with T21 to increase the clonogenic potential of murine
CFU-preB colonies, and alter transcriptional programs of
hematopoietic stem cell and B cell differentiation. In pre-
clinical studies, inhibition of the kinases MEK1/2, down-
stream of RAS, decreases leukemia burden in DS-ALL
PDX models, and synergizes with conventional chemo-
therapeutic agents such as Vincristine, to further enhance
their survival [Laurent et al., 2020]. The establishment of
a comprehensive cohort of DS-ALL models showed that
adding the MEK1/2 inhibitor trametinib to current che-
motherapy is a promising strategy to improve the out-
come of children with DS who have B-cell leukemia.

Jeanne Lawrence (USA) addressed the value of XIST-
based “trisomy silencing” as an experimental approach to
understand DS pathogenesis and to the longer-term pros-
pect that “chromosome therapy” could be biological fea-
sibility. In hematopoietic differentiation of T21 iPSCs, in-
duced XIST expression and trisomy silencing consistent-
ly corrected the overproduction of megakaryocytes and
erythrocytes, which underlies high risks of transient my-
eloproliferative disorder and leukemia in DS. Addition-
ally, XIST-based trisomy silencing in neurons, rather
than at an early stem cell stage, resulted in chromosome
silencing. Hsa21 mRNA levels were fully reduced to diso-
mic levels in both neural stem cells and neurons, demon-
strating that pluripotency is not required to substantially
dosage compensate T21 [Czerminski and Lawrence,
2020].

Andrew Lane (USA) presented recent work using DS
mouse models to study HMGN]1, linked to acute leuke-
mia. In addition to the markedly increased risk of leuke-
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mia in constitutional T21, he discussed that among chil-
dren and adults with ALL and AML but without DS, so-
matic gain of 21q22 is a recurrent acquired DNA copy
number variant. HMGN1 is a chromatin remodeling pro-
tein that binds to nucleosomes to modulates chromatin
accessibility and gene expression. In loss-of-function ex-
periments in Ts1Rhr and Ts65Dn mice, HMGN1 was
critical for self-renewal of lymphoid progenitors and pro-
motion of leukemia. HMGN1 promotes amplification of
lineage-specific transcriptional programs at the chroma-
tin by increasing accessibility. Using multiplexed, in-
dexed T7 ChIP-seq (Mint-ChIP), H3K27 acetylation at
promoters and enhancers was particularly amplified by
HMGNI overexpression. Analysis of HMGNI1 activity in
hematopoietic stem and progenitor cells showed that
HMGNT1 promoted clonal advantage in hematopoietic
stem cells and impaired myeloid differentiation. Dr. Lane
showed new therapeutic targeting of HMGN1 effects on
histone modifications via inhibition of the histone acet-
yltransferases CBP/p300, which reversed the abnormal
myeloid differentiation in T21 models.

DS and Alzheimer’s Disease (AD)

Within the past 25 years, the average lifespan for a per-
son with DS has doubled, from 30 to 60 years and with
the increased lifespan has come the realization that peo-
ple who have DS are at significantly elevated risk of devel-
oping early onset AD [Wiseman et al., 2015].

Li-Huei Tsai (USA) gave a plenary lecture focused on
gamma oscillations (30-90 Hz) that are associated with
higher-order cognitive functions and are disrupted in
several AD mouse models. Dr. Tsai has shown that gam-
ma oscillations can be evoked noninvasively with optoge-
netics via a light programmed to flicker at 40 Hz [Iacca-
rino et al., 2016]. Gamma oscillations could be restored
to normal levels in AD mouse models using this method
and changes in AD-associated pathology, including cel-
lular changes and reduced phospho-Tau and decreased
amyloid plaques accompanied the normalization of gam-
ma oscillations. Further, mice had improved spatial and
recognition memory in response to increased gamma os-
cillations [Martorell et al., 2019]. These data present a
compelling model for therapeutic intervention to im-
prove cognitive function.

Neuroimaging Biomarkers for AD in DS
Despite early evidence of AD pathology, a wide varia-
tion in age at onset of dementia exists. Neuroimaging
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techniques provide the opportunity to detect these pa-
thologies and track their trajectory over the course of dis-
ease development.

