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Abstract

Down syndrome (DS) is characterized by a collection of clinical features including intellectual 

disability, congenital malformations, and susceptibility to infections and autoimmune diseases. 

While the presence of an extra chromosome 21 is known to cause DS, the precise genetic 

annotation linked to specific clinical features is largely missing. However, there is growing 

evidence that two genes located on chromosome 21, IFNAR1 and IFNAR2, play an important role 

in disease pathogenesis. These genes encode the two subunits of the receptor for type I interferons 

(IFN-I), a group of potent antiviral and pro-inflammatory cytokines. Human monogenic diseases 

caused by uncontrolled IFN-I production and response have been well characterized, and they 

clinically overlap with DS but also have notable differences. Herein, we review the literature 

characterizing the role of IFN-I in DS and compare and contrast DS to other IFN-mediated 

conditions. The existing IFN-I literature serves as a rich resource for testable hypotheses to 

elucidate disease mechanisms in DS and is likely to open novel therapeutic avenues.
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Introduction

Down syndrome (DS) is the most common genetic cause of intellectual disability in the US, 

affecting 1 in 700 newborns [1]. In addition to having cognitive disabilities, DS individuals 

frequently present with cardiac and gastrointestinal anomalies and have increased incidence 

of Alzheimer’s disease and hematological disorders [2], [3]. With improving health care 

and a doubling of life expectancy of individuals with DS in the past few decades [4], it 

has become clear that immune abnormalities are prominent in DS. Clinically, these immune 

features appear somewhat paradoxical. On one hand, people with DS appear to suffer from 

immune over-activation resulting in autoinflammatory and autoimmune diseases such as 

hypothyroidism, celiac disease, type I diabetes, and autoimmune skin diseases [2], [5]. 

On the other hand, individuals with DS show signs of immune suppression resulting in 

increased rates of infections, in particular otitis media and respiratory tract infections as 

documented for respiratory syncytial virus, influenza virus, and SARS-CoV-2 [6]–[9]. They 

are also more likely to undergo complications from these infections: longer hospital stays, 

intubation, and even mortality [2], [10], [11]. While the increased infection rate in people 

with DS was long ascribed to anatomical airway abnormalities, it has become clear that 

there are prominent immune-intrinsic defects in DS [12], [13].

DS is caused by trisomy of chromosome 21 (HSA21) in 95% of cases, and chromosomal 

translocation in 5% of cases (mostly t(14;21) or t(21;21)) [3]. The current databases list 

233 protein-coding genes on HSA21, as well as 423 non-protein-coding genes and 188 

pseudogenes [3]. Two genes on HSA21 stand out from an immune perspective: IFNAR1 and 

IFNAR2, which encode the two subunits of the type I interferon (IFN-I) receptor (IFNAR).

IFN-Is are cytokines with potent inflammatory and antiviral functions. In humans, there 

are 17 IFN-Is (13 IFNα subtypes, IFNβ, IFNκ, IFNε, IFNω) [14]. Engagement with 

their receptor leads to the cross-phosphorylation of JAK1 and TYK2 kinases, ultimately 

resulting in a phosphorylated (p)ISGF3 complex, which consists of pSTAT1/pSTAT2/IRF9, 

in the nucleus. This complex initiates the transcription of hundreds of IFN-stimulated genes 

(ISGs), establishing an antiviral and antiproliferative state in infected and neighboring cells 

[15].

Human genetic defects resulting in loss of function of IFN-I system result in increased 

susceptibility to various viral agents [15]. Conversely, the hyperactivity of IFN-I causes 

Type I Interferonopathies (IFNopathies), a group of inflammatory disorders characterized 

by cognitive defects and skin inflammation [15], [16]. Investigation of IFN-I signaling in 

DS started in the 1970s [17], yet no cohesive theory about IFN dysregulation in DS has 

been accepted today. In recent years, multiple studies have interrogated this pathway in 

DS and its potential role in the pathogenesis of the syndrome. While the duplication of a 

full chromosome presents significant challenges in the evaluation of a single pathway, a 

wealth of data has been accumulated examining IFN signaling in DS. Herein, we review 

the literature on the effects of increased gene dosage of IFNAR1 and IFNAR2 in DS and 

consider the data supporting and refuting the theory of DS as an IFN-mediated disease.
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I - Triplication of Type I, II and III IFN receptor genes in Down syndrome

3 copies of 4 IFN receptor genes in Down syndrome.

