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Abstract 

Introduction: Down syndrome (DS) is associated with increased incidence of infections 

in childhood, higher mortality from sepsis, and other inflammatory conditions such as 

arthropathy, thyroid and coeliac disease. Several immunodeficiencies have already 

been described in DS, however we evaluated novel aspects of their immune system; 

neutrophil and monocyte function, genes involved in Toll like receptor (TLR) pathway 

signalling, a broad panel of pro-and anti-inflammatory cytokines, and characterisation 

of the NLRP3 inflammasome. Furthermore, the clinical significance of immune 

screening and the latest evidence around vaccination in DS was evaluated. 

Methods: Children with DS and age matched controls were recruited to examine 

neutrophil and monocyte cell surface markers CD11b, TLR2 and TLR4 by flow 

cytometry. Enzyme linked immunosorbent assay (ELISA) was utilised to evaluate an 

extensive panel of inflammatory cytokines, and quantitative polymerase chain reaction 

(qPCR) to quantify fold change in expression of key genes involved in TLR signalling and 

the inflammasome. All experiments featured immunomodulation with pro- (LPS, 

Pam3Csk4) and anti-inflammatory (Melatonin, Sparstolonin B (SsnB)) stimuli. 

Results: Children with DS displayed further dysregulation of their immune system and 

inflammatory response: neutrophil endotoxin hyperresponsiveness, increased TLR2 

expression on neutrophils and monocytes with abnormal TLR signalling; and further 

evidence of excess circulating inflammatory cytokines. Melatonin and SsnB were 

effective at abrogating the inflammatory response. Both the white cell (WCC) and 

neutrophil count were associated with poor respiratory outcome. Children with DS are 

at increased risk from vaccine preventable diseases like, respiratory syncytial virus 

(RSV), influenza, and pneumococcus.  

Conclusion: Children with DS have a complex and profound immune dysregulation 

which contributes to respiratory morbidity, mortality from sepsis and autoimmunity. 

Melatonin and SsnB may have potential therapeutic benefit as immunomodulators. 

The WCC and neutrophils may be used as biomarkers to help predict prognosis and 

allow timely intervention for high risk individuals. Tailored vaccination programmes 

should be endorsed and administered for all children with DS.
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Chapter 1: Immune dysregulation in children with Down syndrome 

1.1 Introduction 

               Down syndrome (DS) is caused by extra genetic material from chromosome 

21 and occurs in all ethnicities and across different species. It occurs in approximately 

1 in 700 births in the USA, and 1 in 546 births in Ireland, which is the highest rate in 

Europe(1, 2). There are many co-morbidities associated with DS including; 

developmental delay, congenital heart disease, gastrointestinal anomalies, increased 

risk of haematological malignancy and several autoimmune conditions(3). It is also the 

most common genetic syndrome associated with immune deficits, with both the 

innate and adaptive responses being affected(4).  

                 Children with DS are a high-risk group who get more severe infections and 

have poorer outcomes. In addition, they are more likely to be admitted to hospital, 

have an increased length of stay due to respiratory tract infection (RTIs) and a greater 

chance of requiring ventilatory support and intensive care (PICU) (5, 6). Infants with DS 

are more susceptible to severe respiratory syncytial virus (RSV) bronchiolitis with 

worse clinical outcomes and are more likely to be admitted to PICU with a higher 

overall mortality rate(7). Garrison et al(8) reported that children with DS had a 30% 

increased mortality risk from sepsis than children without DS who also had sepsis. 

There is also evidence that their response to immunisations is sub-optimal, and that 

adaptive immunity may wane overtime contributing to their vulnerability to 

infection(9).  

                There are some anatomical considerations which may contribute to an 

increased predisposition to infection. Children with DS have a shorter midface and a 

relative macroglossia making it more difficult to clear secretions, leading to aspiration 

and LRTI development. Furthermore, they have a relatively short eustachian tubes 

which facilitates migration of pathogens into the middle ear(10), resulting in recurrent 

otitis media with effusion (OME) and sensorineural hearing loss (SNHL).  

              Autoimmune conditions such as hypothyroidism, coeliac disease and 

arthropathy are more prevalent in DS. These chronic inflammatory conditions are as a 
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result of unchecked and persistent inflammation which can have significant long-term 

health complications(11). For example, in later life, this cohort represent the largest 

group of people with dementia under the age of 50 years(12). This neurodegenerative 

disorder is driven by aberrant neuroinflammatory processes which are exacerbated in 

DS(13), and may be driven by indolent chronic infection such as periodontitis, which is 

also more common in DS(14). 

 

1.2 T lymphocytes 

     T lymphocytes are crucial parts of the adaptive immune system and are 

dichotomised into CD4+ or CD8+ based on their T cell receptor (TCR) and expression of 

CD4 or CD8. The former binds MHC class 2 molecules while CD8 interacts with MHC 

class 1(15). During the first year of life there is normally a large expansion in the 

number of circulating T & B lymphocytes, however in DS there is an absence of these 

immunological changes(16). The fate of differentiating T and B cells over time is quite 

different in this population. de Hingh et al(17) demonstrated that T lymphocyte 

numbers gradually increase towards the normal range over time, but B lymphocyte 

levels remain markedly reduced. These findings do point towards an inherent 

dysfunction of adaptive immunity in DS.  

           The thymus gland is a primary organ of lymphoid origin which is the site of T cell 

development and also has a crucial role in ensuring immune tolerance. Abnormalities 

of the thymus gland in DS including the smaller size of the organ have been known for 

some time (10). There is evidence of reduced T cell receptor excision circle (TREC) 

counts which represent recent emigrants from thymus gland and are a surrogate for T 

cell turnover(18). However, an appraisal of thymocyte development as well as 

Regulatory T cell (Treg) functionality has been less well studied. Tregs are a key 

subtype of T lymphocytes which maintain self-tolerance and prevent autoimmunity by 

suppressing the immune system(19).  Marcovecchio et al(20) examined histological 

thymic samples from children with DS (n=9), DiGeorge syndrome (DGS) (n=10), 

controls (n=26) and demonstrated that thymus in DS is hypocellular, smaller and with a 

reduced number of mature thymocytes. In the periphery there were reduced 
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lymphocytes and Tregs which demonstrated decreased suppressive ability in patients 

with DS. These abnormalities may alter thymic selection of T lymphocytes and the Treg 

population leading to a greater propensity to develop autoimmune conditions.  

              In DS there are decreased T lymphocyte numbers, both of CD4+ and CD8+ cells.  

Although absolute numbers will increase over time, deficient stimulation in response 

to circulating antigens may render the functionality and phenotype of these cells 

impaired(21, 22). Infants and children with DS have a reduced lymphocyte proliferative 

response to stimulation with phytohaemagglutinin (PHA)(23). Further evaluation of the 

function of T cell subpopulations on children and adults with DS (n=40) and controls 

(n=51), in response to pathogen specific stimulation with varicella zoster virus (VZV) 

and cytomegalovirus (CMV) found that the DS cohort could demonstrate an efficient 

effector T cell response with an equivalent phenotype and function to controls. 

However, the DS cohort needed greater effector T cell frequencies to eliminate 

pathogens(24). Noble et al(25) reported a decrease in the number and functionality of 

helper T cells in children with  DS cohort age matched controls. Furthermore, there 

may be an inherent defect in T helper cell responses to stimulation in DS in view of the 

normal levels of IL-2.   

 

1.3 B lymphocytes  

          B lymphocytes are key players in all aspects of the adaptive immune response, 

they are derived from haematopoietic stem cells and following antigen recognition 

undergo proliferation, differentiation, and class switching to produce specific 

antibodies, and also retain memory to rapidly produce a high affinity response on 

subsequent encounter with the previous stimulating antigen(26). There are 4  main 

subpopulations of B lymphocytes in peripheral blood; IgM memory B cells, switched 

memory B cells, mature naïve B cells and transitional B cells which have recently 

emigrated from the bone marrow(27). The switched memory cells are important as 

they represent the previous antigen experience of the individual and are imperative 

for an appropriate antibody response on encountering pathogens or following 

vaccination(28).  
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           Several deficiencies have been described in B lymphocyte number and function 

in DS. Verstegen et al(29), found a decrease in peripheral numbers of naïve and 

memory B cells. Furthermore, this study found that molecular defects of 

Immunoglobulin A and M were present, reflecting impaired antigen selection in 

memory B cells. These findings are mirrored in those with common variable 

immunodeficiency (CVID). This may be a contributory factor to the increased burden of 

infections in DS, particularly respiratory tract infections. However, children with DS, in 

contrast to CVID tend to have less severe infections overall and have adequate serum 

immunoglobulin G and A levels, furthermore, their response to vaccines although 

occasionally suboptimal and varied is probably largely protective(9). Martinez et al(30) 

reported an increased number of B cells with CD18 positivity versus controls. This 

integrin has been shown to be key in the function and translocation of 

lymphocytes(31), adding weight to the claim that a dysregulation of B lymphocytes is a 

significant cause of immunodeficiency in DS.  

           Further evidence of dysfunction of B lymphocytes in children with DS was 

demonstrated by Carsetti et al(27) who found that DS is in fact a primary 

immunodeficiency disorder characterised by a fundamental defect in the 

differentiation of B cells leading to a significant decrease in switched memory B cells. 

These cells play a crucial role in the response to immunisation and the secondary 

response to infectious organisms. The levels of immunoglobulins in DS were not 

profoundly different from controls. However given their increased susceptibility to 

infection it can be argued therefore that switched memory B cells are important in the 

fight against infection and developing long term immunity post immunisation, despite 

apparently normal serum immunoglobulins(32). Therefore, these cells are important in 

the response to vaccination and maintenance of adequate titres. Carsetti et al 

demonstrated that transitional and mature naïve B cells are reduced by 50% in 

children with DS, and that switched memory B cells were decreased by 85-90% versus 

controls. Although the total numbers of certain classes of B lymphocytes were found to 

be low, following stimulation with TLR-9 agonists children with DS mounted an 

exaggerated response and produced increased numbers of antibody generating cells 
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from IgM and switched memory B lymphocytes. This demonstrated that children with 

DS can respond to antigenic stimulation. 

            There is conflicting evidence regarding serum immunoglobulin levels in DS. 

Valentini et al(33) found that overall serum immunoglobulin levels were in the normal 

range, except for IgA which was found to be 40% lower compared with controls. They 

also found that salivary IgA was normal, despite the contrary being reported in other 

studies(34). Other research has shown adequate immunoglobulin levels in most 

children with DS(16, 35). Hypergammagloublinaemia of IgG and IgA after 5 years of age 

has been described in DS as well as decreased IgG2 and IgG4 and elevated IgG1 and 

IgG3(36). Despite relatively normal immunoglobulins in DS, the important clinical 

questions surround whether protection from pathogens is conferred and the 

maintenance of robust long-term immunity.  

            A possible explanation for the observed differences in T and B lymphocyte 

number and function may be due to a tendency towards apoptosis in these cells. 

Apoptosis, also known as programmed cell death, is a cellular mechanism to remove 

unwanted cells. In the immune system it is important in eradicating poorly responsive 

B lymphocytes in germinal centres and deleting auto-reactive T lymphocytes in the 

thymus gland(37). There are reports that a propensity towards apoptosis in 

lymphocytes in children with DS may be a factor in the lymphopaenias described. 

Gemen et al(38) examined apoptotic markers (propidium iodide and Annexin V) by 

flow cytometry on peripheral lymphocytes in controls (n=32) and children with DS 

(n=72). There were greater levels of apoptosis in the DS cohort, which increased with 

age, and especially within B cells. This may be a cause for the reduced B lymphocytes 

seen in DS(29). Elsayed et al(39) evaluated apoptosis by immunophenotyping and 

annexin V in 17 children with DS (n=17) and controls (n=17) found that there was also 

increased rates of apoptosis in DS, but contrary to the former publication, T cells were 

more profoundly affected. The authors concluded that it is the impairment of 

functionality in these cells that leads to the immune dysregulation and that cellular 

immunity was more markedly affected than humoral(39).  
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1.4 Neutrophils 

          Neutrophils are a crucial effector cell, are the main phagocyte of the 

innate immune system and play an important role in clearing pathogenic micro-

organisms(40). Izumi et al(41) found significantly impaired neutrophil chemotaxis and 

periodontal disease in adults with DS versus healthy controls ( n=14 in both groups) 

which they suggested  may have a role in the poorer oral health of this population. 

Licastro et al(42) found that phagocytic activity in children with DS (n=27) was 

significantly decreased compared with controls (n=23) which may point to an inherent 

defect in neutrophil functionality in DS. At the cell surface, receptors like CD11b (Mac-

1) are important in the activation and migration of cells towards the site of infection or 

injury(43). Novo et al(44) found no significant differences in CD11b expression on 

neutrophils in children with DS (n=12, age 8-16 years) versus controls(44). Regarding 

metabolic activity, Khocht et al found increased oxidative burst capacity from 

neutrophils which correlated with clinical evidence of chronic inflammation and 

periodontitis(45). This suggests neutrophils may play a key role in the pathogenesis of 

persistent inflammation.  

 

1.5 Monocytes 

                        The monocyte is another crucial innate immune cell that has several 

roles. They protect against foreign pathogens, clear dead cells, contribute to tissue 

repair and stimulate the adaptive immune system(46). Monocytes exist as a malleable, 

heterogeneous population and it is now accepted that there are 3 distinct subtypes, 

based on their relative CD14/CD16 surface positivity, which have distinct functions and 

are context dependent(47). The classical monocyte accounts for approximately 80% of 

the total monocyte population and expresses high levels of CD14 and is bereft of CD16 

on their surface. The remainder have CD16 surface positivity and are separated based 

on the level of CD14 expression.  More commonly the non-classical monocyte has very 

low CD14 and raised CD16 expression and the intermediate or inflammatory monocyte 

which has both cell surface markers increased(48).  
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                 The classical monocyte displays cell surface markers associated with antigen 

presentation, and the highest levels of CD163, CD36 which points to these cells having 

a major role in phagocytosis. The relative numbers are reduced in the setting of acute 

infection like sepsis or in chronic disease. The intermediate monocyte has multi 

functionality in phagocytosis and antigen presentation, but also in the production of 

several cytokines such as Interleukin (IL)-10, increased Toll like receptor (TLR) cell 

surface expression and increased numbers in acute inflammation. The non- classical 

monocyte is pro-inflammatory and is the chief producer of pro-inflammatory cytokines 

IL-1β and Tumour Necrosis Factor (TNF-α). Its numbers increase in both acute and 

chronic disease(49, 50).  

                   Although paediatric research on monocyte subtypes in sepsis is limited, 

Skrzczynsk et al reported that infants (n=30) had more CD14+/16+ and 14dim/16+ 

(intermediate and non-classical types), a reduced ability to phagocytose E.coli in vitro 

and produced less IFN-γ, IL-1 and more IL-10(8). Monocytes in children with DS have 

similar anomalies. Bloemers et al(51) examined the innate immune system in children 

with DS in detail and found that total leukocyte, lymphocyte and monocyte counts 

were decreased in the DS cohort compared to controls. Although total monocyte 

counts were reduced, there was a significant increase in the absolute number and 

overall percentage of non -classical or CD14dimCD16+ monocyte sub-population. Non-

classical monocyte have been implicated in various disease states such as cancer, 

sepsis and chronic inflammation(52). Like neutrophils,  there is evidence 

demonstrating deficient monocyte chemotaxis in children with DS, which may be 

disadvantageous in the setting of acute infection(53). 

 

1.6 Dendritic cells 

 The dendritic cell is an innate immune cell that has also been described as 

being decreased in DS compared with controls. These antigen presenting cells are key 

in propagating a Th1 response from CD4+ T lymphocytes, aid in co-ordinating an 

effective immune response and are important in combatting pathogenic viruses. In 

addition, functionally impaired dendritic cells may lead to persistence of viral 
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infections by impairing host specific T lymphocyte responses(54). Bloemers et 

al(51)enumerated innate immune cells in DS (n=41) and controls (n=41) reporting that 

myeloid dendritic cells were decreased in DS, especially in the first 24 months of life. 

This may contribute to the increased burden of viral infections incurred in children 

with DS during this time.  

 

1.7 Natural killer cells 

                 Natural killer (NK) cells arise from haematopoietic stem cells, and function in 

an effector and regulatory capacity. NK cells work by a combination of cytolysis and 

cytokine production (e.g. IFN-γ) and have anti-neoplastic, anti-viral and anti-bacterial 

actions(55). Bloemers et al(51) reported a higher NK cell percentage in children from 1-

9 y with DS (n=41) versus age-matched controls (n=41) but not to a significant level. 

However, in the under 2-year olds a higher percentage of NK cells in the DS group was 

found (10.3 versus 5.7% p<0.01)(51) . Maccario et al(56) found a significant increase in 

the NK cell percentage in patients with DS (n=25: (n=11 <10 y; n= 5 11-20yrs; n=9 21-

42 y) compared with controls (n=25 age and sex matched) which did not increase with 

age.  

             The functionality of NK cells in DS has been studied; Maccario et al(56), 

described that NK cells in DS displayed a hypersensitivity to interferon stimulation. 

Cossariza et al(57) evaluated numbers and function of lymphocytes in children (n=10, 

average age=9.2 y) and adults (n=7, average age 43.2 y) with DS versus age-matched 

controls found a significant increase in NK cell percentage in both DS groups. The 

proportion of NK cells was significantly higher in the adults with DS. There was a 

significant decrease in the cytotoxic activity in both DS age-groups compared with 

controls. The samples were also incubated with stimulatory cytokines IL- 2, IFN-γ, IFN-

β, after which normal cytotoxicity was recorded, suggesting that in patients with DS, 

NK cells can respond to stimulation. There is conflicting evidence about the degree of 

aberrant NK functioning. Nurmi et al(58) found deficient NK cell activity post 

stimulation with interferon-α in adults with DS  compared with controls. Nair et al(59) 

found that NK activity against target cells (K562) was reduced in DS and that the 
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response to IL-2 was impaired versus the control group. In contrast, there were no 

differences in  the effects of Interferon alpha (IFN-α) on NK between children with DS 

and controls(60). Abnormal NK function adds to the evidence of a dysregulated innate 

immune system in DS. 

 

1.8 Gamma delta (γδ) T cells 

               The majority of the T lymphocyte population including CD4+ helper and CD8+ 

cytotoxic T cells express a CD3+ associated α/β T cell receptor. A smaller subset of T 

lymphocytes utilise heterodimeric T cell receptors composed of γ/δ chains, which 

recognise non-peptide antigens without the need for major histocompatibility complex 

(MHC) presentation(61). These γδ T cells have a varied tissue distribution in the body 

and are mostly enriched in several gastrointestinal and epithelial tissues, as well as in 

the epidermis. In peripheral blood they account for approximately 0.5-5% of the total 

lymphocyte count(62).    

             γδ T cells have a myriad of different functions and they are an important first 

line of defence from invading pathogens. They release several chemokines which 

increase neutrophil concentration at the site of infection and can also serve as antigen 

presenting cells, stimulate other adaptive and innate immune cells, while also retaining 

immunological memory. γδ T cells are key first responders to inflammation and 

propagate an early cytokine response(62). Cytokines such as IFN-γ, TNF-α, IL-17 and 

the anti-inflammatory IL-10 are known to be secreted by γδ T cells in the setting of 

autoimmunity or infection(63, 64).  

           There is a paucity of studies in the literature looking at γδ T cells in DS. Bertotto 

et al(65) examined the proportion of blood lymphocytes bearing the γδ T receptor in 

this population and showed a significant increase in γδ T cells in adults with DS versus 

controls. This was mainly attributed to a larger number of cells that express non-

covalently bound γδ chains on their cell surface, in contrast to controls, where most of 

these cells had the disulphide-linked form of the receptor. These cells appear to be 

different in number and perhaps function and are an important link between the 

innate and adaptive immune response.  
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1.9 CD11b 

                CD11b/CD18 (also known as Mac-1) is a surface receptor involved in 

propagating monocyte and granulocyte adhesion and diapedesis(66) and is a marker of 

cell activation. Dysregulation in granulocyte adherence and translocation has been 

shown to increase the risk of infection in adults and neonates(67). CD11b has potential 

clinical utility, as well as other biomarkers (CRP, CD64) to predict the likelihood of 

sepsis (68). Comparing CD11b expression post LPS stimulation, it has been reported 

that infants with neonatal encephalopathy have a significantly greater response than 

healthy term controls(69). Autoinflammation is more prevalent in DS, and CD11b, and 

its genetic variants have now been implicated in the development of autoimmune 

disease, as it functions as a key regulator of crucial immune processes such as Toll like 

receptor (TLR) signalling, pro-inflammatory cytokine production and in the 

maintenance of autoreactive B cell tolerance(70, 71).  

 

1.10 Toll like receptors 

                A key mechanism linking the innate and adaptive immune response is via Toll 

Like Receptor (TLR) signalling. TLRs are pattern recognition receptors (PRRs) located on 

the cell membrane cells including neutrophils, monocytes, macrophages, lymphocytes, 

dendritic and epithelial cells. They are located at the cell membrane where they can 

recognise and bind signal molecules. These molecules can be derived from 

microorganisms such as bacteria, viruses or fungi exhibiting pathogen associated 

molecular patterns (PAMPs e.g. LPS, peptidoglycan, flagellin) or from dying 

endogenous cells bearing damage associated molecular patterns (DAMPs e.g. heat 

shock proteins, oxidative stress)(72).  

             Activation of TLRs causes downstream signalling pathways which require a 

variety of five adaptor proteins. The Toll/interleukin-1 receptor (TIR) domain, which is 

found on the cytosolic face of both the TLRs and the adaptors is the main signalling 

area. The four remaining adaptor proteins involved in TLR downstream signalling are 

as follows: myeloid differentiation primary-response gene 88 (Myd88), MyD88-

adaptor-like protein (MAL), TIR-domain-containing adaptor protein inducing 
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interferon-β (TRIF), and TRIF-related adaptor molecule (TRAM). Their activation 

eventually results in increased production of the interferon regulatory factor (IRF) 

family and nuclear factor kB (NF- kB)(73), ultimately leading to inflammatory cytokine 

release.  

           Two important receptors involved in recognising pathogenic ligands and 

maintaining host defence are TLR2 and TLR4, which predominantly bind to 

constituents of gram positive and gram-negative bacteria respectively(74). However, 

there are several studies showing that a dysregulation in these receptors can cause 

excess pro-inflammatory cytokines and chemokines, leading to autoimmunity, sepsis 

and multi-organ dysfunction(75, 76). These clinical sequelae are particularly relevant 

for children with DS. Infections from gram positive bacteria like Streptococcus 

pneumoniae and Staphylococcus aureus causing lower respiratory tract infections 

(LRTIs), and recurrent otitis media are more prevalent in children with DS and 

associated with poorer outcomes(5, 10). TLR2 is the major PRR involved in binding 

gram-positive bacteria and is strongly implicated in chronic inflammation. It is possible 

that dysregulation of this receptor and its pathways may be abnormal in DS(77). 

Indeed, anomalous TLR2 signalling has been associated with unregulated pro-

inflammatory cytokine production and autoimmunity(78).  

             TLR4 is of interest as plays a key role in fighting infection, however its aberrant 

activation can also lead to excess pro-inflammatory cytokine release, persistent 

inflammation leading to septic shock and autoimmunity(79, 80). In mice with LPS-

induced lung injury the benefits of utilising TLR4 monoclonal antibodies to block the 

receptor have been observed. There was reduced inflammation and pulmonary 

oedema in those who had TLR4 attenuation(81). In adults with DS and periodontal 

disease compared to controls without periodontitis, there was no difference in the 

expression of TLR2 or TLR4 single nucleotide polymorphisms (SNPs)(82).  

              Dysregulation of TLRs can lead to excess pro-inflammatory cytokine release 

and damage to tissue, consequently appropriate regulation of TLR signalling is crucial 

in maintaining homeostasis. There are many regulators described for TLRs, with 

microRNAs (miRNAs) now being described as key controllers of signals from these 

receptors(83). O’Neill et al(84), in their review of miRNAs and their influence on fine 
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tuning TLR responses, described several key miRNAs that attenuate signalling. The 

following have been implicated in the control and reduction of TLR responses by 

manipulating transcription: Mal- miR-145, MyD88 – miR-155, and TLR2 – miR-105. TLR 

signalling is tightly controlled to prevent persistent inflammation with many negative 

regulators interacting at many levels of the TLR pathways to maintain a balance. (85). 

These pathways may be aberrant in DS and contribute to a dysregulated immune 

response.  

 

1.11 Cytokines 

             One of the key outputs following cell surface receptor and TLR pathway 

activation is cytokine production. Cytokines are proteins secreted by various cells and 

result in specific communications and interactions between cells of the immune 

system(86). A regulated system is required to prevent chronic inflammation and 

autoimmunity and also to ensure an appropriate response to pathogenic insults. 

Indeed, if there is dysregulated pro and anti-inflammatory cytokine release in the 

setting of infection systemic inflammatory response syndrome (SIRS) and or 

compensatory anti-inflammatory response syndrome (CARS) may occur, which can 

lead to deleterious consequences for certain patients(87). Both pro and anti-

inflammatory mediators were elevated in in a murine model of sepsis with early 

deaths and high Interleukin- 6, Tumour necrosis factor α (TNF-α), Macrophage 

inflammatory protein 2 (MIP-2) , Interleukin 1 receptor antagonist (IL-1ra) predicted 

mortality within 24 hours(88). In adult humans with abdominal sepsis, elevated pro 

and anti-inflammatory mediators were also associated with increased mortality (TNF-

α, Interleukin- 8, Interleukin- 10, IL-1ra)(87). In a paediatric cohort admitted to PICU 

with influenza (n=52), it was shown that  significant early immune suppression 

(leucopaenia, low TNF-α) was linked to concomitant S.aureus infection and death(89).  

                A large meta-analysis (19 papers, DS n=957, Controls n=541) examining 

circulating cytokines in children and adults in DS concluded that TNF-α, IL-1β, IFN-γ 

were significantly raised in DS(90). These mediators have been implicated in the 

development of chronic inflammation and autoimmune disease which are more 
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common in our population of interest(91). Early onset Alzheimer’s disease is another 

clinical feature of DS and IL-6 is a key cytokine associated with this neurodegenerative 

process(92). IL-10 serves to dampen down the inflammatory response by attenuating 

cytokines like IL-6 and TNF-α. There is evidence that IL-10 is elevated in DS, and it is 

hypothesised that the pronounced anti-inflammatory signals could be a contributor in 

the increased prevalence of respiratory tract infections and pneumococcal lung 

disease(35, 93). Overall, an excess of circulating inflammatory cytokines appears to 

predominate in DS.  

 

1.12 The Inflammasome 

               Inflammasomes are multi-protein complexes that generate IL-1 family 

cytokines. Their activation results in an innate inflammatory cascade involving 

caspases and the cleavage of pro IL-1β and pro IL-18 to their active forms(94). The 

NLRP3 inflammasome has been well characterised and is associated with several 

medical conditions such as metabolic disorders, inflammatory bowel disease, multiple 

sclerosis and other autoimmune diseases(95).  It is found mainly in innate immune 

cells, such as macrophages, dendritic cells, monocytes and neutrophils following 

inflammatory stimuli(96). As children with DS are reported to have significantly 

elevated levels of IL-1β(97), and are more prone to autoimmune conditions the 

inflammasome and its potential immunomodulation is potentially important target for 

further research in DS. Currently, there is a lack of research on the inflammasome in 

DS. 

 

1.13 Complement pathway 

              The complement system is another critical component of innate immunity. 

Complement factor H (CFH) is secreted by the liver and after albumin is the most 

common plasma protein, and functions to inhibit conversion of C3 to C3b on the 

complement pathway. This results in dampening down and preventing spontaneous 

activation of the immune system. Deficiencies in CFH are associated with increased risk 

of persistent inflammation and autoimmunity(98). DS results in increased expression 
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of certain genes and micro RNAs (miRNAs) on chromosome 21. miRNA-155 has been 

shown to be significantly increased in DS, and this causes a significant down-regulation 

of CFH mRNA which may partly explain the increased prevalence of chronic 

inflammation and autoimmunity in this cohort(99). 

               Alzheimer’s disease (AD) is extremely common in DS, occurring with an earlier 

age of onset than the general population. The classical complement cascade and 

activation of the membrane attack complex in neurons in response to amyloid beta 

plaque deposition has been implicated in the development of AD in DS(100). Another 

study examining complement and AD in DS reported that C1q, which is the initial 

factor in the complement pathway, was increased in neurons with activated microglia 

and Abeta plaque accumulation, highlighting the importance of a dysregulated 

complement cascade in neurodegeneration(101). 

              There may indeed be a fundamental problem with the complement system in 

DS. Sullivan et al(102)  examined  proteomics of blood samples from 263 people, 165 

of whom had DS, and pointed towards an overall deficiency of complement factors or 

hypocomplementaemia C1QA, C1R, C3 and C6 were deficient. Indeed, 

hypocomplementaemia is associated with type 1 interferonopathies, (disorders which 

result from dysregulation of the type 1 interferon response, leading to significant 

autoinflammation(103)), and are also strongly associated with DS (104), suggesting 

that this persistent inflammation leads to the consumption of complement factors. 

Another clinical sequala associated with DS and reduced complement levels is otitis 

media and bacterial pneumonia(105). 

 

1.14 Circadian Rhythm 

              Almost all mammals including humans display physiology and time dependant 

functioning over a 24-hour period, the circadian rhythm. There are several genes 

expressed which inherently govern this daily pattern, and they are modulated by a 

core transcription/translation feedback loop (TTFL). This results in a cycle between 

gene expression of a forward arm and a negative arm that act to negate the actions of 

the former. Abnormalities of this TTFL have been implicated in several disease 
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processes(106). The TTFL or core oscillator functionality is dependent on negative 

feedback circuits, and several key genes. BMAL1 and CLOCK form a heterodimeric link 

which stimulate transcriptional activation and the expression of the repressor proteins 

Period (PER) and Cryptochrome (CRY), which in turn feedback and inhibit their own 

transcription by disrupting the BMAL/CLOCK complex(107). Further proteins like RAR-

related orphan receptor (ROR) and REV-ERB also play a role in modulating BMAL1 

expression; the former activating and REV-ERBs downregulating its expression(108). 

The higher centre controlling the circadian rhythm is located in the suprachiasmatic 

nucleus of the hypothalamus. It ensures peripheral (immune cell) clock homeostasis by 

regulating important messengers such as glucocorticoids from the hypothalamic 

pituitary axis (HPA), and circulating catecholamines from the autonomic nervous 

system(109).  

          The influence and connection between immunity and the circadian rhythm has 

been well studied; it is now known that individual cells and components of the 

immune system have their own sub-cellular clockwork, and that cell counts, and 

cytokine levels may vary depending on the time or the stage of sleep-wake cycle. The 

dysregulation of the circadian rhythm has also been linked to a higher incidence of 

malignancy and autoimmunity(110). Further effects of disruption to circadian clocks 

and the immune response is discussed by Labrecque et al(111), who report that 

multiple cellular functions are disrupted; cellular migration, proliferation in response 

to pathogens, phagocytosis and cytolysis. The importance and association of an 

appropriate circadian rhythm and improved outcomes in sepsis has been 

demonstrated by Carlson et al(112). In rodents recovering from sepsis following caecal 

ligation and puncture, those who had significant disruption to the normal light: dark 

cycle had poorer outcomes versus those who did not. Given that DS is associated with 

higher mortality in sepsis, disturbed sleep, and potential circadian rhythm and 

melatonin anomalies, we wanted to examine this further by appraising genes involved 

in regulating this important physiological phenomenon(8, 113). 
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1.15 Melatonin 

             Melatonin (N-acetyl-5-methoxytryptamine) is a multifunctional hormone which 

is secreted in the pineal gland at the base of the brain(114). The effects of melatonin 

on regulating circadian rhythm and sleep wake cycles are well described(115, 116), 

however, research has now demonstrated that there is a myriad of 

immunomodulatory effects of this molecule, from treating chronic inflammation to 

adjuvant therapy in managing sepsis(117). As children with DS have poorer outcomes 

in sepsis and are more likely to incur autoimmunity, exploring the potential clinical 

utility of this agent in this cohort is worthwhile.  

             Melatonin has been shown to have robust antioxidant anti-apoptotic effects via 

prevention of caspase 3 cleavage, and anti-inflammatory actions through 

inflammasome deactivation(118). Other mechanisms of action that have been 

postulated include; binding to MT1 and MT2 cell membrane receptors resulting in a 

decrease of cGMP and cAMP production, and engaging nuclear receptors retinoid 

orphan receptors (ROR) and retinoid Z receptors (RZR) directly(119, 120). Although 

several immunomodulatory functions of melatonin have been described, it’s potential 

role in mediating CD11b, TLR4 cell membrane function, as well as TLR signalling, pro 

and anti-inflammatory cytokine release and inflammasome deactivation has not, to 

our knowledge, been previously described in DS. 

 

1.16 Sparstolonin B (SsnB) 

        Another potentially beneficial immunomodulator is Sparstolonin B (SsnB), a 

natural isocoumarin compound derived from the roots of plant species such as 

Sparganium stoloniferum and Scirpus yagara it has been shown to reduce 

inflammation(121). The molecular mechanisms by which this compound works has 

been described in the literature. Liang et al examined the effects of SsnB on mice 

macrophages; TLR2 and TLR4 induced cytokine production (IL-1β, TNF-α, IL-6) was 

significantly reduced following SsnB incubation, in a dose dependant manner (100uM 

greater effect v 10uM). The authors also showed this compound reduces general Nf-kB 

activity and has also been demonstrated to act as selective TLR2 and TLR4 antagonists 
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by preferentially limiting the association of MyD88 with TLR2 and TLR4 but not 

TLR9(122). Its effects on macrophages treated with LPS or Pam3csk4, was to reduce 

the expression of pro-inflammatory cytokines such as IL-1β, IL-6, TNF-α. In a simulated 

mouse model of endotoxin shock there was reduced mortality in mice treated with 

SsnB, and an inhibition of LPS induced cytokines IL-6 and TNF-α in lung, liver and 

serum(123). These findings were mirrored in another study looking at the effects on a 

mouse endotoxin model, where treatment with Scirpus yigara (SsnB being a key 

component) resulted in better outcomes in LPS sepsis and protected against cytokine 

production (TNF-α and IL-6) and end organ damage(124). Therefore, SsnB may have a 

role in modulating the response to infection and in the treatment of sepsis.  

 

1.17 Vaccine response 

          From a clinical perspective, anomalous memory B lymphocytes may contribute to 

a varied response to vaccination in children with DS, and there are numerous papers 

citing suboptimal immune responses in this cohort(9, 125-127). This may have 

significant clinical consequences for a high-risk cohort more prone to severe RTIs and 

hospitalisations from vaccine preventable diseases like influenza and pneumococcus(5, 

6). There is also evidence that despite initial adequate titres, the immune response 

may wane over time and that long-term immunity in DS may not be preserved as well 

as controls(128). Therefore, through public health campaigns it is imperative that 

immunisation against these pathogens is highlighted and delivered routinely, and that 

this vulnerable cohort is studied and followed over time to ensure a robust immunity is 

maintained. Tailored vaccination programmes may need to be considered. 

