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cause of death (Table II), but there was a reduction of congenital
malformations as a cause of death (Fig. 4). Reports of dementia
Fig. 6 as well as seizures and atherosclerosis increased during the
studied period.

Except for childhood leukemia, malignancies were uncommon
in all age groups (Fig. 5). Malignancies were reported as a main or
contributing cause of death in 71 cases (3.7%) for the whole period.
Of these, 28 (1.5%) were cases of solid tumors and 43 (2.2%) were
cases of leukemia.

No deaths from dementia were reported below the age of 40
years. In all age groups, dementia was most frequently reported in
the last part of the study period (Fig. 6). During this period, subjects
50–59 years of agehad thehighest proportionof dementia at timeof
death (34.3%).

Atherosclerosis was reported in 6.9% of the population with DS,
with an increase from 3.8% at 30–39 years of age to 13.2% at 50–59
years of age.

Main Causes of Death Compared to the
General Population
For comparison of subjects with DS with the general Swedish
population, SMORs were calculated for selected diagnosis groups.
The data show increased rates of death from congenital malforma-
tions, perinatal complications, infectious diseases and disorders of
the nervous and respiratory systems (Table III). Decreased rates of
death were observed for disorders of the circulatory system and
cancer (except for childhood leukemia).

Regarding specific diagnoses, congenital heart defects as well as
othermalformations, childhood leukemia, dementia, andpneumo-
niaweremore frequent than in the general population.On theother

hand solid tumors and atherosclerosis/ischemic heart disease were
observed less frequently.

DISCUSSION

The validity of the reporting of children born with DS is high, with
less than 3% unreported [Leoncini et al., 2010]. Ascertainment of
the causesof deathwas, however, difficult to validate, as the Swedish
National Cause of Death Register may not include all deceased
subjects with DS since DS may not be reported as a contributing
cause of death.

This study is population based and spans a 35-year periodduring
which there has been a major increase in survival and a shift in the
causes of death for Swedish subjects with DS. Sweden is known to
have high quality national registers even though there is no specific
register for DS. Register-based studies have certain limitations.
Causes of death are rarely based on results from autopsies but are
obtained from clinical examinations. In the present study, we have
information on both the main and contributing causes of death for
the population with DS, but only on themain cause of death for the
general population.

The relative rate of live born children with DS has been stable at
12–14/10,000 for several decades in Sweden [Cocchi et al., 2010].
The total number of pregnancies with DS has increased, but has so
far been compensated by a rise of terminations (Fig. 1) [Cocchi
et al., 2010]. Between1985 and1995, therewas also a steep rise in the
number of births of infants with DS which co-varied with the large
numberofbirths during thatperiod, leaving the frequencyofDSper
10,000 births unchanged.

Although the proportion of older mothers has increased inmost
European registers, the prevalence of children born with DS has

TABLE II. Main and Contributing Causes of Death (%) Over Three Time Periods (1969–1979, 1980–1990, and 1991–2003) in Individuals
With Down Syndrome, Divided into Two Age Groups (<1 year, 1-year) and Levels of Significance for Changes Between the

Periods 1969–1979 and 1991–2003 (Percentages Will not Add to 100% Since Each Individual Can Have Multiple Diagnoses)

P1 P2 P3 P1 vs. P3

1969–1979 1980–1990 1991–2003
1969–2003 P< P<

Age <1 year 1 year <1 year 1 year <1 year 1 year All <1 year 1 year
Infectious diseases (incl. pneumonia) 38.3 54.3 27.6 52.0 30.0 57.1 51.2 NS NS

Pneumonia 31.0 44.0 7.6 41.7 7.1 48.7 40.9 0.001 NS
Congenital heart malformations 74.3 34.6 75.2 26.1 51.4 11.3 29.4 0.001 0.001
Circulatory disease 2.3 17.3 16.2 20.6 35.7 33.3 24 0.001 0.001
Dementia 0.0 0.3 0.0 6.6 0.0 23.3 11.2 0.001
Epilepsy/seizures 0.0 5.9 1.0 9.1 1.4 15.3 9.6 NS 0.001
Atherosclerosis/ischemic heart disease 0.0 6.8 0.0 7.6 0.0 9.7 6.9 NS
Central nervous system disease 0.0 3.2 1.0 7.1 1.4 7.6 5.4 NS 0.004
Gastrointestinal disease 3.4 6.8 3.8 5.6 5.7 4.8 5.2 NS NS
Malignancies, all 1.7 5.7 1.9 5.3 0.0 2.9 3.7 NS 0.032

Leukemia 1.7 4.3 1.9 3.3 0.0 1.1 2.2 NS 0.001
Solid tumors 0.0 1.4 0.0 2.0 0.0 1.8 1.5 NS

Other congenital malformations 14.9 1.6 11.4 1.8 17.1 0.6 3.5 NS NS
Number of deaths 175 370 105 394 70 816 1,930
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In DS, is the problem the lung, the immune system, or both?

Englund et al, Am J Med Gen 2013

Morbidity and Mortality in Persons with Down Syndrome 
Manifests Predominantly as Infectious Lung Disease



The Lung is Overlooked in DS



The Lung is Overlooked in DS

Infectious lung disease accounts for 54% of hospital admissions for persons with DS

Average length of admission is 2-3 times longer than those without DS

Persons with DS have increased frequency of respiratory tract infection (62 fold higher rate)

Increased risk for acute respiratory distress syndrome
16 fold, 8 fold, 335 fold more likely to be hospitalized, intubated, or to die, respectively

Infectious respiratory disease accounts for more deaths in DS than any other medical 
condition; 12 times more likely to die than typical population



Lung Health is Front and Center for Persons with DS 
and Their Families

Ever Made A Croup Tent At Home?
I Did Every Year From 1983-2004

So What’s the Mission, the Goal?

Folks with DS will feel better-physically & mentally

1. Awareness! Persons with DS, autoimmunity, & lung disease
2. Learning how Trisomy 21 leads to respiratory & autoimmune diseases
will help those with DS and those without DS



Lessons from the Flu:

Post-Influenza Pneumonia

Changes in Immune Cell Function in 
Postinfluenza Bacterial Pneumonia

Observed in DS?

Flu usually not lethal, bacterial “super”infection 
often is (>50% of deaths)

Associated with high levels of interferons 
(types I and II), IL-10, TGF-beta

IL-10 Is an Important Mediator of the Enhanced Susceptibility
to Pneumococcal Pneumonia after Influenza Infection

Koenraad F. van der Sluijs,*†‡ Leontine J. R. van Elden,¶ Monique Nijhuis,¶ Rob Schuurman,¶
Jennie M. Pater,* Sandrine Florquin,§ Michel Goldman,! Henk M. Jansen,† René Lutter,†‡ and
Tom van der Poll1*
Secondary pneumococcal pneumonia is a serious complication during and shortly after influenza infection. We established a mouse
model to study postinfluenza pneumococcal pneumonia and evaluated the role of IL-10 in host defense against Streptococcus
pneumoniae after recovery from influenza infection. C57BL/6 mice were intranasally inoculated with 10 median tissue culture
infective doses of influenza A (A/PR/8/34) or PBS (control) on day 0. By day 14 mice had regained their normal body weight and
had cleared influenza virus from the lungs, as determined by real-time quantitative PCR. On day 14 after viral infection, mice
received 104 CFU of S. pneumoniae (serotype 3) intranasally. Mice recovered from influenza infection were highly susceptible to
subsequent pneumococcal pneumonia, as reflected by a 100% lethality on day 3 after bacterial infection, whereas control mice
showed 17% lethality on day 3 and 83% lethality on day 6 after pneumococcal infection. Furthermore, 1000-fold higher bacterial
counts at 48 h after infection with S. pneumoniae and, particularly, 50-fold higher pulmonary levels of IL-10 were observed in
influenza-recovered mice than in control mice. Treatment with an anti-IL-10 mAb 1 h before bacterial inoculation resulted in
reduced bacterial outgrowth and markedly reduced lethality during secondary bacterial pneumonia compared with those in IgG1
control mice. In conclusion, mild self-limiting influenza A infection renders normal immunocompetent mice highly susceptible to
pneumococcal pneumonia. This increased susceptibility to secondary bacterial pneumonia is at least in part caused by excessive
IL-10 production and reduced neutrophil function in the lungs. The Journal of Immunology, 2004, 172: 7603–7609.