There are currently three prevailing hypotheses aimed at explaining the genetic causality 

of DS: 1) a simple gene-dosage imbalance, in which syndrome features result from direct 

increased expression of genes on HSA21 and the downstream effects of this overexpression 

(for instance increased APP copy number causing increased accumulation of amyloid 

precursor protein in the brain which could explain the increased incidence of Alzheimer’s 

disease). We will refer to this as the “cis-acting” hypothesis. 2) A global dysregulation 

caused by specific genes on HSA21 that disrupt overall biological homeostasis via effects 

such as chromatin availability (HMGN1, BRWD1), splicing regulation (U2AF1L5, RBM1, 
U2AF1, DYRK1A), post-transcriptional regulation (ADARB1, micro-RNAs [miRNAs]), 

protein turnover (USP25), and metabolism (SOD1). We will refer to this as the “trans

acting” hypothesis. 3) The presence of an extra chromosome regardless of the genes it 

encodes, in which aneuploidy itself disturbs cellular homeostasis. We will refer to this as 

the “chromosome-intrinsic” hypothesis. All three processes are most likely at play in DS 

etiology [3], [18]. Specific effects of single genes, their interactions with the rest of the 

genome, and nonspecific disturbances caused by trisomy must be systematically studied to 

establish the pathogenesis of DS.

Four subunits of IFN receptors (IFN-Rs) are encoded on HSA21: IFNAR1, IFNAR2, 
IFNGR2, and IL10RB. IFNAR1 and IFNAR2 encode the 2 subunits of the IFN-I receptor. 

IFNGR2 encodes a subunit of type II IFN receptor, and IL10RB encodes a subunit of 

receptor for type III IFN, but also a subunit of receptors for three interleukins (IL-10, 

IL-22, and IL-26). Given that limited data exists on the effects of IFNGR2 and IL10RB 
triplication in DS, we will focus this review on IFNAR1 and IFNAR2. Besides, the presence 

of both IFNAR subunits on HSA21 make IFNAR1 and IFNAR2 particularly interesting 

candidates. In addition, these genes are known to be expressed in all nucleated cells in 

typical individuals and are expressed at low levels [19], [20]. Thus, small changes in 

expression of these genes may result in significant functional differences. Moreover, low 

and average-expressed genes are thought to be particularly affected by trisomy based on 

single-cell transcriptome analyses of T21 and other aneuploidies [21], making IFNAR1 and 

IFNAR2 likely to be differentially expressed.

Increased expression of IFN-R genes in Down syndrome.

As early as 1974, before the IFN-I genes or their receptors had even been cloned, Y.H. Tan 

observed that “cells that were trisomic for chromosome 21 were three to seven times more 

sensitive to protection [from vesicular stomatitis virus (VSV)] by human interferon than the 

normal diploid or trisomic 18 or 13 fibroblasts” [17]. A decade later, T21 fibroblasts were 

used to study biochemical changes triggered when IFN-I engages its receptor, and the group 

observed a linear relationship between the number of HSA21 copies present and the dose of 

IFNα or IFNβ required to induce a maximum response [22].

In recent years, studies have further delineated the expression of IFN-R genes in DS. Bulk 

RNA sequencing (RNA-seq) experiments in multiple cell lines and primary immune cells 
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unveiled that the majority of genes mapped to HSA21 are expressed ~1.5 times more highly 

in DS than in controls, apart from a few variably expressed outliers that do not include the 

IFN-R genes [18], [23], [24]. At the protein level, IFNAR1, IFNAR2, and IFNGR2 but not 

IL10RB were found to be on average ~1.5x more highly expressed in T21 B-EBVs and 

monocytes, although the range of expression was wide and there was a large overlap with 

the controls [25] (Figure 1). Recently, the IFNAR1 expression was found to be increased 

in DS compared to controls in 85 of 100 white blood cell subsets surveyed, but the level 

of increase was variable depending on cell type [24]. Although more studies are warranted 

to systematically quantify IFNAR1 and IFNAR2 levels across cell types, these early data 

suggest that increased expression of IFNAR in T21 is not strictly uniform for reasons that 

are still unknown.

