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I.	 RSV

1.	 Virology

Acute lower respiratory tract infections (ALRI) are a great burden of disease worldwide. In 
children less than 5 years of age, respiratory syncytial virus (RSV) is accountable for 20% of 
all ALRI diagnosed [1] and RSV induced bronchiolitis is the major cause of respiratory failure 
in children under 1 year of age [2,3]. Studies published on RSV originate from 1956 when 
Morris et al isolated this pneumovirus from chimpanzees [4]. Only one year later Chanock 
discovered that this virus was also pathogenic to humans and that infection of pulmonary 
epithelial cells typically resulted in the formation of syncytia [5]. Now 57 years later, many 
epidemiologic and fundamental studies on the immunologic and pathogical aspects RSV 
disease have not led to a safe vaccine against this virus.

RSV is a 120-300nm pneumovirus that belongs to the order Mononegavirales and fam-
ily of Paramyxoviridae. In general, 2 major antigenic subgroups of this enveloped, single 
stranded, negative sense RNA virus are recognized. These serogroups, classified as A and 
B, are not associated with disease severity [6,7]. With a total of 11 distinct viral proteins on 
10 separate mRNAs, RSV is one of the most complex members of Paramyxoviridae. Its virion 
is made up of a symmetrical helix-shaped nucleocapsid enclosed by a lipid bilayer envelope 
derived from the host cell plasma membrane (Figure 1). The envelope contains three surface 
glycoproteins: G (attachment protein), F (fusion protein), SH (small hydrophobic protein) 
and the matrix proteins M and M2, essential for viral budding, assembly and RNA regula-
tion [8,9]. Cellular attachment and fusion is mediated via RSV G and F glycoproteins in a pH 
independent process of clathrin mediated endocytosis or macropinocytosis [10–12]. The F 
protein mediates fusion of the virus to the host cell membrane and fusion of infected cells 
with surrounding uninfected cells to form syncytia. Although RSV-G is the major attachment 

Figure 1: Respiratory syncytial virus and its (glyco) proteins involved in viral entry, replication and host im-
mune suppression.
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protein, natural strains with extensive mutations in the G protein or even lacking the G pro-
tein have been described, indicating that the G protein is not essential for infection, whereas 
the F protein seems to be indispensable [13,14]. Antibodies to F prevent infection if admin-
istered prior to infection [15]. Due to the location of F and G on the viral and cell surface, 
these antigenic proteins are major targets for vaccine development. The function of the third 
membrane protein, the minor short trans-membrane SH glycoprotein is not exactly known. 
Studies have shown that SH deletion mutants are fully viable in tissue culture and mice [16]. 
The SH protein shares structural features with a class of small hydrophobic proteins, the 
viroporins, that induce permeability of the cell membrane to ions and small molecules [17], 
indicating that SH might play a role in cell permeabilisation. Others suggested a role for SH in 
TNF-α mediated apoptotic signaling pathways [18].

A key step in the virus life cycle is the process of cell entry. Binding of RSV to glycosami-
noglycans (GAGs) like heparin sulphate and chondroitin sulphate present on the membrane 
is important for viral attachment [19,20]. However, in vitro studies have shown that infection 
does not entirely depends on GAGs [21] suggesting that another receptor must be involved. 
Candidate receptors include intracellular adhesion molecule (ICAM)-1 [22], fractalkine 
(FKN) receptor CX3CR1 [23,24], annexin II [25] and Toll like receptor (TLR)-4 [26–28]. 
Furthermore, nucleolin has recently been added to the list of viral receptors binding to RSV 
F protein [29], however the exact receptor/mechanism for RSV entry remains unidentified.

RSV RNA synthesis depends on five proteins N, L, P, M2-1 and M2-2 that form the nucleo-
capsid. Genomic RNA is encapsulated by the N protein. RNA synthesis is carried out by the 
large L polymerase protein, polymerase co-factor Phosphoprotein P and the RNA synthe-
sis factors M2-1 and M2-2. The M2-1 protein is a co-factor involved in RNA transcription 
whereas the M2-2 protein shifts RNA synthesis from transcription to RNA replication [30]. 
The amount of both M2 proteins present in infected cells determines the rate of viral genome 
replication and transcription.

The other two proteins encoded by the virus, NS1 and NS2, are not packaged in the virion, 
but are expressed early in infection. These accessory proteins are involved in the inhibition 
of type I IFN production and signalling and are believed to be involved in controlling RNA 
transcription [31–34]. Paramyxoviridae use accessory proteins to suppress transcription and 
RNA replication to avoid excessive production of unencapsidated genomes and dsRNA and in 
this manner decrease the risk of recognition by RIG-I, MDA-5 and other pattern recognition 
receptors (PRR) involved in innate immune responses [35–37]. Suppression of type I IFN 
signalling in the host cell by NS1 and NS2 proteins involves multiple inhibition strategies, 
where they exploit their inhibitory activities individually, as well as cooperatively. At least 
three key signaling molecules of the cellular type I IFN induction and response pathways 
are targets of these proteins namely: TRAF3 and IKKε (downstream signal proteins from 
both the RIG-I and TLR pathways) and STAT2 (induction of IFN−α, −β via the IFNAR signal-
ing pathway) allowing RSV to evade both viral RNA and viral F protein-induced recognition 
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pathway’s. Furthermore, the loss of STAT2 activation abrogates IFNAR signaling and the 
cellular response to type I IFN [38].

2.	 Epidemiology and Pathogenesis

RSV causes seasonal outbreaks of respiratory disease. Epidemiologic studies show that RSV 
infections occur during winter or rainy seasons depending on the climate, with 1 or 2 clear 
peak infections in moderate climates. In tropical regions, the patterns are less predictable. 
Spreading of viral particles occur through contaminated surfaces and aerosol formation. 
Humans are the only know natural reservoir of RSV. Where the virus stays between epidem-
ics and what factors regulate the epidemic cycle remains unknown. A possible explanation 
could be the influence of a cyclic pattern in the circulating level of protective RSV-specific 
antibodies to the seasonal pattern of RSV infections in temperate climates. An epidemiologic 
study conducted in Denmark showed that mean titers of maternally derived RSV neutralizing 
antibodies declined in consecutively hospitalized infants <6 months of age and reached their 
lowest point shortly before the peak of the following epidemic cycle [39].

Pneumonia induced by RSV is a major cause of morbidity in elderly and immunocompro-
mised individuals [40] and RSV is the most important causative pathogen of bronchiolitis in 
children under 1 year of age [1,3,41–43]. Approximately 70% of all children are infected by 
RSV in their first year of life. By the age of 2 years nearly all children have been infected once 
and 50% have experienced a secondary RSV infection [44]. Primary infections are rarely 
asymptomatic. Children with RSV induced upper respiratory tract infections (URTI) develop 
mild symptoms like low grade fever, cough and rhinorrhea [44]. In approximately 10% of the 
children, RSV spreads to the lower respiratory tract via cell-cell contact leading to infection 
of epithelial cells in the bronchioles and alveoli. Characteristics of lower respiratory tract 
infections (LRTI) are severe cough, wheezing and dyspnea. In 1-3% of diagnosed LRTI, hos-
pitalization is required due to nutritional problems or the need for mechanical ventilation 
[45]. After recovery of LRTI, 42%-75% of infants develop prolonged episodes of wheezing 
and have an increased risk for developing asthma later in life [46,47]. The mechanism and 
potential risk factors behind the development of RSV induced severe disease are still under 
debate. Beside viral strain and load [7,48–51] risk factors are: younger than 3 months of 
age, male gender, preterm birth, congenital heart disease, Down syndrome, T cell immune 
deficiency, older siblings, daycare attendance, indoor tobacco smoke and abbreviated breast 
feeding [52–54]. However, most children hospitalized with severe LRTI do not belong to any 
of these groups. Involvement of host genetic factors has been suggested as one other pos-
sible explanation. Genetic association studies for RSV LRTI have shown several candidates 
with single-nucleotide polymorphisms (SNPs) in innate immunity genes VDR (Vitamin D 
receptor), JUN (Jun prot-oncogene), IFNA5 and NOS2A (Inducible nitric oxide synthase) at 
the allele and genotype level [55]. Other genetic associations were found between the gene 
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for chemokine receptor CCR5 and disease severity [56]. Some studies have shown correla-
tions between specific patterns in cytokine and chemokine expression and disease severity. 
Therefore another explanation could be the involvement of immune status. As severe LRTI 
peaks at 2-3 months of age [57,58], inappropriate responsiveness of the immature immune 
system present during infection may lead to the development of severe disease, due to a lack 
of immune maturation caused by different environmental factors.

3.	 Models to study RSV infection and disease

Modeling human RSV (hRSV) disease is a crucial step in the search for novel therapies 
and preventive measures against RSV induced disease [59]. In the last 50 years different 
approaches have been used to develop strategies for improved protective immunity against 
RSV. Beside the use of epidemiological databases and models to predict populations to mini-
mize the spread of RSV in both industrialized and developing countries, fundamental studies 
on the understanding of human immunity against RSV has also been extensively conducted. 
Human healthy volunteers, patient material and a spectrum of animal models using human 
(hRSV), bovine (bRSV), ovine (oRSV) and pneumonia virus of mice (PVM) have led to many 
discoveries in the virology, transmission and pathogenesis of RSV disease. Experimental 
RSV infections in healthy volunteers are useful to study species-specific contributions of the 
immune response; however adults lack the unique physiology and immunology that makes 
infants more susceptible to respiratory infection. The use of placenta, amniotic fluid, adult 
and cord blood are useful tools to study the genetic factors involved in the susceptibility to 
RSV infections and to study mechanisms and differences in immune responsiveness to RSV in 
pre-matures, children and adults, but lack the influence of tissue specific conditions present 
upon natural infection. These specific conditions involve the chemical and physical interac-
tion between different cell types and organs like lung and draining mediastinal lymphnodes, 
conditions impossible to mimic in vitro and therefore ex vivo and in vitro based studies will 
always be subjugated to in vivo models. Animal models form a crucial link between mechanis-
tic tissue culture studies and phase I human trials [59]. The variety in animal models present, 
demonstrates that there is no animal model that completely mimics all aspects of RSV infec-
tion and RSV induced severe lower respiratory disease. Therefore animal study design must 
be focused on a specific characteristic of human disease to be useful in answering a specific 
research question [59]. A simple rationale in the choice of animal models can be based on 
similarities in anatomy, replication or disease parameters.

Anatomy: The discovery of “chimpanzee coryza agent”, as RSV was first named, in natu-
rally infected chimpanzees and the genetic and anatomical similarities to humans makes the 
chimpanzee and other primates highly relevant to study hRSV disease. However, limited viral 
replication and high demanding economical, logistic and ethical issues are a disadvantage 
of working with this model. Anatomically the perinatal (preterm and term) lamb is also a 
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useful model to study lung histopathology in infant RSV disease. In this model hRSV and bRSV 
replicates well and lambs have similar pulmonary structure to humans, including airway 
branching, Clara and type II cells, submucosal glands and prenatal alveologenesis [60].

Replication: Viral replication heavily depends on the animal model used. Sheep and ferrets 
are both animals highly permissive to viral replication. Interestingly, in ferrets RSV replicates 
only in the lung of infant animals and rapidly decreases permissiveness to infection when 
full-grown, making this model ideal for dissecting the mechanisms of age-dependent disease 
in humans [61]. The cotton rat (Sigmodon hispidus) is semipermissive for hRSV replication 
but remains uniformly susceptible to pulmonary infection through adulthood, thus establish-
ing it as a useful model for long-term studies. A poor approach for viral replication studies is 
the use of mouse, Syrian hamster and guinea pig models. Viral replication in these models is 
approximately 100-fold less compared to the cotton rat although there are differences in the 
susceptibility to infection between different inbred mouse strains, with viral titers varying 
100-fold from the most permissive DBA/2N to the least permissive strain [62].

Disease: Clinical and pathologic features of disease upon viral exposure or challenge 
are important parameters to study RSV induced disease. In general the animal models used 
can be divided into two groups: 1: to mimic severe lower respiratory tract infections and 2: 
to mimic vaccine-enhanced illness. Interestingly, not all animal models show clinical signs 
or symptoms upon infection. In Chimpanzees there are no documented studies that show 
pulmonary disease following primary infection or manifestations of severe disease upon 
re-infection and in mice only a high inoculum of virus evokes disease in some susceptible 
mouse strains [62]. Primary infection in mice susceptible to viral replication results in mild 
to moderate bronchiolitis, pulmonary inflammation and a Th1 driven immune response 
depending on strain used. RSV infection induces pulmonary histopathology in the cotton 
rat similar to that observed in humans, without clinical symptoms. RSV infection induces 
enhanced disease in both formalin inactivated (FI)-RSV vaccinated mice and cotton rats 
upon challenge. However, extensive pulmonary inflammatory response present in the lung of 
cotton rats contains neutrophils and lymphocytes whereas mice show a more diverse infil-
tration of monocytes, lymphocytes, neutrophils and large amounts of eosinophils. Despite 
the lack of replication in bronchioles, differences in anatomy and the high inoculum needed 
to evoke disease, the mouse is by far the most popular animal for experimental modeling 
of hRSV specific immune responses. The economic advantage above most other species, 
the immunological opportunities from inbred and genetically engineered mice and a broad 
spectrum of immunological reagents and tools available for this species, makes the mouse a 
popular species to unravel cellular and humoral pathway’s involved in the innate and adap-
tive immune responses towards RSV.

Although all these models have helped to better understand RSV infections and host 
immunity against this virus, none of these heterologous (nonhuman) hRSV models provide a 
good model to study severe LRTI. The use of respiratory viral pathogens (genetically) related 
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to hRSV infecting their natural host provides a good alternative to hRSV animal models. 
Pneumonia virus of mice is closely related to RSV and belongs to the same subfamily of 
pneumovirusses. The group of Rosenberg showed in several studies that infection with the 
natural rodent pathogen PVM induces clinical signs of severe LRTI in mice. Depending on 
the inoculum used, robust viral replication, significant weight loss, labored breathing and 
airway inflammation were present [63]. Another alternative to study severe disease is the 
use of bovine RSV. Although bRSV differs genetically from hRSV, infection of calves with bRSV 
evokes disease characteristics similar to RSV infection in children, like severe pulmonary 
disease primarily in neonates and an incomplete immune response to primary infection 
resulting in repeated infections throughout life [64].

In summary, the numerous heterologous hRSV models and cognate host-pneumovirus 
models available provide a spectrum of tools to study each aspect of RSV induced disease, 
with the bRSV model most closely related to RSV infection in children with respect to disease 
parameters. However, animal studies do not allow evaluation of species-specific contribu-
tions. The use of adult healthy human volunteers may add extra host-specific information 
but lacks the age specific variation in immune responsiveness present in children. For future 
research, the combination of both human studies and animal models is essential to ensure 
progress in the development of a safe vaccine against RSV.

II.	 Immunity against RSV

1.	T he innate immune response to RSV

Clearance of inhaled virus is essential for the maintenance of lung function and homeostasis. 
Alveolar epithelial cells form an important physical and chemical barrier between host and 
external pathogens to preserve the delicate balance between self and non-self. In naturally 
infected individuals, epithelial cells from alveoli and small airways together with phago-
cytes like alveolar macrophages, neutrophils and dendritic cells (DC) are the first cells that 
encounter RSV. Activation of these cells is a robust non-antigen specific first step of host 
innate immunity for successful removal of virus and on the contrary, also a main target for 
viral immune evasion strategies [65–68]. In contrast to the highly specific adaptive immune 
system, with its variety in receptors and endless capacity to recognize foreign antigens, innate 
immunity is specialized in detection of a restricted set of pathogen specific patterns. The 
recognition of these pathogen associated molecular patterns (PAMPs) depends on cell type 
and location of recognition. Pathogen recognition receptors located on the cell membrane 
are specialized in the recognition of highly glycosylated components like RSVs glycoproteins 
F and G or bacterial cell wall components such as peptidoglycan (PGN) and endotoxin (LPS). 
Evolutionary these patterns are not shared with mammalian cells and thereby enable pattern 
recognition receptors (PRR) to discriminate between self and non-self. The Toll like receptor 
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superfamily (TLR) represents a set of transmembrane glycoproteins; each with a specific 
number of leucine rich repeat (LRR) motifs in its extracellular domain, which recognize a 
specific pattern.

Surface bound PRR: From the 13 TLRs identified in man and mouse, TLR 1, 2, 4, 5, 6 
and probably TLR10 (human), TLR11, TLR12 (mice) are surface receptors present on the 
membrane of cells involved in innate immunity. Interestingly, TLR1 and TLR2 ligands pres-
ent in bacterial wall components of Gram+ and Gram− bacteria facilitate enhanced binding 
of RSV to heterodimers of TLR1/2 without activation of this complex, leading to increased 
binding and infection of human target cells [69]. Bacterial lipoproteins could therefore be a 
co-factor enhancing RSV infection and increased hospitalization of children with RSV LRTI, 
diagnosed with respiratory bacterial co-infections. Knockout studies in mice have shown 
that RSV activates heterodimers of TLR2/6 and TLR4, leading to neutrophil recruitment, DC 
activation and reduced viral titers [70]. In C57BL/6 mice, TLR3 activation does not affect 
viral clearance, but it is important in maintaining the inflammatory response against RSV 
[71]. TLR4, the receptor for lipopolysaccharide from Gram− bacteria, forms a complex with 
MD2 and its co-receptor CD14. In mice and human PBMC the interaction of RSV-F with TLR4/
CD14 complex was described for the first time in 2000 by Kurt-Jones et al [26]. Now 13 years 
later, different approaches to study the mechanism behind the involvement of RSV in TLR4 
signalling and the subsequent cellular response have led to debate and inconclusive answers. 
In human PBMC and epithelial cells, RSV infection leads to translocation and upregulation 
of TLR4 [72,73]. Furthermore, the presence of two mutant TLR4 alleles (Asp299Gly and 
Thr399Ile) were associated with hypo-responsiveness to LPS and an increased risk of severe 
RSV bronchiolitis in previously healthy infants [74–76]. In line with these findings, Tulic et 
al showed that the presence of these two TLR4 single nucleotide polymorphisms (SNPs) in 
human broncho-epithelial cells contained normal levels of intracellular TLR4 but failed to 
efficiently translocate the receptor to the cell surface upon activation, leading to a decreased 
cellular immune response [77]. In contrast to these findings, other groups could not con-
firm the correlation between SNP Asp299Gly and RSV induced severe disease in previously 
healthy children or in risk populations with a history of respiratory dysfunction [78–81]. 
Adding to the debate of TLR4 polymorphisms are several in vivo studies conducted in TLR4-
deficient mice. In these studies impaired viral clearance, a lack of NFκB activation and 
RSV-specific immunity measured by different groups showed conflicting results. However, 
possible explanations for the differences seen between TLR4 knockout compared to control 
mice could involve: the use of whole virus or constructs with viral proteins, background of 
the mouse strain used and time point of measurement post infection [27,28,82]. In addi-
tion to polymorphisms in TLR4 that suggested TLR4 involvement there is no evidence of 
interaction of RSV with the LPS co-receptor CD14. However recently MD-2 has been shown to 
interact with RSV-F, leading to NFκB activation in transfected HEK293T cells [83]. In contrast, 
Marr N et al showed with the same reporter cell line a lack of necessity of a functional human 
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TLR4/MD-2/CD14 complex in viral entrance, replication and NF-κB activation [84]. These 
studies show that an interaction between RSV and the TLR4 complex might exits, though the 
mechanism remains inconclusive.

Intracellular PRR: The detection of intracellular pathogen depends on TLRs, nucleotide-
binding oligomerization domain (NOD) like receptors (NLR) and retinoic acid-inducible gene 
(RIG) like receptors (RLR). Detection of intracellular virus is based on the recognition of 
nucleic acids by cytoplasmic RLR or endosomal TLRs. Intracellular nucleic acid detection 
is divided into dsRNA; recognized via TLR-3 and RLRs like Melanoma Differentiation-
Associated protein (MDA)-5 and RIG-I, ssRNA; detection via TLR7, TLR8 (human) and TLR-9 
for the detection of CpG rich DNA. The evolutionary rationale behind this strategy is that 
intracellular replication of viral pathogen occurs in the cytoplasm. Detection of a variety of 
replication intermediates within the cytoplasm would therefore be a successful strategy for 
detection and elimination of pathogen. A fourth group of innate sensing receptors are the 
C-type lectin receptors (CLRs), specialized in the recognition of glycan structures. Although 
many antigens are glycosylated the CLRs also recognize self-glycoproteins and therefore not 
only detect pathogen but also facilitate processes like cell adhesion and phagocytosis [85]. 
Cytosolic detection of RSV virus-specific patterns in infected alveolar epithelial, alveolar 
macrophages and DC is mediated via RIG-I/MDA5 pathway [86,87]. In contrast to VSV and 
influenza virus, RSV is known to enter target cells via membrane fusion at the cell surface. 
However, in plasmacytoid dendritic cell populations (pDC) phagocytosis or autophagy medi-
ated detection of ssRNA via TLR7 has been described in studies comparing WT with KO mice 
for PVM [88] and for RSV [89,90]. Paramyxoviruses PVM and RSV suppress TLR-9 mediated 
IFN-α production in pDC in vitro [91,92]. However, mice exposed to TLR-9 ligands during 
RSV infection or prior to RSV challenge could induce both protective immune responses and 
enhanced disease. Local mucosal immunization in the lung of (neonatal) mice with CpG ODN 
during infection reduces disease severity upon viral challenge [93,94] and intra muscular 
administration of CpG ODN during formalin inactivated (FI-)RSV vaccination reduces FI-RSV 
vaccine enhance disease [95]. However the same group showed that local administration 
of CpG ODN as a therapeutic administered 1 day post primary infection, enhanced disease 
severity upon re-infection.

Activation of PRR triggers a signaling cascade that involves different adaptor proteins. 
In all TLRs, MyD88 is the first adaptor protein activated, except for TLR3 which activates 
TRIF and TLR4 which signals via both adaptor proteins, depending on the location present 
(surface/endosomal). RLRs activate adaptor protein MAVS upon detection of ss- and dsRNA. 
In pDC, endosomal TLR7, TLR9 mediated MyD88 signaling leads to the translocation of IRF-7 
and NFκB to the nucleus and subsequent transcription of IFN-α and pro-inflammatory cyto-
kines like IL-6, IL-8 and TNF-α [96]. Endosomal TLR3, TLR4 mediated TRIF and cytoplasmic 
RLR mediated MAVS signaling leads to the translocation of IRF-3 and NFκB to the nucleus 
and subsequent transcription of type I IFNs and pro-inflammatory cytokines. Triggering of 
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surface TLR results in NFκB activation and a pro-inflammatory cytokine response [97]. The 
involvement of PRR in the immune response against RSV or as targets for immune evasion 
strategies is summarized in Table 1:

Table 1: Receptors reported to be involved in RSV recognition and infection.

Receptor Ligand Location Adaptor(s) Involvement in RSV infection

TLR 1+2 Multiple triacyl 
lipopeptides

Cell surface
Mo, MΦ, 
DC, B

TIRAP, 
MyD88
Mal

Enhances binding of RSV to primary cells 
and cell lines, human [69].
Mucosal immunization with RSV-virosomes 
merged with TLR1+2 ligands initiates a 
protective Ab and cellular response upon 
infection in BALB/c mice [98].

2+6 Diacylated 
lipoproteins

Cell surface
Mo, MΦ, 
DC, B

TIRAP, 
MyD88
Mal

Involved in RSV recognition and stimulation 
inhibits viral replication in vivo, mice [70].

3 Double-stranded 
RNA

Endosomal
B, T, NK, DC, 
EC

TRIF Intranasal Poly ICLC prior to RSV or 
influenza infection reduces viral load but 
increases lung inflammation in cotton rats 
[99]
Intranasal Poly ICLC prior to RSV infection 
reduces viral load and lung inflammation in 
BALB/c mice [100]

4 Lipopolysaccharide Cell surface/
Endosomal
Mo, MΦ, DC, 
MC, EC

TRAM, 
TRIF
TIRAP, 
MyD88
Mal

Binding of RSV-F, induction of inflammatory 
cytokines and Type I IFN, human and mice.
[26,28,72–75,83]

7 Single-stranded 
RNA

Endosomal
MΦ, DC, 
pDC, B

MyD88 PVM and RSV infection in mice results in a 
TLR7 dependent antiviral and inflammatory 
response [88,89].
RSV inhibits the TLR 7 and 9 mediated type 
I IFN response, human [92]

8 Single-stranded 
RNA

Endosomes
Mo, MΦ, 
DC, N

MyD88 Inhibition of neutrophil apoptosis, human 
[101].

9 Unmethylated
CpG rich DNA

Endosomes
B, MΦ, DC, 
pDC

MyD88 I.M. administered TLR9 in combination with 
FI-RSV protects against enhanced disease 
upon infection, BALB/c mice [95].
I.N. immunization with CpG ODN/RSV 
reduces viral load and increases immunity 
upon re-infection. BALB/c mice [94].

RLR RIG-I Single-stranded 
RNA

Intracellular
Mo, MΦ, DC, 
EC

MAVS RIG-I induced type I IFN is inhibited by RSV 
NS1, -2 proteins via MAVS, STAT2 and TRAF 
inhibition, human [33]

MDA-5 Double-stranded 
RNA

Intracellular
Mo, MΦ, DC, 
EC

MAVS RSV infection results in increased induction 
of Type I IFNs and pro inflammatory 
cytokines via MAVS, mice [102].
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Table 1 (continued)

Receptor Ligand Location Adaptor(s) Involvement in RSV infection

NLR NOD1 Meso-
diaminopimelic 
acid (meso-DAP)

Intracellular
Mo, MΦ, DC, 
EC

RIP2 Inhibition of NOD1 transcription and Type 1 
IFN production in macrophages, mice [103].

NOD2 Muramyl dipeptide 
(MDP)

Intracellular
Mo, MΦ, DC, 
EC

RIP2, 
CARD9

Respiratory syncytial virus infection 
increases NOD2 signaling in an IFN-β 
dependent manner, human [104].

NLRP3 Whole pathogen Intracellular
Mo, MΦ, DC, 
EC

CARD8, 
ASC, Pro-
Casp-1

Formation of viral ion channels by RSVs SH 
glycoprotein in lipid bilayers of host cells 
activates the inflammasome, human [105].

CLR DC- /
(L-SIGN)

Mannose 
containing 
glycoproteins

Cell surface
MΦ, DC

RAS, Raf-1 RSVs G-protein suppresses DC activation 
and Type I IFN induction via DC-SIGN, 
human [66].

Collectins
SP-A, -D

Mannose 
containing 
glycoproteins

Cell surface
Enhanced 
uptake by Alv 
MΦ, DC, N 
and EC

--- RSV suppresses SP-A expression in 
pulmonary epithelial cells, human [106]
Binding of SP-A to RSV G protein enhances 
attachment and viral entry, human [107].

B; B-cell. T; T-cell, NK; NK-cell, DC; dendritic cell, pDC; plasmatoid DC, EC; Aleveolar epithelial cell, MΦ; alveo-
lar macrophage. N; Neutrophil.

The variety in PRR and complexity of pathogens like RSV, demonstrate that viral recognition 
in innate immunity is far more complex than detection by a single receptor. The combination 
of infectious, non-infectious or opsonized virus particles, the different cell types exposed to 
the virus, the cellular location and whether the virus can access the cells together with the 
panel of receptors triggered upon infection are all factors that contribute to the outcome of 
the innate response that in turn sets the stage for the subsequent antigen specific adaptive 
response.

2.	T he adaptive immune response to RSV

Upon primary infection, alveolar epithelial cells and phagocytes that are exposed to virus 
in the airway lumen excrete cytokines and chemokines that contribute to the recruitment 
of (inflammatory) cells involved in the innate response. They also cause antigen present-
ing cells to re-locate to the draining mediastinal lymphnodes and their maturation into 
efficient antigen presenting cells that activate T-cell and B-cell responses. In contrast to the 
rapid and robust innate response triggered upon primary viral infection, development of 
an adaptive immune response against RSV takes 3-11 days and leads to an antigen specific 
effector response and memory cells that quickly respond to subsequent re-infections [108]. 
Furthermore, primary and repeated infections lead to high titers of neutralizing antibody in 
children and adults. After birth, maternally derived antibodies are present in neonates, but 
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titers decline during the first 3-6 months [109]. Breast feeding ads to stable antibody titers 
present in serum. High antibody titers in serum are protective during RSV infections because 
upon (re-)infection virus is quickly neutralized, leading the lower viral loads and less tissue 
damage induced by the infection [110]. However, re-infections with RSV are common. This 
shows that immunity against RSV is incomplete and host immunity might contribute to the 
pathology seen upon re-infection. Differences in response between neonates and adult indi-
viduals may be explained by reduced responses upon PPR triggering in innate immune cells 
upon virus exposure. Suppressed or altered innate immune responses might impact on RSV 
disease. Virus specific (neutralizing) antibodies might affect disease by lowering viral load 
but also by altering innate immune responses and routes of viral antigen presentation [110].

Antigen presentation: Pathogen exposure in locations such as the lung and gastro-intestinal 
tract requires continuous instruction of mucosal immunity to maintain the balance between 
immune homeostasis and effective pathogen elimination. Antigen presentation is a central 
component in the formation of adaptive immunity. Important antigen presenting cells (APC) 
are dendritic cells (DC), sentinels underneath the epithelium that scan for pathogens. Upon 
contact with RSV, immature DC acquire antigen through infection or sample viral particles 
via phagocytic [111,112] or receptor mediated endocytic pathways like, macropinocytosis 
[10], caveolae [12] and clathrin-mediated endocytosis [113]. The subsequent transformation 
of immature DC into a mature phenotype involves the change into an antigen processing 
and presentation phenotype, characterized by an increase in surface CD40, -80, -83 and -86 
expression and the presence of MHC class I and II molecules loaded with antigenic peptides. 
The processing of viral antigen in APC like DC follows 3 different pathways resulting in MCH 
class I presentation, MHC class I cross-presentation and MHC class II presentation. In RSV 
infection, cytoplasmic viral proteins are cleaved into peptidic fragments by proteasomes and 
translocated into the endoplasmic reticulum (ER) where they are loaded onto major histo-
compabillity complex (MHC) class-I molecules [114]. The process of MHC class-I presenta-
tion is present in every nucleated cell. Exogenous viral material acquired via pinocytosis is 
directed into the lysosome and cleaved into peptides. MHC class-II molecules processed in the 
ER are translocated into MHC class-II compartments where they are merged with lysosomal 
derived antigenic peptides [115]. However when phagocytosed material in the endosome/
phagosome becomes cytoplasmatic, proteasomes cleave exogenous material into peptides 
and translocate these fragments into the endoplasmic reticulum (ER) where they are loaded 
onto MHC class-I molecules, a process called cross-presentation [116,117]. Matured DC 
migrating into the draining mediastinal lymphnodes present their antigen to naive CD8+ or 
CD4+ T cells. DC are dived into conventional DC (cDC) and plasmacytoid DC (pDC) based on 
their origin, myeloid or lymphoid precursors and the expression of a combination of specific 
surface markers. Human pDC are identified by the absence of lineage specific surface mark-
ers and the expression of MHC class-II, CD11cdim, BDCA-4+ and CD123+ in combination with 
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the detection of type I interferons (IFN), cytokines typical for this cell type. Human cDC are 
myeloid derived cells divided into CD11chigh : CD141+ DC and CD1c+ DC. In mice, different 
DC subtypes can be distinguished depending on their location and origin. In secondary 
lymphnodes, DCs derived from bone marrow precursors are separated into 2 groups by the 
presence or absence of CD8α and subdivided for their CD4+ expression. Furthermore, in the 
murine lung 3 blood monocyte derived DC subtypes are identified as: CD11chigh, CD11b+, 
CD103− DC (CD11b+ cDC) located in the lung parenchyma, CD11chigh CD11b− CD103+ DC 
(CD103+ cDC) located underneath the epithelium and CD11cint B220+ pDC [118,119]. The 
exact location of pDC in steady state conditions is unknown.

For RSV it has been shown in a mouse primary infection model that CD103+ cDC localized 
underneath airway epithelium can be infected by RSV. Furthermore, within 48 hours after 
infection both CD103+ cDC and CD11b+ cDC migrate from the lung to the draining mediastinal 
lymphnodes where they present viral antigen to CD4+ and CD8+ T cells [120]. Interestingly, 
isolation of uninfected DC resident in the mediastinal lymphnodes showed that these cells 
acquired RSV antigen in a noninfectious process and were fully capable to initiate a CD8+ 
RSV-specific T cell response in vitro. As CD103+ cDC have the unique capacity to cross present 
exogenous antigen in vitro [121], cross presentation could be an important pathway of T cell 
priming in RSV infections. Although primary infection with RSV induces a strong CD8+ T cell 
response in vivo [122], there is evidence that RSV infected DC are impaired in their capacity 
to activate T cells [123,124]. This has been demonstrated using human monocyte derived 
DC in vitro. Both CD8+ T cell and CD4+ T cell activation is inhibited when monocyte derived 
(Mo)DC are RSV infected. This inhibition is observed as a decrease in proliferation but also 
in an impaired ability of activated T cells to produce cytokines. A possible contact mediated 
inhibitory mechanism has been suggested by Gonzales et al [125,126]. This group showed 
abrogated synapse formation between RSV infected DC and T cells. However, also soluble 
factors [127,128] and inhibition of an antigen presenting phenotype in APC [123] might 
be involved in this suppression of T cell activation. Although the majority of these studies 
investigating the suppression of T cell activation has been conducted with in vitro infected 
MoDC, Guerrero-Plata et al showed that murine in vivo infected cDC were also poor inducers 
of T cell activation, due to impaired capacity of cDC to present antigen to CD4+ T cells [91]. 
Beside the effect of RSV on DC populations in reducing T cell activation via soluble factors or 
impaired antigen presentation, local ratio in cDC / pDC populations has also been a factor 
that might influence the outcome of the subsequent T cell response and severity of disease. 
In infected BALB/c mice, expansion of pDC before infection results in a more Th1 type of 
response and enhanced viral clearance, factors that might reduce disease severity [129,130]. 
These examples indicate that RSV has various ways to interfere with antigen presentation by 
APC, which might contribute to inefficient immune responses to RSV and could be part of the 
explanation why RSV immunity wanes [131].
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Cellular immune response to RSV: Initiation of the adaptive immune response by APC 
involves a cell mediated response characterized by T cells and a humeral response dominated 
by B cells and antibodies. Antigen presentation to naïve CD4+ and CD8 T cells via respectively 
MHC class I and II molecules in the draining lymphnodes, leads to antigen specific T cell clonal 
expansion and differentiation. Depending on the local cytokine milieu present, naive CD4+ T 
cells can differentiate into four CD4+ T helper cell subtypes defined by their key transcrip-
tion factor: DC derived IL-12 differentiates naive CD4+ T cells into T-box expressed (Tbet) 
Th1 cells; IL-4 (origin under debate, probably T cells) is necessary for differentiation into 
GATA binding protein (GATA-3) Th2 cells; the inflammatory cytokines IL-1β, IL-6, TGF-β and 
DC derived IL-23 for retinoid related orphan receptor (RORγT) Th17 cells and IL-2, TGF-β 
for differentiation into forkhead box protein 3 (FOXP3) regulatory T cells (Treg) [132]. Dif-
ferentiation into a specific Th subtype is not always permanent, especially at early stages of 
Th cell differentiation reprogramming one Th cell type to another has been described, dem-
onstrating the flexibility of T cell immunity [133]. After the initial inflammatory response, 
activated CD8+ T cells respond to RSV infection by producing large amounts of the antiviral 
effector cytokine IFN-γ and destroy infected cells recognized by viral peptides presented 
on MHC class I molecules via the granzyme/perforin pathway [122]. Effector cytokines and 
chemokines produced by activated CD4+ T cells help the antiviral CD8+ and B cell response, 
depending on the subset triggered [134]. In mice, primary RSV infections result in expan-
sion of T helper (Th) 1 cell phenotype and the production of IFN-γ, 4-8 days post infection 
[135,136]. Activation of Th2 cells results in the production of the IL-4, -5 and -13, cytokines 
associated with broncho-hyperresponsiveness, eosinophil recruitment and B cell responses. 
This “asthma like” Th2 phenotype is seen in FI-RSV vaccine models used to mimic the FI-RSV 
vaccination trial from the 1960s [137]. The role of Th cells and Th17-related cytokines, such 
as IL-17A, IL-22 in RSV disease is not clear. Supernatant of human bronchial epithelial cells 
(HBECs) infected with RSV induce Th0 differentiation into Th2 and Th17 subsets [138]. In 
mice, RSV infection leads to IL-17 production and IL-17 might play a pathogenic role in RSV 
disease [139]. IL-17 knockout mice or depletion of IL-17 resulted in increased RSV specific 
CD8+ T cell responses upon infection and decreased mucus production, viral protein and Th2 
cytokines in an RSV induced allergic airway disease model [89,140]. Interestingly, in children 
recovering from primary RSV bronchiolitis levels of IL-17 in nasopharyngeal aspirates were 
higher after recovery from infection compared to the levels at initial hospital admission 
[141]. Despite the fact that CD4+ and CD8+ T cell responses contribute to viral clearance, 
there is still much debate about the contribution of these T cell subsets in immune pathology 
evoked by RSV [142–144]. In mice, several studies have shown that depletion of CD4+ or 
CD8+ T cell prior to primary infection leads to increased viral replication in the lung but also 
reduced illness [144]. As shown by adoptive transfer studies of RSV primed T cells into naive 
mice, CD8+ T cell were the major cell type responsible for inducing enhanced lung pathol-
ogy in mice during primary infection due to production of TNF-α [145,146]. However, lung 
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tissues of children suffering from a fatal case of severe RSV LRTI showed an almost complete 
absence of CD8-positive lymphocytes and natural killer cells [147,148]. Furthermore, in chil-
dren hospitalized with severe primary infection, Heidema and Lukens et al both showed that 
numbers of RSV specific CD8+ T cells in peripheral blood did not correlate with peak viral 
titers and clinical manifestations [122,149]. In these children, peak CD8+ T cell responses 
were found in peripheral blood in the recovery phase when children were discharged from 
the hospital, suggesting a more protective role rather than a pathological role in RSV disease.

Regulatory T cells (Treg) are an important group of CD4+ T cells that can control mucosal 
tolerance and excessive inflammation by suppression of the function of APC and different 
T cell subsets [150]. Most studies on the role of Treg in RSV mediated disease have been 
performed in mice. Regulatory T cells numbers rapidly accumulate in the broncho-alveolar 
space and draining lymphnodes 0-4 days post RSV infection [151]. Mice depleted of Treg 
show increased recruitment of CD8+ T cells to the lung after RSV infection, increased viral 
clearance and disease severity, measured by weight loss, and elevated levels of IFN-γ and 
TNF-α, cytokines that may contribute to enhanced pathology [151,152]. Granzyme B produc-
ing Treg, a population only found in the lung, suppress disease enhancement and enhance 
viral clearance after primary RSV infection [153]. However in FI-RSV-vaccinated mice 
depletion of Treg does not cause additional enhancement of disease upon live virus infection 
[154], illustrating the importance of T cell priming and the inability of local Treg to control 
disease upon infection in this model.

Humoral response to RSV: The production of antibodies by plasma cells is an important 
arm of adaptive immunity to control viral spread, facilitate antibody-mediated phagocytosis 
of viral particles or antibody-dependent cell-mediated cytotoxicity (ADCC) of infected cells 
by complement and innate immune cells. Upon primary infection, pentameric IgM, dimer (s)
IgA, IgG and IgE antibodies against RSV can be detected on mucosal surfaces and in serum 
of humans [155–159]. Upon infection a part of the protection against invading pathogens 
on mucosal surfaces like the respiratory tract is the rapid secretion of the IgA. Levels of IgA 
can be detected 2-12 days and IgM 5-10 days post infection and both decline within 2-3 
months post infection to pre-infection levels [160]. For IgG and IgE antibody, responses are 
slower and peak in serum 3 to 4 weeks after infection. Memory B cells respond quickly upon 
re-infection by the production of massive amounts of IgG within 5-7 days [161–163]. (Re-) 
infections with RSV in humans result in high titers of RSV specific antibodies and relatively 
stable antibody titers throughout life [40,164]. In adults and especially in children with 
increased risk to develop severe LRTI, high antibody titers present in serum are believed to 
be protective [165,166]. Antibody titers present in neonates in the first months of life are 
maternally derived via placenta and breast milk. Several studies that investigated correla-
tions between antibody titers in infants and hospitalization with diagnosed RSV bronchiolitis 
show that low serum antibody titers correlate with increased risk of RSV disease. Maternally 
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derived antibodies rapidly decline after birth; peak hospitalization of infants diagnosed with 
RSV bronchiolitis occurs in the first 6 months of life and in this same time period, a cor-
relation between a low incidence in hospitalization of children with RSV diagnosed disease 
and high serum RSV-specific IgG titers present in mothers exists [109,167–169]. These 
indications of increased protection by high antibody titers led to the development of a pas-
sive immunity strategy against RSV. Initial prophylaxis started with the use of conventional 
intra venous immune globulins (IVIG). Success in lowering severity of disease and decrease 
hospitalizations [170] led to the development of the more specific human polyclonal RSV-IG 
(RespiGam) and later the 50 times more potent humanized, murine, monoclonal antibody 
palivizumab (Synagis). In a phase III study prophylactic administered palivizumab resulted 
in a 55% reduction of hospitalization upon RSV infection in children less than 35 weeks of 
age [171]. Furthermore, Simoes et al showed that in patients with no family history of asthma 
or recurrent wheezing prophylactic treatment with palivizumab could reduce the risk of 
recurrent wheeze by 80%, whereas the effects in groups with a history of atopic disease 
were minor [172]. This and other studies showed that prophylactic palivizumab treatment 
is most beneficial to premature infants, children with chronic lung disease or children with a 
family with no history of atopic disease [173,174]. The development of high affinity neutral-
izing antibodies trough affinity maturation of Palivizumab resulted in the monoclonal Ab 
Motavizumab [175,176], however currently no solid clinical studies exist to demonstrate its 
superiority above palivizumab and adverse cutaneous hypersensitivity reactions have been 
described for this antibody [177].

Despite the clearly beneficial role of high titers and/or high affinity RSV specific IgG 
antibodies, some aspects must be considered. IgG antibody are mostly present in the lower 
airways where they can easily enter the lumen, however most children hospitalized with RSV 
infection suffer from upper respiratory tract infections, a location where high amounts of IgA 
and low amounts of IgG antibodies are present. Currently it is not known if viral replication 
or high viral loads are needed to produce high antibody titers in human e.g. are attenuated 
viruses limited in their replication also effective? In addition, the formation of (poorly neu-
tralizing) RSV immune complexes (IC) does not necessarily limit replication as enhanced 
infection due to increased binding of virus-IC to FcR on target cells has been described 
[178–180]. Another aspect is the change in viral pattern recognition by host immunity due 
to IC. In complement component C3 and B cell-deficient mice it is demonstrated that RSV-IC 
can mediate FI-RSV induced enhanced disease [181]. RSV-IC could provide a lack in danger 
signals and thereby suppress innate immunity or alter antigen presentation via FcR medi-
ated signaling and or endosomal uptake [88] and a lack of intracellular infection mediated 
innate signaling.
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III.	 Protection against RSV induced disease.

Vaccination strategies against RSV: Since the discovery of RSV in 1957 development of a 
safe and effective vaccine against RSV remains a challenge. The straight forward approach 
to vaccinate children with a (formalin)-inactivated virus in combination with the common 
adjuvant aluminum hydroxide had dramatic consequences when children were infected with 
the natural virus. The trial conducted in 1960 resulted in 5% hospitalization of children vac-
cinated with FI-PIV (an equivalent Paramyxovirus preparation) and 80 % hospitalization of 
children vaccinated with FI-RSV, from whom 2 children died [137,182,183]. Examination of 
the hospitalized patients and post mortem analysis of the deceased revealed that the children 
suffered from high viral titers, bronchiolitis and a characteristic inflammatory response that 
differs from RSV (re-)infections e.g. cellular infiltrates containing high numbers of eosino-
phils and neutrophils and a strong proliferative T cell response [184].

Depletion studies in murine FI-RSV vaccination models for enhanced disease have demon-
strated that IL-4, IL-5 and IL-13 producing CD4+ T were mainly responsible for the immune 
pathogenesis evoked upon re-infection with live virus [185–187]. Depletion of CD8+ T cells 
did not contribute to immune pathogenesis upon viral challenge. On the contrary, adoptive 
transfer of RSV primed CD8+ cells prior to RSV challenge could inhibit development of respi-
ratory disease in FI-RSV vaccinated mice [145,146,188]. From analogy with animal models, 
the mechanism of enhanced disease suggested a poor CD8+ T cell priming and poorly neu-
tralizing antibody response that resulted presumably from the lack of an appropriate innate 
immune response during immune priming [189]. This is supported by a study where TLR9 
stimulation during FI-RSV vaccination could protect against severe disease upon challenge 
[95]. However, the translation of immunological mechanisms from the FI-RSV animal model 
to human vaccine enhanced disease should be done with caution. The use of in vitro cultured 
virus to vaccinate mice might mimic the vaccination phase in humans, the challenge with in 
vitro cultured virus differs from community acquired RSV infections, resulting in a mixed 
adaptive response not only against the virus, but also against cell culture proteins[190].

Due to the substantial evidence that maternally or actively derived antibody titers pro-
tect against severe RSV infections [39,173], new vaccination strategies are still focused on 
the production of high affinity and neutralizing antibodies. Pre-fusion structures of RSVs 
F glycoprotein and high conserved antigenic regions on F and G glycoproteins are main 
targets in vaccine research. Strategies involve chemically and genetically modified viruses 
[191,192] and the use of viral and bacterial vectors [161,193,194]. Furthermore, the use of 
virus like particles (VLPs), like viral protein attached to bacterial fragments, or the use of 
single epitopes on scaffold proteins, gives the opportunity to design structures that evoke 
a specific antiviral immune response [94,195,196]. Alternatively, passive immunization 
through maternal vaccination or vaccination of specific adult populations are also promising 
strategies in the protection of neonatal and infant immunity against RSV.
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The host microbiome and mucosal immunity: An important mechanism to ensure suc-
cessful pregnancy includes biased maternal and fetal immune responses. The presence 
of high numbers of maternal Treg and immunity biased towards a Th2 phenotype in both 
mother and child avoids the induction of pro-inflammatory/Th1-cell-polarizing cytokines 
and allogeneic reactions that increase the risk of fetus rejection [197,198]. After birth, 
the transition between relative sterile intra-uterine environment to the full colonization 
of mucosal surfaces with microorganisms and foreign proteins is challenging to neonatal 
immunity and a process that is still not fully understood. Colonization of skin, lung and 
intestinal tract with substantial amounts of microorganisms, does not result in extensive 
pro-inflammatory responses. Furthermore, beside the reduced capacity to produce pro-
inflammatory Th1 like cytokines, poor responses to vaccination [199] and infection are also 
present, suggesting that neonatal immune status should be characterized as immature or 
impaired. However, several studies have shown that, depending on time point of sampling, ex 
vivo re-stimulation of isolated neonatal monocytes with TLR3, TLR4, TLR5 or TLR9 agonists 
resulted in robust IL-6, IL-10, IL-23 and TNF-α cytokine responses that were similar to adults 
[200–202]. The type of immune responses seen in neonates might therefore be not a result of 
impairment but a highly specialized tolerogenic mechanism that regulates immune adaption 
of the immune system to microorganisms in the first months of life. Bacterial colonization 
of mucosal surfaces provides signals for PRR and material for DC to present antigen in 
mucosa-associated lymphoid tissues (MALT) like gut-associated lymphoid tissue (GALT), 
bronchial/tracheal-associated lymphoid tissue (BALT) and nose-associated lymphoid tissue 
(NALT). The importance of bacterial populations on host innate and adaptive immunity and 
the susceptibility to develop disease has been demonstrated in several studies by the use of 
germ free, restricted flora or pre-, pro-, syn- or anti-biotic treatment animal models. Studies 
with antibiotic treated mice have shown that commensal microbiota can influence local and 
systemic immunity by targeting specific cell types like pDC, invariant NKT cells, virus-specific 
CD8+ memory cells and marginal zone B cells [203–206]. Due to modern molecular tech-
niques identification of bacterial DNA with Denaturing Gradient Gel Electrophoresis (DGGE) 
and 454 pyrosequencing of the 16S rRNA gene [207], limitations to identify only culturable 
bacterial populations have disappeared. Furthermore, the interest of human microbiome in 
health and disease have led to the start of the human microbiome project in 2007 and will 
provide essential data on microbiome composition in health and disease in the near future 
[208]. Factors that influence microbiome composition early in life are: dietary intake (breast 
or formula feeding), mode of delivery (caesarean section or natural birth) [209], environ-
mental factors (difference in exposure to pathogens in Westernized countries) and genetic 
variation [210]. Moreover, due to the interaction between bacteria and mucosal immunity it 
is likely that disease also has an impact on microbiome formation [211,212]. The influence of 
dietary products on intestinal homeostasis of microbial communities and mucosal immunity 
is a continuous process. In neonates, several studies have described the importance of breast 
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milk in the protection against infection, bacterial colonization and neonatal immunity [213]. 
In breast fed children microbial populations are influenced by milk components like: bacte-
ria [214], macronutrients (carbohydrates, fats and protein), macro/microminerals, vitamins 
and numerous other biologically active substrates.[215,216]. Several immune stimulatory 
components present in human milk are: immune cells like macrophages [217,218], poly-
unsaturated fatty acids (PUFAs) [219,220], immunoglobulin secretory (s)IgA and antigen 
specific IgG’s [221], cytokines (especially IL-6, TNF-α) and chemokines (IL-8, GM-CSF) [222], 
soluble PRRs like TLR2 and CD14 [223,224] and Vitamin A and D [225–227]. This suggests 
that breast milk components have the potential to contribute directly and indirectly via 
microbiome formation and pathogen elimination, to early neonatal immune development.

The third most abundant component in human milk are oligosaccharides (HMOS). HMOS 
are not only versatile in their structure, 100 structurally and functionally distinct HMOS 
have been identified [228]. Beside an energy source, their non-digestible properties make 
them available in high concentrations in the gastrointestinal tract where they can have direct 
effects by inhibiting attachment of bacteria and pathogens to the surface of gut epithelial 
cells preventing infections [229,230]. They can also stimulate the growth of specific health 
promoting bacterial species like Bifidobacteria [231,232]. Furthermore, small amounts of 
specific prebiotic short chain galacto oligosaccharides (scGOS), long chain Fructo oligosac-
charides (lcFOS) and pectin derived acidic oligosaccharides (pAOS) that share characteristics 
with human oligosaccharides can cross a human intestinal epithelial cell monolayer (CaCo-2) 
in vitro [233]. This suggests that in vivo orally supplied oligosaccharides can cross the gut 
epithelial barrier and may become available to a range of immune cells [234]. Several studies 
in human and mice have shown that these prebiotic oligosaccharides are capable of modu-
lating local mucosal immunity and even systemic immune responses. The combination of 
scGOS/lcFOS with specific strains of Bifidobacteria Breve (Bb) or the combination of scGOS/
lcFOS with TLR9 ligands upregulates galectin-9 secretion by intestinal epithelial cells. In 
addition, the nutritional interventions can result in alteration of allergic responses in humans 
[235–237]. Not only bacterial populations but also bacterial derived products are important 
in immune maturation and mucosal homeostasis. Potential stimulatory components are the 
synthesis of short chain fatty acid (SCFA) acetate, propionate and butyrate but also vitamin 
B by bacteria [238,239]. Furthermore, the release of microbial products like polysaccharide 
A (PSA) can promote intestinal immunologic tolerance to Bacteroides fragilis through TLR2 
activation on Foxp3+ regulatory T cells in mice [240]. Peptidoglycan, translocated from the 
gut into the systemic circulation, is sensed by NOD1 receptors and can enhance neutrophil 
mediated innate immunity [241]. These interactions indicate that at birth when mucosal 
surfaces are being colonised by microbiome communities an essential cross-talk is initiated.

The effect of microbiota composition on mucosal immune responses in local and sys-
temic disease: Intestinal dysbiosis as a result of defective perinatal bacterial colonization is 
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frequently correlated to metabolic, autoimmune and allergic disease later in life [242,243]. 
A fundamental question in the research correlating disease susceptibility and microbiome 
composition is the importance of a single bacterial strain e.g. is the presence of a specific 
bacterial strain necessary for disease development or maintenance of health? Or is bacte-
rial specificity of minor importance and is susceptibility of developing a specific disease 
dependent on the presence of a diverse gut microbiome? Several human have demonstrated 
that a correlation between high bacterial turnover rates or bacterial diversity in the gut and 
diseases like eczema, ulcerative colitis, HIV and Crohn’s disease exist [244–247]. In mice, 
pharyngeal and intestinal microflora disruption with single or broad spectrum antibiotics 
both result in severe reduction in bacterial communities and defective immune responses 
against respiratory viral infections. Antibiotic treatment resulted in increased airway hyper-
responsiveness and decreased numbers of regulatory T cells upon RSV infection [248]. Fur-
thermore, antibiotic treatment results in increased viral titers and impaired antigen specific 
CD8+ responses against influenza [249]. Interestingly, a single oral or rectal administration 
of TLR ligands 3, 4 or 9 could restore immunity upon challenge, suggesting that reduced 
microbial pressure impairs/altered immunity to subsequent viral infections and further-
more, that non-specific PRR triggering is sufficient to restore immunity against pathogen. 
The importance of PRR triggering in respiratory viral infections is also demonstrated in a 
PVM mouse model were disease severity was almost completely diminished when different 
Lactobacillus species were administered prior to viral infection. However, in this study the 
authors showed that bacterial protection against PVM infection was not dependent on a 
MyD88 mediated signaling pathway [250]. Therefore, some caution is warranted, because 
the data could also be explained by a competition of bacterial and viral binding to epithelium, 
limiting viral infection. In summary, these studies show that correlations between infection, 
inflammatory disease and bacterial colonization of mucosal sites are present. Therefore, fur-
ther investigation may provide information about the consequences of diet and antibiotic use 
on both local and systemic diseases. Furthermore, optimal stimulation of mucosal immunity 
through diet or pre-, pro- and synbiotics may add to next generation (vaccination) strategies 
to improve protection against viral infections.