I nfluenza infections usually cause only mild symptoms, such
as fever, headache, sore throat, sneezing, and nausea, accom-
panied by decreased activity and food intake (1). Although

influenza alone may lead to pneumonia, secondary bacterial infec-
tions during and shortly after recovery from influenza infections
are much more common causes of pneumonia (2). The excess mor-
tality rates during the pandemics of 1918–1919 and 1957–1958
can mainly be attributed to secondary bacterial complications (3).
Even today, secondary bacterial pneumonia causes at least 20,000
deaths each year in the U.S. (4). Bacteria such as Staphylococcus
aureus and Haemophilus influenzae are known to cause postinflu-
enza pneumonia, but Streptococcus pneumoniae is the most prom-
inent pathogen causing secondary bacterial pneumonia in recent
decades (1). Primary infection with this pathogen is usually less
severe than secondary infection (5).
The severity of secondary bacterial pneumonia during or shortly

after influenza infection is determined by a complex interaction
among virus, bacteria, and host. During combined viral/bacterial
infections, the severity of the infection can increase due to en-
hanced virulence of the influenza virus facilitated by bacterial pro-
teases (6). However, the host remains more susceptible to bacterial
infections for several weeks after clearance of the influenza virus,

which indicates that the enhanced susceptibility is not only due to
an increased viral virulence (7). Influenza infection is known to
increase adherence of and subsequent colonization with bacterial
respiratory pathogens. Bacteria may adhere to the basal membrane
after disruption of the airway epithelial layer by the cytopathic
effect of the virus (8). It has also been suggested that the increased
adherence is due to up-regulation of receptors involved in the at-
tachment of these bacteria (9). Alternatively, influenza virus alters
the innate immune response of the host to subsequent bacterial
challenges as well. Several researchers showed that influenza-in-
fected mice were more sensitive to bacterial components, such as
staphylococcal enterotoxin B and LPS (10, 11). Cytokines such as
IFN-!, TNF-", and IL-6 are synergistically up-regulated by staph-
ylococcal enterotoxin B or LPS during influenza infections in
mice. Influenza virus has also been reported to reduce neutrophil
activity in mice, which results in decreased pulmonary clearance
after secondary bacterial infection with S. pneumoniae (11). These
data clearly indicate that influenza virus dramatically alters the innate
immune response to bacterial infections. To date, little has been
known about the mechanism by which influenza virus modulates the
innate immune response to bacterial infections of the lungs.
Host defense against pneumococcal pneumonia is coordinated

by the action of proinflammatory and anti-inflammatory cytokines
(12, 13). In the current study we present a mouse model to study
host defense against S. pneumoniae after recovery from influenza
infection. We show that the enhanced susceptibility of mice re-
covered from influenza infection to secondary pneumococcal
pneumonia is accompanied by an exaggerated production of proin-
flammatory and anti-inflammatory cytokines. The finding of strik-
ingly elevated pulmonary IL-10 concentrations in mice with
postinfluenza pneumonia compared with mice with primary S.
pneumoniae pneumonia and our previous finding of a detrimental
role for endogenous IL-10 during primary pneumococcal pneumo-
nia (14) prompted us to determine the contribution of exaggerated
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Influenza-related complications continue to be a major cause of mortality worldwide. Due to unclear mecha-
nisms, a substantial number of influenza-related deaths result from bacterial superinfections, particularly 
secondary pneumococcal pneumonia. Here, we report what we believe to be a novel mechanism by which influ-
enza-induced type I IFNs sensitize hosts to secondary bacterial infections. Influenza-infected mice deficient 
for type I IFN-α/β receptor signaling (Ifnar–/– mice) had improved survival and clearance of secondary Strepto-
coccus pneumoniae infection from the lungs and blood, as compared with similarly infected wild-type animals. 
The less effective response in wild-type mice seemed to be attributable to impaired production of neutrophil 
chemoattractants KC (also known as Cxcl1) and Mip2 (also known as Cxcl2) following secondary challenge 
with S. pneumoniae. This resulted in inadequate neutrophil responses during the early phase of host defense 
against secondary bacterial infection. Indeed, influenza-infected wild-type mice cleared secondary pneumo-
coccal pneumonia after pulmonary administration of exogenous KC and Mip2, whereas neutralization of 
Cxcr2, the common receptor for KC and Mip2, reversed the protective phenotype observed in Ifnar–/– mice. 
These data may underscore the importance of the type I IFN inhibitory pathway on CXC chemokine produc-
tion. Collectively, these findings highlight what we believe to be a novel mechanism by which the antiviral 
response to influenza sensitizes hosts to secondary bacterial pneumonia.

*OUSPEVDUJPO
Influenza pneumonia is the leading cause of death from an infec-
tious cause and the 8th overall cause of death annually in the United 
States (1). While influenza infection can be lethal in and of itself, 
a substantial number of postinfluenza deaths are due to secondary 
bacterial pneumonias, most commonly caused by Streptococcus pneu-
moniae, Staphylococcus aureus, and Klebsiella pneumoniae (2–4). However, 
the mechanisms by which influenza sensitizes patients to second-
ary bacterial infections are poorly understood. Given the imminent 
threat of an influenza pandemic and the increasing rates of antibiotic 
resistance, the identification of immune targets to prevent postinflu-
enza bacterial pneumonias has significant clinical ramifications.

Intact innate immune responses, including those mediated by 
resident alveolar macrophages and recruited neutrophils, are essen-
tial to the clearance of bacterial pathogens from the lung (5–7).  
Earlier studies have reported impairment in macrophage and 
neutrophil responses following influenza infection (8–18), but 
the molecular pathways underlying these defects have not been 
fully elucidated. Although various factors, including upregulation 
of platelet-activating factor receptor and the antiinflammatory 
cytokine IL-10 during influenza infection, have been implicated 
in promoting postinfluenza secondary pneumococcal pneumonia, 
attempts at modifying these factors have had limited effects on 
bacterial clearance (19–21).

Type I IFNs, which are central to antiviral defenses, are a large fam-
ily of antiviral cytokines that include multiple IFN-α proteins and a 
single IFN-β protein. Type I IFNs signal through a common receptor, 
IFN-α/β receptor (IFNAR), resulting in the expression of proinflam-
matory genes that not only inhibit viral replication, but also augment 
various aspects of adaptive immunity (22–25). While the importance 
of type I IFNs to antiviral defenses is well established, their role in bac-
terial defenses is more ambiguous. We therefore established a model 
of sequential influenza and pneumococcus lung infection in our lab-
oratory using genetically modified animals with defective IFNAR sig-
naling (Ifnar–/– mice) to investigate the effects of type I IFNs induced 
during influenza infection on pulmonary host defense against bacte-
ria. Interestingly, we found that induction of type I IFNs in the lung 
during influenza pneumonia had marked deleterious effects on the 
clearance and survival following secondary pneumococcal challenge. 
This appeared to be attributable at least in part to type I IFN-mediat-
ed attenuation of KC (also known as Cxcl1) and Mip2 (also known as 
Cxcl2) production, leading to impaired neutrophil responses. Thus, 
we found that antiviral host responses counteract the host’s ability 
to clear subsequent bacterial challenge through specific regulation of 
particular inflammatory genes.

3FTVMUT
Influenza enhances sensitivity of mice to secondary infections with S. pneu-
moniae. To characterize our murine model of influenza pneumonia, 
C57BL/6 mice were infected intratracheally (i.t.) with the PR8  strain 
of influenza virus at various doses and their survival examined. We 
found that i.t. administration of 200 infectious units of the PR8  strain 
of influenza virus reproducibly resulted in sublethal pneumonia. 
Prior work in the field has indicated that secondary infection with  
S. pneumoniae is most lethal between 5 and 7 days following the initial 
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phenocopies post-viral infection in non-DS individuals 
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Trisomy 21 consistently activates the
interferon response
Kelly D Sullivan1,2,3,4*, Hannah C Lewis1,2, Amanda A Hill1,2, Ahwan Pandey1,2,3,4,
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States; 9Department of Medicine, University of Colorado School of Medicine,
Aurora, United States

Abstract Although it is clear that trisomy 21 causes Down syndrome, the molecular events
acting downstream of the trisomy remain ill defined. Using complementary genomics analyses, we
identified the interferon pathway as the major signaling cascade consistently activated by trisomy
21 in human cells. Transcriptome analysis revealed that trisomy 21 activates the interferon
transcriptional response in fibroblast and lymphoblastoid cell lines, as well as circulating monocytes
and T cells. Trisomy 21 cells show increased induction of interferon-stimulated genes and
decreased expression of ribosomal proteins and translation factors. An shRNA screen determined
that the interferon-activated kinases JAK1 and TYK2 suppress proliferation of trisomy 21
fibroblasts, and this defect is rescued by pharmacological JAK inhibition. Therefore, we propose
that interferon activation, likely via increased gene dosage of the four interferon receptors
encoded on chromosome 21, contributes to many of the clinical impacts of trisomy 21, and that
interferon antagonists could have therapeutic benefits.
DOI: 10.7554/eLife.16220.001

Introduction
Trisomy 21 (T21) is the most common chromosomal abnormality in the human population, occurring
in approximately 1 in 700 live births (Alexander et al., 2016). The extra copy of chromosome 21
(chr21) impacts human development in diverse ways across every major organ system, causing the
condition known as Down syndrome (DS). One of the most intriguing aspects of T21 is that it causes
an altered disease spectrum in the population with DS, protecting these individuals from some dis-
eases (e.g. solid tumors, hypertension), while strongly predisposing them to others (e.g. Alzheimer’s
disease, leukemia, autoimmune disorders) (Alexander et al., 2016; Sobey et al., 2015;
Bratman et al., 2014; Roberts and Izraeli, 2014; Anwar et al., 1998; Malinge et al., 2013;
Hasle et al., 2016). Despite many years of study, the molecular, cellular, and physiological

Sullivan et al. eLife 2016;5:e16220. DOI: 10.7554/eLife.16220 1 of 28
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LETTER TO THE EDITOR 

Interferon Action and Chromosome 21 Trisomy 

I would like to call attention to recent findings on the cell biology of 
interferon action that suggest a possible relationship between interferon and 
the Down’s Syndrome phenotype and to present a hypothesis that could 
implicate interferon action in the etiology of the trisomy 21 Down’s geno- 
type. 

