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Chapter 1

General introduction and outline of the thesis

Respiratory infections account for the majority of hospitalizations and 18.4% of mortality
among infants below the age of 5-years-old. While measles virus arguably is one of
world’s most lethal childhood pathogens, primary infection with a related paramyxovirus,
respiratory syncytial virus (RSV), is the single major cause of infant hospitalization worldwide,
notably also in wealthy countries with accessible healthcare. RSV is a seasonal infection
that manifests as a common cold in adults, but in infants may cause acute lower airway
inflammation known as bronchiolitis. Despite the occurrence of only two RSV antigenic
subgroups (A and B), adults experience frequent reinfection, likely because of poor crossimmunity of human RSV antibodies across different strains [1].
RSV particles are therefore frequently encountered during cold and wet seasons, when
people experience reinfection and reside closely together at home and in public spaces.
The virus spreads via aerosols and contaminated surfaces, and has long survivability outside
of the host. Virtually all infants are therefore first infected with RSV prior to the age of two.
While the majority of these infected babies experience no or limited symptoms, one in a
hundred needs hospitalization, and one in a thousand even requires intensive care.
The hallmark of RSV bronchiolitis is a strong immune activation that manifests as excessive
mucus production and immune cell infiltration into the lungs. As a result, RSV patients
experience trouble breathing. Despite the commonness of RSV infection, therapeutic
options are limited. Bronchiolitis patients receive general care, which may be supplemented
with mechanical ventilation if necessary. In rare cases the antiviral drug ribavirin is used,
which interferes with RSV replication and thereby alleviates RSV disease symptoms.
RSV bronchiolitis is more prevalent boys than in girls [2], and more frequently occurs
in infants that are born prematurely, have a congenital heart-defect, pre-existing lung
conditions [3], immunodeficiency [4], or Down syndrome [5]. The underlying causes of
these vulnerabilities are poorly understood. Infants with a low level of circulating vitamin
D3 upon birth run a higher risk to develop severe bronchiolitis [6], as do infants with specific
genetic variants of innate immune genes [7]. Breast-feeding protects against bronchiolitis
[8], likely at least in part through the delivery of maternal anti-RSV antibodies to the
child [9]. A better understanding of the mechanisms behind vulnerability and protection
against RSV bronchiolitis should aid in the development of future therapeutic and
preventive strategies.
In this thesis, I will present original laboratory studies that we performed to gain insight into
the causes of infant vulnerability to RSV bronchiolitis. In this chapter I will first present a short
overview of the composition of a primary immune response and discuss current findings

8

Chapter 1

role of vitamin D3 in the lungs.

ACUTE IMMUNE RESPONSES
A primary or acute immune response develops during the first time an individual is infected
with a particular pathogen. These immune responses are important in controlling the
infection and eventually clearing the pathogen, but can also be excessive and thereby
contribute to pathology, as is the case for RSV infection. To understand RSV pathogenesis
we need to understand the primary response to this infection. We here divide the acute
response to viral infection of the lung in three phases that are initiated sequentially in time,
but coexist and influence each other during the course of infection: immediate-early phase,
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on the distinct functionality of the newborn immune system and the immunoregulatory

innate phase, and adaptive/clearance phase (figure 1.1).

Immediate-early phase
The immediate-early response to viral airway infection involves the cells that are infected
by the virus, surrounding putative target cells, and local immune cells. This part of the
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immune reaction is initiated within hours of infection. Epithelial cells that line the airways
are the main site of replication for RSV, but also alveolar macrophages [10] and resident

Figure 1.1 Phases of the acute immune response. A schematic representation of the phases
during an acute immune response. Inspired by: Trends Ecol Evol. 2008; 23:318-26.