 

1.18 Conclusion 

             The extent of immune dysregulation in DS is substantial, spanning the innate 

and adaptive systems [Figure 1.1], which contribute to a phenotype at risk of increased 

infections, poorer clinical outcomes and chronic inflammation. Other aspects of innate 

immunity may also be abnormal and contribute to the increased morbidity and 

warrant further interrogation such as: neutrophil and monocyte function, the 
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inflammasome, TLRs and their pathways. Pharmacotherapies such as pavilizumab, 

pneumococcal and influenza immunisations, as well as potential immunoprophylactic 

agents such as azithromycin and Brancho-Vaxam may help alleviate the infectious 

burden. Consequently, these children need to be managed with a heightened sense of 

awareness and urgency acutely, in the setting of sepsis, and signs of chronic 

inflammation need regular screening and appropriate follow up. 
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Figure 1.1 Down syndrome and immune function.  

Abnormalities of the innate (Neutrophil, Monocyte and Natural killer cell) and acquired 

(T and B cell, and immunoglobulins) immune system in Down syndrome. 

Abbreviations; NK=Natural Killer cell; TLR= Toll like receptor; TNF= Tumour necrosis 

factor; Tregs= Regulatory T cells.   
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1.19 Hypothesis 

Altered inflammation in children with Down Syndrome may contribute to persistent 

inflammatory complications and be amenable to immunomodulation. 

 

1.20 Aims 

1.20.1 Aim 1: Improving understanding of immunodeficiency in children with Down 

Syndrome.  

Rationale: Although Children with DS have certain immunodeficiencies described, 

there are aspects of their immunity which have not been examined in detail. In 

addition, no clinical management guidelines exist guiding clinical immunology 

assessment and management. 

Objectives: The variation of immunodeficiencies will be defined in this population of 

children with DS. Perform a literature review of immunisation response and 

vaccination advice in DS. This will also allow guideline development and rationalisation 

of immunodeficiency screening and optimisation of vaccination in collaboration with 

national and international groups including the DS Medical Interest Group in the UK 

(DSMIG) and DS Ireland (DSI). 

Deliverables: Clinical Immunology: a) primary immunisations given; b) incidence of 

respiratory tract infection (otitis media, admission for lower respiratory tract infection 

(LRTI)LRTI's, prescriptions of oral antibiotics for RTI's); c) other infections; d) serum IgG, 

IgA, IgM; e) basic lymphocyte subsets; f) vaccine specific antibody responses, namely 

pneumococcus, tetanus, and serotype specific antibody levels. 

1.20.2 Aim 2: To assess Inflammatory responses in children with Down syndrome. 

Rationale:  Innate immune function and serum cytokines are abnormal in children with 

Down syndrome. These children are also at increased risk for auto inflammatory 

disorders, an important focus for research is the implication of the NLRP3 

inflammasome in this condition. 
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Objectives: To evaluate neutrophil and monocyte function, measure pro and anti-

inflammatory cytokines, in children with Down syndrome. To characterise the NLRP3 

inflammasome in DS. 

Deliverables: (i) Neutrophil and monocyte function: response to bacterial stimuli (LPS), 

through CD11b, Toll like receptor 4 (TLR-4), Toll like receptor 2 (TLR-2) expression by 

flow cytometry on BD FACS Canto II. (ii) Pro and anti-inflammatory cytokines: Evaluate 

pro- and anti-inflammatory cytokines post stimulation with bacterial endotoxin (LPS) 

with multiplex ELISA including the following cytokines: IL-6, IL-8, IL-18, IL-10, Tumour 

Necrosis Factor (TNF)-α, Interferon (IFN)-γ, Vascular Endothelial Growth Factor (VEGF), 

Granulocyte-Colony Stimulating Factor (G-CSF), and Granulocyte Macrophage-Colony 

Stimulating Factor (GM-CSF) will be evaluated to quantify the systemic inflammatory 

response. (iii) Evaluation of NLRP3 inflammasome components and associated genes 

such as NLRP3, ASC, IL-1β and caspase-1 following stimulation with ATP and LPS via 

TaqMan® Real time PCR.  

1.20.3 Aim 3: To assess the potential of immunomodulatory therapies in children with 

Down syndrome.  

Rationale: Although children with DS have immunodeficiencies in childhood they also 

have a marked proinflammatory response to specific stimuli. Therefore, 

immunomodulation is a feasible target. Melatonin has been shown to have notable 

anti-inflammatory effects: reducing the effects of endotoxaemia, decreasing NLRP3 

activation and proinflammatory cytokine production(129, 130). Sparstolonin B is a 

natural isocoumarin compound which acts as a TLR antagonist, abrogating pro-

inflammatory cytokine production and reducing inflammation(121, 123) 

Objectives:  Immunomodulation following dose-response curves using whole blood will 

be performed with the TLR antagonist SsnB. Immunomodulation with SsnB and 

melatonin is being performed on experiments involving neutrophil and monocyte 

function, multiplex cytokine analysis and on the inflammasome. The potential 

therapeutic benefits of melatonin and SsnB will be examined.  

Deliverables: To assess the potential immunomodulatory effects in-vitro of melatonin 

and SsnB  on TLR4 and CD11b expression on neutrophils and monocytes, genes 
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involved in the inflammasome (NLRP3, ASC, IL-1β), TLR signalling (MyD88, IRAK4, TRIF), 

and on a broad panel of pro and anti-inflammatory cytokines (IL-2, IL-6, IL-8, IL-10, IL-

1β, IL-1ra, IFN-γ, GM-CSF, VEGF, Epo).  
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Chapter 2: Materials and Methods 

 2.1 Ethical approval  

        This project was approved by the Ethics Committees of Children’s Health Ireland 

(CHI) at Tallaght (formerly the National Children’s Hospital, Tallaght) and CHI at 

Crumlin (formerly Our Lady’s Children’s Hospital, Crumlin) Dublin, Ireland from July 

2017 to July 2020 (appendix i).  

• CHI at Tallaght: 

This is a tertiary paediatric hospital in south Dublin. There is a dedicated clinic 

for children with Down syndrome with 350 patients attending annually. The 

majority are well patients who undergo routine follow up and review. 

• CHI at Crumlin: 

This is the largest paediatric hospital in Ireland, with 240 inpatient beds, and 26 

paediatric intensive care (PICU) beds. The cardiac team look after a large 

number of patients with DS, on both an elective and emergency basis, and 

many of whom will require a stay in PICU for management of CHD at some 

point. 

 

2.2 Consent and data protection 

           All families and participants received verbal and documented information on the 

study and written consent was obtained prior to recruitment. In Tallaght, in advance of 

attending the dedicated DS clinic, the parents were sent out an information pack 

which included; an information sheet on the study, vaccination advice for children with 

DS, and consent forms to bring along to clinic for further discussion (appendix ii). 

Secondly, a face to face consultation with the patient and families took place in the 

outpatient department where any queries or concerns could be explored and written 

informed consent was taken on the day. In CHI Crumlin, a patient list of the scheduled 

or current inpatients with DS was sought and a face to face consultation took place, 

whilst giving the information leaflet out. Time was allowed for parents to decide and 

written consent obtained.      
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            The consent forms were GDPR compliant and all clinical and laboratory data was 

completely anonymised. Clinical data and consent forms were stored in a locked filing 

cabinet in a secure office in Tallaght, the clinical data was then transferred to an 

anonymised study specific database saved on a password protected computer. 

Biobanked samples were anonymised and stored in a -80C freezer (Isotemp, Fischer 

Scientific) pending further analysis.  

 

2.3 Clinical data 

          Each patient had a thorough clinical appraisal to assess the degree of co-

morbidity in a systematic fashion. This was achieved by using a clinical questionnaire 

(appendix iii) evaluating each organ system which was used as part of the DS clinic in 

Tallaght. The cohorts were subdivided based on age and clinical features e.g. 

congenital heart disease, recurrent respiratory tract infections, or number of 

hospitalisations. This data was coded and anonymised and transferred to a password 

protected computer. Clinical outcome measures included: Gestational age and birth 

weight; Special care/Neonatal intensive care admission;  Transfer to a tertiary surgical 

centre; Congenital heart disease (CHD) and type of lesion; Corrective surgery for CHD; 

Thyroid dysfunction; Coeliac disease; Gastrointestinal anomalies; Arthropathy; 

Recurrent respiratory tract infections (RRTIs); Hospitalisations due to RTI; Obstructive 

sleep apnoea (OSA); Requiring non-invasive ventilation (NIV); Ophthalmological 

abnormality; Hearing loss; Seizures; Haematological abnormality (Transient abnormal 

myelopoiesis, acute leukaemia); Full blood count.  

 

2.4 Study population  

2.4.1 Children with DS 

          Children with DS were recruited from 2 separate sites (CHI – Tallaght, and CHI- 

Crumlin). Those from Tallaght were clinically stable children from infancy to ≤ 16 years 

old attending the dedicated DS clinic. The other smaller DS cohort were children from 

infancy to ≤ 16 years old who were admitted to hospital on the ward or in Paediatric 

intensive Care (PICU) in CHI at Crumlin, with a significant CHD lesion.  
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2.4.2 Controls  

         Age-matched Paediatric healthy Controls with no significant medical history: 

children from infancy to ≤16 years old attending CHI-Tallaght or CHI-Crumlin for 

routine phlebotomy or day case elective procedures and whose results were 

subsequently normal. Children in both groups were excluded if they had recent fever 

or evidence of infection. 

2.4.3 Adult controls for Sparstolonin B (SsnB) dose response 

         Healthy adults (age range 23-33 years; 3 female) with no recent evidence of 

infection or underlying inflammatory illness.  

 

2.5 Blood sampling 

        Blood samples (3ml) were obtained from patients or controls and collected in a 

sodium citrate anti-coagulated blood bottle. Samples used for assessing neutrophil and 

monocyte function, cytokine levels and genes involved in toll like receptor (TLR) 

signalling and the inflammasome were transported to the Trinity Translational 

Medicine Institute (TTMI) at the St James’s Hospital campus and were analysed within 

2 hours of phlebotomy. Samples used for immune screening bloods; CD3+, CD4+, 

CD8+, CD19+, CD56+, (or T and B cell subsets) immunoglobulin M (IgM), IgG, IgA, and 

antibody titres to pneumococcus and tetanus, were analysed in the main immunology 

lab in St James’s Hospital, Dublin. Full blood counts (FBC) were done in the 

haematology lab in Tallaght hospital, Dublin. Samples for the dose response analysis of 

SsnB underwent processing for flow cytometry immediately after phlebotomy. 

 

2.6 Whole blood processing  

        Whole blood was incubated at 37◦C for 1 hour with various combinations of pro- 

and anti- inflammatory stimulants depending on the experiment: Lipopolysaccharide 

(LPS; E.coli 0111:B4: SIGMA Life Science, Wicklow, Ireland) 10 ng/mL, Pam3Cys-Ser-

(Lys)4. trihydrochloride (Pam3Csk4) (TOCRIS bio-techne, Abingdon, UK) 5ng/ml, 

Melatonin (SIGMA Life Science, Wicklow, Ireland) at 42 𝜇M and the TLR antagonist 
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Sparstolonin B (SsnB; SIGMA Life Science, Wicklow, Ireland) 10μM. After 1 hour of 

incubation 50𝜇𝑙 of whole blood was aliquoted from each treatment sample into 

different Eppendorf tubes for further processing and analysis of neutrophil and 

monocyte function by flow cytometry. Next, 300μl of blood was placed into Eppendorf 

tubes containing 1ml of Trizol® (ThermoFisher) and stored at -80oC (Isotemp, Fischer 

Scientific). These samples were subsequently processed to isolate RNA, cDNA and 

finally analysed to evaluate genes involved in TLR signalling and the inflammasome by 

reverse transcriptase polymerase chain reaction (RT-PCR). The remaining whole blood 

volume from each Eppendorf tube was then spun down in the centrifuge (Thermo 

Scientific, Hereaus Fresco 17) at1,500rpm for 10mins at room temperature, the serum 

isolated was then stored at -80◦C for subsequent analysis of pro and anti-inflammatory 

cytokines by enzyme linked immunosorbent assay (ELISA). Figure 2.1. Please see flow 

diagram of whole blood processing, Figure 2.2.  
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Figure 2.1 Pipetting of whole blood & isolated serum layer. 

Serum 

https://www.google.ie/imgres?imgurl=http://www.clker.com/cliparts/4/K/B/U/V/m/eppendorf-tube-with-serum-hi.png&imgrefurl=http://www.clker.com/clipart-eppendorf-tube-with-serum.html&docid=8S6jH6eXbO-YSM&tbnid=r1QGG3iFNLXkfM:&vet=10ahUKEwjOsI6I29bgAhXisaQKHYjGBccQMwhHKAYwBg..i&w=354&h=594&bih=747&biw=1536&q=blood%20in%20eppendorf%20images&ved=0ahUKEwjOsI6I29bgAhXisaQKHYjGBccQMwhHKAYwBg&iact=mrc&uact=8
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Figure 2.2 Flow diagram of whole blood processing. 
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2.6.1 Dose optimisation of Sparstolonin B (SsnB) 

          For the dose response optimisation of SsnB (SIGMA Life Science, Wicklow, 

Ireland), the initial concentration was 5mg, 286.6 g/mol. Three increasing 

concentrations (10uM, 100uM, 1000uM) of SsnB were made up using dimethyl 

sulfoxide (DMSO) (SIGMA Life Science, Wicklow, Ireland) as per manufacturer’s 

instructions. 50μl of whole blood was placed into 8 Eppendorf tubes and to each one 

the following immunomodulators were added: Pam3Csk4 5ng/ml; SsnB @10μM; SsnB 

@10μM + Pam3Csk4, SsnB @ 100μM; SsnB @100μM + Pam3Csk4; SsnB @1000μM; 

SsnB @@1000μM + Pam3Csk4. The whole blood was then incubated for 1 hour at 

37◦C and processing for flow cytometry continued as outlined below.  

 

2.7 Flow cytometry  

        Flow cytometry allows the measurement of several chemical and physical 

characteristics of a cell by measuring variances in light scatter as cells travel in 

suspension through laser sensors. Cell size (forward scatter; FSC), cytoplasmic 

granularity ( side scatter; SSC), and the intensity of fluorescent antibodies bound to the 

cells permit quantification of individual cells, and discrimination between 

subpopulations based on these factors(131). In our lab the expression of CD11b, TLR2 

and TLR4 on the surface of neutrophils and monocytes, the dose response of SsnB to 

Pam3Csk4 stimulation, and the enumeration of gamma delta 1 t cells (γδ1), gamma 

delta 2 t cells (γδ2), natural killer (NK), CD19+, CD4+, CD8+ cells in DS was quantified by 

flow cytometry. After incubation with pro- and anti-inflammatory stimuli at 37◦C for 1 

hour, blood samples were incubated with a dead cell stain (100 μL; Fixable Viability 

Dye eFlour 506, Invitrogen, California USA), diluted to working concentration (1/1000) 

in phosphate buffered saline (PBS). The following fluorochrome-labelled monoclonal 

antibodies (mAb) were added to each sample. Firstly, for neutrophil and monocyte 

CD11b, TLR2, and TLR4 expression (2.5 μL per tube): CD14-PerCP, CD15-PECy7, CD16-

FITC, CD66b-Pacific Blue and TLR2-APC or TLR4-APC (BioLegend®, California, USA) and 

PE labelled CD11b (BD Biosciences, Oxford, UK; 10 μL per tube. Secondly for 

enumeration of lymphocytes: γδ1-FITC, γδ2-PE, NK-APC-Cy7, CD19-APC, CD4-PE-Cy7, 
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CD8-PerCp. For both experiments the following steps were carried out. PBA buffer 

(PBS containing 1% bovine serum albumin and 0.02% sodium azide) was used to make 

up the antibody cocktail. Samples were incubated with antibodies in the dark for 15 

minutes. Next 1mL of FACS lysing solution (BD Biosciences, Oxford, UK) was added to 

each tube to lyse red blood cells, the samples were then incubated for 15 minutes in 

the dark. Cells were pelleted by centrifugation at 450g for 7 minutes at room 

temperature, washed twice with PBA buffer and fixed in 300 μL of 1% 

paraformaldehyde. The final cell pellet was resuspended in 100 μL PBA buffer and 

analysed on a BD FACS Canto II flow cytometer Figure 2.3. 

 

 

 

Figure 2.3 BD FACS Canto II Flow Cytometer. 

 

2.7.1 Quantification of cell surface antigen expression 

        Neutrophils were delineated based on SSC-A and CD66b+ positivity as previously 

described(30), monocytes were defined based on SSC-A, CD66b- and subsets based on 

relative CD14+ CD16+ populations: classical (CD14+/CD16-), intermediate 

(CD14+/CD16+), non-classical (CD14dim/CD16+; Figure 2.2). Lymphocytes were initially 

selected out based on FSC-A versus SSC-A and subpopulations were defined (figure 2.3 
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and 2.4) as: γδ1 (CD3+/γδ1+), γδ2 (CD3+/γδ2+), NK (CD3-/CD56+), CD19 (CD3-/CD19+), 

CD4 (CD3+/CD4+), CD8 (CD3+/CD8+). A minimum of 10,000 events were collated and 

relative expression of CD11b TLR2 and TLR4 was expressed as mean channel 

fluorescence (MFI), which is the mean intensity of fluorescence emitted by all cells 

selected and is comparable to the relative number of receptors on the surface of each 

cell(132). For the enumeration of innate lymphocytes cell populations were expressed 

as a percentage of total lymphocytes. The data was analysed using FloJo software 

(Oregon, USA). Every sample was processed and analysed by the same researcher (DH) 

thereby reducing variability in results. 
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Figure 2.4 Gating strategy for isolation of granulocytes and monocyte sub-

populations. 

Neutrophils were delineated based on SSC-A and CD66b+ positivity. Monocytes were 

defined based on SSC-A, CD66b- and subsets based on relative CD14+ CD16+ 

populations; classical (CD14+/CD16-), intermediate (CD14+/CD16+), non-classical 

(CD14dim/CD16+). 
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Figure 2.5 Gating strategy for delineating lymphocytes, dead cells and doublets.  

Lymphocytes (FSC-A v SSC-A), Dead cells (FSC-A v DCS), Doublets (FSC-A v FSC-H).  
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Figure 2.6 Gating strategy for delineating innate lymphocyte populations. 

 (a) NK cells (CD3-/CD56+), (b) B cells (CD3-/CD19+), (c) γδ1 (CD3+/γδ1+), (d) γδ2 

(CD3+/γδ2+), (e) CD3 (CD3+/FSC-A), (f) CD4 and CD8 cells (CD4/CD8+).  
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2.8 RNA extraction, cDNA synthesis, RT-PCR 

           Reverse transcriptase polymerase chain reaction (RT-PCR) is a laboratory 

method involving reverse transcribing RNA into DNA (complimentary DNA or cDNA ), 

and then amplifying the specific genetic targets using polymerase chain reaction(133).  

There are many significant applications of this technique, notably, in clinical 

microbiology RT-PCR is used in the detection and monitoring of pathogenic 

organisms(134). Our whole blood in Trizol samples were allowed to thaw at room 

temperature following removal from the -80◦C freezer. RNA extraction steps as follows 

were as per manufacturer’s instructions (Invitrogen, USA). Firstly, 200μl of Chloroform 

per 1ml of Trizol was added, the sample was vortexed for 15 seconds and was 

incubated at room temperature for 2 – 3 minutes. This was then centrifuged at 

12,000rpm at 4°C for 15 minutes to separate the RNA (aqueous phase) from DNA and 

protein (organic phase). The aqueous phase was then transferred to a fresh sterile 

RNase-free tube and 500μL of Isopropyl alcohol/1ml Trizol added. Following a third 

room temperature incubation step for 10 minutes, sample was then centrifuged at 4°C 

at 12,000 rpm for 10 minutes to isolate the RNA. The RNA pellet was washed with 75% 

Ethanol (minimum of 1ml/ml of Trizol used) and vortexed to dissolve, after which the 

sample was micro-centrifuged at 7,500rpm at 4°C for 5 minutes. Ethanol was aspirated 

without disturbing the RNA pellet which was then allowed to air-dry for 5 minutes to 

remove the last traces of Ethanol. The pellet was finally re-dissolved in 30 μl RNase-

free DEPC water (3% Diethyl-pyrocarbonate) and heated at 65°C for 10 minutes. 

Following this, the sample was assessed for RNA purity using the NanoDrop as 

described below. 

            RNA purity and concentration were determined by using the NanoDrop ND-100 

Spectrophotometer and analysed using ND-1000 Ver.3.1.2 software. This produces an 

absorbance curve for each sample, and RNA purity can be calculated using the ratio of 

absorbance at 260 and 280 nm. A ratio of ≥ 1.6 for RNA suspended in water was 

considered the acceptable purity level. Samples with a ratio of < 1.6 were suboptimal 

and indicated possible contamination with phenol or protein, these were discarded. 

Final RNA samples were stored in the -80◦C freezer.  
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2.8.1 Synthesis of cDNA from template RNA 

            To enable conversion of total RNA into single stranded cDNA the High Capacity 

Archive kit (Applied Biosystems, CA, USA) was utilised. Accordingly, 1μg of RNA is 

transcribed into a final volume of 40μL. A No template control (NTC) was also included 

((The amount of RNA required to give 1μg was calculated and added to RNAase free 

water giving a total volume of 20μl.)). The volumes required to prepare the 2X RT 

mastermix for one sample was as per table 2.1: 

 

Component µl 

10X buffer  4 

25X dNTPs 1.6 

10X RT Random Primers 4 

Multiscribe Reverse transcriptase  2.0 

Rnase-free water 8.4 

Total per reaction(µl)   20 

 

Table 2.1. Volumes of each component required for RT mastermix for each sample. 

 

               20μl of 2X master mix was combined with each sample, centrifuged briefly 

before placing in the thermal cycler. The programme settings were as follows; 10 

minutes at 25◦C, 120 minutes at 37◦C, 5 minutes at 85◦C, then hold at 4◦C. On 

completion of this step the samples were stored at -80◦C (The final concentration of 

each sample was 1𝜇𝑔/20𝜇𝑙  = 50ng/μl). 
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2.8.2 Taqman Real Time PCR® 

               The evaluation of gene expression was performed by Taqman® RT-PCR. 

Commercially available TaqMan® primer and probe combinations were used to detect 

expression of the following TLR signalling genes, MyD88 (NM 001172567.1), TRIF 

(NM_182919.3) and IRAK4 (NM_001114182.2), the following inflammasome genes, 

NLRP3 (NM_001079821.2), IL-1β (NM_000576.2), ASC (NM_ 013258.4), and the 

following circadian rhythm genes, BMAL (NM_001030272.2), Clock 

(NM_001267843.1), CRY (NM_004075.4), REV-ERB-α (NM_021724.4). The endogenous 

control selected was GAPDH (NM_002046.3). All samples were assayed in triplicate on 

a 384-well plate. Thermal cycling conditions were as follows: 2 minutes at 50°C, 10 

minutes at 95°C, and for 40 cycles, 24 seconds at 95°C and 1 minute at 60°C, using the 

7900HT Fast Real-Time PCR System. Relative quantification (RQ) values were 

calculated using the 2-ΔΔCt method(135), (where ΔΔCt represents the threshold cycle 

[Ct] of the target minus that of the internal reference [ΔCt]). Therefore, the relative 

amount of a gene expressed in the control is equal to 1, and the expression quantities 

of the stimulated counterpart are expressed relative to this (e.g. 2-fold). 

                 Real time PCR is utilised to measure gene expression and amplified DNA is 

quantified during the exponential phase of the PCR, allowing the amount of a 

particular target DNA or RNA relative to a standard to be quantified. The larger the 

initial concentration of target sequences in the reaction mixture the fewer the number 

of cycles needed to attain a particular yield of amplified product.  The PCR reaction 

exploits the 5´nuclease activity of AmpliTaq Gold® DNA Polymerase to cleave a 

TaqMan® probe during PCR. The TaqMan® probe exhibits a reporter dye at the 5´ end 

and a quencher dye at the 3´end of the probe. During the reaction, cleavage of the 

probe splits the reporter dye and the quencher dye, which results in greater 

fluorescence of the reporter. Accumulation of PCR products is detected directly by 

quantifying the increase in fluorescence of the reporter dye. 

              The preparation of samples for RT-PCR was performed on ice in the laminar 

flow cabinet. Every cDNA sample was diluted with RNAase free water to give a final 

concentration of 5ng/µl per well. For each gene to be quantified 6 µl of sample at 
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5ng/µl was needed. The amount of mastermix for the quantity of samples to be 

analysed was prepared as per table 2.2: 

 

 

Component 1x (µl) Manufacturer 

TaqMan® Universal PCR buffer mix 5.0 Applied Biosystems 

TaqMan® gene expression assay 0.5 Applied Biosystems 

RNase free water 2.5 Qiagen 

Total 8.0  

   

Table 2.2. Volumes of each component needed for TaqMan assay in one well of 384-

well plate. 

 

2.9 Multiplex Enzyme Linked Immunosorbent Assay (ELISA) 

          To quantify a panel of pro and anti-inflammatory cytokines we employed a 

Multiplex ELISA technique. ELISA involves a double sandwich antibody; with one 

attached to the well providing immune specificity and antigen capture, while another 

antibody is bound to a detector enzyme and an amplification factor, permitting 

accurate quantification of the cytokine in question.  We utilised chemiluminescence 

multiplex ELISA technology with our assay, which allows detection of multiple 

cytokines at one time by having several specific capture antibodies coated on 

corresponding points on a microplate. A proprietary tag is linked to the detection 

antibody which emits a signal once excited(136).    

           The following cytokines; tumour necrosis factor alpha (TNFα), interleukin 1β (IL-

1β), interleukin 6 (IL-6), interleukin 8 (IL-8), interferon gamma (IFN-γ), interleukin 18 

(IL-18),  vascular endothelial growth factor (VEGF), erythropoietin (Epo), interleukin 1 
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receptor antagonist (IL-1ra), and interleukin 10 (IL-10) were analysed using a custom-

made MSD®MULTI-SPOT assay plate from Mesoscale (MSD Diagnostics, USA). 

Extracted peripheral blood serum, was transferred to a 96 well MSD plate and these 

cytokines were assessed as per manufacturer's instructions. The plate was then 

analysed on the SECTOR Imager and validated (Meso Scale Discovery, Rockville, MD, 

USA; www.meso-scale.com). The limits of detection for the individual assays were 

within expected ranges. 

              Firstly, the individual U plex-Coupled antibody solutions were prepared.  The U 

plex plate was prepared by creating the U-plex Coupled Antibody Solutions.  200µl of 

each individual biotinylated antibody was coupled to 300 µl of a unique linker. The 

appropriate linker was used for each antibody. This mixture was vortexed and 

incubated at room temperature for 30 minutes.  200 µl of Stop Solution was then 

added, vortexed and incubated at room temperature for 30 minutes. The multi plex 

coating solution was prepared by adding 600µl of each U-Plex coupled antibody 

solution into a single tube and vortexed. Up to 10 antibodies were pooled. The 

antibody solution with the same liner were not combined.  50µl of multiplex coating 

solution was added to each well. The plate was sealed with an adhesive plate seal and 

incubated with shaking at room temperature for an hour.  The plates were washed 3 

times with 150µl /well of 1xMSD wash buffer solution.  The plate was then coated and 

ready to use.   

                To prepare the assay, 25µl of Diluent 43 was added to each well. The plate 

was tapped gently on all sides.  25µl of the prepared Calibrator solution was added to 

the calibration wells and 25µl of serum samples were added to each serum well. The 

plate was sealed by an adhesive seal and incubated at room temperature with shaking 

for 1 hour.  The plate was washed 3 times with MSD Wash Buffer.  50µl of detection 

antibody solution was added to each well. The plate was sealed by an adhesive seal 

and incubated at room temperature with shaking for 1 hour.  Read Buffer was added 

to each well. The plate was analysed on an MSD instrument.  The results were 

displayed in picograms/ml and analysed on GraphPad prism software 

(www.graphpad.com).    

 

http://www.graphpad.com/
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2.10 Statistical analysis 

2.10.1 Sample size and power calculation 

            The sample size estimation and statistical analysis plan for the project were 

designed with the statistical support of CSTAR. In this observational study, we 

anticipated recruiting around 100 children with DS and 60 paediatric controls. Using 

the rule of thumb of 15 patients/predictor this will allow us to evaluate 10 Predictors. 

Many of the cytokines and markers of neutrophil function have not been studied in 

this population so we cannot calculate a sample size for all parameters. We have 

statistical support from University College Dublin, and Colin Kirkham research officer 

from the Rotunda Hospital. In total we recruited 165 children with DS and 60 controls.  

2.10.2 Statistical analysis. 

           Data was analysed with SPSS version 25 (IBM USA), GraphPad Prism, and 

Microsoft Excel. A Chi-square test was employed to compare categorical variables and 

assess equality of proportions. Continuous/ nominal results were first evaluated for 

normality of distribution by generating and inspecting histograms. The Kolmogorov-

Smirnov and Shapiro-Wilk tests of normality were also employed to confirm whether 

the data was normally distributed. For comparison of normally distributed data, the 

Student’s t-test was used to appraise mean values between two independent groups. 

Non-normal data was interrogated with a non-parametric test: the Mann-Whitney U 

test. These tests were performed in assessing CD11b, TLR2, TLR4, cytokine levels, 

genes involved in TLR signalling and the inflammasome between children with DS and 

controls.  

             Logistic regression was used to evaluate the possible relationship between a 

binary categorical variable or outcome (children with DS who were hospitalised or did 

not require hospitalisation due to a RTI) and independent variable(s) which can be 

categorical or continuous (WCC – low or normal, or exact WCC value). This gives the 

probability of requiring hospitalisation due to a RTI (at some point) for any given WCC. 

The exponentiated B is the odds ratio per unit increase or decrease in the explanatory 

variables. For significant variables the 95% confidence interval does not cross 1. 

Multiple logistic regression was performed to appraise several explanatory variables 
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and their relationship with a binary outcome of interest. This also controls for the 

independent effect of each of those variables controlling for the others. In all cases, a p 

value threshold of 0.05 was considered statistically significant. 
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Chapter 3: Altered endotoxin responsiveness in children with Down 

syndrome  

3.1 Introduction 

Down syndrome (DS) is caused by an extra copy of genetic material from 

chromosome 21, and is the most prevalent chromosomal abnormality, affecting 

approximately 1 in 550 births in Ireland(137), and 1 in 700 births in the USA(1). Co-

morbidities associated with DS include developmental disability, congenital heart 

disease (CHD), gastrointestinal tract anomalies, and an increased risk of 

haematological malignancy(3). In addition, it is the most common genetic syndrome 

associated with abnormal immune function and immune defects(4). There is significant 

evidence of immune dysregulation in Down syndrome including  T-cell and B-cell 

lymphopenia due to impaired expansion of these cell lines in infancy(17), a smaller 

thymus gland with reduced naïve T cell and regulatory T-cell numbers(138), suboptimal 

antibody responses to vaccination(33, 125, 127, 128), and abnormal levels of serum 

cytokines(35, 90, 139).  

Children with Down syndrome are, therefore, at increased risk of infection, 

especially in early childhood, particularly  respiratory tract infections (10). Hilton et 

al.(5) reported a higher risk of admission to hospital and intensive care with 

respiratory tract infections (RTIs) in children with DS. Mortality from sepsis is 30% 

greater in patients with DS in comparison to children without DS who also had 

sepsis(8).   

It is challenging to attribute causation to a specific deficit of the immune 

system with the increased incidence of infections and sepsis seen in this cohort. A 

normal innate immune system is crucial in providing first line defence against 

infection. Neutrophils and monocytes are crucial cellular components of the innate 

immune system. Defective phagocytic activity and neutrophil chemotaxis have 

previously been reported in DS (42, 44). Monocyte function in DS is poorly described.  

Increased numbers of the non-classical (CD14dim/CD16+) monocyte pro-inflammatory 

sub-type have been described in DS in comparison to controls(51). This monocyte 

population has previously been implicated in sepsis and chronic disease(49).  
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CD11b is a cell surface marker involved in mediating neutrophil and monocyte 

adhesion and diapedesis(66) and is an indicator of activation. Dysfunction in neutrophil 

adherence and migration has been shown to increase the risk of infection in adults and 

neonates(67). Toll-like receptor 4 (TLR-4) is the key receptor involved in 

lipopolysaccharide (LPS) endotoxin recognition and activation of the innate immune 

system(140), and has also been implicated in the pathogenesis of autoimmune 

conditions such as systemic lupus erythematosus (SLE) and rheumatoid arthritis (141).  

Immunomodulators can alter responses to infection, alleviate autoimmunity 

and ultimately improve patient care. Melatonin is an endogenous hormone which 

mediates its anti-inflammatory effects by modulating pro-inflammatory cytokines and 

inflammasome de-activation, thereby ameliorating results in endotoxaemia (129, 142). 

Melatonin has a very good safety profile and is used in paediatrics in sleep 

management (116). Clinical trials in adults and neonates with sepsis have 

demonstrated improved clinical outcomes(143, 144).  

 

3.2 Hypothesis 

            We hypothesized that children with DS have altered neutrophil and monocyte 

function which contributes to their increased susceptibility to infection and increased 

mortality from sepsis. 

 

 3.3 Aims 

             We aimed to evaluate the in vitro effect of LPS endotoxin, and the anti-

inflammatory melatonin on CD11b and TLR4 expression on neutrophils and monocytes 

in children with DS.   
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3.4 Results 

3.4.1 Patient characteristics & Experimental method 

There were 23 healthy children with Down syndrome (DS) with a mean ±SD 

age of 8.67 ± 4 years(y) of which 13 were female (57%), and 21 healthy controls with a 

mean age of 7.4 ± 4.60 y, of which 10 were female (48%). In the DS cohort, children 

with a history of significant congenital heart disease requiring surgery in infancy (n=7) 

were all clinically stable with no further cardiology intervention. All control participants 

had no significant medical history. Both groups were well at the time of blood 

sampling with no recent history of infection.  

Whole blood samples were treated with LPS (10 ng/ml), Melatonin (42𝜇𝑀), 

and LPS plus melatonin for 1 hour. Samples were processed for flow cytometry as 

described in chapter 2 and CD11b and TLR4 expression on neutrophils and monocytes 

was quantified. Values were expressed as mean channel fluorescence (MFI).   

3.4.2 Effects of LPS endotoxin on CD11b expression 

Neutrophil baseline CD11b expression in children with DS was significantly 

lower compared with controls (p=0.045). Following incubation with LPS, CD11b 

significantly increased in both groups (Figure 3.1(a): DS p<0.0001; Control p=0.0001). 

When comparing the fold increase in CD11b expression from baseline, children with DS 

had a significantly higher rise after LPS stimulation [DS: Controls: 116% versus 62.4%; 

p=0.03; Figure 3.2(a)].  