Sigan Hartley (USA) discussed the association be-
tween cognitive functioning and positron emission to-
mography (PET) f-amyloid in adults with DS prior to the
onset of clinical AD. As part of the Alzheimer’s Biomark-
ers Consortium - DS (ABC-DS) study, DS participants
were administered an extensive neuropsychological bat-
tery and neuroimaging scans of brain structure, function
and AD-related pathology. Decline in cognitive function-
ing started in the 40 s, becoming more marked in the 50
s for episodic memory, working memory language (both
expressive and receptive), adaptive living, motor coordi-
nation and planning, and visuospatial construction. Lon-
gitudinally, PET -amyloid accumulation was related to
an accelerated rate of decline across time points for ex-
pressive and receptive language, episodic memory, visual
attention, visuospatial construction, and motor planning
and coordination. Establishing this connection between
preclinical AD biomarkers and declines in cognitive
functioning will provide critical information for guiding
therapeutic trials for the prevention of AD in the DS and
general populations.

Adam Brickman (USA) discussed the distribution of
magnetic resonance imaging (MRI)-derived cerebrovas-
cularlesions in older individuals with DS and comparison
across diagnostic categories (unaffected, MCI-DS, de-
mentia) in the ABC-DS study. Because individuals with
DS have relatively low prevalence of vascular risk factors,
such as hypertension and diabetes, this provides an op-
portunity to study cerebrovascular disease in AD without
confounds of systemic vascular disease. DS individuals
have dramatic differences in cerebrovascular markers
across the diagnostic groups. Elevated WMH volume, a
greater prevalence of infarcts and cerebral microbleeds,
and enlarged perivascular spaces associated with MCI-DS
and dementia are present in DS compared to the unaf-
fected group. Thus, cerebrovascular disease is a driver of
AD-related symptoms, and perhaps pathogenesis, and
point to new possible therapeutic targets.

Elizabeth Head (USA) introduced studies of the pres-
ence of microbleeds in the DS brain and their relationship
with cerebral amyloid angiopathy (CAA) and f-amyloid.
Brain autopsies revealed CAA was more extensive in cas-
es of DS dementia in the frontal and occipital cortex than
that observed in sporadic AD (non-DS) and age-matched
controls. Microbleeds are also more prevalent in DS de-
mentia compared to controls but similar to sporadic AD
and are seen after age 30 years in DS, and their presence
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rapidly increases in a regionally dependent matter. Cere-
brovascular neuropathology may be a critical factor driv-
ing dementia in people with DS and may interact with AD
neuropathology to lead to earlier ages of onset or more
rapid progression.

Michael Rafii (USA) presented results from the DS
Biomarker Initiative that demonstrated that plasma NF-L
levels correlate with standard biomarkers of AD pathol-
ogy such as amyloid PET, Tau PET, hippocampal atrophy
as well as cognitive and functional decline. Plasma NF-L
correlated in a statistically significant way with amyloid
load (as assessed with florbetapir PET) as well as with
markers of neurodegeneration (regional cerebral glucose
metabolism as assessed with fluorodeoxyglucose (FDG)
PET and hippocampal atrophy). Specifically, in regions
that are important to AD pathophysiology (i.e., precu-
neus and posterior cingulate gyrus), there were statisti-
cally significant relationships with plasma NF-L and im-
aging markers of pathology. In addition, there were sta-
tistically significant inverse correlations with cognitive
performance as measured by the Cambridge Neuropsy-
chological Test Automated Battery (CANTAB) Paired
Associate Learning test as well as informant-based mea-
sures of memory function, the Observer memory ques-
tionnaire-parent form (OMQ-PF). Plasma NF-L is asso-
ciated with progressive neurodegeneration as well as with
declines in cognitive and functional measures in adults
with DS and may serve as a useful outcome measure in
clinical trials.