Unknowns.

While in principle the increased gene dosage of IFNAR1 and IFNAR2 in DS has been 

established, many questions remain. Firstly, the effects of HSA21 “trans-acting” genes 

have not been studied. For example, HSA21 encodes post-transcriptional regulators such as 

ADARB1 and miRNAs. Proteomic studies in DS found that the global protein expression 

was slightly less than the mRNA expression (~1.3-1.4 fold over control vs ~1.5 fold), which 

most likely results from post-transcriptional regulation [18]. Further studies examining the 

impact of these elements on IFNAR1 and IFNAR2 expression are warranted and may likely 

be cell type specific.

Furthermore, important splicing regulators are located on HSA21, including U2AF1L5, 
RBM1, U2AF1, and DYRK1A (a dual specificity kinase that phosphorylates splicing 

factors). Their effects are poorly understood, but there is evidence that alternative splicing 

occurs in T21 iPSC-derived neurons [26]. This has yet to be explored in the context 

of the IFN-Rs. IFNAR2 is known to exist in three isoforms, IFNAR2a (a soluble 

truncated form), IFNAR2b (a transmembrane truncated form that lacks the intracellular 

domain), and IFNAR2c (the long transmembrane form that mediates IFN-I signaling) [27]. 

Alternative splicing of this gene or differential ratios of these isoforms could have profound 

consequences on IFN-I signaling.

Finally, IFNAR surface expression is dynamic and changes upon IFN-I signaling. After 

cytokine binding, the two subunits are internalized by the retromer complex and IFNAR2 

is recycled to the plasma membrane while IFNAR1 is sorted to the lysosome and degraded 

[28] (Figure 1). If this process is inhibited so that IFNAR subunits remain at the plasma 

membrane, IFN-dependent signaling and downstream gene transcription are increased [28]. 

In DS, does increased expression of IFNAR result in more “naïve” subunits remaining 

at the surface after IFN signaling, resulting in heightened signaling? Moreover, retromer 

dysregulation has been documented in DS [29], [30], which could also lead to further 

upregulation of IFN signaling. Beyond gene production, the dynamics of IFNAR availability 

at the plasma membrane should be further explored in DS.
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II - Increased IFN signaling in Down syndrome

Increased response to IFN-I in Down syndrome.

T21 fibroblasts, B-EBVs, and primary monocytes and lymphocytes hyper-respond to IFNα 
and IFNβ in terms of proximal signaling, leading to augmented levels of pSTAT1 [23], 

[25], [31] (Figure 2). There is also evidence of increased ISG induction downstream of 

IFN-I stimulation in T21 fibroblasts compared to disomic controls [23] (Figure 2). Since 

all nucleated cells express IFNAR1 and IFNAR2, albeit to varying degrees, the impact of 

this hyper-response across cell types is of particular interest. Although the heterogeneity of 

this response has not been widely studied in DS, there is evidence that it is variable across 

immune cell types.

Contrary to other immune cells, T21 CD8+ TEMRAs do not hyper-respond to IFNα in 

one study [31] or even hypo-respond compared to controls in another study [25]. This 

correlates with the higher expression of activation and senescence markers in these T cells 

subsets [25], [31]. Whether this phenotype is due to initial IFN-I hyper-activity (cis-effect) 

or another HSA21-related mechanism (trans-effect) has yet to be elucidated. In T cells, 

over-activation could be caused by an autoimmunity-prone state conferred by cis-effects of 

genes on HSA21 (IFN-Rs, AIRE) and/or by dysregulation in metabolism and/or DNA repair 

pathways which are known to be features of aneuploidies (chromosome-intrinsic effect) 

[18].

The downstream effects of IFN dysregulation on DS phenotype remains largely unexplored. 

One study showed that upregulation of one ISG, IDO1, results in the increased production 

of neurotoxic metabolites kynurenine and quinolinic acid, which could explain some 

neurological defects in DS [32]. These results were replicated in mouse models of DS. 