CD11b expression on total monocytes showed no difference at baseline or after 

LPS stimulation between both groups [Figure 3.1(b) p=0.48]. The percentage rise of 

CD11b expression after LPS was similar in both groups also [DS versus Control: 53 v 

55%; p=0.92 Figure 3.2(b)]. Monocyte subset CD11b expression analysis revealed no 

significant differences at baseline or after LPS stimulation in classical (CD14+/CD16-) 

(p=0.74), and non-classical (CD14dim/CD16+) (p=0.21) sub-populations in children with 

DS versus controls [Figures 3.1(c)(e) & 3.2(c)(p=0.55)] (e)(p=0.56)]. Intermediate 

monocytes (CD14+/CD16+) demonstrated no difference in CD11b expression at 

baseline in children with DS and controls (p=0.87). After LPS stimulation there was a 

significant increase in CD11b in children with DS (p=0.004) but not in controls [p=0.78; 
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Figure 3.1(d)]. The mean percentage rise in CD11b expression in children with DS was 

not significantly increased compared to controls [DS vs controls: 31.8 v 5.8%; p=0.088; 

Figure 3.2(d)].  

Classical monocytes (CD14+/CD16-) exhibited the highest CD11b expression at 

baseline compared with the other sub-populations in both cohorts (DS vs Control -

classical vs intermediate:  p=0.009 v 0.01). This sub-population also demonstrated the 

largest mean percentage rise in CD11b after LPS treatment in both children with DS 

and controls. (DS – classical % rise vs intermediate vs nonclassical = 52.1 vs 31.8 vs 

15.3%; Controls - 44 vs 5.8 vs 24%). Non-classical monocytes (CD14dim/CD16+) 

demonstrated the lowest mean CD11b expression at baseline of any sub-population, in 

both children with DS and controls. This was significantly lower compared to both 

intermediate and classical monocyte CD11b in both cohorts.  
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Figure 3.1: Reduced neutrophil CD11b and LPS hyperresponsiveness on intermediate 

monocytes in whole blood of children with DS compared to controls.   

Whole blood was incubated with LPS (10 ng/ml) for 1 hour. Samples processed for flow 

cytometry and CD11b expression on neutrophils and monocytes quantified. Values 

expressed as mean channel fluorescence (MFI). Unpaired t-test (mean +/- SEM). *p < 

0.05. (a) Neutrophil CD11b (DS n=23; Controls n=16) (b) Total monocyte CD11b (DS 

n=19; Controls n=21) (c) Classical monocyte CD11b (DS n=19; Controls n=21; (d) 

Intermediate monocyte CD11b (DS n=18; Controls n=20); (e) Non-classical monocyte 

(DS n=19; Controls n=21).  
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Figure 3.2: Melatonin reduces neutrophil and monocyte CD11b in children with DS 

and controls.  

Whole blood samples were treated with Lipopolysaccharide (LPS) (10 ng/ml), 

Melatonin (Mel) (42𝜇𝑀), Lipopolysaccharide and melatonin (LPS+Mel) for 1 hour. 

Samples processed for flow cytometry and CD11b expression on neutrophils and 

monocytes quantified. Values expressed as fold changes in mean channel fluorescence 

(MFI). Unpaired t-test (mean +/- SEM).  p* <0.05. (LPS/ LPS + Mel) = Lipopolysaccharide 

versus Lipopolysaccharide and melatonin. (a) Neutrophil CD11b (DS n=23; Controls 

n=16); (b) Total monocyte CD11b (DS n=19; Controls n=21); (c) Classical monocyte 

CD11b (DS n=19; Controls n=21); (d) Intermediate CD11b (DS n=18; Controls n=20); (e) 

Non-classical monocyte CD11b (DS n=19; Controls n=21).  
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3.4.3 Effects of LPS endotoxin on TLR4 expression 

Neutrophil TLR-4 expression at baseline was not significantly different between 

children with DS compared to controls (p=0.57). After LPS incubation there was no 

significant response in TLR4 expression in either cohort [DS p=0.15 v Control p=0.057; 

Figure 3.3(a)]. On comparing the mean percentage rise in TLR-4 expression after LPS, 

there was a 9.4% rise in children with DS versus 28.7% in the control group [Figure 

3.4(a)(p=0.23)].  

TLR-4 expression on total monocytes did not show any difference at baseline 

between children with DS and controls (p=0.24). TLR-4 expression post LPS treatment 

increased significantly in controls (p=0.016) but did not reach significance in the 

children with DS [p=0.07; Figure 3.3(b)]. The mean percentage rise after LPS 

stimulation was 8.4% in children with DS versus 17.2% in controls [(p=0.2)) Figure 

3.4(b)]. Monocyte subset TLR-4 expression analysis revealed no significant differences 

at baseline or after LPS treatment in classical (CD14+/CD16-) or intermediate 

(CD14+/CD16+) subpopulations between children with DS and controls [Figures 

3.3(c)(p=0.51) (d)(p=0.4) & 5(c)(p=0.75) (d)(p=0.84)]. Non-classical monocyte 

(CD14dim/CD16+) TLR-4 expression was found to be significantly higher at baseline in 

children with DS compared to controls [p=0.02; Figure 3.3(e)]. There were no 

significant differences in TLR-4 expression after LPS stimulation in either cases or 

controls [Figure 3.4(e) (p=0.96)].  

The classical monocytes in both cohorts exhibited the largest mean percentage 

rise in TLR-4 expression after LPS treatment (DS – classical vs intermediate vs non-

classical = 15.2 vs 3.6 vs 9.9%; Control = 17.9 vs 1.2 vs 10.7%). Intermediate monocytes 

had the largest mean TLR-4 MFI at baseline of any monocyte subpopulation in both 

children with DS and the control group (DS v control: intermediate vs classical p=0.003 

versus 0.005). Non-classical monocytes displayed the lowest mean TLR-4 at baseline of 

the three monocyte subsets and was significantly lower than intermediate monocyte 

TLR-4 in both cohorts.  
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Figure 3.3: Increased non-classical monocyte TLR4 expression in children with DS 

compared to controls.  

Whole blood was incubated with LPS (10 ng/ml) for 1 hour. Samples processed for flow 

cytometry and TLR4 expression on neutrophils and monocytes quantified. Values 

expressed as mean channel fluorescence (MFI). Unpaired t-test (mean +/- SEM). *p < 

0.05. (a) Neutrophil TLR4 (DS n=19; Controls n=10); (b) Total monocyte TLR-4 (DS n=22; 

Controls n=15); (c) Classical monocyte TLR4 (DS n=16; Controls n=15); (d) Intermediate 

monocyte TLR4 (DS n=15; Controls n=14); (e) Non-classical monocyte TLR-4 (DS n=16; 

Controls n=20)  
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Figure 3.4: Melatonin reduces TLR4 expression on monocytes in children with DS and 

controls. 

Whole blood samples were treated with Lipopolysaccharide (LPS) (10 ng/ml), 

Melatonin (Mel) (42𝜇𝑀), Lipopolysaccharide and melatonin (LPS+Mel) for 1 hour. 

Samples processed for flow cytometry and TLR4 expression on neutrophils and 

monocytes quantified. Values expressed as fold changes in mean channel fluorescence 

(MFI). Unpaired t-test (mean +/- SEM). (LPS/ LPS + Mel) = Lipopolysaccharide versus 

Lipopolysaccharide and melatonin. (a) Neutrophil TLR-4 (DS n=19; Controls n=10); (b) 

Total monocyte TLR-4 (DS n=22; Controls n=15); (c) Classical monocyte TLR-4 (DS n=16; 

Controls n=15); (d) Intermediate monocyte TLR-4 (DS n=15; Controls n=14); (e) Non-

classical monocyte TLR-4 (DS n=16; Controls n=20).  
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3.4.4 Effects of melatonin on CD11b expression 

Neutrophil CD11b expression decreased significantly after melatonin treatment 

in both cohorts (DS p=<0.0001; Controls p=<0.0001), compared with baseline the mean 

percentage fall in CD11b expression was 25.8% in children with DS versus 23.1% in 

controls (p=0.63)). There were no differences in mean percentage fall in CD11b 

expression when comparing LPS treated samples and those treated with LPS and 

melatonin in both cohorts [Figure 3.2(a)(p=0.64)].  

Total monocyte CD11b expression reduced significantly after melatonin 

incubation in children with DS (n=12; p=0.02), but not in the control group (n=17; 

p=0.12). The mean percentage fall in CD11b MFI was 19% in children with DS versus 

3.4% in controls [Figure 3.2(b)(p=0.24)]. In classical and intermediate monocytes there 

were significant decreases in CD11b expression from baseline after melatonin in both 

cohorts) DS (p=0.001); Control (p=0.05); (d) DS (p=0.02); Control (p=0.03)]. Non-

classical monocytes (CD14dim/CD16-) showed a significant increase in CD11b 

expression after melatonin in children with DS (p=0.03), and in controls but not to a 

significant level in the latter (p=0.1). The mean percentage rise in CD11b expression 

after melatonin was 45% in children with DS versus 15.3% in controls [Figure 3.2(e) 

(p=0.12)].  

3.4.5 Effects of melatonin on TLR-4 expression 

Neutrophil TLR-4 expression showed no significant change after melatonin 

treatment in either group. The mean percentage fall in TLR-4 expression was 4.4% in 

children with DS and 1.3% in controls (p=0.82). Comparing LPS and LPS + melatonin 

treated samples there was a 17.5% mean reduction in TLR-4 expression on neutrophils 

of children with DS compared to a fall of 4.8% in controls (p=0.48), Figure 3.4(a).  

Total monocyte TLR-4 was significantly reduced after melatonin incubation in 

both groups (DS p=0.03; Controls p=0.05). The average percentage fall in TLR-4 

expression after melatonin treatment was 13% in children with DS versus 11.4% in 

controls [Figure 3.4(b) (p=0.81)].  Monocyte subset analysis of melatonin on TLR-4 

expression showed no significant reduction in either group [Figure 3.4(c) (p=0.74) (d) 

(p=0.23) (e) (p=0.52)]. 
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3.5 Discussion             

              Neutrophil CD11b expression at baseline was significantly lower in children 

with DS compared with controls. Following LPS treatment children with DS 

upregulated CD11b, and this was significantly greater than controls. Novo et al.(44) 

reported that, at baseline, CD11b expression on neutrophils was not significantly 

different between children with DS (n=12) and controls, although the smaller numbers 

and older population in this study may contribute to these findings. Our research 

suggests that although the level of CD11b may be lower under normal conditions, after 

contact with endotoxin there is an increased ability to activate and mobilise 

neutrophils in response to this stimulus. Neutrophils in children with DS may be hyper-

responsive to endotoxin, which may have detrimental effects in the setting of sepsis. 

Adults with sepsis and renal injury in the absence of hypotension, have been shown to 

have increased activation of neutrophils with upregulation of CD11b(145), worsening 

prognosis. Furthermore, neutrophil mediated lung injury in sepsis, and multi-organ 

dysfunction (MODS) have been associated with increased CD11b expression on these 

cells(146, 147). A blockade of this receptor could have potential benefits in these 

clinical contexts(43). In paediatric studies LPS hyper-responsiveness has been 

demonstrated through increased CD11b expression on neutrophils and monocytes of 

neonates with encephalopathy (148, 149), these infants having developed significant 

immune dysregulation. Zhou et al(150) examined TLR4 signalling and the CD11b 

response on polymorphonuclear cells in mice. The authors concluded that TLR4 

mediates CD11b upregulation and is key for PMN activation in response to LPS. Further 

correlation between CD11b and TLR4 has been described by Guang et al(151) who 

reported that CD11b mediates TLR4 signalling and trafficking in a cell specific manner 

in dendritic cells and macrophages, having a crucial role in balancing the innate and 

adaptive response to LPS. It appears that the two receptors are inter-linked and have 

important regulatory roles on one another in initiating the innate immune response. 

             Zhang et al. (152) demonstrated that mice deficient in CD11b exposed to 

Mycobacterium tuberculosis developed more severe granulomas, higher leucocyte 

recruitment and elevated pro-inflammatory cytokines. This demonstrates the 

immunomodulatory effect neutrophil CD11b expression exerts on the host response to 
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infection. A persistent inflammatory response can be seen in autoimmunity and there 

is a higher prevalence in DS, recent studies suggest that reduced CD11b is associated 

with chronic inflammation in SLE and lupus nephritis(70, 153). Neutrophil CD11b is also 

decreased in septic shock and correlated with poorer outcomes (154, 155). In this 

context, the increased incidence of both autoimmunity and sepsis in DS is particularly 

noteworthy(8, 156). We demonstrated that melatonin caused a predominant decrease 

in CD11b expression in both cohorts; Figure 4. We also showed that children with DS 

exhibited a hyper-responsive CD11b response to LPS in neutrophils Figure 4(a). In the 

acute setting of sepsis/SIRS an upregulation of CD11b may be associated with 

deleterious effects(157), furthermore, a positive correlation between CD11b 

expression and the degree of systemic inflammation has been described(68), making 

melatonin a potential adjunct in acute sepsis/SIRS.  

The classical monocyte (CD14+/CD16-) accounts for the largest proportion of 

monocytes (80-85%) and its main functions include antigen presentation and 

phagocytosis(47). We found classical monocytes exhibited significantly higher CD11b 

expression at baseline, and greater fold increases in CD11b after LPS than other 

monocyte sub-populations in both groups. This sub-group also displayed the largest 

rise in TLR-4 after LPS compared with other monocyte subpopulations in both cohorts. 

This suggests that classical monocytes are significantly pro-inflammatory with the 

largest CD11b and TLR4 response to LPS than any other sub-population. Regarding 

differential CD11b expression on monocyte subsets Tak et al(158) reported no 

significant differences, whereas another study examining differential in vivo activation 

of monocyte subsets reported the most significant rise in CD11b on the intermediate 

monocyte(159). However, these studies(158, 159) characterised CD11b expression 

after lower doses of LPS with longer incubations in an adult in vivo setting as compared 

to our study which was undertaken in a paediatric cohort. Monocyte CD11b was 

highest on classical and intermediate monocytes(46).  

Intermediate monocytes (CD14+/CD16+) are elevated in the setting of acute 

illness such as sepsis in children(160). In our study, there was a significant rise in 

CD11b expression after LPS stimulation in children with DS but not in controls on 

intermediate monocytes. This adds to the evidence that there are hyper-responsive 
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elements to the innate immune system in children with DS. Indeed, intermediate 

monocytes produce significant quantities of TNF-α once activated(46). Previous studies 

have demonstrated elevated levels of  TNF-α in patients with DS compared with 

healthy controls(90) at baseline. Intermediate monocytes demonstrated the greatest 

TLR-4 at baseline compared with other monocytes in both groups which has also been 

demonstrated in adults (49). 

Non-classical monocytes (CD14dim/16+) have been implicated in both acute 

and chronic disease and have a pro-inflammatory phenotype with increased 

production of IL-1β and TNF-α(47). This monocyte sub-group had significantly lower 

CD11b and TLR-4 expression in both groups at baseline.  Furthermore, non-classical 

monocytes demonstrated a relative hypo-responsiveness to LPS versus the other sub-

populations. Boyette et al(46) assessed the phenotype, function, and differentiation 

monocyte subsets, and reported that non-classical monocytes had the lowest CD11b 

MFI and that there was the smallest response in this subset following TLR-4 

stimulation. We found baseline TLR-4 expression was significantly raised in children 

with DS versus controls.  The TLR-4 response plays a significant role in fighting 

infection but may also be responsible for the dysregulated inflammation seen in septic 

shock(80). Williams et al. noted an increased mortality in mice with polymicrobial 

sepsis who exhibited early up-regulation of TLR-4, and improved survival in those with 

suppressed TLR gene expression(76). Suppression of TLR-4 activation, pro-

inflammatory cytokine release, and developing endotoxin tolerance is important in 

limiting the adverse effects of sepsis. Furthermore, a failure of this protective negative 

feedback process may contribute to increased mortality in sepsis(161).  

We demonstrated that melatonin has an anti-inflammatory influence on innate 

immune function by reducing CD11b expression on neutrophils and total monocytes in 

children with DS and controls, thereby inhibiting neutrophil and monocyte activation 

and migration. Although there is a paucity of literature on the effect of melatonin on 

CD11b, Alvarez-Sanchez et al reported a reduction in CD11b in melatonin-treated 

mice(162). A significant reduction in TLR-4 expression only occurred in total monocyte 

populations. Melatonin may act as a TLR-4 antagonist and may be modulated via TLR-4 

mediated inflammatory genes through molecule myeloid differentiation factor 88 
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(MyD88)-dependent and TRIF-dependent signalling pathways(163), thereby 

attenuating inflammation. 

Melatonin has beneficial immunomodulatory effects in the setting of sepsis by 

inhibiting mitochondrial dysfunction and inflammation, reducing nitrosative and 

oxidative stress(144). Melatonin has a robust antioxidant or free radical scavenging 

activity of (164, 165) and melatonin administration also impairs NF-κB transcriptional 

activity, reducing pro-inflammatory cytokine (IL-1β, TNF-α, IFN-γ) release and inhibiting 

activation of the NLRP3 inflammasome(166). Melatonin improved survival and clinical 

outcomes in neonates versus controls in sepsis (143, 167, 168). We have demonstrated 

that the immunomodulatory effects of melatonin in sepsis can also be broadened to 

include reducing neutrophil and monocyte activation.  

Melatonin increased CD11b expression on non-classical monocytes and to a 

significant level in the children with DS. However, it has been shown that melatonin 

can have pro-inflammatory actions in response to endotoxaemia. Effenberger et 

al(169) reported that melatonin enhanced the general immune response following LPS 

treatment. Melatonin may have differing actions on distinct cell lines, with the pro-

inflammatory non-classical monocyte being preferentially activated. Further evaluation 

of the immunomodulatory properties of melatonin in children with DS will allow 

assessment of its potential as a therapeutic agent.  

3.6 Conclusion 

This research highlights important differences in the innate immunity of 

children with DS versus age-matched controls. To our knowledge this has not been 

studied previously in this population.  Children with DS have an increased response to 

LPS in neutrophils and intermediate monocytes, while also having elevated TLR-4 

expression on non-classical monocytes compared to controls. These variations may be 

a contributory factor in a heightened/dysregulated innate immune response, which 

may have deleterious effects, leading to the worse outcomes seen in sepsis in these 

children. Lastly, melatonin could represent a useful clinical adjunct in the treatment of 

sepsis as an immunomodulator and our study suggests its anti-inflammatory effects 

also influence neutrophil and monocyte function. 
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Chapter 4: Altered Toll-Like Receptor Signalling in children with Down 

syndrome 

4.1 Introduction 

              Down syndrome (DS) is caused by extra genetic material from chromosome 21 

and is the most common of the chromosomal abnormalities affecting 1 in 700 births in 

the USA (1). It is associated with a myriad of health complications including, 

developmental delay, congenital heart disease, gastrointestinal atresias, acute 

leukaemia and obstructive sleep apnoea (137). Immune dysregulation is another 

important feature of DS such as reduced T and B lymphocyte counts (10, 30), altered 

serum cytokines (35, 90), and suboptimal antibody responses to immunisation (125, 

126, 128). However, there are key aspects of the immune system that, to our 

knowledge, have not been examined in this cohort previously. In the last chapter we 

examined cell surface receptors CD11b and TLR4, here we evaluate another important 

Toll like receptor (TLR2) and assess some of the associated inflammatory signalling 

pathways. 

            Toll like receptors and their activation are crucial in initiating the innate immune 

response, while also linking the adaptive response to infection (73). Activation of these 

TLRs initiates downstream signalling pathways and recruitment of a constellation of 

adaptor proteins; myeloid differentiation primary-response gene 88 (MyD88), 

MyD88-adaptor-like protein (MAL), IL-1R associated kinase (IRAK) family and TIR-

domain-containing adaptor protein inducing interferon-β (TRIF), which in turn 

stimulate downstream kinases (JNK, ERK, MAPKs), leading to nuclear translocation 

of an increase in the transcription factors, including nuclear factor kappa B (NF-kB) 

and interferon regulatory factor-3 (IRF-3), ultimately leading to production of pro-

inflammatory cytokines(170). Strict regulation of these TLR pathways is crucial in 

achieving protection from infection but also avoiding damage from excess cytokine 

production which can lead to worse outcomes, acutely in sepsis, or in chronic 

inflammation resulting in autoimmunity, both of these sequelae occurring more 

frequently in DS (8, 171).  
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            TLR2 is involved in detecting bacterial infection and in chronic inflammation and 

is located at the cell membrane, where it recognises and binds signal molecules. These 

molecules derived from microorganisms such as bacteria, viruses or fungi exhibiting 

pathogen associated molecular patterns (PAMPs e.g. peptidoglycan, lipoproteins, 

lipoarabinomannan, lipoteichoic acid, zymosan, and glycolipids) or from dying 

endogenous cells bearing damage associated molecular patterns (DAMPs e.g.  

endogenous DAMPs, heat shock protein (HSP)70, Snapin, and Hyaluronic acid)(72, 

172). Although lipopeptides from gram positive bacteria and commercial TLR2 agonists 

such as Pam3Cys-Ser-(Lys)4-3HCL (Pam3Csk4)(173) are classically associated with 

activation of this receptor, there is evidence that lipopolysaccharide (LPS) endotoxin 

can also produce robust increases in TLR2 expression (174, 175). Both in vivo and in 

vitro experiments have demonstrated significant increases in monocyte TLR2 after LPS 

treatment (174).  

          The significance of TLR2 and its affinity for constituents of gram-positive bacteria 

is of particular relevance in DS as they are more prone to infection from this group of 

pathogens.  Children with DS are at increased risk of infections, have greater risk of 

admission to hospital with respiratory tract infections (RTIs), where they are more 

likely to have a protracted stay and require intensive care support (5). Gram positive 

bacteria such as Streptococcus pneumoniae and Staphylococcus aureus are the 

causative organisms in many of these cases, with the former also a significant 

contributor to recurrent otitis media with effusion (OME), which often leads to 

conductive hearing loss in these children(10). Aggressive longstanding periodontitis 

resulting from persistent infection and chronic inflammation is seen regularly in this 

population (176). Elevated TLR2 expression is found in oral mucosa of patients with 

chronic periodontitis compared to controls (177, 178).  

Dysregulated TLR2 signalling causes autoinflammation due to unchecked pro-

inflammatory cytokine release. This can lead to several autoimmune and inflammatory 

conditions such as rheumatoid arthritis, systemic lupus erythematosus, 

atherosclerosis, and sepsis (78). Children with DS are more susceptible to similar 

conditions like arthropathy, thyroid and coeliac disease (179), and have increased 

mortality from sepsis (8). CD11b is a cell surface receptor which indicates activation 
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and mediates neutrophil and monocyte diapedesis and adhesion (66). Abnormal 

neutrophil migration and adherence has been linked to an increased risk of infection in 

neonates and adults (67). Therefore, developing and utilising TLR antagonists or 

inhibitors of these pathways may prove to be of clinical benefit. Sparstolonin B (SsnB), 

is a natural isocoumarin compound which is derived from the roots of plant species 

such as Sparganium stoloniferum and Scirpus yagara and has been shown to reduce 

inflammation (121). This compound acts as a selective TLR2 and TLR4 antagonist by 

preferentially limiting the association of MyD88 with TLR2 and TLR4 and reduces 

general NF-kB activity (122). SsnB has the potential to abrogate pro-inflammatory 

cytokine release and macrophages treated with LPS or Pam3Csk4 have reduced 

expression of pro-inflammatory cytokines such as Interleukin 1β (IL-1β), Interleukin 6 

(IL-6), Tumour necrosis factor alpha (TNF-α) (123).   

 

4.2 Hypothesis 

             We hypothesized that TLR signalling may be abnormal in children with DS and 

that altered TLR2 contributes to a clinical phenotype at increased risk of gram-positive 

infection, chronic inflammation and autoimmunity. 

 

4.3 Aims 

            We aimed to evaluate TLR pathways in 3 ways; by determining the expression of 

TLR2 on the surface of neutrophils, monocytes, and their subsets; examine gene 

expression of key regulatory proteins involved in TLR signal propagation, MyD88, 

IRAK4, and TRIF; and lastly to determine cytokine production at baseline and following 

immunomodulation with pro-inflammatory stimuli (LPS, Pam3Csk4) and the anti-

inflammatory agent SsnB.  
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4.4 Results 

4.4.1 Patient characteristics & Experimental method 

There were 20 children with Down syndrome (DS) with a mean ±SD age of 8.79 

± 5.27 years (y) of which 11 were female, and 15 controls with a mean age of 6.22 ± 

4.22 y, of which 5 were female. In the DS cohort, children with a history of significant 

congenital heart disease requiring surgery in infancy (n=8) were all clinically stable with 

no further cardiology intervention. Both groups were afebrile at the time of blood 

sampling with no recent history of infection. 

              Whole blood was incubated with LPS (10 ng/ml), Pam3Csk4 (5ng/ml), LPS + 

Pam3Csk4, SsnB (10µM), LPS + SsnB, Pam3Csk4 + SsnB, and LPS + Pam3Csk4 + SsnB for 

1 hour. Samples were processed for flow cytometry as described in chapter 2, and 

CD11b and TLR2 expression on neutrophils and monocytes quantified. Values 

expressed as mean channel fluorescence (MFI). 

4.4.2 Monocyte subset analysis 

                 Regarding enumeration of monocyte subsets; although children with DS had 

a higher percentage of intermediate (DS v control; 5.2%: v 4.3%; p=0.16) and non-

classical (DS v control; 18.3% v 11.5%; p=0.06) subpopulations than controls, there 

were no statistically significant differences between them. The percentage of classical 

monocytes was lower in children with DS compared to controls (DS v control; 76.4% v 

84.2%; p=0.048). 

4.4.3 TLR2 expression 

Neutrophil TLR2 expression was higher in children with DS compared with 

controls at baseline (p=0.02). After LPS incubation there was no change in TLR2 

expression in either cohort [DS p=0.25 v Control p=0.75; Figure 4.1(a)]. TLR2 

expression on total monocytes was also raised at baseline in children with DS versus 

controls (p=0.04). TLR2 expression post LPS treatment increased in the DS cohort but 

not in controls [DS p=0.0002; Control p=0.12; Figure 4.1(b)].  

Monocyte subset analysis of TLR2 revealed greater expression on intermediate 

(p=0.01) and non-classical monocytes (p= 0.048) in children with DS when compared to 
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controls at baseline. Classical monocyte TLR2 was higher in children with DS but did 

not quite reach significance (p=0.06). [Figure 4.1 (c)-(e)]. There were no rises in TLR2 

expression in either cohort post LPS treatment. Intermediate monocytes had the 

largest mean TLR2 MFI at baseline of any monocyte subpopulation in both children 

with DS and the control group (DS v DS:  control v control: intermediate v classical 

p=0.001: p=0.005). Non-classical monocytes displayed the lowest mean TLR2 at 

baseline of the three monocyte subsets and was lower than intermediate monocyte 

TLR2 in both cohorts [Figure 4.1].  
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Figure 4.1: Increased neutrophil and monocyte TLR2 in children with DS compared to 

controls.  

Whole blood was incubated with LPS (10 ng/ml) for 1 hour. Samples processed for flow 

cytometry and TLR2 expression on neutrophils and monocytes quantified. Values 

expressed as mean channel fluorescence (MFI). Unpaired t-test (mean +/- SEM). 

*p<0.05. Children with DS (n=20), controls (n=15) (a) Neutrophil TLR2; (b) Total 

monocyte TLR2 (c) Classical monocyte TLR2; (d) Intermediate monocyte TLR2; (e) Non-

classical monocyte TLR2.  
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4.4.4 Effect of Pam3Csk4 and LPS on TLR2 expression 

After incubation with Pam3Csk4 and Pam3Csk4 and LPS in combination, there 

were no rises in TLR2 expression on neutrophils in either cohort [DS p=0.64 v Control 

p=0.73; Figure 4.2(a)]. TLR2 expression on total monocytes was raised after treatment 

with LPS and LPS plus Pam3Csk4 in both groups [DS: LPS p=0.002; LPS + Pam3Csk4 

p=0.0009; Control: LPS p=0.003; LPS + Pam3Csk4 p=0.0001; Figure 4.2(b)]. Treatment 

with Pam3Csk4 in isolation did not result in any increase in TLR2 in either cohort. The 

effect of incubating with both Pam3Csk4 and LPS resulted in higher TLR2 expression 

than Pam3Csk4 or LPS alone on total monocytes in controls but not in the DS group [ v 

Pam3Csk4: DS p=0.57; Control p=0.0004; v LPS: DS p=0.14; Control p=0.002; Figure 

4.2(b)].  

Monocyte subset analysis of TLR2 expression revealed significant rises on 

classical monocytes (CD14+/CD16-) after Pam3Csk4 incubation in the DS group but not 

controls, [DS p=0.002; Control p=0.22; Figure 4.2(c)] and following Pam3Csk4 plus LPS 

treatments in both groups [DS p=0.0006; Control p=0.02; Figure 4.2(c)]. Again, the 

combination of pro-inflammatory stimulants resulted in significant increases in TLR2 

expression compared with Pam3Csk4 treatment alone in both cohorts [DS p=0.006; 

Control p=0.0006; Figure 4.2(c)], however, in comparison to LPS treatment alone, only 

the control group exhibited significantly greater TLR2 expression (p=0.01).  

Intermediate monocyte (CD14+/CD16+) analysis showed no significant TLR2 

response following Pam3Csk4 alone. Treating with Pam3Csk4 plus LPS caused 

significant rises in both cohorts [DS p=0.007; Control p=<0.0001; Figure 4.2(d)]. After 

comparing TLR2 expression following treatment with both TLR agonists to incubation 

with Pam3Csk4 alone there was only a significant increase in the control group [DS 

p=0.32; Control p=0.002]. Comparing dual treatment to single LPS incubation there 

were rises in TLR2 but not to significance in either group [DS p=0.08; Control p=0.08; 

Figure 4.2(d]).  

Non-classical monocyte (CD14dim/CD16+) TLR2 rose significantly in response to 

Pam3Csk4, and both treatments in controls [p=0.004; p=0.005 respectively; Figure 

4.2(e)], but only in response to Pam3Csk4 plus LPS in children with DS [p=0.59; 
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p=0.03]. When comparing the TLR2 rise following both treatments to Pam3Csk4 alone 

there were no significant differences. In comparison with LPS treatment alone, dual 

incubation resulted in significantly greater rises in TLR2 in both cohorts [DS p=0.02; 

Control p=0.01; Figure4.2(e)].  
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Figure 4.2. LPS and Pam3Csk4 together elicit greater TLR2 expression on monocytes 

in children with DS and controls.  

Whole blood was incubated with LPS (10 ng/ml) and Pam3Csk4 (5ng/ml) for 1 hour. 

Samples processed for flow cytometry and TLR2 expression on neutrophils and 

monocytes quantified. Values expressed as mean channel fluorescence (MFI). 

Unpaired t-test (mean +/- SEM). Children with DS (n=7), controls (n=11).  (a) Neutrophil 

TLR2; (b) Total monocyte TLR2 *p < 0.05 vs vehicle control; **p <0.05 vs vehicle in 

their respective cohort; ** p <0.05 vs vehicle and Pam3Csk4 in respective cohort; (c) 

Classical monocyte TLR2 *p < 0.05 vs vehicle control; **p <0.05 vs vehicle in their 

respective cohort; ** p <0.05 vs vehicle and Pam3Csk4 in respective cohort; ***p 

<0.05 vs vehicle, LPS and Pam3Csk4 in respective cohort;  (d) Intermediate monocyte 

TLR2 *p < 0.05 vs vehicle control; **p <0.05 vs vehicle in their respective cohort; ; ** p 

<0.05 vs vehicle and Pam3Csk4 in respective cohort; (e) Non-classical monocyte TLR2 

*p <0.05 vs vehicle control;  ** p <0.05 vs vehicle and LPS in respective cohort. 
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4.4.5 Effect of Pam3Csk4 and LPS on CD11b 

There were rises in CD11b after Pam3Csk4, LPS, and LPS plus Pam3Csk4 

incubation on neutrophils in both cohorts [Pam3Csk4; DS p=0.04; Control p=0.03; LPS; 

DS p=0.004; Control p≤0.0001; LPS+Pam3Csk4; DS p=0.0004; Control p≤0.0001; Figure 

4.3(a)]. Treatment with both stimulants resulted in higher CD11b than with Pam3Csk4 

alone in both groups [DS p=0.002; Control p=0.0009].  

              Total monocyte CD11b increased after all treatments in both cohorts 

[Pam3Csk4; DS p=0.03; Control p=0.008; LPS; DS p≤0.0001; Control p≤0.0001; 

LPS+Pam3Csk4; DS p=0.0003; Control p≤0.0001; Figure 4.3(b)], and treatment with 

both LPS and Pam3Csk4 resulted in higher CD11b expression than with either 

Pam3Csk4 [DS p≤0.0001; Control p=0.0002]  or LPS alone [DS p=0.03; Control p=0.03] 

also in both groups.  

 Monocyte subset analysis revealed that classical monocytes demonstrated 

similar significant increases in CD11b to all treatments in both groups [Pam3Csk4; DS 

p=0.02; Control p=0.02; LPS+Pam3Csk4; DS p=0.0006; Control p=<0.0001; Figure 

4.3(c)], and incubation with both LPS and Pam3Csk4 caused significantly higher 

expression than with Pam3Csk4 alone in both cohorts [DS p=0.007; Control p=0.0007]. 

There were no significant changes in CD11b in response to LPS or Pam3Csk4 on 

intermediate monocytes in both cohorts [Figure 4.3(d)]. Treatment with Pam3Csk4 

resulted in significantly raised CD11b on non-classical monocytes in both groups [DS 

p=0.01; Control p=0.01; Figure 4.3(e)], and both LPS and Pam3Csk4 incubation yielded 

significantly higher CD11b expression than vehicle and LPS treated samples in controls 

only (p=0.008; p=0.03; Figure 4.3(e)].  
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Figure 4.3. Neutrophil and monocyte CD11b expression increased in response to LPS 

and Pam3Csk4 in children with Down syndrome and controls.  

Whole blood was incubated with LPS (10 ng/ml) and Pam3Csk4 (5ng/ml) for 1 hour. 

Samples processed for flow cytometry and CD11b expression on neutrophils and 

monocytes quantified. Values expressed as mean channel fluorescence (MFI). 

Unpaired t-test (mean +/- SEM). Children with DS (n=7), controls (n=11). (a) Neutrophil 

CD11b *p < 0.05 vs vehicle control; **p <0.05 vs vehicle in their respective cohort; ** p 

<0.05 vs vehicle and Pam3Csk4 in respective cohort;; (b) Total monocyte CD11b *p < 

0.05 vs vehicle control; **p <0.05 vs vehicle in their respective cohort; ** p <0.05 vs 

vehicle and Pam3Csk4 in respective cohort; ***p <0.05 vs vehicle, LPS and Pam3Csk4 

in respective cohort; (c) Classical monocyte CD11b *p < 0.05 vs vehicle control; **p 

<0.05 vs vehicle in their respective cohort; ** p <0.05 vs vehicle and Pam3Csk4 in 

respective cohort; (d) Intermediate monocyte CD11b; (e) Non-classical monocyte 

CD11b *p <0.05 vs vehicle control; **p <0.05 vs vehicle in their respective cohort;  ** p 

<0.05 vs vehicle and LPS in respective cohort. 
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4.4.6 Effect of SsnB on TLR2 expression  

               The TLR antagonist SsnB was used to assess its potential as an 

immunomodulator after stimulation with LPS, Pam3Csk4, and both TLR agonists 

together. Regarding TLR2 expression on neutrophils, there was no reduction of TLR2 in 

samples treated with SsnB plus Pam3Csk4 and SsnB plus LPS in children with DS and 

controls [Pam3Csk4: DS p=0.076; Control p=0.78; LPS: DS p=0.12; Control p=0.73 

Figure 4.4(a)]. In total monocytes SsnB reduced TLR2 following incubation with LPS 

plus Pam3Csk4 in controls but not in children with DS [DS p=0.23; Controls p=0.001; 

Figure 4.4(b)]. There was also a rise in TLR2 on total monocytes in response to LPS plus 

Pam3Csk4 in controls. There were no reductions in TLR2 expression following SsnB 

plus LPS and SsnB plus Pam3Csk4 in both groups. [LPS+SsnB: DS p=0.15; Control 

p=0.08; Pam3Csk4+SsnB: DS p=0.25; Control p=0.18 Figure 4.4(b)].  