The Role of Inflammation and Nerve Growth Factor

Dysfunction in Cognitive Decline and AD Pathology

in DS

Results from a multisite project between researchers in
Canada, USA, and Spain to study the role of nerve growth
factor (NGF) metabolism and chronic inflammation in
the development of AD in DS were presented. Florencia
Iulita (Canada) showed that brains and plasma samples
from individuals with DS have higher levels of proNGF
(NGF precursor) and MMP-9 activity (NGF degrading
enzyme). While an increase in neuroserpin (a tPA inhib-
itor which prevents proNGF maturation) was observed in
frontal cortex, no changes were apparent in plasma. In
contrast, levels of the metallo-proteases MMP-1land
MMP-3 (which activates MMP-9) as well as of the inflam-
matory markers TNF-a, IL-6, and IL-10 were elevated in
plasma from adults with DS, both with and without de-
mentia. The longitudinal within-subjects yearly increase
in plasma proNGF correlated with greater cognitive de-
cline at year 2 of follow-up. In addition, higher AP42 at
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baseline, increased TNF-a at follow-up, lower baseline
IL-8, and decrease in IL-8 over follow-up were the stron-
gest predictors of prospective cognitive deterioration.
These data support the combination of biomarker analy-
sis with cognitive assessments for the identification of in-
dividuals at risk of dementia.

CSF biomarkers effectively contribute to AD diagno-
ses in the general population. Blood biomarkers with the
Single Molecule Array (SIMOA) technology provide a
novel opportunity to explore AD pathophysiology using
plasma biomarkers. Juan Fortea (Spain) reviewed the ev-
idence on the diagnostic performance of plasma and CSF
biomarkers in this population and presented new data on
the natural history of fluid AD biomarkers in DS from the
Down Alzheimer Barcelona Neuroimaging Initiative
(DABNI) cohort, showing the trajectory of all fluid bio-
markers in relation with age. The results support the use
of these biomarkers in clinical practice and clinical trials
[Fortea et al., 2020].

Maria Lioudyno (USA) presented analysis of the pro-
gression of AD-like pathology in T21 (T21) neuronal cul-
tures derived from postmortem human fetal cortical sam-
ples to define temporal and mechanistic relationships be-
tween different pathological processes. Progressive
dystrophy of neurites in T21 neurons was accompanied
by increased phosphorylated Tau and AP (Ser8-pAb) as
well as by oxidative stress. As none of these pathological
features were prevented by treatment with a gamma-
secretase inhibitor, AB-independent mechanisms are
likely to play equally important pathogenic roles. The re-
sults indicate that combination therapies simultaneously
targeting amyloidosis, neuroinflammation, oxidative
stress and neurotrophic deficiency could successfully pre-
vent neurodegeneration in DS.

AD in the Context of the Trisomy of Hsa21 -

Preclinical Studies

William Mobley (USA) pointed to the exciting recent
findings of research from preclinical models exploring
the how other genes on chromosome 21 may modulate
AD development in DS.

Fei Liu (USA) focused on the role of Dyrkla on Tau
pathology. In the Ts65Dn mouse brain, in which Dyrk1ais
overexpressed, phosphorylation of Tau and the ratio of
3R/4R-Tau were increased compared to controls. More-
over, in the brains of people with DS, the DYRK1A level
correlated with hyperphosphorylation of tau and the lev-
el of 3R-tau. Thus, upregulation of DyrkI1A due to T21
may contribute to tau pathogenesis by phosphorylation
of tau and through increased 3R-tau expression.
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Carmen Martinez-Cue (Spain) discussed the role of
Dyrk1la gene dosage on neurodegeneration in the Ts65Dn
mouse model. Normalizing gene dosage of DyrkIA (from
3 to 2 copies) rescued the density of senescent cells, pre-
vented cholinergic neuron degeneration, reduced APP
expression, and reduced A and Tau levels [Garcia-Cerro
etal., 2017]. Dr. Martinez-Cue also reported that chronic
administration of anti-IL17A partially improved cogni-
tive function, reduced the expression of several pro-in-
flammatory cytokines and the density of activated mi-
croglia, and normalized APP and AP1-42 levels in the
Ts65Dn mouse model [Rueda et al., 2018]. These data
point to the possibility that modulation of neuroinflam-
mation may be a useful therapy for the treatment of AD
in DS.

Using a panel of mouse models of DS, Frances Wise-
man (UK) is exploring which Hsa21 genes are sufficient
to modulate APP/AP. She crossed mouse models of DS
(Tcl, Dp2Tyb, Dp3Tyb, Dpl0Yey and Dpl17Yey) with a
conventional mouse model of amyloid deposition (J20
APP transgenic) to determine how an additional copy of
the Hsa21 genes affect APP/Ap biology. T21 (in the ab-
sence of increased APP gene dose) modifies AP deposi-
tion; the underlying mechanism likely includes modulat-
ing the catabolism and resultant aggregation of AP via an
effect on AP 40/42 ratio [Wiseman et al., 2015, 2018].
These data suggest that people who have DS may have an
increased risk of developing AD not only due to trisomy
of APP, but also because trisomy of other chromosome 21
genes.