IV.	Scope  and outline of this thesis

Reducing the risk to develop severe RSV bronchiolitis by prophylactic Palivizumab is cur-
rently, due to high costs, only available to high risk children. Despite many achievements in 
understanding viral infection and RSV-specific immune (evasion) mechanisms and pathol-
ogy, a safe and efficacious vaccine candidate is not available yet. The use of inactivated virus 
or viral subunits for vaccination has proven to be a successful strategy against polio and 
influenza viruses [251]. On the contrary, the dramatic FI-RSV vaccination trial showed that 
inactivated RSV vaccines might cause increased disease upon later natural viral exposure 
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[183,252]. The mechanism behind the development of enhanced disease in the FI-RSV 
vaccination trial is still not completely understood. Many animal models have been used to 
investigate role of formalin disruption of RSV epitopes, the alum adjuvant and inefficient 
priming of B and T cell responses [189,253,254]. The enhanced disease phenotype presented 
in these animal FI-RSV vaccination experiments resembles some aspects from the human 
situation. However, infection with in vitro cultured virus differs from community acquired 
RSV infections, resulting in a mixed adaptive response not only against the virus, but also 
against cell culture proteins. We investigated the different components in the FI-RSV vaccine 
in the murine C57BL/6 mouse model and the components in the challenge virus preparation 
for their contribution to the biased Th2 response associated with severe disease. This work 
described in chapter 2 shows that the different nature of the innate response induced by 
influenza virus and RSV challenge virus locally in the airways determined the outcome of the 
Th1/Th2 balance in the lung. Furthermore, priming of the CD4+ T cell response by in vitro 
matured DC during the vaccination phase reduced enhanced disease upon RSV challenge. 
These data show that viral pattern recognition and the nature of the innate immune response 
are important factors that determine the outcome of the subsequent T and B cell response 
and establishment of proper immune memory. Moreover, this study challenges earlier work 
that suggested a specific Th2 skewing role of RSV proteins or the formalin activation process, 
because it was clearly shown that FCS priming caused similar Th2 biased immunity during 
challenge with RSV grown in tissue culture.

In chapter 3 we investigate the innate immune response elicited upon RSV exposure. We 
used human epithelial cells and PBMC to determine binding and infection characteristics of 
RSV A2, Long and clinical isolates with specific cells in a complex mixture (PBMC) and dem-
onstrated the cross talk of different cell types on the inflammatory and type I IFN response 
elicited against RSV. Additionally, we show that virus specific antibodies altered innate 
immune responses against RSV. In this process monocytes played an important regulatory 
role. RSV specific IgGs facilitated IFN-α production by pDC, a process that was inhibited in 
the presence of CD14+ monocytes.

Neonatal protection through maternally derived RSV specific antibodies depends on the 
transfer of IgG via the placenta or breast milk. The function of the neonatal Fc receptor (FcRn) 
is to transport IgG across the placenta from mother to infant and the transfer of IgG across 
epithelial layers in gut and airways to the lumen [255–257]. In addition to innate immune 
responses evoked by RSV-IC, we investigate in chapter 4 whether FcRn played a role in RSV 
immune responses, either by facilitating viral antigen delivery across the lung epithelium to 
antigen presenting cells, or by affecting antigen presentation in dendritic cells, because FcRn 
is highly expressed also in DC. We show that virus specific antibody paluvizumab indeed had 
a role in antigen processing / presentation and the onset of adaptive immune responses. 
However, we were unable to find a role of FcRn in the induction of adaptive T cell or B cell 
responses to RSV.
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The second part of the thesis (chapters 5, 6, 7 and 8) investigates the interaction between 
the microbiome and mucosal immunity and explores the potential to improve vaccination 
strategies against respiratory viral infections trough microbial manipulation. Mucosal 
immunity plays an important role in the susceptibility to infectious diseases. Not only the 
initial exposure of mucosal surfaces to bacteria at birth, but also the continuous exposure to 
different microorganisms and nutritional components contributes to the balance between 
(self) tolerance and the elimination of pathogen [258,259]. We discuss recent findings on 
the association between microbial colonization and mucosal immunity and the therapeutic 
potential of nutritional pharmacology in chapter 5.

Breast milk contributes to neonatal protection by providing pathogen specific antibodies. 
In addition, other immune modulation components in breast milk also add to protection 
through specific immune modulation. We investigate the possible effect of specific prebi-
otic dietary oligosaccharides that share characteristics with human milk oligosaccharides 
(HMOS), on the influenza specific Type IV hypersensitivity vaccination response induced 
by a human influenza subunit vaccine in a Balb/c mouse model (chapter 6). We show that 
systemic immunity can be influenced the specific dietary oligosaccharides, resulting in an 
increase in the local influenza specific delayed type hypersensitivity (DTH) response evoked 
upon challenge. We further show evidence that a possible role for regulatory T cells within 
this diet induced immune modulation might exist.

Accumulating data shows that adaptations in immunity to pathogen in one compartment 
could affect immunity in distal mucosal areas. For example, for many years correlations 
between asthmatic disease and the lack of (intestinal) microbial stimuli in human and 
animals [260–262] and a correlation between specific gut bacteria in diseases like atopic 
eczema and recurrent wheeze have been described [263]. Therefore, we investigate if these 
orally applied specific GFA oligosaccharides that affected systemic immune responses in 
the influenza vaccination model can also affect local lung RSV specific T cell responses in 
a primary RSV infection model and in a vaccination model for FI-RSV induced enhanced 
disease (chapter 7). Specific dietary oligosaccharides reduced the allergic/Th2 immune 
response seen in the C57BL/6 FI-RSV vaccination model and increased Th1 responses in the 
primary infection models. Furthermore, investigation of specific components of the adaptive 
response evoked upon infection shows that the balance between lung CD103+ and CD11b+ 
DC and the number of granzyme B producing regulatory T cells are altered by this diet.

In chapter 6 and 7 we show that dietary GFA could affect adaptive immunity in the host 
systemically. These specific oligosaccharide mixtures have prebiotic properties. Our prelimi-
nary studies [264,265] show altered microbiota composition in mice on a GFA diet. In neo-
nates hospitalized with RSV infections, antibiotics are only administered when a suspected 
bacterial co-infection is present [266,267]. However, the impact of early antibiotic use on 
the susceptibility to subsequent RSV hospitalization, recurrent wheeze or the development 
of atopic disease later in life is poorly understood. Our work in chapters 6 and 7 suggests 
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that also antibiotic manipulation, since it can dramatically alter microbiota composition, 
might affect immune responses to RSV. To address this issue, we investigate in chapter 8 
the impact of microbiome disruption induced by broad spectrum antibiotics during FI-RSV 
vaccination, on the development of Th2 biased immune responses in the C57BL/6 mouse 
model. We show that a cocktail of broad spectrum antibiotics consisting of Ampicillin, Van-
comycin, Neomycin sulfate and Metronidazole in drinking water dramatically decreases gut 
microbiota composition, increases lung eosinophilia and the intensifies Th2 bias present in 
the lung of RSV infected mice.

Based on the possible role of Treg in the immune modulation observed after microbiota 
manipulation by the GFA diet described in chapters 6, 7 and 8, we further investigate 
in chapter 9 some characteristic and functional aspects of red fluorescent protein (RFP) 
expressing regulatory T cells in GFA affected influenza vaccination responses. We show that 
GFA-induced improved Th1 responsiveness was accompanied with a reduced population of 
CXCR3 /T-bet expressing Tregs in the mesenteric lymphnodes (MLN). Furthermore, Tregs 
from GFA treated animals could enhance T effector IFN-γ release and the Treg/Th17 balance 
by suppressing IL-17 production.

Our findings are summarized and discussed in relation to recent literature in chapter 10. 
In addition, concluding remarks and implications for future research are suggested.
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Abstract

Inactivated Respiratory Syncytial Virus (RSV) vaccines tend to predispose for immune 
mediated enhanced disease, characterized by Th2 responses and airway hypersensitivity 
reactions. We show in a C57BL/6 mouse model that the early innate response elicited by the 
challenge virus (RSV versus influenza virus) influences the outcome of the Th1/Th2 balance 
in the lung after intramuscular priming with inactivated vaccine. Priming of CD4+/IFN-γ+ T 
cells by mature dendritic cells administered intravenously and/or priming of a virus specific 
CD8+ T cell response ameliorated the Th2-mediated inflammatory response in the lung, 
suggesting that vaccination procedures are feasible that prevent vaccine induced immune 
pathology.
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Introduction

Respiratory syncytial virus (RSV) is the most frequent cause of severe lower respiratory tract 
infections in infants, and can cause severe morbidity in elderly people and patients with an 
immunodeficiency [1, 2]. By 3 years of age, most children have been infected with RSV at 
least once. The rate of hospitalization for primary infection is approximately 0.5%, but can 
vary by situation and ethnic group and can be as high as 25% [3]. There is no licensed vac-
cine against the virus. Development of a vaccine has been set back due to a dramatic vaccine 
trial in the 1960’s, with a formalin-inactivated alum-precipitated RSV (FI-RSV) [4-7]. FI-RSV 
vaccinated children who were naturally infected with RSV experienced increased frequency 
and severity of RSV lower respiratory tract infection compared to children immunized with 
control vaccine preparations. About 80% of the vaccine recipients required hospitalization 
and two vaccine recipients died following RSV infection. Post-mortem examination of lung 
tissue of the diseased children showed an intense inflammatory cellular infiltrate in the lungs 
composed of mononuclear cells, eosinophils and polymorph nuclear cells [6, 8]. FI-RSV-
vaccinated children had high RSV specific serum antibody titers. However, a high proportion 
of these antibodies was non-neutralizing [4, 5, 9].

FI-RSV-enhanced disease has been reproduced in several animal models [10-13]. Mice 
vaccinated with FI-RSV and challenged with RSV develop airway hyper-reactivity and a Th2-
type immune response measured by enhanced interleukin (IL)-4, IL-5 and IL-13 responses 
and reduced IL-12 production [12]. Poorly neutralizing antibody responses and enhanced 
tissue eosinophilia were also described [12, 14, 15]. A central role for T cells in augmented 
lung pathology was highlighted by Connors et al. who showed that in mice CD4+ T cells were 
crucial to the immune pathogenesis of FI-RSV-mediated enhanced disease. The CD4+ T cell 
response outnumbered the CD8+ T cell response, which dominates during a natural RSV 
infection [16].

The exact mechanism behind the enhanced disease is currently still unclear. Structural 
alterations by formalin treatment have been held responsible for poor antibody recognition 
of viral F protein in intact RSV [15, 17]. Poorly neutralizing antibodies might be ineffective in 
lowering viral load or even cause enhanced infection, while immune complex deposition and 
complement activation in the lung might cause bronchoconstriction [18]. Inactivated virus 
particles might be less efficiently processed by APC for presentation by MHC class I molecules, 
resulting in lower CD8+ T cell responses. CD8+ T cells have been shown to ameliorate RSV 
disease in mice primed by inactivated virus preparations or viral proteins [19-22]. Moreover, 
inactivated virus might be less efficient in the activation of innate immune receptors [23]. 
A role for the adjuvant aluminum hydroxide in the FI-RSV vaccine which characteristically 
tends to induce Th2-type responses might also contribute to the CD4-Th2 shifted recall 
immune response [10, 12, 24-27].
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In previous studies it has been shown that a-specific contaminations (FI-mock vaccine) 
caused similar enhanced disease upon RSV challenge as the FI-RSV vaccine itself [10, 24, 
28-30]. Moreover, vaccination with purified viral proteins or vaccinia recombinants express-
ing RSV-G protein, also induced similar Th2-mediated immune pathology [30, 31]. Inacti-
vated or subunit vaccines are successfully used for different viral infections (e.g. poliovirus, 
influenza virus). However, for several paramyxoviruses (hRSV, pneumovirus of mice (PVM), 
bovine RSV (bRSV), human metapneumovirus (hMPV) and measles virus) these approaches 
induce enhanced disease, characterized by respiratory hypersensitivity [32-36].

In the present study we present data showing that the Th2-mediated inflammatory 
responses in the lung could be ameliorated either at the time of priming, by activation of pri-
mary CD4+ T cells by mature dendritic cells administered intravenously and/or priming of a 
virus specific CD8+ T cell response, or at the time of challenge whereby the nature of the early 
innate response of the challenge virus influences the outcome of the Th1/Th2 balance locally.

Results

FI-RSV mediated Th2 skewed immune responses in C57BL/6 mice

FI-RSV vaccination studies are routinely performed in BALB/c mice that are prone to develop 
Th2 responses [41]. To determine whether we were able to analyze FI-RSV-induced Th2 
responses accompanied by eosinophilia in C57BL/6 mice with our FI-RSV vaccine, mice were 
vaccinated intramuscularly with FI-RSV or FI-mock (i.e. formalin treated culture supernatant 
of HEp-2 cells) at day 0. A third group of animals was intranasally infected with RSV to com-
pare the immune response in vaccinated mice with a secondary RSV infection. All mice were 
challenged with RSV at day 36. Six days after challenge lung single cell suspensions were 
stimulated in vitro with RSV infected dendritic (D1) cells or untreated D1 cells to measure T 
cell responses. Production of cytokines by CD4+ and CD8+ T cells was determined by intracel-
lular staining. As expected, mice vaccinated with FI-RSV and challenged with RSV developed 
a strong Th2 response, characterized by the production of IL-4, IL-5 and IL-13, and lower 
levels of IFN-γ, compared to a regular secondary RSV infection where CD4+ T cells predomi-
nantly produced IFN-γ (Figure 1A). Less IFN-γ producing CD8+ T cells were observed in FI-
RSV-vaccinated mice compared to a secondary RSV infection. In both the FI-RSV and FI-mock 
groups, the CD4+ T cells responded to in vitro restimulation with RSV-infected and uninfected 
D1 cells (Figure 1A).

In addition to measuring T cell responses in lung tissue, cytospins were performed on BAL 
samples and the cell composition was analyzed by standard morphologic analysis (Figure 
1B). BAL of mice with a secondary RSV infection mainly consisted of lymphocytes and mac-
rophages. Only a few neutrophils and eosinophils were observed. In contrast, BAL of FI-RSV-
vaccinated and RSV-challenged mice contained >60% eosinophils. Similar cellular influxes 
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Figure 1. FI-RSV vaccination induces strong Th2 responses in lung tissue upon RSV challenge in C57BL/6 
mice. Two groups of mice were vaccinated i.m. with either FI-RSV or FI-mock and a third group was i.n. 
infected with RSV. All groups were i.n. challenged at day 36 with RSV. Six days after challenge lung T cell re-
sponses were analyzed in vitro after re-stimulation with RSV infected or uninfected D1 cells. T cell responses 
were measured by intracellular cytokine staining. (A). The percentage of CD8+ or CD4+ T cells producing Th1 
or Th2 cytokines. (B). BAL was analyzed for the percentage of neutrophils, eosinophils, macrophages and 
lymphocytes. (C). Serum was analyzed for RSV specific IgG1 and IgG2a/c. Error bars represent the standard 
error of the mean (SEM) of 5 mice per group. In A. significance was calculated using a Two-Way ANOVA. In B. 
and C. significance was calculated with a students t test (in B. for the eosinophil population). All results are 
representative for three individual experiments. * p<0.05, ** p<0.01 and *** p<0.001. (D) D1 cells cultured in 
medium with FCS restimulate FCS specific CD4+ T cell responses in lung tissue of FI-RSV vaccinated mice. Mice 
were vaccinated with FI-RSV i.m. (a different vaccine batch than used in A-C) and i.n. challenged with RSV at 
day 36. Six days after challenge lung T cells were restimulated with RSV infected or uninfected D1 cells. D1 
cells were either cultured in medium with serum of naïve C57BL/6 mice or in medium with FCS. In addition, 
lung cells were restimulated with medium containing 5 % mouse serum or 5 % FCS in the absence of D1 cells. 
T cell responses were measured by intracellular cytokine staining and the percentage of CD4+ T cells produc-
ing Th1 or Th2 cytokines are shown. Error bars represent the standard error of the mean (SEM) of 3 mice per 
group. Significance was calculated with a One-Way ANOVA. The results are representative for two individual 
experiments. * p<0.05 and *** p< 0.001.

Marcel BW.indd   53 30-Oct-13   10:53:56 AM



54

were observed in FI-mock-vaccinated mice. Therefore, viral components were not essential 
for induction of eosinophilia. Vaccine-specific antibodies in serum were detected by Elisa in 
mice vaccinated with FI-RSV and compared to the antibody response during secondary RSV 
infection. In FI-RSV-vaccinated mice the IgG1/IgG2a/c ratio was twofold higher compared to 
RSV primed mice (Figure 1C). In conclusion, these data confirmed the onset of Th2 immune 
responses in FI-RSV-vaccinated mice in our C57BL/6 model. Although the RSV-specific com-
ponent during the recall response varied between different FI-RSV preparations we always 
observed a strong CD4/Th2 cytokine response against non-viral components of the vaccine. 
Because D1 cells, used for in vitro restimulation of lung T cells, were maintained in medium 
supplemented with FCS we checked whether FCS derived antigens were recognized by lung 
derived T cells. This would be a plausible explanation because FCS was also present in the 
FI-RSV and FI-mock preparations used for vaccination. We confirmed that indeed part of the 
CD4+ T cell response primed by FI-RSV was specific for FCS by using D1 cells cultured in naïve 
mouse serum or FCS as antigen presenting cells in the lung T cell stimulation assay (Figure 
1D). However, using RSV infected D1 cells to stimulate lung-derived T cells a significant 
response against viral antigens could also be visualized.

In early studies with cotton rats and BALB/c mice the role of contaminating tissue culture 
antigens present in RSV preparations, used to prepare the vaccine and challenge virus, has 
been described [24, 29, 30]. In fact, the immune response elicited to viral antigens and tis-
sue culture contaminants was not essentially different ([10, 24, 28-30] and Figure 1). We 
additionally showed that the FCS component alone could be used during vaccination to elicit 
a Th2 response accompanied by lung eosinophilia and FCS specific serum IgE (Figure 2), 
without a necessary contribution of vaccine characteristic factors like formalin treatment of 

Figure 2. Aluminum hydroxide and formalin inactivation of mock vaccine are not essential to induce Th2 
skewed pulmonary inflammation. Three groups of mice were i.m. vaccinated with 1. formalin inactivated 
HEp-2 cell supernatant (FI-mock) and 2. HEp-2 cell supernatant (mock), both adjuvanted with aluminum hy-
droxide and 3. no vaccination. All groups were i.n. infected with RSV on day 28. At day 36 lung cells were 
analyzed for T cell responses by measuring intracellular cytokine production after in vitro stimulation with RSV 
infected or uninfected D1 cells. (A). The percentage of CD8+ or CD4+ T cells producing Th1 or Th2 cytokines. 
(B). Percentage of neutrophils, eosinophils, macrophages and lymphocytes in BAL. This result showed that 
formalin inactivation of the mock vaccine was not crucial to induce the Th2 response. (C). Five groups of mice 
were i.m. vaccinated with 1. formalin inactivated HEp-2 cell supernatant, 2. formalin inactivated IMDM + FCS, 
both adjuvanted with aluminum hydroxide, 3. FCS in IMDM, 4. IMDM + aluminum hydroxide, 5. no vaccina-
tion. All groups were i.n. infected with RSV on day 28 and lung T cell responses were measured at day 36 after 
restimulation in vitro with RSV infected or uninfected D1 cells. (D). Percentage of neutrophils, eosinophils, 
macrophages and lymphocytes in BAL. (E). Mice were either infected with RSV i.n., vaccinated with FI-RSV 
or FI-mock i.m. and challenged i.n. with RSV at day 28, 8 days after challenge serum was analyzed for FCS 
specific IgE. Data shown are OD450 values after subtraction of background OD450 obtained with pooled sera of 
naïve mice. Error bars represent the SEM. Results are means of 5 mice per group and are representative for 
two independent experiments. In A. and C. significance was calculated using a Students t test comparing the 
response to D1 cells and RSV infected D1 cells. For B. and D. significance was calculated with One-Way ANOVA 
for the eosinophil population. * p<0.05, ** p<0.01 and *** p< 0.001.
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the mock vaccine (Figure 2A and B) or the alum adjuvant (Figure 2C and D). No FCS-specific 
Th2 response was observed in unvaccinated primary RSV-infected mice. These experiments 
suggest that FI-RSV and (FI-)mock vaccination induced similar allergic immune responses.

A viral trigger is not necessary during challenge to induce the FCS-specific allergic 
immune response

The allergic inflammatory response primed by FCS was elicited upon challenge infection 
with in vitro cultured RSV. To examine if the FCS-induced Th2 response is explained by a 
challenge with FCS (present in the viral preparation) and whether or not the viral trigger is 
necessary during the secondary response, we vaccinated mice with FI-mock, followed at day 
28 after vaccination with an i.n. challenge with either FCS alone or RSV cultured in IMDM 
with FCS. At day 36, i.e. 8 days after challenge, T cell responses in the lungs of these mice were 
analyzed and the BAL cell composition was determined. We observed similar secondary IL-5 
responses (Figure 3A) and BAL eosinophilia (Figure 3B) upon challenge with FCS alone 
and RSV cultured in IMDM supplemented with FCS. IL-4 and IL-13 producing CD4+ T cell 
numbers showed the same pattern (data not shown). Furthermore, a primary RSV-specific 
CD8+/IFN-γ T cell response was induced in FI-mock-vaccinated mice challenged with RSV, 
that was absent in the FI-mock-primed and FCS-challenged mice. This IFN-γ response of 
virus specific CD8+ T cells was substantially higher at day 8 than at day 6 after challenge in 
FI-mock-vaccinated mice as expected because the peak of the RSV-specific T cell response 
after primary RSV infection is at day 8 (compare Figure 1A). IFN-γ producing CD4+ T cells in 
the lung were non-virus-specific in both FI-mock-primed and RSV-challenged mice, as well 
as FI-mock-primed and FCS-challenged mice. In conclusion, these data showed that a viral 
trigger is not necessary during local antigenic challenge to elicit Th2 cytokine-producing 
secondary CD4+ T cell responses in the lungs of FI-mock-vaccinated mice. Moreover, the RSV 
challenge and the virus-induced primary CD8+ T cell response did not prevent the onset of 
the Th2 response and lung eosinophilia.

Primary RSV infection induces an inflammatory response in the lungs resulting in DC 
activation and migration to mediastinal lymph nodes, the location where subsequently a 
primary virus-specific T and B cell response is efficiently initiated ([42] and Figure 1). Yet 
it appeared that the inflammation induced by RSV infection in FI-RSV or FI-mock-primed 
mice did not affect the Th2-primed allergic response when the virus was present during 
challenge. The inflammatory cell influx during antigen exposure is influenced by the local 
cytokine and chemokine environment that results from innate responses induced by the 
pathogen, recruited innate immune cells and adaptive immune cells primed during earlier 
antigen exposure. CCL2/MCP1 has been shown to be a signature chemokine associated with 
Th2-biased immune pathology in a G protein vaccination model [31]. We performed a kinetic 
experiment to track the recruitment of CD4+ T cells, CD8+ T cells and eosinophils to the lungs 

Marcel BW.indd   56 30-Oct-13   10:53:57 AM



Chapter 2 
FI-RSV induced inflam

m
ation

57

as well as dendritic cell influxes, since allergic responses are associated with enhanced influx 
of lung dendritic cells [43] that depends on CCR2 expression, the receptor for CCL2/MCP1 
on DC precursors [44].

The kinetics of CD4+ T cells, virus-specific CD8+ T cells and dendritic cell responses in 
lung tissue during primary (i.n. mock/RSV challenge), secondary (i.n. RSV/RSV) and i.m. 
FI-RSV-vaccinated/i.n. RSV-challenged mice are shown in Figure 4. In contrast to i.m. mock 
vaccination, i.n. exposure to mock did not prime a T cell response. 96 hours after challenge 

Figure 3. A viral trigger is not required to induce Th2/eosinophilia in FI-mock primed FCS challenged mice. 
Two groups of mice were i.m. vaccinated with FI-mock and at day 28 i.n. challenged with FCS or RSV cultured 
in IMDM + FCS. Eight days after challenge, lung cells were analyzed for T cell responses and BAL was analyzed 
for cellular influx. (A). The percentage of CD8+ or CD4+ T cells producing Th1 or Th2 cytokines. (B). Percentage 
of neutrophils, eosinophils, macrophages and lymphocytes in BAL. Error bars represent the SEM of 4 mice per 
group. Significance was calculated using a Two-Way ANOVA in A. and students t test in B. for the eosinophil 
population. This experiment has been performed three times with similar results. ** p<0.01 and *** p< 0.001.
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CD4+ T cell responses became evident in the lungs of FI-RSV-vaccinated and secondary RSV-
infected mice (Figure 4A). Virus-specific CD8+ T cells arrived at the same time in the group 
exposed to secondary RSV infection. At this early time point no virus-specific CD8+ T cells 
were found in FI-RSV or i.n. mock-exposed and RSV-challenged mice (Figure 4A). 96h after 
challenge eosinophil influx was observed in FI-RSV-vaccinated, RSV-challenged mice, but a 
slight increase in the percentage of eosinophils was already observed 48h after challenge 

Figure 4. Kinetics of the cellular influx into the lungs during allergic versus non-allergic airway inflam-
mation. (A). Three groups of mice were i.n. infected with RSV, i.n. primed with mock (HEp-2 cell culture 
supernatant) or i.m. vaccinated with FI-RSV. At day 28, mice were i.n. challenged with RSV. 24h, 48h, 72h and 
96h after challenge lung cells were analyzed for absolute numbers of CD3+ CD4+ T cells, CD3+ CD8+ H-2Db 
M187-195 tetramer+ T cells, CD11c+ MHCIIhigh CD11bhigh DC and CD11c+ MHCIIhigh CD103+ DC. 48h, 72h and 96h 
after challenge BAL was analyzed for the percentage of eosinophils. (B). Two groups of mice were vaccinated 
with either FI-RSV or FI-mock and a third group was i.n. infected with RSV. All groups were i.n. challenged at 
day 36 with RSV. Six days after challenge lung cells were analyzed for absolute numbers of CD11c+ MHCIIhigh 
CD103+ DC and CD11c+ MHCIIhigh CD11bhigh DC. Error bars represent the SEM of 5 mice per group. In A. the 
significance was calculated using a Two-Way ANOVA and significance is shown comparing the three groups 
of mice at 96h after challenge. In B. significance is calculated using a One-Way ANOVA. * p<0.05, ** p<0.01 
and *** p< 0.001.
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when compared to a secondary and primary RSV infection (Figure 4A). There was a strong 
recruitment of CD11chigh/MHC class IIhigh dendritic cells into the lung tissue in intramuscular 
FI-RSV and FI-mock-vaccinated mice compared to mice with secondary RSV infection (Figure 
4A and B) or i.n. mock primed mice (Figure 4A). Both CD103+ CD11blow MHC class IIhigh and 
CD103- CD11bhigh MHC class IIhigh DC contributed to the enhanced influx (Figure 4A and B;

DC gating strategy shown in Supplemented data Figure S1). These kinetic experiments 
show that the onset of the virus-specific (primary) CD8+ T cell response in FI-RSV-vaccinated 
or i.n. mock-exposed mice is not measurable at 96h post challenge in the lungs, while at 
this time Th2 responses/eosinophilia and DC influxes, parameters associated with allergic 
responses, occur with similar kinetics in FI-RSV and FI-mock-vaccinated animals.

Influenza virus infection during FCS challenge ameliorates FI-mock-primed Th2/
eosinophilia and DC influx

So far our work showed that the FI-RSV/FI-mock vaccination model is similar to standard 
(OVA, house dust mite) mouse allergy models. These are presumably Th2-mediated diseases, 
where IL-4 has been shown to contribute to Th2 responses and IgE production, IL-5 to 
airway eosinophilia, and IL-13 to goblet cell metaplasia and mucin production and induc-
tion of airway hyper-responsiveness [45]. Moreover, the presence of neither inactivated RSV 
during priming nor the presence of live virus during challenge had a major impact on the 
Th2/eosinophilic component of the response. To establish whether the lack of an effect of 
the RSV infection during allergen (FCS) challenge was RSV-specific we tested whether infec-
tion with influenza virus during FCS challenge affected the balance of the Th1/Th2 response 
differently. For this purpose mice were vaccinated i.m. with FI-mock and i.n. challenged with 
FCS, or FCS and a co-administered live virus: RSV/FCS and influenza virus/FCS. To study the 
early innate effects of the viral infections, before substantial virus specific T cell responses 
were elicited, we measured RSV (RSV infected D1 cells, cultured in IMDM + FCS) and FCS- (D1 
cells, cultured in IMDM + FCS) specific T cell responses in the lungs on day 5 after challenge 
(Figure 5). We found that the total cellular influx into the lungs did not differ upon infection 
with influenza virus and RSV (data not shown). Furthermore, no differences were observed 
in the percentage of allergen (FCS) specific IFN-γ producing CD4+ T cells in the three groups. 
RSV-specific-IFN-γ producing CD4+ and CD8+ T cells were absent as expected this early 
after primary exposure to the virus (Figure 5A). FCS-specific CD4+ Th2 responses were 
substantial. The fraction and absolute numbers (not shown) of FCS-specific CD4+ IL-4+ and 
CD4+ IL-13+ T cells was significantly lower in the influenza virus-infected mice compared 
to RSV-infected mice. A decrease was observed for CD4+ IL-5+ T cells upon influenza virus 
infection although this was not significantly different compared to RSV infected mice (Figure 
5A). Eosinophil influx into the airways was also lower in the influenza virus-challenged 
mice compared to the FCS/RSV (not significant) and FCS (significant) challenged groups. In 
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contrast to RSV-challenged and FCS-challenged mice, in influenza virus-challenged mice the 
decreased percentage of eosinophils was accompanied by an increase in the percentage of 
neutrophils (Figure 5B). The FCS-specific IgG1 and IgG2a/c levels in serum was similar in 
all three groups (data not shown) However, influenza virus infection resulted in a significant 
decrease in CD11c+ CD103+ DC and CD11c+ CD11bhigh DC, compared to the RSV/FCS and FCS 
only challenged mice (Figure 5C). These findings suggest that the observed decreased Th2/
eosinophilia upon influenza virus infection might be a local innate effect of this virus during 
antigenic challenge.

The route of priming and early recruited Th1 and CD8+ T cells alter the intensity of 
allergic airway inflammation.

It has been shown that CD8+ T cells can inhibit FI-RSV-mediated enhanced disease [20, 21]. 
We studied the impact of early CD8+ T cell recruitment on the lung inflammatory cell com-
position and serum antibody response. Figure 6A shows that mice intravenously injected 
with lipopolysaccharide (LPS)-matured BM-DC loaded with the dominant RSV epitope 

Figure 5. Influenza virus infection during FCS challenge decreases FI-mock primed allergic airway inflam-
mation. Three groups of C57BL/6 mice were vaccinated with FI-mock. At day 28 mice were i.n. exposed to 1. 
RSV cultured in IMDM + FCS, 2. influenza virus plus FCS or 3. FCS alone. Five days after challenge, lung cells 
were analyzed for T cell responses and DC influx and BAL was analyzed for cellular influx. (A). The percentage 
of CD8+ or CD4+ T cells producing Th1 or Th2 cytokines. (B). Cellular composition of BAL. (C). Lung cells were 
analyzed for absolute numbers of CD11c+ MHCIIhigh CD103+ DC and CD11c+ MHCIIhigh CD11bhigh DC. Error bars 
represent the SEM of 5 mice per group. In A. significance was calculated using a Two-Way ANOVA. In B. and 
C. significance was calculated using a One-Way ANOVA (in B. for the eosinophil populations). This experiment 
was performed three times with similar results. * p<0.05, ** p<0.01 and *** p<0.001.
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Figure 6. CD4+/8+ T cell priming by LPS matured BM-DC results in suppression of Th2 responses and lung 
eosinophilia. Three groups of mice were i.m. vaccinated with FI-mock. In addition to FI-mock vaccination, one 
group received mature bone marrow derived dendritic cells (BM-DC) i.v. and a second group received mature 
BM-DC loaded with the dominant RSV epitope M187-195 i.v. At day 28 all mice were i.n. challenged with RSV. A 
fourth group was FI-mock vaccinated and i.n. challenged with FCS. (A). The percentage of CD8+ or CD4+ T cells 
producing Th1 or Th2 cytokines in the lungs at day 5 after challenge. (B). Percentage of eosinophils in BAL. (C). 
FCS specific IgG1 and IgG2a/c in sera at day 5 after challenge. (D). Lung cells were analyzed for absolute num-
bers of CD11c+ MHCIIhigh CD103+ DC and CD11c+ MHCIIhigh CD11bhigh DC. Error bars represent the standard 
error of the mean (SEM). Results are shown for four mice per group. In A. significance was calculated using 
a Two-Way ANOVA. In B., C. and D. significance was calculated using One-Way ANOVA. * p<0.05, ** p<0.01 
and *** p< 0.001.
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M187-195 at the day of FI-mock vaccination (i.m.), mounted an RSV-specific IFN-γ+/CD8+ T cell 
response upon i.n. challenge with RSV. Peptide loaded and unloaded BM-DC infused at the 
day of FI-mock vaccination led to an increased CD4+ T-cell-mediated IFN-γ response. Both 
BM-DC and BM-DC that had been loaded with M187-195 peptide administered at the time of 
FI-mock vaccination down-regulated the CD4/Th2 response to a similar extent. However, 
the additional RSV-specific CD8+ T cell response more potently suppressed lung eosinophilia 
(Figure 6B). FCS-specific IgG1 levels increased when LPS matured BM-DC were administered 
intravenously while the presence of the CD8+ epitope additionally enhanced the IgG2a/c 
response (Figure 6C). In mice primed with FI-mock and BM-DC no significant alterations in 
lung DC population were found compared to mice that did not have BM-DC-primed CD4+ and 
CD8+ T cells (Figure 6D). All groups of mice were analyzed for lung plasmacytoid DC (pDC) 
populations, however, no differences were observed in absolute numbers of pDC between 
the groups (data not shown). In comparison to the influenza virus-mediated local effect, 
BM-DC priming induced a systemic Th1/CD8+ T cell response that during local RSV infection 
resulted in a shift of the Th2 to Th1 response against the co-administered allergen FCS.

Discussion

In the present work we identified two mechanisms influencing Th2-mediated inflammatory 
responses in the FI-RSV vaccination model. The nature of a local virus infection during aller-
gen (FCS or viral proteins in our study) challenge and the setting and route of vaccination 
could both influence the balance of Th2/Th1 responses and eosinophil influx in the lung. 
As previously reported early local recall of a primed CD8+ T cell response during allergen 
challenge strongly suppressed lung eosinophilia [20, 21], but also CD4+ T-cell priming by 
mature DC loaded with antigen (FCS) and administered intravenously, strongly suppressed 
lung Th2 responses and eosinophilia upon FCS challenge (Figure 6).

We further showed that FI-RSV vaccine-specific components that have been suggested 
earlier to contribute to the induction of FI-RSV induced enhanced respiratory disease, such 
as the formalin inactivation [17], the alum adjuvant [46-48] or particular viral proteins [49], 
are not essential for the induction of Th2 skewed inflammatory responses in the lung (Fig-
ure 2 and 3). Rather intramuscular priming with protein (either derived from inactivated 
virus or from contaminating FCS) was sufficient to elicit a systemic CD4+ T cell response that 
upon recall sets the stage for the allergic secondary response. In contrast to intramuscular 
priming, intranasal exposure to HEp-2 cell supernatant (containing FCS) did not prime a 
CD4+ T cell response underscoring the difference in efficacy or the nature of the immune 
response elicited via different vaccination routes. This difference might reflect the different 
access of the administered antigen to antigen presenting cell types, or the efficacy of migrat-
ing dendritic cell populations in the two different locations in transporting antigen to the 
lymph node, or priming naïve T cell responses.
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It has been shown that a vaccinia virus recombinant expressing the G protein of RSV, 
administered by skin scarification causes Th2-biased RSV-specific T cell responses in the 
lung upon viral challenge [31, 49] despite a supposedly strong Th1-type immune priming by 
this virus [50]. These observations suggest that during local RSV/antigen challenge the final 
phenotypic switch of T cells occurs in the lungs. A similar final differentiation step in the lung 
has been described for CD8+ T cells during influenza virus infections [51]. In line with these 
studies is the observation that in several models of RSV-enhanced (Th2-biased) disease, 
splenic T cells are not Th2 skewed while lung T cells are [52]. Thus primed T cells leaving 
the draining lymph nodes of the infection site seed secondary lymph nodes and spleen and 
migrate to the site of infection, where in the context of the local inflammatory milieu final 
differentiation occurs into effector cells. This scenario is supported by our observation that 
different virus infections might induce different innate responses locally (i.n. influenza virus 
versus RSV infection, Figure 5) that influence final T cell maturation.

Furthermore, we observed that MHC class II presented antigen at the surface of in vitro 
cultured (in medium + FCS), LPS matured conventional DC (cDC) administered intravenously 
primed a Th1-type response protecting against eosinophilia. This effect was enhanced when 
a MHC class I viral epitope was also presented during priming and local challenge (Figure 
6). Whether this decreased Th2/eosinophilic-response was caused by the priming of naïve T 
cells by the administered DC themselves or by a different DC population by cross priming or 
whether the priming location (spleen) played a role remains to be established. Thus, besides 
a clear local effect on Th cell differentiation we observed that the route and setting of T cell 
priming might also imprint their final differentiation status. Interestingly, for vaccinia recom-
binant vaccines expressing RSV G protein, the intra-peritoneal priming route did not result 
in Th2-mediated enhanced disease during i.n. challenge with RSV [53]. This observation sug-
gests that in the spleen T cell priming might be different from intramuscular or intradermal 
priming routes in predisposing CD4+ T cells to become Th1 cells already during the induction 
phase of the response. Together these findings show that the circumstances during T cell 
priming as well as circumstances during challenge can both influence the ultimate nature of 
the CD4+ T cell response during challenge infection in the lung.

Different viral infections differ in the quality and longevity of the innate immune responses 
they induce due to the pathogen specific interaction with innate immune receptors. This 
was illustrated in Figure 5 where it was shown that influenza virus infection during i.n. FCS 
exposure enhanced the Th1/Th2 balance in FI-mock-primed mice at day 5 after challenge, 
while RSV did not alter the allergic response. A recent study compared early innate effects of 
influenza virus and RSV in the mouse lung and found that RSV-induced type I IFN production 
was low and transient (24h) whereas influenza virus mediated type I IFN production was 
more robust and increased over time (5 days) [54]. Because STAT 1-mediated signaling, a 
downstream consequence of type I IFN stimulation, could play a role in the balance of Th1/
Th2 CD4+ T cell responses these differences in type I IFN production might be a possible 
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explanation for the observed differences in the effect of both viruses during antigenic chal-
lenge [55].

Different level, quality or timing of innate immune responses caused significantly different 
recruitment of cDC types to the lung tissue when influenza virus infection or RSV infection 
coincided with FCS challenge in FI-mock-primed mice (Figure 5). Decreased cDC responses 
in comparison to FI-RSV or FI-mock-vaccinated mice were also observed in secondary or 
primary RSV-infected mice (Figure 4), conditions where Th2 responses and eosinophilia 
were also absent. Whether enhanced CD11c+ CD103+ or CD11c+ CD11bhigh DC recruitment 
played part in the Th2-skewing of the responses or reflected a similar responsiveness of 
these DC types and Th2-primed T cells to local inflammatory factors (cytokines and chemo-
kines) remains to be established. However, a role of both cDC subtypes in enhancing allergic 
lung inflammation has been described [43, 56]. Depletion of CD11c+ DC in an OVA allergic 
model resulted in a reduced Th2 response [57]. The ratio of pDC with myeloid DC (mDC) 
(both CD11c+ CD11bhigh and CD11c+ CD103+) present in lung tissue determined the initiation 
of allergic responses, whereby pDC suppressed and mDC enhanced allergic inflammation 
[58, 59]. In addition to DC, the lung epithelium has been shown to play an important role 
in inducing allergic airway inflammation. Studies with house dust mite (HDM) showed that 
binding of Derp2 to TLR4 specifically on epithelial cells, not on subepithelial DC, resulted in 
a strong Th2 response by secretion of GM-CSF, IL-33, TSLP and IL-25 [60]. Hence, different 
interactions of viruses with respiratory epithelium might also contribute to the eventual 
differentiation of T cells responding to infections in the lungs.

We and others have shown that the route of T cell priming and early recall of CD8+ T 
cell responses at the time of antigen challenge in the lung can potently suppress lung Th2/
eosinophilia responses (Figure 6, ref. [20-22]). Interestingly, under these conditions no 
significant differences were found in cDC populations of mice that did or did not develop 
eosinophilia (Figure 6D). Therefore, early innate responses depending on the type of virus 
infection or early adaptive immune responses could both affect the outcome of the ultimate 
immune response upon antigen challenge in the lung, whereby the Th2/Th1 balance might 
be regulated by different mechanisms.

In earlier work we have shown that primary RSV infections induce DC maturation and 
migration to the mediastinal lymph nodes [42]. Both sub-epithelial CD103+ DC and paren-
chymal CD11bhigh DC migrated in roughly equal amounts and both DC types expressed MHC 
class I and II bound viral antigens and are therefore supposedly competent to prime naïve 
T cell responses, provided they reach the proper location in the lymph nodes to interact 
with naïve CD4+ and CD8+ T cells. These studies showed that RSV infections in the mouse 
induce sufficient inflammation to trigger a full blown adaptive T cell response. However, 
RSV infection in murine cells is less productive than RSV infections in human epithelium 
and RSV replication efficiency differs between mouse strains. Therefore, the differences in 
innate effects of RSV and influenza virus infections in our mouse model can not directly be 
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extrapolated to other mouse strains and to the human situation. Nevertheless, also in man 
different innate effects of viruses locally might have a different impact on the outcome of 
the secondary immune response in vaccinated individuals. In fact, a formalin-inactivated 
parainfluenza type I virus vaccine did not result in enhanced disease in vaccinated children 
[6]. Clearly, these factors should be addressed critically during the development of vaccines.

Viral damage, exuberant inflammation or immunopathology caused by T cells might all 
contribute to RSV-mediated disease. Highly neutralizing antibodies contribute to protection 
most likely by lowering viral load with as a consequence less viral damage to the lung tissue 
and lower virus induced inflammatory responses. Via lowering antigenic load, they may 
also affect the level of secondary T cell responses and hence protect against T cell mediated 
damage [15]. It has recently been shown that poorly neutralizing antibodies contribute to 
enhanced disease in the mouse FI-RSV-vaccination model. The major reason for the inef-
fective antibody response was a lack of antibody affinity maturation due to poor Toll-like 
receptor stimulation by inactivated RSV vaccines. Interestingly, TLR stimulation on B cells 
and not CD11c+ cells determined the extent of antibody affinity maturation [23]. In addi-
tion, structural alterations in the fusion protein resulting from formalin treatment could also 
contribute to poor antibody recognition of viral epitopes in the wild type virus and impaired 
virus neutralization [11, 14, 17, 23]. Inclusion of a TLR ligand in the inactivated RSV vaccine 
protected against enhanced disease presumably by increasing antibody affinity and lowering 
viral load resulting in lower T cell activation and inflammatory cell influx. In our experiments 
we showed that similar allergic immune responses could be induced in FI-RSV-vaccinated 
mice that were either exposed to a live virus challenge or challenge with FCS, an innocuous 
antigenic contaminant present in in vitro cultured virus preparations. In this model we show 
that with the same i.n. antigenic challenge dose (FCS; whereby antibody neutralization does 
not play a role) Th2/eosinophilia can be effectively prevented by the mode of T cell prim-
ing. TLR-(LPS)-stimulated DC induced protective T cell immunity that counteracted Th2/
eosinophilia. Therefore, TLR adjuvants might work both for the proper induction of RSV-
neutralizing antibody responses and protective T cell immunity.

Extrapolation from the mouse model suggests that protective immunity to RSV requires 
strongly neutralizing antibodies and in addition a balanced CD4+/CD8+T cell response, 
whereby the quality of the local innate response during vaccination might be crucial for both 
the T cell and B cell arms of the immune response.

Materials and methods

Mice, viruses and infections

Pathogen-free 6-8 week old C57BL/6cjo mice were purchased from Charles River (Maas-
tricht, The Netherlands). The mouse study protocols were approved by the Animal Ethics 
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Committee of the University Medical Centre (UMC) Utrecht. RSV A2 strain was grown in 
HEp-2 cells, purified by polyethylene glycol precipitation, resuspended in PBS supplemented 
with 10% sucrose, and stored in liquid nitrogen. Mice were lightly anesthetized with iso-
flurane and intranasally infected with 2-3 x 106 plaque-forming units RSV in a volume of 
50 µl. Influenza virus strain A HK/2/68 was kindly provided by Dr. T. Rygiel (Wilhelmina 
Children’s Hospital, Utrecht, The Netherlands). The virus was grown in fertilized hen’s eggs. 
Tissue culture infective dose (TCID)50 was determined after titration in MDCK cells. Mice 
were anesthetized with isoflurane and intranasally infected with 50 µl of an influenza virus 
preparation (350 TCID50 in PBS containing 1% FCS).

Vaccine formulations

FI-RSV was prepared by the method used for the original vaccine tested in the 1960’s [8]. 
RSV A2 strain was grown for 48 hrs in HEp-2 cells. Culture medium was cleared from cell 
debris by low speed centrifugation (1000xg, 10 min, 4°C). Formalin was added to 3 x 106 
plaque-forming units RSV/ml containing supernatant at a final dilution of 1:4000 and 
incubated at 37°C for 3 days with stirring. After ultra-centrifugation (50,000xgav,1 h, 4°C) 
of the formalin-inactivated culture medium, resulting pellets were resuspended in 1/25th of 
the original volume in IMDM without supplements. The vaccine was adsorbed to 4 mg/ml 
aluminium hydroxide overnight at room temperature while stirring. Finally, the vaccine was 
pelleted by centrifugation (1000xg, 30 min) and resuspended in 1/4th volume in PBS. This 
procedure resulted in a final vaccine that was concentrated 100-fold and contained 16 mg/
ml aluminum hydroxide. FI-mock was prepared with culture medium of uninfected HEp-2 
cells.

Cell cultures

HEp-2 cells were cultured in IMDM (Gibco, 21980-065), supplemented with 5% FCS and 
1% penicillin/streptomycin. RSV viral cultures and titration assays on HEp-2 cells were 
performed in IMDM containing 1% FCS and 1% penicillin/streptomycin. D1, a mouse den-
dritic cell line derived from C57BL/6 mice [37] used for restimulation of lung T cells was 
maintained in IMDM, 5% hyclone FCS (Perbio, SH30080.03), 1% penicillin/streptomycin and 
50 µM β-mercapto-ethanol and supplemented with 30% conditioned medium from GM-CSF 
producing R1 cells (mouse fibroblast NIH3T3, transfected with GM-CSF gene [37]). When 
indicated in the figure legends D1 cells were cultured in heat-inactivated mouse serum (of 
naïve C57BL/6 mice) supplemented with conditioned medium from GM-CSF producing R1 
cells, that had also been cultured in mouse serum, to avoid the presentation of FCS derived 
antigens by MHC molecules on the surface of D1 cells. Bone marrow derived dendritic 
cells (BM-DC) were obtained by culturing BM derived from C57BL/6 femurs for 7 days in 
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RPMI1640 (Gibco, 61870-044) supplemented with 5% hyclone FCS (Perbio, SH30080.03), 
1% penicillin/streptomycin and 50 µM β-mercapto-ethanol as described before [38], using 
30% culture supernatant from R1 cells. The percentage of CD11c+ cells, determined by stain-
ing with anti-CD11c (BD, clone HL3), was (routinely > 70%) determined by analysis with a 
Facs Canto Flowcytometer. To obtain mature antigen loaded antigen presenting cells, BM-DC 
were incubated with 1 µg/ml LPS (Sigma, L4516-1MG) for 24h followed by a 1h incubation 
with the H-2Db restricted peptide from the RSV M protein (M187–195, NAITNAKII) [39]. A total 
number of 0.8 x 106 CD11c+ mature and peptide loaded BM-DC were intravenously injected 
into FI-mock-vaccinated mice. As a control, mice were injected with mature LPS-BM-DC not 
exposed to M187–195.

Vaccination and challenge of C57BL/6 mice

Mice were i.m.-vaccinated with 50 μl FI-RSV, FI-mock or subunit vaccine preparations at 
day 0. After 28 or 36 days (as described in the figure legends) mice were challenged with 
RSV and at various days after challenge (see figure legends) T cell responses in lung tissue 
of vaccinated mice were compared to responses during a secondary RSV infection. When 
the effect of vaccination was compared to a primary RSV infection, mice were challenged 
with RSV at day 28 after vaccination and sacrificed at day 8 after challenge i.e. the peak of 
the primary T cell response. In experiments studying innate virus effects (influenza virus 
and RSV) during antigen (FCS)-challenge on bronchoalveolar lavage (BAL) and lung inflam-
matory cell recruitment in FI-mock-vaccinated mice, animals were sacrificed 5 days after 
challenge before substantial T cell responses were elicited in the lung. Kinetic studies were 
performed to optimize the dose response for antigen specific T cell responses in lung tissue 
upon primary and secondary infection.

Tissue sampling

Mice were sacrificed by i.p. injection of 300 µl pentobarbital. Cells from the airways were 
obtained by BAL with 3 x 1 ml of 0.15 M NaCl. Prior to removal, the lungs were perfused 
with PBS containing 100 U/ml heparin. Lungs were cut to 1 x 1 mm pieces and incubated 
with collagenase (2.4 mg/ml, Roche Applied Science) and DNase (1 mg/ml, Roche Applied 
Science) for 20 min. at 37°C. Single cell suspensions were prepared by processing the tissue 
trough 70 µm cell strainers (BD Falcon).

Flow cytometry

To identify DC populations in lung tissue, lung single cell suspensions were preincubated 
with anti-CD16/CD32 (BD, clone 2.4G2) to reduce non-specific binding. Cells were washed 
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with PBS containing 2% FCS, 2 mM EDTA and 0.02% NaN3 (FACS buffer) and incubated with 
anti-CD11c (BD, clone HL3), anti-MHC-II (I-Ab/I-Eb) (BD, clone AF6-120.1), anti-CD103 (BD, 
clone M290) and anti-CD11b (BD, clone M1/70). Stained samples were acquired on a FACS-
Canto flowcytometer (BD) and data was analyzed using FacsDiva software (BD).

For intracellular cytokine staining, single cell suspension of lung cells (106) were stimu-
lated for 6 h at 37°C, 5% CO2, with 0.2 x 106 RSV infected D1 cells or uninfected D1 cells in 
200 µl IMDM, 5% FCS, penicillin/streptomycin, 50 µM β-mercapto-ethanol and 50 U/ml 
recombinant human IL-2 (Roche, 11147528001). Brefeldin A (10 µg/ml; Sigma, B7651) was 
added for the duration of the stimulation to facilitate intracellular accumulation of cytokines. 
D1 cells were infected for 48 hours with RSV (multiplicity of infection, moi 2) before addition 
to the lung cell suspension. Cytokine production by CD4+ and CD8+ T cells was measured by 
flow cytometry. Cells were washed with FACS buffer and stained for surface markers with 
anti-CD8 (BD, clone 53-6.7) and anti-CD4 (BD, clone RM4-5). Before intracellular staining, 
cells were fixed and permeabilized with CytoFix/CytoPerm (BD, 554722) solution and Perm/
Wash buffer (BD, 554723). Intracellular cytokines were detected with anti-IFN-γ (BD, clone 
XMG1.2), anti-IL-5 (BD, clone TRFK5), anti-IL-4 (BD, clone 11B11) and anti-IL-13 (eBiosci-
ence, clone eBio13a). Stained samples were acquired on a FACSCanto flowcytometer (BD) 
and data were analyzed using FacsDiva software (BD).

May-Grünwald/Giemsa staining

BAL cell morphology was determined by May-Grünwald/Giemsa staining. Cells were fixed 
with methanol for 5 min. and stained with a 1:1 dilution of May-Grünwald (Mallinckrodt 
Baker, 3855) with Na2HPO4 and KH2PO4 buffered water pH 6.8 for 5 minutes. After wash-
ing with buffered water pH 6.8, cells were stained with a 1:8 dilution of Giemsa (Merck, 
1.09204.500) with buffered water pH 6.8 for 15 min. and finally washed with water. One 
hundred cells were counted to determine the percentages of eosinophils, neutrophils, mac-
rophages and lymphocytes.

ELISA

ELISA plates (NUNC) were coated with denatured RSV lysate from RSV-infected HEp-2 cells 
or with FCS in PBS for 18 h at 4°C. After removal of unbound RSV-lysate/FCS, plates were 
blocked in 200 µl 1% bovine serum albumin (BSA) in 0.05% Tween20/ PBS for 1h at 37°C. 
Serum of FI-RSV, FI-mock-vaccinated, RSV-infected mice or pooled serum samples of naïve 
mice, diluted in 0.1% BSA/ 0.05% Tween20/PBS, was added (25 μl/well). After 2h incubation 
(RT) and washing (0.05% Tween20 in PBS) plates were incubated with secondary HRP-
labelled antibodies, anti-IgG1 (Invitrogen, 04-6120), anti-Ig2a/c or anti-IgE (Invitrogen, 
04-7000) diluted in PBS supplemented with 0.1% BSA/0.05% Tween20 for 2h at RT. C57BL/6 
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mice express the Igh1-b allele encoding for antibodies of the IgG2c isotype and lack the allele 
of the IgG2a isotype [40]. Therefore, we used in addition to an IgG2a (Invitrogen, 04-6220) 
specific secondary antibody also an IgG2c (immunology consultant laboratory, GG2c-90P) 
specific antibody. With both secondary antibodies we obtained similar results. The data 
for the IgG2c-specific antibodies were shown in the figures. After removal of the second-
ary antibody, the substrate 3,3’,5,5’-Tetramethylbenzidine in NaAc (pH 5.5) and H2O2 were 
added to the wells for 15 min. The enzymatic activity was stopped by adding 9.8% H2SO4 and 
measured at an OD450. Elisa titers were expressed as the reciprocal of the last dilution with 
an OD450>0.2 after subtraction of background OD450 measured with control mouse serum.