Interestingly, IDO1 and kynurenine also mediate suppression of CD4 and CD8 cells and 

induction of T regulatory cells [33], [34]. In a DS mouse model, stimulation with a synthetic 

immune agonist, poly(I:C), was shown to induce higher levels of ISGs and resulted in 

increased morbidity and mortality compared to WT controls [35]. Combined, these results 

highlight the potential widespread impact of altered IFN-I signaling in DS.

Baseline IFN signaling in Down syndrome.

There is extensive evidence of IFN-I signaling in DS immune cells and patient-derived 

cell lines in the absence of exogenous IFN-I stimulation. The extent of this signaling 

and the pathogenic effects it might have remain largely unexplored, however. RNA-seq 

experiments have revealed that the majority of the differentially expressed genes in T21 cell 

lines and PBMCs were not located on HSA21 but were instead related to IFN-I signaling 

[23], [31]. Of note, re-analysis of these datasets by a different group did not come to 

the same conclusion [18]. Transcriptomic analysis in monocytes isolated from individuals 

with DS, non-DS controls, and patients with gain-of-function (GOF) mutations in STAT1 

who constitutively activate IFN-I and IFN-II signaling revealed that people with DS have 

elevated expression of ISGs at baseline [25] (Figure 2). However, these levels are variable 

among individual with DS, with some clustering with the healthy controls while others 

clustered with the STAT1 GOF patients. These results highlight the heterogeneity of the DS 
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population. This heterogenous feature is not unique to IFN signaling but is also true for 

all phenotypic traits of the syndrome [36]. Furthermore, mild STAT1 phosphorylation was 

also detected at baseline in T21 monocytes, and total STAT1, an ISG, was elevated in T21 

monocytes, albeit to lower levels than those of STAT1 GOF patients [25] (Figure 2). This 

supports the notion that individuals with DS have constitutive IFN-I signaling, although it 

is not to the level of a known IFN-mediated disease and thus warrants further evaluation to 

understand its contribution to the syndrome and consider potential therapeutic avenues.

Unknowns

Previously described IFN-mediated diseases are caused either by defects in DNA and RNA

digesting enzymes (TREX1, SAMHD1, RNASEH2A, etc.) resulting in continual IFN-I 

production triggered by accumulated nucleic acids, by activating mutations in pathogen

sensing receptors (DDX58, TMEM173) also resulting in chronic IFN-I secretion, or finally 

by loss of IFN-I negative regulators (ISG15, USP18 and STAT2 ) [15], [16]. While there is 

evidence that DS cells have basal IFN-I signaling as discussed above, it remains unclear if 

an increased expression of IFN-I receptor in DS would result in spontaneous production of 

IFN-I. Elevated circulating levels of IFNα were found basally in 12% of tested individuals 

with DS using an ultra-sensitive assay [25], but no mechanism has been proposed for this 

spontaneous secretion. One interesting model is the constitutive IFN-I release caused by 

defects in the IFNAR negative regulators ISG15 and USP18 [37], [38]. With these genetic 

mutations, defective shutdown of IFN-I signaling is sufficient to cause spontaneous IFN-I 

production through mechanisms that are still not established. Another interesting avenue is 

the possibility of IFN-I siloes. Indeed, when IFNAR1 and IFNAR2 are internalized by the 

retromer, bound cytokine is engulfed with it and is “siloed” in the cell and may continue 

to signal [39]. Perhaps increased presence of IFNAR results in increased cytokine siloes in 

DS, which could explain the presence of IFNα in some individuals and the baseline ISG 

induction.

Furthermore, the negative regulation of IFNAR has also not been studied in DS. miR-155, 

which is located on HSA21, targets the IFNAR negative regulator SOCS1 [40]–[42], thus 

its increased expression could lead to IFN-I hyperactivity. The transcriptional repression 

mediated by the five miRNAs located in on HSA21 has been extensively studied in the 

context of Alzheimer’s disease in DS [43], but their effects on the immune system are 

largely unknown apart from a recent association between B cell dysfunction and increased 

miR-155 and miR-125b expression in DS [44]. On the other hand, negative regulators 

of IFNAR are induced by IFN-I signaling, including SOCS1, USP18, and ISG15 [14]. 