A relationship between supersensitivity to interferon and the trisomy of 
chromosome 21 was first revealed in 1974 by Tan and colleagues who 
demonstrated an increased sensitivity of cultured trisomy 21 human fibro- 
blasts to the antiviral action of human fibroblast interferon (Tan et&., 1974). 
These observations have been extended to include the detection of super- 
sensitivity to interferon’s cell growth inhibitory activity assayed on the 
peripheral blood lymphocytes from Down’s syndrome patients (Cupples & 
Tan, 1977; Gurari-Rotman et al., 1978). These findings suggest that the 
Down’s embryo and neonate are unusually sensitive to interferon and have 
raised the possibility that an interferon related cell growth inhibition could 
be partly responsible for the developmental abnormalities characteristic of 
the Down’s phenotype. 

This possibility is supported by subchromosomal gene localization studies 
that have tentatively assigned both the gene(s) responsible for the Down’s 
Syndrome (Williams et al., 1975; Niebuhr, 1974) and those controlling 
sensitivity to interferon (Epstein & Epstein, 1976; Tan & Greene, 1976) to 
the distal region of the long arm of chromosome 21. 

If interferon were involved in the phenotypic consequences of 
chromosome 21 trisomy, one might expect that a child could be born 
trisomic for chromosome 21 but with none, or few, of the attendant 
developmental abnormalities if the course of pregnancy was wholly free of 
virus exposure. As the average pregnancy is attended by several viral 
infections (Johnson, 1978) such an occurrence would not be common. 
However, it is notable that trisomy 21 children born free of many of the 
common Down’s defects have been reported (Kousseff, 1978; Hobbs, 
Seabright & Mould, 1977). 

Even in the absence of exposure to added interferon, trisomy 21 cells 
display unusual resistance to virus infection (Vilcek, Yamazaki & Havel, 
1977). Thus, it is possible that many of the biochemical events that accom- 
pany the interferon-induced antiviral state would be partially operative in 
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suffered from life-threatening infections with S. pneumo-
niae during childhood (Von Bernuth et al., 2008).

Overall, TLR2, TLR4 and TLR9 play important but partly
redundant roles in the innate defence against S. pneumo-
niae. Open questions still exist, for example, regarding the
combined function of these and possibly other TLRs, and
the ligand of TLR4 in pneumococcal infection in vivo.

NLRs and inflammasomes

The family of NLRs consists of 22 mostly cytosolic proteins
in humans and at least 33 members in mice (Chen et al.,
2009). Some of these NLRs, including NOD1 and NOD2,
primarily activate a NF-kB-dependent pro-inflammatory
gene expression. While NOD1 detects peptidoglycan frag-
ments mainly produced by Gram-negative bacteria, NOD2

is activated by peptidoglycans of basically all bacteria
(Sorbara and Philpott, 2011). Other NLRs, such as NLRP1,
NLRP3 and NLRC4, form protein complexes called inflam-
masomes after detection of diverse stimulants (Schroder
and Tschopp, 2010). These inflammasomes regulate IL-1b
and IL-18 on a post-translational level by cleaving their
zymogenic pro-forms into functional cytokines.

We previously showed that NOD2 activates NF-kB after
detecting internalized pneumococci in vitro (Opitz et al.,
2004). A recent paper indicated that phagocytosis,
lysozyme-dependent digestion of S. pneumoniae in mac-
rophages, and subsequent PLY-mediated delivery of
pneumococcal peptidoglycan fragments into the host cell
cytosol is involved in NOD2 activation (Davis et al., 2011).
S. pneumoniae recognition by NOD2 mediates MCP-1
(CCL2) production leading to recruitment of macrophages

Fig. 1. Overview of the different PRRs involved in recognition of S. pneumoniae. Cell wall components and possibly PLY of extracellular
bacteria are recognized by TLR2 and -4 respectively. Moreover, S. pneumoniae is internalized by phagocytic cells and subsequently degraded
in phagosomes leading to the release of bacterial peptidoglycan and nucleic acids. While unmethylated CpG-containing DNA is sensed by
TLR9 within the endosomes, other bacterial components might gain access to the cytosol possibly dependent on PLY-mediated membrane
disruption. For example, pneumococcal peptidoglycan fragments are detected by NOD2 within the cytosol. Moreover, pneumococcal DNA is
detected by AIM2 and by an additional still not identified cytosolic PRR. TLRs as well as NOD2 subsequently stimulate the production of
NF-kB-dependent cytokines including TNFa, IL-6, KC and pro-IL-1b. While functional TNFa, IL-6 and KC are released after translation, the
production of IL-1b requires a second signal. This is provided by the NLRP3 and the AIM2 inflammasomes activated by PLY and bacterial
DNA, respectively, which mediate cleavage of pro-IL-1b into mature IL-1b. Sensing of S. pneumoniae DNA by the yet-to-be-identified cytosolic
DNA sensor activates the adaptor STING and the transcription factor IRF3, and stimulates type I IFN responses.
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Microreview

Recognition of Streptococcus pneumoniae by the
innate immune system

Uwe Koppe, Norbert Suttorp and Bastian Opitz*
Department of Internal Medicine/Infectious Diseases
and Pulmonary Medicine, Charité Universitätsmedizin
Berlin, Augustenburger Platz 1, 13353 Berlin, Germany.

Summary

Streptococcus pneumoniae is both a frequent
colonizer of the upper respiratory tract and a
leading cause of life-threatening infections such as
pneumonia, meningitis and sepsis. The innate
immune system is critical for the control of coloni-
zation and for defence during invasive disease.
Initially, pneumococci are recognized by different
sensors of the innate immune system called
pattern recognition receptors (PRRs), which
control most subsequent host defence pathways.
These PRRs include the transmembrane Toll-like
receptors (TLRs) as well as the cytosolic NOD-like
receptors (NLRs) and DNA sensors. Recognition of
S. pneumoniae by members of these PRR families
regulates the production of inflammatory media-
tors that orchestrate the following immune
response of infected as well as neighbouring
non-infected cells, stimulates the recruitment of
immune cells such as neutrophils and macroph-
ages, and shapes the adaptive immunity. This
review summarizes the current knowledge of
the function of different PRRs in S. pneumoniae
infection.

Introduction

Streptococcus pneumoniae frequently colonizes the
upper respiratory tract of humans. Depending on the
immune status of the host, on preceding viral infections
and on the pneumococcal serotype, this asymptomatic
colonization can progress to invasive diseases, such as
community-acquired pneumonia, sepsis and meningitis

(Kadioglu et al., 2008; van der Poll and Opal, 2009).
Hence, S. pneumoniae causes significant mortality espe-
cially in children. Worldwide estimates of S. pneumoniae-
related child deaths are at least 1.2 million per year (van
der Poll and Opal, 2009). To date, more than 90 serotypes
are known. Some serotypes are associated with nasopha-
ryngeal colonization, pneumonia in patients with underly-
ing diseases and higher mortality when causing disease.
Others are frequently found in invasive diseases that,
however, show lower case-fatality rates (Weinberger
et al., 2010). Each serotype is characterized by an indi-
vidual polysaccharide capsule, which functions as a key
virulence factor by inhibiting phagocytosis, complement
factor binding and entrapment by neutrophil extracellular
traps (Abeyta et al., 2003; Wartha et al., 2007; Hyams
et al., 2010). Another important pneumococcal virulence
factor is the exotoxin pneumolysin (PLY). PLY of most
pneumococcal strains is cytotoxic to mammalian cells by
forming large pores into membranes (Mitchell and Mitch-
ell, 2010). Its critical role in causing disease has been
demonstrated in various models of pneumococcal pneu-
monia (Rubins et al., 1995; Kadioglu et al., 2002), lung
injury (Maus et al., 2004; Witzenrath et al., 2006) and
meningitis (Wellmer et al., 2002; Hirst et al., 2008). Inter-
estingly, a recent study, however, suggests that PLY might
be dispensable for the development of secondary pneu-
mococcal pneumonia following influenza virus infection
(Karlstrom et al., 2011).

The first recognition of invading pathogens, such as
S. pneumoniae, by the host is mediated by the so-called
pattern recognition receptors (PRRs) of the innate branch
of the immune system. Different classes of PRRs
have been identified during the last 15 years, including
the Toll-like receptors (TLRs), NOD-like receptors
(NLRs), RIG-I-like receptors (RLRs) and the manifold
cytosolic DNA sensors. These receptors are activated by
conserved microbial molecules [microbe-associated
molecular patterns (MAMPs)], bacterial virulence factors,
as well as endogenous molecules released after tissue
damage [danger-associated molecular patterns (DAMPs)]
(Medzhitov and Janeway, 2000; Vance et al., 2009; Rock
et al., 2010). Upon activation, most PRRs regulate the
production of inflammatory mediators, including TNFa,
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Summary

Streptococcus pneumoniae is both a frequent
colonizer of the upper respiratory tract and a
leading cause of life-threatening infections such as
pneumonia, meningitis and sepsis. The innate
immune system is critical for the control of coloni-
zation and for defence during invasive disease.
Initially, pneumococci are recognized by different
sensors of the innate immune system called
pattern recognition receptors (PRRs), which
control most subsequent host defence pathways.
These PRRs include the transmembrane Toll-like
receptors (TLRs) as well as the cytosolic NOD-like
receptors (NLRs) and DNA sensors. Recognition of
S. pneumoniae by members of these PRR families
regulates the production of inflammatory media-
tors that orchestrate the following immune
response of infected as well as neighbouring
non-infected cells, stimulates the recruitment of
immune cells such as neutrophils and macroph-
ages, and shapes the adaptive immunity. This
review summarizes the current knowledge of
the function of different PRRs in S. pneumoniae
infection.