Statistical analysis

Data were analyzed for statistical significance using Students t, One-Way ANOVA or Two-Way 
ANOVA tests as indicated in the figure legends. Data are expressed as the mean +/- standard 
error of the mean (SEM). A P value <0.05 was taken as the level of significance.
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Supporting Information

Supplementary figure 1. Gating strategy for lung DC populations. Dendritic cells were identified in the life 
cell gate (based on forward scatter, FSC and side scatter, SSC) CD11cpos, and high expression of MHC class II. 
Two DC subsets were further defined on the bases of the expression of CD103 and CD11b respectively: MHC 
class IIhigh CD103+ CD11blow (I) and MHC class IIhigh CD103- CD11bhigh (II). Pulmonary macrophages (MΦ) were 
identified as CD11cpos, MHC class IIintermediate cells (III).
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Abstract

Innate immune responses elicited upon virus exposure are crucial for the effective eradica-
tion of viruses, the onset of adaptive immune responses and for establishing proper immune 
memory. Respiratory syncytial virus (RSV) is responsible for a high disease burden in 
neonates and immune compromised individuals, causing severe lower respiratory tract 
infections. During primary infections exuberant innate immune responses may contribute 
to disease severity. Furthermore, immune memory is often insufficient to protect during RSV 
re-exposure, which results in frequent symptomatic reinfections. Therefore, identifying the 
cell types and pattern recognition receptors (PRRs) involved in RSV-specific innate immune 
responses is necessary to understand incomplete immunity against RSV. We investigated 
the innate cellular response triggered upon infection of epithelial cells and peripheral blood 
mononuclear cells. We show that CD14+ myeloid cells and epithelial cells are the major 
source of IL-8 and inflammatory cytokines, IL-6 and TNF-α, when exposed to live RSV. Three 
routes of RSV-induced IFN-α production can be distinguished that depend on the cross-talk 
of different cell types and the presence or absence of virus specific antibodies, whereby pDC 
are the ultimate source of IFN−α. RSV-specific antibodies facilitate direct TLR7 access into 
endosomal compartments, while in the absence of antibodies, infection of monocytes or epi-
thelial cells is necessary to provide an early source of type I interferons, required to engage 
the IFNAR-mediated pathway of IFN−α production by pDC. However, at high pDC density 
infection with RSV causes IFN−α production without the need for a second party cell. Our 
study shows that cellular context and immune status are factors affecting innate immune 
responses to RSV. These issues should therefore be addressed during the process of vaccine 
development and other interventions for RSV disease.
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Introduction

The innate immune system is triggered upon recognition of pathogen associated molecular 
patterns (PAMPS) and sets the stage for the subsequent initiation of an appropriate immune 
response against an invading pathogen [1]. Toll like receptors (TLRs), cytoplasmic sensors 
(RIG-I like receptors RLRs, RIG-I, MDA5, LGP2) and nucleotide-binding oligomerization 
domain receptors (NOD-like receptors, NLRs) have unique specificities for pathogen-specific 
molecular structures [2]. In general pathogens contain several PAMPS, and in addition 
evasion mechanisms to suppress innate or adaptive immune responses. Combined with a 
specific entry locale in the body and the specific mode of interaction with host cell types, 
each pathogen induces unique tailored immune responses. RSV is a negative stranded RNA 
virus causing respiratory tract infections with sometimes a severe disease course especially 
in infants, immunocompromised and elderly individuals [3–5]. Due to high infection rates, 
RSV causes a high disease burden during yearly epidemics [6]. Important issues that need 
to be solved for RSV are the exact sequence of events and correlates of disease upon RSV 
infection during primary exposure and the reason for inadequate immune protection against 
reinfections that are frequent for this virus.

Viral infections are characteristically accompanied by type I interferon responses resulting 
from interaction of viral RNA with TLR7 and TLR3, for respectively single- stranded RNA or 
double-stranded RNA getting access to endosomal compartments [7]. In addition, cytoplasmic 
RNA helicase-like sensors such as RIG-I and MDA detect viral RNA upon infection when viral 
RNA replication intermediates are present in the cytoplasm [8–11]. Type I interferon induc-
tion is a crucial step to initiate the cellular antiviral response, but in addition affects the nature 
and efficacy of the induction of adaptive immune responses [12]. For RSV it has additionally 
been reported that the membrane Fusion (F) and attachment (G) glycoproteins interact with 
TLR2 (F) and TLR4 (both F and G) [13,14]. The importance of proper TLR interactions dur-
ing the initiation of RSV specific adaptive immune responses have been revealed by a human 
vaccination trial and in animal models using a formalin-inactivated RSV vaccine. The lack 
of proper TLR signals provided by this and other inactivated RSV vaccines precluded high 
affinity antibody production [15]. Ineffective virus neutralization upon subsequent natural 
RSV exposure and strong Th2-biased T cell responses caused dramatic disease enhancement 
in vaccinated children and animals [15,16]. Current knowledge of innate immune responses 
induced by RSV comes from murine in vivo models [17–21], in vitro studies on the interaction 
of the virus with human cell lines [22–24], purified cells [25–29] or in vitro cultured dendritic 
cells [30–32]. In the present work, we studied the interaction of RSV with a mixture of periph-
eral blood mononuclear cells (PBMC) that represent different cell types, each with a specific 
set of pattern recognition receptors. We determined the innate response of individual cells 
in the mixture, the reciprocal effects of different innate immune responses by different cell 
subsets in the mixture and the role of virus specific antibodies in these responses.
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Results

Cell specific interaction and innate immune response to RSV.

Host innate immune responses activated following RSV infection are suspected to contribute 
to RSV disease [33]. We studied the innate immune response induced by RSV in PBMC and an 
established cell line of human type II alveolar epithelial cells, A549. Each of the cells within 
PBMC and epithelial cells contain a cell specific characteristic set of innate immune receptors 
and potentially different attachment receptors. After exposure of PBMC and A549 cells to live, 
non-infectious UV-inactivated RSV or Ab-neutralized RSV for 20 hrs. at 37oC, we measured a 
set of cytokines in the supernatants of these cultures. 10% autologous serum of all donors, 
used in all experiments described in this study, completely prevented infection of A549 with 
all strains of RSV at a multiplicity of infection (MOI) of 5 (confirmed by the absence of surface 
staining by RSV specific monoclonal Ab to the RSV F protein on A549 cells exposed to RSV 
for 24 hours, data not shown). The complete inhibition of infection in the presence of 10% 
autologous serum or UV-irradiation was further confirmed by the complete absence of IFN-β 
and IL-6 production by RSV exposed A549 cells, which depends for epithelial cell lines on the 
access of viral RNA to intra-cellular RLR (Figure 1A) [34,35]. The characteristic pattern of 
cytokines produced upon RSV exposure is shown for the A549 cell line and PBMC in Figure 
1. The antiviral type I IFN response and inflammatory cytokine response elicited by RSV A2 
and RSV Long strain (a laboratory strain that lost the ability of natural strains to efficiently 
suppress type I interferon induction) and two recently isolated strains, 13N01 and 16N01, 
were compared at MOI 5. All four strains failed to induce IFN-α protein synthesis by A549 
cells (Figure 1A). The release of IFN–β protein by A549 cells depended on infection and 
was similar for all strains. In PBMC, all four strains induced significant amounts of IFN-α 
upon RSV infection and lower amounts when virus was inactivated by UV-irradiation or 
neutralized in autologous serum (Figure 1B). RSV Long strain induced the highest amount 
of IFN-α presumably due to ineffective suppression of type I IFN production by NS proteins 
[35]. A549 epithelial cells mainly produced the inflammatory cytokines IL-6 and TNF-α in 
an infection dependent process, while IL-8 was induced by live RSV and still in significant 
amounts by non-infectious virus. However, while the IL-8 induction by infectious RSV was 
always present, induction of IL-8 by inactivated virus was variable between experiments and 
may depend on cell culture conditions [36]. The pattern and level of inflammatory cytokines 

Figure 1. Cell specific innate immune response to RSV. Cytokine responses upon RSV exposure by lung 
epithelial cell line A549 (A) and human PBMC (B). Cells were co-cultured with the virus strains: RSV A2, RSV 
Long strain or 2 recent subtype A isolates, 13NO1 and 16NO1 at MOI 5. In addition to live RSV, the response 
to UV-inactivated and neutralized RSV in autologous serum (AS) was measured. After 20 hrs. incubation, cy-
tokines in supernatant were measured by multiplex immunoassay and ELISA. In figure 1A the data represent 
mean values from duplicate experiments using human serum from four different donors. Figure 1B shows the 
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cytokine responses in human PBMC exposed to RSV A2, representing the mean values measured in 6 different 
donors. For the other virus strains, means for four different donors are depicted whereby similar results were 
obtained in duplicate experiments. (C) Control measurements of cytokines produced in PBMC cultured in the 
presence of medium containing 10% FCS or autologous serum (AS, left) and cytokine measurements in the 
virus batches used in panels A and B (right). Data represent the mean ± SEM and were analyzed using two way 
ANOVA followed by a Bonferroni post-test, *P< 0.05, **P <0.01.
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produced in A549 cells were similar for all virus strains. The purified virus batches and 
supernatant of all PBMC cultures in autologous serum without virus were negative for the 
cytokines tested (Figure 1C).

RSV infection of PBMC induced the production of significant amounts of IL-6, IL-8 and 
TNF-α in addition to IFN-α, while IFN-β was barely detectible. Similar to A549 cells the 
amount of TNF-α produced by PBMC was suppressed when the virus was inactivated by UV 
irradiation or neutralised by autologous serum. In contrast IL-8 production was not affected 
by virus inactivation. The production of IL-6 was enhanced in the presence of autologous 
serum. At a lower viral dose (MOI 1), IL-6 production was only observed when PBMC were 
exposed to RSV in the presence of autologous serum (Figure S1). In summary, these results 
show that in A549 epithelial cells cytokine responses against RSV are most efficiently induced 
upon infection. PBMC respond to infectious virus with the production of IFN-α and TNF-α, 
while IL-6 is produced at higher amounts in the presence of human serum at a concentration 
whereby RSV is neutralized. These results therefore suggest different mechanisms of virus-
cell interaction that contribute to the production of these inflammatory mediators.

Binding efficiency of RSV is cell type specific and does not correlate with the 
susceptibility of the cells to infection.

The different cellular cytokine profiles evoked upon interaction with live, dead and Ab-bound 
RSV suggests that the innate immune response depends on the interaction of the virus with 
pattern recognition receptors expressed on both the cell surface and in the cytoplasm. Thus, 
the capacity of the virus to bind to and/or penetrate the host cell determines the immune 
response initiated. To further investigate the cell specific response against RSV, we studied 
the interaction of RSV with the individual cell types in PBMC. We performed binding and 
infection studies with different multiplicities of infection (MOI) of recombinant green fluo-
rescent protein (GFP)-expressing RSV A2 (rgRSV224) [37]. For RSV binding experiments we 
co-cultured PBMC with rgRSV224 for 1 hour at 4oC. Figure 2A shows the gating strategy 
used to detect cell type specific binding and infection. Cell subpopulations in the monocyte 
gate (based on forward/sideward scatter) were classified as classical CD14+/CD16− mono-
cytes, CD14+/CD16dim monocytes and CD14−/CD16+ cells. We further identified CD123+ pDC 
and CD123− MDC within the lineage-negative, HLA class II positive cell population in the 

Figure 2. Binding efficiency of RSV is cell type specific and does not correlate with the susceptibil-
ity of the cells to infection. Binding and infection of rgRSV224 to different cell types in human PBMC 
was investigated. (A) FACS gating strategy for CD14+/CD16-, CD14+/CD16+ and CD14-/CD16+ monocytes 
(in M: monocyte gate), CD19+ B-cells, CD3+ T-cells and CD3−CD16+CD56+ NK cells (in L: Lymphocyte gate). 
Dendritic cell populations were identified by CD3,CD14,CD16,CD19negative (Lin−), MHC-IIhigh, and either 
CD123– (cDC) or CD123+ (pDC) (in the total live cell gate, M+L). (B) Binding of RSV to specific cell types 
was measured after 1 hour incubation at 4oC with polyclonal antibodies against RSV (upper figures). RSV 
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infection was determined after 24 hrs. incubation at 37oC by the percentage of GFP expressing cells within 
a specific cell population (lower figures). (C) Cell type specific binding characteristics of 4 RSV A strains. 
Binding of RSV A2, RSV A Long, and clinical RSV A isolates 13N01 and 16N01 to specific cell types in PBMC 
was visualized after 1 hour incubation at 4oC. Binding was detected using polyclonal antibodies against 
RSV. Data represent the percentage of RSV positive cells within a population and are expressed as mean ± 
SEM of triplicate measurements within 1 donor. Experiments were performed in 5 different donors with 
similar results.
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total live cell gate. In the lymphogate we identified CD3−veCD56+ (both CD16+ and CD16−) 
NK cells and CD3+ T cells. CD3+ cell subsets were not further divided into γ,δ T cells, CD4+ T 
cells, CD8+ T cells or NKT subsets because binding and infection characteristics were similar 
and extremely low in all subsets (data not shown). Figure 2B (upper figures) shows repre-
sentative graphs of the binding characteristics of rgRSV224 to the different cell subsets and 
identifies B cells in the lymphocyte gate and CD16+ cells in the monocyte gate as the cells that 
most efficiently bind RSV (respectively 52% and 79 %). CD3+ T cells do not efficiently bind to 
RSV (1.9 %) and they are neither susceptible to infection. Classical CD14+/CD16− monocytes 
and NK cells show intermediate binding to RSV (39% and 26% positive cells within the 
population respectively). Despite a quite significant binding of RSV to B and NK cells this 
results in insignificant infection within 24 hrs (Figure 2B, lower right figure). In contrast 
binding efficiency to DC subtypes was low varying from 2-6 % in different donors and with 
different virus preparations. However, infection was noted in 15-21% of these populations. 
Optimal binding to all cell populations was found at MOI 5 and optimal infection rates were 
reached at MOI 5 and up. However, at MOI 10 and 20 increased cell death was observed. The 
experiment depicted in Figure 2B shows the data for binding studies with rgRSV224, the 
recombinant GFP-RSV strain. Similar results were obtained with RSV A2, RSV Long strain and 
the two natural isolates in binding experiments with PBMC from a different donor (Figure 
2C). Using different virus strains and virus batches the percentage of binding and also the 
kinetics of binding varied somewhat, but in all experiments we found the same hierarchy in 
the cell types that were binding the virus most efficiently, as well as a similar hierarchy in the 

Figure 3. Virus specific polyclonal antibodies in human serum increase RSV binding to monocytes and B 
cells. (A) The effect of autologous serum, IgG-depleted serum and palivizumab in FCS on binding of RSV to 
monocytes, B cells and NK cells was measured after 1 hour incubation at 4oC. (B) Polyclonal antibodies (IVIG) 
increase binding of RSV to CD14+/CD16neg cells. Data shown represent the mean ± SEM of triplicate measure-
ments in two different donors (for A and B) and were analyzed using the Kruskal-Wallis test followed by Dunn’s 
Multiple Comparison analysis, *P< 0.05, **P <0.01. Experiments were performed in 3 additional donors with 
similar results.
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susceptibility to infection. After 24 hours, about 84% of the CD14+/ CD16− monocyte sub-
population, 62% of the CD14+/ CD16dim and 43% CD14-/ CD16+ monocytes were infected 
with rgRSV224 (Figure 2B, lower left figure). These infection efficiency numbers show oppo-
site hierarchy compared to the binding characteristics of these monocyte subpopulations. 
To determine the role of antibodies against RSV present in human serum on RSV binding 
capacity, we investigated the 3 cell populations (monocytes, B cells and NK cells) capable of 
binding RSV with high efficiency. Figure 3A shows that autologous serum (AS) significantly 
enhanced binding of RSV. This was limited to monocytes and B cells. Binding of RSV to NK 
cells in AS remained unaffected. Depletion of the IgG fraction from autologous serum with 
protein G Sepharose beads, and reconstitution with polyclonal IgGs (IVIG®) showed that IgGs 
present in AS enhanced binding of RSV to monocytes (Figure 3B). Only polyclonal antibodies 
and not the RSV-F specific monoclonal Ab palivizumab increased virus binding. In summary, 
RSV binds to various cell subtypes within the PBMC pool, but the level of binding does not 
correlate with the level of infection. DC and monocytes are the major cell types susceptible 
to RSV infection.

CD14+ monocytes are necessary for the inflammatory cytokine response against RSV 
in PBMC cultures.

We next investigated the contribution of individual cell types in PBMC mixtures to the 
cytokine response upon RSV exposure, by removing single cell subsets. Removal of mono-
cytes (CD14+ cells) or pDC (BDCA-4+ cells) was accomplished via magnetic cell separation. 
Specificity of depletion and composition of the remaining cell populations was checked by 
flow cytometric analysis and resulted in >98% depletion of CD14+ and BDCA-4+ cells, leaving 
the remaining cell populations intact (Figure 4A). Cell specific depletion was also confirmed 
by the complete lack of IL-6, IL-10 and TNF-α production upon stimulation of CD14+ cell-
depleted PBMC with LPS a specific ligand for the CD14-TLR4 complex (Figure 4B). Lack of 
IFN-α production upon stimulation with TLR9 ligand ODN 2216 confirmed pDC depletion. 
LPS and ODN 2216 stimulation in the presence of autologous serum resulted in increased 
cytokine production in PBMC.

PBMC exposed to live and UV-inactivated RSV A2 produced cytokines IL-6 and TNF-α. This 
response depended entirely on the presence of CD14+ cells in the mixture while depletion of 
pDC did not affect these responses (Figure 4C). Autologous serum increased IL-6 produc-
tion by PBMC exposed to RSV, but suppressed virus induced TNF-α (Figure 4C). The IFN-α 
response observed in PBMC cultures exposed to live RSV decreased after UV irradiation and 
depletion of either CD14+ cells or pDC. Moreover, the amount of IFN-α and TNF-α produced 
in response to live RSV varied between experiments and between virus batches (Figure 
1B and 4C). IFN-α production was facilitated in CD14+ cell depleted PBMC in the presence 
of autologous serum (Figure 4C). These results show that, although RSV binds to various 
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Figure 4. CD14+ cells are needed for the inflammatory cytokine response against RSV in PBMC cultures. 
(A) Confirmation of specific depletion of CD14+ and BDCA-4+ cells by FACS. M: monocyte gate, L: lymphocyte 
gate. Depletion of CD14+ cells leaves B cells (in M+L, CD19+ third row) and CD16+ monocyte/DC (in M, CD14−, 
CD16+, 2nd row), cDC (in M+L, lineage−, MHCII+, CD11c+, 4rd row) and pDC (in M+L, lineage−, MHCII+, BDCA-
4+, 4rd row) compartments intact. Depletion of BDCA-4+ cells removes pDC but does not affect CD14+CD16−, 
CD14+CD16+, CD14−CD16+ cells in the M gate (2nd row), nor B cells (3rd row) and cDC (4rd row). The contribu-
tion of single cell types to anti-RSV cytokine responses in PBMC cultures was evaluated by depletion of spe-
cific cell populations. Cytokines in supernatant from the remaining cell populations were measured after 20 
hrs. exposure to RSV or UV-RSV in the presence or absence of autologous serum. (B) Depletion of CD14+ cells 
and BDCA-4+ cells was confirmed by stimulation of depleted cell populations by TLR ligands, ultra-pure LPS to 
confirm the absence of TLR4+ (monocytes) and ODN 2216 to confirm the absence of TLR9+ (pDC). (C) PBMC, 
CD14 monocyte-depleted PBMC, or pDC-depleted PBMC were cultured with live and UV inactivated RSV (A2, 
MOI 5) in the presence or absence of 10% autologous serum. Data represent the mean ± SEM of 3 measure-
ments in 1 donor and were analyzed using one way ANOVA followed by a Bonferroni post-test, *P< 0.05, **P 
<0.01. Experiments were performed in 3 different donors with similar results.
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cell subtypes within the PBMC pool (Figure 2), CD14+ monocytes play a central role in the 
inflammatory cytokine response against RSV, but pDC are required for the production of IFN-
α. pDC appear to be the exclusive source of IFN-α when RSV is presented in the presence of 
autologous serum to CD14+ cell depleted PBMC. However, this pathway of IFN-α production 
in the presence of serum is inhibited by CD14+ monocytes.

RSV-specific antibodies inhibit IFN-α production in RSV-infected PBMC but enhance 
IFN-α production in CD14+ cell-depleted PBMC.

We next addressed the question which component in human serum altered the cytokine 
responses induced by RSV in PBMC in comparison to the responses observed in medium 
supplemented with FCS. Everyone has been exposed to RSV by three years of age and is 
re-exposed frequently after. Therefore, adult sera contain RSV-specific neutralizing and 
non-neutralizing antibodies. In every donor we tested, 10% serum or 5 µg/ml of the RSV-F 
specific monoclonal Ab palivizumab completely blocked RSV infection in pDC (Figure 5A), 
CD14+ monocytes and A549 cells (data not shown). Therefore, we evaluated whether RSV-
specific antibodies in autologous serum affected IFN-α production in RSV-exposed PBMC and 
PBMC-CD14+ cells. In IgG depletion-reconstitution studies (reconstitution with polyclonal 
IgG (IVIG), (Figure 5B) or virus specific monoclonal antibody palivizumab, (Figure 5B, C), 
we confirmed the role for RSV-specific antibodies in the AS dependent IFN-α responses. 
Interestingly, RSV-specific antibodies inhibited IFN-α production in RSV-exposed PBMC, but 
enhanced IFN-α production in CD14+ cell depleted PBMC (Figure 5C).

CD14+ monocytes inhibit IFN-α production via the TLR7 route triggered by Ab-RSV 
complexes in pDC.

We next performed experiments to determine the pathway of RSV induced IFN-α production 
and the dual role of virus specific antibodies in PBMC and CD14+ cell depleted PBMC cultures. 
Single stranded viruses stimulate the production of IFN-α via different mechanisms i.e.; TLR7 
recognizes viral RNA delivered to endosomal compartments in pDC and viral infection can 
elicit IFN-α responses via cytoplasmic sensors. Endosomal presence of double stranded RNA 
can also trigger type I IFN response via TLR3. Therfeore, the mechanism by which a virus 
interacts with a cell and the route of cell entry will affect the outcome of the innate response 
induced. From the experiments described in Figure 1B, 4C and 5C it was concluded that in 
PBMC, live RSV in the absence of virus specific antibodies induced IFN-α, suggesting that 
an infection mediated process might be involved. In contrast IFN-α production in CD14+ 
cell-depleted PBMC cultures in the presence of serum did not depend on infection because 
UV-RSV and live RSV induced equal amounts of IFN-α, (Figure 4C). Because pDC depletion 
aborted the latter IFN-α response (Figure 4C) we hypothesized that antibody-mediated 
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internalisation and endosomal TLR7 triggering might be the mechanism by which pDC 
produced IFN-α in PBMC-CD14+ cell cultures. To test this hypothesis we blocked endosomal 
acidification with bafilomycin A1, a procedure that abrogates endosomal TLR7 and TLR9 
mediated IFN-α production [38]. Indeed when endosomal acidification was abrogated by 
bafilomycin A1, the Ab-mediated anti-viral IFN-α response was blocked in PBMC-CD14+ cells 
(Figure 6A). In addition the specific TLR7 inhibitor, IRS661 blocked the IFN-α response 
induced by RSV immune complexes, while a scrambled control nucleotide did not (Figure 
6B). Furthermore, intracellular staining for IFN-α production identified lineage (CD3,-19,-
14,-16,-56)−ve, MHC class II+, BDCA-4+ pDC as the source of IFN-α when palivizumab-RSV 
complexes were incubated with CD14+ cell depleted PBMC (Figure 6C). A lower amount 
of IFN-α production induced by live RSV not neutralized by palivizumab was also observed 
with similar kinetics (Figure 6C). Both the Ab-mediated and the infectious route of RSV-
induced IFN-α occurred with slower kinetics than the production of IFN-α after TLR9 ligation 
by ODN 2216 (Figure 6C). The production of IFN-α in response to RSV infection and the 

Figure 5. RSV-specific antibodies inhibit RSV-induced IFN-α production in PBMC, but enhance IFN-α pro-
duction in CD14+ cell depleted PBMC. (A) Inhibition of RSV infection in pDC. Lineage−ve, MHC-IIhigh, BDCA-4+ 
pDC are partially infected with rgRSV224 after a period of 20 hours. Infection is blocked after UV inactivation, 
after neutralization in 10% fresh human serum or in 5µg/ml Palivizumab. Similar results were obtained with 
sera from all donors used during our studies. IFN-α in supernatant of RSV-A2 exposed PBMC-CD14+ cell cul-
tures (B) and rgRSV224 exposed PBMC-CD14+ cells or PBMC, (C) was measured after 20 hrs. The role of virus 
specific antibodies on the cytokine response was tested by removing IgGs from AS with protein G Sepharose® 
beads and reconstitution with 2 mg/ml IVIG (B) or 5 µg/ml palivizumab (B, C). Experiments represent the 
mean ± SEM of experiments performed in 4 different donors and were analyzed using one way ANOVA fol-
lowed by a Bonferroni post-test, **P <0.01.
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Figure 6. CD14+ monocytes inhibit IFN-α production triggered by Ab-RSV via TLR7 in pDC. (A) IFN-α pro-
duction in CD14+ cell depleted PBMCs induced by Ab-RSV complexes, TLR9 ligand ODN 2216 and TLR7 ligand 
imiquimod is decreased by blocking endosomal acidification with 50nM Bafilomycin A1. (B) Ab-RSV-induced 
IFN-α production in CD14+ cell depleted PBMCs was abrogated in the presence of immune regulatory sequence 
(IRS) 661 (1.4 µM) a specific blocking agent for endosomal TLR7 and not by a scrambled control nucleotide. (C) 
pDC are the source of Ab-RSV induced, TLR7 mediated production of IFN-α, as shown by intracellular staining 
for IFN-α in Lineage (CD3−ve, CD14−ve, CD19−ve, CD16−ve, CD56−ve, Lin-1), MHC-IIhigh, BDCA-4+ cells. Inhibitor of 
cytokine secretion brefeldin A (BFA) was added at different time points post infection (shown on the X-axis). 
Cytokines were allowed to accumulate for 10 hrs. after addition of BFA. (D) Purified pDC (obtained by negative 
selection removing CD3+, CD19+ and CD16+ cells from fresh PBMC, followed by FACS purification of the BDCA-
4+ cell population, which resulted in > 95% pure pDC) produce IFN-α upon infection with RSV. This response is 
abrogated after UV inactivation of RSV. In AS, both live RSV and UV-inactivated RSV induced IFN-α production 
to a similar extent. One representative experiment out of two performed with pDC isotated from two differ-
ent donors is shown. (E) IFN-α production by Ab-RSV in purified pDC is blocked by IRS661 (1.4μM). (F) TLR1,-2 
(PAM3CSK4, Peptidoglycan) and TLR4 (LPS) ligands suppress TLR9-triggered (ODN 2216) IFN-α production, 
but do not affect TLR7 (Gardiquimod) induced IFN-α production. All data represent mean ± SEM of triplicate 
measurements within 1 donor and analyzed using one way ANOVA followed by a Bonferroni post-test. ns not 
significant, *P< 0.05, **P <0.01. Experiments were performed in 3 different donors with similar results.
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non-infectious Ab-mediated route via TLR7 were confirmed in experiments wherein we used 
purified pDC (Figure 6D). Also in purified pDC we found that live RSV infection elicited IFN-α 
production that was abrogated by UV irradiation of RSV. In contrast, in autologous serum 
that contains RSV specific antibodies, both live and UV-RSV elicited equal amounts of IFN-α, 
a response that could be specifically abrogated by TLR7 blocking oligonucleotide IRS 661 
(Figure 6E).

It is not directly clear why this antibody-mediated route targeting RSV to endosomal TLR7 
in pDC is less efficient in PBMC (Figure 4C, 5C). One explanation could be a mechanism 
similar to one that has been described for bacteria, where TLR2 and TLR4 ligands in E. 
coli lysates induced Prostaglandin (PG) E and IL-10 production in monocytes with a syn-
ergistic suppressive effect on IFN-α production by bacterial double stranded DNA in PDC 
[39]. Thus substantial amounts of IFN-α are produced by purified pDC exposed to E. coli 
lysates, but not in PBMC exposed to the same lysate. Because RSV has been reported to trig-
ger a TLR4 response via RSV-F [14,40], we performed several experiments to test whether 
such a mechanism via TLR4 (and or TLR2) triggers could also decrease the TLR7 induced 
IFN-α response by RSV. However, we were unable to recover TLR7 mediated antiviral IFN-α 
response in PBMC, induced by RSV immune complexes, by inhibiting prostaglandin produc-
tion (via cyclooxygenase inhibitor indomethacin), IL-10 signalling (via Ab-mediated IL-10R 
blocking) nor by combination of both treatments (data not shown). Also attempts to mimic 
the viral TLR4, TLR7 dual stimulation with synthetic ligands did not reveal a suppressive 
effect of TLR1/2 or TLR4 ligands on TLR7 induced IFN-α response, while the TLR9 mediated 
IFN-α response was significantly supressed by these ligands (Figure 6F). The suppressive 
mechanism of CD14+ monocytes on IFN–α production by Ab-RSV complexes in pDC remains 
unresolved.

IFN-α production induced by live RSV in PBMC depends on IFNAR signalling.

After showing that Ab-neutralized RSV is targeted to endo-lysosomal compartments in 
PDC, where it activates TLR7 mediated IFN-α production, we next addressed the route of 
IFN-α production by live non-neutralized RSV in PBMC. We first attempted to define the 
cell type involved in IFN-α induction. IFN-α production in PBMC is abrogated when RSV is 
UV-inactivated, in the presence of neutralizing antibodies, or by depletion of either CD14+ 
monocytes or pDC (Figure 4C). To explain the role of CD14+ cells in the production of the 
type I interferon by pDC, we reasoned that RSV infection of monocytes may be required for 
the production of IFN-β, leading to IFN-α production through IFN-α,β receptor (IFNAR) sig-
nalling, JAK-STAT activation and an interferon regulatory factor 7 (IRF7) mediated pathway 
[41,42]. Such a role for monocytes would be in accord with the fact that they are the cell 
type within PBMC that are most easily infected by RSV (Figure 2). To test this hypothesis 
we performed experiments in which the secondary IFN-α pathway was blocked by an IFNAR 
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blocking antibody. Figures 7A and B both show that indeed RSV-induced IFN-α production 
is decreased in the presence of IFNAR blocking Ab, while IFN-α production induced by ODN 
2216 (IFN-α production via endo-lysosomal TLR9 activation is independent of the indirect 
IFNAR mediated route) was not affected by blocking the autocrine or paracrine type I IFN 
amplification loop. Furthermore, ODN 2216 clearly induced IFN-α production in BDCA-4+ 
pDC, whereas in RSV infected PBMC cultures, low numbers of BDCA-4+ cells as well as 
BDCA-4−ve cells contributed to the IFN-α response. However, in the experiments shown in 
Figure 7A, the intracellular cytokine staining for IFN-α was performed within the first 6 hrs. 
of the cultures of PBMC exposed to ODN 2216, whereas RSV-induced IFN-α was measured 
by starting the Brefeldin A treatment to accumulate cytokines from 12 hrs. post infection. 
This was done because the kinetics of the response differs for these treatments (Figure 6C). 
When Brefeldin-A treatment was postponed in the ODN 2216 treated PBMC cultures, low 
numbers of IFN-α positive cells were found that were all BDCA-4 negative. These results indi-
cate that BDCA-4 might be down regulated in time during culture and might not be a stable 
marker to identify pDC after prolonged culture in the context of PBMC with TLR ligands or 
ligands for other PRRs. For this reason we were unable to exclude pDC nor confirm pDC as 
the responding population. Also CD14 is down-regulated on monocytes in PBMC cultures 
and strongest in RSV infected samples. Therefore, CD14 staining could also not be used to 
determine the role of monocytes as a possible source of IFN-α. In conclusion, RSV infection 

Figure 7. IFN-α production induced by live RSV in PBMC depends on IFNAR signalling.

PBMC were exposed to live RSV in the presence of interferon-α/β receptor (IFNAR) blocking antibody (5µg/
ml), isotype control Ab or no Ab. Levels of IFN-α were determined via intracellular staining (A) or in 20hrs. 
supernatant by ELISA (B). IFN-α was trapped intracellular by BFA treatment initiated 6 hrs. after RSV infection, 
or at t=0 for the ODN 2216 control stimulus, because of different kinetics of anti-viral and ODN elicited IFN−α 
response. For both stimuli, intracellular staining for IFN-α was performed in CD3−ve, CD16−ve, CD19−ve, CD56−ve, 
MHCII+, BDCA-4+/−ve cells after 10 hrs. BFA treatment. Experiments were performed in 3 different donors with 
similar results. Data represent the mean ± SEM of triplicate measurements within 1 donor and were analyzed 
using one way ANOVA followed by a Bonferroni post-test. ns not significant, **P <0.01.
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elicits IFN-α production in pDC via an IFNAR dependent mechanism in the context of PBMC. 
The involvement of monocytes in this process is suggested by the fact that CD14+ cell deple-
tion abrogates the IFN-α production (Figure 4C and 5C). Because UV-inactivation abrogates 
the IFN-α response in PBMC, combined with the fact that monocytes are the cells that are 
most efficiently infected (Figure 2), this suggests the involvement of an infection mediated 
route resulting in an early source of type I interferon production by monocytes that triggers 
IFN-α production by IFNAR binding on pDC.

CD14 plays a crucial role in the IFN-α production induced by RSV in PBMC.

The observation that UV-irradiation and virus neutralization by palivizumab prevented IFN-α 
production by pDC exposed to RSV in PBMC (Figures 5C and 6C), could suggest that infection 
with RSV might be required for IFN-α production. However, there may be another possible 
explanation for the abrogated IFN-α production when RSV is inactivated by UV irradiation or 
neutralized by antibodies. It has been reported that RSV-F interacts with the TLR4 complex, 
which could result in IFN-β production and has been shown to induce TNF-α and IL-6 pro-
duction in human monocytes [14,40]. It is possible that F specific antibodies or UV treatment 
(by affecting the structure of the labile F molecule) could block TLR4 signalling. Therefore, 
Ab-mediated neutralization or UV-inactivation did not unequivocally distinguish the surface 
TLR-mediated or infection related innate immune pathways. To determine whether RSV-F/
TLR4 interaction contributed to cytokine production in our experiments, we measured 
cytokine responses induced by RSV in PBMC cultures in the presence or absence of CD14-, 
or TLR4-blocking Abs and a LPS antagonist, LPS-RS, from Rhodobacter sphaeroides, that 
inhibits LPS and RSV-F interaction with TLR complex cofactor MD2 [40,43]. Both antibodies 
and LPS-RS blocked the LPS induced TLR4-mediated IL-6 response in PBMC (Figure 8A, B 
and C), while only MY4, the CD14 blocking antibody, decreased IL-6 and IFN-α production in 
PBMC exposed to RSV (Figure 8C). CD14-neutralizing antibody slightly decreased the level 
of infection of monocytes by rgRSV224 (data not shown). However, it seems unlikely that the 
marginal effect on the RSV infection of the monocyte population explained the significant 
inhibition of IFN-α production by PBMC. Therefore, our data are consistent with a cell surface 
TLR-complex mediated role during early IFN-type 1 production by RSV, although direct viral 
interaction with TLR4 or MD2 might not occur. Because A549 cells, that do not respond to 
inactivated RSV via TLR4, did produce substantial amounts of IFN-β upon RSV infection 
(Figure 1), we tested whether RSV-infected A549 cells could restore IFN-α production in 
monocyte depleted PBMC. In Figure 8D we show that indeed the IFN-α responses can be 
restored by co-culture of CD14+ cell depleted PBMC with A549 exposed to live RSV and that 
pDC are the source of this IFN-α.
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Figure 8. IFN-α production induced by live RSV in pDC depends on IFNAR and CD14.

The role of the TLR4/CD14/MD2 complex in the IFN-α and IL-6 response by PBMC after RSV infection (strain 
A2, MOI 5) was investigated (A) with a blocking monoclonal antibody specific for human TLR4 (20µg/ml), 
(B) the MD2 antagonist lipopolysaccharide from the bacterium Rhodobacter sphaeroides (1µg/ml) or (C) via 
neutralization of CD14 with monoclonal antibody MY4 (10µg/ml). (A-C) Cytokine responses were measured 
by ELISA. Control stimuli; LPS: 10ng/ml, ODN: 5µg/ml. (D) A549 epithelial cells were co-cultured with PBMC, 
CD14+ cell depleted PBMC, pDC depleted PBMC, or CD14+ and BDCA-4+ double depleted PBMC, in the pres-
ence of RSV at MOI 5, ODN 2216 or no stimulus, for a period of 20 hrs. IL-6 and IFN-α production were mea-
sured by ELISA. Experiments were performed in 3 different donors with similar results. Data represent the 
mean ± SEM of triplicate measurements within 1 donor and were analyzed using one way ANOVA followed by 
a Bonferroni post-test. ns not significant, *P, 0.05, **P, 0.01.
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Discussion

In the present work we showed that RSV-specific (neutralizing) antibodies play a crucial 
role in dictating the nature of innate immune reactions to RSV. Moreover, the innate immune 
reaction elicited by RSV depends on the cellular context and the mechanism by which the 
virus interacts with specific cells in complex mixtures, and most likely in tissues. This was 
demonstrated by the role of CD14+ cells in suppressing IFN-α production by pDC upon 
Ab-RSV exposure (Figure 9A, D). Furthermore, in the absence of antibodies, an indirect 
mechanism initiated by RSV-infected epithelial cells or RSV-exposed CD14+ cells activated 
IFN-α release via IFNAR-signalling in pDC (Figure 9C). During natural exposure to RSV, 
airway epithelial cells, alveolar macrophages in the airway lumen and dendritic cells under-
neath the epithelium are the primary cells initially exposed to RSV rather than PBMC. As 
shown in mouse models, the early innate response causes the influx of DC types into the lung 

Figure 9. Cellular cross talk and the role of antibodies during IFN-α production.

pDC produce IFN-α via multiple pathways. i: TLR7 activation after Ab-mediated uptake of RSV (A), ii: via infec-
tion with RSV in purified pDC (B) or iii: indirect via IFNAR-mediated signalling triggered by IFN-β produced 
by RSV-infected A549 (as a model for airway epithelium) or RSV-exposed CD14+ cells (C). In the context of 
PBMC the presence of CD14+ monocytes suppresses the production of IFN-α by pDC upon exposure to Ab-RSV 
complexes. (D). The mechanism of the suppression by monocytes of this TLR7-mediated response elicited by 
Ab-RSV complexes in pDC remains unresolved, but appears not to be mediated via PG’s and IL-10, mediators 
that suppress TLR9 induced IFN-α production when multiple PAMPS in bacterial lysates simultaneously trigger 
TLR9 and TLR2/4 responses in PBMC.
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tissue and migration of DC to the draining lymphnodes, followed by T cell activation in the 
lymphnodes and trafficking to the infected tissue [44]. Clearly, the structural restraints, cell 
density and trafficking, the sequence of subsequent cellular exposure to RSV and cellular 
cross-talk in different environments (airway, lung-parenchyma and lymphnode) will affect 
the outcome of the innate immune response in vivo. Indeed in vivo mouse models for RSV 
implicated the contribution of different cell types and PRR systems, whereby IPS-1 signalling 
and presumably infection related routes of innate immune triggering, in both immune and 
non-immune cells, were important in viral clearance. On the otherhand, TLRs (3 and 7) were 
less important in virus clearance but affected disease parameters like mucus production, 
presumably via skewing of Th responses towards Th2 or Th17 respectively [17,18,31,45,46].

The efficacy of RSV infection is species specific and human TLRs have different target 
specificities and cellular distribution than mice. However, during the course of RSV infection 
in humans a similar contribution of different cell types will occur and the cellular cross-talk 
will be completely different from the short exposure of a static PBMC cell mixture in vitro. 
Nevertheless, our experiments demonstrate that the outcome of the inflammatory response 
in a complex environment, in which different cells are activated in their own specific manner, 
cannot be predicted from sum of the responses of each individual cell type. Furthermore, the 
level of viral neutralization by RSV-specific antibodies and, as shown in the present study, 
the altered access of RSV as Ab-RSV complexes to FcR-bearing cells will most likely affect 
the nature and amplitude of the inflammation. For all of these reasons in vitro analysis using 
single cell types to predict the potency and safety of attenuated RSV vaccine candidates is a 
poor approach to test such vaccine candidates.

We described cell specific interactions with RSV leading to different innate immune 
pathways. As reported earlier, epithelial A549 cells produced mainly inflammatory cytokines 
(IL-6, TNF-α, IFN-β) in a process that depended on RSV infection and is presumably medi-
ated via RIG-I [47,48]. pDC produced type I interferon (IFN-α) i. via TLR7 activation after 
Ab-mediated uptake of RSV (Figure 9A), ii. via infection with RSV in purified pDC (Figure 
9B), or iii. indirect via IFNAR-mediated signalling triggered by type I interferon produced by 
RSV-infected A549 (as a model for airway epithelium) or RSV-exposed CD14+ cells (Figure 
9C). CD14+ cells were the main producers of inflammatory cytokines in PBMC.

The mechanism by which CD14+ cells are triggered to produce cytokines is still con-
troversial. Kurt-Jones et al first reported the role of RSV-F as a ligand for the TLR4/CD14 
complex and the same group later reported that RSV could also trigger TLR2 and TLR6 
mediated responses [13,14]. Recently Rallabhandi et al. demonstrated that purified RSV-F 
interacted with MD2 [40]). However, other groups were unable to confirm TLR4-mediated 
RSV interactions [49], or were unable to confirm a role of the viral F protein in the process 
[50]. Importantly, Rallabhandi and colleagues did not show MD2 dependent TLR4 activation 
with intact RSV. Also in studies in vivo using TLR4-deficient mice conflicting results for a role 
of TLR4 in RSV specific immunity were reported [19,51,52]. It is difficult to reconcile why the 
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results in different laboratories are so different. However, many variables in experimental 
setup may contribute to different results; i.e. virus culture in HEp versus Vero cells, the use 
of human monocytes, murine macrophages or reporter cell lines, differences in purification 
protocols for RSV or RSV-F. TLRs in different species although quite homologous still differ 
substantially in amino acid residues, changes that lead to differences in leucine-rich repeat 
organisation and also ligand specificity [53,54]. Moreover, in TLR-mutant or knockout mice it 
is conceivable that altered lung development [55,56] or differences in microbiota [57] could 
affect in vivo disease development after RSV infection. Therefore, altered immune responses 
elicited upon viral infection in knockout mice could occur via different mechanisms and do 
not unequivocally prove (the lack of) interaction of the virus with the TLR studied, as the 
reason for the altered immune response. Similar caution is warranted in the interpretation of 
human TLR polymorphisms and their involvement in severity of RSV disease.

In this study we found that live RSV elicited IL-6, IL-10, IL-8 and TNF-α production in 
PBMC and not in PBMC-CD14+ cells. In contrast to responses in A549 cells UV-RSV still stimu-
lated production of these cytokines although in most experiments in slightly lower amounts. 
TLR4 blocking antibody in a dose that diminished LPS induced IL-6 production by > 50% did 
not significantly inhibit IL-6 and IFN-α production by RSV in PBMC, neither did LPS-RS affect 
RSV-induced IL-6 and IFN-α production, while it did inhibit IL-6 production triggered by LPS 
completely (Figure 8). The latter observation suggests that in the context of RSV particles, 
MD2-RSV-F interaction might not occur in a similar fashion as was reported for purified F 
protein [40]. We did reproduce the reported effect of blocking CD14 on RSV induced cytokine 
responses in CD14+ cells [14] and show that in addition to IL-6 production also the primary 
burst of type I interferon in PBMC cultures depends on CD14. CD14 is an important cofactor 
for the activation of endosomal TLRs. In addition to be required for the TRIF/TRAM pathway 
downstream of TLR4 [58], CD14 has been reported to associate with TLR7, TLR8 and TLR9 
and to act as a co-receptor for these TLRs in endosomes [59]. Because CD14 is dispensable 
for cytoplasmic sensing of viral infection, our data suggest that IFN-α production by pDC in 
the context of PBMC depends on a TLR mediated route. It remains to be established which of 
the TLR pathways is involved.

pDC and type I interferons exert a crucial role in regulating adaptive immunity [60–63] 
and have been implicated in virus clearance and protection against immune mediated 
pathology caused by RSV infection [64]. It is still unclear why IFN-α induction is ineffective in 
PBMC-CD14+ cells a cell mixture wherein pDC are present. We confirmed earlier studies that 
have shown that purified pDC could produce IFN-α when exposed to infectious RSV (Figure 
6D), although the amount of IFN-α might be suppressed once viral non-structural proteins 
are expressed in infected pDC [26,27,35,65]. In contrast to influenza virus [66] and vesicular 
stomatitis virus [67], RSV infection and propagation does not follow an endo-lysosomal route 
[68]. The absence of endosomal uptake as the natural route of cell entry might explain the 
absence of TLR7-mediated IFN-α production by UV-inactivated RSV. Ab-mediated uptake 

Marcel BW.indd   96 30-Oct-13   10:54:05 AM



Chapter 3 
RSV induced type I IFN

 production by pDC

97

presumably enhances access of UV-RSV and live RSV to endosomal TLR7 in pDC explaining 
the increased IFN-α production when virus specific antibodies are present (Figure 9A). 
Moreover, the neutralizing effect of RSV-specific monoclonal Ab palivizumab or polyclonal 
serum antibodies prevents infection and expression of viral non-structural proteins that 
interfere with type I interferon production pathways [26,35]. However, we observed that 
live RSV can elicit IFN−α production in purified pDC in an IRS661 sensitive fashion (Figure 
6E). Most likely this IFN-α production might be the result of autophagy [69] that occurs after 
infection of low numbers of pDC which is then followed by a second burst of IFN-α via IFNAR 
signalling in non/infected bystanders (Figure 9B). This process has been described before 
and has been shown to critically depend on the density of in vitro cultured pDC [70]. It is 
possible that in the context of PBMC-CD14 the pDC are too low in numbers for this process 
to occur.

By means of early expressed nonstructural proteins, RSV evades the type I interferon 
pathway and antiviral response in infected cells by suppression of the activation and nuclear 
translocation of interferon regulatory factor 3 [35,71]. However IRF3 activation occurs in the 
first 10 hrs. of infection before substantial amounts of NS proteins are expressed. This win-
dow of IRF3 activation suffices to contribute together with NF-κB activation to the production 
of IFN-β in A549 and presumably CD14+ cells which in turn potentially stimulates second-
ary IFN-α responses via IFNAR signaling in pDC (Figure 9C). In addition NS2 suppresses 
Stat2 levels interfering with IFN-α/β signaling via IFNAR, the secondary route, leading to 
expression of interferon stimulated genes and a secondary burst of type I interferons [72]. 
Therefore, uninfected bystander pDC are an important source of type I interferon production.

In summary, our findings show that the interaction of RSV with a mixture of primary 
human cells (PBMC) leads to a cytokine response pattern that depends on cellular cross-talk 
and the presence or absence of RSV specific antibodies. We show a key role for CD14 mono-
cytes in the control of antiviral type I IFN responses to RSV via a direct antibody mediated and 
an indirect, infection mediated, mechanism. Because RSV specific antibodies are transmitted 
from mother to child during pregnancy and via breast milk the role of these antibodies 
should be carefully evaluated with respect to their effect on innate immune responses when 
new vaccine candidates are tested.

Materials and Methods

Ethics Statement

Human peripheral blood mononuclear cells (PBMCs) were isolated from whole blood 
donated by healthy adult volunteers. All studies using primary cells were performed after 
written approval from the ethics Committee of the Medical Faculty of the Utrecht University 
and after obtaining written informed consent from the donors.
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Human hematopoietic cell isolation and single cell depletion

In vitro experiments were performed using PBMC isolated from EDTA-anticoagulated whole 
blood isolated by Ficoll-Hypaque density gradient centrifugation (Biochrom, Germany). 
Specific cell type depletion was achieved by positive selection using antibody labeled mag-
netic micro beads (from Miltenyi Biotec unless otherwise stated) against CD14 (IgG2a, 130-
050-201) and BDCA-4 (IgG1, 130-092-402) following standard procedures. PBMCs were 
incubated with bead labeled antibody at 4°C for 30 min in deoxygenated PBS with 0.5% BSA 
and 2 mM EDTA (MACS buffer) and passed through a magnetic separation column once (LD 
column, 130-042-901; Miltenyi Biotec). Depletion of the cell type of interest and specificity of 
depletion was confirmed using flowcytometry. Efficiency of depletion was at least 98%. pDC 
purification by positive selection with BDCA-4 coupled magnetic beads suppressed IFN-α 
production in our experiments. Therefore, we purified pDC by negative selection (by mag-
netic beads), removing CD3+-, CD19+- and CD16+ cells from freshly isolated PBMC, followed 
by FACS purification of the BDCA-4+ cell population (FACSAria; Becton Dickinson). Purity of 
isolated pDC was >95%. Cell viability was assessed by trypan blue exclusion. 5x104-105 cells 
were used per stimulus in duplicate.

Cell lines and virus

HEp-2 cells were cultured in IMDM (21980-065, Life Technologies, Rockville, MD) and the 
A549 cell line was cultured in DMEM (31965-080, Life Technologies, Rockville, MD) both 
supplemented with 2 mM L-glutamine, 25 mM HEPES buffer, 5% FCS, and 1% penicillin/
streptomycin. RSV strain A2 (VR-1540, ATCC), RSV Long strain (VR-26, ATCC), RSV patient 
strain (A, 13N01), RSV patient strain (A, 16N01) and recombinant GFP expressing RSV A2 
(rgRSV224, GFP gene inserted into a naturally occurring BstXI site before the gene coding 
for non-structural protein 1 (NS1), kindly provided by Dr. M.E. Peeples and manufactured 
as previously described by Hallak et al ) [37], were grown on HEp-2 cells (CCL-23, ATCC) in 
1% FCS, purified by polyethylene glycol 6000 precipitation, resolved in phosphate-buffered 
saline (PBS) in the presence of 10% sucrose and stored in liquid nitrogen. The 50% tissue 
culture–infective dose (TCID-50) was determined post-titration in HEp-2 cells.

RSV binding and infection

For cell culture experiments, freshly isolated, specific cell depleted or whole PBMC suspen-
sions (4×105) were cultured in round-bottom 96-wells plates (Costar) in a final volume of 
200ul. For RSV binding experiments, cells were incubated for a period of 1hr. at 4oC with 
rgRSV224 in IMDM supplemented with, 5% FCS, 2 mM L-glutamine, 25 mM Hepes buffer and 
1% penicillin/streptomycin. RSV infection studies were performed with live or UV-inactivated 
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RSV (2300 µW/cm2 of 254 nm UVA light for 10 min) and measured after an overnight (20-
24h) incubation period at 37oC in 5% CO2, or as indicated in the Figure legends. Supernatants 
were collected and stored at −20°C until further analysis.

Cell identification and cytokine production

To identify different cell populations, cultured single cell suspensions were washed with PBS 
containing 2% FCS, 2mM EDTA and 0.02%NaN3 (FACS buffer), blocked with 10% human 
AB serum for 20 min. at 4oC to reduce non-specific binding and stained for 4- or 5-color 
flow cytometry with the following antibodies (from BD Biosciences unless otherwise stated) 
anti-CD3 (clone SK7), anti-CD4 (clone SK3), anti-CD8 (clone SK1), anti-CD11b (clone D12,), 
anti-CD11c (clone B-ly6), anti-CD14 (clone MϕP9), anti-CD16 (clone 3G8), anti-CD19 (clone 
4G7), anti-CD56 (clone NCAM16.2), anti-CD123 (clone 9F5), anti-BDCA-1 (clone AD5-8E7, 
Miltenyi Biotec), anti-BDCA-4 (clone AD5-17F6, Miltenyi Biotec) or anti-MHC-II (clone 
G46-6). To identify cell specific cytokine production, cells were first surface stained with 
specific antibodies to phenotype cell populations before fixation and permeabilisation with 
CytoFix/CytoPerm (554722, BD) solution and Perm/Wash buffer (554723, BD). Intracellular 
cytokines were detected with anti-IFN-α (clone 7N4-1) antibody. Stained samples were 
measured on a FACS Canto II flow cytometer (BD Biosciences, San Diego, CA) and analysed 
using FACS Diva software (BD, San Diego, CA).

For detection of cytokines in supernatant, culture supernatants were collected after a 
20hrs. incubation period, or as indicated in Figure legends. Enzyme-linked immunosorbent 
assay (ELISA) was used to quantify human IFN-α (IFN-α, -α2a, 2b and 2c, BMS216MST, 
Bender MedSystems), IFN-β (VerikineTM, PBL, 41410-1A), IL-6 (M9316, Sanquin Pelipair), 
IL-8 (M9318, Sanquin Pelipair) and TNF-α (M9323, Sanquin Pelipair) production in the 
supernatants. For some experiments a multiplex immunoassay (MIA) of IL-1β, -6, -8, -10, 
-12, IP-10 and TNF-α in culture supernatant was performed using the Bio-Plex System in 
combination with Bio-Plex Manager software V.4.1 using five parametric curve fitting (Bio-
Rad laboratories, Hercules, California, USA) [73].

Cell stimulation

In experiments in which the effect of autologous serum or RSV specific AB was tested, RSV or 
control ligands were preincubated for 15 min. at 37oC with 10% autologous serum, 2mg/ml 
IVIG® or 5ug/ml Palivizumab before co-culture with single cell suspensions. When indicated, 
IgGs were depleted from serum with Protein G Sepharose beads (P3296, Sigma-Aldrich).
The following control ligands (from Invivogen unless otherwise stated) were used; TLR1,-2 
(PAM3CSK4, tlrl-pms), TLR2 (Peptidoglycan, tlrl-pgn), TLR3 (Poly I:C, tlrl-pic), TLR4 (ultra-
pure LPS, E. coli K12), TLR7 (Imiquimod, tlrl-imqs or Gardiquimod, tlrl-gdqs), TLR8 (CL-075, 

Marcel BW.indd   99 30-Oct-13   10:54:05 AM



100

tlrl-c75) and TLR9 (ODN 2216, tlrl-2216). PBMC or A549 cells were co-cultured with RSV for 
20 hrs. or different duration as stated in the figure legends.