Therefore, increased expression of IFNAR could also result in increased negative regulation. 

The interplay of repression and induction of IFNAR negative regulators must be elucidated 

in DS.

Finally, the downstream effects of increased IFN-I signaling in DS remain poorly 

understood. Apart from a single study examining the effects of one ISG in DS [32], very 

little is known about how increased ISG induction contributes to DS pathology. The known 

anti-proliferative and pro-apoptotic properties of IFN-I in DS are also of interest. For 

instance, increased apoptosis has been noted in neutrophils, eosinophils, and B cells from 
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individuals with DS, but the role of IFN-I in this process has not been studied [45], [46]. 

Examination of the downstream effects of increased IFN-I signaling in DS is still in its 

infancy and could potentially shed light on many observed phenotypic abnormalities of DS.

III - Down syndrome: a single-chromosome interferonopathy?

Neurological manifestations: overlap between DS and Type I Interferonopathies

Type I IFNopathies are a group of diseases mediated by the chronic production and/or 

response to IFN-I. These result from single-gene defects at various points upstream of or in 

IFN-I signaling [15], [16]. The phenotypic spectrum of these diseases is wide, ranging from 

the highly penetrant and rare Aicardi-Goutières syndrome to the diffuse autoimmune disease 

systemic lupus erythematosus (SLE) [16]. Interestingly, however, there is some phenotypic 

overlap among all IFNopathies, mainly the involvement of the central nervous system (CNS) 

and the skin [16], [47].

The presence of basal ganglia calcifications (BGCs) is highly indicative of chronic IFN-I 

signaling and is found in the majority of these patients, although it is not always reported 

given that they are mostly found via head computed tomography (CT), a test that is not 

widely administered nowadays. Interestingly, studies from the 1980s report an increased 

incidence of BGCs in individuals with DS compared to controls, with up to 45% of patients 

showing signs of intracranial calcifications [48]–[50]. The presence of BGCs increases with 

age in DS [50], but they were also recently described in a young girl with DS which is 

exceedingly rare [51].

Symptomatically, CNS involvement in IFNopathies manifests as developmental delay, 

seizures, and dystonia, although these are not specific to this group of diseases [16], [47]. 

These manifestations all occur in DS [2] (Figure 3). Developmental delay is one of the 

syndromic features that John Langdon Down described when he first characterized the 

disease in 1866 [52]. Individuals with DS are also more likely to suffer from seizure 

disorders (incidence of 8%) than non-DS controls [53]. There is therefore a large overlap in 

the CNS phenotype of DS and type I IFNopathies.

Skin manifestations: DS and Type I Interferonopathies are distinct

The second most commonly seen manifestation across type I IFNopathies is skin 

involvement. These mainly present as skin vasculopathy with chilblains and livedo 

reticularis [54] (Figure 3). Livedo reticularis occurs in 9-13% of children with DS [5], but 

no chilblain lesions have been described in DS. On the other hand, Hidradenitis suppurativa 

(HS) is known to be more prevalent in DS [55], but there is no association between HS 

and type I IFNopathies [56]. Nonspecific autoimmune skin manifestations such as alopecia 

aerata and psoriasis which are known to occur in SLE [57] have an increased incidence in 

DS [5]. Interestingly, the Jak inhibitor Tofacitinib was recently administered to two patients 

with DS for alopecia aerata after corticosteroid injections had failed [58], and as a first line 

therapy in a patient with DS and psoriatic arthritis [59]. All three patients had significant 

improvement of symptoms. Tofacitinib is a pan-JAK inhibitor and therefore acts to block 

signaling downstream of a slew of cytokines, including IFN-I. While these results remain 
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somewhat anecdotal given the small sample size, they support that IFN-I may be involved in 

the pathophysiology of this autoimmune condition in DS.

Unknowns

A prominent immune manifestation of DS is the presence of autoimmune disorders. 