Introduction

Streptococcus pneumoniae frequently colonizes the
upper respiratory tract of humans. Depending on the
immune status of the host, on preceding viral infections
and on the pneumococcal serotype, this asymptomatic
colonization can progress to invasive diseases, such as
community-acquired pneumonia, sepsis and meningitis

(Kadioglu et al., 2008; van der Poll and Opal, 2009).
Hence, S. pneumoniae causes significant mortality espe-
cially in children. Worldwide estimates of S. pneumoniae-
related child deaths are at least 1.2 million per year (van
der Poll and Opal, 2009). To date, more than 90 serotypes
are known. Some serotypes are associated with nasopha-
ryngeal colonization, pneumonia in patients with underly-
ing diseases and higher mortality when causing disease.
Others are frequently found in invasive diseases that,
however, show lower case-fatality rates (Weinberger
et al., 2010). Each serotype is characterized by an indi-
vidual polysaccharide capsule, which functions as a key
virulence factor by inhibiting phagocytosis, complement
factor binding and entrapment by neutrophil extracellular
traps (Abeyta et al., 2003; Wartha et al., 2007; Hyams
et al., 2010). Another important pneumococcal virulence
factor is the exotoxin pneumolysin (PLY). PLY of most
pneumococcal strains is cytotoxic to mammalian cells by
forming large pores into membranes (Mitchell and Mitch-
ell, 2010). Its critical role in causing disease has been
demonstrated in various models of pneumococcal pneu-
monia (Rubins et al., 1995; Kadioglu et al., 2002), lung
injury (Maus et al., 2004; Witzenrath et al., 2006) and
meningitis (Wellmer et al., 2002; Hirst et al., 2008). Inter-
estingly, a recent study, however, suggests that PLY might
be dispensable for the development of secondary pneu-
mococcal pneumonia following influenza virus infection
(Karlstrom et al., 2011).

The first recognition of invading pathogens, such as
S. pneumoniae, by the host is mediated by the so-called
pattern recognition receptors (PRRs) of the innate branch
of the immune system. Different classes of PRRs
have been identified during the last 15 years, including
the Toll-like receptors (TLRs), NOD-like receptors
(NLRs), RIG-I-like receptors (RLRs) and the manifold
cytosolic DNA sensors. These receptors are activated by
conserved microbial molecules [microbe-associated
molecular patterns (MAMPs)], bacterial virulence factors,
as well as endogenous molecules released after tissue
damage [danger-associated molecular patterns (DAMPs)]
(Medzhitov and Janeway, 2000; Vance et al., 2009; Rock
et al., 2010). Upon activation, most PRRs regulate the
production of inflammatory mediators, including TNFa,
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BACKGROUND: Children with Down syndrome (DS) have an 
increased susceptibility to infections, due to altered humoral 
and/or cellular immunity. The aim of the study was to deter-
mine the cytokine production in whole blood of children 
with DS upon stimulation with heat-killed Streptococcus pneu-
moniae and lipopolysaccharide (LPS), in comparison with their 
healthy siblings.
METHODS: Whole blood of 61 children with DS and 57 of 
their healthy siblings was stimulated with 200 ng/ml LPS and 
4 × 107 colony-forming units/ml S. pneumoniae during 6, 24, 
and 48 h. Concentrations of pro- and anti-inflammatory cyto-
kines, tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, 
IL-8, IL-12p70, and IL-10 were determined at all time points.
RESULTS: Children with DS show an increased IL-10 produc-
tion upon stimulation with S. pneumoniae compared to their 
healthy siblings. At most time points, no significant differences 
were seen in cytokine production upon stimulation with LPS.
CONCLUSION: Children with DS may be prone to a severe 
course of pneumococcal pneumonia, because of an increased 
anti-inflammatory response.

Down syndrome (DS), trisomy 21, is one of the most com-
mon chromosomal disorders with a prevalence of 10–14 

per 10,000 live births in the Netherlands (1) and a prevalence 
of 10.3 per 10,000 children in the United States (2). Apart from 
mental retardation, children with DS have an increased inci-
dence of congenital defects (heart and gastrointestinal tract), 
autoimmune disease (celiac disease), and malignancies (leu-
kemia). Because of their predisposition to these medical con-
ditions, they need multidisciplinary medical care (3,4). They 
are also more prone to respiratory tract infections (RTIs) that 
commonly manifest in the lower airways, a major cause of hos-
pitalization (5,6). Several factors contribute to increased risk of 
RTI in children with DS such as neurological impairment (7), 
abnormal anatomy of the upper airways (8), structural pulmo-
nary abnormalities (9), and congenital heart defects (10). In 
addition, alterations in the immune system are an important 
cause of RTIs in DS children (11,12). Defects in both the innate 

and the adaptive immunity are reported in DS, for example, 
mannan-binding lectin deficiency (13), a high number of pro-
inflammatory CD14dimCD16+ monocytes (14), changes in T- 
and B-lymphocyte counts (15–17), early aging of the immune 
system (18,19), an intrinsic defect of T and B lymphocytes 
(16,20,21), IgG2 and IgG4 subclass deficiencies (16,17,21–24), 
impaired antibody response to pneumococcal vaccine (25), 
and diminished invariant natural killer T cells (14,17) and 
regulatory T cells (17). These lower RTIs in DS children are 
most often caused by viral pathogens, such as respiratory syn-
cytial virus. This can lead to severe respiratory syncytial virus 
bronchiolitis, a frequent cause of hospitalization in DS chil-
dren (10,26–28). Also, an increased risk of hospitalization, 
endotracheal intubation, and death due to influenza A virus 
infection was reported in DS (29). In addition, we found an 
increased proinflammatory cytokine response to live influ-
enza A virus in children with DS, which might contribute to 
an increased severity of their clinical course of this infection 
(30). Bacterial pathogens, both Gram positive and Gram nega-
tive, can also cause lower RTIs in children. However, nothing 
is known about the immune response to these types of RTIs in 
children with DS. For this reason, we used ex vivo stimulation 
with Streptococcus pneumoniae and lipopolysaccharide (LPS) 
in whole blood of DS children and their healthy siblings as a 
model for a Gram-positive and Gram-negative bacterial RTI, 
and we evaluated the levels of inflammatory mediators such as 
tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-8, 
IL-12p70, and IL-10 in the culture supernatants.

RESULTS
Patients and Controls
After parental consent, 61 children with DS and 57 of their 
age-matched, healthy siblings were included in the study. In 
eight families, the child with DS was the only one to partici-
pate because there were no siblings. In 48 families, 1 sibling 
per child with DS participated. In five families, two siblings 
per child with DS participated. The average age (±SD) in the 
DS group was 7.8 (±5.1) vs. 9.3 (±5.5) y in the sibling group 

Received 13 July 2012; accepted 30 May 2013; advance online publication 20 November 2013. doi:10.1038/pr.2013.173

1 Department of Pediatrics, Vrije Universiteit Medical Center, Amsterdam, The Netherlands; 2Department of Medical Microbiology and Infection Control, Laboratory of 
 Immunogenetics, Vrije Universiteit Medical Center, Amsterdam, The Netherlands; 3 Department of Genetics and Cell Biology, Faculty of Health, Medicine & Life Sciences, Institute 
of Public Health Genomics, Research Institute GROW, University of Maastricht, Maastricht, The Netherlands; 4 Department of Pediatric Infectious Diseases, Immunology and 
Rheumatology, Vrije Universiteit Medical Center, Amsterdam, The Netherlands. Correspondence: Chantal J.M. Broers (cjm.broers@vumc.nl)

Increased production of interleukin-10 in children 
with Down syndrome upon ex vivo stimulation with 
Streptococcus pneumoniae
Chantal J.M. Broers1 , Reinoud J.B.J. Gemke1 , Servaas A. Morré2,3 , Michel E. Weijerman1  and Anne Marceline van Furth4

Pediatr Res

109

113

2014

Pediatric Research

10.1038/pr.2013.173

20November2013

75

1

13July2012

30May2013

Copyright © 2014 International Pediatric Research Foundation, Inc.

Down syndrome and bacterial stimuli

Broers et al.

Clinical Investigation

Articles

Copyright © 2014 International Pediatric Research Foundation, Inc.  Volume 75  |  Number 1  |  January 2014      Pediatric RESEARCH 109



Hypothesis

In persons with DS, the lung is in a chronic state of 
susceptibility to severe S.pneumoniae pneumonia that 
phenocopies post-viral infection in non-DS individuals 

Strong Inference
Interferonopathy

Toll-like receptors

Immune suppression IL-10/TGF-beta

Respiratory commensal bacteria is different

ORIGINAL RESEARCH
published: 23 August 2017

doi: 10.3389/fmicb.2017.01613

Frontiers in Microbiology | www.frontiersin.org 1 August 2017 | Volume 8 | Article 1613

Edited by:

Rebeca Martín,

INRA Centre Jouy-en-Josas, France

Reviewed by:

Narayanan Parameswaran,

Michigan State University,

United States

Analia Graciela Abraham,

Centro de Investigación y Desarrollo

en Criotecnología de Alimentos

(CIDCA), Argentina

*Correspondence:

Haruki Kitazawa

haruki.kitazawa.c7@tohoku.ac.jp

Julio Villena

jcvillena@cerela.org.ar

†
These authors have contributed

equally to this work.