Inhibition assays

To determine the involvement of specific innate immune pathways we employed inhibitors 
to block endosomal acidification (Bafilomycin A1, 50nM, Calbiochem) and protein transport 
(Brefeldin A, 40nM, Sigma-Aldrich). For investigation of TLR4 signalling, a blocking mono-
clonal antibody specific for human TLR4 (20µg/ml, anti-hTLR4-IgG1, Invivogen), the MD2 
antagonist lipopolysaccharide from the bacterium Rhodobacter sphaeroides (1µg/ml LPS-RS, 
Invivogen) or CD14 blocking monoclonal antibody MY4 (10µg/ml, A83482, Beckman Coul-
ter) were used. The human interferon-α/β receptor (IFNAR) was neutralized with a mouse 
monoclonal antibody (5µg/ml, clone MMHAR-2, PBL Interferon Source). All antibody based 
neutralizing experiments were performed with matching isotype controls. Endosomal Toll 
like receptor 7 signalling was blocked with specific immune-regulatory DNA sequences (IRS) 
to TLR7 (1.4 µM, IRS661: 5′-TGCTTGCAAGCTTGCAAGCA-3′, Eurofins MWG Operon). As a 
control, a non-TLR-specific oligodeoxyribonucleotide sequence was used in the same con-
centration as the inhibitor. Cell populations were preincubated with specific (TLR) inhibitors 
for a period of at least 30 min. at 37oC before adding virus or control TLR ligands.

Statistical analysis

For all experiments, data are expressed as the mean +/- standard error of the mean (SEM). 
Measurements were compared using a one-way or two-way analysis of variance (ANOVA) 
followed by Bonferroni’s post-hoc analysis. Non parametric analysis was performed using 
the Kruskal-Wallis test followed by Dunn’s Multiple Comparison Test. A P-value of <0.05 was 
considered to be statistically significant.
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Supporting information

Supplementary Figure S1. Cytokine responses in PBMC exposed to RSV A 13NO1 and 16NO1 at MOI 1. 
PBMC cultured with the RSV strains 13N01 and 16N01 at MOI 1, UV inactivated RSV, or RSV neutralized in 
autologous serum. After 20 hrs. incubation, cytokines were measured in supernatant by ELISA. Experiments 
were performed in 3 different donors with similar results. Data shown represent the mean ± SEM of 3 mea-
surements within 1 representative donor and were analyzed using one way ANOVA followed by a Bonferroni 
post-test, *P< 0.05, **P <0.01.
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Abstract

Infants are protected from a severe respiratory syncytial virus (RSV) infection in the first 
months of life by maternal antibodies or by prophylactically administered neutralizing anti-
bodies. Efforts are under way to produce RSV-specific antibodies with increased neutralizing 
capacity compared to the currently licensed palivizumab. While clearly beneficial during pri-
mary infections, preexisting antibodies might affect the onset of adaptive immune responses 
and the ability to resist subsequent RSV infections. Therefore, we addressed the question 
of how virus neutralizing antibodies influence the priming of subsequent adaptive immune 
responses. To test a possible role of the neonatal Fc receptor (FcRn) in this process, we com-
pared the responses in C57BL/6 wild-type (WT) and FcRn−/− mice. We observed substantial 
virus-specific T-cell priming and B-cell responses in mice primed with RSV IgG immune 
complexes resulting in predominantly Th1-type CD4+ T-cell and IgG2c antibody responses 
upon live-virus challenge. RSV-specific CD8+ T cells were primed as well. Activation of these 
adaptive immune responses was independent of FcRn. Thus, neutralizing antibodies that 
localize to the airways and prevent infection-related routes of antigen processing can still 
facilitate antigen presentation of neutralized virus particles and initiate adaptive immune 
responses against RSV.
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Introduction

Antibodies are an important correlate of protection for many viral infections. Neutralizing 
antibodies reduce viral load and virus-induced pathogenesis. Virus infection may be directly 
cytopathogenic or cause indirect tissue damage by host immune responses that follow viral 
exposure. In addition to lowering viral load, virus-specific antibodies might reduce or alter 
innate immune responses, affect antigen presentation and thereby the level of T-cell activa-
tion (1–3), and potentially enhance disease (4–7).

Children experiencing a primary respiratory syncytial virus (RSV) infection are pro-
tected against lower respiratory tract infections (LRTIs) by maternal antibodies. However, 
maternal antibodies decline rapidly within a few months after birth (8), and high levels of 
serum antibodies are required to provide efficient local protection in the airways. Adults 
with acquired immunity to RSV, including RSV neutralizing serum antibodies and memory T 
cells, still experience recurrent reinfections (9). Reduced titers of serum antibodies correlate 
with increased RSV-associated hospitalization in patients of all ages (9–11). Based on these 
observations current vaccine development is focused on a vaccine preparation that induces 
the production of highly neutralizing antibodies. Alternatively, palivizumab, a neutralizing 
antibody to the fusion protein of RSV, can be administered prophylactically to protect high-
risk infants against LRTIs (12).

Because better neutralizing antibodies are being developed to protect against severe RSV 
disease (13), it is essential to understand the consequences of the presence of antibodies 
in vivo on the outcome of the immune response upon infection. Previously, we showed that 
the neutralizing capacity of RSV-specific antibodies influenced the level of virus-specific 
CD8+ and CD4+ T-cell responses in immune mice (14). Highly neutralizing serum antibodies 
decreased the CD8+ T-cell response, while both neutralizing and non-neutralizing antibodies 
increased CD4+ T-cell responses. The increased T-cell responses in the presence of antibod-
ies were mediated by increased antigen presentation of RSV immune complexes (IC-RSV) to 
CD4+ T cells in an FcγR-dependent process (14).

Recently, yet another IgG Fc receptor, the neonatal Fc receptor (FcRn), was also shown 
to participate in phagocytosis processes of neutrophils, and it facilitates antigen presenta-
tion by dendritic cells (DCs) of soluble antigens opsonized by IgG (15, 16). FcRn was first 
described as a transporter of IgG across epithelial barriers, including transmission of IgG 
across the placenta from mother to infant. In addition, FcRn binds albumin and IgG Fc within 
endosomes at low pH and increases the serum half-life of these ligands by recycling them 
back to the cell surface, where the ligands are released from FcRn at higher pH (17, 18). 
FcRn is also responsible for antigen sampling from the airways and gut, by transporting 
IgG complexes across epithelium for uptake into macrophages and dendritic cells residing 
underneath the epithelial layer (19).
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In the present work, we studied the effect of neutralizing antibodies to RSV on the induc-
tion of RSV-specific adaptive immune responses initiated after intranasal (i.n.) administra-
tion of antibody bound RSV in mice. The role of FcRn in the local antigen presentation of RSV-
palivizumab complexes was investigated by comparing the immune responses of C57BL/6 
wild-type (WT) and FcRn−/− mice.

Results

H-2Ab-mediated antigen presentation of IC-RSV by DCs is facilitated by activating 
FcγRs and not FcRn.

In previous work, we showed that activating FcγRs are involved in antigen presentation of 
RSV-derived antigens to CD4+ T cells during in vitro antigen presentation with dendritic cells 
and during in vivo RSV infection in mice (14). To determine whether FcRn also played a role 
during presentation of RSV-derived antigenic peptides, we first performed in vitro antigen 
presentation assays in the presence or absence of virus-specific antibodies, using BM-DCs 
as antigen presenting cells obtained from WT, FcRn−/−, or FcR common-γ- chain−/− (γ−/−) 
mice. Expression of FcRn in WT BM-DCs and D1 cells and its absence in FcRn−/− BM-DCs were 
confirmed by RT-qPCR (Figure 1A). As a source of polyclonal RSV-specific T cells, lung cells 
were harvested at day 8 after a primary i.n. RSV infection. T-cell activation was measured by 
intracellular staining for IFN-+. A similar increased percentage of IFN-γ-producing CD4+ T 
cells was observed when WT BM-DCs or BM-DCs from FcRn−/− mice were pulsed with UV-
inactivated RSV in the presence of serum derived from mice after secondary RSV infection 
(immune serum) compared to the response of pre immune serum (Figure 1B). However, 
as described in our previous work, the IgG mediated enhanced antigen presentation of IC-
RSV to CD4+ T cells completely depended on functional expression of FcγRs on BM-DCs (14) 
(Figure 1C).

Individual DC cultures originating from bone marrow harvested from different mice 
might vary in the percentage of immature DCs. To exclude this experimental variation, we 
performed experiments with a dendritic cell line (D1) expressing functional FcRn (Figure 1A) 
and used mutant antibodies unable to bind to FcRn in the in vitro antigen presentation assay. 
We used either WT anti-TNP or recombinant monoclonal antibodies with the same antigen 
specificity but mutated at a single amino acid residue (H435A) or three residues (IHH: I253A, 
H310A, and H345A) in the Fc domain. These positions are involved in FcRn binding but do 
not interfere with binding to FcγRs (15, 29). TNP-labeled RSV alone or opsonized with these 
recombinant WT or mutant (H435A and IHH) IgG1 monoclonal antibodies, was incubated 
with D1 cells, and antigen presentation was monitored using RSV specific lung T cells. 
The anti-TNP WT and mutant antibodies all increased the percentage of IFN-γ-producing 
CD4+ T cells responding to D1 cells exposed to RSV-TNP to a similar extent compared to the 
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samples in which non-opsonized virus was incubated with D1 cells (Figure 2). These results 
confirmed that FcRn was not involved in the in vitro presentation by DCs of IC-RSV-derived 
antigenic peptides to virus-specific CD4+ T cells.

A

B

C

Figure 1. Activating FcγR, but not FcRn, expressed by BM-DCs are involved in antigen presentation of IC-
RSV to RSV-specific CD4+ T cells. (A) WT BM-DC, D1 cells but not BM-DCs from FcRn−/− mice express FcRn. 
FcRn expression levels were analyzed with RTq-PCR and normalized for RPL27 expression. Result of one rep-
resentative culture out of three is shown. Error bars represent the SEM of a duplicate within one experiment. 
Significance was calculated using a One-way ANOVA. ***p<0.001. (B) BM-DCs obtained from WT, FcRn−/− or 
(C) WT and γ−/− mice were incubated with UV-RSV (MOI 10, 3, 1, 0.1 and 0) in the presence of 2% serum of na-
ïve mice or from RSV immune mice for 24h. Lung cells harvested 8 days after a primary RSV infection (a source 
of RSV-specific T cells) were added to the BM-DC and responding CD4+ T cells were visualized by intracellular 
staining for IFN-γ. Significance was calculated using a Two-way ANOVA. Error bars represent the SEM on data 
of one out of three individual experiments with similar results. **p<0.01 and ***p<0.001.
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Noninfectious IC-RSV efficiently primes virus-specific T-cell responses after i.n. 
inoculation.

We next examined the impact of antibody neutralization of RSV in the airways on the initia-
tion of the T- and B-cell responses by measuring recall responses during a virus challenge 5 
weeks after immune priming. Abortive replication has been described as occurring in RSV-
immune animals (34). This process of abortive replication is defined as viral penetration 
followed by replication of viral genetic material in the cytoplasm, without the production of 
infectious virus particles. Abortive replication in vivo can be monitored by comparing lung 
viral loads using the PFU assay and by the PCR detection technique and has been observed in 
animals treated prophylactically by virus neutralizing antibodies instilled systemically. Abor-
tive replication still induces inflammatory immune responses via cytoplasmic recognition of 
genomic viral RNA and replication intermediates (35). Also, viral antigen expression might 
still occur. To focus only on the contribution of neutralized virus particles in priming of the 
immune response, we administered in vitro-preformed RSV immune complexes intranasally. 
Moreover, this approach also minimized the effect of increased antibody degradation in 
FcRn−/− mice that could lead to differences in virus neutralization in the lung, when antibody 
was administered parenterally. We used a monoclonal humanized IgG1 antibody, palivizumab 
(12), specific for the fusion protein of RSV in these experiments. Binding of palivizumab to 
RSV completely abolished virus infection of A549 epithelial cells in vitro (Figure 3A). RSV-
palivizumab complexes could still be detected by RT-qPCR at a level of one-third of the input 
virus in the washed A549 samples incubated for 24 h with the different virus preparations. 
However, the amount of viral material still detected represented noninfectious virus bound 
to A549 cells because expression of viral pathogen-associated molecular patterns in the 

Figure 2. Abrogated binding of IC-RSV to FcRn does not affect antigen presentation to RSV-specific CD4+ T 
cells. C57BL/6-derived dendritic D1 cells were incubated with haptenized RSV (RSV-TNP) at MOI 1, 0.3, 0.1 and 
0 in the presence of 0.1µg/ml of either anti-TNP (α-TNP) IgG1, or anti-TNP H435A mutant IgG1, or anti-TNP 
IHH or without antibodies for 24h. The percentage of responding CD4+ T cells (in lung cells harvested at eight 
days post infection) was measured by intracellular staining for IFN-γ. One representative experiment (out of 
three) is shown. Significance was calculated using a Two-way ANOVA. Error bars represent SEM of a duplicate 
within one experiment. ***p<0.001 comparing: no antibody, to all three antibody-mediated responses.
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cytoplasm, which leads to inflammatory cytokine production in RSV-infected A549 cells, 
was completely abolished. This was shown by the complete absence of IL-6 production by 
A549 cells exposed to RSV-palivizumab (Figure 3A). We used these antibody-inactivated RSV 
immune complexes and UV-inactivated RSV to prime immune responses in vivo. Five weeks 
after intranasal inoculation of mice with RSV immune complexes (equivalent of 2.106 PFU 
and 50 μg/ml palivizumab in a total volume of 50 μl) or control UV inactivated RSV (equiva-
lent of 2.106 PFU in 50 μl), T- and B-cell responses were measured in the lungs at day 6 after 
an i.n. challenge with live RSV. A third group only received a primary RSV infection. Despite 

Figure 3. Intranasal inoculation of IC-RSV efficiently primes RSV-specific CD4+ and CD8+ T cell responses 
in both WT and FcRn-deficient mice. (A) Palivizumab neutralizes RSV. RSV (4.7×107 PFU) was preincubated 
for 15 min with 50 µg/ml palivizumab. UV-RSV was used as a negative control for replication. RSV, RSV plus 
palivizumab, UV-RSV, or UV-RSV plus palivizumab was added to epithelial A549 cells (equivalent of an MOI of 
2), and the cells were incubated for 24 h. The results of the RT-qPCR performed on the RSV N gene are shown 
for one representative experiment of two. Error bars represent the SEM of a duplicate within one experiment. 
IL-6 production was measured in the 24-h supernatant of A549 cells treated with similar live- and inactivated-
RSV preparations. One representative experiment out of 6 is shown. Significance was calculated using a one-
way ANOVA. **, P<0.01. n.d., non- detectable. (B) WT mice and (C) FcRn−/− mice were primed with UV-RSV or 
IC-RSV at day 0. A third group was untreated. At day 35, all groups were challenged with RSV, and 6 days later, 
lungs were analyzed for T-cell responses in the presence of uninfected (D1) or RSV- infected D1 cells (D1+RSV). 
The percentage of cytokine producing CD8+ and CD4+ T cells is shown. Error bars represent the SEM of 5 indi-
vidual mice per group. Results are shown for five mice per group of one of two representative experiments. 
Significance was calculated using a Two-way ANOVA. *p<0.05, **p<0.01 and ***p<0.001.
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the failure of FcRn to enhance antigen presentation of IgG-complexed RSV in vitro, the possi-
bility remained that FcRn might mediate translocation of ICs across the respiratory epithelial 
layer and increase antigen presentation in the lungs of mice (36). Therefore, we determined 
whether FcRn was involved in the in vivo priming of RSV-specific immune responses upon 
i.n. exposure to IC-RSV by comparing the priming of immune responses in C57BL/6WTand 
FcRn−/− mice. Palivizumab contains the complementarity-determining regions of a mouse 
neutralizing anti-RSV-F antibody grafted into the framework of a human IgG1 constant 
region (37). Human IgG1 (and thus palivizumab) binds mouse FcRn via its constant region 
with high affinity at pH 6.0 (34). In addition, mouse FcRn has been shown to extend the 
half-life of human IgG1 to a similar extent to mouse IgG (17, 38, 39). Importantly, mouse 
FcRn has also been demonstrated to enhance antigen presentation of immune complexes 
through human IgG1 (15). The activation of T cells in the lungs after viral challenge was 
measured by in vitro restimulation with untreated or RSV-infected D1 cells and subsequent 
intracellular cytokine staining. T cells from mice inoculated with IC-RSV showed an increased 
percentage of RSV-specific CD8+ IFN-γ+ T cells compared to T cells from UV-RSV-inoculated 
mice and non-immunized mice when re-stimulated with RSV-infected D1 cells. An increase 
in IFN-γ- and IL-5-producing CD4+ T cells was also observed for IC-RSV-immunized mice 
in comparison to UV-inoculated mice. For IL-4+ and IL-13+ CD4+ T cells, the increases were 
only significant in comparison to untreated mice but not in comparison to UV-inoculated 
mice (Figure 3B). The slight increase in the percentage of Th2 cytokine-producing cells in 
IC-RSV-inoculated mice was not accompanied by an increase in the percentage of eosinophils 
in BAL specimens (data not shown). In both WT and FcRn−/− mice, UV-RSV inoculation did 
not prime Th1 or Th2 responses against RSV. A slight decrease in IFN-γ production was 
noticed in UV-RSV-immunized mice after challenge compared to primary RSV-infected mice. 
Similar increased Th1 and Th2 responses after immune complex priming were observed in 
FcRn−/− mice (Figure 3C) and WT mice (Figure 3B), suggesting again that FcRn-mediated 
processes were not involved in the IgG mediated enhancement of the immune responses to 
RSV. In addition to increasing virus-specific T-cell responses, binding of palivizumab to RSV 
strongly potentiated RSV-specific IgG2c antibody responses (Figure 4). In FcRn−/− mice, the 
antibody responses were slightly lower than those in wild-type mice at day 28 after prim-
ing, probably due to the shorter antibody half-life in the knockout mice (Figure 4A) (18). 
However, at day 41 (i.e., 6 days after challenge), the virus-specific antibody response was 
robust and the responses were of equal magnitude in WT and FcRn−/− mice inoculated with 
immune complexes (Figure 4B). Due to the shorter half-life of IgG2c in FcRn−/− mice, this 
may indicate that the relative net production of anti-RSV IgG in these mice may be increased.

In conclusion, these experiments showed strong immune priming with opsonized RSV 
that was negligible when non-opsonized, non-infectious RSV was used. The enhanced 
immune priming was independent of FcRn.
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Discussion

In the present work, we showed that intranasal administration of noninfectious IC-RSV 
primed both virus-specific T- and B-cell responses in mice, while administration of non-
opsonized UV inactivated RSV did not. The increased RSV-specific immune response 
observed after RSV challenge in IC-RSV-primed mice was independent of FcRn. Therefore, 
FcRn-mediated transcytosis of these immune complexes across epithelium was not the route 
by which priming by IC-RSV was facilitated, and also a role in antigen processing of FcRn dur-
ing in vivo priming can be ruled out. These observations were further substantiated in in vitro 
experiments using IC-RSV-pulsed DCs as antigen-presenting cells to stimulate RSV-specific T 
cells. Comparing WT BM-DCs with FcRn−/− BM-DCs (Figure 1) and WT IgG with mutant IgG1 
unable to bind FcRn (Figure 2), we did not find a contribution of FcRn in antigen processing.

Previously, we found that neutralizing antibodies present in immune mice affected RSV-
specific T-cell responses by increasing CD4+ and decreasing CD8+ T-cell responses in vivo after 

Figure 4. Intranasal administration of IC-RSV efficiently primes RSV-specific IgG2c responses in both WT 
and FcRn-deficient mice. WT mice and FcRn−/− mice were inoculated with UV-RSV or IC-RSV (palivizumab) at 
day 0. A third group was left untreated. At day 35, all groups were challenged with RSV. Blood was collected 
to analyze serum antibodies 7 days prior to RSV challenge (4 weeks after priming in panel A and 6 days after 
challenge in panel B). (A) RSV-specific IgG2c levels were significantly increased in both WT and FcRn−/− mice 
(P<0.001) after inoculation with IC-RSV. However, the responses were lower in FcRn−/− mice compared to 
those in WT mice (*, P<0.05 at 1/27 serum dilution). (B) At day 6 after challenge in both WT and FcRn−/− 
mice, virus-specific IgG2c levels differed significantly in IC-RSV-treated mice from non-primed and UV-RSV-
inoculated mice (P<0.001), but no significant differences were found between the WT and FcRn−/− mice who 
received IC-RSV priming. These experiments were performed twice with similar results. Error bars represent 
the SEM of 5 individual mice per group. Significance was calculated using a two-way ANOVA.
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an i.n. live-RSV challenge (14). These findings suggested that virus-specific CD8+ T cells are 
most efficiently primed upon live-virus exposure, presumably via the classical cytoplasmic 
route of antigen presentation and in the context of an innate immune response triggered by 
the virus. Depending on the titer and affinity of serum neutralizing antibodies, the efficacies 
of virus neutralization in the airways may differ. In previous work, we studied the secondary 
T and B-cell responses in mice pre-exposed to RSV (14). In those studies, both B-cell and T-cell 
responses were primed. The situation is different in infants before primary RSV exposure 
when only antiviral antibodies are present without primed T cells (i.e., maternal IgG obtained 
via the placenta and/or prophylactically administered antibody in children with a high risk of 
developing severe RSV disease). It has been shown in both laboratory animals and humans, 
that systemic antibodies do not completely prevent early viral replication steps and innate 
immune responses (34, 35, 40). This may be explained by inadequate serum titers and/or 
insufficient access of antibodies to the airway lumen. Systemic antibodies need to access the 
airways from the serum through a process in which basolateral-to-apical transport across 
airway epithelium facilitated by FcRn might play a role (19). Furthermore, the half-life of IgG 
antibodies in serum is affected by FcRn. Therefore, several mechanisms might contribute 
to altered immune priming when RSV neutralizing antibody is administered parenterally in 
FcRn−/− compared to WT mice. To circumvent the factors potentially affecting the efficacy of 
RSV neutralization and to exclude residual RSV (abortive) infection in the lung by systemi-
cally administered palivizumab the way in which earlier studies have been performed (41), 
we opted for the intranasal application of in vitro neutralized virus.

In the present study, we show that in comparison to an i.n. challenge with non-opsonized 
UV-inactivated virus particles, both CD4+ and CD8+ virus-specific T-cell responses were 
enhanced if the virus was opsonized with palivizumab. Thus, while live-virus infection might 
be the most effective way of priming CD8+ T-cell responses in this mouse model due to viral 
replication, we demonstrate that preexisting neutralizing antibodies do not block initiation 
of virus-specific CD8+ T responses completely. It can be envisioned that the inflammatory 
environment during T-cell priming is different when live RSV or immune complexes are 
present in the airways. This difference in innate immune response might affect the quality 
of the memory response and the functionality of effector cells recalled during subsequent 
infections. Low numbers of CD4+ T cells producing Th2 cytokines were detected in RSV-
palivizumab-primed mice after a challenge with live virus. The lack of infection of RSV-
palivizumab complexes might alter early innate immune responses that affect the nature of 
the local adaptive immune response during challenge. However, these numbers of Th2 CD4+ 
T cells are 1 to 4% higher than we usually find after secondary RSV infections in C57BL/6 
mouse lungs and much lower than after intramuscular vaccination with inactivated-RSV vac-
cines (30 to 40%) (14, 42).

Similar T-cell responses were observed after i.n. RSV challenge with or without prior 
intranasal priming with UV-RSV. Thus, intranasal exposure with noninfectious virus appears 
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to be an ineffective route of T-cell priming and even may slightly decrease Th1 priming (Fig-
ure 3). We used UV-inactivated virus in these i.n. challenge experiments, because we wanted 
to evaluate the role of antibodies in the in vivo antigen presentation of noninfectious virus 
(i.e., mimicking the situation when the virus is bound to serum-derived neutralizing antibod-
ies). It could be argued that UV inactivation of RSV might damage the virus proteins or the 
viral RNA, decreasing the efficiency of antigen presentation or interfering with virus-induced 
innate immune responses. However, in in vitro antigen presentation experiments, we found 
that antigen presentation to virus-specific T cells was equally efficient when antibody-bound 
live RSV or antibody-bound UV-RSV was incubated with antigen-presenting cells (14). 
Furthermore, the pattern and intensity of cytokines produced by antigen-presenting cells 
(monocytes, myeloid DCs [mDCs], and plasmacytoid DCs [pDCs]) were similar when these 
cells were exposed to live or UV-inactivated opsonized virus particles (data not shown). 
FcRn-mediated transport across the airway epithelium has been reported by others to be 
an effective way to introduce Ig antigen fusion proteins into the systemic circulation (36) 
and a route of immune priming (43). Herpes simplex virus 2 (HSV-2)- specific T- and B-cell 
responses were primed upon i.n. administration of an IgG Fc-gD fusion protein in an FcRn-
dependent way, resulting in protection against a lethal dose of an intra-vaginal challenge 
with HSV-2 (43). These observations might be explained by FcRn-mediated transcytosis of 
gD-Fc across respiratory epithelium. The findings with respect to the role of FcRn in immune 
priming with gD-Fc fusion proteins and reports showing a role of FcRn in antigen process-
ing in DC of ovalbumin immune complex (OVA-IC) contrast with our observations (15, 44, 
45). The observed difference between our findings and those published with OVA and Fc-gD 
might be explained by the soluble nature of the antigens; an Fc fusion protein or ovalbumin 
versus RSV viral particles in our study, or perhaps due to inherent yet unknown properties 
of RSV itself. However, a different explanation might be that there was a difference in the 
antigen-presenting cell populations involved in the processes described in the different stud-
ies. A recent publication showed that FcRn exclusively facilitated processing of multimeric 
Ig-complexed OVA in macrophages and not in DCs (46). Apparently, the phagosomes in DCs 
did not reach the low pH required for IgG binding to FcRn, while in macrophages the pH 
rapidly dropped to 6.5, allowing FcRn binding. Monovalent internalization of IgG-OVA was, 
however, FcRn dependent in both DCs and macrophages. Thus, FcRn independent IC-RSV 
antigen presentation might be simply due to different mechanisms of uptake and presenta-
tion (phagocytosis versus endocytosis), or as described by Liu et al. (46) due to the neutral 
pH in the phagosomes of some types of DCs. In our studies, it might be possible that lung DCs 
efficiently captured IC-RSV via FcγR but did not (efficiently) process them and only trans-
ported captured viral material to the draining lymph nodes. Here antigen presentation could 
occur via cross-priming, possibly mediated by lymph node resident DCs (47). Dendritic cells 
located underneath the epithelial barrier in lung tissue contribute to the initiation of adap-
tive immune responses specific for RSV. DCs internalize antigen via a specific phagocytosis 
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or through FcγRs when the antigen is opsonized by IgGs. Here we confirm previous work, 
in a secondary RSV infection model in mice, that antigen presentation and subsequent RSV-
specific T-cell activation were mediated via FcγRs in the presence of acquired antibodies (14). 
Therefore, it might be hypothesized that IC-RSV is sampled through FcγRs that are present on 
CD103+ DCs in the airways. Moreover, antigen presentation in lymph nodes might depend on 
DCs that can more readily migrate to the lymph nodes compared to macrophages.

In conclusion, our study suggests that prophylactic RSV antibodies that suppress viral 
infection and the classical major histocompatibility complex (MHC) class I route of antigen 
presentation in the lung can boost the induction of adaptive CD4+ T-cell responses through 
FcγR, while a significant virus specific CD8+ T-cell response is elicited, presumably via cross-
priming.

Materials and Methods

Mice

Pathogen-free 6- to 8-week-old C57BL/6cjo wild-type mice were purchased from Charles 
River (Maastricht, The Netherlands). FcR common-γ-chain (γ−/−) mice and FcRn−/− mice in a 
C57BL/6 background (20) were bred and maintained at the central animal facility at Utrecht 
University. Study protocols were approved by the UMC Utrecht Animal Ethics Committee.

Virus and cell lines

The RSV-A2 strain was grown in HEp-2 cells (ATCC CCL-23), purified by polyethylene glycol 
precipitation, and stored in liquid nitrogen in 10% sucrose in phosphate-buffered saline 
(PBS). The 50% tissue culture infective dose (TCID50) was determined after titration in 
HEp-2 cells. Detailed methods have been described previously (14). D1, a mouse dendritic 
cell line derived from C57BL/6 mice (21) used in antigen presentation assays, was main-
tained in Iscove’s modified Dulbecco’s medium (IMDM) (Gibco, Invitrogen) containing 5% 
HyClone fetal calf serum (FCS) (Perbio, Logan, UT), 1% penicillin–streptomycin and 50 uM 
2-mercaptoethanol (Bio-Rad, Hercules, CA) supplemented with 30% conditioned medium 
from granulocyte-macrophage colony stimulating factor (GM-CSF)-producing R1 cells (NIH 
3T3 mouse fibroblasts transfected with the GM-CSF gene) (21). Bone marrow-derived 
dendritic cells (BM-DCs) were prepared as described before (14, 22). The percentage of 
CD11c+ cells (routinely >70%) was determined by staining with anti-CD11c (clone HL3; BD 
Pharmingen, San Diego, CA).
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TNP labeling of RSV

Trinitrophenol (TNP) labeling was performed as described by Hale et al. (23). In short, 
200 μg/ml UV-inactivated RSV (UV-RSV) was incubated with 10mM 2,4,6-trinitrobenzene 
sulfonic acid (TNBS) (Sigma-Aldrich, Steinheim, Germany) in 1 ml Hanks’ buffer (Invitrogen) 
for 15 min at 37°C. Unbound TNBS was removed via dialysis against PBS overnight at 4°C 
while stirring. Precipitated RSV-TNP was removed by centrifugation at 1,500 rpm for 1 min. 
The concentration of stably linked TNP groups was measured by the optical density at 350 
nm (OD350).

Generation of human anti-2, 4, 6-TNP antibodies

The variable regions of the heavy (VH) and light (VL) chains were cloned from an anti-
2,4,6-trinitrophenol (anti-TNP) hybridoma (24) and expressed as chimeric human IgG as 
previously described (25). RNA was amplified using the SMART Race cDNA amplification 
kit with CH- and CL-specific primers (Clontech, Inc., CA). Variable (V) genes were identified 
after sequencing of clones. Codon-optimized V genes, including 5’-HindIII and 3’-EcoRI 
restriction sites, Kozak sequence, and HAVT20 leader sequence (26), were then designed 
and ordered from Geneart (Life Technologies), along with codon-optimized human + or 
+1 constant regions for the variable light and heavy chains, respectively. The IHH IgG1 HC 
variant was created by inserting three mutations that negate binding to FcRn in the CH3 
region (where IHH represents I253A, H435A, and H436A) (27). The HindIIIEcoRI fragment 
for the codon-optimized light chain was ligated into pEE14.4 (Lonza), and the HindIII-EcoRI 
fragment for the heavy chain was ligated into pEE6.4 (Lonza). A single-gene vector encod-
ing eitherWT IgG1 or IHH-IgG1 was subsequently generated by ligation of the BamHINotI 
fragment from pEE6.4 [including a cytomegalovirus (CMV) promoter, IgG1 heavy chain, and 
poly(A)] into the light-chain-encoding pEE14.4 vector. The plasmids were then transfected 
in the FreeStyle 293 expression system (Life Technologies). Antibodies were purified on a 
protein A (WT IgG1) or protein G (IHH) HiTrap HP column (GE Life Sciences) and dialyzed 
against PBS overnight.

In vivo RSV infection, IC-RSV priming, and tissue sampling

Mice were lightly anesthetized with isoflurane and i.n. inoculated with 2x106 PFU RSV in 
a volume of 50 μl. Lung cells were obtained from C57BL/6 mice 8 days after primary RSV 
infection at the peak of the T-cell response (28) when used as a readout in the in vitro antigen 
presentation assays. In the in vivo experiments testing the effect of immune priming induced 
with RSV immune complexes (IC-RSV), mice were i.n. inoculated with IC-RSV or UV-inactivated 
RSV (UV-RSV) in a volume of 50 μl at day 0. A third group of mice was left untreated. IC-RSV 
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was prepared by pre-incubation of 4.7x107 PFU with 50 μg/ml palivizumab [humanized IgG1 
monoclonal antibody; Synagis, Med Immune, Gaithersburg, MD) (12) for 15 min in a volume 
of 200 μl. At day 35, all groups were i.n. challenged with RSV. Six days after challenge, T-cell 
responses in the lung were analyzed. To obtain lung cell suspensions, mice were sacrificed by 
intra peritoneal (i.p.) injection of 300 μl pentobarbital. After bronchoalveolar lavage (BAL), 
lungs were perfused with 10 ml ice-cold PBS containing 100 U/ml heparin via the right 
ventricle. The lungs were removed, cut into pieces and incubated with collagenase (2.4 mg/
ml; Roche Applied Science, Basel, Switzerland) and DNase (1 mg/ml; Roche) for 20 min at 
37°C. Single-cell suspensions were prepared by processing the tissue through 70-um-pore 
cell strainers (BD Falcon, Franklin Lakes, NJ).

In vitro antigen presentation assay

In vitro mouse antigen presentation assays were performed with D1 cells or, in experiments to 
study the role of FcγRs and FcRn, bone marrow-derived DCs (BM-DCs) obtained from FcγR−/−, 
FcRn−/−, or C57BL/6 WT mice. To study antigen presentation of RSV immune complexes by 
BM-DCs or D1 cells, UV-inactivated RSV (UV-RSV) at multiplicities of infection (MOI) of 10, 3, 
1, 0.1, and 0 was preincubated with either plasma derived from secondary RSV-infected mice 
or naive mice (pre immune serum) for 15 min at 37°C. UV-RSV was used to completely rule 
out infection-related effects. In parallel, RSV-TNP at MOI of 1, 0.3, 0.1, and 0 was preincubated 
with 0.1 μg/ml anti-TNP IgG1, anti-TNP-H435A mutant IgG1, or anti- TNP-IHH mutant IgG1 
(IHH I253A, H310A, and H435A) (mutations that abolish FcRn binding capacity [29, 30]) or 
without antibodies as a control. RSV immune complexes were incubated with 5 + 104 BM-DCs 
or D1 cells for 24 h. Thereafter, antigen-presenting cells (APCs) were incubated with 5x105 
total lung cells in the presence of 25 U/ml recombinant human interleukin-2 (hIL-2) (Roche) 
and 10 μg/ml brefeldin A (Sigma, St. Louis, MO) to facilitate intracellular accumulation of 
cytokines, for 5 h at 37°C in 5% CO2. Lung cells of mice 8 days after a primary RSV infec-
tion were used as a source of RSV-specific T cells. Antigen presentation of RSV was analyzed 
by measuring gamma interferon (IFN-γ) production in lung CD4+ T cells by intracellular 
fluorescence-activated cell sorter (FACS) staining.

Measurements of lung T-cell responses in IC-RSV priming experiments

Single-cell suspensions of lung cells (106) from RSV-infected wild type and FcRn−/− mice 
were stimulated for 5 h at 37°C in 5% CO2 with 2x105 RSV-infected D1 cells or uninfected 
D1 cells in 200 μl IMDM supplemented with 5% FCS, 1% penicillin–streptomycin, 50 uM 
2-mercaptoethanol, 25 U/ml recombinant hIL-2, and 10 μg/ml brefeldin A. D1 cells were 
infected for 48 h with RSV at an MOI of 2 before addition to the lung cell suspension. Cytokine 
production by CD4+ and CD8+T cells was analyzed by intracellular cytokine staining.
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Intracellular cytokine staining

Cytokine production by CD4+ and CD8+ T cells was measured by flow cytometry. Cells were 
stained for surface markers with anti-CD8 (clone 53-6.7; BD) and anti-CD4 (clone RM4-5; 
BD). Before intracellular staining, cells were fixed and permeabilized with CytoFix/CytoPerm 
(BD) solution and Perm/Wash buffer (BD). Intracellular cytokines were detected with anti-
IFN-γ (clone XMG1.2; BD), anti-IL-5 (clone TRFK5; BD), anti-IL-4 (clone 11B11; BD), and 
anti-IL-13 (clone eBio13a; eBioscience). Stained samples were acquired on a FACSCanto flow 
cytometer (BD), and data were analyzed using FacsDiva software (BD).

RT-PCR. (i) RSV-specific real-time PCR

A total of 2x105 A549 cells were incubated with RSV or UV-RSV (MOI of 2) in the presence or 
absence of palivizumab. RSV (4.7x107 PFU) was preincubated with 50 μg/ml palivizumab for 
15 min before addition to the cells. After 24 h, total RNA was extracted from these cells using 
MagnaPure LC (Roche) equipment. cDNA was synthesized and viral loads were determined 
by realtime quantitative PCR (RT-qPCR) as previously described (31). In short, extracted RNA 
was reverse transcribed using a MultiScribe reverse transcriptase kit (Applied Biosystems, 
Foster City, CA) and random hexamers. Reverse transcriptase was inactivated followed by 
RT-qPCR performed on 20 μl cDNA using primers and probes specific for the N gene (31). 
Amplification and detection were performed with an ABI 7900HT fast RT qPCR system for 2 
min at 50°C, 10 min at 95°C, and 45 cycles of 15 s at 95°C and 1 min at 60°C. Sample threshold 
cycle (CT) values were compared with a standard curve of RSV-A2.

(ii) FcRn-specific RT-qPCR

RNA was isolated from cultured BMDCs of WT and FcRn−/− mice with the Qiagen RNA extrac-
tion kit, and cDNA was generated with random primers and Moloney murine leukemia virus 
(MMLV) reverse transcriptase (Invitrogen) according to the manufacturer’s instructions. 
FcRn-specific mRNA was quantified by subsequent TaqMan RT-qPCR analysis with forward 
(5’-GTGGAAGGAGCCGCCGTCTATG-3’) and reverse (5’-TGACCTCCAGCAATGACC ATGCG-3’) 
primers and the 5’-ATCGTCATCGGTGTCTTGCTACTCACG G-3’ probe. FcRn expression was 
normalized for the expression of the housekeeping gene RPL27 (32).

ELISA. (i) RSV-specific IgG

RSV-specific IgG was determined in serum samples obtained from C57BL/6WTand FcRn−/− 
mice 28 days after i.n. inoculation with IC-RSV, UV-RSV, or control mice and from all groups 
at 6 days after i.n. challenge with live RSV, using an RSV enzyme linked immunosorbent assay 
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(ELISA) as described before (14). Denatured RSV lysate from RSV-infected HEp-2 cells in PBS 
was used as a coating. RSV-specific IgG was detected with secondary horseradish peroxidase 
(HRP)-labeled antibodies, anti-IgG1 (Invitrogen) or anti-IgG2c (Immunology Consultant 
Laboratory), and developed with the substrate 3,3’,5,5’-tetramethylbenzidine in NaAc (pH 
5.5) and H2O2. The enzymatic activity was stopped by adding 9.8% H2SO4 and measured at 
OD450 (14). C57BL/6 mice express the Igh1-b allele encoding antibodies of the IgG2c isotype 
and lack the allele of the IgG2a isotype (33). Therefore, we used an IgG2c-specific secondary 
antibody.

(ii) IL-6 ELISA

In the supernatant of A549 cells incubated for 24 h with RSV or UV-RSV (MOI of 2) in the 
presence or absence of palivizumab, IL-6 production was measured by ELISA (M9316; San-
quin Pelipair).

Statistical analysis

Data were analyzed for statistical significance using a one-way or two-way analysis of vari-
ance (ANOVA), as indicated in the figure legends. Data are expressed as means ± standard 
errors of the means (SEM). A P value of 0.05 was taken as the level of significance.
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Abstract

Both nutrition and orally ingested drugs pass the gastrointestinal mucosa and may affect the 
balance between the mucosal immune system and microbial community herein, i.e. affecting 
composition of the microbial community as well as the status of local immune system that 
controls microbial composition and maintains mucosal integrity. Numerous ways are known 
by which the microbial community stimulates mammalian host’s immune system and vice 
versa. The communication between microbiota and immune system is principally mediated 
by interaction of bacterial components with pattern recognition receptors expressed by 
intestinal epithelium and various local antigen-presenting cells, resulting in activation or 
modulation of both innate and adaptive immune responses. Current review describes some 
of the factors influencing development and maintenance of a proper mucosal / immune bal-
ance, with special attention to Toll like receptor signaling and regulatory T cell development. 
It further describes examples (antibiotic use, HIV and asthma will be discussed) showing 
that disruption of the balance can be linked to immune function failure. The therapeutic 
potential of nutritional pharmacology herein is the main focus of discussion.
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1. The mucosal / immune balance

Interaction between microbial community and human host is known to play a crucial role 
in the mucosal homeostasis and health status of the host. The mucosa-associated lymphoid 
system tightly regulates this interaction and, under normal conditions, prevents damaging 
inflammatory reactions by maintaining a tolerogenic state. A proper mucosal barrier function 
therefore includes prevention of explicit pathogenic threats, while in mean time there is the 
need to suppress or moderate strong anti-microbial responses, and excessive inflammation.

1.1 The development of the balance starts at birth

The development of the immune system is enormously challenged to induce “specific” 
immune responses to dangerous intruders (pathogens) and tolerance to non dangerous 
substances such as food components and environmental factors. As far as it can be deter-
mined, the fetus is mostly sterile before birth. Although there is some evidence that maternal 
exposure to microbes occurs during pregnancy that may affect fetal immune development. 
Infections with parasites and viruses during gestation have been shown to affect the infant’s 
immune response (Hughes et al., 1999; Santos et al., 2010). Infants born to mothers living in 
farm environments with high maternal microbial exposure during gestation appear to be pro-
tected from the development of asthma (Douwes et al., 2008; Ege et al., 2006). These infants 
have increased expression of innate immune system receptors at birth. Besides microbial 
exposure during gestation the infant is exposed to a highly diverse microbial community at 
birth and thereafter which requires a tremendous maturation of the immune system during 
the first months of life, a period when the infants is highly susceptible to infections. During 
the early period of life the infant is protected to some extend by maternal antibodies acquired 
via the placenta and breast milk. Different immune modulating substances are acquired via 
breast milk as well. The mechanisms involved in such protection are far from being eluci-
dated, but the interaction with maternal delivered Toll-like receptor ligands may contribute 
to immune development (Conrad et al., 2009).

Directly upon delivery the neonate is for the first time exposed to a wide variety of 
microbes. The mode of delivery shapes the acquisition and structure of the initial microbiota 
across multiple body habitats in newborns (Dominguez-Bello et al., 2011). Although only a 
small proportion of the bacteria to which the baby is initially exposed colonizes, the delivery 
mode is to some extent related to disease predisposition, which shows that the earliest expo-
sure has a crucial impact on the immune system of a child. For example: babies delivered by 
caesarian section are more susceptible to allergies and asthma compared to children who 
are vaginally delivered (Bager et al., 2008; Negele et al., 2004). To handle this first bacterial 
challenge without fatal inflammation, the babies are born with an immune system biased 
to induce immunological tolerance characterized by a preferential induction of Tregs (Mold 

Marcel BW.indd   133 30-Oct-13   10:54:11 AM



134

et al., 2008). Tregs are particularly abundant and functional at birth and inhibit excessive 
immune responses whereby ultimately the maintenance of peripheral T-cell tolerance and 
pathogen clearance are key (MarchantGoldman, 2005; Schonland et al., 2003).

1.2 First intervention establishing a lifelong balance

One important factor modulating both the infant’s immune responsiveness and the gastro-
intestinal microbial community is nutrition, preferably breast milk. The composition of the 
microbial community can differ between infants that are fed with either breast milk or for-
mula (Klaassens et al., 2009). The contents of breast milk have evolved over millions of years 
providing nutrition, supporting the development of proper microbiota and immune balance 
characterized by protection to pathogenic agents and tolerance towards environmental fac-
tors. Several components of breast milk seem to enhance mucosal barrier function and shape 
immune development both directly and indirectly. Breast milk contains several immune 
modulating components with specific modulating potential, that have a clear role in immune 
mediated disease resistance later in life (Van’t Land et al., 2010a). Moreover, breastfeeding 
contributes to enrichment of lactic acid-producing bacteria in the baby’s intestine (Martin et 
al., 2007).

Breastfeeding has been associated with protection against allergic disease development, 
neonatal diarrhea (Ruiz-Palacios et al., 1990), necrotizing colitis (McGuireAnthony, 2003), 
development of obesity (as reviewed in (Owen et al., 2005) and Type II diabetes later in life 
(Owen et al., 2006). However after weaning there is a level of microbial community matura-
tion which seems to decrease the gross differences between the two feeding regimens in 
terms of fecal microbiota composition (Magne et al., 2005). The fact that early nutritional 
status (impacting the microbial community development) is associated with the subsequent 
development of disorders later in life, suggests an important role for the microbial commu-
nity in the development and modulation of chronic diseases. This modulation might involve 
different processes. The composition of the intestinal microbial community influences 
energy balance (Backhed, 2009; Nicholson et al., 2005), pathogen colonization resistance 
(Boullier et al., 2003), and the maturation of the intestine (Are et al., 2008) and mucosal 
immune system (Mazmanian et al., 2005). These important features of modulation by the 
gut microbial community are likely similar to those of the non-gut body habitats although 
much less is known of those interactions. In the last few years we see increasing progress of 
understanding in the field of microbial interactions with the mucosal and systemic immune 
system.
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2. Crosstalk between microbiota and immune system

2.1 Role of microbial recognition and response from the host

Pathogenic microbial eradication is characterized by an immediate recognition followed 
by a strong innate / inflammatory and adaptive immune response. Although effective in 
pathogen control the immune response often induces significant tissue damage. The mucosa 
is therefore permanently challenged to discriminate between commensal bacteria and 
potential pathogens and responds accordingly. Recently exhaustive metagenomic analysis 
displayed the enormous genomic diversity within the human gut microbial community (Qin 
et al., 2010), exposing the complexity of the interaction the immune system is challenged 
with. In addition to the pattern recognition receptor induced signaling by pathogens, they 
induce a particular level of stress which functions as additional danger signal, driving the 
immune response towards inflammation and ultimately eradication of the pathogen. These 
receptors can be found intracellular as well as on the cell surface and consist of different 
families like the Toll like receptors (TLR), C-type lectin receptors ( including dectin-1 and 
DC-SIGN) and nucleotide-binding oligomerization domain (NOD) like receptors (NLRs, such 
as NOD2 the peptidoglycan receptor). Upon triggering a downstream intracellular signaling 
results ultimately in the induction of for instance cytokine responses. Pathogenic bacteria as 
well as commensals are both recognized by TLRs as they detect various conserved microbial 
structures including lipoteichoic acid (TLR-2), lipopolysaccharide (TLR-4), flagellin (TLR-5) 
and CpG DNA (TLR-9) recently reviewed in (Abreu, 2010). This interaction of the microbial 
community with TLRs is essential in maintenance of the intestinal integrity and immune 
homeostasis (Rakoff-Nahoum et al., 2004).

The microbial community induces immune modulating effects in different ways. For 
instance. the polysaccharide-A of B. fragilis was found to induce systemic Th1 responses, 
thereby reversing the Th1/ Th2 balance (RoundMazmanian, 2010) and, Peptidoglycan dif-
ferences on commensal bacteria may affect neutrophil function through Nod1 (Clarke et al., 
2010). Secretion of metabolites like short chain fatty acids can elicit responses, as is the ATP 
produced by some commensals which may enhance Th17 cell differentiation by the activa-
tion of Lamina propria located DCs (Atarashi et al., 2010b). These examples illustrate that 
we are only beginning to understand the pharmacological potential of microbial community 
modulation.

2.2 The role of microbiota in mucosal Treg development

The mucosa represents a unique environment that requires multiple levels of control. 
Intestinal contents are sampled by M-cells in the intestinal epithelial lining, after which the 
underlying dendritic cells situated mostly in the Peyer’s patch present these antigens to 
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naïve T cells. Upon antigen presentation, different cell lineages like Th1, Th2, Th17 cells or 
Tregs, are generated and enter the blood stream or home to the intestinal mucosa. Mucosal 
DCs specifically the CD103+ DCs have a unique ability to generate specific Tregs (Sun et al., 
2007). LPS in the diet for instance, provides sufficient TLR2 stimulation to expand Tregs 
in germ-free mice (Hrncir et al., 2008; Sutmuller et al., 2006). Moreover, TLR expression 
profiling studies revealed that multiple TLRs are expressed on CD4+ T-cells as well as Tregs. 
Tregs express even higher levels of TLR4, TLR5, TLR7 and TLR8 in comparison to regular 
T-cells (LiuZhao, 2007). In addition, TLR2 seems to be important in regulating murine 

Figure 1. The microbial community in contact with the mucosal surface induces a state of non-responsive-
ness/tolerance through interaction with the mucosal immune system. There is cell specific limited recognition 
of bacterial products like lipopolysaccharide (LPS), lipoteichoic acid (LTA) and DNA fragments (CpG). Upon 
signaling through Toll like receptors (TLR) and NOD-like receptors the intestinal defense systems are activated. 
In addition, Dendritic cells (DCs) are activated and upon secretion of cytokines like IL-10 and TGF-β subse-
quent induction of the regulatory T-cell (Treg) tolerance induction is initiated. Mucosal barrier injury induced 
by external factors like infection, chemotherapy or other stressors disrupts homeostasis, which may create 
an autocrine loop inducing inflammation. More specifically, microbiota composition imbalance has been as-
sociated with an imbalance between populations of inflammation-mediating T-helper cells (Th1, Th2 and 
Th17) and anti-inflammatory Treg cells. Prolonged overproduction of Th1- and Th17-associated cytokines has 
been linked with inflammatory bowel diseases, while a Th2 skew is linked with allergic disorders, asthma, and 
ulcerative colitis. Such chronic inflammatory responses set up a ‘vicious circle’, disrupting the gastrointestinal 
microbiota. Therefore, an increased understanding of the complex microbial communities and subsequent 
cross-talk with the immune system will advance the development of efficacious prevention and treatment 
protocols of a diversity of chronic diseases.
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Treg-mediated suppression as well as expansion (Sutmuller et al., 2006). In addition, Tregs 
are important for the induction of mucosal tolerance.

Several subsets of inducible Tregs have been defined, including Foxp3+ Tregs, IL-10 pro-
ducing type 1 regulatory T-cells (Tr1), cells that mediate suppression through IL-10 secre-
tion (Roncarolo et al., 2006) and TGF-beta producing Tregs (Th3) that mediate regulation 
through TGF-beta production. These subsets however may not be mutually exclusive and act 
in synergy to achieve suppression. For instance orally induced Foxp3+ Tregs are essential 
in the suppression of IL-4 production inducing tolerance in allergic airway inflammation. 
However, IL-5 production and eosinophilia seem to be controlled by an IFN-γ dependent, 
Foxp3-independent mechanism (Curotto de Lafaille et al., 2008). This may suggest that 
Foxp3-independent regulation may contribute to the conversion of Foxp3+ Tregs in order to 
establish a tolerogenic microenvironment. This is only one detailed example of how eventu-
ally the development of Tregs can be influenced by microbial community present in the gut.

Inducible Tregs are generated from un-polarized CD4+ T-cells in the intestine after contact 
with the lamina propria resident CD103+ DC’s. The CD103+ DCs seem to be the major DC 
subset involved in the antigen trafficking from intestine to the lymph nodes and are potent 
activators of T cells. These DCs can convert vitamin A to retinoic acid, which triggers the 
expression of gut homing receptors during T cell priming and thereby convey signals from 
the microbial community to direct T cell and Treg differentiation (Coombes et al., 2007). 
Although, in the absence of microbiota there are still Tregs present, the microbial commu-
nity is clearly capable of modulating the Treg phenotype. For example, the specific bacterial 
derived DNA suppresses Treg differentiation in a TLR-9 dependent way (Hall et al., 2008). 
The DNA was found to promote Th17 and Th1 cell responses by the restriction of Treg 
differentiation. However, commensal bacteria (specifically B. fragilis) have been found to 
increase the number of Tregs in the colon. More specifically, the spore forming Clostridium 
species belonging to clusters IV and XIVa induce Foxp3+ and IL-10+ Treg differentiation in 
the colonic lamina propria. The Treg differentiation was at least partially mediated by an 
epithelial derived TGF-beta induction. The increase in numbers of Clostridium made neonatal 
mice more resistant to colitis, and seemed to suppress systemic IgE responses (Atarashi et 
al., 2010a). So over time, the gut microbiota, oral pathogens, nutrition, but also orally taken 
pharmacological drugs may have an important role in shaping the repertoire of Foxp3+ regu-
latory T cells. The relative contribution of these regulatory T cells to peripheral tolerance 
and the outcome of infections let alone the development of the immune system as a whole 
remains to be addressed with care. Immune modulating commensal species control to some 
extent the immune balance, in which species such as the Segmented Filamentous Bacteria 
favor the balance to Th17 whereas species belonging to Clostridium clusters IV and XIVa can 
be characterized as Treg inducing species. This may in part be linked to the intestinal local-
ization of the different species, and their interaction to the mucosa, which is nicely reviewed 
recently. (IvanovLittman, 2011).
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2.3 Gastrointestinal modulation and the respiratory immune response

A clear example of the influence of microbial community on the failure to develop a proper 
immune response comes from the associations found in the allergy / asthma field. The 
development of an adult–like microbiota composition occurs during the first years of life. 
Environmental exposure plays an important role in microbiota development (Palmer et al., 
2007). The “Hygiene hypothesis” states that the encounter of infections in early life prevents 
later onset of allergic diseases, which is a well established working hypothesis in relation to 
the development of allergy (Yazdanbakhsh et al., 2002) and supported by several studies. 
For instance it has been shown that in a population with higher bacterial exposure early in 
life, the prevalence of atopy and asthma is lower (Vartiainen et al., 2002). Furthermore, a 
lower prevalence of asthma and atopy is found among children raised on a farm, which also 
correlates with the exposure to an increased bacterial diversity (Von MutiusRadon, 2008). 
Moreover, many studies using microbial products, like endotoxin and muramic acid as simple 
markers of microbial exposure have corroborated these observations (Sordillo et al., 2010). 
This illustrates the importance of a well balanced interaction between the mucosal immune 
system and the external microbial community.