Tomer Illouz (Israel) reported on a maternal anti-
AB1-11 vaccination strategy for amyloid prevention in
the 5xFAD model of amyloid deposition. Transgenic
pups that had maternally induced anti-Af antibodies,
were actively vaccinated with either the AB1-11 or sham
vaccine. Maternal vaccination provided passive immuni-
zation, as anti-AP antibodies were present in the circula-
tion prenatally at E18 and postnatally at P28. Maternal
vaccination alone, and maternal vaccination added to ac-
tive postnatal vaccination, each reduced cortical Af levels
to similar extents, suggesting that early maternal immu-
nization is sufficient to elicit AB clearance. Maternal anti-
AP immunization confers long-term beneficial effects in
mice, likely by mediating Ap-clearance. The exciting pos-
sibility was suggested that prenatal vaccination may be
considered as means to prevent AD in DS.

Dean Nizetic (Singapore and UK) discussed the role of
the Hsa21 gene BACE2 in the suppression of AD neuro-
pathology in iPSC-derived cerebral organoid DS model.
BACE2 is an aspartic-like protease, which can cleave APP
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as a - and O-secretase, and AP. T21 organoids secreted
increased BACE2 product peptides compared to isogenic
euploid and duplication of the APP locus controls. Using
CRISPR/Cas9 gene editing, Dr. Nizetic’s team corrected
the BACE2 gene copy number from 3 to 2 in T21 organ-
oids, and this decreased the relative abundance of BACE2-
related AP cleavage fragments and surprisingly triggered
early and accelerated AD-like pathology in T21 organoids
[Ali¢ et al., 2020] including insoluble amyloid deposits,
and pathologically altered Tau. Results suggest increased
BACE2 may slow the development of AD neuropathology
in DS.

In his plenary talk, André Strydom (UK) summarized
findings from the London DS consortium (LonDownsS),
one of the first large-scale multidisciplinary studies ex-
ploring the causative mechanisms and predictive pheno-
types associated with AD in DS. The LonDownS$ team
showed that decline in memory abilities of DS individuals
may start during their early 40s [Startin et al., 2019], sev-
eral years before mean diagnosis of dementia at age 54
[Sinai et al., 2018]. Yet people with DS have been largely
excluded from clinical trials due to a lack of reliable data
on how the disease progresses, and concerns about reli-
ability of outcome measures. Dr. Strydom outlined how
new findings on plasma biomarkers in DS, particularly
neurofilament light, a marker of neurodegeneration [Str-
ydom et al., 2018b], in combination with sensitive mea-
sures of cognitive decline and accounting for the effect of
genetic factors such as APOE could help to define the
stages of dementia [Firth et al., 2018] and transform the
prospects for individuals with DS by enabling clinical tri-
als of treatment to prevent or delay AD [Strydom et al,,
2018a]. Neuropathological studies of brain material from
DS individuals and those from duplication of only the
APP region on Hsa21 suggest some protection against se-
verity of cerebral amyloid angiopathy [Mann et al., 2018].

Endpoints for Clinical Trials

Clinical geneticist Clotilde Mircher (France) present-
ed results from the ACTHYF single-center, randomized,
double-blind, placebo-controlled phase 3 clinical trial as-
sessing the efficacy of L-thyroxin and/or folinic acid treat-
ment on psychomotor development in 143 infants and
toddlers with DS, 6-18 months old. Exclusion criteria in-
cluded congenital heart disease, neurologic abnormali-
ties, problems with vision and a history of premature
birth. The trial included 4 treatment arms: (1) placebo, (2)
folinic acid, (3) L-thyroxin, or (4) folinic acid + L-thyrox-
in. The primary efficacy endpoint concerned change in
the global development quotient (Griffiths Mental Devel-
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opment Scale) after 1 year of treatment versus baseline.
The results show no effect of treatment and no differ-
ences between males and females. Despite these negative
results, Dr. Mircher highlighted importantlessonslearned
from the study, including issues of the inclusion rate, psy-
chometric evaluation and variability in outcome mea-
sures that should be considered for future clinical trials.