                  Monocyte subset analysis revealed that SsnB significantly decreased TLR2 

expression on classical monocytes (CD14+/CD16-), after stimulation with LPS (p=0.04) 

and LPS plus Pam3Csk4 (p=0.02) in controls but not in children with DS, [Figure 4.4(c)]. 

There was a significant increase in TLR2 following incubation with LPS plus Pam3Csk4 

in controls. Again, there was a decrease in TLR2 expression in children with DS after 

treatment with SsnB but not to a significant level [LPS+SsnB p=0.1; Pam3Csk4+SsnB 

p=0.15; LPS+PamCsk4+SsnB p=0.14; Figure 4.4(c)]. Intermediate monocyte 

(CD14+/16+) TLR2 was decreased following SsnB treatment with Pam3Csk4, and 

Pam3Csk4 plus LPS in both cohorts but not quite reaching statistical significance 

[Pam3Csk4+SsnB: DS p=0.12; Control p=0.06; LPS+Pam3Csk+SsnB: DS p=0.07; Control 

p=0.08; Figure 4.4(d)]. The effect of SsnB on the non-classical monocyte 

(CD14dim/CD16+) was to significantly reduce TLR2 expression after incubation with 

LPS in controls but not in the DS group [DS p=0.34: Controls p=0.03; Figure 4.4(e)]. 

There were reductions in TLR2 in both cohorts, (more marked in the control group) 

after SsnB and Pam3Csk4, and Pam3Csk4 plus LPS, but not quite to significance in the 

control group [Pam3Csk4+SsnB; DS p=0.53; Control p=0.16; LPS+Pam3Csk+SsnB: DS 

p=0.37; Control p=0.07; Figure 4.4(e)].  
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Figure 4.4. SsnB reduces TLR2 expression in response to LPS and LPS plus Pam3Csk4 

on monocytes in controls.  

Whole blood was incubated with LPS (10 ng/ml), Pam3Csk4 (5ng/ml), LPS + Pam3Csk4, 

SsnB (10µM), LPS + SsnB, Pam3Csk4 + SsnB, and LPS + Pam3Csk4 + SsnB for 1 hour. 

Samples processed for flow cytometry and TLR2 expression on neutrophils and 

monocytes quantified. Values expressed as mean channel fluorescence (MFI). 

Unpaired t-test (mean +/- SEM). Children with DS (n=5), Controls (n=5). (a) Neutrophil 

TLR2; (b) Total monocyte TLR2 *p < 0.05 vs vehicle in respective cohort; **p <0.05 vs 

LPS+Pam3Csk4 in respective cohort; (c) Classical monocyte TLR2 *p < 0.05 vs vehicle in 

respective cohort; **p <0.05 vs LPS and LPS+Pam3Csk4 in respective cohort; (d) 

Intermediate monocyte TLR2; (e) Non-classical monocyte TLR2 **p <0.05 vs LPS in 

their respective cohort. 
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4.4.7 Effect of SsnB on CD11b expression  

                  CD11b expression was reduced on neutrophils following treatment with 

SsnB plus LPS (p=0.02) and after incubation of LPS with Pam3Csk4 (p=0.004) in the 

control group, there were also rises in CD11b following treatment with LPS (p=0.05) 

and LPS and Pam3Csk4 (p=0.02) in this group. In children with DS there was no change 

in CD11b on neutrophils following SsnB treatment, [LPS+SsnB p=0.07; LPS+Pam3Csk4 

p=0.1; Figure 4.5(a)]. On Total monocytes there was a decrease in CD11b after LPS and 

SsnB in controls (p=0.01), there was also a rise in CD11b post LPS incubation (p=0.009). 

In children with DS there was a fall in CD11b after SsnB and Pam3Csk4 treatment 

(p=0.04), in both cohorts there was no decrease after SsnB and both pro-inflammatory 

stimulants. [Figure 4.5(b)].  

                      Monocyte subset analysis revealed a trend downwards for CD11b on 

classical monocytes (CD14+/CD16+) in both cohorts following treatment with SsnB and 

the pro-inflammatory modulators, although not significantly in either group [DS 

LPS+SsnB p=0.06; Control p=0.17; DS Pam3Csk4 + SsnB p=0.14; Control p=0.17; DS 

LPS+Pam3Csk4+SsnB p=0.09; Control p=0.17; Figure 4.5(c)]. Intermediate monocytes 

(CD14+/16+) exhibited the lowest change in CD11b expression following SsnB in both 

groups, with no significant changes noted [Figure 4.5(d)]. In non-classical monocytes 

(CD14dim/CD16+), there was a significant reduction in CD11b expression following 

SsnB, LPS and Pam3Csk4 incubation in both groups [DS p=0.05; Control p=0.03; Figure 

4.5(e)].   
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Figure 4.5. SsnB reduces neutrophil and monocyte CD11b in response to LPS and 

Pam3Csk4 in children with DS and controls.  

Whole blood was incubated with LPS (10 ng/ml), Pam3Csk4 (5ng/ml), LPS + Pam3Csk4, 

SsnB (10µM), LPS + SsnB, Pam3Csk4 + SsnB, and LPS + Pam3Csk4 + SsnB for 1 hour. 

Samples processed for flow cytometry and CD11b expression on neutrophils and 

monocytes quantified. Values expressed as mean channel fluorescence (MFI). 

Unpaired t-test (mean +/- SEM). Children with DS (n=5), Controls (n=5). (a) Neutrophil 

CD11b *p < 0.05 vs vehicle in respective cohort; **p <0.05 vs LPS and LPS+Pam3Csk4 in 

their respective cohort; (b) Total monocyte CD11b *p < 0.05 vs vehicle in respective 

cohort; **p <0.05 vs LPS and Pam3Csk4 in their respective cohort; (c) Classical 

monocyte CD11b *p < 0.05 vs vehicle in respective cohort; (d) Intermediate monocyte 

TLR2; (e) Non-classical monocyte TLR2 *p < 0.05 vs vehicle in respective cohort;  **p 

<0.05 vs LPS+Pam3Csk4 in respective cohort. 
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4.4.8 Gene expression in Toll like receptor signalling pathways  

                Whole blood was incubated with LPS (10 ng/ml) for 1 hour. Samples were 

then processed for quantitative RT-PCR as described in chapter 2. The endogenous 

control was GAPDH (NM_002046.3). All samples were assayed in triplicate and relative 

quantification (RQ) values were calculated using the 2-ΔΔCt method. 

               Peripheral blood cell expression of MyD88 was lower in children with DS 

(p=0.001), following LPS treatment there was a rise in MyD88 in controls (p=0.03) but 

this was not seen in children with DS [Figure 4.6(a)]. At baseline, TRIF expression was 

raised in children with DS compared with controls (p=<0.0001), there was no increase 

in expression following LPS treatment in either group [Figure 4.6(c)]. There were no 

differences in the expression of IRAK4 between the two groups, and an absence of LPS 

responsiveness in both cohorts [Figure 4.6(b)].  
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Figure 4.6. Reduced Myd88 and increased TRIF expression in children with DS 

compared to controls.  

Whole blood was incubated with LPS (10 ng/ml) for 1 hour. Samples were then 

processed for quantitative RT-PCR. The endogenous control was GAPDH 

(NM_002046.3). All samples were assayed in triplicate and relative quantification 

values were calculated using the 2-ΔΔCt method. Unpaired t-test (mean +/- SEM). 

MyD88 (a), IRAK4 (b), TRIF (c), in children with DS (n=10) compared to control samples 

(n=10) at baseline and following treatment with LPS.  
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4.4.9 Immunomodulation and Cytokines; effects of SsnB on IL-1β, TNF-α, IL-6, IL-18, 

VEGF, Epo, IL-8, IFN-γ, IL-10 and IL-1ra 

            Whole blood was incubated with LPS (10 ng/ml), Pam3Csk4 (5ng/ml), LPS + 

Pam3Csk4, SsnB (10µM), LPS + SsnB, Pam3Csk4 + SsnB, and LPS + Pam3Csk4 + SsnB for 

1 hour. Extracted peripheral blood serum was transferred to a 96 well MSD plate and 

these cytokines were assessed as per manufacturer's instructions using multiplex ELISA 

technology (MSD®MULTI-SPOT assay plate from Mesoscale). 

           Following stimulation of whole blood with LPS there were rises in both cohorts 

of IL-1β, TNF-α, IL-6, IL-18, IL-8, VEGF.  Significant LPS responsiveness was only seen in 

control samples for Epo and IFN-γ (p value <0.05) [Figures 4.7-4.9]. The addition of LPS 

and Pam3Csk4 together also resulted in increases in IL-1β, TNF-α, IL-6, IL-8 and VEGF in 

both groups but not in IL-18 or EPO (p value <0.05), and only significantly in the DS 

cohort for IFN-γ. [Figures 4.7-4.9]. There were increases in both cohorts for IL-8, and 

for control TNF-α and VEGF after Pam3Csk4 stimulation alone (p value <0.05), 

indicating this immunomodulator generates an inferior cytokine response compared 

with LPS.  

          When the TLR2 antagonist SsnB was added to LPS, production of TNF-α, IL-18, 

and Epo was reduced in both cohorts (p value <0.05) [Figures 4.7 & 4.8]. IL-1β and IL-6 

levels fell following SsnB in the DS cohorts only, while VEGF levels were reduced in the 

control group only. The effects of LPS and Pam3Csk4 together were abrogated by SsnB 

for IL-1β, IL-6, and VEGF in the control group only (p value <0.05). SsnB had the most 

marked effect on TNF-α production, resulting in diminution after its addition to LPS, 

Pam3Csk, and LPS plus Pam3Csk4 in both cohorts (p value <0.05). SsnB had no effect 

on IL-8 and IFN-γ production [Figures 4.7-4.9].  

           IL-10 release increased following LPS and was reduced by SsnB in controls. Pro-

inflammatory simulants LPS and Pam3Csk4 resulted in rises in IL-1ra in both cohorts, 

and this was diminished after addition of SsnB to LPS and LPS plus Pam3Csk4 in both 

groups (p value <0.05), [Figure 4.8].  
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Figure 4.7. SsnB reduces pro-inflammatory cytokines IL-1β, TNF-α, IL-6 and IL-18 in 

response to LPS and Pam3Csk4 children with DS and controls. 

Whole blood was incubated with LPS (10 ng/ml), Pam3Csk4 (5ng/ml), LPS + Pam3Csk4, 

SsnB (10µM), LPS + SsnB, Pam3Csk4 + SsnB, and LPS + Pam3Csk4 + SsnB for 1 hour. 

Cytokines assessed using multiplex ELISA. Values expressed as pg/ml or in logarithmic 

scale equivalent. Unpaired t-test (mean +/- SEM). *p < 0.05 vs vehicle in respective 

cohort; ** p <0.05 vs respective treatment. Children with DS (n=7), controls (n=7).  
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Figure 4.8. SsnB reduces anti-inflammatory (IL-10, IL-1RA), and cardiovascular (VEGF, 

EPO) cytokines in response to LPS and Pam3Csk4 in children with DS and controls. 

Whole blood was incubated with LPS (10 ng/ml), Pam3Csk4 (5ng/ml), LPS + Pam3Csk4, 

SsnB (10µM), LPS + SsnB, Pam3Csk4 + SsnB, and LPS + Pam3Csk4 + SsnB for 1 hour. 

Cytokines assessed using multiplex ELISA. Values expressed as pg/ml or in logarithmic 

scale equivalent. Unpaired t-test (mean +/- SEM). *p < 0.05 vs vehicle in respective 

cohort; ** p <0.05 vs respective treatment. Children with DS (n=7), controls (n=7).  
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Figure 4.9. SsnB did not alter IFN-γ or IL-8 levels in response to LPS and Pam3Csk4 in 

children with DS and controls.  

Whole blood was incubated with LPS (10 ng/ml), Pam3Csk4 (5ng/ml), LPS + Pam3Csk4, 

SsnB (10µM), LPS + SsnB, Pam3Csk4 + SsnB, and LPS + Pam3Csk4 + SsnB for 1 hour. 

Cytokines assessed using multiplex ELISA. Values expressed as pg/ml or in logarithmic 

scale equivalent. Unpaired t-test (mean +/- SEM). *p < 0.05 vs vehicle in respective 

cohort; ** p <0.05 vs respective treatment. Children with DS (n=7), controls (n=7).  
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4.5 Discussion  

        We have demonstrated increased TLR2 expression on neutrophils, monocytes, 

and monocyte subsets in children with DS compared to controls. This could be 

clinically important as excess TLR2 expression is associated with morbidities seen more 

commonly in DS, such as gram positive infections (180), autoimmunity(181), and 

poorer outcomes in sepsis (8). This is the first time to our knowledge, that a 

dysregulation in TLR2 and its pathways have been described in DS.  

            In chapter 3 we have previously described an increase in TLR4 expression on 

non-classical monocytes at baseline, and a hyper-responsiveness in neutrophil CD11b 

following LPS in children with DS(182). TLR2 and TLR4 expression is altered in other 

diseases.  In term neonates with late onset sepsis, TLR4 expression was increased in 

infants with positive blood cultures and TLR2 expression was raised in those with 

clinical sepsis (74). In adult patients with pneumonia, Tang et al (183) reported an 

increase in TLR2 and TLR4 expression, as well as raised IL-1, IL-6, and TNF-α.  Future 

studies are required to determine the significance of our finding of increased TLR2 

expression in DS.  Children with DS are at increased risk of RTIs and admission to 

hospital with this presentation (5, 184). Gram positive bacteria such as S. pneumoniae 

and S. aureus are the causative organisms in many of these cases, and TLR2 plays a 

pivotal role in defence against these pathogens. Studies examining the effects of S. 

aureus and S. pneumoniae infection on mice deficient in TLR2 showed a decrease in 

proinflammatory cytokines and increased mortality (185, 186), highlighting the 

importance of TLR2 in this clinical context.  

         Children with DS are also prone to develop recurrent otitis media with effusion 

(OME) often resulting in conductive hearing loss (187). S. pneumoniae is a significant 

contributor to this condition and can stimulate persistent low-grade inflammation via 

TLR2 (41, 42). Chronic inflammation resulting from persistent infection by many Gram-

positive and Gram-negative bacteria is also seen with increased prevalence in the oral 

cavity of people with DS (14). There are studies demonstrating an increase in TLR2 

expression in oral mucosal tissue in patients with chronic periodontitis compared with 

controls (177, 178). This chronic inflammation and infection secondary to periodontitis 

may lead to increased numbers of pro-inflammatory non-classical monocytes locally 
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and in peripheral circulation(188), furthermore a study by Bloemers et al suggests an 

increased number of this monocyte subtype in circulating in DS versus controls(189). 

We found no significant difference in the cell numbers between the monocyte 

subpopulations, but the percentage of classical monocytes was significantly less in 

children with DS compared to controls, as has been described by Bloemers et al(51). 

The differences seen in TLR2 expression between both cohorts could therefore also be 

influenced by the change in monocyte subpopulations following more frequent 

bacterial infections in DS. Furthermore, it is difficult to say whether excess gram-

positive infection caused greater TLR2 expression or if this receptor is inherently 

upregulated and or defective from an early age, leading to an increased infectious 

burden in DS. Overall, persistent inflammation seen in DS could be in part as a result of 

a dysregulation of TLR2. 

                 In DS, autoimmunity such as arthropathy is also well described (190, 191), 

with the prevalence being 6 times higher than juvenile idiopathic arthritis in the 

general population. Increased TLR2 expression on monocyte subsets in patients with 

active rheumatoid arthritis (181), in the mucosa of duodenal samples of patients with 

coeliac disease (CD) (192, 193), and in PBMCs of those with autoimmune thyroid 

disease have also been reported (194). Our findings that TLR2 and TLR4 expression and 

induction are altered in children with DS suggests a possible role for these pathogen 

receptors in the development of autoimmune diseases in this group. 

             Taken together the burden of evidence points to TLR2 as a possible mediator in 

the pathogenesis of multiple clinical conditions seen more frequently in DS. We have 

demonstrated that the TLR2/TLR4 antagonist Sparstolonin B is effective in reducing 

TLR2 and CD11b expression in neutrophils and monocytes in children. It has been 

previously shown that SsnB mediates its anti-inflammatory properties by reducing NF-

kB production and attenuating pro-inflammatory cytokines such as, IL-1β, IL-6, TNF-

α(121). It appears that SsnB can also abrogate anti-inflammatory cytokine release as it 

reduces IL-10 and IL-1ra levels in these children. CD11b is a key surface marker 

upregulated during activation and migration of innate immune cells(152), it also serves 

to modulate TLR signalling via both MyD88 dependent and MyD88 independent 

pathways(151). We have shown some significant decreases in CD11b expression with 
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SsnB, this to our knowledge is the first experiment outlining the effects of SsnB on 

CD11b.  

               The TLR receptors propagate signals through two main pathways dependent 

on the utilisation (MyD88 dependent) or not (MyD88 independent) of MyD88. The 

former is employed by all TLRs except TLR3. The MyD88 dependant pathway results in 

NF-kB and TNF production. The MyD88 independent pathway signals via TRIF inducing 

IRF3 and finally leading to IFN-β being produced (195).  MyD88 deficiency has been 

shown to have various clinical consequences; from decreased response to IL-1 and IL-

18, increased susceptibility to infectious pathogens and resistance to LPS endotoxin 

(73, 196, 197). MyD88 has been shown to be key in mounting an appropriate immune 

response to bacterial pneumoniae and streptococci (198). The deficiency of MyD88 in 

DS described in our experiment could represent a possible reason for the increased 

prevalence of infections and poorer clinical outcomes. 

          While MyD88 gene expression is decreased in children with DS, we found that 

TRIF expression is increased.  Signalling via the TRIF dependent pathway leads to a 

number of important immune responses to infection, enhancing type 1 interferon 

production, mediating apoptosis, caspase activation and necroptosis, ultimately 

leading to a reduction in viral replication and increased bacterial clearance (199).  

Children with DS are more susceptible to RTIs, most of viral aetiology, and a paper 

appraising viral sepsis in children has reported increased expression of TRIF in those 

affected by this clinical condition (200). Indeed, TRIF increases the production of 

important antiviral mediators such as IRF3 and type 1 interferons (201). However, 

research in murine models of viral respiratory infection found that excess TRIF 

signalling had deleterious effects on the host due to excess inflammation, neutrophil 

recruitment, lung inflammation and pulmonary oedema (199).  

            During our experiments we observed that for some cell populations stimulation 

with pro-inflammatory agents did not result in a significant response in both cohorts; 

for example, non-classical monocyte TLR2, and intermediate monocyte CD11b. We 

previously reported similar hyporesponsiveness to LPS in TLR4 expression on non-

classical and intermediate monocytes, and CD11b on non-classical monocytes in 

children with DS and controls(182). The reasons for this are unclear as other 
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populations respond significantly, it could be that receptors on these subsets are 

inherently hyporesponsive or a degree of endotoxin tolerance may be present; 

resistance to LPS stimulation causing a blunting of the cellular pro-inflammatory 

response(202). There is some evidence that LPS may act to decrease TLR4 expression 

on monocyte subsets at 2h instead of upregulating this receptor. However, there may 

be a temporal component, as this study points out that TLR2 expression at 20h on 

classical monocytes was increased 20-fold, whereas this did not occur for CD16+ 

subpopulations(161). 

 

4.6 Conclusion 

In conclusion, we describe a dysregulation of TLR pathways in DS. There is 

greater expression of TLR2 on the surface of neutrophils and monocytes. Downstream 

signalling is altered with reduced MyD88 and increased expression of TRIF, which may 

represent compensatory upregulation of MyD88 independent pathways. This altered 

innate immunity may contribute to an increased burden of infections and chronic 

inflammation in DS. SsnB attenuates pro-inflammatory mediators and could be of 

potential therapeutic clinical benefit.       
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Chapter 5: Increased systemic inflammation in children with Down 

syndrome 

5.1 Introduction 

              Down syndrome (DS) is the most common chromosomal anomaly and results 

from extra genetic chromosome 21 material, affecting approximately 1 in 700 births in 

the USA (1). DS is associated with several co-morbidities including, congenital heart 

disease, developmental delay, obstructive sleep apnoea, gastrointestinal atresias, and 

abnormal myelopoiesis (137). Dysregulation of the immune system is another common 

feature of DS, including lower T and B cell numbers (10, 30), a smaller thymus gland, 

reduced regulatory T lymphocytes and suboptimal antibody responses to 

immunisation (125, 126, 128). In chapter 4 we looked at TLR signalling, now we 

concentrate on the end point of many of these pathways by evaluating cytokine 

production in this cohort.  Although altered serum cytokines in DS(35, 90) have been 

described, these mainly evaluate pro-inflammatory mediators in older cohorts.  

  Children with DS develop more infections, are more likely to be admitted to 

hospital with respiratory tract infections (RTI)(5), and have a 30% increased mortality 

from sepsis(8). In addition, children with DS have an increased incidence of chronic 

inflammatory conditions and autoimmunity(156). A recent meta-analysis evaluating 

the  cytokine profile in DS showed increased pro-inflammatory mediators IL-1β, TNF-α 

and IFN-γ (90). In sepsis there is significant cytokine release which can lead to an acute 

systemic inflammatory response (SIRS), which may be protective but if prolonged or 

potentiated may be deleterious. Crucial to a good outcome is a controlled dampening 

of the immune response. However, a prolonged compensatory anti-inflammatory 

response (CARS) may lead to an immunodeficient state and poorer outcomes(203). 

Therefore, understanding the inflammatory response to LPS is important in children 

with DS. IL-10 and IL-1ra are two anti-inflammatory cytokines that are implicated in 

fine tuning the balance between SIRS and CARS. Children with DS have increase 

mortality in the context of sepsis, and perhaps it is an imbalance of these signals which 

leads to poorer clinical outcomes.  
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Approximately 50% of all children with DS have cardiovascular disease(204). 

Cytokines important in responding to hypoxia or promoting new blood vessel growth 

like EPO and VEGF could have significant impacts in the pathogenesis of this disease 

and potentially on outcomes. Indeed, children with DS have better post cardiac surgery 

outcomes compared with patients without DS(205). Pulmonary hypertension is also 

commonly seen in children with DS(206); and both Epo and VEGF have been associated 

with this disorder(207, 208). GM-CSF is another vascular cytokine which mediates its 

effects by promoting white blood cell production. It has been linked to the 

development of transient abnormal myelopoiesis (TAM) in DS, which affects around 

10% of infants in this cohort, and can ultimately lead to myelodysplasia and acute 

leukaemia(209).  

 

5.2 Hypothesis 

            We hypothesised that children with Down syndrome have excess cytokine 

levels, altered inflammatory responses, and this may have an impact on clinical 

outcomes. 

 

5.3 Aims 

            To examine anti-inflammatory signals (IL-10 and IL-1ra), a comprehensive array 

of inflammatory cytokines (IL-2, IL-6, IL-8, IL-18, IL-1β, TNF-α, IFN-γ), cytokines involved 

in inflammation in response to hypoxia (EPO) propagating angiogenesis (VEGF) and 

myelopoiesis (GM-CSF), as well as discussing the potential clinical impact of significant 

congenital heart disease in DS, and LPS endotoxin on these mediators.  

 

5.4 Results 

5.4.1 Patient characteristics 

There were 114 children with Down syndrome (DS) enrolled with an age (mean 

±SD) of 5.7 ± 4.7 years(y) of which 55 were female (48.2%), and the controls (n=60) 

with a mean age of 6.9 ± 4.8 y, of which 28 were female (46.7%). In the DS cohort, 
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74% (n=84) had a diagnosis of congenital heart disease with 39% (n=33) of these 

requiring surgery in infancy. The following was the distribution of cardiac lesions in this 

group (n=33): Atrioventricular septal defect (AVSD) (n=17); Ventricular septal defect 

(VSD) repair (n=4); Tetralogy of Fallot (n=4); Atrial septal defect (ASD) and VSD repair 

(n=3); ASD repair (n=2); Patent ductus arteriosus (PDA) coil (n=1). The time from 

surgery to sampling was 51.1+/-22.5 months. For comparison in the cohort of children 

with DS we compared those with congenital heart disease (CHD) requiring surgery 

(n=33) versus those with CHD not requiring surgery (n=51) and those without CHD 

(n=30). 

5.4.2 Cytokines at baseline in Children with DS and controls 

            Whole blood was incubated with LPS (10 ng/ml), Pam3Csk4 (5ng/ml), LPS + 

Pam3Csk4, SsnB (10µM), LPS + SsnB, Pam3Csk4 + SsnB, and LPS + Pam3Csk4 + SsnB for 

1 hour. Extracted peripheral blood serum was transferred to a 96 well MSD plate and 

these cytokines were assessed as per manufacturer's instructions using multiplex ELISA 

technology (MSD®MULTI-SPOT assay plate from Mesoscale). Values expressed as 

pg/ml. *p ≤0.05, **p<0.01, ***p<0.001. 

            There were significant increases in children with DS versus controls at baseline 

in the following: Epo, VEGF, GM-CSF, IL-10, IL-1ra, IL-6, IL-2 (p ≤0.05) (Table 5.1 & 

Figure 5.1-3 (a-c), Figure 5.4 (a-b)). There were no significant differences seen in the 

levels of IL-1β, TNF-α, INF-γ, IL-8 or IL-18 (p>0.05; Table 5.1).  
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Table 5.1. The mean, standard error of the mean (SEM) and p-values of cytokine 

levels (pg/ml) in plasma of children with Down syndrome and the control group.  

Cytokine  Controls  DS  p- value 

IL-2 0.36 ± 0.07 0.68 ± 0.11 0.05 

IL-6 0.67 ± 0.06 1.88 ± 0.28 0.02 

IL-8 5.34 ± 0.50 8.16 ± 1.40 0.12 

IL-10 0.41 ± 0.06 0.70 ± 0.57 0.002 

IL-18  529.6 ± 37.58 508.8 ± 17.87 0.57 

IL-1β 0.35 ± 0.06 0.57 ± 0.08 0.07 

TNF-α 4.72 ± 0.71 8.97 ± 3.12 0.33 

IFN-γ 24.21 ± 5.06 22.95 ± 2.85 0.81 

IL-1ra 331.2 ± 38.48 497.1 ± 44.25 0.01 

GM-CSF 0.14 ± 0.04 0.27 ± 0.03 0.02 

Epo 67.0 ± 4.87 116.2 ± 6.72 <0.0001 

VEGF 88.88 ± 5.13 181.0 ± 14.48 <0.0001 

 

Table 5.1: Interleukin 2 (IL-2); Interleukin 6 (IL-6); Interleukin 8 (IL-8); Interleukin 10 (IL-

10); Interleukin 18 (IL-18); Interleukin 1β (IL-1β); Tumour necrosis factor α (TNF-α); 

Interferon γ (IFN-γ); Interleukin 1 receptor antagonist (IL-1ra); Granulocyte 

macrophage – colony stimulating factor (GM-CSF); Erythropoietin (Epo); Vascular 

endothelial growth factor (VEGF). p values in bold denotes significance; p≤0.05. 
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5.4.3 Effects of LPS on Cytokine responses 

              Following LPS stimulation of plasma there were significant elevation in VEGF, 

IL-10, IL-1ra, IL-6, IL-2, TNF-α, IFN-γ, IL-8 in both cohorts (p≤0.05; Figure 5.1-3 (a-c), 

Figure 5.4 (a-b)). In children with DS, EPO and GM-CSF were significantly increased 

after incubation with LPS, which was not observed for controls (Figure 5.1 (b) & (c)). 

There was no response in IL-18 following LPS in either cohort. (Figure 5.2 (b)).  

5.4.4 CHD and cytokine responses 

To further examine the differences in the cytokine profile in children with DS 

and CHD the cohort was divided as follows: CHD requiring surgical intervention and 

CHD not requiring surgery and children without CHD. There were no significant 

differences in cytokine levels between children with no CHD and those with CHD not 

requiring surgery.  

        Comparing the subpopulations with DS and the control group showed that for 

Epo, VEGF, IL-6, IL-10, IL-1ra, both DS cohorts had significantly higher levels than 

controls [Figure 5.1,5.2 (d-f) & 5.4 (c-d)]. Children with DS and CHD had significantly 

higher IL-8 compared with controls, even though the total levels in children with DS 

were not significantly different for this cytokine [Figure 5.3 (d)]. GM-CSF was 

significantly raised in children requiring surgery compared to children who did not 

require intervention or had no underlying CHD [Figure 5.1 (f)].  

        Further analysis demonstrated that for every cytokine the children with DS and 

CHD had the highest mean value. For children with DS and CHD requiring surgery; Epo, 

VEGF, IL-6, IL-1ra, IL-1β, and IL-8 were significantly greater than for children with DS 

and CHD not requiring surgery and children without CHD. IL-18, TNF-α, and IFN-γ were 

not different in the DS subpopulations irrespective of CHD. There were no differences 

in cytokine levels between children with DS with CHD not requiring surgery or no CHD 

and those with DS and CHD who had surgery more than 1 month ago (Figure 5.1-3 (d-

f), Figure 5.4 (c-d)) once these infants with recent surgery (<1 month; n=7) were 

excluded.  
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Figure 5.1. (a-c). Raised cytokine levels in plasma of VEGF (a), Epo (b), GM-CSF (c) at 

baseline in children with DS compared to controls. (d-f). No significant difference in 

cytokine levels in plasma of VEGF (d), Epo (e), GM-CSF (f) comparing DS 

subpopulations.  

Whole blood was incubated with LPS (10 ng/ml) for 1 hour. Cytokines assessed using 

multiplex ELISA. Values expressed as pg/ml. Unpaired t-test (mean +/- SEM). *p ≤0.05, 

**p<0.01, ***p<0.001. Regarding DS subpopulations: All = all children with DS; CHD Sx-

/chd- = children with DS and congenital heart disease (CHD) not requiring surgery, and 

children with DS without CHD; CHD Sx+ = children with DS and CHD requiring surgery; 

CHD Sx < 1/12 = children with DS and CHD who underwent surgery in the past month. 

*p ≤0.05. $= p<0.05 all DS subpopulations versus control. #= p<0.05 Children with CHD 

who underwent surgery in the past month versus the other DS subpopulations and 

controls. 
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Figure 5.2. (a-c). Raised IL-6 in children with Down syndrome compared to controls. 

(d-f). No significant difference in Cytokine levels in plasma of (d) IL-1β, (e) IL-18, (f) IL-

6 comparing DS subpopulations.  

Whole blood was incubated with LPS (10 ng/ml) for 1 hour. Cytokines assessed using 

multiplex ELISA. Values expressed as pg/ml. Unpaired t-test (mean +/- SEM). *p ≤0.05, 

**p<0.01, ***p<0.001. Regarding DS subpopulations: All = all children with DS; CHD Sx-

/chd- = children with DS and congenital heart disease (CHD) not requiring surgery, and 

children with DS without CHD; CHD Sx+ = children with DS and CHD requiring surgery; 

CHD Sx < 1/12 = children with DS and CHD who underwent surgery in the past month. 

*p ≤0.05. $= p<0.05 all DS subpopulations versus control. #= p<0.05 Children with CHD 

who underwent surgery in the past month versus the other DS subpopulations and 

controls. 
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Figure 5.3. (a-c). Equivalent LPS response of cytokines in plasma of (a) IL-8, (b) TNF-α, 

(c) in children with Down syndrome compared to controls. (d-f). Cytokine levels in 

plasma of (d) IL-8, (e) TNF-α, (f) INF-γ comparing controls and Down syndrome 

subpopulations.  

Whole blood was incubated with LPS (10 ng/ml) for 1 hour. Cytokines assessed using 

multiplex ELISA. Values expressed as pg/ml. Unpaired t-test (mean +/- SEM). *p ≤0.05, 

**p<0.01, ***p<0.001. Regarding DS subpopulations: All = all children with DS; CHD Sx-

/chd- = children with DS and congenital heart disease (CHD) not requiring surgery, and 

children with DS without CHD; CHD Sx+ = children with DS and CHD requiring surgery; 

CHD Sx < 1/12 = children with DS and CHD who underwent surgery in the past month. 

*p ≤0.05. $= p<0.05 all DS subpopulations versus control. #= p<0.05 Children with CHD 

who underwent surgery in the past month versus the other DS subpopulations and 

controls. 
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Figure 5.4 (a-b). Raised cytokine levels in plasma of (a) IL-10 and (b) IL-1ra at baseline 

and in children with DS and controls. (d-e). No difference in cytokine levels in plasma 

of (d) IL-10 and (e) IL-1ra comparing DS subpopulations. 

Whole blood was incubated with LPS (10 ng/ml) for 1 hour. Cytokines assessed using 

multiplex ELISA. Values expressed as pg/ml. Unpaired t-test (mean +/- SEM). *p ≤0.05, 

**p<0.01, ***p<0.001. Regarding DS subpopulations: All = all children with DS; CHD Sx-

/chd- = children with DS and congenital heart disease (CHD) not requiring surgery, and 

children with DS without CHD; CHD Sx+ = children with DS and CHD requiring surgery; 

CHD Sx < 1/12 = children with DS and CHD who underwent surgery in the past month. 

*p ≤0.05. $= p<0.05 all DS subpopulations versus control. #= p<0.05 Children with CHD 

who underwent surgery in the past month versus the other DS subpopulations and 

controls. 
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5.5 Discussion 

We have demonstrated that children with DS have increased pro and anti-

inflammatory cytokine levels compared with age-matched controls; IL-2, IL-6, IL-10, IL-

1ra, Epo, VEGF and GM-CSF. Although there is definite immune dysregulation in 

children with DS(10, 16) they had robust LPS responses similar to controls. CHD 

requiring surgery did not appear to have a significant influence on cytokines in DS 

except in the acute post-operative period. However, IL-8 was the exception and was 

significantly raised in children with DS who required surgical intervention versus 

controls. Children without significant CHD also still exhibit a significantly elevated 

cytokine profile compared to controls.  

A recent meta-analysis examining circulating serum cytokine levels in patients 

with DS found significant differences compared to controls. The analysis reviewed 19 

studies involving 957 patients with DS and 541 controls, and concluded that 

significantly higher levels of Il-1β, TNF-α, IFN-γ, and neopterin were present in the 

population with DS(90). The authors found that circulating levels of IL-4, IL-6, IL-8 and 

IL-10 were not statistically different between the DS and control groups. However, it 

was suggested that one study(35) significantly altered the result for IL-6, and when this 

outlier was omitted from analysis, IL-6 was significantly raised compared with controls. 