The microbiota composition at 1 month of age is associated with susceptibility to develop 
atopic diseases in childhood (Penders et al., 2007b). In addition, the existence of an altered 
microbiota composition in children developing allergy up to 5 years of age suggested an 
early imprinting of a long lasting cross-talk (Sjogren et al., 2009). The importance of the 
development of a stable microbial community for the protection against the development 
of allergic disorders like asthma is further illustrated by studies showing detrimental effects 
of the use of antibiotics. Antibiotic use in early life, besides disrupting the gut microbiota 
composition, it appears to contribute to increased risk for atopy in certain subgroups of 
children. Moreover, neonatal antibiotic treatment is suggested to be a risk factor for early 
wheezing (Alm et al., 2008). It is clearly established that the microbial community has a role 
in the prevalence of allergic diseases. However, intestinal microbial composition is just one 
of the contributing factors in this process. It is very well known that there are also other fac-
tors playing an important role such as genetic background, early (non-intestinal) pathogenic 
exposures, environmental factors, etc. It is known that a disturbed microbial immunity might 
have detrimental effect on the development of the immune system. However, it is not known 
whether this effect is also vice versa, i.e. that immune disruption can affect the composition 
of the microbial community.

In diseases like Obesity, inflammatory bowel diseases and Crohn’s disease more and 
more correlations are found between the microbial community composition and the disease, 
although it is difficult to determine if a certain microbial composition reflects a cause or an 
effect of the disease. It could be speculated that it is the microbial community which induces 
intestinal inflammation and thereby plays a role in disease etiology, or vice versa, the onset 
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of a disease is due to a genetic or immune based failure which is at the same time responsible 
for the disturbed microbial community, with neither of both hypothesis being completely 
wrong. There are however examples where an immunologic failure is clearly responsible 
for the onset of a chronic disease, like for HIV, where HIV patients develop a disturbed gut 
microbiota composition(Gori et al., 2008).

3. Balance disturbances

3.1 Immune disruption and the negative effect on microbial composition and disease 
progression (HIV)

HIV infection disrupts intestinal homeostasis as it directly affects the host immune system by 
killing CD4+ T cells. Decreased CD4+ T cell numbers indirectly affect the intestinal microbiota 
composition (Brenchley et al., 2006; Gori et al., 2008). The loss of intestinal CD4+ T-cells 
occurs early in disease. Epithelial function and immune regulation, in combination with 
an increased pathogen-enriched microbiota composition leads to an increase in intestinal 
permeability, bacterial translocation and an increased inflammatory state of the mucosal 
immune system (Hummelen et al., 2010). The increased activation of CD8+ as well as CD4+ 
T-cells occurs systemically, but is most likely also present within the mucosa. Increased T cell 
activation is highly associated with HIV disease progression. In addition, the success of CD4+ 
T-cell repopulation during anti-retroviral therapy depends on the level of CD4+ T-cell activa-
tion and death prior to the start of therapy. Therefore, a strategy aimed to reduce immune 
activation (by for instance improvement of intestinal barrier integrity / immune regulation 
support) was envisaged to influence HIV disease progression as a whole (Gori et al., 2011). 
In a double-blind placebo controlled clinical trial, worldwide 340 HIV-1 adults pre-treatment 
received a nutritional formula containing specific prebiotic oligosaccharides or an isocalo-
ric/isonitrogenous control for 1 year. This study showed a positive effect diminishing the 
CD4+ T-cell decline in HIV-1 infection due to the specific nutritional intervention (Lange et al., 
2009). Thus modulation on the mucosal side may support the immune system positively. In 
addition this is a clear example in which it is shown that cross-talk is effective in both direc-
tions, as HIV is known to deregulate the immune system directly, with microbial community 
changes as a consequence. Moreover, the nutritional intervention at the mucosal site shows 
clear microbial composition changes that impact on disease progression, as measured by the 
change in CD4+ T cell decline.
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3.2 Sensitive measurement of mucosal barrier disruption is lacking which 
complicates detailed investigation of the working mechanism of immune modulation

Knowing that there is a relation between immune dysfunction and intestinal barrier func-
tion, it raises the need for a sensitive method to analyze intestinal permeability in order to 
be able to investigate the effect of interventions closely. There are some relative non-invasive 
methods like the Lactulose / Rhamnose ratio measurements in urine to measure intestinal 
barrier function (Blijlevens et al., 2004). However, due to high variation, and difficulty to 
obtain standardized samples, detailed knowledge of intestinal barrier function in different 
settings is lacking. In addition, the possible role of intestinal disruption is not recognized 
as underlying immune deficiency cause. Even in therapies known to induce mucositis there 
is not a clear biomarker available to monitor intestinal disruption or barrier failure other 
than the culture of translocating bacteria, which only gives an indication, but not a detailed 
analysis of the intestinal barrier function. Moreover, the information necessary to correlate 
faltering intestinal barrier integrity in relation to immune responsiveness is still limited. 
Epithelial NF-ĸB activation plays an important role in the preservation of the integrity of 

Table 1: The intestinal microbiota and epithelial barrier interruptions are major factors in disease progression

Disease Evidence Reference

HIV Aberrant intestinal microbiota composition in HIV patients (Gori et al., 2008; 
McKenna et al., 2008)

Increased bacterial translocation among HIV progressors and 
those non responding to anti-retroviral therapy

(Brenchley et al., 2006; 
Marchetti et al., 2008)

Enhanced epithelial inflammation and scarring of gastrointestinal 
lymphoid system among HIV progressors

(Brenchley et al., 2006; 
Marchetti et al., 2008; 
Sankaran et al., 2005)

Asthma/Atopy The microbiota composition at 1 month of age is associated with 
subsequent development of atopic diseases in childhood

(Penders et al., 2007a)

Antibiotic use disturbing the microbiota of the gastrointestinal 
tract in early life appears to contribute to increased risk for atopy 
in certain subgroups of children.

(Johnson et al., 2005)

Neonatal antibiotic treatment is a risk factor for early wheezing (Alm et al., 2008)

IBD/Crohn Microbial imbalances in inflammatory bowel diseases and Crohn’s (Frank et al., 2007; 
Kassinen et al., 2007)

Host –mediated inflammation disrupts the intestinal microbial 
homeostasis and promotes the overgrowth of specific bacteria.

(Lupp et al., 2007; 
Willing et al., 2009)

Obesity/Diabetes Altered microbiota composition in cesarean section delivered 
infants might be linked to the development of diabetes later in life

(Cardwell et al., 2008)

The microbiota may affect lipid metabolism and function as an 
environmental factor that influences the development of obesity 
and related diseases by activating the innate immune system

(Caesar et al., 2010)

Disease progression / severity is the major focus of this table and only some examples of many more to be 
found in literature are displayed within this table.
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the mucosal epithelial barrier. In addition, it coordinates the antimicrobial actions of both 
innate as well as adaptive immune systems (Ben-NeriahSchmidt-Supprian, 2007). Therefore, 
a hyper-activation or deficiency in NF-ĸB regulated gene transcription results in chronic 
inflammation and disruption of homeostasis. This implicates that NF-ĸB can play a central 
role in immune functioning and mucosal barrier homeostasis and might be an interesting 
target for modulation (Van’t Land et al., 2004). Pharmaceutical as well as nutritionally driven 
inhibition can be beneficial in the reduction of over-active immune responsiveness. However, 
as it affects intestinal barrier function, inhibition of NF-ĸB may reduce barrier integrity. This 
causes increased bacterial translocation, indirectly inducing inflammation which on itself 
may counteract the intended immune suppression. Therefore, there is a need for a sensitive 
method to analyze intestinal permeability in order to be able to investigate the effect of an 
intervention more closely.

3.3 Pharmaceutical interventions may unintentionally affect immune responsiveness

The main port of entry for respiratory and enteric viral pathogens is the mucosal epithelial 
surface, which is also involved in the modulation of the immune response at the innate/
adaptive interface under the influence of the entire microbial community. Although respira-
tory and enteric viral infections cause significant morbidity and mortality world-wide, the 
majority of primary and secondary viral exposures induces only minor symptoms or occurs 
completely asymptomatic. It has recently been shown that the administration of some but 
not all antibiotics affects the capacity to respond to a respiratory pathogen (Ichinohe et al., 
2011). Antibiotics are a frequently used and very effective pharmacological intervention dur-
ing bacterial disease. However, although designed to counteract specific pathogens, antibiotic 
treatments might also disturb the microbial community in the human gut and therewith its 
homeostasis with the host. In a recent murine study it was shown that that the disturbance 
of commensal microbiota composition by antibiotic treatment critically influenced the gen-
eration of virus-specific immune responses following respiratory influenza virus infection 
(Ichinohe et al., 2011). Moreover, the administration of some TLR ligands could rescue the 
immune impairment in antibiotic-treated mice. Following intranasal influenza virus infec-
tion, the activation of the inflammasome leads to DC migration from the lung to the draining 
lymph node where antigen specific T-cell priming occurs and the antiviral immune response 
is elucidated. The antibiotic induced microbial disturbance and subsequent reduced response 
towards respiratory pathogens, subscribes the important role of the microbial community in 
the regulation of respiratory mucosal immunity, which leaves the question to be answered 
if this can be applied to all respiratory pathogens. In addition to the general use of antibiot-
ics, it is suggested that also the use of pain killers like paracetamol and aspirin, regarded as 
safe and therefore regularly used even in early life may also influence the immune system 
development. The use of paracetamol has recently been associated with the development 
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of asthma later in life (Bakkeheim et al., 2010). This finding is in line with earlier reports 
stating that childhood asthma and recurrent wheezing and eczema are linked to the intake 
of paracetamol in the first year of life (Beasley et al., 2008). Paracetamol does not inhibit 
COX-2 in contrast to aspirin (acetylsicylic acid). COX-2 is involved in the PGE2 production 
during the resolution of common respiratory infections. Recently it was shown that PGE2 
directly regulates the expression of retinal dehydrogenase enzymes in human DCs, known 
to be involved in the induction of gut homing receptors of primed T cells (Stock et al., 2011). 
PGE2 is thereby linked to the Th1 / Th2 balance as it promotes Th2 and inhibits Th1 type of 
cytokine production. It might be that the use of paracetamol facilitates the relative Th1/Th2 
imbalance in genetically predisposed children (Varner et al., 1998).

4. Immune intervention

4.1 The possibilities through nutrition

As clearly illustrated by now, the commensal microbial community is essential in shaping 
the immune response in health and disease. Therefore, interventions affecting microbial 
composition gain increasing interest. This can be accomplished by oral administration of 
bacterial strains or prebiotics, i.e. special oligosaccharides that promote the growth of par-
ticular bacterial strains in the gut. It is however of key importance to unravel the mechanism 
of recognition and modulation induced by the different commensal bacterial species (Plant-
inga et al., 2011). The use of prebiotics is based on the observation that oligosaccharides in 
human breast milk appeared to influence the microbiota composition in the gut which is very 
different in infants receiving breast milk versus formula feeding. A clear bifidogenic effect 
on the gut microbiota has been ascribed to the non-digestible oligosaccharides present in 
human breast milk, and a positive effect on the incidence of infections and allergy related 
symptoms at short term and possibly also at long term was associated with the altered bacte-
rial composition (Arslanoglu et al., 2008; Gibson et al., 1995). It has been suggested that the 
prebiotic oligosaccharides might act indirectly through microbiota-dependent mechanisms 
(i.e. rebalancing microbiota composition in the gut) and/or have a direct effect via activation 
or inhibition of cellular receptors on immune competent cells (Vos et al., 2007). More spe-
cifically, it was found recently that Tregs play a fundamental role in the immune modulation 
induced by the supplementation of these specific oligosaccharides (Schouten et al., 2010; 
Van’t Land et al., 2010b).

4.2 In summary

Nutritional components, commensal bacteria and immunological processes are linked and 
play a role in diseases of different etiology. The relationship among these determinants is by 
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far not fully understood. Microbial interventions can be induced by addition of probiotics, 
prebiotics, or other nutrients, and by the administration of antibiotic therapies. All these 
interventions affect different bacterial species. It is of key importance to unravel the mecha-
nism of recognition and modulation induced by the different commensal bacterial species. As 
the understanding of the cross talk between the mucosal immune system and the microbial 
community is developing, it is likely that interventions will become more and more specific, 
and we foresee a personalized approach in the future. Which implicates that microbiome 
adjustment to the core level with the gaps or excesses to be filled in or depleted respectively 
might affect disease status.
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Abstract

Regulatory T-cells are increasingly important in vaccine strategies. In a Flu-vaccination 
model the role of CD4+CD25+Foxp3+ regulatory T-cells (Tregs) and the immune modulation 
by orally supplied prebiotic oligosaccharides consisting of scGOS/lcFOS/pAOS, was assessed 
using anti-CD25 (PC61) mediated depletion studies. As expected, in C57BL/6J mice the 
Flu-vaccination resulted in significantly (p<0.001) increased DTH responses when receiv-
ing scGOS/lcFOS/pAOS. In addition, increased T-bet expression of activated CD4+ T-cells 
was detected compared to placebo. In vivo depletion of CD25+ Tregs significantly (p<0.05) 
increased basal DTH responses, indicating the suppressive function of these CD25+ Tregs 
normally present. Surprisingly, in vivo Tregs depletion diminished scGOS/lcFOS/pAOS 
induced immune modulation completely to control levels (p<0.05). Although no difference 
in number, percentage or activation of Tregs could be determined after scGOS/lcFOS/pAOS 
supplementation, changes in Treg function still remains to be investigated. In conclusion, 
CD25+ Tregs have an important role in modulated Flu-vaccine responses induced by scGOS/
lcFOS/pAOS.
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Introduction

Although influenza vaccination is widely recommended for immune suppressed individuals 
(i.e infants, elderly, etc), the same immune dysfunction that increases the risk and conse-
quences of influenza infection also compromises vaccine responses and effectiveness [1]. 
Immune suppression can be the result from many different biological mechanisms, rang-
ing from the developing immune system, rare congenital immune deficiencies to more 
common causes such as immunosuppressive drugs, aging or HIV infection. On the other 
hand, to maintain a proper immunological balance in the host, specialized T-cell subsets 
like CD4+CD25+Foxp3+ regulatory T-cells (Tregs) and CD1d-restriced NKT-cells are crucial. 
Tregs are also increasingly important in vaccine strategies as they serve to limit activation, 
trafficking, and/or effector functions of both CD4+ and CD8+ T-cells [2,3]. During a primary 
immune response, the expansion and attraction of conventional and regulatory T-cell popu-
lations occur in synchrony [4]. More importantly, the relative accumulation of Tregs at peak 
response significantly exceeds that of conventional T-cells, reflecting an extensive relation-
ship between Tregs and conventional T-cells, which control the magnitude of the response 
[5]. Little is known about the intracellular factors and external cues for the differentiation and 
function of distinct Treg populations. Although, recently it has been shown that both Fox-p3 
as well as T-bet (a transcription factor both necessary and sufficient for Th1 differentiation) 
act jointly within Tregs to produce unique functional outcomes in Th1 type of inflammation 
[6], suggesting the possibility of specific immune response related Tregs development.

Investigation of the role of Tregs in model systems is facilitated by their in vivo deple-
tion using anti-CD25 monoclonal antibodies. One of the first studies using anti-CD25 mAb 
in combination with therapeutic vaccination resulted in increased eradication of tumors 
and the development of a strong tumor-directed T-cell response. Furthermore C57BL6 mice 
depleted for CD25+ Tregs, showed a more potent Th1 response [7], resulting in the resolution 
of established infections [5]. Thus, it seems that breaking immunological tolerance through 
depletion of Tregs can evoke strong immune responses in otherwise non-responding ani-
mals [8]. Although there has been considerable debate about the effectiveness of the anti-
CD25 mAb treatment in vivo to deplete Tregs, numerous articles report significant clinical 
effects following anti-CD25 pre-treatment in a variety of animal models [9-12]. This indicates 
that PC61 administration affects functionality of CD25+Foxp3+ Tregs [13]. This approach is 
therefore used to study the role of Tregs in immune modulations induced by non-digestible 
oligosaccharides.

Specific non-digestible oligosaccharides can improve the immune balance in infants, 
resulting in lower incidence of infections early in life [14]. In addition, both mucosal and 
systemic immune modulatory effects induced by orally applied prebiotic oligosaccharides 
have been reported [14]. Recent data indicate that a mixture of scGOS/lcFOS and pAOS can 
have an impact on allergy related symptoms [14]. Prebiotic oligosaccharides can possibly 
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act indirectly through microbiota-dependent mechanisms (i.e. rebalancing microbiota com-
position in the gut) and/or have a direct effect via activation or inhibition of cellular recep-
tors on immune competent cells [15]. The pre- and probiotic concept is based on the fact 
that indigenous microbiota are considered to contribute to induction and maintenance of 
immune homeostasis possibly via of CD25+ Tregs [16]. The exact underlying mechanism 
whereby prebiotic oligosaccharides induce immune modulatory effects however remains 
to be elucidated and is subject of current investigation. Given the importance of Tregs in 
maintenance of immune homeostasis and vaccine efficiency in the host, the possible role of 
Tregs in the immune-modulating effects of dietary supplementation with a unique mixture 
of prebiotic oligosaccharides scGOS/lcFOS/pAOS has been investigated.

Results

Dietary scGOS/lcFOS/pAOS enhances Th1 type of specific immunity towards the Flu 
vaccination.

Immune modulation effects of the dietary interventions were analyzed by measuring antigen 
specific DTH responses, as an in vivo parameter for Th1 type of cellular immunity. In mice 
receiving scGOS/lcFOS/pAOS, influenza vaccination resulted in significantly (p<0.001) 
increased influenza-specific DTH responses as compared to mice receiving placebo diets 
(Figure 1A). These responses are comparable with earlier described immune modulation 
capacities of orally supplied oligosaccharides [21]. In addition, the expression of T-bet and 
Gata-3 in the activated (CD69+) CD4+ T-cell population was assessed (Figure 1B and C). A 
significant increase in T-bet expression (p<0.05) could be detected in splenocytes of mice 
receiving scGOS/lcFOS/pAOS as compared to mice receiving placebo diet (5515 +/− 295 
placebo vs 6720 +/− 236 scGOS/lcFOS/pAOS MFI (mean +/− SE)). In contrast, no differences 
were found in Gata-3 expression levels. The increased DTH as well as increased T-bet expres-
sion level, through supplementation of oligosaccharides are indicative for improved Th1 type 
of immune responsiveness in C57BL/6J mice towards a fixed antigen dose.

CD25+ T-cells are involved in scGOS/lcFOS/pAOS induced increased DTH response.

To investigate the role of CD25+ T-cells in immune modulation induced by oligosaccharides, 
antibody mediated depletion studies were performed. In vivo depletion of CD25+ T-cells with 
PC61 significantly (p<0.05) increased basal DTH responses (from 68.44 +/− 2.9 to 89.38+/− 
9.4 mean +/− SEM), which indicates the suppressive function of these cells normally present 
(Figure 2A). As expected, Flu specific DTH responses were significantly (p<0.001) increased 
(117.3 ± 8.8 µm mean ± SEM) in mice receiving scGOS/lcFOS/pAOS in the diets compared 
to placebo (68.44 ± 2.9 µm mean ± SEM) as shown in earlier studies. On the contrary DTH 

Marcel BW.indd   154 30-Oct-13   10:54:14 AM



Chapter 6 
Regulatory T-cells in an oligosaccharide m

odulated vaccine response

155

responses of mice receiving scGOS/lcFOS/pAOS were completely (p<0.05) reduced to con-
trol levels (89.4 ± 9.4 and 91.1 ± 8.9 µm mean ± SEM of placebo and scGOS/lcFOS/pAOS 
respectively) upon depletion of CD25 positive cells. This indicates that depleting of CD25+ 
T-cells with normally a suppressive function are involved in the immune modulation induced 
by scGOS/lcFOS/pAOS.

Figure 1. Dietary intervention with scGOS/lcFOS/pAOS significantly increases Flu specific Th1 response. 
Two groups of mice (n = 10 per group) received a sub-maximal vaccination and dietary intervention of placebo 
or scGOS/lcFOS/pAOS during the entire vaccination procedure as indicated in the experimental scheme (SDI 
= Start Dietary Intervention). A non-vaccinated group (n=3) was used as control (NV). Antigen specific DTH 
responses (A) were measured by ear swelling (24 hours post antigen injection) and corrected for background 
(PBS) swelling. Bars represent mean +/- SEM of the different groups. In addition, spleen cells isolated from 
mice (n = 10 per group) receiving either placebo or scGOS/lcFOS/pAOS were labeled with CD4/CD69/T-bet/
Gata-3 and analyzed using flowcytometry. Lines represent mean MFI of T-bet (B) or Gata-3 (C) on CD4+CD69+ 
T-cells in individual spleen cell populations (as indicated through separate dots). Statistically significant differ-
ences between the groups receiving vaccinations are indicated in the graph.
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Figure 2. CD25 depletion reduces scGOS/lcFOS/pAOS induced Flu specific DTH responses. Four groups of 
mice (n=10 per group) received a sub-maximal vaccination and dietary intervention of placebo (gray bars) or 
scGOS/lcFOS/pAOS (dark gray bars) during the entire vaccination procedure as indicated in the experimental 
schemes (SDI = Start Dietary Intervention). In addition two groups of mice received anti-CD25 mAb (200 µg 
per inj. i.p. PC61 Biosceros) two days prior to vaccinations as indicated (dashed bars). Antigen specific DTH 
responses were measured by ear swelling (24 hours post antigen injection) and corrected for background 
(PBS) swelling. Bars represent mean +/- SEM of the different groups. All intervention groups are statistically 
different from placebo (p<0.01) and additional statistical significant differences are indicated in the graphs.
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The involvement of CD25+ T-cells in scGOS/lcFOS/pAOS induced DTH responses is 
already present during the primary Ag encounter.

As recently activated T-cells are expressing CD25, a treatment with PC61 prior the booster 
vaccination, may influence these CD25+ cells as well as Tregs. In a non-vaccinated mice 
normally a low level of recently activated T-cells are present, therefore the accuracy and role 
of CD25+ T-cell depletion was investigated during the primary vaccination. Flu specific DTH 
responses which were significantly (p<0.05) increased (85.6 ± 10.7 µm mean ± SEM) in mice 
receiving scGOS/lcFOS/pAOS in the diets compared to placebo (45.2 ± 7.3 µm mean ± SEM) 
(Figure 2B). These DTH responses were lower as seen in the model using two vaccinations 
as expected. DTH responses in mice receiving scGOS/lcFOS/pAOS were significantly (p<0.05) 
reduced to control levels (51.7 ± 5.8 µm mean ± SEM) upon treatment with anti-CD25 mAb. 
This indicates that CD25+ Tregs have a role in the scGOS/lcFOS/pAOS induced effects.

Tregs are clearly involved in scGOS/lcFOS/pAOS induced DTH increment.

Treatment with PC61 is effective for at least 10 days post administration. This means that 
at the time DTH were set (11 days post PC61 administration), the mAb may affect DTH 
responses. Therefore it was tested whether anti-CD25 treatment prior to primary vaccina-
tion only could influence the vaccination response as the total vaccination procedure was 
applied. Anti-CD25 treatment resulted in a significantly increased DTH response of mice 
receiving placebo (Figure 2C), which clearly postulates a selective reduction in regulatory 
function during priming of the Flu specific immune response. In addition, it was found that 
the immune modulatory effect induced by scGOS/lcFOS/pAOS was almost completely dimin-
ished to control levels due to the in vivo depletion of CD25+ Tregs prior to the primary vac-
cination. The DTH increase in mice receiving scGOS/lcFOS/pAOS was statistically significant 
reduced from 126.3 ± 5.8 to 95.7 ± 5.8 µm mean ± SEM (p<0.05) due to anti-CD25 treatment 
2 days prior to primary vaccination (Figure 2C), which indicates that Tregs are involved in 
the immune modulatory effect of scGOS/lcFOS/pAOS.

Presence and activation of Tregs is not altered in spleen and MLN due to scGOS/
lcFOS/pAOS supplementation.

Level of total immune activation as detected by measuring membrane expression of CD25, 
CD38 and CD69 were equal in mice regardless of diet, both in the MLN and spleen (data 
not shown). In both spleen and MLN’s the percentage of Tregs were not altered significantly 
in the mice receiving scGOS/lcFOS/pAOS compared to mice receiving placebo in this vac-
cination model. Upon in vivo depletion of CD25+ cells using anti-CD25 antibody treatment 
a significant reduction in the percentage of CD25+Foxp3+ expressing cells (p<0.01) in the 
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MLNs could be detected at the end of the study (data not shown). No effects could be detected 
in the spleen or the MLN’s on the percentage of CD25+Foxp3+ T-cells or on the CD25+ T-cells 
or on Foxp3+ T-cells alone (Figure III). In addition, the activation status of Tregs was analyzed 
using CD69 activation surface marker. Although the levels of CD69 on CD25+Foxp3+CD4+ cells 
increased from 1074 ± 258.1 to 2862 ± 848.1 MFI (mean ± SEM) in mice receiving placebo 
as compared to scGOS/lcFOS/pAOS respectively, these alterations did not reach statistical 
significance (Figure 3). This suggests that differences found in DTH responses due to scGOS/
lcFOS/pAOS supplementation were not due to a change in percentage or clear activation of 
Tregs, but may be due to an altered function of the CD25+ Treg population.

Figure 3. Activation of Tregs after first Flu vaccination. Spleen and MLN cells isolated from mice (n=10 per 
group) receiving either placebo or scGOS/lcFOS/pAOS were labeled with CD4/CD25/Foxp3/CD69 and ana-
lyzed using flowcytometry. Percentage of Tregs in MLN (A) and spleen (B) are depicted as individual dots, with 
the line representing mean percentage Foxp3+CD25+ T-cells. In addition the activation status of the Tregs as 
measured with CD69 MFI are shown for MLN (C) or spleen (D) on CD4+CD25+Foxp3+ Tregs in individual cell 
populations (as indicated through separate dots, with the line representing the mean MFI of CD69).
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DISCUSSION

The objective of this study was to examine the possible role of CD25+ Tregs in oligosaccharide 
induced immune modulation which results in increased vaccine responses. Dietary scGOS/
lcFOS/pAOS clearly induces a more pronounced Th1 responsiveness, as shown by increased 
Flu-specific DTH responses and T-bet expression levels. The mechanism whereby the 
improved Th1 responsiveness develops however remains elusive. Data herein clearly shows 
that CD25+ Tregs play a prominent role in the early stages of the development of enhanced 
Th1 responsiveness induced by the prebiotic oligosaccharides scGOS/lcFOS/pAOS.

Antibody mediated depletion of Tregs in vivo is not complete, neither with PC61 [17,18], 
nor with 7D4 [9], nor the combination of both treatments completely depletes the Treg 
population from circulation. Regulatory function however is clearly suppressed by i.p. 
administration of PC61 as shown in our experiments, by the increased vaccination responses 
in mice receiving placebo diets upon PC61 treatment. This indicates that the CD25+ T-cells 
depleted are not the recently activated T-cells but rather the Treg. In addition a possible 
suppressive effect of the PC61 administration on DTH responses can be excluded, since also 
in the vaccination regimen, whereby only prior to the first vaccination and not the booster 
vaccination the anti-CD25 was given, a clear effect was detected on the scGOS/lcFOS/pAOS 
induced increased DTH responses. CD25+ Treg depletion using PC61 treatment diminished 
the immune stimulation by non-digestible prebiotic oligosaccharides up to levels observed 
in placebo treated mice. These experiments indicate a prominent role for CD25+ Tregs in 
this immune modulation by the prebiotic oligosaccharides. Although it is not suggested 
that Tregs are the sole cell type effected by scGOS/lcFOS/pAOS supplementation. As shown 
in Figure II, the administration of PC61 in mice receiving scGOS/lcFOS/pAOS completely 
reverses the DTH responsiveness, even below the levels detected in mice receiving placebo 
diets and PC61. This observation suggests that more cell types can be involved in the immune 
modulation induced through scGOS/lcFOS/pAOS supplementation.

There are several means for Tregs to influence the magnitude of the vaccination response as 
reviewed by [22]. Short-range mechanisms such as cytokine deprivation [23] and regulatory 
molecule secretion like IL-10, adenosine, IL-35, galectins and carbon monoxide will suppress 
the local effector cells during adaptive immune responses. In the longer run, Tregs create a 
regulatory environment by producing a.o. TGF-β and/or change DC functions to stimulate 
additional Treg production. In our experiments the prebiotic treatment with scGOS/lcFOS/
pAOS does not seem to influence the homeostasis of Tregs, since the total amount, percent-
ages nor did activation state of Tregs in oligosaccharide fed mice differ from placebo fed mice 
neither in the spleen, nor in MLNs. A change in Treg function can influence the magnitude 
of the response. It has been hypothesized [24] that each type of immune response either 
Th1 type of immune response or Th2 develops its own regulatory population. Recently pub-
lished studies [25,26] establish that Tregs itself are subject to differentiation and functional 
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specialization. As illustrated in Figure 4, a balanced immune response can therefore be 
controlled by distinct Treg populations. This indicates that increased Treg mediated sup-
pression of the Th2 response would favor the development of a more pronounced Th1 type 
of response. This indicates that there may be a more subtle difference present in the Treg 

Figure 4. Hypothetical mode of scGOS/lcFOS/pAOS action. The balanced immune response develops after 
antigen exposure into a for the challenge appropriate balance between immune response types (Th1 and Th2 
are illustrated, as many more are known to develop). The development of the immune response is regulated 
by among others the Treg population. As for each immune response a specific Treg types is hypothesized to 
develop, both may have an impact on total balance. In presence of prebiotic oligosaccharides like scGOS/
lcFOS/pAOS the immune response in currently used vaccination model is shifted towards a more pronounced 
Th2 type of responsiveness. As Tregs play a prominent role herein, it can be hypothesized that the specific 
oligosaccharides like scGOS/lcFOS/pAOS strengthen the Th2 suppression, favoring the development of Th1 
immune response.
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population developed in mice receiving scGOS/lcFOS/pAOS which need to be investigated 
further explaining fully the discussed results.

In conclusion: This study clearly shows that CD25+ Tregs play a prominent role in 
the development of prebiotic scGOS/lcFOS/pAOS induced immune modulation towards 
enhanced Th1 vaccine responsiveness. Knowing more about the mechanism whereby 
vaccine induced immune responses can be increased using alternative strategies such as 
described within this article, may lead to the development of improved vaccine strategies. 
On the other hand, immune modulations as induced by this specific prebiotic mixture may 
benefit individuals with suppressed immune system/responses in general.

Materials and Methods

Animals and diets

Eight-week-old old male specific pathogen-free inbred C57BL/6J mice were obtained from 
Charles River (Someren, the Netherlands) and housed under standard housing conditions 
with a 12 h dark and light cycle. All animals had free access to tap water and the semi-
purified AIN-93G diet (Research Diet Services, Wijk bij Duurstede, the Netherlands), with 
or without oligosaccharide mixture consisting of three different prebiotic oligosaccharide 
materials, i.e. short-chain galactooligosaccharides (scGOS: Borculo Domo, Zwolle, 45% 
scGOS), long-chain fructooligosaccharides (lcFOS: Orafti, Wijchen, 100% lcFOS) and pectin 
hydrolysate derived acidic-oligosaccharides (pAOS: Sudzucker, 85% galacturonic acid). The 
prebiotics were mixed in a ratio of 9:1:10 based on carbohydrate purity. Although other 
combinations of these specific prebiotic oligosaccharides are known to be effective as well, it 
was this specific ratio which within currently used mouse vaccination model gave the largest 
immune modulation as detected by an DTH increase at the time and was therefore used for 
these mechanistically studies. A small negative control group of animals (n=3) was included 
only to show specificity of the vaccination procedure. Therefore, this group was not used for 
any statistical comparisons to supplemented groups (n=10 per group). Fourteen days prior 
to the first vaccination dietary supplementation started which was maintained during the 
entire experimental protocol. The study protocol was reviewed and approved by the Animal 
Experimental Committee of the Utrecht University.

Vaccination protocol

All C57BL/6J mice except the small negative control group received primary vaccination 
(day 1) and if indicated a booster vaccination (day 21) with a human influenza subunit vac-
cine consisting of haemagglutinin proteins of 3 different influenza strains (Influvac, Solvay 
Pharmaceuticals, Weesp, the Netherlands). Vaccinations were performed by subcutaneous 
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injection of a 1:1 mix of vaccine (0.30 μg/ml per subunit) and adjuvant (Stimune, previously 
known as Specol: Cedi-diagnostics, Lelystad, the Netherlands) in a total volume of 100 µL. 
The negative control group received concurrent injections with a 1:1 mix of PBS and adjuvant 
in a total volume of 100 µL. As previous studies have shown that anti-CD25 mAb PC61 was 
capable of inactivation and/or depletion of CD25+ Tregs in vivo 200 μg PC61 was adminis-
tered i.p. to C57BL/6 mice two days prior to both primary vaccination as well as booster 
vaccination at day 21 [17,18]. To deplete CD25+ Tregs mice received an i.p. administration 
of anti-CD25 (200 µg) two days prior to the vaccinations as indicated. Control mice received 
rat IgG. Dose and procedure were similar to manuscripts published earlier [19,20], in which 
a reduction of 85% percent of CD25+ Tregs was detected in the mesenteric lymph nodes 
(MLNs) two days post antibody treatment. In our hands similar reductions were detected 
(data not shown).

Delayed type hypersensitivity (DTH)

Vaccine-specific DTH reactions were induced 9 days after the last vaccination, by subcutane-
ous injection of 25 μL Influvac (30 µg/mL per haemagglutinin subunit) into the ear pinnea of 
one ear. As control, the other ear was injected with 25 μL PBS. Ear thickness was measured 
in duplicate before challenge, and 24 hours thereafter, with a digital micrometer (Mitu-
toyo Digimatic 293561, Veenendaal, the Netherlands). The Influvac specificity of the DTH 
response was calculated by subtracting the basal ear thickness from the value at 24 hours 
after challenge and was corrected for the control swelling.

Flowcytometry analysis

Splenocytes and cells from the MLNs were isolated by gently pressing the organs through 
nylon mesh filters (Falcon cell strainer, Becton Dickinson, Alphen a/d Rijn, the Netherlands). 
After erythrocyte lysis (spleens only), cells were counted and diluted to appropriate concen-
trations. 5*105 cells were once washed with 100 μl PBS containing 1% FBS and were stained 
with anti-CD3-FITC (1/200 BD cat 555274), anti-CD4-PE-CY5 (1/200 BD cat 553654) and 
either with anti-CD25-PE (1/100 Immunotech PNIM 2795), anti-CD38-PE (1/200 BD cat 
553764) or anti-CD69-PE (1/200 BD cat 553237) for 30 minutes. Intracellular Foxp3 staining 
was executed following manufacturer’s protocol, (Ebioscience, FITC anti-Foxp3 staining set, 
Bio connect, The Netherlands). Same procedure was used for intracellular anti-GATA-3-PE 
(1/50 BD cat 12-9966), as well as anti-T-bet-PerCP-Cy5 (1/100 BD cat 45-5825) staining. 
The whole staining procedure was performed on ice and stained cells were protected from 
light. In total a minimum of 10.000 lymphocytes were counted and analyses were performed 
using FACS Calibur and Cell Quest software (BD Biosciences).
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Statistical analysis

All statistical calculations were performed using SPSS version 12.0.1 software. Statistical 
differences between test and control groups were analyzed by ANOVA followed by multi-
group comparison analysis using the Bonferroni test. All values are presented as mean ± 
SEM. P-values <0.05 were considered significant.
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Abbrevations

(pAOS) Acidic oligosaccharides derived from hydrolyzed pectin, (DTH) Delayed-type 
hypersensitivity, (lcFOS) long chain fructo-oligosaccharides, (scGOS) short chain galacto-
oligosaccharides, (SDI) start dietary intervention, (NV) non-vaccinated.
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Abstract

Breast feeding reduces the risk to develop severe RSV infections in infants. In addition to 
maternal antibodies other immune modulating factors in human milk contribute to this 
protection. Specific dietary prebiotic oligosaccharides, similar to oligosaccharides present in 
human milk, were evaluated in a C57BL/6 mouse RSV infection model. During primary RSV 
infection, increased numbers of RSV specific CD4+ T cells producing IFN-γ were found in the 
lungs at day 8 to 10 post infection in mice receiving diet containing short chain Galacto-oligo-
saccharides, long chain Fructo-oligosaccharides and pectin derived Acidic-oligosaccharides 
(scGOS/lcFOS/pAOS). In a Th2-skewed formalin-inactivated (FI)-RSV vaccination model the 
prebiotic diet reduced RSV specific Th2 cytokine (IL-4, IL-5 and IL-13)-producing CD4+ T 
cells in the lung and the magnitude of airway eosinophilia at day 4 and 6 after infection. 
This was accompanied by a decreased influx of inflammatory DCs (CD11b+/CD11c+) and 
increased numbers of IFN-γ producing CD4+ and CD8+ T cells at day 8 after viral challenge. 
These findings suggest that specific dietary oligosaccharides can influence trafficking and/
or effector functions of innate immune, CD4+ and CD8+ T cell subsets in the lungs of RSV 
infected mice. In our models, scGOS/lcFOS/pAOS had no effect on weight but increased viral 
clearance in FI-RSV vaccinated mice 8 days after infection. The increased systemic Th1 
responses potentiated by scGOS/lcFOS/pAOS might contribute to an accelerated Th1/Th2 
shift of the neonatal immune system, which might favour protective immunity against viral 
infections with a high attack rate in early infancy such as RSV.
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Introduction

Respiratory syncytial virus (RSV), a pneumovirus in the family of Paramyxoviridae, infects 
nearly all children within the first 3 years of life (15). Primary RSV infections can cause 
severe bronchiolitis and pneumonia which are associated with significantly increased risk of 
developing wheeze during childhood that lasts until teenage years (31,45,46). Symptomatic 
re-infections occur in every age group but frequency and severity of symptoms are highest 
in children below 5 years of age. The mechanism behind the onset of severe RSV infections 
is still not completely clear. Severe RSV infections that require hospitalization are most 
frequent in infants 2-4 months of age (44). Therefore, it has been proposed that inadequate 
innate or adaptive responses of the immature immune system might contribute to disease 
severity, especially Th2-bias of the immature immune system has been suggested to be an 
important factor contributing to RSV disease (5,36).

Formation of the intestinal microbiota population, starting directly after birth, is shaped 
during infancy and is unique for each individual throughout life (23,37). The intestinal 
microbiota composition is important for establishment of gut homeostasis and affects local 
mucosal immunity (20). Although it has been documented that the host genetic background 
facilitates a core microbiome (52), factors like caesarian section, diet and reduced microbial 
pressure in western countries, shape host microbial populations (9,32). There is increasing 
evidence that environmental factors and diet correlate with host immune function and dis-
ease susceptibility. Best known examples are correlations found in allergy related diseases 
like atopy and asthma but also a relatively new disease like obesity appears to be linked to 
a specific composition of the intestinal microbiota (30,47). This suggests that the microbial 
community and the host immune system continuously cross-communicate and reorganize, 
leading to a delicate balance. It is however largely unknown how exactly the intestinal 
bacterial community interferes with systemic immune processes. Some insight has come 
from studies in conventional SPF animals, in which a microbiota depletion approach showed 
that the enhanced killing of S. pneumonia and Staph. Aureus by bone marrow derived neu-
trophils was regulated by bacterial peptidoglycans derived from the gut (8). This suggests 
that manipulation of microbiota can induce systemic priming of the innate immune system, 
by systemic shedding of bacterial components that act as ligands on pattern recognition 
receptors.

Breast feeding reduces the risk of severe RSV bronchiolitis (6). In addition to maternal anti-
bodies, human milk contains immune modulating components including oligosaccharides. 
Some non-digestible oligosaccharides are called prebiotics, because they stimulate the growth 
of commensal bacteria known to be beneficial to the host (38). It has been shown that infant 
formula including specific non-digestible carbohydrates like short chain Galacto-oligosacha-
rides (scGOS) and long chain Fructo-oligosaccharides (lcFOS) affects the incidence of upper 
respiratory tract infections, severity of asthma and lowers IgE antibody titers in atopic disease 
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(1,54,55). In addition, in infants receiving scGOS, lcFOS and pectin-derived oligosaccharides 
(pAOS) a preventive effect was found for development of atopic dermatitis (17).

In this study, the effect of a specific dietary intervention (scGOS/lcFOS/pAOS) with proven 
gut microbiota modulating capacities in humans and mice (1,16,33,56) is evaluated on 
virus specific lung T cell responses in a C57BL/6 mouse model of primary RSV infection. 
Because earlier work in an influenza vaccination model has shown that prebiotic treatment 
induced a Th2→Th1 shift we also tested the prebiotic diet in a formalin-inactivated (FI)-RSV 
vaccine model. This FI-RSV mouse model is an enhanced disease model whereby increased 
Th2 responses and lung eosinophilia are critical features of enhanced disease. Modulation 
of systemic immunity potentiated by these oligosaccharides might contribute to an acceler-
ated Th1/Th2 shift of the neonatal immune system and thereby favours protective immunity 
against viral infections with a high attack rate in early infancy such as RSV.

Results

Dietary intervention with prebiotic scGOS/lcFOS/pAOS increases RSV specific CD4+ T 
cell mediated IFN-γ production during primary RSV infection.

The effect of prebiotic dietary intervention on primary immune responses initiated after 
respiratory virus infection was investigated. We used an intranasal RSV infection model in 
female C57BL/6 mice. In this model, development of the RSV specific CD4+ and CD8+ T cell 
responses in the lungs peak around day 8-10 after viral exposure (28). Dietary intervention 
was started in 3 week old mice and continued until the end of the experiment. Six weeks 
after the start of dietary intervention mice were i.n. infected with RSV. At 4 different time 
points after infection, mice were sacrificed and bronchoalveolar lavage (BAL) samples and 
lung single cell suspensions were analyzed for inflammatory cell influx and T cell responses 
(Figure 1A). During the course of infection a significantly (p<0.05) lower cellular influx in 
the BAL was observed in mice receiving scGOS/lcFOS/pAOS compared to control mice (3.2 ± 
0.2 vs. 5.0 ± 0.8x105 cells) at day 8 post infection. The cellular composition of BAL samples at 
all time points was similar compared to control (Figure 1B).

The effect of scGOS/lcFOS/pAOS on developing CD4+ T cell responses was measured by 
intracellular staining of IFN-γ (Th1) and IL-4, IL-5, IL-13 (Th2) cytokine production, after 
in vitro re-stimulation of lung cells with RSV infected or uninfected D1 cells. The RSV spe-
cific CD4+ T cell response developed from day 4 post infection onward as has been shown 
before (28). Mainly IFN-γ was produced by the responding virus specific cells. A significantly 
increased percentage of virus specific IFN-γ producing CD4+ T cells was detected in the mice 
receiving scGOS/lcFOS/pAOS as compared to control mice at day 8 after RSV infection (11.8 
± 1.6 vs. 7.8 ± 0.7 and at day ten 20.6 ± 1.2 vs. 15.3 ± 1.3 CD4+ IFN-γ+ of total CD4+ T cells, 
Figure 1C). Expressed in absolute numbers/lung this resulted in increased numbers of CD4+ 
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Figure 1. Dietary intervention with scGOS/lcFOS/pAOS (GFA) increases RSV specific CD4+ T cell-mediated 
IFN-γ production during primary RSV infection. (A) Mice received prebiotic or control diet, starting 6 weeks 
before intranasal infection with RSV and were sacrificed at indicated time points. (B) Cell composition of BAL 
fluid, left total cell number, right indicated cell type as a percentage of total BAL cells. (C) Percentage of cyto-
kine producing CD4+ T cells (upper left IFN-γ producing CD4+ T cells, bottom figures IL-4+, IL-5+ and IL-13+ CD4+ 
T cells as a fraction of total CD4+ T cells) and absolute numbers of IFN-γ+ CD4+ T cell numbers (upper right) 
measured after in vitro restimulation of lung cell suspensions with unloaded (D1) or RSV loaded (D1+RSV) 
myeloid dendritic cells. Data shown represent the mean ± SEM of 2 individual experiments performed with 
similar results, n=8 group.
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IFN-γ+ producing cells (9.1 ± 1.0 vs. 4.9 ± 1.5x104 cells) at day 8 and (2.5 ± 0.3 vs. 1.5 ± 
0.3x105 cells/lung) at day 10 post infection. Th17 cells were barely detectable in the lungs of 
infected mice and no effect of the intervention with scGOS/lcFOS/pAOS was found on IL-17 
producing CD4+ T cells (data not shown).

The total number of recently activated CD8+ T cells present in the lung was visualized 
using activation marker NKG2A. Although increased NKG2A+ CD8+ T cell numbers could be 
detected in the lungs after RSV infection, no difference was found between the two dietary 
intervention groups (Table 1). Virus specific CD8+ T cell responses, visualized by staining 
with the H-2Db/M187–195 tetrameric complex (containing the dominant RSV epitope derived 
from the viral matrix protein M187–195; NAITNAKII) increased with similar kinetics in both 
groups. The absolute number of tetramer positive cells that produced IFN-γ was slightly 
increased in the scGOS/lcFOS/pAOS treated group (9.1 ± 1.7 vs. 6.9 ± 0.9x105 cells/lung) at 
day 10 post infection but didn’t reach statistical significance. These data show that dietary 
intervention with scGOS/lcFOS/pAOS selectively increased RSV specific CD4+ T cell mediated 
IFN-γ production in the lungs of RSV infected mice.

Dietary intervention with scGOS/lcFOS/pAOS lowers the Th2 type immune response 
and lung eosinophilia in FI-RSV vaccinated mice.

Because the prebiotic intervention showed an increased Th1 response during primary RSV 
infection, it was further tested in a Th2 disease model to evaluate whether dietary inter-
vention could alter the Th2/Th1 balance. We used a murine formalin-inactivated (FI)-RSV 
vaccination model based on the original vaccine as tested in the 1960’s in infants (39). From 
this model it is known that Th2 cells play an important role in the development of enhanced 

Table I: Dietary intervention with scGOS/lcFOS/pAOS does not affect RSV-specific lung CD8+ T cell responses 
during primary RSV infection.

% NKG2A POS/ CD8 POS % IFN‑γ POS/ CD8 POS 
(D1-RSV) §

%TET POS/ CD8 POS % IFN‑γ POS/ CD8 POS 
(NAITNAKII) §

Ctrl GFA Ctrl GFA Ctrl GFA Ctrl GFA

Day 4 9.9±1.3 8.7±1.3 1.7±0.2 1.6±0.3 0.3±0.1 0.5±0.1 1.4±0.1 1.9±0.2

Day 6 19.9±2.0 20.4±1.6 8.7±0.7 8.6±1.0 7.9±1.0 10.0±1.3 10.3±1.8 10.8±1.3

Day 8 45.1±2.4 47.2±1.8 24.0±1.8 26.2±1.3 17.5±1.9 17.7±1.2 17.9±1.2 20.9±2.4

Day 10 59.5±1.9 59.8±2.9 26.4±2.1 29.2±2.1 25.5±1.7 28.8±2.1 19.6±1.1 20.8±1.1

C57BL/6 mice received scGOS/lcFOS/pAOS (GFA) or control diet, starting 6 weeks before i.n. infection with 
2.0x106 p.f.u. RSV. At indicated time points after infection, lymphocytes were isolated from the lung paren-
chyma and stained for CD8 in combination with NKG2A or H-2Db/M187-195 tetramer. For in vitro T cell restimu-
lation experiments, lung cells were stimulated with RSV infected D1 cells or the RSV epitope NAITNAKII and 
intracellularly stained for IFN-γ §. The values depicted represent the number of NKG2A+/CD8+, IFN-γ+/CD8+ 
or TET+/CD8+ double positive cells as a percentages of total CD8+ T cells. The table shows the mean ± SEM of 
control or GFA treated mice from 2 individual experiments, n=8 / group.
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disease (7). Dietary intervention started 2 weeks prior to i.m. FI-RSV vaccination, and was 
administered until the end of the experiment. Thirty five days after vaccination mice were 
i.n. challenged with RSV. At 3 different time points after infection mice were sacrificed and 
bronchoalveolar lavage (BAL) samples and lung cell suspensions were analyzed for inflam-
matory cell influx and T cell responses (Figure 2A). Cellular infiltration in the lung airways 
peaked at day 6 post infection and was significantly (p<0.05) decreased in the mice receiving 
scGOS/lcFOS/pAOS (1.4 ± 0.2 vs. 4.3 ± 0.6x106 cells), compared to control mice. Furthermore, 
analysis of the BAL fluid cell composition showed that eosinophil influx, characteristic for 
this model, was significantly (p<0.05) decreased in mice receiving prebiotic diet compared 
to control diet at day 4 (30.8 ± 5.5 vs. 59.9 ± 3.1 %) and day 6 (38.1 ± 7.3 vs. 63.3 ± 1.7 %) 
after infection (Figure 2B).

In this model the specific T cell response against RSV, represented as the absolute numbers 
of IFN-γ, IL-4, IL-5, and IL-13 producing CD4+ T cells, peaked at day 6 after infection. Dietary 
intervention with the specific prebiotic diet significantly (p<0.05) decreased the absolute 
numbers of IL-4 (2.8 ± 0.5 vs. 4.8 ± 1.1x106 cells), IL-5 (1.1 ± 0.2 vs. 2.2 ± 0.5x106 cells), and 
IL-13 (2.3 ± 0.4 vs. 4.4 ± 1.1x106 cells) producing CD4+ T cells/lung at day 6 after challenge. 
Moreover, the percentages of CD4+ T cells that produced these Th2 type cytokines were sig-
nificantly lower in mice receiving scGOS/lcFOS/pAOS at both day 4 and day 6 post infection 
(Figure 2D). In this model the absolute numbers of CD4+ T cells that produced RSV specific 
IFN-γ remained unaffected while the percentage followed a similar pattern compared to the 
primary infection i.e. they were significantly (p<0.05) increased in mice receiving the specific 
prebiotic diet compared to control (44.1 ± 4.4 vs. 32.6 ± 3.8 CD4+ IFN-γ+ cells) at day 8 post 
infection (Figure 2C).

The development in the total number of activated (NKG2A+) CD8+ T cells (Table 2) was 
similar between the two diet groups. However, virus specific CD8+ T cell response, measured 
by M187–195 tetramer staining, showed a significant (p<0.05) increase in virus specific CD8+ 
T cell numbers in the mice receiving scGOS/lcFOS/pAOS compared to control (18.3 ± 2.6 vs. 
12.8 ± 2.6 % CD8+ IFN-γ+ cells) 8 days post infection. In vitro restimulation of lung cells with 
M187–195 peptide showed that these CD8+ T cells were functional, since similar fractions of 
IFN-γ producing CD8+ T cells (13.8 ± 2.5 for control versus 19.7 ± 2.8 % CD8+ IFN-γ+ cells in 
prebiotic receiving mice) were measured at this time point. However, expressed in absolute 
numbers of tetramer positive cells that produced IFN-γ, this increase (9.1 ± 1.7 vs. 6.9 ± 
0.9x105 cells/lung) in the scGOS/lcFOS/pAOS receiving group did not reach statistical signifi-
cance. Reduced airway eosinophila at day 4 and 6 after challenge (Figure 2B) correlated with 
significantly decreased numbers of GATA-3 expressing CD4+ T cells (data not shown) and 
percentages of RSV specific IL-4, -5, -13 producing CD4+ T cells (Figure 2D) in the lungs of 
mice receiving the prebiotics. These data show that dietary intervention with scGOS/lcFOS/
pAOS modulates FI-RSV induced RSV specific CD4+ and CD8+ T cell responses to a more Th1 
type of response in the lungs of RSV infected mice.
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Figure 2. Dietary intervention with scGOS/lcFOS/pAOS (GFA) decreases the Th2 type immune response 
and lung eosinophilia upon challenge in FI-RSV vaccinated mice. (A) Mice received prebiotic diet or control 
diet starting 2 weeks before i.m. vaccination with 50μl of FI-RSV. After RSV challenge at day 35 after vaccina-
tion mice were sacrificed at indicated time points. (B) Cell composition of BAL fluid, left total cell number, right 
indicated cell type as a percentage of total BAL cells. Percentages of eosinophils were significantly decreased 
in mice treated with the GFA diet (P<0.05). (C, D) Percentages of IFN-γ, IL-4, -5, -13 producing cells of total 
CD4+ T cells and total IFN-γ, IL-4, -5, -13 producing CD4+ T cell numbers after in vitro restimulation of lung CD4+ 
T cells with unloaded (D1) or RSV loaded (D1+RSV) myeloid dendritic cells. Data shown represent the mean ± 
SEM of 2 individual experiments performed with similar results, n=8 group.
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Dietary intervention with scGOS/lcFOS/pAOS lowers absolute numbers of CD11c+ 
CD11b+ DCs in lung tissue of FI-RSV vaccinated mice 6 days after RSV infection.

In the mouse lung two major subsets of DC have been described, CD11clow/mPDCA-1+ plas-
macytoid DC (pDC) and myeloid or “conventional” CD11c+ DC (cDC). These CD11c+ cDCs can 
be further divided into CD11c+MHCclass-II+CD103-CD11bhigh (CD11b+ DC), a subset located 
in the lung parenchyma that is important in leukocyte recruitment, and CD11c+MHCclass-
II+CD103+CD11blow (CD103+ DC) located underneath the epithelium, that can sample anti-
gens from airways (3,50). Different DC populations might locally be involved in polarization 
of Th cell subsets (29,48). In this study the kinetics of lung DC populations present during the 
acute RSV response as well as the FI-RSV induced disease was investigated (Figure 3). During 
the acute RSV infection, no differences between the two dietary interventions on DC popula-
tions in the lungs were detected (data not shown). Within the FI-RSV vaccination model, the 
pDC population, known for its function in anti-viral immunity and rapid production of IFN-α, 
decreased from day 4 to 8 after intranasal challenge with RSV-A2, but no differences were 
observed between the mice receiving prebiotic or control diet. No differences were found 
in CD103+ DC between the two intervention groups. CD11b+ DC were the most abundant DC 
population on day 4-8 after viral challenge. This population was significantly larger (p<0.05) 
at day 6 in animals receiving control diet compared to mice receiving specific prebiotic diet 
(Figure 3B). However, at day 8 CD11b+ DC numbers in the lungs decreased in both groups 
and reached similar levels. These data indicate that dietary intervention with scGOS/lcFOS/
pAOS affected the lung CD11b+ DC population, a subset known to be important in leukocyte 
recruitment, at day 6 after RSV challenge in the FI-RSV vaccination model.

Table II. Dietary intervention with scGOS/lcFOS/pAOS increases the RSV-specific lung CD8+ T cell response 
in FI-RSV vaccinated mice.