Specialty section:

This article was submitted to

Food Microbiology,

a section of the journal

Frontiers in Microbiology

Received: 11 April 2017

Accepted: 08 August 2017

Published: 23 August 2017

Citation:

Kanmani P, Clua P, Vizoso-Pinto MG,

Rodriguez C, Alvarez S, Melnikov V,

Takahashi H, Kitazawa H and Villena J

(2017) Respiratory Commensal

Bacteria Corynebacterium

pseudodiphtheriticum Improves

Resistance of Infant Mice to

Respiratory Syncytial Virus and

Streptococcus pneumoniae

Superinfection.

Front. Microbiol. 8:1613.

doi: 10.3389/fmicb.2017.01613

Respiratory Commensal Bacteria
Corynebacterium
pseudodiphtheriticum Improves
Resistance of Infant Mice to
Respiratory Syncytial Virus and
Streptococcus pneumoniae
Superinfection
Paulraj Kanmani 1, 2†, Patricia Clua 3, 4†, Maria G. Vizoso-Pinto 5, Cecilia Rodriguez 6,
Susana Alvarez 3, 4, Vyacheslav Melnikov 7, 8, Hideki Takahashi 9, 10, Haruki Kitazawa

1, 2* and
Julio Villena

1, 3, 4*

1 Food and Feed Immunology Group, Laboratory of Animal Products Chemistry, Graduate School of Agricultural Science,

Tohoku University, Sendai, Japan, 2 Livestock Immunology Unit, International Education and Research Center for Food and

Agricultural Immunology, Graduate School of Agricultural Science, Tohoku University, Sendai, Japan, 3 Immunobiotics

Research Group, Tucuman, Argentina, 4 Laboratory of Immunobiotechnology, Reference Centre for Lactobacilli

(CERELA-CONICET), Tucuman, Argentina, 5 Faculty of Medicine, INSIBIO (UNT-CONICET), National University of Tucuman,

Tucuman, Argentina, 6 Laboratory of Genetics, Reference Centre for Lactobacilli (CERELA-CONICET), Tucuman, Argentina,
7 Gabrichevsky Institute of Epidemiology and Microbiology, Moscow, Russia, 8 Central Research Institute of Epidemiology,

Moscow, Russia, 9 Laboratory of Plant Pathology, Graduate School of Agricultural Science, Tohoku University, Sendai, Japan,
10 Plant Immunology Unit, International Education and Research Center for Food and Agricultural Immunology, Graduate

School of Agricultural Science, Tohoku University, Sendai, Japan

Corynebacterium pseudodiphtheriticum is a Gram-positive bacterium found as a

member of the normal microbiota of the upper respiratory tract. It was suggested that

C. pseudodiphtheriticummay be potentially used as a next-generation probiotic for nasal

application, although no deep studies were performed in this regard. We hypothesized

that human isolate C. pseudodiphtheriticum strain 090104 is able to modulate the

respiratory innate immune response and beneficially influence the resistance to viral and

bacterial infections. Therefore, in the present study we investigated how the exposure of

infant mice to nasal priming with viable or non-viable C. pseudodiphtheriticum 090104

influences the respiratory innate immune response triggered by Toll-like receptor (TLR)-3

activation, the susceptibility to primary Respiratory Synsytial Virus (RSV) infection, and the

resistance to secondary Streptococcus pneumoniae pneumonia. We demonstrated that

the nasal priming with viable C. pseudodiphtheriticum 090104 differentially modulated

TLR3-mediated innate antiviral immune response in the respiratory tract of infant mice,

improving their resistance to primary RSV infection, and secondary pneumococcal

pneumonia. In association with the protection against RSV-pneumococcal

superinfection, we found that viable C. pseudodiphtheriticum improved lung

CD3+CD4+IFN-γ+, and CD3+CD4+IL-10+ T cells as well as CD11c+SiglecF+IFN-β+

alveolar macrophages. Of interest, non-viable bacteria did not have the same
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hospitalizations and intensive care unit admissions [1].
Compared to unaffected children, children with Down syn-
drome have a more severe course of disease, longer length
of admission, higher cost per admission and increased
incidence and severity of respiratory syncytial virus (RSV)
bronchiolitis [14].

The findings on radiographs in children with Down syn-
drome and RSV bronchiolitis are similar to those in other
children and include hyperinflated lungs, streaky parahilar
opacities and bronchial cuffing. One difference is that children
with Down syndrome are more likely to have radiographic
consolidation (Fig. 5) [11].

Chronic lung disease

Chest radiographs in children with Down syndrome can
demonstrate chronic changes of diffuse parenchymal lung
disease, which are sometimes symptomatic. These changes
can occur from a primary process such as pulmonary
hypoplasia, pulmonary lymphangectasia or lymphoid interstitial
pneumonitis or they can occur secondary to bronchopulmonary
dysplasia, infection or post-infectious complications, pulmo-
nary hemosiderosis, cardiac and pulmonary vascular disease
or chronic aspiration [2]. Several of these entities are described
below.

Pulmonary hypoplasia and subpleural cysts

Autopsy studies in people with Down syndrome have shown a
difference in the histological appearance of the lungs com-
pared to unaffected people. In people with Down syndrome,
the alveolar size is increased while the total number of alveoli
is decreased [11]. Overall, the number of alveoli ranges from

58% to 83% of the predicated number [11]. These children
are categorized as having an alveolar growth abnormality
per the Children’s Interstitial Lung Disease (ChILD) classi-
fication [15].

This alveolar growth abnormality is most pronounced in
the subpleural region, giving the appearance of subpleural
cysts (Fig. 6). These cysts are present in 20%–-36% of chil-
dren with Down syndrome [15, 16]. On CT there are numer-
ous small subpleural cysts, measuring 1–4 mm in the pe-
riphery of the anteromedial lung. The cysts have been
shown to communicate with more proximal airspaces [17].
No particular management has been suggested because most
people are asymptomatic [1].

Upper airway obstruction

Airway obstruction is often multifactorial in children with
Down syndrome. In children with the most severe symptoms,
multiple obstructive lesions are found nearly 40% of the time
at bronchoscopy [1]. Upper airway obstruction occurs in 14%
of children with Down syndrome [1]. Some of the more
common causes include adenoid and tonsillar hypertrophy,
laryngomalacia and macroglossia.

Obstructive sleep apnea is the second most common respi-
ratory disorder in children with Down syndrome, affecting
30–75% [1]. Affected patients are identified through a history
of snoring and restless sleep. Nearly all children with Down
syndrome who snore have obstructive sleep apnea [1]. Several
characteristics of the upper airway predispose children with
Down syndrome to develop obstructive sleep apnea, including
a small mid-face, narrow nasal airways, micrognathia,
macroglossia, glossoptosis, increased frequency of tonsil and
adenoid hypertrophy, and increased collapsibility of the upper
airway. Although the risk of obstructive sleep apnea increases
with a larger body mass index, 91% of children with Down
syndrome who have obstructive sleep apnea have a normal
body mass index [1].

Fig. 5 Respiratory syncytial virus bronchiolitis. Anteroposterior radio-
graph of the chest in a 14-month-old girl with Down syndrome shows
symmetrical hyperinflation of the lungs, streaky perihilar opacities and
other focal right upper lobe opacities. The girl was diagnosed with
respiratory syncytial virus (RSV) bronchiolitis

Fig. 6 Subpleural cysts. Axial CT of the chest in 1-year-old girl with
Down syndrome demonstrates multiple small subpleural cysts (arrows)
along the pleural surface of the mediastinum and chest wall in both upper
lungs. Note the median sternotomy wires from previous repair of atrio-
ventricular septal defect

Pediatr Radiol (2014) 44:506–521 509

abnormalities in the arterial wall, and disturbances in the
regulation of pulmonary vascular resistance [2]. In these chil-
dren, increased pulmonary arterial blood flow caused by con-
comitant congenital heart disease containing a left-to-right
shunt (especially AVSD) exacerbates the risk of pulmonary
arterial hypertension [2]. The main strategy to prevent pulmo-
nary arterial hypertension is to identify andmanage the cardiac
defect in a timely manner.

Vascular anomalies

An aberrant right subclavian artery is a common anatomical
variant in children with Down syndrome, occurring in 16–
39% of patients [8]. Although this is often an incidental
finding, children with an aberrant right subclavian artery can
rarely present with dysphagia and feeding problems if the
aberrant right subclavian artery is part of a vascular ring
encircling the esophagus and trachea [11, 12]. If other
mechanical causes of feeding intolerance have been excluded,
a contrast esophagram is a sensitive method of identifying an
aberrant right subclavian artery. If positive, the test shows a
posterior impression on the esophagus [13]. CT angiography
or MR angiography can be used to show the right subclavian
artery arising as the most distal branch from the aortic arch and
traversing posteriorly behind the esophagus before continuing
on its normal course (Fig. 4) [11].