It is worth noting that although results of some cytokines differ from our findings, for 

example, IL-1β, a key pro-inflammatory cytokine implicated in chronic disease(210) 

almost reached significance in our study (p value=0.07).  The population with DS in the 

meta-analysis was  predominantly adults as 6 studies were included involving adults 

(>16 mean age), and of the paediatric studies only one study(35) had a mean age lower 

than in our study. Furthermore, we had the largest cohort described and although 

there have been other studies evaluating cytokines in DS(35, 90, 93, 97, 139) this paper 

examines a comprehensive array of cytokines including anti-inflammatory and 

cardiovascular mediators.  

Increased levels of VEGF and Epo were significantly greater in children with DS 

than controls DS, irrespective of CHD. Erythropoietin (EPO) has a crucial role in red 

blood cell production, however, it is now being recognised as having a myriad of 

effects such as altering the response to inflammation or injury, inhibiting apoptosis in 
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the setting of hypoxia and thus improving tissue survival (211). In newborn infants with 

DS, excess Epo levels in plasma and consequent elevated circulating haemoglobin are 

reported(212). Infants (n=11) with persistent pulmonary hypertension of the newborn 

(PPHN) or cyanotic congenial heart disease (CCHD) had increased hypoxia-inducible 

factor (HIF)-1α, VEGF and Epo mRNA expression compared to healthy newborns(213). 

PPHN and CCHD are seen with increased frequency in DS(214).  

          We describe increased VEGF levels in our DS cohort. VEGF is an important in 

regulating angiogenesis, lymphangenesis and is associated with chronic inflammation 

and tumour growth (215, 216). VEGF-A is a significant mitogen involved in the 

development of atrioventricular valvular cushions and abnormal expression is 

associated with CHD(217). Sanchez et al(218) found that DS results in abnormal 

angiogenesis in utero, increased expression of VEGF-A, which is also linked to 

congenital heart disease lesions. Increased expression of HIF-2α has been associated 

with excess VEGF production(219), and HO-1 has been shown to be key in cardiac 

embryonic development(220). VEGF is also associated with pulmonary hypertension 

and this complication as mentioned is seen more frequently in DS(208).  

            We report significantly elevated GM-CSF levels in children with DS. GM-CSF is 

implicated in the pathogenesis of transient abnormal myelopoiesis (TAM) in DS. This is 

a form of leukaemia occurring in infancy, can resolve spontaneously, and may arise 

from the foetal liver. GM-CSF from stromal tissue of the foetal liver promotes foetal 

blast proliferation by creating a suitable haematopoietic microenvironment (209).  

None of the patients in this study had TAM but may have not been detected as no 

universal neonatal screening. However, their matched full blood counts and 

differentials did not have any evidence of TAM at the time of cytokine analysis. There 

has been associations made with raised GM-CSF and poorer neurological outcomes in 

neonatal encephalopathy(69) and this may implicate this cytokine in adverse 

neuroinflammation, although the results of a 5 year follow up of ex preterm small for 

gestational age (SGA) (n=216) children who were randomised to either receive GM-CSF 

or not, found no neurodevelopmental or adverse outcome differences between 

groups(221). GM-CSF is also important to  facilitating cross-talk between myeloid cells 

and T lymphocytes which if dysregulated can lead to chronic inflammation(222).   



92 

 

           Although a pro-inflammatory phenotype in children with DS has been described 

(223), there is a less information on anti-inflammatory cytokines such as IL-10 and IL-

1ra. We demonstrated that both IL-10 and IL-1ra are significantly raised in children 

with DS. IL- 10 is an anti-inflammatory cytokine which reduces inflammation by 

inhibiting the propagation of pro-inflammatory cytokines such as TNF-α and IL-6(35). 

There are conflicting results regarding IL-10 in cohorts with DS as Nateghi et al found a 

lower serum level of IL-10 when compared with controls (DS n=24, Controls n=24), and 

a reciprocal increased level of the pro-inflammatory cytokine TNF-α and  IFN-γ(139). 

However, Cetiner et al, reported an increased level of IL-10, and IL-4 in serum and a 

reduction of TNF-α and IL-6(35), hypothesising that this anti-inflammatory picture may 

contribute to the increased level of RTIs seen in childhood. Indeed, Broers et al(93) 

described a significant increase in IL-10 after stimulation of whole blood with 

Streptococcus pneumoniae in children with DS versus their healthy siblings, suggesting 

a heightened anti-inflammatory response which may be contributory to more severe 

pneumococcal pneumonia in this cohort. Further research by Guazzarotti et al (DS 

n=24, Control n=42), and Iulita et al (DS n=31, Controls n=31) has reported an increase 

in serum IL-10 in DS versus controls(224, 225).  

            Interleukin 1 receptor antagonist (IL-1ra) is an anti-inflammatory cytokine that 

abrogates IL-1 signalling, has TNF-α inhibitory effects, and suppresses T cell 

responses(226).  Our findings suggest that although pro-inflammatory signals are 

elevated, so too are the counter-regulatory cytokines IL-10 and IL-1ra. It is a key 

regulator in maintaining a balance between pro and anti-inflammatory stimuli. Excess 

IL-1ra has been associated with worse outcomes in the setting of gram-positive 

arthritis and sepsis.  Ali et al(227) reported more aggressive disease and increased 

mortality in a murine model of Staphylococcus aureus arthropathy and sepsis. There is 

a higher incidence of inflammatory arthritis in children with DS(179), and elevated 

levels of IL-1ra have been shown in adults with rheumatoid arthritis(228).  

         Interleukin 6 (IL-6) is a key pro-inflammatory mediator released by leucocytes, 

fibroblasts and endothelial cells. It stimulates the production of IL-1, TNF-α and other 

pro-inflammatory cytokines to potentiate an inflammatory response(229). We found 

greater IL-6 levels in DS, this provides evidence of a hyper-inflammatory response. 
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Clinically, IL-6 is crucial in mounting an appropriate defence to pathogenic organisms, 

while if aberrantly produced can lead to chronic inflammation and autoimmunity(91). 

This cytokine plays a role in Alzheimer’s disease, early onset being ubiquitous in DS, 

and involves degenerative processes in the central nervous system(230).  Liscastro et 

al found elevated IL-6, soluble IL-6 receptors and soluble intracellular adhesion 

molecule-1 (sICAM-3), soluble vascular adhesion molecule-1 (sVCAM-1) and CRP were 

produced in children with DS compared to controls(92).  The increase of IL-6 and CRP 

from DS children was similar to that found in elderly patients with clinical AD. IL-6 has 

also been described as significantly raised in response to influenza A virus. An ex vivo 

cytokine response following stimulation with live Influenza A virus reported the 

following to be increased in children with DS compared with controls; IL-6, IL-1β, IL-8, 

and TNF-α(97).   

                 We have demonstrated increased IL-2 in children with DS, although studies to 

date involving IL-2 and DS show no significant difference in this cytokine versus 

controls(35, 231). Interleukin 2 (IL-2) is causes proliferation of T lymphocytes, memory 

and effector cells, and has an essential role in the propagation and functionality of 

regulatory T cells (Treg cells). The latter important in controlling immunity, 

inflammation and promoting tolerance. Therefore IL-2 is key in promoting other T cells 

to provide an immune response, whilst also enabling Tregs to limit the degree of 

inflammation(232).  

             A possible explanation for the elevated cytokine profile demonstrated in 

children with DS, regardless of CHD, is a dysregulation of Toll like receptor (TLR) 

signalling. We have recently reported increased TLR2 expression on neutrophils and 

monocytes and altered gene expression of key regulatory proteins involved in signal 

propagation(77). Excess cytokine levels in DS could reflect anomlaous signalling of TLR 

pathways as the end point of these pathways results in the release of inflammatory 

mediators. Furthermore, children with DS may display a hyperresponsive immune 

reaction as we have previously reported increased neutrophil activation post LPS, and 

greater TLR4 on non-classical monocytes(182). Indeed, a pro-inflammatory phenotype 

may predominate in this population leading to excess circualting cytokines. 
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              Although this study represents the largest most comprehensive apprasial of 

cytokines in a paediatric population, there were several limitations. The exact cellular 

source for the differing cytokine levels between children with DS and controls was not 

established as whole blood was used. We did not measure oxygen saturations of our 

cohorts while awake or while asleep (increased risk of obstructive sleep apnoea in 

children with DS) and this may be significant given that hypoxia is a key mediator in 

VEGF and Epo production(213, 233). It would be interesting to appraise oxygen 

saturations and VEGF/Epo levels in children with DS. Serial cytokine quantification 

following differing endotoxin incubations would be useful to understan the evolution 

of the inflammatory response in children with DS especially following cardiac surgery.  

 

5.6 Conclusion 

              Overall this study demonstrates that children with Down syndrome exhibit 

significantly greater levels of pro and anti-inflammatory cytokines as well as increased 

Epo, VEGF and GM-CSF at baseline. From a clinical perspective CHD does not seem to 

have an impact on circulating cytokines beyond the acute surgical phase. The response 

to LPS stimulation is largely similar between cases and controls. The differences in 

circulating cytokines may contribute to varied clinical outcomes, acutely like in sepsis, 

as the imbalance between SIRS and CARS becomes detrimental, and over time in 

chronic inflammation. Epo & VEGF have been associated with vascular remodelling and 

may be associated with pulmonary hypertension. Given the high incidence of this 

disorder in our cohort and the excess Epo and VEGF demonstrated, further research is 

needed to evaluate the role of these mediators in the development of pulmonary 

hypertension.  
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Chapter 6: Melatonin as an immunomodulator in Down syndrome 

6.1 Introduction 

              Down syndrome (DS) is the most prevalent chromosomal abnormality 

worldwide, affects 1 in 700 births in the United States, and is due to extra genetic 

material from chromosome 21(1). It is associated with several of co-morbidities 

including, low IQ, cognitive delay, congenital heart disease, gastrointestinal anomalies, 

obstructive sleep apnoea, and acute leukaemia(137). The immune system is also 

dysregulated in DS with many abnormalities described; decreased T and B lymphocyte 

counts (10, 30), smaller thymus gland, suboptimal antibody responses to vaccination 

(125, 126, 128), altered serum cytokines (35, 90) and abnormal neutrophil 

chemotaxis((41). In the previous three chapters we have reported further immune 

dyscrasias in DS; anomalous CD11b, TLR2, TLR4 expression, TLR signalling and 

additional evidence of cytokine dysregulation. 

               From a clinical perspective these immune deficits contribute to a vulnerable 

population as children with DS are more prone to infections, admission to hospital 

with respiratory tract infections (RTIs), and more often require longer hospital stays(5, 

6). Furthermore, in the setting of sepsis a 30% increased mortality has been reported 

in children with DS(8). This may partly be due to the high circulating levels of pro-

inflammatory cytokines in this cohort(90, 97), leading to uncontrolled inflammatory 

cascades, systemic inflammatory response syndrome (SIRS), sepsis and ultimately 

poorer outcomes.  

              Another consequence of an altered immune system is that chronic 

inflammation and autoimmunity; arthropathy, coeliac and thyroid disease, are found 

more commonly(11, 179, 193). Periodontal disease is due to persistent inflammation 

in the oral cavity and is also more prevalent in DS, this and other chronic peripheral 

infections have been implicated in the possible pathogenesis of neurodegenerative 

changes or Alzheimer’s disease, which occurs with regularity and at an earlier onset in 

DS(14, 176). Trisomy 21 also causes overexpression of the enzyme superoxide 

dismutase, consequently an excess of free radicals and increased oxidative stress is 

hypothesised to occur in this cohort, resulting in early onset AD and cataracts(234).  
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               Melatonin (N-acetyl-5-methoxytryptamine) is an endogenous multifunctional 

hormone which is secreted in the pineal gland and other organs by animals, including 

humans. This versatile molecule has also been preserved in more primitive species 

such as bacteria, and phylogenetics has tracked its origins to be over 3 billion years 

old(114). The effects of melatonin on regulating circadian rhythm are well 

described(115, 116). However it is now known that there are several important 

immunomodulatory effects of this molecule, especially in relation to benefits as an 

adjuvant in treating sepsis, chronic inflammation, and as an abrogator of 

neurodegeneration(117, 235, 236), all of which occur more frequently in DS. Melatonin 

has been shown to have strong antioxidant effects, antiapoptotic activity through 

inhibition of caspase 3 cleavage, and anti-inflammatory actions via inflammasome 

deactivation(118).  

             Melatonin has a myriad of immune functions and we aimed to evaluate if its 

effects extend further by examining neutrophil and monocyte function, genes involved 

in TLR signalling, the inflammasome, and pro and anti-inflammatory cytokines 

following immunomodulation with lipopolysaccharide (LPS; endotoxin) and melatonin. 

We hypothesised that melatonin could potentially mediate aspects of the innate 

immune system in children with DS. This is especially pertinent as DS is characterised 

by marked immune dysfunction, increased mortality from sepsis, chronic 

inflammation, prone to oxidative stress, sleep disturbance and possibly abnormal 

endogenous melatonin levels(113, 237).  

 

6.2 Hypothesis 

Melatonin may reduce pro-inflammatory signalling in children with DS and be of 

potential therapeutic benefit.  

 

6.3 Aims 

We aimed to investigate if melatonin could decrease CD11b and TLR4 on neutrophils 

and monocytes, abrogate genes involved in TLR signalling (MyD88, IRAK4, TRIF), the 
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inflammasome (IL-1β, ASC, NLPR3), and attenuate pro- and anti- inflammatory 

cytokines following immunomodulation with LPS endotoxin. 

 

6.4 Results 

6.4.1 Patient characteristics 

            The participants with DS (n=47) had a mean age (mean ±SD) of 5.1 ± 4.3 years 

(y), of which 42.6% were female, and the controls (n=23) were 7.7 ± 4.2y old of which 

52.2% were female(182). In the DS cohort, 74.4% (n=35) had a diagnosis of CHD, with 

25.5% (n=12) requiring corrective surgery. The controls were healthy children without 

DS and no major co-morbidities.  

6.4.2 Effects of melatonin on cytokine responses in DS versus controls 

              Whole blood was incubated with LPS (10 ng/ml), and melatonin (42𝜇𝑀)for 1 

hour. Extracted peripheral blood serum was transferred to a 96 well MSD plate and 

these cytokines were assessed as per manufacturer's instructions using multiplex ELISA 

technology (MSD®MULTI-SPOT assay plate from Mesoscale). 

             Compared with baseline levels, treatment with melatonin resulted in significant 

decreases in IL-1β and Epo in both cohorts [p<0.05; Figures 6.1(b), 6.2(d)]. IL-8, IL-10, 

and IFN-γ were also reduced compared with baseline after melatonin incubation but 

only in children with DS [Figures 6.1(d), 6.2(b), 6.3(c)]. Melatonin caused an increase in 

IL-2 in children with DS, and a decrease in IL-6 in controls versus baseline [Figures 

6.3(b), 6.1(c)]. The following cytokines did not change significantly in either group 

following melatonin incubation: IL-18, TNFα, VEGF, GM-CSF, IL-1ra [Figures 6.1-6.3]. 

6.4.3 Effects of melatonin on LPS-induced cytokine responses 

        Comparing cytokine levels after LPS treatment with samples treated with LPS plus 

melatonin there were significant reductions in TNF-α, IL-8, IL-18, Epo and IL-1ra in both 

cohorts (p<0.05) [Figures 6.1(a), (d), 6.2(d), (b)]. In children with DS there were 

significant decreases in IL-1β, IL-6 and VEGF comparing LPS treated samples and those 

treated with LPS and melatonin, this was not replicated for controls [Figures 6.1(b), (c), 

6.2(c)]. For IL-2 and GM-CSF, treatment with both LPS and melatonin resulted in 
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significant increases in these cytokines in both cohorts, and although not quite 

reaching statistical significance the same trend was observed for IFN-γ and IL-10. 

[Figures 6.3(b), (a), (c), 6.2(a)]. 
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Figure 6.1. Melatonin reduces cytokine levels in plasma of TNF-α (a), IL-1β (b), IL-6 

(c), IL-8 (d) at baseline and in response to LPS in children with DS and controls.  

Whole blood was incubated with LPS (10 ng/ml), and melatonin (42𝜇M) for 1 hour. 

Cytokines assessed using multiplex ELISA. Values expressed as pg/ml. Unpaired t-test 

(mean +/- SEM). Values expressed as pg/ml. *p <0.05, **p<0.01, ***p<0.001. Children 

with DS (n=47), controls (n=23).  
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Figure 6.2. Melatonin reduces cytokine levels in plasma of IL-1ra (b), VEGF (c), Epo (d) 

in response to LPS and in children with DS and controls.  

Whole blood was incubated with LPS (10 ng/ml), and melatonin (42𝜇M) for 1 hour. 

Cytokines assessed using multiplex ELISA. Values expressed as pg/ml. Unpaired t-test 

(mean +/- SEM). Values expressed as pg/ml. *p <0.05, **p<0.01, ***p<0.001. Children 

with DS (n=47), controls (n=23).  
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Figure 6.3. Melatonin increases cytokine levels in plasma of GM-CSF (a), IL-2 (b), in 

response to LPS and melatonin in children with DS and controls.  

Whole blood was incubated with LPS (10 ng/ml), and melatonin (42𝜇M) for 1 hour. 

Cytokines assessed using multiplex ELISA. Values expressed as pg/ml. Unpaired t-test 

(mean +/- SEM). Values expressed as pg/ml. *p <0.05, **p<0.01, ***p<0.001. Children 

with DS (n=47), controls (n=23).  
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6.4.4 Effects of melatonin on CD11b and TLR4  

     Whole blood samples were treated with LPS (10 ng/ml), Melatonin (42𝜇𝑀), 

and LPS plus melatonin for 1 hour. Samples were processed for flow cytometry as 

described in chapter 2 and CD11b and TLR4 expression on neutrophils and monocytes 

was quantified. Values were expressed as mean channel fluorescence (MFI).   

                 Compared with baseline expression melatonin caused significant decreases in 

CD11b on neutrophils and classical monocytes in both cohorts (p<0.05) [Figures 6.4(a), 

(c)]. There was a significant reduction in total monocyte CD11b in children with DS, and 

a significant reduction in intermediate monocyte CD11b in controls, when compared 

to baseline levels. [Figures 6.4(b), (d)]. A paradoxical increase in CD11b on non-classical 

monocytes was observed in the DS cohort [Figure 6.4 (e)]. 

           When comparing samples treated with LPS alone with those incubated with LPS 

and melatonin, there were significant decreases in CD11b expression in all cell sub-

types (Neutrophils, total, classical, intermediate monocytes) in both cohorts, except 

for the non-classical monocyte. (p<0.05) [Figure 6.4 (a-d)]. There was no difference 

observed in the latter. 

         Melatonin treatment resulted in significant TLR4 reductions on total, 

intermediate and non-classical monocytes in both cohorts when compared to baseline 

(p<0.05) [Figures 6.5(b), (d), (e)]. There was no effect of melatonin on neutrophils or 

classical monocytes [Figure 6.5(a), (c)]. 

           Evaluating TLR4 expression between samples treated with LPS and those treated 

with LPS plus melatonin revealed significant falls in the receptor on total, classical and 

non-classical monocytes in both groups (p<0.05) [Figures 6.5(b), (c), (e)]. On the 

intermediate monocytes there was a significant reduction in TLR4 in the DS cohort 

only. No difference was observed for neutrophils in either group. [Figures 6.5(d), (a)].  
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Figure 6.4. Melatonin reduces neutrophil and monocyte CD11b expression in 

response to lipopolysaccharide (LPS) and in children with Down syndrome (DS) and 

controls.  

Whole blood was incubated with LPS (10 ng/ml), and melatonin (42𝜇M) for 1 hour. 

Samples processed for flow cytometry and CD11b expression on neutrophils and 

monocytes quantified. Values expressed as mean channel fluorescence (MFI). 

Unpaired t-test (mean +/- SEM). *p < 0.05, **p<0.05 versus vehicle in corresponding 

cohort. (a) Neutrophil CD11b (DS n=23; Controls n=16) (b) Total monocyte CD11b (DS 

n=19; Controls n=21) (c) Classical monocyte CD11b (DS n=19; Controls n=21; (d) 

Intermediate monocyte CD11b (DS n=18; Controls n=20); (e) Non-classical monocyte 

(DS n=19; Controls n=21).  
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Figure 6.5. Melatonin reduces monocyte TLR4 expression in response to 

lipopolysaccharide (LPS) in children with Down syndrome (DS) and controls.  

Whole blood was incubated with LPS (10 ng/ml), and melatonin (42𝜇M) for 1 hour. 

Samples processed for flow cytometry and TLR4 expression on neutrophils and 

monocytes quantified. Values expressed as mean channel fluorescence (MFI). 

Unpaired t-test (mean +/- SEM). *p < 0.05, **p<0.05 versus vehicle in corresponding 

cohort. (a) Neutrophil TLR4 (DS n=19; Controls n=10); (b) Total monocyte TLR-4 (DS 

n=22; Controls n=15); (c) Classical monocyte TLR4 (DS n=16; Controls n=15); (d) 

Intermediate monocyte TLR4 (DS n=15; Controls n=14); (e) Non-classical monocyte 

TLR-4 (DS n=16; Controls n=20)  
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6.4.5 Melatonin and the Inflammasome 

                   Whole blood was incubated with LPS (10 ng/ml) and melatonin (42𝜇𝑀) for 1 

hour. Samples were then processed for quantitative RT-PCR as described in chapter 2. 

The endogenous control was GAPDH (NM_002046.3). All samples were assayed in 

triplicate and relative quantification (RQ) values were calculated using the 2-ΔΔCt 

method. 

                  Compared with baseline expression melatonin caused a significant reduction 

in IL-1β in both cohorts (DS p<0.0001; Control p<0.0001) [Figure 6.6(a)]. NLRP3 

expression was decreased with melatonin in the controls but not in children with DS 

(p=0.002) [Figure 6.6(b). There were no differences in ASC expression following 

melatonin treatment in either group.  

        When samples treated with LPS alone were compared to those incubated with LPS 

and melatonin there were significant decreases in IL-1β (p<0.0001), and NLRP3 

(p=0.0001) in children with DS but not controls [Figures 6.6 (a) & (b)]. There was no 

change in ASC following the above comparisons.  
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Figure 6.6. Melatonin reduces fold change expression of IL-1β and NLRP3 in response 

to LPS in children with DS compared to controls.  

Whole blood was incubated with LPS (10 ng/ml) and melatonin (42Um) for 1 hour. 

Samples were then processed for quantitative RT-PCR. The endogenous control was 

GAPDH (NM_002046.3). All samples were assayed in triplicate and relative 

quantification values were calculated using the 2-ΔΔCt method. Unpaired t-test (mean 

+/- SEM). Statistical significance is *p < 0.05. Children with DS (n=18), controls (n=10). 
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6.4.6 Melatonin and the TLR pathway   

            Whole blood was incubated with LPS (10 ng/ml) and melatonin (42𝜇𝑀) for 1 

hour. Samples were then processed for quantitative RT-PCR as described in chapter 2. 

The endogenous control was GAPDH (NM_002046.3). All samples were assayed in 

triplicate and relative quantification (RQ) values were calculated using the 2-ΔΔCt 

method. 

             Melatonin had the effect of reducing MyD88 expression compared to baseline 

in children with DS but not in controls (p=0.02) [Figure 6.7(a)]. When compared to 

baseline melatonin did not result in any changes in gene expression for IRAK4 or TRIF 

in either cohort [Figures 6.7(b), (c)]].  

         Comparing samples treated with LPS versus those treated with LPS and 

melatonin, the addition of melatonin resulted in a significant decrease in MyD88 

expression in children with DS (p=0.017), but not in controls [Figure 6.7(a)]. There were 

no changes in IRAK4 or TRIF following the above treatments [Figure 6.7(b), (c)].  

          There were no significant differences at baseline or comparing LPS to LPS plus 

melatonin in the expression of BMAL, CLOCK, CRY, REV-ERBα in both cohorts.  

 

 

 

 

 

 

 

 



108 

 

 

 

Figure 6.7. Melatonin reduces MyD88 (a) expression at baseline and in response to 

LPS in children with DS compared to controls.  

 Whole blood was incubated with LPS (10 ng/ml) and melatonin (42Um) for 1 hour. 

Samples were then processed for quantitative RT-PCR. The endogenous control was 

GAPDH (NM_002046.3). All samples were assayed in triplicate and relative 

quantification values were calculated using the 2-ΔΔCt method. Unpaired t-test (mean 

+/- SEM). Statistical significance is *p < 0.05. Children with DS (n=10), controls (n=10). 
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6.5 Discussion 

           We have demonstrated that melatonin has several significant effects on innate 

immunity, innate immune cells, receptors, and TLR pathways, and has the potential to 

reduce endotoxin induced inflammatory responses. Immunomodulatory effects of 

melatonin were found in both paediatric cohorts; however, it appears there may be 

more marked effects in the children with DS in relation to cytokine release, TLR 

signalling and genes involved in the inflammasome. To our knowledge this has not 

been carried out previously in this cohort or in healthy paediatric controls.  

          Melatonin is produced in the pineal gland at the base of the brain and exerts its 

effects through several mechanisms. Melatonin can mediate its actions via direct 

contact and interaction with molecules; and through antioxidant activity through 

chelation of reactive nitrogen and reactive species(238). As a hormone melatonin also 

functions through binding  cell membrane receptors; MT1 and MT2 (located on almost 

all peripheral and CNS tissues), which once activated stimulate phospholipase A and C, 

ultimately reducing cGMP and cAMP(119). Furthermore, melatonin appears to have 

activity on receptors located in the nucleus also; retinoid Z receptors (RZR) and 

retinoid orphan receptors (ROR)(120). However, this special hormone’s varied array of 

effects leads us to further consider other cells, receptors and pathways that may also 

be affected. 

            In our study, melatonin lowered CD11b on neutrophils and monocytes and TLR4 

on monocytes compared to baseline and following LPS plus melatonin treatment in 

both cohorts. CD11b is a key receptor involved in the activation and diapedesis of 

immune cells promoting the inflammatory response(239), TLR4 is crucial in recognising 

LPS endotoxin, stimulating the innate response, and implicated in septic shock(240). 

This demonstrates the ability of melatonin to reduce cell activation, migration and 

abrogate TLR4 signal activation at the cell surface, respectively. This could have 

implications for improving outcomes in acute inflammation and sepsis or in chronic 

disease as both CD11b and TLR4 are associated with these processes(80, 157). In the 

intermediate monocyte population TLR4 expression was significantly decreased 

comparing LPS to LPS and melatonin samples in children with DS only. This 

subpopulation of monocyte has a pro- inflammatory phenotype, has the highest TLR4 
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expression, and is increased in sepsis(49, 182) which leads to worse outcomes in DS(8). 

This could represent a focus for further research examining the potential clinical utility 

of melatonin.  

               The analysis of the influence of melatonin on cytokines yielded perhaps the 

most significant results. In both cohorts there were decreases in IL-1β and Epo with 

melatonin and comparing LPS with LPS plus melatonin treated samples there were 

significant reductions in TNF-α, IL-8, IL-18, IL-1ra, Epo, and significant increases in IL-2 

and GM-CSF again in both groups. However, a more pronounced melatonin response 

was observed in the DS cohort for certain mediators. In response to melatonin IL-8, IL-

10 and IFN-γ were reduced compared to controls, whereas IL-6 was decreased in 

controls only. After samples treated with LPS and melatonin were compared to LPS 

alone, there were significant decreases in IL-1β, IL-6, and VEGF only in the children 

with DS. It is well described that melatonin can abrogate pro-inflammatory cytokine 

release. One mechanism of action is by impairing NF-κB transcriptional activity, 

reducing pro-inflammatory cytokine (IL-1β, TNF-α, IFN-γ) release(163, 241). It may be 

that this cohort may respond more effectively to melatonin immunomodulation and 

should be included in further experiments to elucidate this fully. 

             Sepsis is defined as a life-threatening organ dysfunction caused by a 

dysregulated host response to infection and it is associated with significant morbidity, 

mortality and sizeable economic costs(242). The metabolic pathways affected by sepsis 

lead to imbalances in cytokine production, oxidative stress and mitochondrial 

function(243, 244). Lipopolysaccharide (LPS) endotoxaemia is the commonest cause of 

sepsis(130), and the biochemical alterations translate to cell death and apoptosis 

leading to septic shock and multiorgan dysfunction. Rodent research has now shown 

that these clinical effects of endotoxaemia can be improved by administration of 

melatonin in conjunction with standard treatments(245, 246). In sepsis the mechanism 

of action of melatonin has been studied by Hu et al(144), who reported improved 

mitochondrial function and an inhibition of oxidative and nitrosative stress. Indeed, 

the robust antioxidant or free radical scavenging activity of melatonin is highlighted in 

several studies(164, 165). In animal models of LPS induced mastitis, melatonin has 

been shown to decrease the inflammatory response by reducing oxidative stress and 
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pro-inflammatory cytokines such as IL-1β, IL-6, GM-CSF(247, 248). Whilst in murine 

macrophages incubated with LPS, a reduction in inducible nitric oxide synthase (iNOS) 

and cyclooxygenase-2 (COX-2) was observed(249). In a study on rats with LPS induced 

liver disease melatonin was found to result in better outcomes mainly through 

antiapoptotic and ROS scavenging actions(250). Novel research has demonstrated that 

in a murine model of polymicrobial sepsis, neutrophils and macrophages exhibit 

specific melatonin receptors and melatonin can augment neutrophil antimicrobial 

actions by promoting neutrophil extracellular traps (NET), and improve survival(251).  

           Much of the literature (above) focuses on animal or ex vivo experimentation on 

melatonin to assess its role as an immunomodulator, however there are some 

paediatric studies published which examined its use in patients with sepsis. Gitto et 

al(167), reported improved outcomes and survival in neonates with suspected sepsis 

(n=10) given melatonin versus controls (n=10). Improved mitochondrial function and 

restoration of ATP production was cited by the authors as one of the key reasons 

behind the improvement in clinical status in the treatment arm. A further study 

evaluating melatonin in a neonatal population (Rx n=25, control n=25) with sepsis 

found that there were better clinical and laboratory outcomes in those who received 

melatonin(143). Although these studies highlight the potential utility of melatonin as 

an adjuvant therapy in managing sepsis, these were non-randomised, non-blinded 

trials and the need for the establishment of large RCTs to examine melatonin further is 

needed.  

             In our study MyD88 gene expression was reduced compared to baseline with 

melatonin and following LPS and melatonin treatment in the DS cohort only. This 

suggests melatonin can mediate its effects on TLR signalling in DS. TLR receptors 

generate signals via two main pathways based on whether the adaptor protein MyD88 

is used: MyD88 dependent or MyD88 independent pathways. All TLRs apart from TLR3 

are MyD88 dependent and ultimately result in NF-kB and TNF production. The latter 

pathway signals through another adaptor, TRIF, inducing  IRF3 causing IFN-β to be 

released(195).  We previously we found a decrease in MyD88 and an increase in TRIF 

at baseline in children with DS vs controls(77). This potentially contributed to the 

increased susceptibility to recurrent infection in children with Ds and suggested 
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anomalous TLR signalling in DS which can have deleterious consequences due to 

dysregulated inflammatory cytokine release. 

              The potential effects of melatonin on the TLR signalling pathways has not been 

elucidated in detail. However, Kang et al(252) evaluated this by examining protein 

expression of MyD88, NF-kB, TRIF, IRF3 and IFN-β following liver ischaemia and 

reperfusion injury in mice. The authors report significant reductions in all of the above 

TLR signalling proteins, and attenuation of IL-6 and TNF-α, suggesting that melatonin 

plays a key role as an immunomodulator in TLR pathways. Another study appraised 

melatonin activity on TLR4 pathways on rodent RAW264.7 macrophages stimulated 

with LPS. The results showed that melatonin decreased both NF-kB and IRF7 

expression, resulting in decreased production of TNF-α, IL-1β, IL-6, IL-8 and IL-10, 

suggesting that it has crucial inhibitory effects on key TLR4 proteins on both the 

MyD88 dependant and TRIF dependent pathways(163). Further insights to the 

mechanism by which melatonin may act on TLR4 and its pathway are provided by Fu et 

al(253), who describe how TLR4 and MyD88 expression were reduced through 

inhibition of TLR4 and MyD88 binding, and because of restriction of TLR/MD2/CD14 

complex formation by melatonin. This is supported by Tamtaji et al(254), who 

commented on a similar mechanism and  importance of melatonin as a TLR inhibitor. 

As we have demonstrated an excess of TLR4 on non-classical monocytes in children 

with DS(182), melatonin may prove to be of therapeutic benefit in this cohort, with 

further research required.  

               In evaluating melatonin and genes involved in inflammasome activation we 

discovered that on comparing LPS and LPS plus melatonin there were significant 

decreases in IL-1β and NLRP3 expression in the children with DS but not in controls. 

The inflammasome is part of the innate immune system and is a multiprotein complex 

that ultimately generates pro-inflammatory cytokines IL-1β and IL-18(94). The NLRP3 

inflammasome was a source of interest given its association with chronic inflammation 

and autoimmunity(95), more prevalent in DS, and the reported greater circulating IL-

1β levels in DS(90, 97). There appears to be a potential role for melatonin in inhibiting 

inflammasome activation; Liu et al(255) in a murine model of sepsis reported that 

following induction by LPS and melatonin, NLRP3 inflammasome activation was 
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reduced. Similarly, in Rahim et al(256) reported that melatonin counteracts the NF-

kB/NLRP3 connection in response to LPS, and postulate that this agent may have a role 

in attenuating the inflammatory response by this mechanism. Given that a greater 

response to melatonin was seen in the DS cohort, and that there is an increased 

susceptibility to autoinflammation in this population also, specific targeting of the 

inflammasome could prove beneficial.   

             As discussed, autoimmunity is more prevalent in DS, and the potential for 

melatonin to do more harm than good in this context is controversial. Several 

autoimmune conditions have been associated with both exogeneous and endogenous 

melatonin(257). Arthropathy is common in DS and there is evidence that excess 

melatonin seen at higher latitudes, comparing Estonian and Italian patients with 

rheumatoid arthritis (RA) may be linked to this chronic disease(258). Furthermore, a 

positive association between disease severity and melatonin levels has been 

postulated in patients with RA versus controls(259). However, in an animal model of 

arthritis, melatonin reduced joint inflammation as an adjuvant therapy(260). In a study 

on human patients with RA given 10mg of melatonin nocte, the authors reported 

increased ESR, lower antioxidants, but no change in cytokine levels, and no significant 

change in clinical signs(261). 

               Melatonin appears to have pro and/or anti-inflammatory actions in different 

contexts. Human monocytes stimulated with melatonin in vitro improved the cytotoxic 

response to LPS, and also promoted IL-6 and IL-12 levels(262). Conversely, melatonin 

has been shown to attenuate neutrophil infiltration and reduce inflammation in the 

settings of experimental acute pancreatitis, lung injury and airway hyperreactivity(263, 

264). The immunomodulatory response may also be dose dependent: with a low dose 

(10 nM) amplifying human neutrophil respiratory burst response, whereas an 

increased dose (2 mM) having the opposite effect(265). Targeted effects of melatonin 

on different cytokines in response to LPS sepsis in mice demonstrated that mice 

treated with the immunomodulator had much higher survival rates (90 versus 20%), 

and that pro-inflammatory cytokines such as TNF-α, IFN-γ, and IL-12 were reduced, the 

anti-inflammatory IL-10 was significantly raised(266). Shang et al(267) and Xu et 

al(268), also reported melatonin to result in significant increases in IL-10 in this 
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context. This may lead to a more balanced cytokine response to infection and improve 

outcomes in sepsis. In our study, there was a trend towards significant rises in IL-10 in 

both cohorts, and we did observe increases in IL-2 and GM-CSF for both groups. There 

is evidence that melatonin can augment IL-2 levels in monocytes ex vivo and that it 

may play a role in regulating CD4+ lymphocyte activity(269). Maestroni et al(270), 

reported that endogenous GM-CSF was increased with melatonin administered as a 

chemotherapeutic adjunct to counteract myelosuppressive side effects, adding to the 

list of immune functions that this hormone displays.  