% NKG2A POS/
CD8 POS

% IFN‑γ POS/ CD8 POS 
(D1-RSV) §

%TET POS/ CD8 POS % IFN‑γ POS/ CD8 POS 
(NAITNAKII) §

Ctrl GFA Ctrl GFA Ctrl GFA Ctrl GFA

Day 4 19.1±1.5 17.4±0.8 6.2±0.6 5.2±0.2 1.5±0.3 1.3±0.2 4.7±0.5 3.4±0.2

Day 6 22.7±2.1 25.0±1.9 13.0±1.2 14.1±1.3 5.1±0.5 6.8±0.9 6.3±0.8 8.3±1.4

Day 8 47.6±4.7 52.4±4.7 26.1±2.0 29.6±3.0 12.8±2.6 18.3±2.6 * 13.8±2.5 19.7±2.8 *

C57BL/6 mice received scGOS/lcFOS/pAOS (GFA) or control diet, starting 2 weeks before i.m. vaccination with 
50μl of FI-RSV. After 35 days mice were i.n. challenged with 2.0x106 p.f.u. RSV. At indicated time points, lympho-
cytes were isolated from the lung parenchyma and stained for CD8 in combination with NKG2A or H-2Db/M187-

195 tetramer. For in vitro T cell restimulation experiments, lung cells were stimulated with RSV infected D1 cells 
or the RSV epitope NAITNAKII and intracellularly stained for IFN-γ §. The values depicted represent the number 
of NKG2A+/CD8+, IFN-γ+/CD8+ or TET+/CD8+ double positive cells as a percentages of total CD8+ T cells. The 
table shows the mean ± SEM of control or GFA treated mice from 2 individual experiments, n=8/group. Values 
denoted with * represent a significant (p<0.05) increase in NAITNAKII-specific (IFN-γ producing) CD8+ T cells.
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Dietary intervention with scGOS/lcFOS/pAOS in the C57BL/6 FI-RSV vaccination 
model does not affect weight loss, but improves viral clearance.

Weight loss can be used as a correlate of illness severity in mice models of respiratory infec-
tion. Therefore, we performed daily weight measurements in individual mice to monitor 
the effect of dietary intervention. During the 5 week period prior to infection the diet with 
scGOS/lcFOS/pAOS did not change the growth pattern of the mice compared to control diet 
(data not shown). In comparison to the BALB/c mouse model, C57BL/6 mice are relatively 
resistant to viral growth and weight loss (22,40,49). In accordance with these earlier studies, 
we did not observe significant weight loss during primary RSV infection and no differences 
were observed between the diet groups (data not shown). In addition, no significant weight 
loss was observed in the FI-RSV infection model, and again weight changes between the two 
diet groups were not significantly different (Figure 4A).

Figure 3. Dietary intervention with scGOS/lcFOS/pAOS (GFA) decreases CD11c+ CD11b+ DC influx in lung 
tissue of FI-RSV vaccinated mice at day 6 after RSV infection. (A) Lungs of naïve mice were used for gating 
strategies of lung DC populations, I (pDC), II (CD103+ DC), III (CD11b+ DC). (B) Day 4, 6 and 8 after intra-nasal 
challenge with RSV, absolute cell numbers of pDC, CD103+ DC and CD11b+ DC were determined. Data shown 
represent the mean ± SEM of 2 individual experiments performed with similar results, n=8 group.
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Figure 4. Dietary intervention with scGOS/lcFOS/pAOS (GFA) does not affect weight loss but has a signifi-
cant effect on viral clearance in FI-RSV vaccinated mice. (A) Daily weight measurements were performed for 
8 days after RSV infection. The percentage of original body weight is shown. (B) Viral replication in lungs of 
mice was measured by plaque assay and shown as PFU /gram of lung. Amounts of RSV A2 present in lung of 
FI-RSV vaccinated mice was measured by RT-PCR. Concentrations of RSV-N RNA were determined by compar-
ing sample threshold values with a standard curve of RSV A2 and shown as copies RSV-N/gram of lung. (C) 
Development of the RSV-specific CD8+ T cell response measured as H-2Db/M187-195 tetramer positive cells as 
a percentage of total CD8+ T cells and absolute numbers in BAL. Kinetics of eosinophil (CD45+CD11c−Siglec-F+) 
influx in BAL as a percentage of total BAL cells and depicted as absolute numbers. (D) Kinetics of CD4+Foxp3+ 
regulatory T cells in BAL of FI-RSV vaccinated mice at day 4, 6 and 8 after infection and GrzmB expression in 
CD4+Foxp3+ cells at these time points. Data shown represent the mean ± SEM of n=5 group. Significant differ-
ences were depicted as (*p<0.05)
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Next, we addressed the question whether changes observed in immune responses caused 
by the dietary intervention affected the lung viral load and virus elimination kinetics. Lung 
viral load was measured in total lung tissue both in the primary and FI-RSV infection models 
after bronchoalveolar lavage. Virus titration was performed on HEp2 cells and total viral 
particle counts based on PCR were determined. Eight days after i.n infection with RSV signifi-
cantly (p<0.05) lower viral copy counts were recovered from lungs of mice receiving scGOS/
lcFOS/pAOS diet as compared to mice receiving control diet in the FI-RSV vaccinated mice 
(Figure 4B). During this experimental setup immunological parameters were monitored in 
the BAL. As observed before in the FI-RSV infection model (Figure 2), a substantial influx of 
eosinophils was observed in the BAL in the control diet group which was strongly inhibited in 
mice receiving the scGOS/lcFOS/pAOS diet. In addition, as observed in lung tissue (Table 2) 
we found a significantly (p<0.05) increased percentage of virus specific CD8+ T cells in the 
BAL at day 8 after RSV challenge in FI-RSV vaccinated mice (Figure 4C).

Previously, changes in CD25+ regulatory T cells (Tregs) were observed in an influenza 
vaccination model when the scGOS/lcFOS/pAOS diet was administered. In the experiments 
described in figure 2 we observed a systemic decrease in Treg number in lung, spleen and 
mesenteric lymph nodes at day 4 after infection in FI-RSV vaccinated mice receiving the scGOS/
lcFOS/pAOS diet (data not shown). Tregs have previously been found to regulate RSV specific 
primary immune responses after in vivo Treg depletion with antibodies (14,26,41) or after 
diphtheria toxin induced depletion in mice expressing diphtheria toxin receptor under the 
control of the foxp3 gene locus (27). In the latter study the expression of granzyme B (GrzmB) 
in Treg locally in the lung was shown to be involved in the immune regulatory function of Tregs 
in the primary RSV infection model. Although the percentage of Tregs did not differ, a signifi-
cantly decreased absolute influx of Tregs was detected in the BAL at day 4 after challenge in 
FI-RSV vaccinated mice receiving scGOS/lcFOS/pAOS diet. At this time point GrzmB expression 
was also significantly lower in Tregs of mice receiving the specific prebiotic diet (Figure 4D). 
This indicates that the dietary intervention with scGOS/lcFOS/pAOS has an effect on the func-
tion of regulatory immune cells which correlates with altered RSV specific immune responses.

Discussion

In recent years, research in the field of immunology and microbiology has revealed that com-
mensal bacteria in the mammalian host play a role that is not limited to digestive help alone. 
The composition and products of gut microbiota can influence host immune and inflamma-
tory responses (32). Its effect on systemic immunity however, is still largely unknown and 
is a growing field of interest. In this study we demonstrate that a specific mixture of orally 
applied non-digestible oligosaccharides scGOS/lcFOS/pAOS, with known prebiotic proper-
ties (16,56) can regulate CD4+ and CD8+ T cell mediated immune responses in the lungs of 
RSV infected mice.
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During primary infection, dietary intervention with scGOS/lcFOS/pAOS resulted in a lower 
cellular infiltrate in BAL and an increased virus specific CD4+ IFN-γ response in the lungs of 
RSV infected mice. In a formalin-inactivated RSV (FI-RSV) vaccination model typical asth-
matic parameters like airway hypersensitivity, airway eosinophilia, RSV specific IgE and a 
Th2 skewed cytokine profile are present (4,10,25). In this FI-RSV model dietary intervention 
with scGOS/lcFOS/pAOS reduced lung cell infiltration and airway eosinophila at day 4 and 
6 after challenge and correlated with significant decreased numbers of GATA-3 expressing 
(data not shown) and numbers of RSV specific IL-4, -5, -13 producing CD4+ T cells in the 
lungs of scGOS/lcFOS/pAOS receiving mice. Although a slightly different ratio of oligosaccha-
rides was used in previous studies (9:1:2), these findings extend earlier observations that a 
specific prebiotic mixture decreases lower airway hyperreactivity, IgE serum levels and lung 
inflammatory cell influx in an ovalbumin induced murine asthma model (57). Furthermore, 
it has been reported that administration of scGOS/lcFOS in combination with Bifidobacte-
rium breve M-16V for a period of 4 weeks significantly reduced systemic production of Th2 
cytokines after allergen challenge in patients with asthma and house dust mite allergy (54). 
These studies all underscore the immune modulating and more specifically a Th1 supporting 
effect of these specific oligosaccharide mixtures.

In the FI-RSV induced Th2-dominated model we observed that decreased Th2 responsive-
ness at days 4 and 6 was accompanied by the development of an increased IFN-γ response in 
CD4+ as well as CD8+ T cells at day 8 after infection in the mice receiving scGOS/lcFOS/pAOS. 
Interestingly, the increase in IFN-γ production at day 8 post infection was also seen during 
primary RSV infection when Th2 responses do not play a significant role. The impact detected 
on viral load and physical condition of the mice was marginal in this model. How the Th1 
and Th2 arms of the virus specific immune response reciprocally interact in these models is 
unclear. Suppression of Th2-induced disease in the FI-RSV model can be accomplished when 
CD8+ T cell responses are boosted early during challenge i.e in mice pre-immunized with the 
dominant CD8+ T cell epitope (34,35). However, the virus specific CD8+ T cell response and 
CD4+ T cell mediated IFN-γ responses were not different early after viral challenge. Further-
more, dietary induced differences in the magnitude of the Th2 response (day 4 and 6 in the 
FI-RSV model) preceded the difference in Th1 response by CD4+ T cells and virus specific 
CD8+ T cells (day 8/10) as well as viral clearance difference between the diets. Recently, a 
regulatory function of CD4+Foxp3+ T cells has been described during primary RSV infection. 
Several approaches; in vivo depletion with CD25-specific antibody, conditional depletion 
with diphtheria toxin during primary RSV infection in DEREG mice that express the diphthe-
ria toxin receptor under control of the Foxp3 locus, or in vivo Treg activation by IL-2- immune 
complexes have shown that Tregs can regulate the early inflammatory response and the mag-
nitude and quality of adaptive immune responses (14,26,27). In the present study we found a 
correlation between diminished CD4+Foxp3+ T cells in the lungs and increased virus specific 
CD8+ T cell numbers at day 8 post challenge in the FI-RSV vaccination model. In addition, we 
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also found decreased GzmB expression in the CD4+Foxp3+ cells in the BAL of scGOS/lcFOS/
pAOS receiving mice, another indication that regulatory T cell function in these mice might 
be influenced. In the FI-RSV experiment mice received the scGOS/lcFOS/pAOS diet from two 
weeks before vaccination through the entire experiment until they were sacrificed 8 days 
after viral challenge. Therefore, it is possible that dietary effects on Treg (or other immune 
cells) affected immune responses during priming as well as during the recall response. It 
has been shown in a murine model of experimental allergic airway inflammation performed 
with DEREG mice that depletion of Treg during the priming phase of the response led to an 
exacerbation of allergic airway inflammation affecting serum IgE levels and lung eosinophilia 
(2). Because of the similarities between OVA induced allergy models and the FI-RSV model 
(25), a direct effect of altered Treg function on the Th2 component in the immune response 
might be envisioned in the FI-RSV model without a role of a Th1-mediated suppression of 
Th2 responses and eosinophilia. More in-depth studies looking into the role of Tregs during 
dietary intervention are needed to address their specific role and function in time.

The exact mechanism(s) involved in systemic immune modulation by scGOS/lcFOS/pAOS is 
currently unknown. Because of the prebiotic capacities of the oligosaccharides tested in this 
study, it is tempting to speculate that microbial products or composition influences gut and 
systemic immunity. Studies with germ free, restricted flora or antibiotic treated mice have 
shown that commensal microbiota can influence systemic immunity by targeting specific 
cell types like plasmacytoid dendritic cells, invariant NKT cells, virus-specific CD8+ memory 
cells and marginal zone B cells (13,51,58,59). Products from gut bacteria provide signals for 
pattern recognition receptors like NOD or Toll like receptors. Systemic immune response 
alterations appear to be caused by interaction of gut microbial components and such innate 
immune receptors. Ichinohe et al. showed that immune responses against respiratory tract 
influenza A virus infections could be influenced by gut commensal bacteria. Administration 
of broad spectrum antibiotics in mice resulted in incompetent virus-specific CD4+ and CD8+ 
T cell responses, a defect that could be completely restored by intra-rectal injection of the 
TLR4 ligand lipopolysaccharide (LPS) (21). Another recent study in mice showed that gut 
microbiota derived peptidoglycan is translocated from the gut into the systemic circulation. 
Systemic availability of peptidoglycan is sensed by Nod1 receptors and results in enhanced 
neutrophil mediated innate immunity (8). In addition to effects of bacterial composition or 
bacterial components, the observed immune modulation might be a result of direct inter-
actions between oligosaccharides provided in the diet and host immune cells. Eiwegger 
et al. showed that small amounts of scGOS and lcFOS can cross the gut epithelial barrier, 
therefore these components may become systemically available (11). Lectins are known to 
bind carbohydrate structures and modulate immune responses. Galectins have been shown 
to control immune homeostasis and inflammation. Galectin-9/Tim-3 interactions regulate 
virus specific primary and memory CD8+ T cell responses in Herpes Simplex virus infections 
and promote the induction of regulatory T cells (Tregs) (42,43).
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In summary, in our study we show that dietary intervention with a specific prebiotic oligo-
saccharide mixture can influence host innate and T cell responses during a respiratory virus 
infection by modulation of the Th1/Th2 responses in the lungs. Therefore, prophylactic dietary 
supplementation of scGOS/lcFOS/pAOS in infant formula could be beneficial by accelerating 
post natal maturation of the infant immune system and potentiating protective immunity 
against respiratory virus infections with a high attack rate in early infancy such as RSV.

Materials and methods

Mice

Specific pathogen-free 3-4 week-old female C57BL/6 mice (Charles River Nederland Maas-
tricht, The Netherlands) were housed under standard housing conditions. All animals had ad 
libitum access to tap water and diet. All study protocols were approved by the Animal Ethics 
Committee of the Medical Faculty of the Utrecht University.

Diet

AIN-93G-based diets were mixed with a specific oligosaccharide mixture (Research Diet 
Services, Wijk Bij Duurstede, The Netherlands) containing short chain Galacto-oligosa-
charide (scGOS: Borculo, Domo, Zwolle, The Netherlands, 45% scGOS), long-chain Fructo-
oligosaccharide (lcFOS: Orafti, Wijchen, The Netherlands, 100% lcFOS) and Pectin derived 
Acidic oligosaccharides (pAOS: Sudsucker, Mannheim, Germany, 5% galacturonic acid) in a 
9:1:10 ratio based on carbohydrate purity. This specific ratio is based on earlier described 
immune modulating capacities in human and mice (16,53). The specific oligosaccharides 
were exchanged against 2% (wt:wt) of total carbohydrates present in the control diet.

Virus and infection

RSV strain A2 (VR-1302, ATCC) was grown on HEp-2 cells (CCL-23, ATCC) purified by 
polyethylene glycol 6000 precipitation and stored in phosphate-buffered saline (PBS) with 
10% sucrose in liquid nitrogen until further use. Mice were anesthetized with isoflurane and 
intranasally infected with 4x106 plaque forming units (pfu) RSV in a volume of 50 μl diluted 
in PBS.

FI-RSV vaccine and vaccination

Formalin-inactivated (FI)-RSV was prepared by the method used for the original vaccine as 
tested in the 1960’s in infants (39). RSV A2 strain was grown for 48 hrs in HEp-2 cells. Culture 
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medium was cleared from cell debris by low speed centrifugation (1000xg, 10 min, 4°C). 
Formalin (F8775, Sigma-Aldrich) was added to 3x106 pfu RSV/ml containing supernatant at 
a final dilution of 1:4000 and incubated at 37°C for 3 days with stirring. After ultra-centrif-
ugation (50,000 gav, 1h, 4°C) of the FI-RSV preparation, resulting pellets were resuspended 
to 1/25th of the original volume in Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco, 
Invitrogen) without supplements. FI-RSV was adsorbed to 4 mg/ml aluminium hydroxide 
(A1577, Sigma-Aldrich) overnight at room temperature while stirring. Finally, FI-RSV was 
pelleted by centrifugation (1000xg, 30 min) and resuspended to 1/4th volume in PBS. This 
procedure resulted in a final dosage that was concentrated 100-fold and contained 16 mg/ml 
aluminium hydroxide. At day 0, mice were intramuscularly (i.m.) injected with 50 µl FI-RSV 
vaccine preparation.

Tissue isolation and preparation

Mice were sacrificed at different time points, as indicated in the figure legends, by i.p. injec-
tion of 300 µl pentobarbital. Cells from the airways were obtained by broncho-alveolar 
lavage (BAL) with 3 x 1 ml of 0.15 M NaCl. Prior to removal, the lungs were perfused with 
PBS containing 100 U/ml heparin. Lungs were cut to 1 x 1 mm pieces and incubated with 
collagenase (2.4 mg/ml; 10103586001, Roche Applied Science) and DNase (1 mg/ml; 
10104159001, Roche Applied Science) for 20 min. at 37°C. Single cell suspensions were 
prepared by processing the tissue trough 70 µm cell strainers (BD Falcon, BD Biosciences).

RSV-specific real-time PCR

For preparation of lung tissue homogenates, isolated snap-frozen whole lungs were crushed 
on dry ice, dissolved in PBS and stored at -80 0C until further use. Viral replication in lung 
homogenates was determined, as earlier described, via plaque assay (24). To measure total 
virus copy numbers by PCR, total RNA from lung homogenates was extracted using Mag-
naPure LC equipment, cDNA was synthesized, and viral loads were determined by real-time 
PCR as recently described (19). In short, viral genomic RNA was isolated using a MagnaPure 
LC total nucleic acid kit (Roche Diagnostics, Mannheim, Germany). The isolated viral RNA 
was reverse transcribed using a MultiScribe reverse transcriptase kit and random hexamers 
(Applied Biosystems, Foster City, CA), according to the manufacturer’s guidelines. Primers 
and probes designed on the basis of highly conserved genomic regions of the N gene for both 
RSV subgroup A (RSV-A) and B (RSV-B) were used for subtyping of the RSV patient strains. 
The following primers and probes were used:

RSA-1: 5’-AGATCAACTTCTGTCATCCAGCAA-3’
RSA-2: 5’-TTCTGCACATCATAATTAGGAGTATCAAT-3’
RSB-1: 5’-AAGATGCAAATCATAAATTCACAGGA-3’
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RSB-2: 5’-TGATATCCAGCATCTTTAAGTATCTTTATAGTG-3’
RSA probe: 5’-CACCATCCAACGGAGCACAGGAGAT-3’
RSB probe: 5’-TTCCCTTCCTAACCTGGACATAGCATATAACATACCT-3’

Murine encephalomyocarditis virus (RNA) was used as an internal control. Samples were 
assayed in a 25 μl reaction mixture containing 10 μl of cDNA, TaqMan universal PCR master 
mix (Applied Biosystems, ABI), primers (900 nM RSV-A primers and 300 nM RSV-B primers), 
and fluorogenic probes (58.3 nM RSV-A probe and 66.7 nM RSV-B probe) labeled with the 5’ 
reporter dye 6-carboxy-fluorescein (FAM) and the 3’ quencher dye 6-carboxy-tetramethyl-
rhodamine (TAMRA). Amplification and detection were performed with an ABI 7900 HT 
system for 2 min at 50oC, 10 min at 95oC, and 45 cycles of 15 sec at 95oC and 1 min at 60oC. 
Samples were controlled for the presence of possible inhibitors of the amplification reaction 
by the indicated internal control, signals of which had to range within a clear-cut interval. 
Sample cycle threshold values (Ct) were compared with a standard curve of RSV A2.

In vitro re-stimulation

Isolated lung cells were re-stimulated with a synthetic peptide representing a dominant H-2 
restricted RSV epitope or a dendritic cell line infected with RSV. For peptide stimulation, 
single cell suspensions of lung cells (1x106 cells) were incubated with the H-2Db restricted 
peptide (1 µg/ml) from the RSV M protein (M187–195, NAITNAKII) (28). Restimulation with 
RSV was accomplished by co-culturing lung cells (1x106 cells) with RSV infected D1 cells 
(2x105 cells). D1 is a non-transformed, growth factor-dependent, myeloid dendritic cell line 
derived from C57BL/6 mice (60). D1 cells were maintained in IMDM, 5% hyclone FCS (Perbio, 
SH30080.03), 1% penicillin/streptomycin and 50µM β-mercapto-ethanol and supplemented 
with 30% conditioned medium from GM-CSF producing R1 cells (mouse fibroblast NIH3T3, 
transfected with the GM-CSF gene (12). D1 cells were infected for a period of 48 hours 
with RSV (multiplicity of infection, m.o.i 2) before addition to the lung cell suspension. Cell 
suspensions were stimulated for 6 h at 37°C, 5% CO2 in 200 µl IMDM supplemented with 2 
mM L-glutamine, 25 mM Hepes buffer, 5% FCS, penicillin/streptomycin, 50 µM β-mercapto-
ethanol and 50 U/ml recombinant human IL-2 (11147528001, Roche). Brefeldin A 10 µg/ml 
(B7651, Sigma-Aldrich) was added for the duration of the stimulation to facilitate intracel-
lular accumulation of cytokines.

Cell surface and intracellular cytokine staining

Lung single cell suspensions were first pre-incubated with 2.4.G2 an Fc receptor specific Ab 
(anti-CD16/32) to reduce non-specific binding and then stained for 4- or 5-color flow cytom-
etry with the following antibodies (from BD Biosciences unless otherwise stated). To identify 
mDC populations cells were stained with: anti-CD11c (clone HL3), anti-MHC-II (I-Ab/I-Eb, 
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clone AF6-120.1), anti-CD103 (clone M290) and anti-CD11b (clone M1/70). For pDC popula-
tions cells were incubated with anti-Ly6C (clone RB6-8C5), anti-CD45R (clone RA3-6B2), 
anti-CD11b (clone M1/70), anti-CD11c (clone HL3) and anti-mPDCA-1(Miltenyi Biotec, 
clone JF05-1C2.4.1). BAL eosinophils were identified with anti-CD45R (clone RA3-6B2), 
anti CD11c (clone HL3) and anti-Siglec-F (clone E50-2440). RSV specific CD8+ T cells were 
visualized with MHC class I - M187–195 tetramer, manufactured as previously described (18). 
Cytokine production by CD4+ and CD8+ T cells was measured by flow cytometry. Cells were 
washed with FACS buffer and stained for surface markers with anti-NKG2A (clone 20d5), 
anti-CD8 (clone 53-6.7) and anti-CD4 (clone RM4-5). For intracellular staining, cells were 
fixed and permeabilized with CytoFix/CytoPerm (BD, 554722) solution and Perm/Wash 
buffer (BD, 554723). Intracellular cytokines were detected with anti-IFN-γ (clone XMG1.2), 
anti-IL-5 (clone TRFK5), anti-IL-4 (clone 11B11), anti-IL-13 (eBioscience, clone eBio13a). 
Stained samples were measured on a FACSCanto II flowcytometer (BD, San Diego, CA) and 
analyzed using FacsDiva software (BD, San Diego, CA).

BAL fluid leukocyte composition

Lung cells were spun onto glass slides (Shandon cytospin, Pittsburgh, Pa) and fixed with 100% 
methanol for 5 min. Subsequently, cell nuclei were stained in a 1:1 dilution of May-Grünwald 
(Mallinckrodt Baker, 3855) with buffered water pH 6.8 for 5 min. After washing with buff-
ered water pH 6.8, cells were stained with a 1:8 dilution of Giemsa (Merck, 1.09204.500) 
with buffered water pH 6.8 for 15 min. and finally washed with water. For determination of 
cell composition one hundred cells per sample were counted.

Statistical analysis

For all experiments, the difference between groups was calculated using a Two-Way ANOVA 
followed by the Bonferroni test (Graphpad Prism version 4: Graphpad, San Diego). Data are 
expressed as the mean +/- standard error of the mean (SEM). The p values deemed significant 
are indicated in the figures as follows: p < 0.05.
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Abstract

The host-microbiome interplay is one of the new areas in human health research, includ-
ing airway diseases. Bacterial colonization of mucosal surfaces is an important factor for 
maturation of neonatal immunity in the first year of life shifting immune responses from Th2 
biased towards a more Th1 type of response. Factors like, caesarean section, antibiotics and 
diet affect microbial populations and could potentially influence immune maturation. Neo-
natal Th2 biased immunity has been suggested to contribute to increased risk of developing 
respiratory syncytial virus (RSV) induced severe disease. RSV is estimated to be responsible 
for up to 22% of severe lower respiratory tract infections (LRTI) in children under 5 years 
of age. We investigated the impact of microbiome disruption, induced by broad spectrum 
antibiotics, on immune responses against RSV, in a murine formalin-inactivated (FI-) RSV 
vaccination model for enhanced disease. Orally administered antibiotics applied during 
vaccination had no effect on body weight and viral clearance but affected both cellular and 
humoral arms of the adaptive immune response against RSV. Antibiotic treatment reduced 
microbial diversity and increased RSV specific Th2 cytokine (IL-4, IL-5 and IL-13)-producing 
CD4+ T cell numbers and airway eosinophilia in the lung at day 6 after challenge infection. 
This was accompanied by a significant decrease in IFN-γ and TNF-α producing CD4+ T cells 
in the lung and lower RSV specific IgG2c antibody titers in serum. Our model suggests that 
microbiome disruption via broad spectrum antibiotics affects host immune responses 
against RSV, causing a Th2 biased response. Because the infant microbiome is important 
to develop the capacity to mount Th1-type immune responses, our study indicates that the 
effect of antibiotics administered to new-borns should be evaluated carefully especially for 
their potential to inhibit immune maturation. Extrapolation from our mouse model suggests 
that antibiotics used in the neonatal period might increase the risk of developing severe RSV 
bronchiolitis and susceptibility to develop allergic disease later in life.
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Introduction

Respiratory syncytial virus (RSV) infection remains a serious threat to neonates, immune 
compromised individuals and elderly. Primary RSV infections occur within the first 3 years 
of life and can cause severe bronchiolitis and pneumonia, particularly in infants < 6 months 
of age [1,2]. In children diagnosed with RSV-induced severe lower respiratory tract infections 
(LRTI), the use of antibiotics is only recommended when a secondary bacterial co-infection is 
suspected. However, numerous pathogens may cause similar symptoms of respiratory illness 
and clinical characteristics are rarely distinctive to accurately diagnose RSV induced disease 
[3,4] and therefore antibiotics are frequently prescribed to children hospitalised with 
RSV-induced bronchiolitis [5–7]. The benefits of antibiotic treatment in children diagnosed 
with RSV-induced severe LRTI are minor [8] and the use of antibiotics to prevent persistent 
respiratory symptoms in the RSV induced post-acute bronchiolitis phase has shown to be 
ineffective [9]. The outcome of early antibiotic treatment on the onset of adaptive immune 
responses or immunological memory is not known.

Neonatal exposure to antibiotics and severe episodes of RSV bronchiolitis are both fac-
tors associated with the susceptibility to develop asthma-like symptoms later in life. In early 
life antibiotic usage, time of prescription and frequency are both factors that determine the 
risk of subsequent development of atopic asthma and allergic disease [10–16]. A relation 
between RSV bronchiolitis and the susceptibility to develop asthma/recurrent wheeze (RW) 
has been suggested [17]. Several studies have identified LRTIs occurring during the first few 
years of life as independent risk factors for subsequent development of asthma [18–20] and 
others showed a strong correlation between severe RSV bronchiolitis in infancy and recur-
rent wheeze [21,22]. The reason why children diagnosed with severe RSV bronchiolitis are at 
a risk of developing recurrent wheeze and atopic disease is not known, but there is evidence 
that prevention of RSV infection by passive antibody therapy reduces the risk of long-term 
respiratory illness, indicating that severe RSV infection at a critical period of postnatal 
development may lead to persistent problems in later life [23]. Neonatal immunity is imma-
ture, Th2 biased and less effective compared to the stronger Th1 biased responses in older 
children and adults. To provide complete protection against infections, the neonatal immune 
system relies on innate immune responses and maternal antibodies transferred in utero and 
through breast milk. Microbial stimuli play a key role in the maturation process of neonatal 
immunity [24,25]. Since the first description of the “hygiene hypothesis” in 1989 [26] it is 
now well recognized that environmental factors, either directly or indirectly, have a decisive 
role in microbiome formation and the maturation of mucosal immunity [27]. In addition 
to the role of the microbiome as a factor in the development of uncontrolled inflammatory 
responses in asthmatic disease [28,29] correlations between the microbiome present in lung 
and gut and viral airway infections are also emerging [30]. A recent mouse respiratory viral 
infection study reported that commensal microbiota composition in the gut regulated the 
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generation of virus-specific immune responses following influenza virus infection [31] via 
a inflammasome mediated mechanism. Another study showed that pharyngeal microflora 
disruption by antibiotics promoted airway hyperresponsiveness after primary respiratory 
syncytial virus infection [32]. This suggests a clear correlation between the influence of the 
microbiome in the lung and gut ameliorating viral airway infections.

For RSV it is well known that inactivated RSV vaccine cause disease increase upon later 
natural virus exposure. This was first shown in a vaccine trial with formalin- inactivated RSV 
formulated with alum as the adjuvant [33]. Many vaccinated children needed hospitalization 
during the RSV season following vaccination, with fatal outcome for two children. Similar 
enhanced disease symptoms have been reproduced in animal models and appears to result 
from a strong Th2 type RSV specific CD4 T cell response and eosinophilia accompanied by 
low affinity antibody responses and low virus specific CD8 T cell numbers in mouse models 
[34]. The presumed mechanism is a lack of TLR activation during the priming phase of the 
adaptive immune response [35] and possibly there is an additional role of formalin treat-
ment, disrupting antigenic structures recognized by antibodies.

In this study, the effect of oral administration of broad spectrum antibiotics during the 
vaccination phase is evaluated on RSV specific lung T cell responses in the murine formalin-
inactivated (FI)-RSV vaccination model and preliminary correlates between microbiome 
composition and host immunity were evaluated.

Results

Antibiotics do not affect viral clearance and disease severity, but affect the cellular 
response against RSV six days post infection.

To address the question whether microbal disruption through antibiotic (Abt) treatment, 
could affect local lung immune responses against RSV, C57BL/6 mice were fed a combination 
of broad spectrum antibiotics consisting of Ampicillin, Vancomycin, Neomycin sulfate and 
Metronidazole in drinking water for a period of 4 weeks. In a bio-contained environment 
(Isocage®), antibiotic treatment started 2 weeks prior to intra muscular (i.m.) FI-RSV vac-
cination (d14) until 2 weeks thereafter. Thirty five days after vaccination, mice were intra 
nasally (i.n.) challenged with RSV. Six days post infection mice were sacrificed, lung cell 
composition analyzed and lung T cell responses determined after in vitro re-stimulation of T 
cells with RSV infected dendritic cells (Figure 1A). Weight loss can be used as a correlate for 
disease severity in mouse models of respiratory infection. Orally applied antibiotics resulted 
in significantly (p<0.05) lower body weights compared to control mice (98.3 ±3.1% vs. 108.9 
±1.0%) in the first week of treatment, presumably due to the foul taste of Metronidazole 
[36] (Figure 1B). At the time of vaccination and in the subsequent 5 weeks before i.n. chal-
lenge, antibiotic treated mice recovered in weight and during this phase weights in both 
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groups were similar. Although C57BL/6 mice are relatively resistant to viral growth and 
weight loss upon RSV infection [37,38], a decrease in body weight (2-5%) was observed in 
the first 3 days post i.n. infection. Antibiotic treated and control animals showed no signifi-
cant differences in bodyweight post infection (Figure 1B). The amount of virus present on 
day 6 post infection was measured by PCR in lung tissue after bronchoalveolar lavage. No 
difference was detected between antibiotic treated and control animals (Figure 1C). The 
possible effect of antibiotic treatment on the influx of lung leucocyte subpopulations was 
investigated via phenotyping of parenchymal CD45+ CD11c− Siglec-F+ eosinophils, NK1.1+ 
CD3− NK cells, CD3− CD19+ B220+ B cells and CD3+ CD4+ or CD8+ T cells using flowcytometric 
analysis (Figure 2A). Antibiotic treated mice showed significantly lower infiltration of abso-
lute lung CD4+ T cell numbers compared to control mice (1.1 ± 0.1 vs. 1.7 ± 0.1 x107 cells/
lung), but antibiotic treatment had no effect on absolute numbers of other cell populations 
investigated. (Figure 2B). Analysis of the cellular composition of the BAL fluid showed that 
eosinophil influx, characteristic for this model, was significantly (p<0.05) increased in mice 

Figure 1. Broad spectrum antibiotics have no effect on viral clearance and RSV specific disease severity 
(A) Mice housed under bio-contained sterile conditions using HEPA® filtered isocages® received plain or an-
tibiotics supplemented water 2 weeks before and 2 weeks after i.m. vaccination with FI-RSV. 5 weeks after 
vaccination, mice were intranasally infected with 4x106 plaque forming units (pfu) RSV and sacrificed 6 days 
post infection. (B) Weight measurements, as a parameter for disease severity, were performed weekly pre-
infection and daily post-infection. Data are shown as a percentage of the original body weight measured. (C) 
Amounts of RSV A2 present in lung of FI-RSV vaccinated mice day 6 post infection was measured by RT-PCR. 
Concentrations of RSV-N RNA were determined by comparing sample threshold values with a standard curve 
of RSV A2 and shown as copies RSV-N/gram of lung. Data shown represent the mean ± SEM of 2 individual 
experiments performed with similar results, n=8 group, except for control group figure B (n=4). Significant 
differences were depicted as (*p<0.05).
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treated with antibiotics compared to controls (4.7 ± 1.3 vs. 2.2 ± 0.5 x106 cells/lung) at day 
6 after infection (Figure 2C).

Reduced numbers of lung CD103+ DC and increased numbers of CD11b+ DC are 
present at day six post infection in antibiotic treated mice.

Dendritic cells play an important role in the initiation of both innate and adaptive immune 
responses to pathogens. In the mouse lung two major subsets of DC have been described, 
CD11clow/mPDCA-1+ plasmacytoid DC (PDC) and myeloid or “conventional” CD11c+ DC 
(cDCs). These CD11c+ cDCs can be further divided into CD11c+MHC class-II+CD103-CD11b-
high (CD11b+ DC), a subset located in the lung parenchyma that is important in leukocyte 
recruitment, and CD11c+MHC class-II+CD103+CD11blow (CD103+ DC) located underneath the 

Figure 2. Antibiotics affect the RSV specific cellular response 6 days post infection. (A) Phenotyping of leu-
kocyte subpopulations in murine lung by flow cytometric analysis. Populations were identified as: Eosinophils 
(CD45+ CD11c− Siglec-F+), NK cells (NK1.1+ CD3-), B cells (CD3- CD19+ B220+), T cells (CD4+ or CD8+). (B) Cellular 
composition of specific cell types in the lung, depicted in absolute cell numbers. (C) BAL fluid, depicted in 
absolute numbers. Data shown represent the mean ± SEM of 2 individual experiments performed with similar 
results, n=8 group. Significant differences were depicted as (*p<0.05)
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epithelium, that sample antigens from the airways [39,40], (Figure 3A). We investigated the 
impact of antibiotic treatment on dendritic cell populations. Antibiotic treatment during vac-
cination significantly decreased the number of CD103+ DCs (1.3 ± 0.2 vs. 3.8 ± 0.8 x105 cells/
lung) 6 days post infection compared to control mice. Furthermore, antibiotic treatment 
resulted in a significant increase in the number of CD11b+ DC (12.1 ± 1.9 vs. 8.6 ± 0.3x105 
cells/lung) compared to control mice while pDC numbers remained unaffected (Figure 
3B). This pattern of increased CD11b+ DC correlated with the Th2/eosinophillic immune 
response in this model [41,42].

Oral administration of antibiotics during FI-RSV vaccination increases regulatory T 
cell numbers and Th2 type effector cell numbers in lungs of RSV challenged mice.

We investigated RSV-specific CD4+ and CD8+ T cell responses at day 6 post infection. Lung 
lymphocytes were stained with an H-2Db/M187–195 tetrameric complex (containing the domi-
nant RSV epitope derived from the viral matrix protein M187–195; NAITNAKII), and antibodies 
specific for the migration markers CD11a and CD62L and activation marker NKG2a. At day 
6 post infection the percentage of activated lung CD8+ T cell population was significantly 
decreased in the antibiotic treated mice compared to control mice (37.1 ± 2.6 vs. 54.5 ± 3.7% 
based on NKG2a+ staining) and (50.2 ± 3.4 vs. 63.6 ± 3.6% based on CD11ahi/CD62Llow stain-
ing). Identification of RSV specific CD8+ T cells with the H-2Db/M187–195 tetrameric complex 
showed that approximately 34% of recently activated NKG2a+ CD8+ T cells were specific 
for the major RSV epitope NAITNAKII. Furthermore, antibiotic significantly reduced the 
percentage of recently activated NKG2a+ NAITNAKII specific CD8+ T cells (11.0 ± 1.3 vs. 20.8 
± 2.4%) compared to control animals (Figure 4A). The effect of antibiotic treatment on RSV 

Figure 3. Reduced numbers of lung CD103+ DC and increased numbers of CD11b+ DC are present at day 6 
post infection in antibiotic treated mice. (A) Lungs of naïve mice were used for gating strategies of lung DC 
populations, I (PDC), II (CD103+ DC), III (CD11b+ DC). (B) Day 6 after intra-nasal challenge with RSV, absolute 
cell numbers of PDC, CD103+ DC and CD11b+ DC were determined. Data shown represent the mean ± SEM 
of 2 individual experiments performed with similar results, n=8 group. Significant differences were depicted 
as (*p<0.05).
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Figure 4. Oral administration of antibiotics during FI-RSV vaccination increases regulatory T cell numbers 
and Th2 type effector cell numbers in lungs of RSV challenged mice. (A) At day 6 post infection, leucocytes 
were isolated from the lung parenchyma and stained for CD4 or CD8 in combination with CD11a/CD62L or 
NKG2A/H-2Db/M187-195 tetramer to investigate T cell activation. Figure represents the number double positive 
cells as a percentage of total CD8+ T cells. (B) Cytokine production capacity was investigated by in vitro T cell re-
stimulation. Lung single cell suspensions were co-cultured with unloaded (D1) or RSV loaded (D1+RSV) myeloid 
dendritic cells and intracellularly stained for IL-10 and -17 or (C) IL-4, -5, -13, IFN-γ and TNF-α. (D) Regulatory T 
cells were stained for CD4, CD25 and FoxP3 in combination with Granzyme B or isotype control and depicted 
as the absolute number of Granzyme B producing regulatory T cells or granzyme B expression per cell (MFI) 
present in the lung at day 6 post infection. Data shown represent the mean ± SEM of 2 individual experiments 
performed with similar results, n=8 group. Significant differences were depicted as (*p<0.05, **p<0.01).
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specific lung CD4+ T effector cell responses was measured via intracellular staining of TNF-α 
(inflammatory) , IFN-γ (Th1), IL-4, IL-5, IL -13 (Th2) and IL-10, IL-17 (regulatory) cytokine 
production, after in vitro re-stimulation of lung cells with RSV infected or uninfected myeloid 
dendritic cells (D1 cells). RSV specific IL-10 and IL-17 producing CD4+ T cell numbers mea-
sured at day 6 post infection were not affected by antibiotic treatment (Figure 4B). However, 
a significant increase in absolute numbers of lung CD4+ T cells producing Th2-type cytokines 
IL-4 (3.2 ± 0.4 vs. 1.9 ± 0.3 x106 cells/lung) and IL-13 (2.8 ± 0.5 vs. 1.4 ± 0.3 x106 cells/
lung) was found in antibiotic treated animals compared to control animals (Figure 4C). The 
significantly increased numbers of virus specific IL-4 and IL-13 producing CD4+ T cells was 
accompanied by significantly lower number of virus specific TNF-α+ (3.2 ± 0.5 vs. 6.8 ± 2.0 
x106 ) cells/lung and IFN-γ+ (3.7 ± 0.5 vs. 5.8 ± 1.2 x106 ) CD4+ T cells/lung in the antibiotic 
treated group compared to control mice (Figure 4C). The inflammatory response to lung 
infections must be tightly regulated. Host immune responses should efficiently eliminate 
pathogen while maintaining crucial gas exchange. Regulatory T cells control local immunity 
to suppress excessive inflammation and damage. In our model, antibiotic treatment resulted 
in significant increased number of local CD4+ CD25+ FoxP3+ regulatory T cells (9.0 ± 0.7 
vs. 5.6 ± 0.6 x105 cells/lung) compared to control. The perforin/granzyme pathway is a 
central component of anti-tumor and anti-viral cytotoxic responses mediated by cytotoxic T 
lymphocytes (CTLs) and natural killer (NK) cells. Recent data show that granzymes are also 
involved in immune regulation. Granzyme B producing regulatory T cells, exclusively present 
in lung tissue, are able to control RSV induced disease severity by the suppression of virus 
specific CD8+ T cell responses, cellular infiltration and local cyto-/chemo-kine release in the 
lungs of RSV infected mice [43,44]. We investigated possible effects of antibiotic treatment 
on granzyme B expression in regulatory T cells in the lungs in the FI-RSV induced severe 
RSV model. The number of granzyme B positive regulatory T cells (3.6 ± 1.3 vs. 1.7 ± 0.7 
x105 cells/lung) and granzyme B expression per cell (2980 ± 447 vs. 1737 ± 498 MFI) were 
significantly increased in antibiotic treated compared to control mice (Figure 4D).

Antibiotic treatment lowers serum IgG2c levels six days post challenge in FI-RSV 
vaccinated mice.

Next to the impact microbial distortion has on cellular immunity against RSV we also inves-
tigated the effect of antibiotic treatment on the RSV specific humoral response. The impact 
of antibiotic treatment during FI-RSV vaccination on the virus specific antibody response 
against RSV was measured by ELISA of serum IgG1 and IgG2c levels present on day 6 post 
challenge. C57BL/6 mice express the Igh1-b allele encoding for antibodies of the IgG2c iso-
type and lack the allele of the IgG2a isotype [45], therefore we used an IgG2c specific second-
ary antibody. In antibiotic treated mice the RSV specific IgG1 antibody response remained 
unaffected while the virus specific IgG2c levels in serum were significantly (p<0.05) lower 
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in the antibiotic treated animals compared to controls (Figure 5). These data correlate with 
the DC and cytokine profiles depicted in figure 3 and 4. Interestingly, similar DC and T cell 
responses were measured by Roux et al in neonatal mice [46]. This study shows that both the 
cellular and humeral response RSV can be modulated via orally applied antibiotics.

Intra-rectally administered LPS during FI-RSV vaccination reduces eosinophilia and 
increases RSV specific IFN-γ producing T cell numbers in the lungs of RSV infected 
mice.

We next tested whether local innate immune responses in the gut could alter adaptive 
immune responses in the lung. As a model for increased microbial pressure in the intestine, 
we rectally inoculated mice with a single dose of ultra-pure LPS (the major bacterial cell wall 
component of gram-negative bacteria) prior FI-RSV vaccination (d14), to mimic the effect of 
a high load of gram-negative bacteria present in the colon. Thirty five days after vaccination, 
mice were intra nasally (i.n.) challenged with live RSV. At day 6 post infection mice were 
sacrificed, bronchoalveolar lavage (BAL) samples were collected and lung cell suspensions 
phenotyped and analyzed for RSV specific T cell responses (Figure 6A). A single rectal dose 
of ultrapure LPS from Escherichia coli (5μg) prior FI-RSV vaccination had no effect on the 
body weight compared to mice receiving control PBS (Figure S1). However, a significantly 
reduced eosinophillic cell influx (2.1 ± 0.4 vs. 4.0 ± 0.7x106 cells) into the bronchoalveolar 
space was observed in LPS treated animals vs. control mice at day 6 post RSV infection. (Fig-
ure 6B). In vitro re-stimulation of RSV specific lung T cells with RSV infected or uninfected 
D1 cells resulted in significant increased percentage of CD8+ (36.9 ± 4.7 vs. 24.1 ± 2.5%, not 
shown) T cells, non-significant increased number of IFN-γ producing CD8+ T cells (2.5 ± 0.3 

Figure 5. Antibiotic treatment lowers serum IgG2c levels 6 days post challenge in FI-RSV vaccinated mice. 
Serum from mice sampled at day 6 post RSV infection was analyzed for RSV specific IgG1 and IgG2c levels. 
Symbols represent the O.D.450 value measured after subtraction of background. Data shown represent the 
mean ± SEM of 2 individual experiments performed with similar results, n=8 group. Significant differences 
were depicted as (*p<0.05).
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vs. 1.8 ± 0.3 x106 cells/lung) and significant increased numbers of IFN-γ producing CD4+ T 
cells (12.0 ± 1.9 vs. 5.6 ± 1.0 x106 cells/lung) in LPS treated animals compared to control 
treated mice (Figure 6C). LPS treatment had no effect of the number of T cells producing 
Th2 associated cytokines IL-4, IL-5 and IL-13 (Figure 6D). These data show that a rectally 
applied single dose of LPS during an intra-muscular vaccination skews the RSV specific T cell 
response in the lung towards a stronger Th1 type of response 41 days later at the peak of the 
response i.e. 6 days after the live virus challenge.

Figure 6. Intra-rectally administered LPS during FI-RSV vaccination reduces eosinophilia and increases RSV 
specific IFN-γ producing CD4+ T cell numbers in the lungs of RSV infected mice (A) SPF mice housed under 
bio-contained sterile conditions using HEPA® filtered isocages, received intra rectally a single dose of 50μL PBS 
or 50μL PBS containing ultrapure LPS from Escherichia coli (5μg), before i.m. vaccination with FI-RSV. 5 weeks 
after vaccination, mice were intranasally infected with 4x106 plaque forming units (pfu) RSV and sacrificed 
6 days post infection. (B) Lung single cell suspensions (left) and cellular composition of BAL fluid (right), 
depicted in absolute numbers. (C) For in vitro T cell re-stimulation experiments, lung cell suspensions were 
co-cultured with unloaded (D1) or RSV loaded (D1+RSV) myeloid dendritic cells and intracellularly stained for 
IFN-γ and (D) IL-4, -5, 13. The values depicted represent the absolute numbers of cytokine producing T effec-
tor cells 6 days post infection. Data shown represent the mean ± SEM of 2 individual experiments performed 
with similar results, n=10 group. Significant differences were depicted as (*p<0.05, **p<0.01).
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Oral administration of broad spectrum antibiotics during FI-RSV vaccination reduces fecal 
bacterial taxonomic composition and the absolute numbers of RSV-specific IFN-γ producing 
T cells in the lungs of RSV infected mice.

Our experimental models for altered microbial pressure showed that it was possible to 
modulate lung RSV specific T cell responses. We repeated the antibiotic treatment in the 
FI-RSV vaccination model and collected isolated fecal samples before, 4 weeks after anti-
biotic treatment and 6 days post infection (Figure 7A). In this experiment we reproduced 
the antibiotic treatment effect on IFN-γ in this model i.e. at day 6 post infection the num-
ber of activated cells of the total lung CD8+ T cell population were significantly decreased 
in the antibiotic treated mice compared to controls (37.5 ± 2.1 vs. 46.8 ± 2.7% based on 
NKG2a+) and (50.1 ± 1.7 vs. 61.5 ± 1.6% based on CD11ahi/CD62Llow staining, Figure 7B). 
Furthermore, in vitro restimulation of lung cells with RSV loaded D1 showed that antibiotic 
treatment significantly reduced absolute number of lung CD4+ T cells producing IFN-γ (2.6 
± 0.6 vs. 4.6 ± 0.6 x106 cells/lung) compared to control animals (Figure 7C). Antibiotic 
treatment showed a non-significant increase of eosinophils in the BAL fluid compared to 
control animals (Figure 7D) and had no effect of the absolute number of IL-4, IL-5 and IL-13 
producing T cells (Figure 7E). Analysis of fecal microbial taxonomic composition and alpha/
beta diversity via 16S gene amplicon sequencing [47] and QIIME data mining, showed that all 
animals had a divers microbial taxon, expressed as a rarefaction and operational taxonomic 
unit plot (OTU), at the start of the experiment (Figure 7F). Administration of sterile food 
and drinking water for a period of 55 days in a bio-contained environment resulted in a sig-
nificant decrease in variety of microbial taxonomic composition in control animals, showing 
that HEPA® filtered isocages effectively reduce exposure to external pathogens. Antibiotic 
treatment for a period of 4 weeks dramatically reduced variation in fecal bacterial species, 
resulting in a dominant composition of mostly gram-positive bacteria from the phylum 

Figure 7. Oral administration of broad spectrum antibiotics during FI-RSV vaccination reduces fecal bacte-
rial taxonomic composition and the absolute numbers of RSV-specific IFN-γ producing CD4+ T cells in the 
lungs of RSV infected mice. (A) Mice received plain or antibiotics supplemented water 2 weeks before until 2 
weeks after i.m. vaccination with FI-RSV. 5 weeks after vaccination, mice were intranasally infected with 4x106 
plaque forming units (pfu) RSV and sacrificed 6 days post infection. (B) At day 6 post infection, leucocytes 
were isolated from the lung parenchyma and analyzed for activation status by staining with CD8 in combina-
tion with CD11a/CD62L or NKG2A. Figure represents the number double positive cells as a percentage of 
total CD8+ T cells. (C) Virus specific CD4+ and CD8+ T cell responses, visualized after in vitro re-stimulation of 
lung cells with unloaded (D1) or RSV loaded (D1+RSV) myeloid dendritic cells and intracellularly stained for 
IFN-γ (E) IL-4, IL-5 and IL-13 (D) Eosinophillic influx measured in BAL fluid 6 days after infection is depicted in 
absolute numbers/lung. (F) Roche-454 16S rRNA gene pyrosequencing was performed to longitudinally char-
acterize fecal microbiome composition before antibiotic treatment (D0), after antibiotic treatment (D28) and 
6 days post infection (D55). Figures represent fecal taxa depicted as a rarefaction plot (left) or taxon/species 
pie chart (right). The values depicted represent the absolute numbers of cytokine producing T effector cells 
6 days post infection. Data shown represent the mean ± SEM of 2 individual experiments performed with 
similar results, n=8 group. Significant differences were depicted as (*p<0.05, **p<0.01).
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Firmicutes. Twenty-seven days after ending antibiotic treatment, diversity in Phyla was still 
significantly reduced. Moreover, the relative abundance of Bacilli present after 28 days of 
antibiotic treatment was almost completely substituted by Clostridia, as measured 6 days 
post infection (Figure 7F). Furthermore, macroscopical examination of the intestinal tract 
showed that antibiotic treatment results in an enlarged cecum Figure S2). These data show 
that in a bio-contained environment orally applied broad spectrum antibiotics irreversibly 
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reduce fecal microbial diversity. Whether reduced microbial colonization due to antibiotic 
treatment affects immune priming upon vaccination or the onset of the adaptive immune 
response triggered upon RSV infection remains elusive.

Discussion

In the present work we demonstrate that orally applied broad spectrum antibiotics had 
drastic and long term effects on intestinal microbiota composition and skewed adaptive 
immune responses specific for RSV in the FI-RSV vaccination model towards stronger Th2-
biased responses accompanied with increased lung eosinophilia and decreased RSV specific 
serum IgG2c titers. Opposite effects were observed when TLR4 ligand LPS was administered 
rectally prior to i.m. vaccination with FI-RSV. Antibiotics treatment did not significantly alter 
weight or viral loads at day six in the lungs. Recently we reported a prebiotic diet intervention 
study in the same FI-RSV vaccination model and in a primary RSV infection model [41]. In 
both models we observed an increased Th1/Th2 ratio of RSV specific CD4+ T cell responses. 
Together, our studies suggest that alterations in commensal microbiota composition have an 
impact on airway immune responses to RSV.

In a recent study Ichinohe et al. reported that the same mixture of antibiotics that we used 
in our studies decreased both humoral (IgG) and cellular (CD4+ and CD8+ T cell responses) in a 
primary influenza virus infection model [31]. However, this antibiotic treatment did not affect 
the immune response triggered by ovalbumin in complete Freund’s adjuvant administered 
in the footpad, nor the CD4+ and CD8+T cell response initiated after intranasal administered 
herpes simplex type 2 virus. This difference was explained by the authors as a difference in 
the requirement of inflammasome activation in immune priming to influenza virus, but may 
also be a location specific aspect. A different antibiotic intervention; i.e. oral administration of 
cefoperazone promoted airway hyperresponsiveness after primary RSV infection, which was 
not observed in untreated mice [32]. The authors of this study suggested that the antibiotic 
effect might result from the eradication of pharyngeal commensal bacteria, but the mecha-
nism was not further elucidated. Clearly, antibiotic treatment will affect microbial content in 
different locations. Therefore, local effects on innate immune responses or systemic effects 
on immune parameters might have contributed to the observed immune modulation. More-
over, we showed in the present study that in the isocage® bio-contained model, antibiotic 
treatment for a period of 4 weeks irreversibly reduced gut microbiome diversity until at least 
4 weeks after ending antibiotic treatment. Therefore, a direct immunosuppressive effect of 
the antibiotic treatment in the RSV infection can be excluded. However, it is not possible to 
determine whether the observed immune manipulation via antibiotics (or LPS) treatment 
occur during the priming phase of the immune response or during the effector phase, i.e. the 
recall response upon the RSV challenge. Nevertheless, our study shows that in addition to 
the role of microbial stimuli during the perinatal maturation of the immune system, also in 
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mature mice altered microbial composition has an impact on immune responses directed to 
a virus or a vaccine when the immune systems has already matured towards the exposure of 
a diverse microbiome. Therefore, it is important for clinicians to be aware of the possible side 
effects on RSV specific adaptive immune responses when antibiotics are administered during 
RSV infections or for other causes during the neonatal period.