Respiratory findings

Respiratory problems are the most common reason for chil-
dren with Down syndrome to be admitted to the hospital and
are the most common cause of excess mortality [2]. Multiple
abnormalities in Down syndrome contribute to the severity of
respiratory disease, including immune defects, hypotonia,
developmental delay, craniofacial anomalies and chronic
aspiration.

Pneumonia

Pneumonia is the most common respiratory disorder in chil-
dren with Down syndrome, accounting for nearly 80% of

Fig. 3 Tetralogy of Fallot and esophageal atresia/tracheoesophageal
fistula. Anteroposterior chest radiograph in a newborn boy shows that
the heart has a boot-shaped contour with an upturned apex compatible
with a diagnosis of tetralogy of Fallot. A nasoenteric tube is coiled in the
upper esophageal pouch (arrow), consistent with esophageal atresia. The
presence of bowel gas (arrowhead) in the upper abdomen confirms the
presence of a tracheoesophageal fistula. There are also 13 pairs of ribs

Fig. 4 Aberrant right subclavian
artery. Sequential axial contrast-
enhanced CT images in a 19-year-
old woman with Down syndrome
demonstrate an aberrant right
subclavian artery (arrows)
extending from the aortic arch
(a) and coursing to the right
posterior to the esophagus (* in d)

508 Pediatr Radiol (2014) 44:506–521

this association in children with Down syndrome is unclear.
Treatment is based on symptoms and can range from obser-
vation to tracheoplasty [20].

Gastrointestinal findings

Congenital gastrointestinal anomalies are present in 4–10% of
children with Down syndrome and can involve most portions
of the gastrointestinal tract [21, 22].

Foregut anomalies

The most common gastrointestinal anomaly in Down syn-
drome is duodenal atresia, occurring in 1–5% [22]. Thirty
percent of infants with duodenal atresia have Down syndrome
[22]. On fetal sonography or MRI there is a characteristic
double-bubble appearance with an enlarged, fluid-filled
stomach and proximal duodenum (Fig. 10). Polyhydramnios
is often present. Postnatal radiograph shows an air-filled double
bubble and a lack of distal bowel gas (Fig. 10).

Annular pancreas is more common in children with Down
syndrome. One study showed that the risk of having annular
pancreas is 430 times higher in children with Down syndrome
compared to children without Down syndrome [23]. On ra-
diograph an annular pancreas can be a cause of a double
bubble; however, with isolated annular pancreas there is usu-
ally distal small bowel gas, unlike the typical findings of
duodenal atresia. On fluoroscopy there is circumferential
narrowing of the second portion of the duodenum. At endo-
scopic retrograde cholangiopancreatography, the pancreatic
duct encircles the duodenum, and on cross-sectional imaging,
the pancreatic tissue surrounds the second portion of the
duodenum. Oral contrast agent can be used to help identify
the duodenum on CT images.

Esophageal atresia with tracheoesophageal fistula is more
prevalent in Down syndrome than in the general population,
occurring with a frequency of 0.3–0.8% [22]. Children present
with difficulty feeding and increased oral secretions. Chest ra-
diograph shows a dilated, air-filled esophageal pouch. An enteric
tube, if placed, is coiled within the esophageal pouch (Fig. 3).
Air in the stomach confirms presence of a tracheoesophageal
fistula (Fig. 3). Additional imaging is rarely required to confirm
the diagnosis of esophageal atresia.

Midgut anomalies

The most common midgut anomaly associated with Down
syndrome is malrotation, with an estimated incidence 45 times
higher than that in children without Down syndrome [23].
Children with malrotation and midgut volvulus usually pres-
ent with bilious emesis in the first week after birth. Abdominal
radiograph can be normal or have findings of a proximal
obstruction. Upper gastrointestinal study is typically the next
study performed and shows an abnormal location of the
duodenojejunal junction, with the duodenum remaining to
the right of the spine and coursing inferiorly (Fig. 11).

Fig. 9 Tracheal rings. Axial CT of the chest in a 23-month-old boy with
Down syndrome shows a circular configuration of the trachea (arrow).
This along with the small caliber of the trachea is consistent with a
diagnosis of complete tracheal rings

Fig. 10 Duodenal atresia. a Prenatal sonogram and (b) prenatal FIESTA
(fast imaging employing steady-state acquisition) MR image in a 33-
week fetus with Down syndrome show a dilated stomach (arrow) and
proximal duodenum (arrowhead), typical of the double-bubble sign of

duodenal atresia. Polyhydramnios was present (not shown). cAbdominal
radiograph in a different neonate with Down syndrome also shows the
double-bubble appearance with dilated stomach (arrow) and proximal
duodenum (arrowhead)

Pediatr Radiol (2014) 44:506–521 511
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We need to explore mouse models of DS more fully for these
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Although influenza infection alone may lead to pneumonia, secondary
bacterial infections are a much more common cause of pneumonia.
Streptococcus pneumoniae is the most frequently isolated causative
pathogen during postinfluenza pneumonia. Considering that S. pneu-
moniae utilizes the platelet-activating factor receptor (PAFR) to
invade the respiratory epithelium and that the PAFR is upregulated
during viral infection, we here used PAFR gene-deficient (PAFR!/!)
mice to determine the role of this receptor during postinfluenza
pneumococcal pneumonia. Viral clearance was similar in wild-type
and PAFR!/! mice, and influenza virus was completely removed
from the lungs at the time mice were inoculated with S. pneumoniae
(day 14 after influenza infection). PAFR!/! mice displayed a signif-
icantly reduced bacterial outgrowth in their lungs, a diminished
dissemination of the infection, and a prolonged survival. Pulmonary
levels of IL-10 and KC were significantly lower in PAFR!/! mice,
whereas IL-6 and TNF-" were only trendwise lower. These data
indicate that the pneumococcus uses the PAFR leading to severe
pneumonia in a host previously exposed to influenza A.

virus; bacteria; pneumonia; inflammation

ALTHOUGH INFLUENZA A INFECTION alone may lead to pneumonia,
secondary bacterial infections during and shortly after recovery
from influenza are much more common causes of pneumonia
(12, 28). Bacteria such as Staphylococcus aureus and Hae-
mophilus influenzae are known to cause postinfluenza pneu-
monia, but Streptococcus pneumoniae is the most prominent
pathogen causing secondary bacterial pneumonia in recent
decades (28). Primary infection with this pathogen is usually
less severe than secondary infection (16). Influenza is known to
increase adherence of and subsequent colonization with bacte-
rial respiratory pathogens. Bacteria may adhere to the basal
membrane after disruption of the airway epithelial layer by the
cytopathic effect of the virus (17) but may also bind to specific
receptors in the airway epithelium induced by influenza virus

(6, 11). Because the platelet-activating factor receptor (PAFR)
has been described to be upregulated during viral infections
(10) and since the PAFR is able to bind phosphorylcholine, a
cell wall component of S. pneumoniae (3, 5, 12), it has been
suggested that the PAFR may play a critical role during
secondary bacterial pneumonia (11).

The PAFR, a G protein-coupled receptor, is mainly ex-
pressed on macrophages, monocytes, neutrophils, and epithe-
lial cells (8, 9, 22, 24). Activation of epithelial cells leads to
upregulation of the PAFR at the cell surface, which facilitates
colonization and invasion of S. pneumoniae (3, 9). A recent
study by McCullers and Rehg (11) investigated the potential
role of the PAFR in pneumococcal pneumonia following in-
fluenza A infection. These authors showed that PAFR blockade
during secondary pneumococcal pneumonia does not prevent
lethal synergism between influenza virus and S. pneumoniae
(11). Moreover, administration of the PAFR antagonist CV-
6209 resulted in enhanced bacterial outgrowth, even in mice
with primary pneumococcal pneumonia (11). These findings
contrast with earlier studies reporting that administration of
PAFR antagonists reduced pneumococcal outgrowth in rabbits
(2, 3). In line, our laboratory recently demonstrated that PAFR
gene deficient (PAFR!/!) mice display a diminished bacterial
outgrowth and a reduced lethality after intranasal infection
with S. pneumoniae (20). To obtain further insight in the role
of the PAFR during secondary bacterial pneumonia, we inoc-
ulated PAFR!/! mice and wild-type mice with S. pneumoniae
on day 14 after influenza virus infection and studied host
defense against primary influenza virus infection and second-
ary S. pneumoniae infection.

MATERIALS AND METHODS

Mice. PAFR!/! mice were generated as described (7) and back-
crossed seven times to a C57BL/6 background. Wild-type C57BL/6
mice were obtained from Harlan Sprague-Dawley. Pathogen-free
8-wk-old female C57BL/6 mice and PAFR!/! mice were maintained
at biosafety level 2 during the experiments. All experiments were
approved by the Institutional Animal Care and Use Committee of the
Academic Medical Center.

Experimental infection protocol. Influenza A/PR/8/34 (VR-95;
ATCC, Rockville, MD) was grown on LLC-MK2 cells (RIVM,
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suffered from life-threatening infections with S. pneumo-
niae during childhood (Von Bernuth et al., 2008).

Overall, TLR2, TLR4 and TLR9 play important but partly
redundant roles in the innate defence against S. pneumo-
niae. Open questions still exist, for example, regarding the
combined function of these and possibly other TLRs, and
the ligand of TLR4 in pneumococcal infection in vivo.