Bessy Benejam (Spain) discussed proposed improve-
ments in the Cambridge Cognitive Examination for Old-
er Adults with DS (CAMCOG-DS) assessment tool to en-
hance the applicability of this neuropsychological test in
people with DS. Dr. Benejam explained why specific
items in the original CAMCOG-DS relating to, among
others, memory, abstract thinking and language were
problematic, and showed the pragmatic solution devel-
oped by multiple European neuropsychologists. An im-
proved scoring system for the drawing and copying task
(praxis) was proposed as well. Importantly, Dr. Benejam
showed data demonstrating that the CAMCOG-DS is ap-
plicable in healthy (asymptomatic) people with DS with
mild (100%) and moderate (97%) intellectual disability,
and in 56% of those with a severe intellectual disability.
However, the test is not applicable in 44% of the severely
and virtually none of the profoundly disabled individuals.
Other measures are needed in this subpopulation. With
the onset of AD dementia, the applicability of the CAM-
COG-DS decreased in all groups (level of intellectual dis-
ability), but remained very useful.

James Hendrix (USA) introduced the DS Clinical Tri-
als Network, a network of 11 US sites with greater than
5,000 individuals with DS aims to (1) advance effective
treatments, (2) translate basis research into more DS clin-
ical trials, and (3) significantly and tangibly improve care
for people with DS. In June 2019, the first study was
launched within this network, the Longitudinal Investi-
gation for Enhancing DS Research (Life-DSR) study. This
observational natural history study, in which 270 adults
with DS (225 years) will be followed over the course of 2
years, aims to characterize an adult population and de-
velop sensitive/validated assessment instruments for fu-
ture prevention clinical trials for AD. Plasma samples will
be collected and stored for future biomarker research.
Cognitive and functional tests will be performed at each
visit (baseline, 1- and 2-year follow-up).

Laura Videla (Spain) showed that the CAMCOG-DS
battery and Cued Recall Test (CRT) detected cognitive
decline related to AD with good sensitivity and specitfic-
ity in people with DS with a mild or moderate intellec-
tual disability, but not in those with severe or profound
intellectual disability (limited applicability). Videla sub-
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sequently define optimal cut-off points for these tests us-
ing 2 approaches (normative data and ROC).

Meifang Xiao, (USA) presented results showing re-
duced levels of Neuronal pentraxin 2 (NPTX2) that plays
a role in parvalbumin-interneuron-mediated inhibition,
in brain and CSF of both AD and DS individuals. Inter-
estingly, CSF NPTX2 also correlated with specific cogni-
tive performance measures and predicted cognitive de-
cline in AD individuals. In DS, CSF NPTX2 was found to
correlate with glucose metabolism (FDG-PET) and corti-
cal thickness (MRI).

Fostering the New Generation of Researchers

Nearly 40% of attendees were students and post-doc-
toral fellows that represent the next generation of DS re-
searchers. To fulfill the mission of T21RS to stimulate
young members to carry out high-level research and rec-
ognize their merit with financial support, the Annette
Karmiloff-Smith and Michael Harpold Thesis Awards
were presented to honor the memory of influential T21RS
members. Dr. Renata Bartesaghi (Italy) presented the An-
nette Karmiloff-Smith Dissertation Award to Nadine
Aziz (USA), whose PhD thesis was entitled “Histological,
cellular, and molecular abnormalities in forebrain and
spinal cord of three distinct mouse models of DS” [Aziz
et al., 2018]. Eric Hamlett (USA) received the Michael
Harpold Dissertation Award for his PhD thesis entitled
“Investigations at the crossroads of DS and AD” [Hamlett
etal., 2017, 2019, 2020].

Science and Society Program

The T21RS Committee for Science & Society session
was devoted to exchanging perspectives between scien-
tists and family members. Scientific attendees of the con-
ference were joined by nearly a hundred family members
and people with DS. Peter De Deyn (The Netherlands)
opened the symposium by stressing the importance of
deepening collaboration between scientists and family as-
sociations.