Materials and methods

Mice

Specific pathogen-free 3-4 week-old female C57BL/6 mice (Charles River Nederland Maas-
tricht, The Netherlands) were housed under bio-contained sterile conditions using HEPA® 
filtered isocages® (Tecniplast, Italy). All animals had ad libitum access to sterile water and 
diet. All study protocols were approved by the Animal Ethics Committee of the Medical Fac-
ulty of the Utrecht University.

Antibiotic treatment

For a period of 4 weeks animals had ad libitum access to sterile water supplemented with a 
broad spectrum antibiotic cocktail containing: Ampicillin (2g/L, A1593, Sigma-Aldrich), Van-
comycin (500mg/L, V2002, Sigma-Aldrich), Neomycin sulfate (1g/L, N1876, Sigma-Aldrich) 
and Metronidazole (1g/L, M3761, Sigma-Aldrich).

Virus and infection

RSV strain A2 (VR-1302, ATCC) was grown on HEp-2 cells (CCL-23, ATCC) purified by 
polyethylene glycol 6000 precipitation and stored in phosphate-buffered saline (PBS) with 
10% sucrose in liquid nitrogen until further use. Mice were anesthetized with isoflurane and 
intranasally infected with 4x106 plaque forming units (pfu) RSV in a volume of 50 μl diluted 
in PBS.

FI-RSV vaccine and vaccination

Formalin-inactivated (FI)-RSV was prepared by the method used for the original vaccine as 
tested in the 1960’s in infants [48]. RSV A2 strain was grown for 48 hrs in HEp-2 cells. Culture 
medium was cleared from cell debris by low speed centrifugation (1000xg, 10 min, 4°C). 
Formalin (F8775, Sigma-Aldrich) was added to 3x106 pfu RSV/ml containing supernatant at 
a final dilution of 1:4000 and incubated at 37°C for 3 days with stirring. After ultra-centrif-
ugation (50,000 gav, 1h, 4°C) of the FI-RSV preparation, resulting pellets were resuspended 
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to 1/25th of the original volume in Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco, 
Invitrogen) without supplements. FI-RSV was adsorbed to 4 mg/ml aluminium hydroxide 
(A1577, Sigma-Aldrich) overnight at room temperature while stirring. Finally, FI-RSV was 
pelleted by centrifugation (1000xg, 30 min) and resuspended to 1/4th volume in PBS. This 
procedure resulted in a final dosage that was concentrated 100-fold and contained 16 mg/ml 
aluminium hydroxide. At day 0, mice were i.m. injected with 50 µl FI-RSV vaccine preparation.

Tissue isolation and preparation

Mice were sacrificed at different time points, as indicated in the figure legends, by i.p. injec-
tion of 300 µl pentobarbital. Cells from the airways were obtained by broncho-alveolar 
lavage (BAL) with 3 x 1 ml of 0.15 M NaCl. Prior to removal, the lungs were perfused with 
PBS containing 100 U/ml heparin. Lungs were cut to 1 x 1 mm pieces and incubated with 
collagenase (2.4 mg/ml; 10103586001, Roche Applied Science) and DNase (1 mg/ml; 
10104159001, Roche Applied Science) for 20 min. at 37°C. Single cell suspensions were 
prepared by processing the tissue trough 70 µm cell strainers (BD Falcon, BD Biosciences).

RSV-specific real-time PCR

For preparation of lung tissue homogenates, isolated snap-frozen whole lungs were crushed 
on dry ice, dissolved in PBS and stored at -80 0C until further use. To measure total virus 
copy numbers by PCR, total RNA from lung homogenates was extracted using MagnaPure 
LC equipment, cDNA was synthesized, and viral loads were determined by real-time PCR 
as recently described [49]. In short, viral genomic RNA was isolated using a MagnaPure LC 
total nucleic acid kit (Roche Diagnostics, Mannheim, Germany). The isolated viral RNA was 
reverse transcribed using a MultiScribe reverse transcriptase kit and random hexamers 
(Applied Biosystems, Foster City, CA), according to the manufacturer’s guidelines. Primers 
and probes designed on the basis of highly conserved genomic regions of the N gene for both 
RSV subgroup A (RSV-A) and B (RSV-B) were used for subtyping of the RSV patient strains. 
The following primers and probes were used:

RSA-1: 5’-AGATCAACTTCTGTCATCCAGCAA-3’
RSA-2: 5’-TTCTGCACATCATAATTAGGAGTATCAAT-3’
RSB-1: 5’-AAGATGCAAATCATAAATTCACAGGA-3’
RSB-2: 5’-TGATATCCAGCATCTTTAAGTATCTTTATAGTG-3’
RSA probe: 5’-CACCATCCAACGGAGCACAGGAGAT-3’
RSB probe: 5’-TTCCCTTCCTAACCTGGACATAGCATATAACATACCT-3’

Murine encephalomyocarditis virus (RNA) was used as an internal control. Samples were 
assayed in a 25 μl reaction mixture containing 10 μl of cDNA, TaqMan universal PCR master 
mix (Applied Biosystems, ABI), primers (900 nM RSV-A primers and 300 nM RSV-B primers), 
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and fluorogenic probes (58.3 nM RSV-A probe and 66.7 nM RSV-B probe) labeled with the 5’ 
reporter dye 6-carboxy-fluorescein (FAM) and the 3’ quencher dye 6-carboxy-tetramethyl-
rhodamine (TAMRA). Amplification and detection were performed with an ABI 7900 HT 
system for 2 min at 50oC, 10 min at 95oC, and 45 cycles of 15 sec at 95oC and 1 min at 60oC. 
Samples were controlled for the presence of possible inhibitors of the amplification reaction 
by the indicated internal control, signals of which had to range within a clear-cut interval. 
Sample cycle threshold values (Ct) were compared with a standard curve of RSV A2.

Microbiome analysis

For fecal microbiome analysis, DNA extracts were prepared from snap frozen freshly col-
lected fecal samples. Identification of microbial taxonomic composition and alpha/beta 
diversity was performed via 16S gene amplicon sequencing [47] with Roche 454 technology 
and QIIME datamining.

In vitro re-stimulation

Isolated lung cells were re-stimulated with a synthetic peptide representing a dominant H-2 
restricted RSV epitope or a dendritic cell line infected with RSV. For peptide stimulation, 
single cell suspensions of lung cells (1x106 cells) were incubated with the H-2Db restricted 
peptide (1 µg/ml) from the RSV M protein (M187–195, NAITNAKII) (28). Restimulation with 
RSV was accomplished by co-culturing lung cells (1x106 cells) with RSV infected D1 cells 
(2x105 cells). D1 is a non-transformed, growth factor-dependent, myeloid dendritic cell line 
derived from C57BL/6 mice [50]. D1 cells were maintained in IMDM, 5% hyclone FCS (Perbio, 
SH30080.03), 1% penicillin/streptomycin and 50µM β-mercapto-ethanol and supplemented 
with 30% conditioned medium from GM-CSF producing R1 cells (mouse fibroblast NIH3T3, 
transfected with the GM-CSF gene [51]. D1 cells were infected for a period of 48 hours with 
RSV (multiplicity of infection, m.o.i 2) before addition to the lung cell suspension. Cell sus-
pensions were stimulated for 6 h at 37°C, 5% CO2 in 200 µl IMDM supplemented with 2 
mM L-glutamine, 25 mM Hepes buffer, 5% FCS, penicillin/streptomycin, 50 µM β-mercapto-
ethanol and 50 U/ml recombinant human IL-2 (11147528001, Roche). Brefeldin A 10 µg/ml 
(B7651, Sigma-Aldrich) was added for the duration of the stimulation to facilitate intracel-
lular accumulation of cytokines.

Cell surface and intracellular cytokine staining

Lung single cell suspensions were first pre-incubated with 2.4.G2 an Fc receptor specific 
Ab (anti-CD16/32) to reduce non-specific binding and then stained for 4- or 5-color flow 
cytometry with the following antibodies (from BD Biosciences unless otherwise stated): 
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Anti-CD3 (clone 145-2C11), anti CD4 (clone RM4-5), anti CD8 (clone 53-6.7), anti CD11a 
(clone 2D7), anti-CD11b (clone M1/70), anti-CD11c (clone HL3), anti CD19 (clone 1D3), anti 
CD25 (clone PC61), anti-CD45 (clone RA3-6B2), anti CD62L (clone MEL-14), anti-CD103 
(clone M290) anti B220 (clone RA3-6B2), anti-MHC-II (I-Ab/I-Eb, clone AF6-120.1), anti-Ly6C 
(clone RB6-8C5) anti-mPDCA-1 (Miltenyi Biotec, clone JF05-1C2.4.1) anti-Siglec-F (clone 
E50-2440) and anti-NKG2A (clone 20d5). RSV specific CD8+ T cells were visualized with 
MHC class I - M187–195 tetramer, manufactured as previously described [52]. Granzyme B and 
cytokine production by CD4+ and CD8+ T cells was measured by flow cytometry. Cells were 
washed with FACS buffer and stained for surface markers with anti-CD8 (clone 53-6.7) and 
anti-CD4 (clone RM4-5). For intracellular staining, cells were fixed and permeabilized with 
CytoFix/CytoPerm (BD, 554722) solution and Perm/Wash buffer (BD, 554723). Intracellular 
cytokines were detected with anti-IFN-γ (clone XMG1.2), anti TNF-α (clone MP6-XT22), 
anti-IL-4 (clone 11B11), anti-IL-5 (clone TRFK5), anti-IL-10 (clone JES5-16E3), anti-IL-13 
(eBioscience, clone eBio13a), anti-IL-17 (clone TC11-18H10). Treg detection using anti FoxP3 
(clone MF23). Granzyme B expression was determined via anti Granzyme B (clone GB11) or 
matching IgG1 isotype control. Stained samples were measured on a FACSCanto II flowcy-
tometer (BD, San Diego, CA) and analysed using FacsDiva software (BD, San Diego, CA).

BAL fluid leukocyte composition

Lung cells were spun onto glass slides (Shandon cytospin, Pittsburgh, Pa) and fixed with 100% 
methanol for 5 min. Subsequently, cell nuclei were stained in a 1:1 dilution of May-Grünwald 
(Mallinckrodt Baker, 3855) with buffered water pH 6.8 for 5 min. After washing with buff-
ered water pH 6.8, cells were stained with a 1:8 dilution of Giemsa (Merck, 1.09204.500) 
with buffered water pH 6.8 for 15 min. and finally washed with water. For determination of 
cell composition one hundred cells per sample were counted.

ELISA

To determine RSV specific IgG’s, NUNC MaxiSorp® plates were coated with denatured lysate 
from RSV infected or uninfected Hep-2 cells in PBS and incubated overnight at 40C. After 
removal of unbound lysate, plates were blocked with a bovine serum albumin (BSA), 0.05% 
Tween 20 in PBS solution for 1 hr. at 370C. Serum dilutions of animals infected with RSV 
were incubated for 2 hr. at 370C and after wash incubated for 2 hr. with the secondary HRP-
labelled antibodies anti-IgG1 (04-6120, Invitrogen) or anti-IgG2c (GG2C-90P, Immunology 
Consultant Laboratory). The substrate 3,3’,5,5’-Tetramethylbenzidine was used for colour 
development. Enzymatic activity was stopped by adding 9.8% H2SO4 and measured at OD450.
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Statistical analysis

For all experiments, the difference between groups was calculated using a Two-Way ANOVA 
followed by the Bonferroni test (Graphpad Prism version 4: Graphpad, San Diego).

Data are expressed as the mean +/- standard error of the mean (SEM). The p values 
deemed significant are indicated in the figures as follows: * p < 0.05, ** p < 0.01.
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Supporting Information

Supplementary figure S1. Single intra-rectal dose of LPS during vaccination had has no effect on bodyweight 
development. After intra rectal LPS administration and FI-RSV vaccination, weekly weight measurements pre-
infection and daily weight measurements post-infection were performed. Data shown are the mean ± SEM 
percentage of original body weight measured and represent data of 2 individual experiments performed with 
similar results, n=8 group.

Supplementary figure S2. Oral administration of antibiotics during FI-RSV vaccination increases cecum 
weight in RSV infected mice. In mice receiving sham, oral antibiotic or i.r. ultra-pure LPS during FI-RSV vac-
cination, cecum and colon were isolated and weighted 6 days post RSV infection. Data shown represent the 
mean ± SEM of 2 individual experiments performed with similar results, n=8 group. Significant differences 
were depicted as (*p<0.05, **p<0.01).
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Abstract

Prophylactic vaccinations are generally performed to protect naïve individuals with or 
without suppressed immune responsiveness. In a mouse model for Influenza vaccinations 
the specific alterations of CD4+CD25+Foxp3+ regulatory T-cells (Tregs) in the immune 
modulation induced by orally supplied oligosaccharides containing scGOS/lcFOS/pAOS was 
assessed. This dietary intervention increased vaccine specific DTH responses. In addition, a 
significant increased percentage of T-bet+ (Th1) activated CD69+CD4+ T cells (p<0.001) and 
reduced percentage of Gata-3+ (Th2) activated CD69+CD4+T cells (p<0.001) was detected in 
the mesenteric lymph nodes (MLN) of mice receiving scGOS/lcFOS/pAOS compared to con-
trol mice. Although no difference in the number or percentage of Tregs (CD4+Foxp3+) could 
be determined after scGOS/lcFOS/pAOS intervention, the percentage of CXCR3+/T-bet+ (Th1-
Tregs) was significantly reduced (p<0.05) in mice receiving scGOS/lcFOS/pAOS as compared 
to mice receiving placebo diets. Moreover, although no absolute difference in suppressive 
capacity could be detected, an alteration in cytokine profile suggests a regulatory T cell shift 
towards a reducing Th1 suppression profile, supporting an improved vaccination response.

In conclusion: These data are indicative for improved vaccine responsiveness due to 
reduced Th1 suppressive capacity in the Treg population of mice fed the oligosaccharide 
specific diet, showing compartmentalization within the Treg population. The modulation of 
Tregs to control immune responses provides an additional arm of intervention using alterna-
tive strategies possibly leading to the development of improved vaccines.
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Introduction

The induction of proper immune responsiveness to vaccinations shortly after birth or in 
immune compromised individuals is challenging. The highly protective environment and 
need to avoid immunological interactions of the fetus against the mother seem to be the main 
reason for this “physiological” immaturity of the immune system in newborn infants. Regu-
latory T cells (Tregs) are particularly abundant and potent during pregnancy and at birth 
and inhibit excessive immune responses whereby ultimately the maintenance of peripheral 
T-cell tolerance and pathogen clearance are key [1,2,3,4]. Moreover the signaling within the 
intestine through pathogen recognition receptors like the toll like receptor (TLR) family 
for instance is crucial for the generation of effective immunity. Illustrative for this is that 
TLR2 influences the function of Tregs [5] and establishes a direct link between the intestinal 
microbiota and the control of immune responses through Tregs [6]. Tregs are important 
cells involved in immune regulation and play an increasing role in many immune related 
disorders of which many are found to be related to disturbed Treg function. For instance in 
HIV disease progression, the up regulation of fork head box p3 (Foxp3) expression in CD4+ T 
cells seems to be a marker of disease severity [7] and also in HAART-therapy treatment the 
Treg activity is associated with persistently reduced CD4+ T-cell counts during antiretroviral 
therapy [8]. Even, in chronic diseases like asthma, allergy, cancer an altered Treg number or 
function has been described. This is exemplified by the increased number of Tregs in children 
with eosinophilic esophagitis and explicit role of Tregs in tumor immunity [9]. In addition, 
related towards acute infections and innate immunity, an important role for Tregs is the sup-
pression of innate immune pathology during influenza A virus infection [10]. Foxp3+CD4+ 
Tregs limit pulmonary immune pathology by modulating the CD8+ T cell responses during 
respiratory syncytial virus infection [11,12]. These findings contribute to the notification, 
that next to immune response induction, a regulated suppression is essential for maintaining 
proper immune balance.

The diversity in immune responses evoked upon pathogen recognition may require sev-
eral subsets of CD4+Foxp3+ Tregs to maintain proper immune homeostasis. There have been 
important functions reported for T-bet (Th1-specific T box transcription factor) and IRF-4 
(Interferon regulatory factor 4) in Tregs demonstrating that the suppression ability requires 
the expression of transcription factors typically associated with the effector T cell function 
at place [13]. IRF4 is a decisive factor during Th17 development by influencing the balance 
of Foxp3, retinoid-related orphan receptor (RORα), and RORγt [14]. In response to IFN-γ, 
the Tregs are found to up regulate T-bet which promotes the expression chemokine recep-
tor CXCR3, and T-bet+ Tregs accumulate at sites of Th1 cell–mediated inflammation. T-bet 
expression is required for the homeostasis and function of Treg cells during type 1 inflamma-
tion [15]. This subscribes the hypothesis that specific subsets of Foxp3+ Tregs develop for the 
suppression of Th1 responses in vivo [13]. Moreover, besides strong stimulation of effector 
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T cells a modulation of Tregs to control immune responses provide an additional arm of 
intervention in the development of improved vaccines.

Early in life establishment of immune responsiveness is influenced by several factors, 
including nutrition. Breast milk contains several interesting immune modulating components 
with specific modulating potentials, which are known to have a clear role in immune mediated 
disease resistance later in life [16]. Specific oligosaccharides are known to modulate immune 
responses, as they can improve the immune balance in infants, resulting in lower incidence 
of infections and simultaneously can have an impact on allergy related symptoms [17]. Prebi-
otic oligosaccharides can have a direct effect via activation or inhibition of cellular receptors 
on immune competent cells [18] and may act indirectly through microbiota-dependent 
mechanisms (i.e. rebalancing microbiota composition in the gut) [19] The pre- and probiotic 
concept is based on the fact that our microbiota are considered to contribute to induction and 
maintenance of immune homeostasis possibly via CD25+ Tregs [20]. More specifically, it was 
found recently that Tregs play a fundamental role in the immune modulation induced by the 
supplementation of these specific oligosaccharides [21]. The exact underlying mechanism 
by which prebiotic oligosaccharides induce immune modulation effects however remains 
to be elucidated and is subject of current investigation. Given the importance of Tregs in 
maintenance of immune homeostasis and vaccine efficiency in the host, the specific role of 
Tregs in the immune-modulating effects of dietary supplementation with a unique mixture of 
prebiotic oligosaccharides scGOS/lcFOS/pAOS in a vaccination model has been investigated.

Results

Oligosaccharide induced T-bet / Gata-3 differentiation increase the Th1 
responsiveness.

Immune modulation effects of the dietary intervention were analyzed by measuring antigen 
specific DTH responses, representing an in vivo parameter for Th1 type of cellular immunity. 
In mice receiving scGOS/lcFOS/pAOS, influenza vaccination results significantly (p<0.001) 
increased influenza-specific DTH responses compared to mice receiving placebo diets 
(Figure 1) which are comparable with earlier described immune modulation capacities of 
orally supplied oligosaccharides [22]. In addition, the expression of T-bet and Gata-3 in the 
activated (CD69+) CD4+ T-cell population was assessed both in spleen (data not shown) and 
MLN cells (Figure 2). “Neither in the total CD4+ T cell, nor in the percentage of activated 
CD69+CD4+ T cell populations (Figure 2B) is a significant change seen between the dietary 
interventions Interestingly a statistical significant increase in percentage of T-bet positive 
CD4+CD69+ T cells (p<0.001) could be detected in MLNs of mice receiving scGOS/lcFOS/
pAOS compared to mice receiving placebo diet (25.41 ± 1.85 placebo vs. 41.19 ± 1.92 scGOS/
lcFOS/pAOS % of CD4+CD69+ T cells (mean +/- SE)) as depicted in Figure 2C. In addition, a 
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statistical significant reduction (p<0.001) was found in the percentage of Gata-3 expressing 
activated CD69+CD4+ T cells (20.30 ± 1.28 placebo vs. 10.66 ± 1.13 scGOS/lcFOS/pAOS % 
(mean +/- SE)) as depicted in Figure 2C. Moreover, a significant (p<0.001) positive linear 
correlation (r2 = 0,54) was detected between the percentage of activated T-bet+ T cells and in 
vivo DTH response as well as a significant (p<0.01) negative correlation (r2 = 0,47) between 
the percentage of activated Gata-3+ T cells and DTH response (Figure 3). These data com-
bined are indicative for improved Th1 type of immune responsiveness in C57BL/6J mice 
towards a fixed antigen dose due to specific dietary oligosaccharides.

Changes within Treg population are in line with increased Th1 responsiveness.

If the development of Tregs are in line with the developed immune response as postulated by 
Barnes et al [13], than alterations in immune response should be accompanied with changes 
in Treg population accordingly. In order to test this hypothesis for the scGOS/lcFOS/pAOS 
induced Th1 responsiveness, the Treg population was analyzed using flowcytometry with 
surface staining of CXCR3 as additional marker besides T-bet expression (Th1 polarization) 
(Figure 4A). In mice receiving scGOS/lcFOS/pAOS the percentage of CD4+Foxp3+ T cells did 
not change in the MLNs (Figure 4B) or in the spleen (data not shown). Strikingly however, 
the percentage of CXCR3+ and T-bet+ Tregs were significantly lower (p<0.05) in the MLNs 
of mice receiving scGOS/lcFOS/pAOS compared to mice receiving placebo diets (2.99 ± 0.53 
placebo vs 1.06 ± 0.11 scGOS/lcFOS/pAOS % of Tregs (mean +/- SE)) (Figure 4C). Tregs 

Figure 1. Dietary intervention alters Flu-specific DTH responses. C57Bl/6J mice (n = 10 per group) received 
a sub-maximal vaccination and dietary intervention with or without scGOS/lcFOS/pAOS during the entire 
vaccination procedure. Antigen specific DTH responses were measured by ear swelling (24 hr. post-antigen 
injection) and corrected for background (PBS) swelling. A non-vaccinated group (n = 3) was used as control 
(NV). Lines represent median with interquartile range of the DTH responses from individual mice per group 
(as indicated through separate dots). The statistical differences are indicated in the graph.
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Figure 2. Activated CD4+ T-cells are modulated towards Th1 type of immune responsiveness. MLN cells 
were isolated from mice (n = 7 per group) receiving either placebo or scGOS/lcFOS/pAOS and were labeled 
with CD4/CD69/T-bet/Gata-3 flowcytometric analysis. The characterization of different cell populations is in-
dicated in the gating strategy (A). Lines represent mean % of CD4+ T cells, activated CD69+CD4+ T cells (B), 
T-bet+ activated T-cells and Gata-3+ activated T cells (C). In addition, individual measurements are indicated 
through separate dots. Data presented is representative for 3 individual experiments. Statistically significant 
differences between the groups are indicated in the graphs.
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(Foxp3+CD4+) cells which are positive for both CXCR3 and T-bet are hypothesized to down 
regulate an increased Th1 response. Therefore these data are indicative for a reduced 
Th1 suppressive capacity in the Treg population of mice fed the scGOS/lcFOS/pAOS diet. 
Although the changed percentages are small some strongly significant immune modulatory 
changes in Treg population are detected due to specific oligosaccharides in the diet, showing 
their functional capacity as evidenced by increased DTH responses.

Finally the suppressive capacity of isolated Tregs from spleen as well as MLNs was 
analyzed. From C57BL/6-Foxp3tm1Flv/J mice the regulatory T cells (characterized as 
CD4+CD25+mRFP+) were cell sorted and cultured together with PBSE labeled effector T 
cells for 96 hours. Cell division was observed after CD3 stimulation for 96h. Although Tregs 
isolated from both the spleen as well as the MLN suppressed the CD3 induced T cell prolifera-
tion, in none of the ratios tested a difference could be observed between the Tregs isolated 
from the mice on the different diets (data not shown). In addition to an overall reduction in 
cytokines produced with increasing percentage of Tregs, a small change in some cytokines 
was detected between the diets. As shown in Figure 5 no difference in IL-2 (proliferation) 
could be detected, but a significant (p<0.05) increased IFN-γ (Th-1) as well as significant 
(p<0.05) reduced IL-17 (Th-17) response was detected in spleen cell populations sup-
pressed by Tregs from mice receiving the specific oligosaccharides. The production of IL-13 
(Th2), IL-10 as well as IL-6 (inflammatory), were suppressed with increasing amounts of 
Tregs, but not different between the diets. These changes are in line with improved Th1 type 
of immune responsiveness in C57BL/6J mice towards a fixed antigen dose due to specific 
dietary oligosaccharides.

Figure 3. Correlation between DTH response and percentage of T-bet+, Gata-3+ of activated CD4 T cells in 
MLN. From individual mice the DTH values were correlated to the percentage of T-bet+ or percentage Gata-
3+ of the activated CD4+ T cells irrespective of dietary intervention, using Pearson and Spearman correlation 
tests. Mean correlation (line) and 95% CI (dashed) are indicated in the graphs next to the individual data 
points. With r2 = 0.5438 and r2 = 0.4653 for T-bet and Gata-3 respectively these percentages of activated T 
cells correlate significantly p<0.001 and p<0.01 respectively.
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Discussion

A better understanding of the mechanism by which vaccine induced immune responses can 
be increased using alternative strategies will improve vaccine development. In our current 
study we show that specific modulation of the immune response by specific oligosaccharide 
containing diet results in alteration in Treg population. More specifically, a reduced percent-
age of T-bet+ Tregs were induced in mice fed scGOS/lcFOS/pAOS diet during vaccination, 
resulting in increased vaccine responsiveness. Although the involvement of Tregs in dietary 
immune modulations has been indicated before [21,23], this is the first study showing that 
an alteration of activated CD4+ T cells (increased T-bet (Th1) and reduced Gata-3 (Th2)) is 
accompanied with a reduced population Tregs expressing T-bet. Moreover, although sup-
pressive capacity does not seem to be altered, the Tregs seem to suppress through a different 
and to hereunto unknown mechanism.

Figure 4. Treg population in MLN is influenced by the dietary intervention. Cells from MLNs were isolated 
from mice (n = 7 per group) receiving either placebo or scGOS/lcFOS/pAOS and were labeled with CD4/Foxp3 
in combination with CXCR3, T-bet, for flowcytometric analysis (A). Lines represent mean percentages of Tregs 
in total (CD4+Foxp3+ T cells) (B), and sub-populations of Tregs including % of CXCR3+/T-bet+ Tregs (C) In ad-
dition, individual measurements are indicated through separate dots. Data presented is representative for 3 
individual experiments. Statistically significant differences between the groups are indicated in the graphs.
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Recent observations have challenged the notification of one stable Treg sub lineage. 
Some reports suggest that there are multiple, functional Treg subsets. One of these 
subsets expresses T-bet, and has shown to be specifically adapted for the suppression 
of Th1 responses [15]. In addition another Treg subset expressing IRF-4 was identified, 
which is essential for Th2 differentiation. The absence of IRF-4+ Tregs even resulted in 
spontaneous Th2 mediated inflammation, suggesting the necessity of the IRF-4 positive 
Tregs to control Th2 type of responses [14]. Furthermore a third Treg subtype expressing 
STAT-3 seemed required suppressing Th17 responses [24]. Therefore as the plasticity 
of T cell population seems to require plasticity of Tregs to control excessive immune 
responses, this provides an additional arm of intervention. Within our studies we clearly 
show increased vaccination responsiveness, by dietary intervention. Both the increased 
DTH response as well as increased percentage of T-bet expressing T-cells is indicative 
for improved Th1 responsiveness, which is accompanied by alterations within the Treg 
population.

Previously, we observed a systemic decrease in Treg numbers in lung, spleen, and mes-
enteric lymph nodes at day 4 after infection in FI-RSV-vaccinated mice receiving the scGOS/
lcFOS/pAOS diet. Tregs have previously been found to regulate RSV-specific primary immune 
responses. Within this study the expression of granzyme B (GrzmB) in Treg locally in the 
lung was shown to be involved in the immune-regulatory function of Tregs in the primary 
RSV infection model [25]. Although the percentage of Tregs did not differ, a significantly 
decreased absolute number of Tregs was detected in the BAL fluid at day 4 after challenge in 
FI-RSV-vaccinated mice receiving the scGOS/lcFOS/pAOS diet. This indicates that the dietary 
intervention with scGOS/lcFOS/pAOS has an effect on the function of regulatory immune 
cells which correlates with altered immune responses.

The changes detected in the Treg population are multiple, they include a reduced per-
centage of CXCR3+/T-bet+ Tregs, GITR+CXCR3+ Tregs (data not shown) in the MLNs of mice 
receiving scGOS/lcFOS/pAOS diet compared to mice fed control diet. T-bet controls migra-
tion to inflammatory sites through CXCR3 up regulation as CXCR-3 is a direct transcript of 
T-bet [26]. Thus, T-bet may therefore play an important role in the direction and regulation 
of regulatory T cells. This indicates that it is not the percentage of Tregs in total, but merely 
the functionality which changes due to dietary intervention. Tregs also express receptors for 
inflammatory chemokines (CCR4, CCR9, and CXCR3), integrin’s, and tissue-homing receptors 
like CD103 [27]. Indeed, it was demonstrated that CD103+ Tregs are attracted and retained in 
inflamed tissues where they may exert their suppressive function [28]. Functional compart-
mentalization of Tregs is linked to the expression of different phenotypes, with Tregs found 
in tissues expressing CD103, IL-10, IL-2R, and CCR5.

In conclusion; this study shows that with dietary intervention using specific oligosac-
charides improved vaccine responsiveness can be induced due to reduced Th1 suppressive 
capacity in the Treg population of mice. The better understanding of the mechanism by 
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which vaccine induced immune responses can be amplified using alternative strategies will 
improve vaccine development.

Materials and Methods

Animals and diets

Eight-week-old old male specific pathogen-free inbred C57BL/6J mice and C57BL/6-
Foxp3tm1Flv/J were obtained from Charles River (Someren, the Netherlands) and housed 
under standard housing conditions with a 12 hr. dark and light cycle. All animals had free 
access to tap water and the semi-purified AIN-93G diet (Research Diet Services, Wijk bij 
Duurstede, the Netherlands), with or without oligosaccharide mixture consisting of three 
different prebiotic oligosaccharide materials, i.e. short-chain galacto-oligosaccharides 
(scGOS: Borculo Domo, Zwolle, 45% scGOS), long-chain fructo-oligosaccharides (lcFOS: 
Orafti, Wijchen, 100% lcFOS) and pectin hydrolysate derived acidic-oligosaccharides (pAOS: 
Sudzucker, Mannheim, 85% galacturonic acid). The oligosaccharides were mixed in a ratio of 
9:1:10 based on carbohydrate purity. Although other combinations of these specific prebiotic 
oligosaccharides are known to be effective as well, it was this specific ratio within currently 
used mouse vaccination model which gives the largest immune modulation, detected by a 
DTH increase at the time and was therefore used for these mechanistically studies. A small 
negative control group of animals (n=3) was included only to show specificity of the vac-
cination procedure. Therefore, this group was not used for any statistical comparison to 
supplemented groups (n=10 per group). Fourteen days prior to the first vaccination dietary 
supplementation started which was maintained during the entire experimental procedure. 
The study protocol was reviewed and approved by the Animal Experimental Committee of 
the Utrecht University (permit number 2011.II.06.102).

Vaccination protocol

All mice except the small negative control group received primary vaccination (day 1) and a 
booster vaccination (day 21) with a human influenza subunit vaccine consisting of haemag-
glutinin proteins of 3 different influenza strains (Influvac® , Solvay Pharmaceuticals, Weesp, 
the Netherlands). Vaccinations were performed by subcutaneous injection of vaccine (30 μg/
ml per subunit) in a total volume of 100 µL. The negative control group received concur-
rent injections with PBS in a total volume of 100 µL. Vaccine-specific DTH reactions were 
induced 7 days after the last vaccination, by subcutaneous injection of 25 μL Influvac (30 
µg/mL per haemagglutinin subunit) into the ear pinnea of one ear. For control, the other 
ear was injected with 25 μL PBS. Ear thickness was measured in duplicate before challenge, 
and 24 hours thereafter, with a digital micrometer (Mitutoyo Digimatic 293561, Veenendaal, 

Marcel BW.indd   227 30-Oct-13   10:54:26 AM



228

the Netherlands). The influvac specificity of the DTH response was calculated by subtracting 
the basal ear thickness from the value at 24 hours after challenge and was corrected for the 
control swelling.

Flowcytometric analysis

Splenocytes and cells from the mesenteric lymph nodes (MLNs) were isolated by gently 
pressing the organs through nylon mesh filters (Falcon cell strainer, Becton Dickinson, Alphen 
a/d Rijn, the Netherlands). After erythrocyte lysis (spleens only), a total of 1x106 cells were 
washed with PBS containing 1% FCS and incubated for 15 min with an anti-mouse CD16/
CD32 antibody (BD Pharmingen cat# 553142) blocking the Fc receptors. The cells were 
then stained with different combinations of anti-CD4-FITC (BD Pharmingen cat# 553046), 
anti-CD4-PE (BD Pharmingen cat# 553049), CD4-PeCy5 (BD Pharmingen cat# 553654), 
anti-CD25-PE (Beckman Coulter 732091), anti-CD69-APC (eBioscience cat# 17-0691), anti-
CXCR3-APC (eBioscience cat# 17-1831), anti-CD103-PE (eBioscience cat# 12-1031), anti 
GITR-PE (eBioscience cat# 12-5874), or with anti CTLA-4-PE (eBioscience cat#12-1522) 
for 30 minutes. Intracellular staining was performed according manufacturer’s protocol, 
(EBioscience, Foxp3 staining set, Bio connect, The Netherlands). For intracellular staining 
the antibodies anti-Foxp3-FITC (eBioscience cat# 11-5773), anti-Gata-3-PE (eBioscience 
cat# 12-9966), anti-T-bet-PerCP-Cy5 (eBiosience cat# 45-5825) were used in combination 
with above mentioned surface markers. Matching Isotype controls were used for all stain-
ing to minimize the influence of nonspecific binding, and proper gate setting. All staining 
procedures were performed on ice and protected from light. In total a minimum of 50.000 
cells were counted and analyses were performed using FACSCanto II and FACSDiva software 
(BD Biosciences).

Suppression assay

After labeling of MLN and spleen single cell suspensions obtained from C57BL/6-
Foxp3tm1Flv/J mice (Charles river) with CD4-FITC and CD25-APC the CD4+CD25+mRFP+ 
Tregs were isolated by flow cytometry using a FACS Aria cell sorter. Sorted Tregs were 
cultured together with 2 µM pacific blue succinimidyl ester (PBSE Invitrogen) labeled total 
spleen cells (20.000 per well ((Teff)) in ratio’s as indicated in the graphs. Cells were stimu-
lated with 1ug/ml anti-CD3 (BD Pharmingen clone 145-2c11) for 96hr. at 37°C. Cell culture 
supernatants were collected and cytokines were measured according to manufacturer’s 
protocol using Bio-Plex Pro Mouse Cytokine Grp I panel 23-Plex (BioRad). For cell division 
analysis using PBSE positivity, the cells were stained with CD4-FITC (BD Pharmingen cat# 
553046), CD8-APC (BD Pharmingen cat# 553932) and cell division was measured using 
flowcytometry.
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Statistical analysis

All statistical calculations were performed using SPSS version 12.0.1 software and Graph 
Path prism 4.03 software. Statistical differences between test and control groups were ana-
lyzed by one way ANOVA followed by multi-group comparison analysis using the Bonferroni 
test; otherwise an un-paired two sided t-test was used. Correlations were identified using 
Spearman and Pearson tests. All values are presented as mean ± SEM. P-values <0.05 were 
considered significant.
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Modern vaccination strategies are based on the induction of highly neutralizing antibodies. 
In the first part of this thesis we addressed several immunological questions concerning the 
role of antibodies in recurrent infections and innate and adaptive immunity against RSV.

In the second part of this thesis we discussed the impact of microbial colonization of 
mucosal surfaces on the development of immunity against RSV. We demonstrate the impact 
of dietary antibiotic or prebiotic use on microbiome composition and the adaptive immune 
response evoked in lungs of RSV infected mice.

General Discussion

The exact cause of severe disease in children during primary RSV infections is not completely 
clear. There is a link with viral load, but differences in virus strains do not seem to be the 
major reason why in some children the disease manifests as a mild cold while others suffer 
from a severe lower respiratory tract disease. The prevalence of severe lower respiratory 
tract infection due to RSV is high in the neonatal period. The immune response in this age 
group is characterized by suppressed innate immune responses and a Th2 bias, reasons 
for poorly effective immune responses to infection and vaccination. During the neonatal 
period maternally derived antibodies are an important factor to protect the newborn against 
pathogens upon the first encounter. For RSV high levels of serum neutralizing antibodies are 
required to neutralize the virus in the airways [1–3]. This is also underscored by the fact 
that antibody presence is no guarantee that re-infections are prevented. Re-infections with 
genetically similar RSV strains still occur even within the same RSV season. These reinfec-
tions, despite the presence of virus specific CD4+ and CD8+ T cell responses and antibodies 
suggest insufficient efficacy of acquired immunity. Specific virus characteristics, i.e. high 
replication rate and specific immune evasion mechanisms might contribute to the potency 
of RSV to re-infect the host. The ability of RSV to suppress the initiation of an effective T cell 
response has been shown by us (Figure 1) and described by several research groups.

RSV infected dendritic cells suppress the proliferative response and the maturation of 
effector function in CD4+ and CD8+ T cells. Two mechanisms have been described that may 
contribute to this inhibitory process, i.e. a soluble factor produced by RSV infected dendritic 
cells [4] and a contact-mediated inhibitory mechanism that prevents effective APC-T cell 
synapse formation [5]. Furthermore, Kruijsen et al showed that preexisting antibodies might 
prevent efficient induction of functional RSV specific CD8+ T cell responses [6]. This process 
might also contribute to decreased efficiency of virus eradication. Moreover, RSV specific 
antibodies might eventually lead to less effective CD8+ T cell memory. In healthy adults 
RSV specific CD4+ T memory cells can be detected with high frequencies while CD8+ T cell 
numbers appear to be low [7]. This situation is in contrast to the situation for influenza virus 
where virus specific CD8/CD4 T cell ratios in peripheral blood are usually much higher. From 
our murine studies we can conclude that virus neutralizing antibodies prevent the classical 
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proteasomal degradation route after infection of APC and thereby prevent effective class I 
presentation to CD8+ T cells [6]. While Ab-RSV complexes present in the airways can still 
induce CD8+ T cell responses (chapter 4), this process is less effective than the induction of 
CD8+ T cell responses by RSV in the absence of virus neutralizing antibodies. Some caution 
is warranted though when extrapolating this mechanism to humans, because virus replica-
tion is much more effective in humans compared to mice. It is possible that neutralizing 
antibodies are therefore less effective in the inhibition of the infection mediated route of 
antigen presentation. In addition to the effect of virus specific (neutralizing) antibodies on 
the amount of viral antigenic materials displayed on antigen presenting cells to virus specific 
T cells, we showed in chapter 3 that antibodies also strongly affect the nature of the innate 
immune response to RSV, depending on the particular context wherein the virus and anti-
bodies are present. Therefore, cytokines and chemokines induced locally in the lung, in the 
presence or absence of RSV specific antibodies, might affect the cellular repertoire attracted 
to the infected lung and the adaptive immune responses primed and reactivated in the lung 
draining lymphnodes or lung tissue respectively. These processes might also be extremely 
important to consider when attenuated viral vaccines are tested for safety and efficacy, since 
in our opinion attenuated replication and cytokine profiles in cultured epithelial cell lines 
does not suffice as safety indications [8,9]. Moreover, the effects of neutralizing antibodies 
on innate immunity and the initiation and maturation of RSV specific memory and effec-
tor cells should also be considered during the development of (stronger) neutralizing RSV 
specific antibodies used for prophylaxis. Antibody/FcR mediated reduced capacity to induce 
protective antiviral T cell responses might add to the inability to produce protective Th1 
like cytokines and may increase the risk of excessive viral replication and disease severity. 
However the most successful current strategy in the protection against severe RSV infections 

Figure 1. Proliferation of PHA activated T cells is suppressed by RSV via a non-infectious mecha-
nism. Carboxyfluorescein succinimidyl ester (CFSE) labeled human PBMC were stimulated with 10ug/ml 
Phytohaemagglutinin (PHA) and simultaneously infected with different multiplicities of infection (MOI) of (UV 
inactivated) RSV. Data represent the percentage of divided CD3+ cells compared to non-stimulated CD3+ cells 
5 days post infection.
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is the prophylactic use of the neutralizing antibody Palivizumab [10,11]. Reduced titers of 
serum antibodies correlate with increased RSV-associated hospitalization in patients of 
all ages and the additional use of neutralizing antibodies prevents infection and limit cell 
recruitment into the airways. Vaccination strategies are therefore aimed to induce high levels 
of neutralizing antibodies. The fact that the more potent monoclonal Ab Motavizumab [12] 
does not result in reduced incidence of severe RSV disease in high risk groups compared 
to Palivizumab suggests that inducing highly neutralizing Ab is not the only solution to a 
successful vaccine.

The difficulty to develop a protective vaccine candidate against RSV was demonstrated 
in the 1960s when children intra muscularly vaccinated with formalin inactivated (FI-) RSV 
developed severe lower respiratory tract disease upon infection with community acquired 
RSV [13–15]. Many animal models have been used to understand RSV induced severe disease 
and the FI-RSV vaccination trial (described in chapter 1). Vaccination with FI-RSV in BALB/c 
mice results in airway hyperresponsiveness, mucus production, increased numbers of neu-
trophils and eosinophils in lung lavages, poor neutralizing antibodies and a T cell response 
dominated by Th2 cells. In these mice, several groups have investigated the contribution 
of individual components to the harmful immune response evoked upon infection. Factors 
described to contribute to FI-RSV induced immune pathology are; viral epitope disruption by 
formalin [16], RSVs G protein [17,18] and the use of aluminum hydroxide as an adjuvant [19–
21]. We performed FI-RSV vaccination experiments in C57BL/6 mice with similar results as 
in the BALB/c mouse model with respect to pulmonary influx of neutrophils/eosinophils and 
a Th2 biased CD4+ T cell response in chapter 2. Investigation of the individual components 
demonstrated that neither formalin treatment nor the adjuvant aluminum hydroxide where 
essential components in the induction of eosinophilia and the Th2 response in this C57BL/6 
mouse model. Furthermore i.m. priming with a control vaccine, FI-RSV and FCS all induced 
eosinophilia upon infection with RSV cultured in FCS containing medium, demonstrating that 
not only the specific characteristics of the individual proteins of RSV but any protein pre-
sented via i.m. priming can contribute to enhanced disease in this murine model. Interestingly 
i.m. FCS primed mice i.n. infected with FCS+Influenza showed reduced Th2 T cell responses 
compared to mice challenged with FCS+RSV. This finding suggests that the outcome of the 
local innate immune response triggered upon viral challenge depends on the nature of the 
infecting virus and this might explain the difference in success of vaccination strategies with 
inactivated viral vaccines. The infectious mechanism of influenza virus depends on receptor 
mediated entry and routing to endo/lysosomal compartments where fusion occurs in a pH 
dependent mechanism. This process targets viral particles to endosomal TLRs. RSV does 
not require endosomal entry and during natural infection endosomes are bypassed. These 
different entry mechanisms could be a reason for the differences in the efficacy to trigger 
innate immunity, and the difference in the potency of these viruses to locally shift the effector 
response towards a Th1 type response.
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The question whether RSV infection creates an innate response in the lung that favors 
the attraction of Th2 type cells or fails to suppress the Th2 setting, initiated during prim-
ing remains elusive. We also showed that during vaccination, systemic availability of RSV 
matured dendritic cells trough i.v. injection induced a robust CD8+ response and reduced 
eosinophilia 5 days after an intranasal RSV challenge (chapter 2). This confirms earlier 
observations that one of the important factors to prevent the Th2 shifted response associated 
with severe disease, is the priming of a CD8+ T cell response during the initial exposure to 
virus particles [22–24]. This was shown before in BALB/c mice experiments, where disease 
was ameliorated when in addition to a strong G-specific CD4+ T cell response also CD8+ T 
cells were primed against the M2-2 –H-Kd epitope.

From the sequence of events observed in children hospitalized with severe RSV infec-
tions, it has been suggested that the innate immune response might be an important factor 
contributing to disease, while the acquired T cell response against the virus is protective 
[25]. During primary infections the maternally derived antibodies limit viral replication and 
innate immune responses might contribute to this process as well, but at the cost of collateral 
damage caused by inflammatory cytokines, chemokines and attracted innate immune cells, 
altogether resulting in cloughing of the small bronchioles by dead cell debris and increased 
mucus production. Since the exact nature of the innate immune response caused by RSV has 
been studied in murine models [26–30], cultured human cell lines [31–33] or in vitro cultured 
dendritic cells [34–36], detailed knowledge in primary human cell types and the impact of 
viral infection in mixtures of different cell types, as it occurs in vivo in human tissues is lacking. 
In chapter 3 we investigated the innate response triggered upon RSV infection in a complex 
mixture of primary human cells (PBMC) and the human epithelial cell line A549. Although 
our setting of a short exposure of a static human PBMC cell mixture to RSV infection in vitro 
will not resemble the in vivo situation, our experiments demonstrate that the outcome of the 
inflammatory response in a complex environment, in which different cells are activated in 
their own specific manner, cannot be predicted from sum of the responses of each individual 
cell type. We showed that within PBMC, binding of RSV is cell type specific. Moreover, the 
amount of viral particles that binds to specific cell types does not necessarily correlate with 
the cell types that become infected. These data show that both infection related routes of 
innate immune triggering and receptor mediated triggering of surface PRR can contribute 
to outcome of the innate response. RSV binds and infects primarily monocyte subtypes, 
DC and epithelial cells (chapter 3). During natural exposure to RSV, airway epithelial cells, 
alveolar macrophages in the airway lumen and dendritic cells underneath the epithelium 
are the primary cells initially exposed to RSV. These cell types contribute to innate immunity 
by controlling viral replication via the production of type I interferons and the induction 
of a local inflammatory cytokine and chemokine environment [37]. We showed that the 
broadly used RSV A2, the RSV A long strain and 2 recently isolated clinical strains all evoke a 
similar inflammatory response in epithelial A549 cells and human PBMC. The inflammatory 
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response in epithelial A549 cells was mediated via a process that depended on RSV infection 
and is presumably mediated via RIG-I [38,39], whereas CD14+ cells were the main producers 
of inflammatory cytokines within the PBMC mixture and showed a specific cytokine profile 
specific for infectious, non-infectious or antibody opsonized virus. With depletion of specific 
cell types within PBMC we demonstrated that pDC were the solitary producers of IFN-α via 
different pathways; I: TLR7 activation after Ab-mediated uptake of RSV, II: Infectious path-
way of RSV in purified pDC and III: Indirectly via IFNAR-mediated signaling triggered by type 
I interferon produced by RSV-infected A549 or RSV-exposed CD14+ cells.

Although we confirmed earlier studies where it was shown that purified pDC could 
produce IFN-α when exposed to infectious RSV [40], we also showed that in the absence of 
epithelial cells or CD14+ monocytes, pDC are poor producers of IFN-α upon infection with 
RSV compared to the exposure to viral components via endosomal TLR7 or via IFNAR medi-
ated pathways described above. Also in contrast to the laboratory Long strain virus used 
by Hornung et al (36) A2 strain and natural isolates are poor inducers of IFN-α by pDC and 
these strains reflect more the natural situation than the pDC infection with LONG strain 
virus, that was selected for it high potential to induce type I interferon. Possible explanations 
could be that the amount of IFN-α might be suppressed once viral non-structural proteins 
are expressed in RSV-infected pDC [8,41,42]. And secondly, RSV infection and propagation 
does not follow an endo-lysosomal route [40], avoiding the production of TLR7 mediated 
IFN-α production, that is readily observed for influenza virus, where even inactivated viral 
particles efficiently enter endosomes causing IFN-α production [43]. The inability to enter 
endosomal compartments can be overcome by presenting RSV as immune complexes to pDC 
(chapter 3, Figure 2).

Antibody opsonized viral particles might be beneficial to the production of IFN-α in two 
ways; by the prevention of infection and thereby preventing the expression of viral non-
structural proteins that interfere with type I interferon production pathways and secondly, 
facilitating FcR mediated viral uptake and activation of the TLR7/MyD88/ IFN-α pathway. 
The efficiency of this process in vivo remains to be established. In chapter 3 we showed a key 
role for CD14+ monocytes in inhibiting or inducing pDC antiviral type I IFN responses to RSV 
via respectively a direct antibody mediated and an indirect, infection mediated, mechanism. 
Therefore, the amount of type I interferon induced in lung tissue or lymphnodes will depend 
on the cellular context and the efficiency by which IgG-RSV complexes are produced in vivo. 
Some groups have shown that IFN-α production induced by bacterial CpG in pDC could be 
inhibited by Prostaglandin (PG) E and IL-10 released from monocytes that were stimulated 
with TLR2 and 4 ligands [44]. Our data suggest that the inhibition of TLR7 activation, after 
Ab-mediated uptake of RSV and subsequent IFN-α release, by CD14 monocytes in our model 
is not mediated via these factors. However, RSV interacting with TLR4 complex or TLR2 com-
plex might decrease type I interferon by RSV exposed pDC via different mediators. Moreover, 
local commensal bacteria or co-infecting virus could also play a role in this process.
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Figure 2. Aspects of local cellular immunity upon primary RSV infection described in this thesis and pos-
sible mechanisms involved in specific dietary pre- and antibiotic influenced RSV specific T cell responses. In 
human primary RSV infection, pDC contribute to the antiviral innate type I IFN response by producing IFN-α via 
3 different pathways; I: TLR7 activation after Ab-mediated uptake of RSV, II: Infectious pathway of RSV prob-
ably via RIG-I and III: Indirectly via IFNAR-mediated signaling triggered by type I interferon produced by RSV-
infected epithelial cells or RSV-exposed CD14+ cells (chapter 3). In mice, the cellular immune response against 
primary infection is dominated by RSV specific IFN-γ producing CD4+ and CD8+ T cells 4-10 days post infection 
(chapter 7). Prophylactic anti- and pre-biotics both alter microbiome composition and may influence mucosal 
and systemic immunity, resulting in an altered cellular immune response against RSV [98]. Lungs of mice treat-
ed with dietary scGOS/lcFOS/pAOS contained reduced numbers of BAL leucocytes, Treg and inflammatory 
CD11b+ DC and increased numbers of IFN-γ producing CD4+ T cells 6-10 days post RSV infection (chapter 7).
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Because RSV specific antibodies are transmitted from mother to child during pregnancy 
and via breast milk, the role of these antibodies should be carefully evaluated with respect to 
their effect on innate immune responses when new vaccine candidates are tested. In addition 
to FcR mediated viral uptake and signaling on the cell membrane, the neonatal Fc receptor 
(FcRn) is an important receptor for antigen sampling at multiple mucosal sites [45]. FcRn is 
known to regulate serum albumin and IgG concentrations, provide passive immunity trough 
transport of IgG across the placenta from mother to infant and the bidirectional transfer of 
(antigen bound) IgG across the epithelial layer via transcytotic pathway [46,47]. The transfer 
of antigen bound IgG from the lumen into the lamina propria have been demonstrated in 
the intestine and a similar process occurs in the upper airways in humanized mice [45]. 
The immune complexes transported into the lamina propria, are internalized by antigen 
presenting cells and presented to T cells at different lymphatic sites. The importance for FcRn 
has been shown in specific antigen presenting cells for MHC II presentation to CD4+ cells 
as well as cross-presentation to CD8+ T cells in both in vitro and in vivo studies[45,48–50]. 
In chapter 4 we investigated how pre-existing RSV specific antibodies could influence the 
priming of subsequent adaptive immunity against RSV and a possible role for FcRn in this 
process. Kruijsen et al. previously showed in mice that neutralizing antibodies systemically 
present could affect RSV-specific T-cell responses by shifting the CD4/CD8 T cell balance, 
resulting in decreased CD8+ T cells present in the lung [6]. Antibody opsonized virus may 
prevent viral infection and thereby reducing the ability for class I presentation and CD8+ T 
cell priming. We showed that i.n. administration of UV-inactivated virus particles resulted in 
poor T cell priming, while both CD4+ and CD8+ virus-specific T-cell responses were induced 
after viral challenge when virus was opsonized with palivizumab during priming (chapter 
4, Figure 3). These experiments showed that presenting non-infectious virus particles in 
immune complexes facilitates CD8+ T cell priming, possibly via more efficient targeting to 
class I routes of (cross-) presentation in APC. Also the different cytokine and presumably 
chemokines produced upon interaction of cells with RSV-IC might contribute to CD8+ T 
cell priming. Both processes might be facilitated by FcγR that were shown to be crucial for 
enhanced CD8+ T cell priming (chapter 4, [51]).