             Our evidence suggests that there is a preferential response to melatonin in the 

DS cohort in relation to certain cytokine responses, TLR signalling and genes involved 

in inflammasome activation. One potential contributor is that the numbers in the DS 

group were lower than the controls for the cytokine experiments. Another may be that 

as a population, those with DS may exhibit altered endogenous melatonin levels. Of 

the few studies examining this there is conflicting evidence; Uberos et al(237) looked 

at serum melatonin levels in children with DS (n=15) and controls (n=15), and reported 

lower levels in the DS group, ((pointing out a possible inherent vulnerability to 

oxidative stress from free radical accumulation)). Contrary to this Reiter et al(234) 

examined the chief metabolite of melatonin, 6-hydroxymelatonin sulphate, in urine 

over 24hours (DS n=12). The absolute levels and variations in this melatonin 

metabolite were the same as controls. As we have outlined, sleep disruption is 

common in children with DS, which may potentially disturb their circadian rhythm 

causing anomalous melatonin levels and immune responses. Effects of disruption to 

circadian clocks and the immune response is discussed by Labrecque et al(111), who 

report that multiple cellular functions are disrupted: cellular migration, proliferation in 

response to pathogens, phagocytosis and cytolysis. In a Down syndrome mouse model 

evaluating sleep and circadian rhythm it was found that although the mice did exhibit 

sleep interruptions similar to patients with DS, their circadian rhythm remained 

unaffected(271). Fernandez et al(272) performed a cross-sectional study examining 

sleep and circadian rhythm periods in young children with DS (n=66, age range 5-67 

months) and controls (n=43, age matched normal development). They observed that 

children with DS had more sleep fragmentation the circadian rhythms were robust, 
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and the authors conclude that any resultant cognitive delays are not exacerbated by 

alterations in circadian rhythms. This has been borne out in our work examining genes 

involved in regulating circadian rhythm by qPCR. We found that there were no 

significant differences in key genes BMAL, CLOCK, CRY and REV-ERBα, in children with 

DS (n=10) and controls (n=10) at baseline or after immunomodulation with LPS and 

melatonin.   

             Although not directly examined in our study, it is worth highlighting the 

potential benefits of melatonin in other aspects of medicine. For example, improving 

neurodegenerative change, especially relevant given the almost universal progression 

to Alzheimer’s disease in DS(273). Melatonin may also have a neuroprotective role in 

DS. Corrales et al examined trisomic mice and demonstrated that melatonin treatment 

can increase the density and actions of neuronal synapses and reduce lipid 

peroxidation in the hippocampus potentially arresting the advance of 

neuropathology(235). Parisotto et al(236), reported that long term melatonin 

treatment decreased oxidative damage and cellular senescence in the brains of mice, 

and postulate that this therapy could attenuate neurodegenerative changes in adults 

with DS. However, another murine study found that the administration of melatonin 

pre and postnatally, somewhat reduced neuronal oxidative stress but failed to result 

arrest neurodegeneration in trisomic mice(274). It appears that melatonin 

administration in adulthood may have more neuroprotective benefits, but further 

trials are warranted.  

          Augmentation of the immune response to vaccination can potentially achieved 

with adjuvant melatonin therapy, this may be particularly relevant in DS where there is 

are known deficiencies following immunisation, with suboptimal antibody 

responses(125, 127). In animal studies melatonin has increased the humoral response 

and antibody titres in animals given melatonin versus those solely vaccinated(275, 

276). This represents another tantalising avenue for experimentation with this multi-

functional immunomodulator.  

             Overall melatonin mediates its immune response through a wide array of 

mechanisms, its effects appear be dose dependant and children with DS may be more 

receptive to treatment with it. Furthermore, this immunomodulator may play a key 
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role in buffering the inflammatory response by regulating pro and anti-inflammatory 

signalling depending on the context.  A beneficial safety profile also makes this agent 

the subject of many further clinical trials(277), which are much needed to fully 

elucidate the actions of this pleiotropic hormone.        
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Chapter 7: Clinical Immunology in children with Down syndrome 

 

7.1.1 Introduction 

              The rationale for immune screening for suspected primary immunodeficiency 

(PID) can be made by demonstrating that early recognition and diagnosis leads to 

better outcomes. This is particularly true in paediatrics as many of these conditions 

present in early infancy. The general paediatrician has a key role in being the first 

responder to further investigate the immune status based on presenting symptoms 

and signs and a high index of suspicion. Children with DS are an immunodeficient 

cohort with decreased T and B cell counts, suboptimal response to vaccinations, 

impaired neutrophil chemotaxis and dysregulated cytokine responses(10, 16). Clinically 

they are at increased risk of infections, particularly recurrent URTIs, otitis media and 

pneumonia(278), and more commonly require hospitalisation than other children(6). 

Therefore, given the increased morbidity, immune screening investigations are often 

performed to check the underlying immune phenotype of children with DS. A typical 

panel of tests might include; T and B lymphocyte subset analysis (enumerating CD3, 

CD4, CD8, CD19, CD56 cells), immunoglobulin levels (IgA, IgM, IgG), and antibody titres 

to immunisation (anti-pneumococcal, anti-tetanus, anti-haemophilus influenzae). Age 

appropriate reference ranges for immunological tests in childhood are important, 

especially in infancy where it is normal to have excess immunoglobulins from placental 

maternal antibodies and also a lymphocytosis(279). Indeed, the latter immunological 

phenomenon does not occur to the same extent in infants with DS(16), perhaps 

making them more vulnerable during this time. Although the clinical significance of 

these results remains obscure, the hope is they may allow us to focus on the high-risk 

child with DS, ensuring early prophylactic measures and aggressive treatment of 

suspected LRTI are initiated.  
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7.1.2 Hypothesis 

We hypothesised that given the abnormalities in immune screening tests of children 

with DS, that there are potential biomarkers which could allow us to predict the clinical 

outcomes and focus care for higher risk children.  

 

7.1.3 Aims 

We aimed to evaluate the immune phenotype of children with DS and to examine the 

association of these biomarkers with outcomes such as recurrent respiratory tract 

infections or previous hospitalisations.  

 

7.1.4 Results 

7.1.4.1 Patient Demographics 

               There were 164 children with DS included in this study, with a mean ± SD age 

of 5.22 ± 4.34 years (y), of which 47.9% were female. The children were divided into 

four age categories: < 1 year (n=31;18.9%), 1-5 y (n=62; 37.8%), 5-10 y (n=45; 27.4%), > 

10years (n=26; 15.9%).  

7.1.4.2 Full blood count 

               There were 125 children with DS who had a full blood count (FBC), with a 

mean age of 5.80 ± 3.95 y, of which 45.9% were female. All blood test results were 

compared to the established age matched reference ranges for children(280-282). 

Overall 74.2% had a normal white cell count (WCC), 24.2% had a low WCC, and 1.6% 

had a raised WCC [Figure 7.1(a)]. The cohort was stratified by age into four different 

groups for further analysis: 0-1, 1-5, 5-10 and those over 10 years of age (up to 16.5 

years). There were low WCC observed in 27.3% of infants, 16% of 1-5-year olds, 34.1% 

of 5-10 year olds, and 23.8% of those over the age of 10 [Figure 7.2(a)]. Neutrophils 

were low in 12.1% of children with DS (Cut off <1.5x109/l absolute neutrophil count 

(ANC)) normal in 83.9%, and high in 4%. Stratifying by age there were low neutrophil 

counts in: 36.4% of 0-1 year olds, 4% 1-5 years, 17.1% 5-10 year olds, and 9.5% of 

those over 10 [Figure 7.1(a) & 7.2(b)]. The lymphocyte counts were low in 22.6%, 
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normal in 73.9% and high in 3.5% [Figure 7.1(a)]. Low lymphocyte counts were found 

in 22.2% of infants, 20.5% 1-5 year olds, 20% of 5-10 year olds, and 33.3% of those 

over 10 [Figure 7.2(c)].  

7.1.4.3 T and B lymphocyte subsets 

                There were 82 children with DS who had T and B lymphocyte subset analysis 

performed. CD3+ T lymphocyte counts were low in 45.1%, normal in 53.7%, and high in 

1.2% [Figure 7.1(c)]. Stratifying by age 42.9% of infants, 54.1% of 1-5 year olds, 32% of 

5-10 year olds, and 50% of over 10s had low CD3+ counts [Figure 7.3(a)]. CD4+ T cells 

were reduced in 48.8%, normal in 50%, and increased in 1.2%. Further analysis 

revealed decreased CD4+ counts in 12.5% of infants, 59.5% of 1-5 year olds, 32% of 5-

10 year olds, and 41.7% of those over 10 [Figure 7.1(c) & 7.3(b)]. CD8+ cytotoxic T cell 

counts were decreased in 34.1%, normal in 61%, and high in 4.9%. Low CD8+ cell 

numbers were seen in 28.6% of infants, 45.9% of 1-5 year olds, 20% of 5-10 year olds, 

and 33.3% of over 10s [Figure 7.1(c) & 7.3(c)]. Natural killer cell (CD56+) counts were 

low in 15.9%, normal in 79.3%, and increased in 4.9% [Figure 7.1c].  NK cell numbers 

were reduced in 14.3% of infants, 32.4% of 1-5 year olds, 0% of 5-10 year olds, and 

14.3% of 10+ year olds [Figure 7.3(d)]. The B lymphocytes (CD19+) were low in 76.8% 

and within the normal range in 23.2% [Figure 7.1(c)]. Stratifying by age there were low 

B cell counts in 57.1% of infants, 78.4% of 1-5 year olds, 84% of 5-10 year olds, and 

66.7% of those over 10 [Figure 7.3(e)].  

7.1.4.4 Immunoglobulins 

                 There were 112 children with DS who had immunoglobulin levels checked. 

The vast majority of our cohort had normal IgM, IgG, and IgA in serum. IgM levels were 

normal in 96.1% and low in 3.9%. IgG was normal in 91.3%, low in 1.9% and high in 

6.8%. Lastly, IgA was reduced in 2.7%, normal in 88.4%, and increased in 8.9% [Figure 

7.1(b)].  

7.1.4.5 Antibody titres 

                  There were 61 children with DS who had antibody titres to pneumococcus 

and tetanus. Regarding total pneumococcal Ig, 98.3% had acceptable titres and 1.7% 
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had low levels. For pneumococcal Ig2, 11.5% had low antibody titres with 88.5% being 

acceptable. The tetanus titres were normal in 96.7%, and low in 3.3% [Figure 7.1(d)].  

7.1.4.6 Clinical Data 

                   The degree of morbidity due to recurrent respiratory tract infections 

(RRTIs), and hospitalisations due to RTIs in children with DS was assessed. RRTIs were 

defined as ≥ 3 episodes of lower respiratory tract symptoms; bronchitis, bronchiolitis 

or pneumonia per year(283). We also quantified how many of these children required 

hospital admission due to a RTI, by direct consultation with child and parents in the 

dedicated DS clinic and review of patient medical records.  

                     There was clinical information available for 151 children with DS and 34.7% 

of families reported their child had recurrent respiratory tract infections. There were 

56 (37.1%) children with DS who required admission to hospital due to a RTI at least 

once [Figure 7.1(e)]. Multiple hospital admissions were required for (n=27) 17.8% of 

the population and 56 patients who required admission to hospital with a RTI, (n=26) 

46.4% were admitted on more than one occasion.  
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Figure 7.1. Full blood count, Immunoglobulins, T and B cell subsets, Antibody titres, 

and clinical data for children with DS.  

Percentage of children with DS with low, normal or high blood counts for: (a) Full 

blood count (n=125), (b) Immunoglobulins (n=112) (c) T and B cell subsets (n=82), (d) 

Antibody titres to pneumococcus and tetanus (n=61), and (e) number of children with 

DS(n=164) who had a history of recurrent respiratory tract infections and 

hospitalisation due to respiratory tract infection. 
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Figure 7.2. Percentage of children with DS with low, normal or high white cell, 

neutrophil and lymphocyte counts, stratified by age. 

(WCC) (a), neutrophils (b), lymphocytes (c) stratified by age range: 0-1, 1-5, 5-10, 10-16 

years old. (n=125). 
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Figure 7.3. Percentage of children with DS with low, normal or high T and B cell 

subsets, stratified by age. 

CD3+ (a), CD4+ T cell (b), CD8+ T cell (c), Natural killer (NK) cell (d), CD19+ B cell (e) 

stratified by age range: 0-1, 1-5, 5-10, 10-16 years old. (n=82). 
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7.1.4.7 Predictive markers                     

Possible associations between biomarkers like WCC and outcomes like RRTIs 

and hospital admissions with pneumonia were examined. The clinical outcome variable 

was split into those who were previously hospitalised (n=42) and those who have 

never been hospitalised (n=78) with pneumonia, and compared the mean WCC in 

those two groups, Table 7.1. Children who were previously hospitalised had 

significantly lower WCC than those who had never been admitted (p=0.009).  

Neutrophil counts were significantly lower in children with previous admissions with 

pneumonia versus those who were never hospitalised (p=0.02). There were no 

differences in mean lymphocyte counts between the hospitalised and non-hospitalised 

sub-groups (p=0.32; Table 7.1).  
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Table 7.1 

Ever Hospitalised n Mean 

(x109/l) 

Std. 

Deviation 

Std. Error 

Mean 

p-value 

WCC Hospital 42 5.48 1.99 0.31 0.009 

 
No Hospital 78 6.78 2.80 0.32 

Neutrophils Hospital 42 2.53 1.31 0.20 0.02 

No Hospital 78 3.51 2.61 0.30  

Lymphocytes Hospital 42 2.30 1.01 0.16 0.33 

No Hospital 78 2.47 0.91 0.10  

 

Table 7.1. White cell count, Neutrophils, and lymphocytes (x109/l) of children with 

DS who were previously hospitalised with pneumonia (“Hospital”), compared to 

those who were never hospitalised (“No Hospital”).  

WCC= white cell count; Std.= Standard. Unpaired t-test. P value <0.05 denoted in bold.  
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7.1.4.7 Predictive markers                     

            There was a significant association between the white cell count and the clinical 

outcome of ever requiring hospitalisation, i.e. lower white cell count had a predictive 

association with requiring hospitalisation (p=0.015), using binary logistic regression 

models. 

Examining this further, a WCC receiver operator curve (ROC) curve [Figure 7.4] 

had an area under the curve of 0.669 [95% Confidence intervals 0.563-0.774] and was 

significant (p=0.002). Neutrophils had similar statistical significance, with a low count 

more likely to have occurred on those who had been hospitalised. A ROC curve with 

similar stats was generated; AUC 0.668 [95% Confidence interval 0.568-0.771], 

(p=0.002) [Figure 7.5].  

There was no association or predictive value between any biomarker and the 

clinical outcome measure of recurrent respiratory tract infections i.e.  RRTIs were not 

associated with any abnormalities in immune screening tests. Those with a history of 

recurrent respiratory tract infections (RRTIs) also had significantly higher 

hospitalisation rate in the past (Odds ratio 3.6, 95% confidence interval 1.8-7.6).  
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Figure 7.4. Receiver operator curve for WCC and hospitalisation in children with DS.  

x axis= 1-specificty (false positive fraction), y axis= sensitivity (true positive fraction). 

Logistic regression. (n=120). 
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Figure 7.5. Receiver operator curve for Neutrophil count and hospitalisation in 

children with DS. 

x axis= 1-specificty (false positive fraction), y axis= sensitivity (true positive fraction). 

Logistic regression. (n=120). 
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7.1.5 Discussion 

               We demonstrated significant differences in white cell count differentials and T 

and B cell subsets in children with DS compared to age matched normative values, in 

keeping with the literature (10, 16, 51). Overall, almost a quarter of children with DS 

had reduced WCC and lymphocyte counts, and 12% had lower neutrophil levels. The 

most striking deficiency in lymphocyte subsets was seen in the CD19+ B cell, with over 

three quarters of children with DS having reduced counts. This has been widely 

corroborated in other studies(27, 33). Overall T lymphocyte counts (CD3+, CD4+, CD8+) 

were markedly reduced in children with DS; almost half displaying low CD3+ and CD4+ 

counts, and over a third of the cohort showing decreased CD8+ cell numbers. Apart 

from the NK cells, we did not observe any significant improvements in cell subset 

counts as age increased. At odds with some previous reports, we found 

immunoglobulin levels (IgM, IgG, IgA) which were close to normal, as well as relatively 

robust antibody responses to pneumococcus and tetanus immunisation(127, 128).  

                From a clinical perspective, as expected these children have significant 

medical comorbidity in relation to RRTIs and hospitalisations secondary to LRTIs. We 

reported that over one third of children with DS have had RRTIs, and 37% of this 

population were hospitalised at least once due to a RTI. Furthermore, almost half of 

these children were admitted on more than one occasion. Evaluating the possible 

associations/correlations between biomarkers (WCC, neutrophils) and outcome 

(history of hospitalisation), we found that children with DS who had a low WCC or 

neutrophil count were significantly more likely to have required hospitalisation due to 

a RTI. Indeed, the lower the white cell count or neutrophil count the higher the 

probability of that patient requiring admission to hospital. 

                   This association between WCC and previous hospitalisation could be 

significant, although the ROC curves do not suggest a particularly sensitive or specific 

test in this instance. Our AUC of 0.67 suggests this test is below the widely regarded 

acceptable level for diagnostic accuracy (0.7), with results greater than 0.8 considered 

excellent(284, 285). The clinical implications of an abnormal immune phenotype have 

been evaluated previously. Martinez et al(30) correlated infection related hospital 

admissions with abnormal immune parameters in children with DS. Retrospectively, 
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the numbers of Tregs, B cells and age moderately correlated with infection related 

hospitalisations, whilst only Treg number and age correlated with infection related 

admissions prospectively. Mitwalli et al performed a large (DS n=150, Controls n=100) 

recent prospective case control study was carried out examining the following cell 

surface markers by flow cytometry; T cells (CD3, CD4, CD8), B cells (CD19), Natural 

killer cells (CD56), and appraised whether there was any correlation between these 

immune parameters, recurrent infections and hospitalisation(286). Similar to our 

study, they acknowledged the increased infectious burden faced by these children; 

significantly increased infections in the DS cohort (OTM, URTIs, sinusitis, RTIs), 

however no clear correlation could be elucidated with the WCC or any of the T and B 

cell subsets. Kusters et al could also not find a significant link between reduced T cell 

counts and infections in this population(287). Natural killer cell aberrations in DS and 

links to repeated infections and hospital admissions were reviewed by Ribeiro et 

al(288) who did not report any significant link.  

                  In our study the CD19+ B cell was the most markedly reduced of all the other 

cell lines, and as mentioned this is corroborated in several other studies on children 

with DS(24, 27). There is plenty of evidence that children with DS have reduced CD19+ 

B cells in comparison to their peers(29, 286, 289, 290), and there is also evidence that 

B cell function is also impaired with a reduction of switched memory B cells, a reduced 

capacity to respond to vaccination or a secondary pathogenic insult, leading to a less 

robust immune response over time(27, 33). This cell subset may have a correlation 

with increased infection burden and hospitalisation. Seckin et al(291) examined 

alterations in the CD19 complex and memory B cells in children with DS. Taking 37 

patients and 39 controls they reported reduced B cell numbers for all age groups. 

Looking at different cell surface markers in more detail they found a link between 

decreased CD27+IgM+IgD+ natural effector cells and an increased risk of severe RTIs 

and subsequent hospital admissions. In contrast, Verstegen et al (29) looked at B cell 

subpopulations, immunoglobulins in DS and also concluded that although there were 

anomalies of the humoral immune system in DS including reduced B lymphocyte 

production and hypergammaglobulinaemia suggestive of defective T-lymphocytes, 

they could not correlate this with clinical features and increased infection risk. 
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Although normal immunoglobulin levels may be present perhaps it is the ability to 

acutely react and produce specific antibody post pathogenic insult, and or the 

maintenance of vigorous long-term immunity which renders these children high risk.                             

                 Regarding T lymphocyte counts in DS, and first assessing CD3+ cells, it has 

been reported that up until the age of 13 years children with DS have significantly 

fewer CD3+ cells versus controls, however, beyond this age the disparity diminishes. 

This supports the evidence that the gap in lymphocyte subsets between controls and 

children with DS narrows with age(292), something that we did not observe in our 

cohort up to the age of 16 years. There has been some conflicting evidence in the 

literature regarding CD4+ cell number in DS. Mitwalli et al(286) demonstrated a 

reduced number of CD4 cells in children with DS, as have several other studies(290, 

293), whilst another paper quoted increased CD4 counts in this cohort(35). The latter 

paper also reported higher cytotoxic T cell (CD8+) percentage in children with DS, 

however this is also at odds with other published literature showing reduced CD8+ 

counts(286). Lastly, Schoch et al described no difference in CD8+ cells in this 

population(24).  

                 We have reported essentially normal immunoglobulin IgM, IgG, IgA levels in 

children with DS. Martinez et al, reported immunoglobulin dyscrasia in DS with 

elevated IgA, IgG and reduced IgM(30). There have been several publications on 

quantitative immunoglobulins in DS, however, there are variances in the reported 

values and there are no definitive conclusions on the normative immunoglobulin levels 

in DS(294, 295). Furthermore, from a general paediatric perspective one should always 

consider the loss of immunoglobulin may be due to GIT, renal losses, medications or 

malignancy(296). Indeed, it is interesting that children with DS can produce 

immunoglobulins, but they seem to produce them in suboptimal quantities and may 

not be able to maintain long term immunity over time(27, 125).  

               Regarding antibody titres, we previously highlighted the vulnerability of this 

population in relation to vaccine preventable diseases and advocated for extra 

immunisations for children with DS(297). Indeed, there is evidence that the suboptimal 

titres may directly translate into an increased infection burden. A study looking at the 

infectious history, peripheral blood markers; immunoglobulins, pneumococcal 
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polysaccharide titres and memory B cells in 40 children with DS reported that only 5 

had reached clinical protective antibody titre level to half of the serotypes evaluated. 

Eleven of these children were re-immunised to pneumococcus but 63% demonstrated 

persistently low titres after re-vaccination. Furthermore, from a clinical perspective 

those who had non-protective titres had 40% increased history of sinusitis and otitis 

and a significantly increased risk of pneumonia(298). 

                The clinical manifestations of immune dysregulation for adults with DS appear 

varied. Guffroy et al(299) looked at 37 adults with DS (mean age 27 years) and 

assessed for both child and adulthood history of infections, as well as performing some 

immune screening blood tests (T and B cell subsets, immunoglobulins and antibody 

titres). The authors report that although 54% reported frequent infections in 

childhood, only one patient was documented as having recurrent infections as an 

adult. In conclusion, despite persistently low total and memory B cell counts 

originating in childhood where recurrent infections manifest, adults with DS do not 

appear to succumb to this clinical complication as easily, suggesting an offsetting 

between the persistent anomalous immune cell markers with clinical outcomes. 

Interestingly, this protective timeline does not last and increased cognitive decline 

from the 5th decade is associated with a return of the infectious burden and 

morbidity(299). 

                Finding a biomarker which is readily available and allows effective 

prognostication is something that is central to much clinical research. In DS, as 

mentioned, there are some more specialised immune markers such as Tregs(30), and 

specific B cell subpopulations (CD27+IgM+IgD+)(291) which appear to have some 

correlation with clinical outcomes, however, these tests are not mainstream currently 

and  further studies are required to authenticate this association. Otherwise, mannan 

binding lectin (MBL) deficiency in DS, which is important in opsonisation and initiation 

of the complement pathway, has been shown to be linked to an increased risk of 

recurrent infections and pneumonia(300). Again the evidence is small, this is an 

isolated paper involving patients with DS, and there has been other evidence 

questioning the clinical significance of MBL in relation to RTIs(301). 
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               To our knowledge, this is the first study to make a link between WCC and a 

history of hospitalisation in children with DS. The lower the WCC the greater the 

probability of having a history of hospital admission due to an RTI. There was no such 

association between WCC or any other biomarker and RRTI. Further studies are 

required to corroborate our results but identifying those children with DS who are at 

greatest risk with a simple, ubiquitous test could be key to improving the standard of 

care. Consequently, the WCC and neutrophil count could serve as a predictor for 

poorer respiratory outcomes. Children with DS should be managed with a heightened 

sense of awareness and urgency in the setting of RTI.   
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7.2 Do children with Down syndrome benefit from extra vaccinations? 

7.2.1 Introduction 

We performed an evidence-based synthesis of data following the format of 

“Best bets” as delineated below (www.bestbets.org). This process allows “the 

integration of clinical information obtained from a patient with the best evidence 

available from clinical research and experience, and the application of this knowledge 

to the prevention, diagnosis or management of disease in that child”(302). Ultimately 

this provides a succinct summary of the best available evidence to help better inform 

clinical decision making.  

 

7.2.2 Scenario 

A 4-month-old baby girl with Down syndrome attended the General Paediatric 

clinic for routine follow up. She had commenced her routine vaccination schedule. The 

Registrar asked, as children with Down syndrome are at increased risk of infections, 

should this baby have any extra vaccinations?   

 

7.2.3 Structured clinical question 

In children with Down syndrome [population] do additional booster 

vaccinations [intervention] as well as routine improve outcome [outcome]?  

 

7.2.4 Search Strategy 

7.2.4.1 Primary sources 

MEDLINE was searched via PubMed up to January 2018; the advanced search mode 

was used including the terms “Down syndrome” or “Trisomy 21” and “immunisation” 

or “vaccination” or “booster immunisation” or “booster vaccination” or “antibody 

titres” or “antibody response or “vaccine titre” or “vaccine response”.  The articles 

were selected based on the “most relevant” search mode. 

 

http://www.bestbets.org/
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7.2.4.2 Secondary sources  

A search of the Cochrane Library using the search terms “Down syndrome”, “Trisomy 

21” and “vaccinations”, “immunisations” were performed.  No significant results were 

found. 

 

7.2.5 Commentary 

Children with DS are at increased risk of infections such as pneumonia and 

mortality from sepsis secondary to altered immune function.  In Down syndrome, 

there are reduced numbers of T and B lymphocytes, a dysregulation of cytokines and 

often a sub-optimal antibody response to vaccination(1). Furthermore, there is a 

defect in the generation and maintenance of switched memory B cells(33), which are 

key in ensuring the longevity of a potent immune response over time.  

Children with DS are at higher risk of admission to hospital and intensive care 

with respiratory tract infections (RTIs)(3), which have a significant negative impact on 

development, behaviour and quality of life(4).  Seasonal influenza and pneumococcal 

vaccination have been suggested. Following the H1N1 pandemic the increased risk of 

hospitalisation, intubation and death in patients with DS was 16, 8 and 335-fold 

respectively, compared with patients without DS(303). However, the immune response 

in children with DS to influenza may be reduced; a study looking at this cohort 

reported that following two doses of Influenza A/H1N1, only 27% of patients (n=48) 

reached the cut off for a 50% clinical protection rate(127), compared to healthy 

control children in whom >90% reached the critical protection rate after one 

dose(304).  

 

7.2.6 Vaccine responses 

Response to immunisation against pneumococcal disease has shown varying 

results. Kusters et al(8) looked at antibody titres and opsonophagocytosis (n=18 DS 

cases) to conjugated and unconjugated pneumococcal vaccines and found that there 

were adequate serotype specific titres to all conjugated and nearly all unconjugated 
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serotypes utilised. The author suggests that children with DS do not have any 

significant defects in their response to polysaccharide antigen. In contrast, IgG 

response to inactivated influenza and pneumococcal polysaccharide vaccine (n=12) 

showed no differences between children with DS and controls post inactivated 

influenza vaccine, however the response to polysaccharide pneumococcal vaccine 

(PPV) was suboptimal in children with DS(9). The antibody response in Down syndrome 

to the capsular polysaccharide vaccine (23-valent pneumococcal vaccine) showed a 

significant rise, although the antibody titres post immunisation were reduced 

compared with controls(10).  

The level of clinical protection conferred following these altered immune 

responses to immunisation is difficult to establish for certain. Looking at immunity to 

other vaccines in DS, it has been shown that specific Meningococcal C polysaccharide 

IgM, IgG, and IgA concentrations were significantly lower than the normal ranges but 

considered protective at 3 months and 1-year post immunisation (11). On the contrary, 

hepatitis A immunisation has been shown to be as efficacious in children with DS 

(n=63) as controls (n=64) (12). An appraisal of the above studies focusing on immune 

responses to vaccinations in Down syndrome is found in table 7.2.1. 
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Table 7.2.1. Immune responses to vaccinations in Down syndrome 

Citation Study group 

 

Study type  Outcome 

 

Key Result 

 

Comments 

 

Kusters et al. 

2011 (a) 

(11) 

 

DS n=19 

5.3-17.4 years 

 

Compared with 

reference 

ranges 

 

Prospective 

cohort 

(4)  

Men C 

 

Specific Antibody 

levels at 3/12 and 

12/12 to MenC 

conjugated 

vaccine 

Reduced specific 

Antibody responses 

to MenC vaccine 

Protective but 

reduced response to 

MenC vaccine 

 

Kusters et al. 

2012 (b) 

(6) 

DS n=48 

0.7-17 years  

versus 

unvaccinated 

DS n=25  

0.2-19 years  

 

Prospective 

cohort 

(4)  

Influenza A/ 

H1N1 

 

Vaccination 

response to 2 

doses of Influenza 

A/H1N1 

At 23-267d post 

vaccination 

 

92% of the children 

reached protective 

level 

(hemagglutination-

inhibition titre 

>/=1:40), only 27% 

reached >/=1:110 

which predicts 50% 

clinical protection 

rate.  

Poor immune 

response from 2 

doses influenza 

A/H1N1 

 

Kusters et al. 

2013 (c) 

(8) 

DS n=18 

6-24 years 

 

versus aged 

matched 

controls 

 

 

 

 

 

Prospective 

cohort (4) 

Pneumococcal 

- conjugated 

+unconjugated 

Titres and 

opsonophagocyto

sis to conjugated 

& unconjugated 

pneumococcal 

vaccine 

 

 

 

 

Adequate titres to all 

conjugated & nearly 

all unconjugated 

pneumococcal 

serotypes 

Despite low B cells 

& CVID like state, 

can mount a 

sufficient immune 

response to 

pneumococcus 

http://www.cebm.net/docs/glossary.html
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Citation Study group 

 

Study type  Outcome Key Result 

 

Comments 

Costa-Carvalho 

et al. 

2006 

(10) 

DS pts n=17 

6-13 years 

 

Age matched 

controls  

n=30 

Prospective 

cohort (4) 

Pneuno 23 

IgG antibodies to 

pneumococcal 

serotypes (1, 3, 

6B, 9V, and 14) 

before and 6/52 

post=immunizatio

n with a 23-valent 

pneumococcal 

vaccine 

(Pneumo23®) 

 

All children with DS 4-

fold increase in post-

immunization in 

serotypes 1 and 14, in 

90% of subjects for 

serotypes 3 and 9V, 

and in 65% for 

serotype 6B 

Despite lower levels 

compared to normal 

controls, DS children 

showed a 7-fold 

mean increase in 

antibodies 

Suggests they 

produced 

pneumococcal 

antibodies 

Joshi et al. 

2011 

(9) 

 

DS n=12 

2-18 years 

 

Control n=12 

2-18 years 

 

 

 

 

 

 

 

 

 

 

 

 

 

Prospective 

cohort (4) 

Inactivated 

influenza + 

pneumococcal 

polysaccharide 

Quantitative 

assessment of IgG 

response to 

inactivated 

influenza & 

pneumococcal 

polysaccharide 

vaccine and 

lymphocyte 

subpopulations 

No differences in the 

% of cases and 

controls who 

responded to 

inactivated influenza 

vaccine, Response to 

polysaccharide 

pneumococcal 

vaccine suboptimal in 

cases 

 

 

 

 

 

 

Polysaccharide 

vaccine may have 

lower 

immunogenicity in 

all children  

possibility of using a 

protein conjugate 

vaccine may hold 

promise 

http://www.cebm.net/docs/glossary.html
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Citation Study group 

 

Study type  Outcome 

 

Key Result 

 

Comments 

 

Valentini et al. 

2015 

(2) 

 

 

DS n=15  

3-12 years 

 

Controls n=15 

3-12 years 

Prospective 

cohort 

Influenza + 

pneumococcal 

conjugated 

Serum antibody 

titres and specific 

memory B cell 

numbers post 

influenza + 

pneumococcal 

vaccine 

Impaired production 

of specific switched 

memory B cells after 

primary vaccination 

(influenza), 

Increase of specific 

switched memory B 

cells after booster 

vaccination (PCV), 

Normal serum 

antibodies response 

to vaccination 

DS individuals 

respond to 

vaccination with 

antibody secretion, 

 less able to produce 

and maintain 

switched memory B 

cells 

Kusters et al. 

2011 (d) 

 

 

 

 

 

 

DS n=22 

(4-9 years) 

 

Age matched 

controls  

Cross sectional 

study Tetanus 

Avidity of the 

antibody 

response post 

tetanus toxoid 

(TT) booster  

Although overall anti-

TT titres were 

protective the initial 

levels low at 4 years 

of age versus 

controls, and despite 

normalization of 

titres over time, the 

avidity maturation 

remained impaired at 

9 years old 

Partially explained 

by a deficiency in 

memory B cell 

selection in the 

germinal centres, 

which cannot be 

ameliorated by 

increasing age or 

booster 

immunisation in this 

context 

Ferreira et al. 

2004 

(12) 

 

DS n=63 

 

Control =64 

 

Age 1-12 years 

 

Prospective 

cohort  

HAV 

Seroconversion 

and anti-HAV 

titers were 

measured at 

months 1 and 7 

Seroconversion rates 

at month 1 were 92% 

and 94% in the DS 

and control groups, 

respectively. At 

month 7, 

seroconversion rates 

were 100% in both 

groups 

HAV vaccine well 

tolerated and highly 

immunogenic in 

children with DS. 

 

Legend of Abbreviations: MenC = meningococcal serotype C, CVID = common variable immune 

deficiency, Pneumo 23 = 23 – valent pneumococcal vaccine, PCV = pneumococcal conjugate vaccine, 

HAV = hepatitis A virus.  

http://www.cebm.net/docs/glossary.html
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7.2.7 Immunisation guidelines 

Given the increased infection risk and varying immune response to vaccination, 

what immunisation guidelines, specific to Down syndrome, are available? Irish 

vaccination guidelines suggest that children with Down syndrome should receive the 

following extra vaccines: inactivated influenza annually, Meningococcal ACWY, 

Meningococcal B, and Pneumococcal polysaccharide vaccine 23 (PPV23) at ≥2 years, at 

least 2 months post Pneumococcal conjugate vaccine (PCV)(13). New Zealand and the 

DSMIG (UK) recommend influenza vaccination from 6 months, PCV13 and PPV23 from 

2 years of age (14, 15). However, there are no specific guidelines form other national 

sources including the Center for Disease Control and Prevention (US), American 

Academy of Pediatrics, The UK Joint Committee on Vaccination and Immunisation (The 

Green Book) and Australia (16-20). The Green book does not explicitly list Down 

syndrome as an “at risk” condition; a systematic review appraising medical conditions 

at higher risk of complications of influenza was unable to draw firm conclusions 

regarding Down syndrome (22).  