Hampus Hillerstrom (USA) presented results from a
family survey about DS research completed by 256 par-
ents in 8 countries. Consistent with other surveys, the
most prominent medical concerns raised by parents re-
lated to AD were cognition, sleep, speech, and behavior.
However, the survey also showed that a substantial num-
ber of parents have concerns about risks, transparency
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and intent of studies. Reasons (not) to participate in stud-
ies relate to e.g., distance to the research study site, access
to results, the study purpose and the invasiveness of pro-
cedures. Finally, Hillerstrom asked the audience to think
along about the issue of including minorities in research,
such as families with lower income or from non-Europe-
an descent, which remains a challenge and apparently re-
quires another recruitment strategy.

Juan Fortea (Spain) focused on AD in adults with DS.
He stated that we are more aware of comorbidities in chil-
dren with DS than those later in life. Fortea presented the
innovative health plan for adults with DS in Catalonia,
which combines annual screenings with the possibility to
participate in research. Biomarker studies are a major fo-
cus of this cohort study because (1) the diagnostic perfor-
mance of biomarkers might be different from the general
population, (2) it contributes to understanding AD
pathophysiology in DS, and (3) it may allow for patient
selection and monitoring of treatment efficacy in clinical
trials. Fortea briefly highlighted the promising diagnostic
performance of the classic AD biomarkers (Af31-42, t-
tau, p-tau) in cerebrospinal fluid as well as the finding
that the neurofilament light (NfL) concentration in plas-
ma may be useful as well [Fortea et al., 2020]. Since blood
sampling is less invasive than a lumbar puncture, these
plasma biomarkers may change future clinical practice.

Michelle Whitten (USA) gave an overview of how the
Global DS Foundation contributes to scientific research,
medical care, education, and advocacy. One of the main
achievements is the establishment of the Linda Crnic In-
stitute for DS, established in 2008 in Denver that hosts
over 200 scientists working on AD, cognition, immunol-
ogy, stem cells, genetics, and leukemia. The foundation
also promotes research by lobbying for DS research fund-
ing in Washington D.C. and was instrumental in increas-
ing DS research funding at the National Institutes of
Health (USA).

Aninteractive debate led by Peter De Deyn (The Neth-
erlands) focused on (1) donation of blood and tissue —
among including postmortem brain donation - for scien-
tific research, (2) communication of study results to par-
ticipants, and (3) whether studies should have direct
benefit to participants. The panel consisted of Diana Bi-
anchi (USA), Lotta Granholm (USA), Elizabeth Head
(USA), Alain Dekker (The Netherlands), Juan Fortea
(Spain), and Sebastian Videla (Spain). The majority of at-
tendees were in favor of participating in research (even
without direct benefit) as long as the aim is clear, the pro-
cedure is well adapted and the approach is respectful. For
example, one individual with DS stated: “I think about my
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death. I want to donate my brain.” A mother responded
by saying, “It is easier to say, than to do. It’s more about
emotion [when the moment is there].” Acknowledging
that such decisions would best be made in advance by the
person with DS and his/her family (advanced directive),
itwas noted that the audience had a pro-research attitude.
The panel stressed that collection of blood and tissue
samples is of utmost importance. Without samples, re-
searchers will not be able to investigate mechanisms and
find novel targets for e.g., cognitive deficits and AD in
people with DS.

Jesus Florez (Spain) addressed the topic of autonomy
of people with DS and described various circumstances
that play a role and what we should (and should not) ex-
pect from autonomy. Florez stressed that autonomy can-
not be achieved by an easy, single recipe, but that promot-
ing autonomy requires finding a balance, taking into ac-
count someone’s strengths and weaknesses, actual
capabilities and physical and emotional vulnerability. It
is not only about promoting decision making, but also
about teaching people with DS to accept consequences of
their decisions. It is a matter of rights and responsibilities.
For each unique individual, the recipe may be different.

The symposium ended with the presentation of the
Montserrat Trueta Human Rights Assembly from the
Catalan DS Foundation (Barcelona, Spain). Three prom-
inent members of this Assembly who have DS, Andy Tri-
as (president), Montserrat Vilarrasa (secretary), and Ana
Rodriguez (responsible of the agenda), enthusiastically
presented the work of the Assembly and their own role in
this societal initiative.

The Third T21RS International Conference promoted
scientific exchanges and defined the most promising re-
search at the basic, translational and clinical levels. The
rapid pace of progress that has taken place in the last few
years demands effective communication between scien-
tists and clinicians working in the field. The vibrant con-
tent of the meeting shows that our community continues
to thrive.
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