NLRs and inflammasomes

The family of NLRs consists of 22 mostly cytosolic proteins
in humans and at least 33 members in mice (Chen et al.,
2009). Some of these NLRs, including NOD1 and NOD2,
primarily activate a NF-kB-dependent pro-inflammatory
gene expression. While NOD1 detects peptidoglycan frag-
ments mainly produced by Gram-negative bacteria, NOD2

is activated by peptidoglycans of basically all bacteria
(Sorbara and Philpott, 2011). Other NLRs, such as NLRP1,
NLRP3 and NLRC4, form protein complexes called inflam-
masomes after detection of diverse stimulants (Schroder
and Tschopp, 2010). These inflammasomes regulate IL-1b
and IL-18 on a post-translational level by cleaving their
zymogenic pro-forms into functional cytokines.

We previously showed that NOD2 activates NF-kB after
detecting internalized pneumococci in vitro (Opitz et al.,
2004). A recent paper indicated that phagocytosis,
lysozyme-dependent digestion of S. pneumoniae in mac-
rophages, and subsequent PLY-mediated delivery of
pneumococcal peptidoglycan fragments into the host cell
cytosol is involved in NOD2 activation (Davis et al., 2011).
S. pneumoniae recognition by NOD2 mediates MCP-1
(CCL2) production leading to recruitment of macrophages

Fig. 1. Overview of the different PRRs involved in recognition of S. pneumoniae. Cell wall components and possibly PLY of extracellular
bacteria are recognized by TLR2 and -4 respectively. Moreover, S. pneumoniae is internalized by phagocytic cells and subsequently degraded
in phagosomes leading to the release of bacterial peptidoglycan and nucleic acids. While unmethylated CpG-containing DNA is sensed by
TLR9 within the endosomes, other bacterial components might gain access to the cytosol possibly dependent on PLY-mediated membrane
disruption. For example, pneumococcal peptidoglycan fragments are detected by NOD2 within the cytosol. Moreover, pneumococcal DNA is
detected by AIM2 and by an additional still not identified cytosolic PRR. TLRs as well as NOD2 subsequently stimulate the production of
NF-kB-dependent cytokines including TNFa, IL-6, KC and pro-IL-1b. While functional TNFa, IL-6 and KC are released after translation, the
production of IL-1b requires a second signal. This is provided by the NLRP3 and the AIM2 inflammasomes activated by PLY and bacterial
DNA, respectively, which mediate cleavage of pro-IL-1b into mature IL-1b. Sensing of S. pneumoniae DNA by the yet-to-be-identified cytosolic
DNA sensor activates the adaptor STING and the transcription factor IRF3, and stimulates type I IFN responses.
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Summary

Streptococcus pneumoniae is both a frequent
colonizer of the upper respiratory tract and a
leading cause of life-threatening infections such as
pneumonia, meningitis and sepsis. The innate
immune system is critical for the control of coloni-
zation and for defence during invasive disease.
Initially, pneumococci are recognized by different
sensors of the innate immune system called
pattern recognition receptors (PRRs), which
control most subsequent host defence pathways.
These PRRs include the transmembrane Toll-like
receptors (TLRs) as well as the cytosolic NOD-like
receptors (NLRs) and DNA sensors. Recognition of
S. pneumoniae by members of these PRR families
regulates the production of inflammatory media-
tors that orchestrate the following immune
response of infected as well as neighbouring
non-infected cells, stimulates the recruitment of
immune cells such as neutrophils and macroph-
ages, and shapes the adaptive immunity. This
review summarizes the current knowledge of
the function of different PRRs in S. pneumoniae
infection.

Introduction

Streptococcus pneumoniae frequently colonizes the
upper respiratory tract of humans. Depending on the
immune status of the host, on preceding viral infections
and on the pneumococcal serotype, this asymptomatic
colonization can progress to invasive diseases, such as
community-acquired pneumonia, sepsis and meningitis

(Kadioglu et al., 2008; van der Poll and Opal, 2009).
Hence, S. pneumoniae causes significant mortality espe-
cially in children. Worldwide estimates of S. pneumoniae-
related child deaths are at least 1.2 million per year (van
der Poll and Opal, 2009). To date, more than 90 serotypes
are known. Some serotypes are associated with nasopha-
ryngeal colonization, pneumonia in patients with underly-
ing diseases and higher mortality when causing disease.
Others are frequently found in invasive diseases that,
however, show lower case-fatality rates (Weinberger
et al., 2010). Each serotype is characterized by an indi-
vidual polysaccharide capsule, which functions as a key
virulence factor by inhibiting phagocytosis, complement
factor binding and entrapment by neutrophil extracellular
traps (Abeyta et al., 2003; Wartha et al., 2007; Hyams
et al., 2010). Another important pneumococcal virulence
factor is the exotoxin pneumolysin (PLY). PLY of most
pneumococcal strains is cytotoxic to mammalian cells by
forming large pores into membranes (Mitchell and Mitch-
ell, 2010). Its critical role in causing disease has been
demonstrated in various models of pneumococcal pneu-
monia (Rubins et al., 1995; Kadioglu et al., 2002), lung
injury (Maus et al., 2004; Witzenrath et al., 2006) and
meningitis (Wellmer et al., 2002; Hirst et al., 2008). Inter-
estingly, a recent study, however, suggests that PLY might
be dispensable for the development of secondary pneu-
mococcal pneumonia following influenza virus infection
(Karlstrom et al., 2011).

The first recognition of invading pathogens, such as
S. pneumoniae, by the host is mediated by the so-called
pattern recognition receptors (PRRs) of the innate branch
of the immune system. Different classes of PRRs
have been identified during the last 15 years, including
the Toll-like receptors (TLRs), NOD-like receptors
(NLRs), RIG-I-like receptors (RLRs) and the manifold
cytosolic DNA sensors. These receptors are activated by
conserved microbial molecules [microbe-associated
molecular patterns (MAMPs)], bacterial virulence factors,
as well as endogenous molecules released after tissue
damage [danger-associated molecular patterns (DAMPs)]
(Medzhitov and Janeway, 2000; Vance et al., 2009; Rock
et al., 2010). Upon activation, most PRRs regulate the
production of inflammatory mediators, including TNFa,
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The first recognition of invading pathogens, such as
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of the immune system. Different classes of PRRs
have been identified during the last 15 years, including
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Abstract
Objective Parents and health professionals believe that recurrent respiratory tract infections (RRTI)

have a large impact on children with Down syndrome (DS). We studied the relation between

parent-reported RRTI and development, behaviour and health-related quality of life (HRQoL) in

8-year-old children with DS.

Method During a 3-year period, 325 children with DS were recruited for inclusion in this

observational study. Parents were asked to fill in the Child Behavior Checklist and TNO-AZL

Children’s Quality of Life Parent Form. A psychological assistant administrated the McCarthy Scales

of Children’s Abilities. The children were divided into a group with presence of RRTI (RRTI+) and a

group without RRTI (RRTI-), on the basis of parental report. Linear regression analyses were

performed to assess the effect of RRTI, while correcting for the influence of confounders.

Results Compared with RRTI- children (n = 176), RRTI+ children (n = 149, 46%) showed decreased

mental and motor development (mean developmental age 3.67 vs. 4.08 years), more behavioural

problems and lower scores on most HRQoL scales (P < 0.05). Moreover, school enrolment is less

favourable in RRTI+ children.

Conclusion In 8-year-olds with DS, the children with parent-reported RRTI show more delayed

development, more behavioural problems and lower HRQoL compared with the children without

RRTI. Although this association does not prove a causal relationship, further studies should focus on

this, because RRTI are potentially preventable.

Introduction

Down syndrome (DS) is one of the most common genetic
causes of intellectual disability in children. In the Netherlands,
the prevalence is approximately 1 in 714 live born infants
(Weijerman et al. 2008; Mohangoo et al. 2010). Facial dysmor-
phic features, hypotonia and congenital heart defects (CHD) are
variably present in newborns with DS. Also, DS is associated
with celiac disease, thyroid disease, diabetes mellitus and hae-
matological malignancies.

Respiratory complications are common in children with DS.
The risk of anatomic abnormalities, respiratory syncytial virus
infection and viral induced wheezing is increased (Bloemers
et al. 2007, 2010; McDowell & Craven 2011). Recurrent lung
and/or airway infections (recurrent respiratory tract infections;
RRTI) are frequently encountered in children with DS
(McDowell & Craven 2011). Parents often report delayed devel-
opment due to these RRTI. Up to now, this has been studied
only once in toddlers: motor development was delayed 0.88
months in 2-year-old children with DS suffering from recurrent

bs_bs_banner Child: care, health and development
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being breastfed and morbidity (CHD, diagnosis of asthma, gas-
trointestinal disease, eye disease, impaired hearing and thyroid
dysfunction) were used as confounders. The effect sizes were
computed as Cohen’s f 2, which is the effect size index for mul-
tiple regression (see for formula Cohen 1988, p. 410). If f 2

equals 0.01 for a variable, it means that this variable uniquely
accounts for 1% of the variance in the outcome variable
(expressed as a proportion of the unexplained variance). When
comparing the effect sizes for different outcome variables, f 2 is
more appropriate than R2 change, because the latter depends on
the total variance accounted for. For interpretation of relevant
effect sizes we used the following reference values: small effect
(0.01 ! f 2 < 0.10), moderate effect (0.10 ! f 2 < 0.33) and large
effect (f 2 " 0.33) (Cohen 1977). In addition, to determine
whether the effects of gender, CHD and impaired hearing on
the outcome variables were equal for both groups of RRTI, the
influence of interaction terms was assessed by hierarchical
regression analyses. For this purpose, cross products were com-
puted between RRTI (plus or minus) and, respectively, gender,

CHD and impaired hearing. These cross products were added as
an extra step to the regression equation (which included all
main effects). Although asthma was significantly more reported
in RRTI+, this subgroup was too small for further analysis.