Indeed, individuals with DS are more likely to develop autoimmune thyroid disease, type 

I diabetes, and celiac disease [2]. Although autoimmunity is not a classical feature of type 

I IFNopathies, most patients do present with autoantibodies [47]. Autoimmunity is also 

characteristic of SLE, which is thought to be largely IFN-mediated [16]. Although we do 

not purport that autoimmunity can be solely be explained by IFN-I dysregulation in DS, as 

B and T cell dysfunction (reviewed elsewhere [13]) certainly play a role, the link to SLE 

emphasizes the possibility of IFN-I involvement in the development of tolerance. The large 

body of knowledge accumulated to delineate the role of IFN-I in mediating autoimmunity in 

SLE provides precious clues to investigate this process in DS [60].

Another unexplained clinical presentation of immune dysfunction in DS is the increased 

susceptibility to infections. Indeed, as previously stated, individuals with DS have higher 

rates of morbidity and mortality due to viral and bacterial infections. It is estimated that 

infections account for 34-40% of deaths in DS [2]. This feature is in opposition to the 

concept of DS as a type I IFNopathy. Indeed, these patients do not suffer from increased 

incidence of infections and in some cases are even thought to be more resistant to viral 

infections than controls [15], [61], which is what is expected given the antiviral effect of 

IFN-I.

So far, no mechanistic links between immune defects in DS and increased susceptibility 

to infection have been made. In their recent study, Kong et al. hypothesized that increased 

susceptibility to cutaneous candidiasis in DS could be due to increased IFNβ repression 

of the Th17 signaling axis, but their results refuted this hypothesis [25]. Nonetheless, the 

IFN-I literature provides possible explanations for the seemingly paradoxical susceptibility 

to infection in the presence of increased IFN-I signaling. Studies have highlighted the 

importance of the levels and timing of IFN, as the cytokine is protective early in disease but 

later becomes pathologic [62], [63]. Recent findings of autoantibodies mediating increased 

disease severity in COVID-19 provide another potential mechanism by which people with 

DS, who are known to be prone to autoimmunity, may develop worse viral disease [64].

Finally, the interplay between IFN-I signaling and other cytokines is of particular interest 

in DS. Indeed, multiple studies have shown that several cytokines are increased in children 

and adults with DS, including IL-1, IL-6, IL-22, IFNγ, and TNFα [65], [66]. Increase in 

the clinical marker of inflammation C-reactive protein and decrease in components of the 

complement cascade (indicative of complement activation) have also been reported [66], 

[67]. Combined, these data paint a picture of global immune dysregulation in DS. IFN-Is 

can themselves directly act on cytokine and chemokine release [68]. Altered JAK and STAT 

availability due to signaling downstream of IFNAR could also dysregulate responses to a 

slew of cytokines that themselves act via these JAKs and STATs, as has been demonstrated 

in other genetic diseases of altered cytokine signaling [69]. Finally, although the triplication 

of IFNGR2 and IL10RB are understudied, there is evidence that T21 cell lines express 

Malle and Bogunovic Page 8

Curr Opin Immunol. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



higher levels of these receptor subunits and that they hyper-respond to stimulation with 

IFNγ [25]. IFNγ is a potent checkpoint for cytokine signaling and could also play a role in 

soluble immune dysregulation [70]. The role and interplay between the receptors to type I, 

type II, and type III IFNs, and their impact on the rest of the secretome is another exciting 

area of DS immunology that deserves further exploration.

Conclusion:

Taken together, the literature shows that IFN-I signaling is profoundly altered in DS. 

Although there is strong biochemical and clinical evidence that DS is, at least in part, an 

IFN-mediated disease, it remains distinct from previously described IFN-mediated diseases 

that stem from single-pathway defects. While these monogenic diseases can provide useful 

clues to understand DS pathology, they have strong limitations which must be considered 

when studying a “mono-chromosomic” IFN-mediated disease. The 1.5-fold increase in 

IFNAR1 and IFNAR2 copy number has intrinsic consequences, but these must be evaluated 

together with other genes located on HSA21 and in the context of aneuploidy to fully 

understand the genetic mechanisms underlying DS. Perhaps, IFN-I mediated activity truly 

combines cis-acting, trans-acting and chromosome-intrinsic origins of pathophysiology.