 

7.2.8 Conclusion  

Children with DS represent an immunodeficient group and are at higher risk of 

infections and mortality from sepsis (21). In conclusion, DS has been described as a 

primary immunodeficiency, and the defective switched memory B lymphocytes offer a 

credible explanation for part of the immunological features described (22). 

Consequently, these children may not be able to maintain appropriate long-term 

immunity. It is important therefore to highlight to physicians the deficiencies post 

immunisation in Down syndrome children. Future studies assessing primary and 

booster response to immunisation should be considered to establish protection has 

been conferred, and tailored vaccination schedules can be created to ensure that the 

immunity in this high-risk group remains robust as they grow. 
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Clinical bottom line 

1. All children with Down syndrome should receive the following additional vaccines: 

annual influenza vaccine from 6 months of age, 23 valent pneumococcal vaccine from 

2 years of age, and consideration should be given to Meningococcal ACWY (and 

Meningococcal B if not already given). 

2. Long term immunogenicity of vaccinations is unknown in this population and may 

require boosters. 

3. Recurrent vaccine preventable diseases may have a negative impact on long-term 

outcome. 
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7.3 Pavilizumab for all children with Down syndrome? 

7.3.1 Introduction 

We performed an evidence-based synthesis of data following the format of 

“Best bets” as delineated below (www.bestbets.org). This process allows “the 

integration of clinical information obtained from a patient with the best evidence 

available from clinical research and experience, and the application of this knowledge 

to the prevention, diagnosis or management of disease in that child”(302). Ultimately 

this provides a succinct summary of the best available evidence to help better inform 

clinical decision making.  

 

7.3.2 Scenario 

A 4-month-old boy with Down syndrome attended the General Paediatric clinic for 

routine follow up. With Winter approaching the Registrar asked, as children with Down 

syndrome are at increased risk of respiratory tract infections, should this baby receive 

pavilizumab prophylaxis, even if there is no congenital heart disease? 

 

7.3.3 Structured clinical question 

Should children with Down syndrome without congenital heart disease or prematurity 

[population] receive pavilizumab prophylaxis [intervention] to improve outcome 

[outcome]?  

 

7.3.4 Search Strategy 

7.3.4.1 Primary sources 

MEDLINE was searched via PubMed up to July 2018; the advanced search mode was 

used including the terms “Down syndrome” or “Trisomy 21” and “pavilizumab” or 

“synagis” or “pavilizumab vaccination” or “pavilizumab immunisation” or “synagis 

vaccine” or “synagis immunisation” or pavilizumab prophylaxis or synagis prophylaxis”.  

The articles were selected based on the “most relevant” search mode. 

http://www.bestbets.org/
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7.3.4.2 Secondary sources  

A search of the Cochrane Library using the search terms “Down syndrome”, “Trisomy 

21” and “pavilizumab”, “synagis” were performed.  No significant results were found. 

 

7.3.5 Comments  

Respiratory syncytial virus (RSV) is the most common cause of bronchiolitis and 

is responsible for significant morbidity and mortality worldwide. It primarily affects 

infants and approximately 1% of children of this age in Europe and the USA will be 

hospitalised over bronchiolitis season which typically runs from November to 

March(305, 306). Pavilizumab is a humanised monoclonal antibody which provides 

passive immunity to the recipient, and although not a cure for RSV, has shown to be 

effective in reducing hospitalisation rates (by 55-72%) in high risk groups(307). It is 

usually given prophylactically; max 5 doses one month apart starting in the Autumn to 

those considered at greater risk: infants who are ex premature  <29 weeks, evidence of 

chronic lung disease (CLD), congenital heart disease (CHD), pulmonary abnormality, 

neuromuscular disease, significant immunosuppression(308).  

Children with Down syndrome (DS) may receive pavilizumab prophylaxis due to 

a congenital heart lesion, prematurity or another risk factor, but they are not 

specifically listed as a high-risk group by the AAP, the Green Book, or the Australian 

immunisation handbook(308-310). Indeed, to our knowledge only Japan and parts of 

Canada are the only places to recommend RSV prophylaxis for DS, regardless of 

CHD.(311, 312).  

Are children with DS, without CHD at a greater risk of RSV related 

hospitalisation also? Should all children with DS receive this prophylaxis regardless of 

cardiac history? Bloemers et al(313) performed a retrospective and prospective 

observational study to assess the incidence of RSV associated admissions in DS. They 

found that 7.6% of children with DS without CHD required admission vs 0.7% of 

controls (siblings of children with DS) and concluded that DS is an independent risk 

factor for hospitalisation due to RSV. In a national retrospective 1:2 (DS n=814) 

(Control n=1628) matched cohort study, Grut et al(314) found higher admission rates 
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in children with DS into the 2nd year of life, and surmised that DS is an individual risk 

factor for RSV hospitalisation even when adjusting for CHD, CLD and prematurity. A 

systematic review examining hospitalisation rates due to RSV in DS stated that DS 

constitutes a 6.8 fold increase in the relative risk of hospitalisation due to RSV, and it 

represents a significant independent risk factor for RSV related admissions(315).  

There are several studies showing that children with DS have more severe RSV 

disease once admitted(7, 311, 316, 317). Stagliano et al(316) reported that children 

with DS were more likely to require respiratory support and that those without 

additional risk factors such as CHD or prematurity, were also more likely to require a 

longer hospital stay compared to controls. Another retrospective cohort study found a 

more severe clinical course in children with DS once admitted; longer admissions and 

an increased need for intensive care support(317). Lee et al(7) studied infants with RSV 

bronchiolitis requiring PICU admission, and found that the highest mortality risk was in 

children with DS compared to those with other at risk cohorts such as prematurity or 

CLD. However, further studies are needed in relation to RSV related mortality in DS to 

fully evaluate this link. This burden of disease will obviously have a significant 

economic impact; increasing the burden associated with treating these patients for 

longer in more expensive beds. What about the cost effectiveness of administering 

prophylaxis for high risk children? A UK study reported that the following high risk 

groups fell within the economically viable £30,000/QALY (quality adjusted life year); 

infants <24 months with CLD, CHD, preterm <32 weeks, preterm 33-35 weeks with risk 

factors(318), this was supported by the conclusions of a systematic review which 

stated that pavilizumab was cost effective at improving outcomes in high risk 

children(319). As the evidence suggests any child with DS is at risk of similar or even 

more severe RSV disease than others, the argument can also be made for including 

them from an economic perspective.  

Comparing DS and other high-risk groups (prematurity, CLD etc) for RSV 

associated hospitalisation, it is becoming more apparent that these children are at as 

much risk for more severe respiratory morbidity. The authors of a retrospective cohort 

study concluded that DS was more robustly associated with hospitalisation due to RSV 

than any other risk factor apart from immunodeficiency. Furthermore, when the 
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estimated percent of children with RSV hospitalisation was stratified by any known risk 

factor and whether DS was present or not, it was found that having DS without risk 

factors carried a higher risk than not having DS with risk factors(316).  A UK based 

study examining the risk factors for hospital admission with RSV bronchiolitis found 

that DS (with and without CHD) had a higher relative risk of hospitalisation vs 

prematurity or chronic lung disease (RR = 2.5, 95% CI 1.7-3.7 v RR = 1.9, 95% CI 1.8-2.0 v 

RR 1.6 95% CI 1.4-1.8 respectively)(320). Comparing the risk of hospitalisation between 

children with DS without CHD, and children without DS with CHD, the admission rate 

was higher in the children with DS(321). The conclusion that children with DS without 

CHD are at as much risk for worse RSV bronchiolitis as other high risk groups is shared 

by Doucette et al(322), who state that these children should be treated the same as 

those with CLD or CHD. 

          If children with DS are at greater risk of and incur greater RSV related disease, is 

pavilizumab efficacious in this population?  Yi et al(323) in their prospective cohort 

study, looked at the hospitalisation rates due to RTI for children with DS treated with 

pavilizumab (n=532) versus those untreated (n=233). They found a 3.6-fold reduction 

in the RSV related hospitalisation rate in those treated with the vaccine. Children with 

DS receiving prophylaxis are less likely to require admission; the German synagis 

registry 2009-2016 reported that again, pavilizumab was effective in reducing 

admission rates due to RSV in DS, but also that the vaccine was safe with few adverse 

effects observed(324). In another observational post marketing study, Kashiwagi et 

al(325), examined the clinical efficacy of pavilizumab in children with DS without 

significant CHD and found that the intervention was well tolerated and effective in this 

cohort.  

 

7.3.6 Conclusion 

Although many of the studies above are either retrospective(313, 314, 316, 

317) or prospective observational(313, 321, 323, 325-327) studies, and a well-designed 

randomised controlled trial would be desirable, a recent meta-analysis examining DS 

and the risk of severe RSV concluded that children with DS without additional risk 
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factors were at significantly greater risk of worse clinical outcomes(328). Therefore, 

the available evidence supports that children with DS are at increased risk of 

hospitalisation from RSV related RTI, have more severe disease, necessitating longer 

hospital stays and more often requiring ventilatory support(315-317, 327). 

Importantly, this appears to be independent of cardiac history(311, 313-316, 327, 

328), and therefore we would advocate that every child with DS be offered prophylaxis 

to reduce morbidity and improve outcomes. Several studies completed show that 

pavilizumab is efficacious in reducing the incidence of hospitalisation due to RSV in 

children with DS with and without CHD(324-326). Lastly, it has been suggested that 

RSV related disease occurs for longer, in the second year of life and beyond in children 

with DS(314, 316), so should these children receive the vaccine for a second 

bronchiolitis season as indicated? 

 

Clinical bottom line (Grade of recommendation CEBM): 

1. DS is an independent risk factor for more severe RSV related disease. 

(independent of cardiac history or other risk factors) (B) 

2. Increased morbidity in DS due to RSV; increased hospitalisation rates, longer 

length of stays and more likely to require intensive care. (B) 

3. Pavilizumab is safe and effective at reducing hospitalisation rates in DS (with 

and without risk factors). Consideration to give prophylaxis to all children with 

DS. (B) 
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Table7.3.1. Evidence of RSV related disease and efficacy of pavilizumab in DS.  

Citation Study group 

 

Study type 

(level of 

evidence 

CEBM)  

Outcome 

 

Key Result 

 

Comments 

 

Bloemers et al 

2007 

DS n=395 

Age= <2y 

 

Controls= 

siblings of DS 

n= 276 

 

A retrospective 

observational 

study & a 

prospective 

birth-cohort 

study of 

children with DS 

(2b) 

 

To determine the 

incidence of RSV 

lower respiratory 

tract infection-

associated 

hospitalization 

among children DS 

7.6% of term 

children with DS 

without CHD v 

0.7% of controls 

were hospitalised 

with RSV related 

LRTIs 

Down syndrome 

(regardless of CHD) 

is an independent 

risk factor for 

hospitalisation due 

to RSV 

Medrano Lopez 

et al 

2009 

DS n=279 

No CHD n=105 

Significant 

CHD n=135 

Non-

significant 

CHD n=38 

Age= <24m 

Controls 

n=806 

Age= <24m 

Multicentre, 

observational 

prospective 

study  

(2b) 

To compare 

hospitalisation rates 

for LRTI in children 

< 24m with 

significant CHD 

without DS to those 

with DS with or 

without CHD 

Hospitalisation due 

to RSV was 7.8% v 

3.2% in DS v non-

DS cohorts. 

In DS 

hospitalisation 

rates were 15.9% in 

non-significant 

CHD, 9.3% in 

significant CHD and 

3% in no CHD 

In DS hospitalisation 

rates are higher due 

to RTI, especially 

RSV. 

The DS subgroup 

most likely to 

require admission 

were those with 

non-significant CHD 

and low 

immunoprophylaxis 

v RSV 

 

Galleguillos et al  

2016 

DS n= 58 

Mean age = 

26.4m 

 

Control n=58 

Mean age= 

11.8m 

 

Retrospective 

cohort study 

(2b) 

To compare clinical 

characteristics of 

children with DS 

and without 

admitted with RSV 

Children with DS 

had longer length 

of stays; 6 v 4 days 

(p<0.0001), more 

likely to need PICU 

(43% v 22% 

p=0.017) 

 

Children with DS 

experience more 

severe RSV disease, 

spending longer in 

hospital and are 

more likely to 

require PICU 

http://www.cebm.net/docs/glossary.html
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Citation Study group 

 

Study type 

(level of 

evidence 

CEBM)  

Outcome 

 

Key Result 

 

Comments 

 

Stagliano et al. 

2015 

 

 

 

DS n=842  

0-36m 

 

Controls 

n=632,358 

0-36m 

retrospective 

cohort study  

(2b) 

To assess DS as an 

independent risk 

factor for RSV 

hospitalization in 

children younger 

than 3 years of age 

and to examine 

severity of illness 

Hospitalisation rate 

of 9.6% v 2.8% in 

DS v controls. 

Median length of 

stay was 4 days v 2 

days in DS v 

controls (P < .001) 

More likely to 

require respiratory 

support in DS 

DS is an 

independent risk 

factor for RSV 

hospitalisation and 

more severe 

disease.  

These children tend 

to be older and risk 

persists over 24m of 

age. 

DS without risk 

factors like CHD, 

prematurity were 

also more likely to 

be hospitalised and 

have longer 

admissions than 

controls 

 

Grut et al 

2017 

DS n=814 

0-12m= 4m 

12-24m= 

17.5m 

 

Controls 

n=1628 

0-12m= 3.5m 

12-24m=13m 

 

 

 

National, 

retrospective 

1:2 matched 

cohort study 

2006-20011 

(2b) 

Hospitalisation risk 

due to RSV in DS 

under 2 years 

Adjust for other risk 

factors such as CHD, 

prematurity 

82 children with DS 

(10.1%) & 22 

controls (1.4%) 

were hospitalised 

for RSV 

Persistence of RSV 

hospitalisation in 

DS in 2nd yr. of life 

 

DS is an individual 

risk factor for RSV 

hospitalisation, 

adjusted for CHD, 

prematurity, CLD, 

and older siblings. 

http://www.cebm.net/docs/glossary.html
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Citation Study group 

 

Study type 

(level of 

evidence 

CEBM)  

Outcome 

 

Key Result 

 

Comments 

 

Mori et al. 

2014 

 

 

N/A   Review article 

(5) 

Review of the 

literature on RSV 

infections in 

children with 

immunodeficiencies 

or Down's 

syndrome  

To establish the 

risks, 

pathophysiology of 

severe RSV disease  

DS itself has been 

shown to be a risk 

factor for 

worse RSV 

infection, 

regardless of CHD 

status 

 

Pavilizumab has 

been approved in 

immunodeficiencies 

and Down 

syndrome 

(regardless of CHD 

status) 

Beckhaus et al. 

2018 

DS and the 

risk of severe 

RSV disease 

Meta-analysis 

(2a) 

Systematic review 

and meta-analysis 

from 12 studies 

over 10 countries 

 

9 times higher 

mortality and 8.7 

times the risk of 

hospitalisation due 

to RSV in DS 

 

DS even without RFs 

(CHD, prematurity) 

are also at 

significantly 

increased risk of 

worse RSV disease 

 

Chan et al. 

2017 

 

Systematic 

review 

Children with 

DS all <2 years 

Systematic 

review; 

1995 – 2017 

5 studies 

eligible for  

analysis  

(2a) 

 

 

 

 

 

 

Hospitalisation rate 

due to RSV in 

children with DS 

DS contributes to a 

6.8 (95% CI 5.5-8.4) 

fold increase in the 

relative risk of 

hospitalisation due 

to RSV 

DS is a significant 

independent risk 

factor for the 

development of 

severe RSV infection 

requiring 

hospitalisation 

http://www.cebm.net/docs/glossary.html
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Citation Study group 

 

Study type 

(level of 

evidence 

CEBM)  

Outcome 

 

Key Result 

 

Comments 

 

Sanchez-Luna et 

al. 

2017 

DS with no 

other RFs  

n= 93 

Controls with 

no RFs 

n=68 

Prospective 

multicentre 

cohort 

(2b) 

Hospitalisation 

rates due to RSV in 

DS V Controls 

Hospitalizations 

were significantly 

increased in the DS 

cohort v the non‐

DS cohort (9.7% vs 

1.5%, P=.03) 

Worse RSV disease 

in DS (without sig. 

CHD) v controls 

Consider 

prophylaxis in all 

children with DS 

Yi et al. 

2014 

DS treated c 

pavilizumab 

n=532 

DS not treated 

n=233 

Age: Up to 2 

years 

 

Prospective 

cohort  

(2b) 

Age: Up to 2 

years 

 

To compare 

hospitalisation rates 

due to RTI in 

children with DS 

treated with 

pavilizumab v those 

untreated 

Palivizumab is 

associated with a 

3.6-fold reduction 

in RSV-related 

hospitalization in 

children with DS  

Pavilizumab appears 

to have good 

efficacy in DS 

Paes et al. 

2014 

DS received 

pavilizumab 

n=600 

Age <2y 

Non- DS 

received 

pavilizumab 

for standard 

indications 

n=11,081 & 

other medical 

illnesses 

n=1629 

Age= <2y 

 

 

Prospective 

multicentre 

cohort study 

2006-2012 

(2b) 

To compare RSV 

hospitalization 

(RSVH) hazard 

ratios in DS aged <2 

years who received 

palivizumab versus 

children who 

received 

prophylaxis for 

standard 

indications (SI) and 

for other medical 

illnesses (MI) 

RSVH incidence 

rates were: 1.53%, 

1.45% and 2.27% 

for DS, SI and MI, 

respectively. 

Pavilizumab is 

equally effective at 

reducing admission 

to hospital due to 

RSV in DS as other 

groups requiring the 

vaccine 

http://www.cebm.net/docs/glossary.html


151 

 

Citation Study group 

 

Study type 

(level of 

evidence 

CEBM)  

Outcome 

 

Key Result 

 

Comments 

 

Simon et al. 2018 

 

DS n=249 

Median GA= 

ex 37/40 

1st vaccine= 

3.4 mths 

Without DS 

n=12,480 

Median GA 

31/40 

1ST vaccine= 

3.2m 

 

 

Prospective 

observational 

German synagis 

registry 

2009-2016 

(2b) 

Risk factors for RSV, 

Indications for 

synagis, No. of 

doses, Clinical 

outcomes, Adverse 

event 

Low RSV related 

hospitalisation rate 

(1.2%) in those 

with DS vaccinated 

 

Pavilizumab is safe 

and effective in DS 

 

High risk population 

for RTIs and 

admission 

 

Pavilizumab reduces 

admission rates in 

DS 

Kashiwagi et al. 

2018  

 

DS n=138 

(without CHD) 

&  

Immunocomp

romised 

n=167 

Median GA= 

38/40 

1st vaccine= 

11.5m 

 

 

 

 

 

Prospective  

observational 

post marketing 

study 

2013-2015 

(2b) 

Indications for 

vaccination, 

Adverse drug 

reactions, Clinical 

efficacy of vaccine 

5 developed RSV  

2 were hospitalised 

Both had DS= 

2/138= 1.5% 

 

Safe well tolerated 

Pavilizumab is safe 

and effective at 

reducing LRTIs 

caused by RSV in 

Down syndrome 

http://www.cebm.net/docs/glossary.html
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Citation Study group 

 

Study type 

(level of 

evidence 

CEBM)  

Outcome 

 

Key Result 

 

Comments 

 

Pignotti et al. 

2016 

N/A Consensus 

review 

(5) 

Multidisciplinary 

consensus 

conference to 

evaluate the 

appropriateness of 

palivizumab 

prophylaxis in 

respiratory syncytial 

virus disease 

 

In general, not 

candidates for 

prophylaxis 

 

Could be 

considered if 

concomitant CHD 

Authors feel the 

increase in 

hospitalisation rate 

is due to co-existing 

CHD 

American 

Academy of 

Paediatrics: 

Bronchiolitis 

Guidelines 

Committee 

2014 

N/A Consensus 

review and 

policy 

statement 

(2a) 

Guidance for 

palivizumab 

prophylaxis among 

young children at 

increased risk of 

hospitalization for 

RSV infection 

 

Insufficient data 

available to 

recommend 

palivizumab 

prophylaxis for 

children with DS 

Do acknowledge 

slight increase risk 

of hospitalisation 

due to RSV in DS but 

recommend 

prophylaxis only if 

another risk factor 

present 

 

Legend of Abbreviations: DS= Down syndrome; RSV= respiratory syncytial virus; CHD= congenital heart 

disease; RTI= respiratory tract infection; PICU= paediatric intensive care; CLD= chronic lung disease; GA= 

gestational age; LRTI= lower respiratory tract infection; RFs= risk factors 

 

 

 

 

 

 

http://www.cebm.net/docs/glossary.html
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Conclusion 

                 Children with Down syndrome are a high-risk group at increased risk of 

respiratory tract infections and admission to hospital with pneumonia(6). There are 

several potential measures which may allow us to mitigate this risk, pick out high risk 

individuals and decrease the burden of disease. Firstly, from an immune screening 

perspective simple laboratory investigation like the white cell and neutrophil count 

may be predictive of respiratory morbidity. Lower counts of both these biomarkers 

was associated with an increased risk of hospitalisation with pneumonia. Further 

investigation is required but highlighting these routine test results could allow us to 

treat and follow high risk individuals more aggressively. 

                 Prevention is better than cure and there are several vaccinations which if 

administered universally for children with DS could reduce hospital admissions and 

improve outcomes. RSV bronchiolitis is more severe for infants with DS independent of 

cardiac history or other risk factors(329). Providing pavilizumab prophylaxis to all 

infants with DS would lessen the burden of this disease for this cohort. Influenza is 

another virus which can cause increased morbidity and mortality in DS(303). 

Therefore, annual vaccination against this pathogen could deliver significant health 

benefits. Lastly, invasive pneumococcal disease (IPD) is a serious infection which can 

cause pneumonia, sepsis and meningitis(330). Children with DS are prone to 

pneumonia and more likely to die from sepsis, consequently booster immunisation 

against pneumococcus for all children over 2 years of age should be highlighted, 

encouraged and administered.  
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Chapter 8: Conclusion  

8.1 Introduction 

                  Down syndrome is the commonest chromosomal abnormality, and is 

associated with a multitude of medical co-morbidities(331). Although much of the 

associated health problems like developmental delay, congenital heart disease (CHD), 

arthropathy, thyroid and coeliac disease are well known and highlighted among the 

medical profession, the extent and the clinical significance of Down syndrome as the 

most prevalent syndromic immunodeficiency is perhaps more understated, and 

requires further examination, research and publication. Ireland has one of the highest 

prevalence rates of DS worldwide, with 1 in 550 births affected annually(137), 

therefore we have a unique opportunity to be a world leader in developing our 

research and understanding of the immune system of children with DS.  

           There is longstanding evidence about immune differences of children with DS 

with lower white cell counts, T and B cell subsets, smaller thymus glands, 

immunoglobulin dyscrasias, and cytokine dysregulation(10, 16). However, there also 

appeared to be significant gaps in the literature on the innate immune response in this 

population. Furthermore, limited research has focused on the clinical relevance and 

significance of specific immune deficiencies and highlighting the vulnerability of 

children with DS. Indeed, one of the reasons we chose to examine the CD11b, TLR2 

and TLR4 responses on neutrophils and monocytes is that these cells have significant 

clinical relevance in day to day practice. The Full blood count is one of the most readily 

available and widely utilised laboratory tests and it provides quantitative data on 

neutrophil and monocytes. Studies have demonstrated that anomalous numbers of 

these cells can lead to poorer outcomes in sepsis(332, 333), and we were keen to 

examine if the function of neutrophils and monocytes was also impaired. Although 

other front line innate responders like macrophages and dendritic cells were also of 

interest, and are under researched in DS, to date they are not routinely used by 

clinicians.  

            An evolving picture of profound immune dysregulation and the serious clinical 

sequelae as a result were the main drivers for our research in this area.  Children with 
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DS are prone to increased infections; both viral and bacterial, especially of the 

respiratory tract. They are more likely to be hospitalised, and for a longer duration 

with pneumonia than other children(5). Recurrent otitis media with effusion (OME) 

leads to high rates of conductive hearing loss in children with DS(187). Their ability to 

communicate may be potentially compromised further impacting on their speech and 

language skills. The increased burden of disease also has an impact on quality of life 

and on development which may be overlooked given the impaired cognitive abilities at 

baseline(278). Further research is needed to ascertain the impact of recurrent 

infections on development, behaviour and school performance. In infancy bronchiolitis 

occurs more commonly and with increased severity in DS, regardless of CHD status. 

These infants have prolonged hospitalisations, require PICU more frequently and an 

increased mortality(327, 328). A higher risk of death has also been reported in children 

with DS who have sepsis(8), further highlighting the poorer outcomes and stark clinical 

significance relating to a compromised immunity. The dedicated DS clinic provided us 

an ideal opportunity to delve deeper and evaluate facets and responses, to date 

unexplored, of their immune system. We focused mainly on innate immunity in DS by 

appraising cell surface markers on neutrophils and monocytes, TLR signalling 

pathways, cytokine responses, and the inflammasome in vitro using pro and anti-

inflammatory immunomodulatory agents (LPS, Pam3Csk4, Melatonin, SsnB), 

highlighting immune screening tests, establishing if there are any biomarkers that 

could help predict prognosis.  

 

8.2 Altered endotoxin responsiveness in healthy children with Down 

syndrome  

          Chapter 3 focused on neutrophil and monocyte function by examining CD11b and 

TLR4 expression at baseline and in response to LPS endotoxin and melatonin in 

children with DS and paediatric controls. As children with DS have a higher mortality 

from sepsis(8), and increased autoimmunity we wanted to see if these key mediators 

involved in the innate response were different in DS. 
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          We discovered significantly greater CD11b responses to LPS stimulation on 

neutrophils and intermediate monocytes on children with DS compared to controls. 

Furthermore, non-classical monocytes exhibited increased TLR4 in children with DS at 

baseline versus controls. These differences in the innate immune response may in part 

explain the poorer outcomes in sepsis described in this cohort. In the context of SIRS 

and sepsis upregulation of both CD11b and TLR4 has been linked to a dysregulation of 

inflammatory cytokine release and less favourable outcomes(80, 157). Autoimmunity 

is also more prevalent in DS, and as the non-classical monocyte and TLR4 have been 

implicated in chronic disease, the excess TLR4 demonstrated on this monocyte subtype 

lead us to postulate that this anomaly could be a contributory factor for persistent 

inflammation in DS(141).  

              Melatonin was used as an immunomodulator in an anti-inflammatory capacity 

and was found to have significant effects on both CD11b and TLR4. Neutrophil and 

total monocyte CD11b was reduced, and TLR4 was decreased on total monocytes. This 

suggests melatonin may have a therapeutic role as an adjunct in the treatment of 

sepsis by attenuating neutrophil and monocyte activation and TLR4 signalling. Further 

clinical trials are necessary to establish any potential benefits of melatonin in this 

context. 

              As sepsis is such an important clinical sequela for children with DS, future 

studies could concentrate on elucidating why there is such an apparent variance in 

outcomes. This could be partly achieved by characterising other key cell surface 

markers involved in acute inflammation and sepsis. Indeed, due to the suboptimal 

sensitivity and specificity of routine lab investigations such as differential leucocyte 

count and CRP in suspected sepsis, research has focused on other biomarkers for 

increasing the diagnostic yield in a timelier manner. CD64 is a high affinity Fc receptor 

normally displayed on monocytes but expressed at low levels on resting neutrophils. In 

response to a pathogenic insult there is rapid upregulation of CD64 expression on  

neutrophils and this change in cell surface expression in this context makes CD64 a 

potential biomarker with diagnostic utility in suspected sepsis in DS(334). Human 

leucocyte antigen-DR (HLA-DR) is a cell surface marker found on monocytes and is 

involved in antigen processing and presentation. If reduced on the surface of 
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monocytes it has been associated with immunosuppression, and an increased risk of 

sepsis and infection, there is potential for their use as  biomarkers in this context and 

for children with DS(335, 336). 

 

8.3 Altered Toll-Like Receptor Signalling in Children with Down Syndrome 

        In chapter 4 TLR pathways were explored. TLRs are crucial in initiating and 

propagating the immune response, whilst also linking the innate and adaptive immune 

systems. We focused on TLR2 as this receptor is charged with the recognition of gram-

positive bacteria and implicated in chronic disease(173). Children with DS are more 

likely to develop autoimmune conditions and are at greater risk of infections from this 

type of bacteria(10). The TLR pathway was evaluated in three ways. Firstly, at the cell 

surface we measured TLR2 expression on neutrophils and monocytes. Next, 

downstream of the receptor, we studied expression of 3 key genes involved in 

inflammatory signal propagation, MyD88, IRAK4, TRIF. Thirdly, pro- and anti-

inflammatory cytokine levels were measured at baseline and following treatment with 

pro inflammatory agents (LPS, Pam3Csk4), and the immunomodulator Sparstolonin B 

(SsnB).  

                 We discovered anomalous TLR signalling in children with DS; excess TLR2 at 

the cell surface of neutrophils and monocytes, and abnormal signalling distally with 

decreased MyD88 and excess TRIF, the latter possibly due to a compensatory increase 

in MyD88 independent signalling. This could be clinically relevant for children with DS 

as several infections more prevalent in DS like pneumonia and recurrent otitis media 

are caused by gram positive bacteria (Strep. pneumoniae and Staphylococcus aureus), 

components of which bind to TLR2, which we found to be upregulated. There are also 

links to autoimmune conditions seen commonly in DS, such as arthropathy and coeliac 

disease, and dysregulated TLR pathways(141). The potential reasons for the greater 

TLR2 expression in children with DS could be due to an inherent upregulation from 

birth or perhaps due to greater exposure to gram positive infection over time leading 

to increased TLR2 at the cell surface. Overall, the aberrant TLR signalling in children 

with DS could partly explain chronic inflammation in DS.  
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                    Immunomodulation of TLR pathways was another key objective of this 

research. SsnB was used as the anti-inflammatory agent, a TLR antagonist known to 

reduce pro-inflammatory cytokines, and improve outcomes in sepsis(123). For the first 

time we established that SsnB attenuates TLR2 and CD11b expression on neutrophils 

and monocytes of both paediatric cohorts. SsnB was also effective at decreasing pro 

inflammatory cytokine levels in our populations. SsnB appears to have several 

mechanisms of action as an abrogator of inflammation. Therefore, future clinical trials 

of SsnB are warranted to ascertain the potential clinical benefits that could be 

extremely useful for children with DS.  

                    Another avenue worth pursuing to improve our understanding of TLR 

pathways in DS would be to evaluate other key adaptor proteins downstream of the 

TLR receptor. We have established abnormal TLR2 expression at the cell surface, along 

with variances in MyD88 and TRIF. Given the significantly elevated levels of 

inflammatory cytokines produced at the end of these pathways, it stands to reason 

that other TLR signalling proteins may also be dysregulated; ones that promote 

inflammation and negative regulators that prevent it. Some worth considering could 

be MyD88-adaptor-like protein (MAL), which recruits and binds directly with MyD88 to 

promote inflammatory signalling or TRAF6 which engages downstream of MyD88(73). 

Another protein of interest is TRAM which is involved in the recruitment of TRIF and 

could be worth evaluating given our discovery of significant increases in the latter. To 

prevent persistent inflammation TLR signalling is tightly controlled with many negative 

regulators interacting at several levels of these complex pathways to maintain a 

balance. For example, MAL is under regulatory control by two further proteins; 

Bruton’s tyrosine kinase (BTK) and suppressor of cytokine signalling 1 (SOCS1) which 

serve to degrade MAL(337) and abrogate TLR signalling. MicroRNAs are now also 

described as key controllers of signals from TLR receptors(83). O’Neill et al(84), in their 

review of Micro-RNAs and their influence on fine tuning TLR responses, described 

several key mi-RNAs that attenuate signalling. The following have been implicated in 

the control and reduction of TLR responses; MAL - miR-145, MyD88 – miR-155, and 

TLR2 – miR-105.  
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8.4 Increased Systemic Inflammation in children with Down Syndrome 

         We examined a comprehensive panel of pro- and anti- inflammatory cytokines in 

children with DS and controls. Although anomalous cytokine levels have been 

documented in DS previously(90, 139), our research represents the largest study of 

paediatric patients to date. Secondly, the cytokine profiles previously documented did 

not include some of the mediators we explored in this population like Epo, VEGF, GM-

CSF and the anti-inflammatory cytokine IL-1ra. This represents previously unreported 

work in children with DS. Furthermore, we examined the possible clinical relevance of 

the extensive cytokine profile through a couple of ways; evaluating how children with 

DS and control samples reacted to LPS (endotoxin) in vitro, in effect mimicking gram-

negative sepsis, significant given the increased mortality from sepsis in children with 

DS(8). Secondly, as congenital heart disease is seen in around 50% of children with DS, 

we explored whether significant congenital heart disease influences circulating 

cytokines. Again, this clinical association is underreported in children with DS. Another 

clinical objective was to see given the increased incidence of pulmonary hypertension 

in children with DS, whether cytokines implicated in this disorder were different in this 

population.  

            Children with DS demonstrated increased plasma levels of pro- and anti- 

inflammatory cytokines (IL-2, IL-6, IL-10, IL-1ra) as well as increased of Epo, VEGF, GM-

CSF at baseline in comparison to controls. This excess cytokine profile adds to the 

evidence surrounding elevated inflammatory mediators in DS(35, 171, 338). However, 

the concomitant increase in anti-inflammatory signals, IL-10 and IL-1ra, add to the 

complexity of Down’s immunity. Perhaps these are elevated to counteract the 

elevated pro-inflammatory cytokines, and/or do they result in shifting the overall 

balance from a pro- to an anti-inflammatory state which could be clinically significant 

in the setting of sepsis, where continuous anti-inflammatory state (CARS) could lead to 

a poorer outcome(88).  

          In response to LPS endotoxin stimulation children with DS demonstrated a robust 

response equivalent to controls. This suggests that an appropriate cytokine reaction to 

this pathogenic insult is not deficient or indeed hyper-responsive as we found with 

neutrophil CD11b(182). Beyond the acute post-operative phase, children with DS 
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requiring CHD surgery did not show any differences in their cytokine levels compared 

to other cohorts. VEGF and Epo are implicated in the development of vascular changes 

associated with pulmonary hypertension(PH)(207), and this disorder is more common 

in children with DS even without overt CHD(214). We demonstrated greater levels of 

both Epo and VEGF in DS and hypothesise that this may be a possible contributory 

factor in the pathogenesis of pulmonary hypertension in DS. 

           In the future further work could examine in more detail the possible role 

cardiovascular mediators like VEGF and Epo play in pulmonary hypertension by taking 

samples from patients with DS and active (PH) and comparing with patients with DS 

without PH. Another interesting clinical study would be to further evaluate the role of 

pro and especially anti-inflammatory cytokines in children with DS who have acute 

inflammation e.g. sepsis and chronic disease, tracking their inflammatory mediators 

over time to see if and when a shift occurs. Lastly, the above research may yield a 

biomarker which could predict prognosis thus improving clinical decision making. In 

addition, this could aid in individualising sepsis management in children with DS. 