Power analysis showed at least 137 patients per group were
needed to detect a 3-month difference in developmental delay
(power 80%, alpha 0.05). All analyses were performed by spss
for Windows 17.0; statistical significance was defined as a two-
sided P < 0.05.

Results

Patient characteristics and confounding factors

The data on patient characteristics and potential confounding
factors are presented in Table 1. In total, 531 children with DS
aged 8 years were invited to participate; which holds 78% of
all estimated living 680 children of this birth cohort in the
Netherlands (based on an 84% survival rate) (Tennant et al.

Table 1. Patient characteristics and additional morbidity of 8-year-old Down syndrome population in relation to parent-reported presence of recurrent
respiratory tract infections (RRTI)

RRTI+ RRTI- Total Chi-squared test

n (%) n (%) n (%) P-value

Male 85 (57) 84 (48) 169 (51) NS
Female 64 (43) 92 (52) 156 (49)
Age at inclusion* (mean, range and SD in years) 8.14 (7.8–8.8) # 0.14 8.15 (7.8–9.1) # 0.16 8.14 (7.8–9.1) # 0.15
School attendance

Ever attended regular education 99 (30) 142 (44) 241 (74) 0.003
Regular education attendance at inclusion 65 (20) 92 (28) 156 (48) NS

Pre-school (normally age 4–5 years) 21 (32)† 11 (12) 31 (20) 0.018
First grade (normally age 6 years) 33 (51)† 62 (67) 95 (61) 0.010
Second grade (normally age 7 years) 11 (17)† 19 (21) 30 (19) NS

Level of parental education
Primary or secondary education 24 (7) 31 (10) 55 (17) NS
Higher secondary education 55 (17) 63 (19) 118 (36) NS
University education 70 (22) 82 (25) 152 (47) NS

Being breastfed (>1 month) 57 (18) 60 (18) 117 (36) NS
Siblings 140 (43) 170 (52) 310 (95) NS
Childcare (age <4 years) 142 (44) 160 (49) 302 (93) NS
Additional morbidity‡

Congenital heart disease 73 (49) 64 (36) 137 (42) 0.022
Diagnosis of asthma 28 (19) 6 (3) 34 (10) <0.001
Gastrointestinal disease 26 (17) 19 (11) 45 (14) NS
Eye disease 77 (52) 81 (46) 158 (49) NS
Impaired hearing 66 (44) 32 (18) 98 (30) <0.001
Thyroid dysfunction 19 (13) 20 (11) 39 (12) NS
Diabetes mellitus 1 (<1) 2 (1) 3 (1) NS
Other morbidity, not specified 43 (29) 38 (22) 81 (25) NS

*There was no significant difference in age between both groups determined by a t-test.
†Percentage out of all children attending regular education.
‡Parental reported morbidity.
RRTI+, children with respiratory tract infections; RRTI-, children without respiratory tract infections; NS, not significant.
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2010). A total of 380 parents (72%) agreed to enrol and 337
children provided data for this study (response rate: 63%).
Based on the estimated incidence of DS, our study group rep-
resents approximately 48% of all children with DS in this age
cohort in the Netherlands (Anthony et al. 2005; Weijerman et al.
2008; Mohangoo et al. 2010). In our study, the prevalence of
CHD, impaired hearing, eye disease, a diagnosis of asthma and
thyroid disease is in accordance with population-based studies
in DS (Stoll et al. 1990; Weijerman et al. 2008; Schieve et al.
2009; Maatta et al. 2011). Not all data could be collected for each
patient because of practical problems to plan a home visit for
psychological testing at the age of 8 years and/or incomplete
returned questionnaires.

The presence or absence of RRTI is reported by parents for
325 (96% of 337) children; in 149 of these children RRTI are
present (RRTI+ group) and in 176 children RRTI are absent
(RRTI- group). There is no difference between the RRTI- and
RRTI+ children in proportion of male gender (P = 0.09) or mean
age (Table 1). The mean age for both subgroups is 8 years and 2
months. The educational career is different between both
groups: RRTI+ children with DS are less likely to primarily start

with regular education. Also, the level of education of RRTI+

children with DS who do attend a regular school is significantly
lower. The educational level of girls is higher compared with
boys, as described earlier (van Gameren-Oosterom et al. 2011).
This is the case in RRTI+ as well as in RRTI- children.

The prevalence of CHD, a diagnosis of asthma and impaired
hearing are significantly increased in the RRTI+ group. We
found no significant differences in other potential confounding
factors between RRTI+ and RRTI- children (Table 1).

Developmental status, behavioural problems and HRQoL

Development of the children, measured by the MSCA, was
administrated in 270 children (80% of 337); the results are
presented in Table 2. Mean scale scores on all domains of the
MSCA were significantly lower in RRTI+ children versus RRTI-

children. Small effect sizes were found (Cohen’s f 2 range: 0.03–
0.04). Moreover, in RRTI+ children the mean developmental age
was 3 years and 8 months, compared with 4 years and 1 month
in RRTI- children. Thus, the difference in mean developmental
age was 5 months. Results of hierarchical regression analysis for

Table 2. Results of multiple regression analyses for scale scores of the McCarthy Scales of Children’s Abilities (MSCA) of 8-year-old Down syndrome
children with and without parent-reported recurrent respiratory tract infections (RRTI)

RRTI+ RRTI-
Regression
coefficient† (b)

Effect size‡
(f 2)

Total (n = 130) Male (n = 75) Total (n = 140) Male (n = 69)
Female (n = 55) Female (n = 71)

Verbal 33.06 (19.13)§ 29.64 (19.96) 40.68 (16.18) 37.09 (15.72) -7.33** 0.04
37.47 (17.18) 44.11 (16.08)

Perceptual
performance

26.76 (16.58) 21.80 (15.84) 32.34 (14.90) 28.83 (14.87) -5.67** 0.03
33.33 (15.43) 35.93 (14.20)

Quantitative 9.44 (6.80) 7.86 (6.46) 12.22 (6.57) 10.46 (6.75) -2.61** 0.04
11.44 (6.75) 13.93 (5.99)

Memory 10.74 (7.77) 9.27 (7.69) 13.94 (7.37) 11.77 (6.31 -3.12** 0.04
12.64 (7.53) 16.10 (7.77)

Motor 23.23 (12.57) 20.03 (12.64) 27.67 (11.78) 24.99 (11.51) -4.63** 0.04
27.47 (11.32) 30.25 (11.62)

General cognitive
score

69.30 (40.25) 59.36 (40.22) 85.24 (34.43) 76.35 (33.60) -15.59** 0.04

82.29 (36.84) 94.00 (33.42)

Developmental age
(SD in months)

3 years 8 months
(10.91)

3 years 6 months
(10.53)

4 years 1 month
(9.58)

3 years 10 months
(9.08)

-4.05** 0.04

3 years 11 months
(10.66)

4 years 3 months
(9.30)

Lower scores indicate more impaired development.
*P < 0.05; **P < 0.01; ***P < 0.001.
†b = unstandardized regression coefficient of the effect of RRTI, correcting for the effect of socio-economic status, childcare attendance, being breastfed
(>1 month), siblings, gender, congenital heart defect, diagnosis of asthma, gastrointestinal disease, eye disease, impaired hearing and thyroid dysfunction.
‡Effect size (f 2): small effect (0.01–0.10), moderate effect (0.10–0.33) and large effect (>0.33).
§Mean scores are presented with standard deviation between brackets.
RRTI+, children with recurrent respiratory tract infections; RRTI-, children without recurrent respiratory tract infections.
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whether this is a causal relationship. If so, better prevention of
RRTI in children with DS might stimulate development,
prevent behavioural problems, improve HRQoL and enable
better school enrolment.

Key messages

• Children with Down syndrome are known to be at
increased risk of recurrent respiratory tract infections.

• In 8-year-old children with Down syndrome, parental
report of recurrent respiratory infections was associated
with more delayed development, increased risk of behav-
ioural problems and lower health-related quality of life.
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Lung Disease & Cognition: Tantalizing Clues
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Cognitive Assays in Dp16 mice

Do lower learning and 
memory scores correlate to
inflammatory cytokines?

Do repeat lung infections 
worsen cognitive score??



Individuals with DS are significantly challenged by infectious lung disease
Post-influenza state of susceptibility to severe bacterial lung infection
Chronic respiratory infection linked to myositis/myopathy, myocarditis, CNS inflammation

Take Home Messages

Infectious lung disease likely impacts cognition
Reducing burden in DS would greatly improve QOL
Reducing burden in DS may preserve cognition

The future is BRIGHT!! Great things have happened, and MUCH more is on the way
ex: Amniotic fluid stem cells “trained” to patch congenital heart defects-submit July 23rd
ex: Autoimmunity and Lung Disease
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