Today, the field of immunology in DS has been dominated by observational studies 

cataloguing major differences in immune subsets between DS individuals and the general 

population. Studies with a strong genetic hypothesis that provide mechanistic clues to 

understand observed phenotypes have been limited. The evaluation of IFNAR1 and IFNAR2 
gene dosage effects is an emerging field that promises to fill gaps in our understanding 

of why people with DS suffer from severe immune dysfunction and may even extend to 

uncovering mechanisms of other DS features like neurologic defects and developmental 

delay.

For instance, IFN-I is known to play an important role in the CNS, which is of particular 

interest in DS, a disease whose most prominent features include intellectual disability, 

dementia, and seizures. Early mouse experiments revealed that excessive IFN-I signaling in 

the brain led to neurotoxicity [71], [72]. Conversely, a recent study found that constitutive 

IFNβ production in the brain is necessary for protection from the neurotropic virus HSV-1 

[73]. These studies, in addition to the prominent CNS manifestations of IFNopathies 

discussed above, highlight the privileged role of IFN-I signaling in the brain. DS mouse 

models show improvement in neuron survival in the presence of IFN-neutralizing antibodies 

or when the mouse is genetically manipulated to partially restore IFN-R genes to WT, 

disomic, numbers [74], [75]. While these studies show promise, much remains to be 

unveiled about the role of IFN-I in the CNS.

Another promising field worth investigating is IFN-I signaling in utero. DS is in many ways 

a developmental condition, and there is a wealth of evidence that IFN-I can be nefarious at 

every step in pregnancy, from implantation to placental formation to fetal brain development 

[76]. IFN-induced transmembrane proteins (IFITMs), ISGs that are beneficial when acting 

to block viral entry, can become pathogenic when interfering with cell fusion necessary 

for placenta formation [77]. It is estimated that 30-40% of T21 pregnancies result in 
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spontaneous miscarriage [78]. Abnormal placental development has also been documented 

in T21 humans and mouse models of DS [79]. IFN-I signaling in-utero in T21 has not been 

studied and could provide key insights into early developmental defects in DS.

Finally, the growing field of IFN-I signaling in DS also opens novel therapeutic avenues. 

Indeed, many drugs targeting the IFN-I pathway with increasing precision have been 

developed in recent decades [80]. The majority of them block JAKs downstream of 

IFNAR and other cytokine receptors. They have been successfully used to treat IFN

mediated diseases and are well tolerated, resulting in their FDA approval for a plethora 

of inflammatory diseases [80]. Their use in DS have only been reported in three cases so 

far, all of them with successful outcomes [58], [59], and there is currently a clinical trial 

underway to test these drugs in more patients [81]. This provides an exciting new therapeutic 

approach to address the immune features in DS, and perhaps even other manifestations of 

the syndrome as the role of IFN becomes better defined.
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Highlights

• Both subunits of the Type I Interferon (IFN-I) receptor, IFNAR1 and 

IFNAR2, are located on chromosome 21, which is triplicated in people with 

Down syndrome (DS).

• IFNAR1 and IFNAR2 are more highly expressed in cells from individuals 

with DS.

• IFN-I signaling is present at baseline in individuals with DS, and cells derived 

from these individuals hyper-respond to IFN-I stimulation.

• There is overlap in the clinical presentations of DS and Type I 

Interferonopathies, a group of monogenic diseases caused by excessive IFN-I 

signaling.
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Figure 1. 
IFNAR1 and IFNAR2 expression and dynamics in health and Down syndrome. Diagram 

of transcription, translation and surface expression of the IFN-I receptor (right) and its 

trafficking after signaling resulting in lysosomal degradation of IFNAR1 and recycling of 

IFNAR2 (left). Blue boxes denote alterations characterized in Down syndrome.
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Figure 2. 
Mechanisms of Type I Interferon signaling dysregulation in Down syndrome. Diagram of 

JAK-STAT signaling upon IFN-I binding followed by induction of IFN-stimulated genes 

(ISGs). Downstream effects of ISGs including viral protection and negative regulation of the 

IFN-Ireceptor are outlined. Blue boxes denote alterations characterized in Down syndrome.
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Figure 3. 
Specific and overlapping clinical features of Down syndrome monogenic Type I 

Interferonopathies.
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