In summary, prophylactic administration of RSV neutralizing antibodies clearly has ben-
eficial effects in high risk children presumably by lowering viral load and decreasing over 
exuberant innate immune responses [10,52,53]. However, the presentation of antibody opso-
nized virus to various cell types important in the initiation of innate and adaptive immune 
responses may alter innate pathogen recognition pathways, affect the onset of subsequent 
immune response evoked by these cells and the ability to resist subsequent RSV infections. 
When testing new vaccine candidates or prophylactic Ab treatment, awareness of the mecha-
nism of cellular cross talk and the role of antibodies in T cell priming and innate immunity to 
RSV might contribute to the evaluation of vaccine efficacy and safety.
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Figure 3. Aspects of local immunity upon RSV infection in RSV or FI-RSV vaccinated mice. In mice, intra mus-
cular vaccination with formalin inactivated RSV (FI-RSV) results upon challenge with live virus in lung eosino-
philia, RSV specific antibodies and Th2 biased T cell responses. Interestingly, i.m. vaccination with FI-RSV +TLR9 
ligand [107], i.n. RSV priming or FI mock vaccination in combination with i.v. RSV loaded mDC does not lead 
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During the neonatal period exposure to the microbial environment contributes to maturation 
of the immune system. Interestingly, colonization of mucosal sites including skin, lung and 
intestinal tract with substantial amounts of microorganisms, does not result in extensive pro-
inflammatory responses. Several studies have shown that, during the first month of life, ex 
vivo re-stimulation of isolated neonatal monocytes with Toll ligands showed an inflammatory 
cytokine response similar to adults [54,55]. This suggests that specialized tolerogenic mecha-
nisms regulate immune adaption of the immune system to microorganisms in the first months 
of life. Immune programming trough bacterial colonization in the first months of life might be 
a window of opportunity for the development of a balanced immune responsiveness. Indeed 
several mouse studies [56] and human clinical trials [57] have demonstrated that the most 
promising strategy for immune modulatory effects in atopic disease is trough administration 
of specific bacterial strains to pregnant woman, colonizing the infant’s mucosal surfaces at 
birth. In this period altered colonization due to antibiotic treatment, environmental chal-
lenges or pharmaceutical components might affect the development of neonatal immunity. 
Correlations between bacterial colonization of different mucosal surfaces, allergic/infectious 
disease and the influence of pharmaceutical and nutritional components on particularly 
gastrointestinal microbial colonization are discussed in chapter 5. The link between micro-
bial composition and its influence on the immune system and immune mediated diseases 
originate from 1989 where Strachan et al first described the ”hygiene hypothesis” suggesting 
that the presence of infectious agents in early life might protect us from Th2 related immune 
responses and atopic disease in later life [58]. However after 24 years, epidemic studies have 
shown the increase of atopic diseases in children with Th1-promoting disease [59] and the 
protection of Th2 promoting parasitic infections against atopic disease [60]. Furthermore, 
although several clinical studies have shown some influence of specific bacteria on the 
prevention of allergic diseases [61], major improvements to prevent or treat allergic disease 
have not been accomplished. These findings demonstrate not only the complexity of allergic 
disease, but also that we are only beginning to understand how microbial communities can 
influence mucosal immunity and mucosal derived immunological disorders. Metagenomic 
studies like the human microbiome project suggest the presence of an intestinal core micro-
biome in human individuals. For example, it seems that deviation from this core microbiome 

to severe disease upon viral challenge, demonstrating the importance of either location of vaccination and/or 
aspects of pathogen recognition in the priming phase of the response (chapter 2). Infectious and antibody op-
sonized virus can both prime RSV specific T and B cell immunity via a FcRn independent mechanism resulting in 
dominant IFN-γ producing CD4+ and CD8+ T cells upon challenge (chapter 4). Prophylactic anti- and pre-biotics 
both alter microbiome composition and may influence mucosal and systemic immunity (chapter 5), result-
ing in an altered cellular immune response against RSV (chapters 7 and 8) and influenza (chapters 6 and 9). 
Lungs of FI-RSV vaccinated mice treated with dietary scGOS/lcFOS/pAOS contained reduced numbers of BAL 
leucocytes, eosinophilia, Treg and inflammatory CD11b+ DC and increased numbers of IFN-γ producing CD4+ 
and CD8+ T cells 6-10 days post RSV infection (chapter 7). Orally applied broad spectrum antibiotics during 
FI-RSV priming resulted in an increased RSV specific inflammatory response upon viral challenge (chapter 8).
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can be associated with diseases like obesity [62]. Once formed, microbiome composition is 
relatively stable throughout adulthood [63]. Microbiome manipulation through the use of a 
single bacterial strain generates the intrinsic challenge of changing the composition of an 
established microbiome in balance with a certain setting of the immunological responses. To 
manipulate bacterial composition and immune parameters is a big challenge also because 
of the differences in stability and colonization capacity between bacterial strains, which will 
result in altered life/dead ratios between strains and altered length of presence on the muco-
sal surfaces. Moreover, we are just at the beginning to understand some of the mechanisms 
by which mucosal or systemic immunity can be regulated by commensal bacterial products. 
In chapters 6, 7 and 9 we used dietary non-digestible oligosaccharides with known prebi-
otic characteristics stimulating the growth of different commensal bacteria already present 
within the microbiome. Several groups have described microbiome modulating properties of 
short-chain Galactooligosacharides (scGOS), long-chain Fructooligosaccharides (lcFOS) and 
pectin-derived Acidic oligosaccharides (pAOS) that mimic microbiome modulating proper-
ties of oligosaccharide structures present in breast milk [64–67]. We show that a diet based 
on these carbohydrates could systemically alter immune responses in mouse models. In 
chapter 6 we demonstrated that dietary intervention with a combination of scGOS/lcFOS/
pAOS, starting 2 weeks before vaccination, can enhance the influenza specific Type IV hyper-
sensitivity vaccination response in C57BL/6 mice induced by a human influenza subunit 
vaccine. Furthermore, i.p. injection of monoclonal antibodies against CD25, a well-accepted 
method to deplete CD4+CD25+Foxp3+ regulatory T cells [68,69], reduced the GFA mediated 
increase in influenza specific DTH response. Furthermore, injection of monoclonal antibody 
in vaccinated mice treated with control diet showed no inhibition of the DTH response 
demonstrating that depletion in this model is mostly like limited to regulatory T cell (Treg) 
populations. Our data suggest that CD25+ regulatory T cells control the early stages of the 
development of enhanced Th1 responsiveness. Vos et al have shown in a similar influenza 
specific Type IV hyper-sensitivity vaccination model that timing of GFA supplementation 
was crucial for enhanced responsiveness[70]. Supplementation of GFA before the primary 
vaccination was necessary to increase delayed-type hypersensitivity responses (DTH) sig-
nificantly at day 30, indicating that immune modulation occurred during the priming phase 
[70,71].

Breastfeeding reduces the risk of hospitalization for lower respiratory tract infections in 
the first year of life [72]. Moreover; several clinical studies have demonstrated the protec-
tive effects of breast milk against RSV bronchiolitis [73]. This effect is usually ascribed to 
virus specific neutralizing antibodies derived from the mother via the placenta and in milk. 
However, several other components present in breast milk might also have direct or indi-
rectly, via microbiome formation or microbial metabolites, immune stimulatory potential. In 
chapter 7 we showed that GFA oligosaccharides also affect adaptive immunity in a primary 
RSV infection model and in the FI-RSV vaccination model for sever disease. In both models 
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the balance of the immune response shifted to stronger Th1 type cytokine milieu and is in 
accord with the enhanced the Th1 driven influenza specific Type IV hyper-sensitivity in an 
influenza vaccination model (chapter 6) and [70]. Further research is needed to unravel 
the mechanism behind the effect of the GFA diet. Studies of the intestinal and pharyngeal 
bacterial composition before and after implementing the GFA diet might give indications of 
the involvement of specific bacterial strains in the process.

The bias of neonatal immunity towards mucosal immune tolerance avoids extensive 
inflammation towards microbial colonization. However, this period might increase the sus-
ceptibility to viral infections in newborns or even later in life. Studies in mice have shown 
that neonatal infection with RSV causes more severe bronchial inflammation upon adult 
re-infection compared to re-infections in adult mice [74]. In the neonatal period regulatory T 
cells are easily induced. Their function might not only be the induction of mucosal tolerance 
but may also play an important role in this neonatal period in controlling viral infections 
and the prevention of allergic disease in later life [75]. We investigated Treg populations, 
and especially granzyme B producing Treg, a population uniquely present in the lung [76], 
in our murine RSV models. Our data showed that dietary intervention with GFA resulted in 
decreased numbers of regulatory T cells present in the lung on day 4 and 6 post infection 
at the peak of the effector phase of the RSV specific T cell response. Although we did not 
measured the functional (suppressive) capacity of these cells our data suggest that combined 
with decreased eosinophilia and Th2 cytokine responses, lower Treg numbers are a result 
of the suppressed inflammatory response induced by dietary GFA. Future research should 
study this role of Treg in more detail, with special focus also during the initiation phase of the 
immune response against RSV, when Treg play a crucial role in the regulation of potentially 
pathogenic CD8+ T cell responses [76–79].

The question how oligosaccharides influence the infection and vaccination models as 
described above cannot be answered conclusively on the basis of the studies presented in 
this thesis. Since 1% of the HMOs are absorbed and reach the systemic circulation [80–83], 
potential direct receptor mediated mechanisms of HMO on intestinal epithelial cells or sys-
temic available immune cells like PBMC are feasible. Indeed, in in vitro models several groups 
have described direct effects of HMO on leucocyte recruitment [84] and leucocyte cytokine 
production in stimulated cord blood cells [85] and PBMC [86,87]. Direct effects of specific 
oligosaccharides have been described on cytokine production by PBMC [88], epithelial cell 
lines responses [89] and PBMC/epithelial cell line co-cultures [90]. Since GFA is a mixture 
of specific carbohydrates, lectin receptors on cells including DCs and epithelial cells, which 
come in direct contact with GFA, are most likely stimulated through these receptors. Naarding 
et al. recently showed that that HMOS are able to bind specifically to the lectin receptor DC-
SIGN [91]. Furthermore, de Kivit et al. did not show interaction of specific oligosaccharides 
with a specific receptor, but showed that in vitro stimulation of IEC lines with GOS/FOS could 
enhance the release of (bacterial) DNA induced Galectin-9 by these cells [89], affecting local 
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intestinal mucosal immunity. However, galectin-9 knockout (G9KO) mice infected with influ-
enza A virus mounted a more robust acute phase virus-specific CD8+ T-cell response as well 
as increased viral clearance compared to WT mice [92]. Moreover, we and others could not 
detect any dose dependent immune stimulatory effects of GFA on human cytokine responses 
with or without co-stimulation with RSV or Concanavalin A in PBMC (Vos AP, thesis).

Most studies published with HMO and specific oligosaccharides ascribe the immune 
modulatory effects of oligosaccharides to the changes in intestinal microbiome composi-
tion trough growth of specific bacterial species that are considered beneficial to humans 
[66,93–95]. To address the question whether a change in microbiome composition rather 
that GFA stimulation, could be responsible for the effects seen on GFA induced changes in RSV 
specific T cell responses in the lung of infected mice (chapter 7), we disrupted the balance 
in microbiome composition in mice by orally applied broad spectrum antibiotics (chapter 
8). In this study we showed that in the isocage® contained model, antibiotic treatment for a 
period of 4 weeks irreversibly reduced gut microbiome diversity until at least 4 weeks after 
ending antibiotic treatment. Oral treatment with antibiotics during FI-RSV vaccination had 
significant effects on the development of the local immune response measured 6 days post 
infection. We show that reduced CD8+ T cell activation after antibiotic treatment and reduced 
numbers of IFN-γ and TNF-α producing CD4+ T cells (Figure 3). This was accompanied by an 
increase in numbers of IL-4, IL-5 and IL-13 producing CD4+ T cells and ratio in numbers of 
“inflammatory” CD11b+ DC vs. tolerogenic CD103+ DC (CD103 expression on DC is associated 
with tolerance induction in lung and intestinal mucosal surfaces, however not necessary in 
the lung, [96]) in Abt treated mice. Furthermore reduced numbers of (GrzmB producing) 
regulatory T cells were present, suggesting that orally applied antibiotics during the priming 
phase resulted in an amplification of the Th2 biased immune response characteristic for this 
model (chapter 8). Interestingly, similar cDC and T cell response differences were measured 
by Roux et al in neonatal mice compared to adult BALB/c mice when i.n. vaccinated with 
Bacillus Calmette-Guérin (BCG) [97]. Because antibiotics were only applied around the time 
of vaccination, a direct immunosuppressive effect of the antibiotic treatment on RSV infec-
tion can be excluded. However, signs of a disturbed intestinal microbiome were still visible 5 
weeks after ending antibiotic treatment, therefore it is not possible to determine whether the 
observed immune manipulation via antibiotic treatment affected the RSV specific immune 
response during the priming phase or during the effector phase, i.e. the recall response upon 
the RSV challenge. Furthermore, in all studies described above, the nature of the species and 
the settings used cannot exclude the possibility that the immune modulatory effects observed 
are induced at other mucosal surfaces e.g. the lung [98]. Clearly, dietary prebiotic and phar-
maceutical antibiotic treatment will affect microbial content in different locations. There-
fore, both local effects on innate immune responses as well as systemic effects on immune 
parameters might have contributed to the observed immune modulation. Based on our in 
vivo mouse studies with the known bacterial stimulating properties of oligosaccharides and 
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the effects of antibiotics on reducing bacterial populations it is tempting to speculate that 
regulatory T cell numbers and the bias to a more allergic phenotype correlates with bacterial 
diversity. Studies in mice [99] and human [100,101] have indeed shown that reduced intes-
tinal microbiota diversity during childhood can be associated with allergic diseases in later 
life. Although mechanistic details need to be worked on our data clearly show that dietary 
factors and antibiotics significantly affect immune responses in different mouse models. 
These observations are important with respect to medical treatment during RSV infections 
or even before RSV infections occur in infants, because our data show that there might be a 
certain risk to alter RSV specific immune responses (chapter 7, 8).

In chapter 6 we demonstrated that in influenza specific Type IV hyper-sensitivity vacci-
nation response could be enhanced in C57BL/6 mice fed with a GFA containing diet probably 
via a regulatory T cell mediated mechanism. However, in this model we could not detect 
differences in Treg numbers present in the spleen or gut associated lymphoid structures like 
the mesenteric lymphnodes (MLN). We investigated the questions if dietary intervention 
with GFA could induce differences in Treg sub-populations or functionality in chapter 9. 
We confirmed the increased influenza specific DTH response by dietary intervention with 
GFA seen in chapter 6. Furthermore, we found a correlation with an increased percentage 
of T-bet expressing T-cells, an indication for enhanced Th1 responsiveness. Recent observa-
tions have challenged the notification of one stable Treg sub lineage. Some reports show the 
presence of T-bet expressing Treg suppressing Th1 responses [102], IRF-4 expressing Treg 
that suppress Th2 responsiveness [103] and a STAT-3 expressing Treg subtype suppress-
ing Th17 responses [104] in mice. T-bet controls migration to inflammatory sites through 
CXCR3 up regulation as CXCR-3 is a direct transcript of T-bet [105]. We demonstrated that 
GFA induced improved Th1 responsiveness was accompanied with a reduced population of 
CXCR3 /T-bet expressing Tregs in the MLN (chapter 9). To investigate if dietary intervention 
with GFA could modify Treg function, we performed a suppression assay with isolated RFP 
expressing Treg from GFA treated C57BL/6- Foxp3tm1Flv/J mice. We show that MLN derived 
Tregs from GFA treated animals could enhance T effector IFN-γ release and the Treg/Th17 
balance by suppressing IL-17 production. In chapter 7 we observed a similar increase in 
CD4+ IFN-γ producing cells and decrease numbers of regulatory T cells in the lungs of GFA 
fed animals. However the differences in immune responses between Influenza vs. RSV upon 
challenge (elegantly shown by Kruijsen et al [6]), mode of vaccination (Figure 3) and loca-
tion of subsequent infection are all parameters shown in this thesis and by others to have an 
impact on the outcome of the subsequent immune response against the pathogen. Whether 
a similar Treg subtype is involved in the GFA induced local immune modulatory effects seen 
in the FI-RSV vaccination model for severe disease and the systemic influenza vaccination 
model needs therefore further investigation. The role of regulatory T cells (especially GrzmB 
producing Treg) in controlling immunity in primary RSV infections and the FI-RSV vaccina-
tion model was demonstrated by Loebbermann et al. They show that Treg suppress disease 
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enhancement and enhance viral clearance after primary RSV infection. However in FI-RSV-
vaccinated mice depletion of Treg does not cause additional enhancement of disease upon 
live virus infection, illustrating the inability of local Treg to control disease upon infection in 
this model [76,77]. Therefore it is tempting to speculate that direct or indirect modulation 
of mucosal and systemic immunity (including Treg) through (GFA induced) microbiome 
composition might affect priming phase of the vaccination response leading to the altered 
immune response seen upon infection.

In the second part of this thesis we show that changes in bacterial populations caused by 
pharmaceutical antibiotics or specific oligosaccharides in the diet could affect local immunity 
in the lungs of primary infected or FI-RSV vaccinated mice. Follow up studies should carefully 
address at which site these bacterial changes affect the immune responses in the different 
models, because bacterial changes induced by diet and antibiotics will impact bacterial 
composition in the intestine but also in the nasopharynx. It can be envisioned that direct 
viral-bacterial interactions or competitive interaction with epithelia in the nasopharynx 
also affect the efficacy of infection and as a result the nature and extent to which innate and 
adaptive immune responses are induced. Furthermore, our studies demonstrated that spe-
cific oligosaccharides altered Treg and DC populations. To address the immune modulating 
effects of GFA to (each of) these cell types, future experiments on the effects of GFA on these 
cells before vaccination or viral infection are necessary. These issues need to be settled first 
before further studies addressing the question how intestinal mucosal immunity could affect 
local responses in the lung. Nevertheless, several groups show that communication between 
different mucosal sites exits and that they function together as a system-wide organ [106].

In conclusion, our studies show that the use of highly neutralising antibodies or antibiot-
ics in new-borns should carefully be evaluated for their potential to alter innate immune 
responses and the development of adaptive immunity to RSV and certainly also other patho-
gens. Extrapolation from our mouse model suggests that antibiotics used in the neonatal 
period might increase the risk of developing severe RSV bronchiolitis and susceptibility to 
develop allergic disease in later life. A better understanding of the mechanism by which 
vaccine induced immune responses can be amplified or altered by microbiome manipula-
tion, might in the future also lead to promising options whereby dietary manipulation might 
support vaccine efficacy.
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Griep of verkoudheid zijn ziektes waar iedereen elk jaar weer last van heeft. Ze worden 
gekenmerkt door karakteristieke verschijnselen als geprikkelde slijmvliezen van neus en 
ogen, hoesten, benauwdheid, lusteloosheid en koorts. Deze ziektebeelden worden meestal 
veroorzaakt door virussen als gevolg van replicatie in luchtweg epitheel, de schade die dat 
teweegbrengt en de door de virale infectie veroorzaakte immuun respons. Dit scenario 
onderscheid zich van vergelijkbare ziektebeelden veroorzaakt door luchtweg over-gevoel-
ligheids reacties geinitieerd door een bepaald micro-organisme of eiwit waarbij het lichaam 
heftig reageert tegen een onschuldig (niet infectieus) partikel (astma/allergie). Bacteriële 
luchtweg-ontstekingen worden meestal veroorzaakt door Streptococcus pneumoniae en 
Haemophilus influenzae en worden, als er genoeg aanwijzingen zijn dat het om een bacteriële 
infectie gaat, bestreden met antibiotica. Als de bron van een luchtweginfectie viraal is heeft 
het toedienen van antibiotica geen zin. Infecties door virussen worden daarom dan ook op 
een andere manier bestreden. De ziekte wordt meestal aangepakt door veel te drinken, te 
rusten en preventief op te treden. Preventie van virale luchtweg infecties kan worden bereikt 
door tegen bepaalde luchtweg virussen te vaccineren met een afgedood virus of een stukje 
virus. Een bekend voorbeeld hiervan is de vaccinatie tegen het Influenza (griep) virus, waar 
vaccinatie beschermt tegen een natuurlijke infectie. Helaas werkt vaccinatie niet tegen elk 
virus. In 1960 is dit ook geprobeerd voor het respiratoir syncytieel (RS) virus. Omdat dit 
virus vooral bij jonge kinderen ernstige infecties in de diepere luchtwegen kan veroorzaken is 
hier toen een vaccinatie programma met formaline geinactiveerd virus voor opgezet. Helaas 
waren de gevaccineerde kinderen niet beschermd tegen het virus. Na een natuurlijke lucht-
weg infectie werden deze gevaccineerde kinderen ziek, waarschijnlijk door een verhevigde 
immuun reactie tegen het virus. De reden waarom het lichaam op deze manier tegen het 
virus reageerde is tot op de dag van vandaag reden voor onderzoek en een belangrijke vraag 
die tot in detail beantwoord moet worden om in de toekomst dit soort vaccinatie problemen 
te voorkomen.

Het virus

Het RS virus dankt zijn naam aan de karakteristieke eigenschap dat het in de long de 
samensmelting van epitheel cellen (Syncytia) kan veroorzaken. De mens raakt in zijn leven 
regelmatig in de bovenste luchtwegen geinfecteerd met dit virus en blijft in de meeste geval-
len symptoomloos of het leidt tot een (milde) verkoudheid of loopneus. Kinderen raken voor 
het eerst besmet met RSV in het 1e of 2e levens jaar en hebben in de meeste gevallen voor 
hun vijfde al meerdere besmettingen doorgemaakt. In deze groep, zeker in de pasgeborenen, 
kan een RSV infectie een ernstig ziektebeeld veroorzaken als het ook de onderste luchtwegen 
infecteert. In 1-3% van de kinderen geinfecteerd met RSV bereikt het replicerende virus ook 
de onderste luchtwegen (waar de gasuitwisseling plaats vindt) en veroorzaakt daar een 
ernstige onderste luchtweg ontsteking (broncheolitis). In 10% van deze gevallen leidt dat tot 
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een ziekenhuis opname. Dit betekent in Nederland alleen al een jaarlijkse ziekenhuisopname 
van 2000-3000 kinderen met RSV gerelateerde broncheolitis. Deze kinderen lijden aan 
symptomen als piepende borst, verhoogde mucus productie, zuurstof tekort en een gebrek 
aan eetlust. Helaas blijft het in sommige gevallen niet alleen bij luchtweg problemen vroeg 
na de geboorte. Onderzoek heeft uitgewezen dat bij kinderen die vroeg in het leven RSV 
geïnduceerde broncheolitis hebben doorgemaakt, er een grotere kans bestaat dat zij later in 
het leven astmatische verschijnselen en luchtweg overgevoeligheid onwikkelen.

Het afweer systeem

Om lichaams vreemde stoffen en potentieel gevaarlijke micro-organismen buiten te houden 
maakt het menselijk lichaam gebruik van verschillende strategieën. Ten eerste maakt het 
gebruik van een fysieke barriëre zoals de huid, luchtweg- en darm epitheel. Lichaams cellen 
die deze scheidingslijn vormen hebben behalve de taak om als fysieke barriëre op te treden, 
ook de functie het lichaam te laten weten wat voor een soort micro-organismen zich nestelen 
aan de oppervlakte en op te treden als deze barriere doorbroken wordt. Als deze barriere 
door schade of (virale) infectie niet meer toereikend is, treedt het immuun systeem (Latijn 
immunis, betekenis: vrijheid van belasting) van het lichaam in werking. Deze imuun reactie 
bestaat uit 2 gedeelten. In eerste instantie treedt het intrinsieke (innate) immuun systeem 
in werking. De eigenschap van deze immuun reactie is dat deze afweer aangeboren is, niet 
pathogeen speciek is en snel in werking treedt (minder dan 24 uur). Cellen die onderdeel uit-
maken van deze reactie zijn voornamelijk epitheel cellen, cellen die lichaamsvreemd materi-
aal kunnen opnemen (fagocyten) en cellen die geinfecteerde cellen kunnen doden, de Natural 
Killer (NK) cellen. Deze cellen worden bij een virale infectie geactiveerd doordat ze bepaalde 
algemene structuren (zogenaamde antigenen) die voorkomen op micro-organismen kunnen 
herkennen. Cellen die in contact met het virus komen produceren hierdoor verschillende 
signaal stoffen (cytokines en chemokinen) en grote hoeveelheden interferonen (met name 
IFN-α en β), wat resulteert in de migratie van immuun cellen naar de plaats van infectie en 
remming van virale replicatie. Tijdens deze eerste immuun reactie heeft het lichaam tijd voor 
het initiëren van een meer specifieke manier van pathogeen eliminatie. Om specifieker tegen 
het pathogeen op te treden maakt het lichaam gebruik van de adaptieve (geheugen) immuun 
response. Deze reactie wordt ook wel de aangeleerde (verworven) immuun reactie genoemd 
en wordt pas later actief. De reactie wordt geinitieerd door antigeen presenterende cellen 
(APCs) en dan met name de dendritische cel (DC). Deze cellen worden geinfecteerd of nemen 
(een stukje) virus op, knippen dit in kleine stukjes eiwit (epitopen) en migreren naar lokale 
lymfeknopen waar zij deze epitopen aan hun oppervlakte via zogenaamde MHC moleculen 
presenteren aan B en T cellen. Via epitopen op MHC-I moleculen worden dan zogenaamde 
CD8+ cytotoxische T cellen geactiveerd. Deze cytotoxische antigeen specifieke T cellen zul-
len zich vermenigvuldigen, naar de plek van infectie migreren en daar geinfecteerde cellen 
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doden. Via MHC-II moleculen op DC worden, afhankelijk van het type antigeen en het type 
cytokine co-stimulatie aanwezig in het lokale milieu, verschillende CD4+ T helper cel subty-
pen geactiveerd die effectief een anti-virale of anti-bacteriële immuun reactie op gang kunnen 
zetten. Op dit moment zijn er 4 typen T helper cells bekend namelijk: Th1, Th2, Th17 en de 
regulatoire T cel (Treg). Deze antigeen specifieke geactiveerde T cellen zullen zich gaan ver-
menigvuldigen en op de plek van infectie mediatoren (cytokines) uitscheiden die de immuun 
reactie kunnen sturen. Een belangrijk aspect van de adaptieve immuun reactie is de geheugen 
functie. Een aantal van de CD4+ en CD8+ T cellen in de lymfknopen zullen na antigeen presen-
tatie door DC differentieren in geheugen (memory) T cellen. Verder zullen lichaamsvreemde 
structuren, DCs die antigeen bevatten en geactiveerde T cellen in de lymfknoop tezamen B 
cellen activeren. Deze geactiveerde B cellen zullen zich gaan vermenigvuldigen, veranderen 
in plasmacellen en antigeen specifieke antilichamen gaan produceren (humorale immuun 
reactie). De aanwezigheid van antigeen specifieke antilichamen en geheugen T en B cellen na 
afloop van de infectie zorgt ervoor dat bij de eerst volgende infectie met virus (antigeen) er 
een snellere en betere immuun reactie kan optreden o.a. doordat in het bloed circulerende 
antilichamen het virus kunnen neutraliseren. Dit mechanisme wordt gebruikt bij vaccinaties.

In dit proefschrift

De precieze oorzaak van ernstige ziekte bij kinderen tijdens primaire RSV-infecties is niet 
helemaal duidelijk. Waarom krijgt 1-3% van de geinfecteerde kinderen ernstige lagere lucht-
weg infecties? Een interessant gegeven is dat kinderen die daadwerkelijk lagere luchtweg 
infectie door RSV krijgen, in de meeste gevallen niet eens tot de traditionele risico groepen 
behoren zoals: te vroeg geboren kinderen, kinderen met een chronische long ziekte, hart-
problemen of een immuun deficiëntie. Er zijn verbanden aangetoond tussen de hoeveelheid 
virus en de ernst van RSV infecties. Maar dit verklaart niet alles. Tijdens de neonatale periode 
zijn maternale (van de moeder) antilichamen een belangrijke factor om de pasgeborenen 
te beschermen tegen pathogenen bij de eerste blootstelling. Onderzoek heeft uitgewezen 
dat er een correlatie bestaat tussen de hoeveelheid RSV specifieke antilichamen aanwezig 
in het bloed en RSV-geassocieerde ziekenhuisopnames [1,2]. Verder zijn kinderen die in 
hun neonatale periode preventief behandeld worden met Palivizumab, een antilichaam 
gericht tegen het fusie eiwit van RSV, beter beschermd tegen ernstige luchtweg infecties wat 
resulteert in 50% minder ziekenhuis opnames [3]. Maar ondanks de blijkbaar preventieve 
rol van antilichamen is dit maar een gedeelte van de oplossing. De ontwikkeling van een 
antilichaam tegen RSV F eiwit (Motavizumab) dat sterker neutraliseert geeft geen betere 
resultaten met betrekking tot infectie preventie en ziekenhuis opnames [4]. Verder kunnen 
gezonde volwassenen binnen 4 maanden na een RSV infectie weer opnieuw geinfecteerd 
raken met een identieke virus stam. Omdat in volwassenen kort na zo’n recente blootstelling 
zeker antilichamen tegen het RSV aanwezig zijn, geeft dit ook aan dat de aanwezigheid van 
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antilichamen geen garantie is dat re-infecties worden voorkomen. De niet volledige bescher-
ming door de adaptieve immuun reactie tegen her-infectie, ondanks de aanwezigheid van 
virus specifieke CD4+ en CD8+ T cellen en antilichamen, kan een gevolg zijn van specifieke 
(immuun ontwijkende) kenmerken van het RS virus. RSV geïnfecteerde dendritische cellen 
onderdrukken de proliferatieve respons en de rijping van CD4+ en CD8+ T-effector cellen. 
Twee mechanismen die kunnen bijdragen aan de onvolledige adaptieve immuunreactie. Een 
derde mechanisme zou virale herkenning kunnen zijn. Het initieren van een robuuste virus 
specifieke CD8+ T cell reactie vereist de presentatie van virale epitopen op MHC-I moleculen 
van DC. Door infectie van DCs worden stukjes viral eiwit via de klassieke proteasomale 
afbraak route op hun MHC klasse I molecuul aan T cellen gepresenteerd. De aanwezigheid 
van antilichaam verkregen via de moeder of door eerdere infecties, kan het virus neutralise-
ren waardoor infectie niet meer mogelijk is. Wel kan de DC het virus/antilichaam complex 
opnemen door het te omsluiten (endosoom), in een intern compartiment (endo-lysosoom) af 
te breken en via MHC-II moleculen te presenteren aan CD4+ T cellen of te kruis-presenteren 
aan CD8+ cellen. Onze groep (Kruijsen et al [5]) heeft laten zien dat antilichamen tegen RSV 
de verhouding geactiveerde CD4+/CD8+ T cellen kan verschuiven naar meer CD4+ T cellen en 
dus een andere adaptieve immuun reactie opwekt dan bij infectie in afwezigheid van virus 
neutraliserende antilichamen. Dit zou dus mogelijk kunnen leiden tot een minder effectief 
CD8+ T-cel geheugen en een niet volledig adaptieve immuun reactie. In kinderen opgenomen 
met een ernstige luchtweg infectie veroorzaakt door primaire RSV infectie zijn veel RSV 
specifieke CD8+ T cellen en weinig CD4+ T cellen in het bloed aanwezig. In volwassen, die 
meerdere malen geinfecteerd zijn met RSV, is dit precies andersom. Onze groep heeft ook 
laten zien (in de muis) dat de hierboven beschreven verschuiving in de verhouding CD4+/
CD8+ T cellen veroorzaakt door antilichamen een gevolg is van herhaalde infecties. Aange-
zien een robuuste RSV specieke CD8+ T cel response aanwezig is in bloed van kinderen die 
opgenomen zijn met een ernstige luchtweg infectie veroorzaakt door primaire RSV infectie, 
zouden CD8+ T cellen, door de schade die zij aanrichten als zij geïnfecteerde cellen dood 
maken en door cytokines die zij produceren, de bron van de symptomen kunnen zijn. In 
muizen modellen is inderdaad aangetoond dat het cytokine TNF-α, door CD8+ T cellen gepro-
duceerd, verantwoordelijk kan zijn voor de ziekteverschijnselen. Echter wij denken dat dit 
mechanisme in mensen onwaarschijnlijk is, omdat we hebben laten zien dat de piek van de 
CD8+ T cel response van deze kinderen ligt op 14-16 dagen na verschijning van de eerste RSV 
geïnduceerde ziekteverschijnselen, op een tijdstip dat de meeste kinderen het ziekenhuis 
alweer verlaten. Deze studies suggeren dus eerder dat CD8+ T cellen mogelijk betrokken zijn 
bij het herstel proces en dat de eerder optredende intrinsieke immuun reactie en schade 
geïnduceerd door de virale infectie eerder in aanmerking komen als de veroorzakers van de 
ziekte verschijnselen.

Om zo min mogelijk schade te ondervinden van een RSV infectie moet een effectieve 
immuun response bestaan uit het aanwezig zijn van voldoende antilichamen die het virus 
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neutraliseren voordat het schade aan weefsel toebrengt. Verder helpen een intrinsieke 
immuun reactie die niet te hevig is, maar wel bijdraagt aan het in toom houden van de 
infectie, o.a door de productie van interferon en een adequate CD8+ T cell reactie om gein-
fecteerde cellen te doden. Een vaccinatie programma om hoge RSV specifieke serum titers 
te realiseren lijkt dus een goede strategie. Helaas is gebleken dat de ontwikkeling van zo’n 
vaccin de nodige uitdagingen met zich mee brengt. Ten eerste geven natuurlijke her-infecties 
al geen efficiënte adaptieve immuun reacties. Ten tweede; ondanks het feit dat her-infecties 
in alle leeftijds catagoriën voorkomen ligt de risico groep in de neonatale periode, een 
periode waarin het immuun systeem een immuun suppressief karakter heeft en het dus 
moeilijk is om immuniteit op te wekken. Een derde uitdaging voor de ontwikkeling van een 
beschermend kandidaat-vaccin, is de vaccinatie trial uit de jaren 1960. De moeilijkheid om 
een ​​vaccin te ontwikkelen tegen RSV werd aangetoond in dit programma toen kinderen die 
intra musculair gevaccineerd werden met formaline geïnactiveerd (FI-)RSV ernstige lagere 
luchtweg aandoeningen onwikkelden na natuurlijke infectie. In de periode van 50 jaar na dit 
dramatische vaccinatie programma zijn vele (dierlijke) RSV modellen gebruikt om ernstige 
lagere luchtweg ziekte veroorzaakt door RSV en de FI-RSV vaccinatie beter te begrijpen.

In BALB/C muizen resulteert intra musculaire (i.m.) vaccinatie met FI-RSV in luchtweg 
hyperreactiviteit, verhoogde aantallen neutrofielen, eosinofielen in de long lavage, slecht 
neutraliserende antilichamen en een adaptieve T-cel response gedomineerd door Th2 cellen. 
Sommige groepen hebben in het BALB/C muis model de afzonderlijke componenten van 
het FI-RSV vaccin onderzocht om de bijdrage van elk afzonderlijk component aan de FI-RSV 
geïnduceerde immuunpathologie na infectie te onderzoeken. Wijzelf laten in hoofdstuk 2 
in een C57BL/6 model zien dat FI-RSV vaccinatie ook hier tot pulmonaire influx van neu-
trofielen / eosinofielen en Th2 biased CD4+ T cel responsen leidt. Verder laten wij zien dat 
noch formaline behandeling (ooit gesuggereerd als oorzaak omdat het virale structuren zou 
veranderen en daardoor minder effectieve antilichamen zou induceren), noch het adjuvans 
aluminiumhydroxide verantwoordelijk zijn voor de inductie van eosinofilie en Th2-gedo-
mineerde immuun response in dit muizenmodel. Uit onze experimenten blijkt verder dat 
de eerder gesuggereerde specifieke eigenschappen van het RSV G eiwit ook niet de belang-
rijkste oorzaak zijn van het Th2 gerelateerde ziektebeeld, maar dat elk willekeurig eiwit 
gepresenteerd via intra musculaire vaccinatie (priming) kan bijdragen tot de inflammatoire 
reactie in dit muizenmodel. Van belang is daarbij de locale intrinsieke immuun reactie in de 
long tijdens de challenge met virus. Bij systemische vaccinatie met een dood virus is RSV, in 
tegenstelling tot influenza virus, niet instaat om locaal een inflammatoir milieu de kant van 
een Th1 response op te sturen. Deze bevinding suggereert dat elke benadering van een RSV 
vaccine gebaseerd op een gedood vaccine of een subunit vaccin een mogelijk risico inhoudt 
gezien deze characteristieke eigenschappen van een natuurlijke RSV infectie. Kortom, deze 
bevinding suggereert dat de uitkomst van de lokale adaptieve immuun reactie die na infectie 
geactiveerd wordt, mede afhankelijk is van de aard van het infecterende virus. Een mogelijke 
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verklaring voor deze verschillen tussen RSV en influenza virus zou het verschil kunnen zijn in 
de manier waarop deze virussen een cel binnen dringen. Influenza virus maakt gebruik van 
een receptor gemedieerde endo/lysosomale route naar compartimenten waar niet alleen 
fusie optreedt, maar ook herkenning door endosomale Toll receptoren (TLR). Receptoren die 
een belangrijke rol spelen bij het initiëren van de innate immuun response. RSV maakt geen 
gebruik van deze route. Daarom worden virus structuren na infectie voornamelijk herkend 
door cytoplasmatische pathogeen receptoren van het innate immuun systeem. Dit verschil 
in herkenning zou dus een oorzaak kunnen zijn voor het uiteindelijke verschil in de werk-
zaamheid van de aangeboren immuniteit na infectie in gevaccineerde muizen. In hoofdstuk 
2 laten we ook nog zien dat long eosinophilie en Th2 reacties onderdrukt kunnen worden 
door immuun responsen tegen RSV te induceren met geinfecteerde dendritische cellen. De 
CD8+ T cel response die via deze weg wordt geinduceerd heeft een beschermend effect in de 
challenge fase omdat ze de balans verschuift naar een verhoogde Th1/Th2 ratio.

Uit de reeks van gebeurtenissen waargenomen bij kinderen die opgenomen zijn met 
ernstige RSV-infecties is gesuggereerd dat de intrinsieke (innate) immuun reactie een 
belangrijke rol speelt in de pathogenesis van RSV, terwijl de adaptieve T cel reactie juist 
beschermend is. In het verleden is de intrinsieke immuun reactie veroorzaakt door RSV voor-
namelijk bestudeerd in muismodellen, gekweekte humane cellijnen of in vitro gekweekte 
dendritische cellen. Omdat gedetailleerde kennis van RSV infecties in primaire humane 
celtypes en het effect van RSV infectie op co-culturen van verschillende humane celtypes 
ontbreekt, bestuderen wij in hoofdstuk 3 de intrinsieke immuun reactie na RSV-infectie in 
een complex mengsel van primaire humane cel typen (perifere bloed mononucleaire cel-
len; PBMC) in combinatie met de humane long epitheel cellijn A549. Wij laten zien dat men 
er niet zomaar vanuit kan gaan dat immuun reacties tegen RSV voorspeld kunnen worden 
door infectie geïnduceerde immuun reacties van individuele celtypes bij elkaar op te tellen. 
Cellen in complexe samenstelling hebben invloed op elkaar. Zo laten wij zien dat monocyten 
die blootgesteld zijn aan RSV, de type I interferon response van plasmacytoide dendritische 
cellen reguleren. In PBMC produceren deze pDC in aanwezigheid van andere cel typen bijna 
geen IFN-α na blootstelling aan RSV In hoofdstuk 3 laten wij via 3 mechanismen zien dat 
het wel degelijk mogelijk is dat deze cellen bij een RSV infectie IFN-α produceren, namelijk: 
I: Via activatie van TLR7 na antilichaam-gemedieerde opname (in plaats van infectie) van 
RSV II: Via een infectieuze route van RSV in gezuiverde pDC als andere cellen niet ook in 
de kweek aanwezig zijn en III: Indirect via IFNAR (de type I interferon receptor die geacti-
veerd wordt door binding van IFN-α of IFN-β) gemedieerde signalering. Receptor activatie 
geschied bijvoorbeeld door type I interferonen die geproduceerd zijn door RSV geïnfecteerde 
A549 cellen of RSV-blootgestelde CD14+ cellen (CD14 is een cell marker die voornamelijk 
veel op monocyten voor komt). Interessant is dat deze CD14+ cellen de activatie van TLR7 
door antilichaam gebonden virus juist remmen. Het mechanisme of oplosbare factor die dit 
laatste proces remt is tot nu toe nog onbekend. Verder laten wij zien dat in PBMC binding van 
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RSV celtype specifiek is en dat het aantal virale deeltjes dat bindt aan een specifiek celtype 
niet noodzakelijkerwijs correleert met de mate van infectie in dat cel type (hoofdstuk 3).

Bij een natuurlijke blootstelling aan RSV zijn epitheelcellen, alveolaire macrofagen in het 
lumen van de luchtwegen en dendritische cellen onder het epitheel de eerste cellen die in 
contact komen met RSV. Ondanks dat dit een andere setting is dan ons in vitro PBMC mengsel, 
spelen soortgelijke kruisreacties ook daar naar alle waarschijnlijkheid een rol. De relevantie 
van onze bevindingen is daarom dat men bij het beoordelen van verzwakte virale vaccins op 
hun veiligheid in beschouwing moet nemen wat zo’n virus doet in de complexe omgeving van 
de long. Het is dus niet voldoende om een dergelijk verzwakt viraal vaccin te testen in een 
enkel in vitro gekweekt cel type.

RSV specifieke antilichamen worden overgedragen van moeder op kind tijdens de zwan-
gerschap en na de geboorte via moedermelk. De aanwezigheid van antilichamen kan invloed 
hebben op de intrinsieke immuunreactie en is daarom een factor die bestudeerd moet 
worden bij de ontwikkeling van nieuwe vaccins. Naast de opname van antilichaam gebonden 
virale deeltjes via Fcγ receptor (de receptor die de IgG klasse van antilichamen bindt) op de 
membraan van verschillende cellen, speelt de neonate Fc receptor (FcRn) ook een belangrijke 
rol in antigeen bemonstering op verschillende mucosale locaties. Van FcRn is bekend dat het 
serum albumine en IgG-concentraties kan reguleren, kan zorgen voor passieve immuniteit 
via transport van IgG via de placenta van moeder op kind en de bidirectionele overdracht 
van IgG gebonden antigeen over de epitheellaag via trancytose (waar bij het complex een 
cel laag wordt getransporteerd). In zowel in vitro als in vivo studies is aangetoond dat FcRn 
op antigen presenterende cellen (DC) een rol speelt in MHC II presentatie aan CD4+ T cellen, 
alsmede cross-presentatie aan CD8+ T-cellen. In hoofdstuk 4 onderzochten wij (als model 
voor passief verkregen immuniteit) hoe reeds aanwezige RSV specifieke antilichamen de 
priming van de immuun reactie en de adaptieve immuun reactie bij her-infectie beïnvloeden. 
Daarnaast onderzochten wij of FcRn hier een rol bij speelt. Onze groep toonde al eerder in 
muizen aan dat systemische aanwezigheid van neutraliserende antilichamen RSV-specifieke 
T-cel responsen in de long kunnen beïnvloeden, door het verschuiven van de CD4+/CD8+ T 
cel balans. Het is mogelijk dat antilichaam gebonden aan RSV de infectie kan verhinderen, 
met als gevolg gereduceerde MHC klasse I presentatie en opeenvolgende CD8+ T-cel priming. 
Wij laten zien dat i.n. toediening van UV-geïnactiveerd RSV (dat niet meer instaat is een cel 
te infecteren) alleen resulteert in slechte T-cel priming, terwijl antilichaam (palivizumab) 
gebonden UV-RSV zowel CD4+ als CD8+ RSV specifieke T-cel responsen kan induceren (hoofd-
stuk 4). Deze experimenten tonen aan dat de presentatie van niet-infectieuze virusdeeltjes 
via immuuncomplexen CD8+ T-cel priming kan faciliteren, waarschijnlijk door het activeren 
van MHC klasse I routes via cross-presentatie in APC. In dit hoofdstuk is een rol voor FcRn in 
RSV specifieke CD4+ en CD8+ adaptieve T cel reacties hierin uitgesloten.

Samengevat kunnen we concluderen dat profylactische toediening van RSV neutra-
liserende antilichamen duidelijk gunstige effecten heeft bij hoog risico kinderen. Deze 
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antilichamen remmen virale replicatie en verlagen daardoor de hoeveelheid virus aanwezig 
in de long. Verlaging van de hoeveelheid virus aanwezig in de long onderdrukt ook waar-
schijnlijk de uitbundige innate immuun reactie die kenmerkend is voor kinderen die opge-
nomen worden met ernstige lagere luchtweg infecties. In deze eerste hoofdstukken laten 
wij echter ook zien dat ondanks de bewezen beschermende rol in primaire infecties, virus/
antilichaam complexen ook intrinsieke en adaptieve immuun reacties kunnen beïnvloeden 
doordat het virus via een alternatieve (niet infectieuze) weg herkend wordt. Dit kan gevolgen 
hebben voor latere immuun reacties en het vermogen om weerstand te bieden gedurende 
RSV her-infecties.

De rol van het microbioom in RSV infecties

Gedurende de neonatale periode draagt de blootstelling van lichaams oppervlakken zoals de 
huid, long en darmen aan micro-organismen bij aan de rijping van het immuun systeem. In 
deze periode reguleren gespecialiseerde tolerogene mechanismen van het immuun systeem 
de balans tussen excessieve immuun reacties op micro-organismen waaraan de neonaat 
wordt blootgesteld en een noodzakelijke immuun rijping die de neonaat moet beschermen 
tegen toekomstige infecties die ziekte veroorzaken. In de eerste maanden na de geboorte is 
er theoretisch gezien dus een mogelijkheid om via microbiome manipulatie de ontwikke-
ling van evenwichtige immuun reacties te sturen. In muis modellen en in klinische studies 
heeft men al eerder een modulerend effect aangetoond van specifieke bacteriestammen 
op de ontwikkeling van atopische ziekte, door deze toe te dienen aan zwangere vrouwen 
of via kolonisatie met specifieke bacteriestammen tijdens de geboorte. Omgekeerd zou dit 
ook kunnen betekenen dat in deze periode veranderingen in bacteriële kolonisatie door 
toediening van bijvoorbeeld antibiotica van invloed zouden kunnen zijn op de ontwikkeling 
van neonatale immuniteit. In hoofdstuk 5 bediscussiëren wij correlaties tussen bacteriële 
kolonisatie, astmatische /allergische ziekten en luchtweg infecties. Verder beschrijven wij in 
dit hoofdstuk wat er bekend is over de effecten van farmaceutische en voedingscomponenten 
op gastro-intestinale microbiële kolonisatie en immuun (dys-)functie. Het idee dat de bloot-
stelling aan micro-organismen vroeg in het leven ons zou kunnen beschermen tegen Th2 
gerelateerde astmatische immuunreacties en atopische ziekten op latere leeftijd bestaat al 
enige jaren. Maar jaren van onderzoek hebben aangetoond dat deze denkwijze te simpel is en 
dat wij nu slechts aan het begin staan van de wetenschap hoe microbiële gemeenschappen 
mucosale immuniteit en immunologische aandoeningen kunnen beïnvloeden.

Het is aangetoond dat borstvoeding in het eerste levensjaar het risico van ziekenhuisop-
name voor lagere luchtweg infecties vermindert. Bovendien hebben een aantal klinische stu-
dies de beschermende effecten van moedermelk tegen RSV bronchiolitis aangetoond. Naast 
de aanwezigheid van passief via de moeder verkregen virus neutraliserende antilichamen 
via de placenta en melk, is het echter ook mogelijk dat andere in moedermelk aanwezige 
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componenten immuun stimulerende potentie hebben. Humane melk oligoschariden (HMOS) 
zijn complexe suiker structuren waarvan is aangetoond dat deze immuun modulerende 
eigenschappen hebben. In de hoofdstukken 6, 7 en 9 maken wij gebruik van diëten die 
onverteerbare oligosacchariden bevatten die lijken op HMOS. Deze specifieke oligosac-
chariden (GFA, korte-keten Galacto oligosacharides (scGOS), lange-keten Fructooligosac-
chariden (lcFOS) en pectine-afgeleide zure oligosachariden (pAOS)) hebben aangetoonde 
“prebiotische” eigenschappen wat wil zeggen dat ze de groei van speciefieke commensale 
bacteriën kunnen stimuleren. Wij tonen aan dat een dieet op basis van deze oligosacchariden 
systemische immuniteit kan wijzigen in verschillende infectie en vaccinatie gerelateerde 
muismodellen. In hoofdstuk 6 laten we zien dat een dieet met een combinatie van scGOS/
lcFOS/pAOS tijdens een influenza subunit vaccinatie, de influenza specifieke type IV overge-
voeligheids reactie (DTH) in C57BL/6 muizen kan versterken. In dit hoofdstuk laten we zien 
dat dit mogelijk komt via effecten op CD25+ regulatoire T cellen, omdat verwijdering van dit 
cel type door middel van intra peritoneale i.p.injectie van monoklonale antilichamen tegen 
CD25 (een marker aanwezig op geactiveerde T cellen en regulatoire T cellen) deze versterkte 
effecten van GFA op de influenza specifieke DTH reactie teniet doet. In hoofdstuk 9 gaan we 
hier dieper op in door te onderzoeken of voedingsinterventie met GFA verschillen in regu-
latoire T cel subpopulaties of hun functionaliteit kan induceren. In dit hoofdstuk tonen we 
aan dat in GFA behandelde dieren een correlatie bestaat tussen de verhoogde DTH reactie en 
een verhoogd percentage van T-bet expresserende T-cellen, een aanwijzing voor een sterkere 
Th1 reactie. Verder vonden we in lymfeknopen die in contact met de darm staan een verlaagd 
aantal CXCR3/T-bet expresserende regulatoire T cellen, een regulatoir T cel subtype dat de 
Th1 reactie onderdrukt. Hoewel wij verschillen vonden in aantallen Treg subtypes konden 
we geen effecten van GFA op Treg functionaliteit detecteren. Vervolg onderzoek is nodig om 
te onderzoeken hoe deze regulatoire T cellen de adaptieve immuun reactie beïnvloeden. In 
hoofdstuk 7 laten wij zien dat het GFA oligosacchariden dieet ook adaptieve immuniteit 
in zowel een primaire RSV-infectie model als in een FI-RSV vaccinatie model in muizen kan 
beïnvloeden. In beide modellen verschuift het dieet de balans van de immuunrespons naar 
meer RSV specifieke CD8+ T cellen en een Th1 gedreven (IFN-γ producerende cellen) cytokine 
milieu. In het FI-RSV model resulteert dit in verlaagde long cell influx en long eosinophilia, 
parameters die kenmerkend zijn voor dit model.

De meeste studies naar HMOS en specifieke oligosacchariden schrijven de immuun 
modulerende effecten van oligosacchariden toe aan hun capaciteit om veranderingen in 
intestinale microbiome samenstelling te bewerkstelligen door de groei van, voor de mens 
gunstige, specifieke bacteriën. Om inzicht te krijgen op de vraag of een wijziging in de samen-
stelling van microbiome compositie door GFA verantwoordelijk is voor de veranderingen in 
de RSV-specifieke T cel responsen beschreven in hoofdstuk 7, hebben we in hoofdstuk 8 
het microbiome van C57BL/6 muizen gemanipuleerd met behulp van breed spectrum anti-
biotica. In deze studie laten wij zien dat een orale antibiotica behandeling voor een periode 
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van 4 weken, de diversiteit van darm bacteriën tot tenminste 4 weken na het beëindigen van 
de behandeling onomkeerbaar beinvloedt. Wij tonen in het FI-RSV vaccinatie model aan dat 
oraal toegediende antibiotica de adaptieve immuun respons, geinduceerd na RSV infectie 
verandert, resulterende in een verlaagde CD8+ T cel activatie en lagere aantallen TNF-α/
IFN-γ producerende RSV-specifieke T cellen. Dit ging gepaard met een versterkte inflam-
matoire type Th2 immuune reactie in de long gekenmerkt door een toegenomen aantal 
"ontstekings" CD11b+ DC versus tolerogene CD103+ DC, toegenomen aantallen eosinofielen 
in de long lavage en een verlaagd aantal regulatoire T cellen. Dit hoofdstuk toont aan dat 
orale antibiotica toegedoend gedurende een korte periode langdurige negatieve effecten 
heeft op de RSV specifieke T cell reacties in de long van volwassen muizen. Een effect dat 
waarschijlijk toe te schrijven valt aan immuun dysfunctie veroorzaakt door een sterk geredu-
ceerde microbiële diversiteit. De vraag of veranderingen in bacterie populaties beschreven in 
de hoofdstukken 6 t/m 9 systemische of lokale immuniteit beinvloed blijft open. Ondanks 
dat wij grote verschillen zagen in microbiële populaties in de darm, is het ook mogelijk dat 
directe interacties tussen virus en bacteriën in de nasofarynx de infectiegraad beïnvloeden 
en daarmee ook de aard en de mate waarin de intrinsieke en adaptieve immuun reacties 
geïnduceerd worden.

In dit proefschrift demonstreren wij dat voorzichtigheid geboden is bij het gebruik van 
hoog neutraliserende antilichamen of antibiotica in pasgeborenen. Wij laten zien dat beide 
invloed kunnen hebben op de intrinsieke immuun reactie en de ontwikkeling van adaptieve 
immuniteit tegen pathogenen zoals RSV. Bij onderzoek naar nieuwe vaccin kandidaten of 
profylactische antilichamen is het belangrijk dat er gekeken wordt naar de invloed van 
complexe cel interacties en de rol van antistoffen zowel in T-cel priming als aangeboren 
(innate) immuniteit na (her-)infecties. Verder zou vanuit ons muis model opgemaakt kunnen 
worden dat antibiotica gebruik in de neonatale periode de kans op ernstige RSV bronchiolitis 
en de ontwikkeling van allergische aandoeningen op latere leeftijd zou kunnen verhogen. 
Aangezien wij de mogelijkheid van modulatie van RSV specifieke immuun reacties via dieet 
aantonen, is meer onderzoek naar het mechanisme hoe vaccin geïnduceerde immuun reac-
ties kunnen worden veranderd door microbiome manipulatie nodig. Dit zou in de toekomst 
kunnen bijdragen aan strategieën waarbij microbioom manipulatie via dieet leidt tot onder-
steuning van of meer efficientere vaccinatie strategieën.
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Ab:	 Antibody
APC:	 Antigen presenting cell
BALT:	 Broncho alveolar lymphoid tissue
BFA:	 Brefeldin A
CFSE:	 Carboxyfluorescein succimidyl ester
DC:	 Dendritic cell
DTH:	 Delayed Type Hypersensitivity reaction
ELISA:	 Enzyme linked Immunosorbent assay
FACS:	 Fluorescence-activated cell sorting
FcRn:	 Neonatal Fc receptor
GALT:	 Gut associated lymphoid tissue
GFA:	 GOS/FOS/AOS
Type I IFN:	 Type I Interferon
i.n.:	 Intra nasal
i.m.:	 Intra muscular
i.p.:	 Intra peritoniaal
i.r.:	 Intra rectal
lcFOS:	 Long chain Fructo oligosaccharides
Palivizumab:	 Monoclonal antibody against RSV F (fusion) protein
PAMPs:	 Pathogen associated molecular patterns
pAOS:	 Pectin derived acetic oligosaccharides
PRR:	 Pathogen recognition receptor
RSV:	 Respiratory syncytial virus
RSV-IC:	 Respiratory syncytial virus immune complex
scGOS:	 short chain Galacto oligosaccharides
Th‑1, -2, -17:	 T helper cell subsets
TLR:	 Toll like receptor
UV-RSV:	 UV inactivated RSV
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