 

 8.5 Melatonin as an immunomodulator in Down syndrome 

               One of the principal aims of this research was to examine potential 

therapeutic agents which could potentially improve clinical outcomes. Chapter 6 

discusses melatonin as an immunomodulatory agent in children with DS. Melatonin 

has a favourable safety profile and could be especially useful in a population prone to 

sleep disturbance, possible anomalous endogenous melatonin levels, and increased 

oxidative stress(339, 340). Given its varied repertoire of immune functions we wanted 

to evaluate additional effects of melatonin; neutrophil and monocyte activation 

(CD11b, TLR4 expression on the cell surface), fold change expression of genes 

implicated in TLR signalling (TRIF, Myd88, IRAK4), inflammatory cytokine levels, and 

the inflammasome (IL-1β, ASC, NLRP3). These experiments included LPS endotoxin as a 

pro-inflammatory mediator to further examine the potential anti-inflammatory 

properties of melatonin. 
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                 We reported that melatonin has several important immunomodulatory 

effects; reduction of CD11b on neutrophils and monocytes, TLR4 on monocytes, and 

decreasing pro- and anti-inflammatory cytokine levels. The above changes were seen 

in both controls and children with DS, however, more significant results were 

demonstrated in the latter cohort; greater overall cytokine abrogation, attenuation of 

gene expression in TLR signalling (decreased MyD88 with LPS) and the inflammasome 

(reduced IL-1β, NLRP3 with LPS). A possible reason for these differences was a 

potential variance in endogenous melatonin levels due to abnormal sleep patterns and 

circadian rhythm in children with DS. However, evidence has shown that despite 

altered sleep patterns the circadian rhythm is intact in children with DS, and their 

melatonin levels may not be any different either(234, 272). Work from our lab 

demonstrated that genes involved in regulating circadian rhythm; CLOCK, CRY, BMAL, 

REV-ERBα were equivalent between controls and children with DS initially and post 

treatment with LPS and melatonin. Further studies are required to fully elucidate the 

role of endogenous melatonin in DS. 

               The potential clinical benefits of melatonin are numerous, although its effects 

appear dose and context dependant, with pro- and anti-inflammatory actions 

demonstrated(265, 266). Clinically children with DS are more likely to die from sepsis, 

develop chronic inflammation and autoimmune conditions, and although further 

clinical trials are needed, several studies report beneficial effects of melatonin in these 

contexts such as; sepsis via reduction of  CD11b and TLR4 pathway activation and 

optimisation of cytokine profile (reduced pro- and increased IL-10)(268), and chronic 

inflammation (e.g. arthropathy) via inflammasome deactivation(256, 260).  

             As alluded to above immunomodulation of the inflammasome could be an 

important focus in the future. Inflammasomes are multi-protein complexes that 

generate IL-1 family cytokines. Their activation results in an innate inflammatory 

cascade involving caspases and the cleavage of pro IL-1β and IL-18 to their active 

forms(94). The NLRP3 inflammasome has been well characterised and is associated 

with several medical conditions such as metabolic disorders, inflammatory bowel 

disease, multiple sclerosis and other autoimmune diseases(95).  As children with DS 

are reported to have significantly elevated levels of IL-1β(97), and are more prone to 
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autoimmune conditions the inflammasome and its potential immunomodulation is 

potentially important target for further research in DS. Therefore, examining the effect 

of specific inflammasome inhibitors in vitro may be useful to modulate the immune 

response without decreasing the ability to combat infection. 

              Children with DS appear to have an inferior immune response to vaccination, 

which may make the vulnerable to vaccine preventable infection(341). Melatonin has 

been shown to ameliorate the humoral response and immunoglobulin titres in animals 

if given with vaccination(276). Future trials co-administering melatonin alongside 

immunisations could yield improved outcomes in conferring better long-term 

immunity for children with DS. 

 

 8.6 Clinical Immunology 

                In the previous chapter we reviewed some of the more mainstream clinically 

relevant aspects pertaining to the immune system of children with DS. Baseline 

immune screening investigations (full blood count, T and B cell subsets, 

immunoglobulins and antibody titres) are frequently ordered due to RRTIs or other 

infections. We found that over a third of our group had a history of RRTIs and 37% 

were hospitalised due to pneumonia. Our cohort of children with DS demonstrated 

several deficiencies in WCC, T and B cell subsets in line with other literature(25, 286). 

Interestingly, appraisal of potential biomarkers with an association to a clinical 

outcome (RRTIs, previous hospitalisations), yielded the WCC to be significantly 

associated with hospitalisation due to pneumonia in children with DS. The lower the 

WCC the greater the probability of a history of hospital admission (p=0.015). Previous 

studies have linked other cell subtypes (regulatory T cells, CD27+IgM+IgD+ natural 

effector cells) and severe RTIs and hospitalisation(30, 291), although, currently these 

tests are not readily available to aid in clinical decision making. More research is 

required to confirm our results, and to establish if with greater numbers there are any 

other cellular links to comorbidities, multi-organ dysfunction and development. 

However, the WCC may potentially help us to predict who is at greater risk of 
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respiratory morbidity and allow us to treat the most vulnerable with increased insight 

and urgency.  

                   Increased severity of respiratory infections in children with DS is a key 

outcome measure and has significant impacts on development, long term health and 

mortality. It is imperative therefore to raise awareness and implement change which 

can improve current results and deliver an improved prognosis for this population. One 

of the potential reasons for the greater infectious burden is sub-optimal vaccine 

responses and a deficiency in maintaining appropriate long term immunity, partly due 

to a paucity of switched memory B cells – imperative in conferring lasting immune 

memory(27). Through our dedicated DS clinic, we highlighted this vulnerability, sent 

out information leaflets on vaccine preventable diseases like pneumococcus and 

influenza, and actively immunised children with PPV from 2 years and annual influenza 

vaccine from 6 months. We believe these simple measures will have significant effects 

on ameliorating health outcomes for this cohort.   

                 Another vaccine preventable illness which disproportionately affects infants 

with DS is respiratory syncytial virus (RSV) bronchiolitis. This pathogen is the primary 

cause of this illness, which accounts for significant number of hospital admissions and 

deaths throughout the world each year(342). Infants with DS are at increased risk for 

more severe disease independent of congenital heart disease status. Beckhaus et al in 

a systematic review and meta-analysis reported a 9 fold increased mortality and 8.7 

fold increase in risk of hospitalisation(343) for infants with DS. Mitra et al corroborated 

this finding reporting significantly increased admissions, length of stay and ventilatory 

requirement, again independent of CHD(344). A passive from of immunisation is 

available via a monoclonal antibody to RSV, pavilizumab, which reduces burden of 

disease and admission rate by 55-72%(345). Currently, most countries, including 

Ireland, do not offer this prophylaxis against RSV for infants with DS on a routine basis 

unless they have concomitant risk factors like CHD or prematurity. However, given the 

greater burden of RSV disease in this cohort; higher hospitalisation rates, increased 

length of stay and requirement for PICU admission, regardless of CHD status, the 

evidence is growing to support universal vaccination for infants with DS(315-317, 327). 
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This evidence has been used in discussion with the Irish Health Service and 

Immunisation Board to potentially introduce pavilizumab for all children with DS. 

                  In the future novel immunomodulators like melatonin, SsnB, and Broncho-

Vaxom; an oral therapy which is composed of lyophilised bacterial lysate from 8 

bacteria causing RTIs (Haemophilus influenzae, Streptococcus pneumoniae, Klebsiella 

pneumoniae, Klebsiella ozaenae, Staphylococcus aureus, Streptococcus pyogenes, 

Streptococcus viridans, and Moraxella catarrhalis) may prove beneficial for high risk 

groups like DS. The latter promotes the immune response by increasing serum IgA and 

IgG as well as improving T lymphocyte stimulatory signalling(346). A meta-analysis 

appraising efficacy in paediatric populations in 53 RCTs (n=4851) reported that 

Broncho-Vaxom was efficacious in reducing recurrent RTIs in children and more large 

scale trials are required to evaluate its efficacy and safety further(347). Azithromycin is 

increasingly used in children with DS as prophylaxis against recurrent RTIs. To our 

knowledge no clinical trial solely examining children with DS and this agent has been 

undertaken to date, however, an RCT found that early treatment with Azithromycin in 

preschool children with a background of severe LRTIs, resulted in a significant decrease 

in the likelihood of severe LRTIs(348). This raises the prospect of the potential clinical 

benefits for children with DS in this context, and an RCT in this cohort would indeed be 

welcome to further assess this.  

                   Another key goal is to continue to highlight the implications of immune 

dysregulation in DS, and to promote and advocate for extra immunisations including 

pavilizumab prophylaxis for all children with DS. We are developing a national clinical 

guideline, available online for clinicians consisting of a checklist on multi-organ follow 

up would allow an evidence-based standard of care to be delivered. Lastly, the success 

of our dedicated DS clinic where medical, allied health, audiology and phlebotomy 

come together is a framework to try and replicate in the new children’s hospital and in 

regional centres. This will ensure equity of care; every child with DS receives access to 

the same treatment wherever they may live in Ireland. We would hope that the 

ongoing national registry of children with DS could facilitate the inception and 

regionalisation of this outpatient service.  
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8.7 Conclusion and Future Directions 

                Due to the myriad of immune deficits of children with DS, it is difficult to 

attribute one biomarker to a single clinical outcome or medical co-morbidity. However, 

it is likely that a complex and profound immune dysregulation involving multiple facets 

of innate and adaptive immunity contribute to the phenotype observed in DS. 

However, there is potential for laboratory investigations like the WCC to augment 

clinical decision making by helping predict prognosis in respiratory disease. Future 

research may prove other biomarkers to have therapeutic benefit. Through a wider 

collaboration of research on children with DS in the department of paediatrics Trinity 

College and RCSI, there is work ongoing examining the important impact of multi-

organ dysfunction, (including recurrent infections) on neurodevelopmental outcomes. 

It has already been established the link between quality of life and behaviour and 

repeat infections in this cohort, and it will be interesting and could be highly significant 

if proven that an overall increased burden of disease negatively impacts cognitive 

ability and development of children with DS.  

                 In conclusion, the growing evidence of immune dysregulation, and the 

significant clinical co-morbidities faced by children with DS, makes them a vulnerable 

population that requires a pro-active and aggressive approach in the setting of severe 

infection or suspected sepsis. Greater education, optimisation of vaccinations, and 

early antimicrobial intervention could reduce the burden of disease. Long term, regular 

and systematic follow up of chronic conditions in DS would ensure an improved level 

of care and equity of service for all children with DS on our island. Lastly, future 

research on other novel components of their immunity and on promising 

immunomodulators could help target high risk individuals, augment therapeutic 

options, and ameliorate outcomes.  
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Appendix ii – Patient information leaflet 

 

Patient Information Leaflet  

 

DIsCO study – Down syndrome and Inflammation and Clinical Outcomes 

 

 

Principal investigator’s name:     Professor Eleanor Molly 

Principal investigator’s title:          Professor of Paediatrics in Trinity  

         Consultant Neonatologist 

Telephone number of principal investigator:   01 873 3763 

 

Data Controller’s/joint Controller’s Identity:    Dr Niamh Lagan, Dr Dean Huggard 

    Professor Molloy, Trinity College 
Dublin 

Data Controller’s/joint Controller’s Contact Details: Paediatrics, Academic Centre,  

                                                                                               Tallaght Hospital  

Trinity College, The University of 
Dublin, Ireland 

Data Protection Officer’s Contact Details: dataprotection@tcd.ie 

You and your child are being invited to take part in a research study to be carried out 

at Tallaght University Hospital by Professor Molloy, Trinity College Dublin. 

Before you decide whether or not you wish to take part, you should read the 

information provided below carefully and, if you wish, discuss it with your family, 

friends or GP (doctor).  Take time to ask questions – don’t feel rushed and don’t feel 

under pressure to make a quick decision. 

You should clearly understand the risks and benefits of taking part in this study so that 

you can make a decision that is right for you. This process is known as ‘Informed 

Consent’.  
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You don't have to take part in this study. If you decide not to take part, it won’t affect 

your future medical care. 

You can change your mind about taking part in the study any time you like.  Even if the 

study has started, you can still opt out.  You don't have to give us a reason.  If you do 

opt out, rest assured it won't affect the quality of treatment you get in the future. 

 

Why is this study being done? 

 

Children with Down syndrome have a higher risk of infection and inflammatory 

conditions.  This project will allow further understanding of the immune system in 

children with Down syndrome and their development. 

Plan: We want to assess this further by talking to the children and their parents, 

examining the child and taking a blood test. We will evaluate any medical problems and 

also assess the child’s development. To look at the immune system and its role in fighting 

infection we will take a blood sample from each patient and examine the key regulators 

involved in upgrading and downgrading the response to inflammation. Furthermore, 

other factors that influence the immune system will be assessed in the laboratory, as 

possible methods to improve persistent inflammation. Some children may have further 

extensive developmental assessments with psychology in the Trinity College Dublin 

Infant and Child Research Lab. 

Conclusion: This research will improve the understanding of the immune system and 

development in children with Down syndrome and the potential for newer therapies.  In 

addition, these immune markers may assist in predicting which children might have less 

health problems in the future. 

 

Who is organising and funding this study? 

 

This research is being carried out by the DISCO research project group which consists of 

a number of postgraduate researchers under the supervision of Prof. Molloy. The 
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research is funded by the National Children’s Hospital Research Fund and the National 

Children’s Research Centre. No commercial funding has or will be obtained. Ethical 

approval has been obtained from the Our Lady’s children Hospital Crumlin and Tallaght 

University Hospital Ethical committees in 2017. 

Why am I being asked to take part? 

 

Your child has been asked to partake in this study as they have diagnosis of Down 

syndrome. 

How will the study be carried out? 

 

Your child will have a detailed check-up involving a medical history, physical 

examination, and a single blood test which will be taken in addition to their routine 

bloods, if the blood is flowing freely and they are not too distressed. This sample will be 

used to assess the immune system further. You may be asked to complete a couple of 

questionnaires in relation to your child’s sleep habits and developmental progress.  

Further detailed developmental assessment may be offered with psychology in the 

Trinity College Dublin- Child and Infant Research Lab. 

What are the benefits? 

 

Children with Down Syndrome have a higher risk of infection and developmental issues.  

This project will allow further understanding of the immune system. Knowing more 

about it in these children may allow, in the future, the creation of new treatments 

involving the immune system and improve outcomes. Your child can help us achieve our 

aims. 

What are the risks? 

 

No! This study does not involve taking any medication or substance. The sampling of 

blood can hurt a little however this will be taken along with your child’s routine bloods.  
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Is the study confidential? 

 

Records: 

Information on their birth details and any history of medical issues which are associated 

with DS will be collected, as well as bloods results, and the results of the completed 

questionnaires on sleep and behaviour. Identifiable data is required initially to ensure 

all data is required to review the blood results and medical notes of your child. A 

Research Patient number will be assigned, and any identifiers will be removed. A master 

key will be stored on an encrypted locked computer in a locked room in the Hospital 

grounds.  

Data will be obtained directly from you the parent in clinic and from the medical chart. 

Blood results will be obtained from the laboratory. We ensure the data will only be 

processed to achieve the aim of the project and will not be processed in a way that 

damage or distress will be caused to you or your child. We aim to keep the personal data 

until completion of the project and until publication of results. We hope this will be 

within five years. During this time period data will remain stored in an encrypted locked 

computer in a locked room. 

Samples: 

A small sample of blood will be taken with your child’s annual bloods if the blood is 

running freely and they are not too distressed. A small urine small maybe requested. 

The blood and urine will be stored in the laboratory in Taillight University Hospital. It will 

subsequently be brought to Trinity Translation Medicine Institute, St James’ Hospital. 

The sample will be stored until completion of the project and until publication of results. 

It will be stored under the Research Patient number. 

Results: 

This study will take up to 5 years to complete, you will not be notified of any results 

specific to your child, however you will be updated on the final overall results of this 

research after its completion. The results of this research project will be published in 
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medical journals and presented at medical conferences. No identifying factors will be 

used. 

Data Protection 

 

1. We will be using your child’s information to learn about the clinical outcomes in 
children with Down syndrome. 

 

2. The legal basis for the processing of your data is that it is in the public interest 
and for scientific research which fall under Articles six and nine of the General 
Data Protection Regulations 2016 (GDPR). 

 

3. The research group will have access to the data. All persons carrying out the 
research are bound by a professional code of secrecy to ensure confidentiality. 

 

4. The data will be stored until completion of the project and until publication of 
results. We hope this will be within five years. During this time period data will 
remain stored in an encrypted locked computer in a locked room. 

 

5. While every effort will be made to protect your data, however if a breach of data 
to a third party occurred, we would inform you immediately. 

 

6. You have every right to withdraw for the research project. You can do so by 
contacting one of the research team. 

 

7. You have a right to lodge a complaint with the Data Protection Commissioner. 

 

8. You have a right to request access to your data and a copy of it, unless your 
request would make it impossible or make it very difficult to conduct the 
research. 

 

9. You have a right to restrict or object to processing, unless your request would 
make it impossible or make it very difficult to conduct the research e.g. you do 
not want their data shared but do not mind having it collected and stored.  

 



196 

 

10. You have a right to have any inaccurate information about you corrected or 
deleted, unless your request would make it impossible or make it very difficult 
to conduct the research. 

 

11. You have a right to have your personal data deleted, unless your request would 
make it impossible or make it very difficult to conduct the research. e.g. if want 
your data deleted before the end of a research project just before it is due to be 
published. 

 

12. You have a right to data portability, meaning you have a right to move their data 
from one controller to another in a readable format.    

 

13. There will be no automated decision making, including profiling.  Profiling is any 
form of automated processing of personal data consisting of the use of personal 
data to evaluate certain personal aspects relating to the person, in particular to 
analyse or predict aspects of their performance at work, health or behaviour.  

 

14. You have a right to object to automated processing including profiling if you 
wish. 

    

15. You will be informed if we intend to further process your personal data and will 
provide you with information on that other purpose.  

 

16. We may transfer your anonymised data to a country outside of the EU or an 
international organisation for further testing which is not available in Ireland, 
however if the occasion arose, we would inform you. 

 

Consent to Future Uses 

 

Data will be held until completion of the project and until publication of results. We 
hope this will be within five years. During this time period data will remain stored in an 
encrypted locked computer in a locked room. Biological samples will be held in the 
Trinity College laboratory at the St James’ site, Trinity Translation Medicine Institute, St 
James’ Hospital.   

 

We would like to obtain your permission to the use your child’s data/biological material 
to be used for the current research and that we could store the data/biological 
material for possible future uses in research.  This would likely be research undertaken 
by the Paediatric group in Trinity College Dublin. Any such research must remain in 
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keeping with recognised ethical standards for scientific research. Participation is 
voluntary. No data will be shared with commercial entities. All data will be pseudo-
anonymised.  

 

If you wish to withdraw from partaking in future studies, please contact Dr Niamh Lagan 
or Dr Dean Huggard via email or phone. Details of how to contact them are at the end 
of this document. 

 

Where can I get further information? 

 

If you have any further questions about the study or if you want to opt out of the 
study, you can rest assured it won't affect the quality of treatment you get in the 
future.   

 

 

If you need any further information now or at any time in the future, please contact:  

 

Name: Dr. Niamh Lagan & Dr. Dean Huggard 

 

Address: Paediatrics, Academic Centre, Tallaght Hospital, Trinity College, The 
University of Dublin, Ireland 

 

Phone No: 01 896 3763 

 

Email: laganni@tcd.ie, dean.huggard@tcd.ie  

 

 

 

 

 

 

 

 

mailto:laganni@tcd.ie
mailto:dean.huggard@tcd.ie
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Appendix ii – Control information leaflet 

 

Patient Information Leaflet for Controls 

 

DIsCO study – Down syndrome and Inflammation and Clinical Outcomes 

 

 

Principal investigator’s name:     Professor Eleanor Molly 

Principal investigator’s title:          Professor of Paediatrics in Trinity  

         Consultant Neonatologist 

Telephone number of principal investigator:   01 873 3763 

 

Data Controller’s/joint Controller’s Identity:    Dr Niamh Lagan, Dr Dean Huggard 

    Professor Molloy, Trinity College 
Dublin 

Data Controller’s/joint Controller’s Contact Details: Paediatrics, Academic Centre,  

                                                                                               Tallaght Hospital  

Trinity College, The University of 
Dublin, Ireland 

 

Data Protection Officer’s Identity:  

Data Protection Officer’s Contact Details:  

You are being invited to take part in a research study to be carried out at Tallaght 

University Hospital by Professor Molloy, Trinity College Dublin. 

Before you decide whether or not you wish to take part, you should read the 

information provided below carefully and, if you wish, discuss it with your family, 

friends or GP (doctor).  Take time to ask questions – don’t feel rushed and don’t feel 

under pressure to make a quick decision. 
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You should clearly understand the risks and benefits of taking part in this study so that 

you can make a decision that is right for you. This process is known as ‘Informed 

Consent’.  

You don't have to take part in this study. If you decide not to take part, it won’t affect 

your future medical care. 

You can change your mind about taking part in the study any time you like.  Even if the 

study has started, you can still opt out.  You don't have to give us a reason.  If you do 

opt out, rest assured it won't affect the quality of treatment you get in the future. 

 

Why is this study being done? 

 

Children with Down syndrome have a higher risk of infection and inflammatory 

conditions.  This project will allow further understanding of the immune system in 

children with Down syndrome and their development. 

Plan: We want to assess this further by talking to the children and their parents, 

examining the child and taking a blood test. We will evaluate any medical problems and 

also assess the child’s development. To look at the immune system and its role in fighting 

infection we will take a blood sample from each patient and examine the key regulators 

involved in upgrading and downgrading the response to inflammation. Furthermore, 

other factors that influence the immune system will be assessed in the laboratory, as 

possible methods to improve persistent inflammation. Some children may have further 

extensive developmental assessments with psychology in the Trinity College Dublin 

Infant and Child Research Lab. 

Conclusion: This research will improve the understanding of the immune system and 

development in children with Down syndrome and the potential for newer therapies.  In 

addition, these immune markers may assist in predicting which children might have less 

health problems in the future. 
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Who is organising and funding this study? 

 

This research is being carried out by the DISCO research project group which consists of 

a number of postgraduate researchers under the supervision of Prof. Molloy. The 

research is funded by the National Children’s Hospital Research Fund and the National 

Children’s Research Centre. No commercial funding has or will be obtained. Ethical 

approval has been obtained from the Our Lady’s children Hospital Crumlin and Tallaght 

University Hospital Ethical committees in 2017. 

Why am I being asked to take part? 

 

Your child has been asked to partake in this study as they although they do not have 

Down Syndrome, we need children without Down syndrome (“the controls”) that we 

can compare to our patients with Down syndrome, and see what the differences are, if 

any, between these two groups. 

How will the study be carried out? 

 

Your child will have a brief assessment involving a medical history, physical examination 

to assess for any medical issues and a single blood test which will be taken in addition 

to the bloods they are already having, if the blood is flowing freely and they are not too 

distressed. This sample will be used to assess the immune system further. You may be 

asked to complete a couple of questionnaires in relation to your child’s sleep habits and 

developmental progress.  Further detailed developmental assessment may be offered 

with psychology in the Trinity College Dublin- Child and Infant Research Lab. 

What are the benefits? 

 

Children with Down Syndrome have a higher risk of infection and developmental issues.  

This project will allow further understanding of the immune system and development 

of children with Down Syndrome. Knowing more about it in these children may allow, in 
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the future, the creation of new treatments involving the immune system and improve 

outcomes. Your child can help us achieve our aims. 

What are the risks? 

 

No! This study does not involve taking any medication or substance. The sampling of 

blood can hurt a little however this will be taken along with your child’s requested blood 

sample. 

Is the study confidential? 

 

Records: 

Information on their birth details and any history of medical issues which are associated 

with DS will be collected, as well as bloods results, and the results of the completed 

questionnaires on sleep and behaviour. Identifiable data is required initially to ensure 

all data is required to review the blood results and medical notes of your child. A 

Research Patient number will be assigned, and any identifiers will be removed. A master 

key will be stored on an encrypted locked computer in a locked room in the Hospital 

grounds.  

Data will be obtained directly from you the parent in clinic and from the medical chart. 

Blood results will be obtained from the laboratory. We ensure the data will only be 

processed to achieve the aim of the project and will not be processed in a way that 

damage or distress will be caused to you or your child. We aim to keep the personal data 

until completion of the project and until publication of results. We hope this will be 

within five years. During this time period data will remain stored in an encrypted locked 

computer in a locked room. 

Samples: 

A small sample of blood will be taken with your child’s bloods if the blood is running 

freely and they are not too distressed. A small urine small maybe requested. The blood 

and urine will be stored in the laboratory in Tallaght University Hospital. It will 

subsequently be brought to Trinity Translation Medicine Institute, St James’ Hospital. 
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The sample will be stored until completion of the project and until publication of results. 

It will be stored under the Research Patient number. 

Results: 

This study will take up to 5 years to complete, you will not be notified of any results 

specific to your child, however you will be updated on the final overall results of this 

research after its completion. The results of this research project will be published in 

medical journals and presented at medical conferences. No identifying factors will be 

used. 

Data Protection 

 

1. We will be using your child’s information to learn about the clinical outcomes in 
children with Down syndrome. 

 

2. The legal basis for the processing of your data is that it is in the public interest 
and for scientific research which fall under Articles six and nine of the General 
Data Protection Regulations 2016 (GDPR). 

 

3. The research group will have access to the data. All persons carrying out the 
research are bound by a professional code of secrecy to ensure confidentiality. 

 

4. The data will be stored until completion of the project and until publication of 
results. We hope this will be within five years. During this time period data will 
remain stored in an encrypted locked computer in a locked room. 

 

5. While every effort will be made to protect your data, however if a breach of data 
to a third party occurred, we would inform you immediately. 

 

6. You have every right to withdraw for the research project. You can do so by 
contacting one of the research team. 

 

7. You have a right to lodge a complaint with the Data Protection Commissioner. 
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8. You have a right to request access to your data and a copy of it, unless your 
request would make it impossible or make it very difficult to conduct the 
research. 

 

9. You have a right to restrict or object to processing, unless your request would 
make it impossible or make it very difficult to conduct the research e.g. you do 
not want their data shared but do not mind having it collected and stored.  

 

10. You have a right to have any inaccurate information about you corrected or 
deleted, unless your request would make it impossible or make it very difficult 
to conduct the research. 

 

11. You have a right to have your personal data deleted, unless your request would 
make it impossible or make it very difficult to conduct the research. e.g. if want 
your data deleted before the end of a research project just before it is due to be 
published. 

 

12. You have a right to data portability, meaning you have a right to move their data 
from one controller to another in a readable format.    

 

13. There will be no automated decision making, including profiling.  Profiling is any 
form of automated processing of personal data consisting of the use of personal 
data to evaluate certain personal aspects relating to the person, in particular to 
analyse or predict aspects of their performance at work, health or behaviour.  

 

14. You have a right to object to automated processing including profiling if you 
wish. 

    

15. You will be informed if we intend to further process your personal data and will 
provide you with information on that other purpose.  

 

16. We may transfer your anonymised data to a country outside of the EU or an 
international organisation for further testing which is not available in Ireland, 
however if the occasion arose, we would inform you. 
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Consent to Future Uses 

 

Data will be held until completion of the project and until publication of results. We 
hope this will be within five years. During this time period data will remain stored in an 
encrypted locked computer in a locked room. Biological samples will be held in the 
Trinity College laboratory at the St James’ site, Trinity Translation Medicine Institute, St 
James’ Hospital.   

 

We would like to obtain your permission to the use your child’s data/biological material 
to be used for the current research and that we could store the data/biological 
material for possible future uses in research.  This would likely be research undertaken 
by the Paediatric group in Trinity College Dublin. Any such research must remain in 
keeping with recognised ethical standards for scientific research. Participation is 
voluntary. No data will be shared with commercial entities. All data will be pseudo-
anonymised.  

 

If you wish to withdraw from partaking in future studies, please contact Dr Niamh Lagan 
or Dr Dean Huggard via email or phone. Details of how to contact them are at the end 
of this document. 

 

Where can I get further information? 

 

If you have any further questions about the study or if you want to opt out of the 
study, you can rest assured it won't affect the quality of treatment you get in the 
future.   

 

If you need any further information now or at any time in the future, please contact:  

 

Name: Dr. Niamh Lagan & Dr. Dean Huggard 

 

Address: Paediatrics, Academic Centre, Tallaght Hospital, Trinity College, The 
University of Dublin, Ireland 

 

Phone No: 01 896 3763 

 

Email: laganni@tcd.ie, huggardd@tcd.ie 

 

mailto:laganni@tcd.ie
mailto:huggardd@tcd.ie
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Appendix ii – Patient Assent form 

Participant Assent Form DISCO Study <12 yrs 

You are getting your blood 

checked today 

 

If it’s going ok… I can have an 

extra sample 

 

 

It will help me with my work 

 

This will help other children 

 

 

 

 You will get a sticker to show 

how brave you have been 

after the blood test. 
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Appendix ii – Parent Consent form  

 

 

                               PARENT’S CONSENT FORM 

 

I have read and understood the Information Leaflet about this 

research project.  The information has been fully explained to me 

and I have been able to ask questions, all of which have been 

answered to my satisfaction. 

Yes  No  

I understand that I don’t have my child to partake in this study and 

that I can opt out at any time.  I understand that I don’t have to give 

a reason for opting out and I understand that opting out won’t affect 

my future medical care. 

Yes  No  

I am aware of the potential risks and benefits of this research study. Yes  No  

I give permission for researchers to look at my child’s medical 

records to get information.  I have been assured that information 

about my child will be kept private and confidential. 

Yes  No  

I have been given a copy of the Information Leaflet and this 

completed consent form for my records. 

Yes  No  

I consent for my child to part in this research study having been fully 

informed of the risks and benefits. 

Yes  No  

Reference Number:   

Title of Study: DISCO study – Down syndrome and Inflammation and Clinical 

Outcomes   

Research Principal Investigator: Prof Eleanor Molloy, Prof of Paediatrics in 

Trinity, Consultant Neonatologist. 

 

Research participant: 
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I give informed explicit consent to have my child’s data processed as 

part of this research study.  

Yes  No  

I consent to be contacted by researchers as part of this research 

study, including a psychology PhD student to contact me to organize 

an additional extensive developmental assessment in the TCD Child 

and Infant lab.

  

Yes  No  

 

FUTURE CONTACT    

 I consent to be re-contacted by researchers about possible future 
research related to the current study for which I may be eligible. 

Yes  No  

 

STORAGE AND FUTURE USE OF INFORMATION    

RETENTION OF RESEARCH MATERIAL IN THE FUTURE  

I give permission for material/data to be stored for possible future 
research related to the current study without further consent being 
required but only if the research is approved by a Research Ethics 
Committee. 

Yes  No  

 

Patient Name (block Capitals):  _______________________________ 

 

Date: _______________________________ 

 

Parent/ Guardian Name:                               _______________________________ 

 

Tel:  _______________________________ 

 

Email:  _______________________________ 

 

Parent/ Guardian Signature: _______________________________
  

 

Investigator Name:          _______________________________ 

 

Investigator Signature:  _______________________________ 



208 

 

Appendix iii – Clinical proforma 

                                     

Down Syndrome Health Surveillance Clinic:                                        

 

Date of Assessment: 

Time: 

 

 

Name: 

 

 

Address: 

 

 

DoB: 

  

Current Age: 

 

 Parents Names 

& DOB 

M 

D 

Who present  

 

 

 

Background: 
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Medications 

 

 

 

 

 

 

Early history: 

 

Antenatal Hx: 

 

Diagnosis: Postnatal Antenatal 

 

If Antenatal- CVS Amino Harmony 

 

Birth hx : 

 

Gestation:                         BW:   

Mode of delivery: 

Reason: 

APGARS: 

Resus required: 

 

Admission to SCBU/PICU-  

 

 

Feeding: 

 

Method 

    Breast   Bottle    Combination 

 

 

Duration of NG feeding 

 

 

Time of Breastmilk Exposure  
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Reason for admission- 

 

 

 

Length of stay- 

 

Transfer to diff hospital- 

 

 

 

 

RSV Prophylaxis 

Parental Concerns: 

 

 

 

 

 

General Health 
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Feeding: 

 

 

 

 

 

Disability Service/ Intervention: 

 

 

 

 

 

 

 

 

 

 

 

 

Developmental Progress: 
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Motor 

 

        Gross 

 

        Fine 

 

 

Communication 

        Verbal 

 

        Nonverbal 

 

        Comprehension 

 

 

Play skills 

 

 

Self Care 

 

 

Behaviour 

 

 

Sensory 

School/Creche: 

 

 

Family/Social hx 
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Systems Review: 

 

Cardiology 

Assessment before 6 
weeks, outcome 

 

 

 

Surgery? 

Date of surgery? 

PICU length of stay? 

 

Thyroid Function Testing 

TFT neonatal screen 
followed by rpt at 1yr and 
every 2yrs(irish) 

AAP-yearly 

 

 

Ophthalmology 

Eye exam 6weeks,  

18month to 2yr formal 
ophthalomology 
assessment, 4yrs rpt 
formal assessment (irish) 

Aap- annual 

 

 

Hearing: 

Neonatal screening 
programme, audiology 6-
10month, 18/12 2nd 
review, rpt yearly until 5, 
thereafter 2yearly (Irish 
guidelines) 

AAP- 6/12ly till 4-5yr 

 

Hearing loss? 

 

Aids? 

 

 

s/b ENT 

 

Blood Disorder 

Neonatal fbc, symptoms 

Aap- fbc annually 
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Sleep Disordered 
Breathing: 

Symptoms OSA low 
threshold for sleep study 
Dsmig 

AAP- sleep study at 4yrs 
annual review of 
symptoms 

 

Symptoms? 

 

Sleep study? 

 

If OSA+, 
- ?Ts&As  

- ?NIV  

- ?Both 

 

Respiratory Symptoms: 

 

Symptoms 

 

Number chest infections per year (recently vs past): 

 

Admissions: 

 

PICU? 

 

Grommits? 

 

Tonsillectomy? 

 

Prophylaxis? 

 

Attend resp: 

 

Immunisations: 

Annual flu, PPV 23, MenC 
ACWY 

Extras 

 

Routine 

Flu   Men b    varicella    PPV 23    Men ACWY 

 

GIT  
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Cervical Spine 
Instability: 

Assess symptoms of 
atlantoaxial instability 

 

Rheum 

Include symptoms and pals 
(DMISG) 

 

 

Dental: 

Annual r/v 

 

 

Exam: 

 

Wgt:                      Hgt:                    OFC: 

  

 

Impression: 

 

 

 

 

 

 

Plan: 
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Next r/v: 

 

 

Results/Follow up 

 

 

Bloods: 

FBC/ smear 

RLB profile 

Vit D 

Ferritin/Fe studies 

Coeliac screen 

TFT incld TPO 

Immunoglobulins 

Vaccination titres 
(pneumococcal, hib, 
tetanus) 

T/B cell subsets 

 

Name 

Signature 

IMC 
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