9

Chapter 1

General introduction and outline of the thesis

dendritic cells (DC) are infected by RSV [11]. Various germline-encoded receptors recognize
RSV particles directly, or are activated intracellularly upon viral replication [12]. Toll-like
receptors (TLR) 2/6 and 4 recognize glycoproteins that are present in the viral envelope
[13, 14]. Whereas for TLR2/6 the exact RSV ligand is not known, TLR4 is activated by the
fusion (F) protein [14], which the virus uses to enter the target cell. The viral RNA genome
is recognized by the endosomal receptors TLR3 [15, 16] and TLR7 [17], and the cytoplasmic
detector RIG-I [18]. TLR3 and 7 recognize RNA that is located in the endosomal compartment
[19, 20], while RIG-I detects double-stranded RNA that is generated in the cytoplasm as an
intermediate state of viral genomic replication [21]. Tissue damage and indicators of cellular
stress activate distinct sets of receptors to convey danger signals in parallel to the direct
recognition of viral products. In concert, the engagement of all these pattern recognition
receptors (PRR) elicits an antiviral state in infected cells and neighboring cells, increases
the secretion of proteins with direct anti-microbial function, and triggers the production
of cytokines, chemokines, and other signaling molecules.
The main downstream transcription factor of PRR signaling is nuclear factor kappa-b (NFκB), which is constitutively present in the cell, but kept inactive through complex formation
with the inhibitory protein IκBα. Upon PRR signaling, IκBα is phosphorylated and degraded,
thereby releasing NF-κB and permitting its translocation to the nucleus [22]. There, NF-κB
is best known for initiating the transcription of chemokines and cytokines. RSV-induced
NF-κB activation increases the local levels of many cytokines and chemokines within hours
of infection [23]. Notable amongst these are the proinflammatory cytokines (pro-)IL-1β [24],
IL-6 [25], IL-8 [26], IL-12 [27] and IL-23; allergy-associated TSLP [28], and type I interferons
such as IFN-β [29].
Upon secretion into the extracellular environment, type I interferons in their turn act in
autocrine and paracrine fashions to activate another important transcription factor, signal
transducer and activator of transcription 1 (STAT1), through binding to the interferon-α/β
receptor (IFNAR). Like NF-κB, STAT1 protein is constitutively present in an inactive form in
many cell types. IFNAR signaling activates kinases of the janus-kinase-family, JAK1 and TYK2,
to phosphorylate STAT1. Accordingly, phosphorylated STAT1 heterodimerizes with STAT2,
translocates from the cytosol to the nucleus, and in concert with proteins of the interferon
regulatory factor (IRF) family drives the transcription of interferon response genes (ISG)[30].
Many of these ISG act directly as antiviral effectors that interfere with viral replication, virion
assembly, or the release of newly created virions from infected cells. Others encode for
signaling molecules such as PRR or transcription factors that further enhance the ongoing
antiviral immune response.
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The innate phase of the primary immune response is primarily a reaction to the environment
of inflammatory mediators that is created during the immediate-early phase. Critical
during this phase are the activation, polarization, and/or expansion of local and recruited
immune cells by the cytokine environment, and the recruitment of innate immune cells
by chemotactic molecules such as chemokines.
Barrier tissues such as the lung contain innate immune cells that perform effector functions
while the antigen-specific adaptive immunity is still arising. Among the former immune cells
is a wide variety of innate-acting lymphocytes that are activated to kill infected cells and/or
produce cytokines in response to the existing cytokine environment. Natural killer (NK) cells
[31], natural killer T (NKT) cells, and gamma-delta T (γδT) cells [32] recognize virus-infected

General introduction and outline of the thesis

Innate phase

cells using both distinct and shared mechanisms, that are mediated by surface-expressed
receptors, and trigger apoptosis in these cells.
With the identification of innate lymphoid cells (ILC) in mucosal tissues, the role of a
polarizing cytokine environment in innate immune responses has gained attention [33]. All
types of innate-acting lymphocytes respond to polarizing cytokines to some extent, though
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not all react to each signal [33, 34]. IL-12 promotes the production of type 1 cytokines,
notably INF-γ and TNF-α, by NK cells, NKT cells, γδT cells, and ILC1 [35-38]. Type 2 polarizing
cytokines like IL-25, IL-33, and TSLP drive the expression of Th2 effector cytokines such as
IL-4 and IL-13 by NKT cells and ILC2 [39, 40]. Finally IL-1β, IL-6, and IL-23 induce IL-17 and
IL-22 production by ILC3, γδT cells, and NKT cells [33, 41, 42]. As such, cytokines that were
traditionally attributed to T cells are present in the infected lung at an early stage, allowing
for effects of these cytokines on surrounding cells prior to the arrival of adaptive immunity.
Neutrophilic granulocytes are the main infiltrating cell type during early RSV infection,
although also NK cells and monocytes are attracted at this stage of the immune response
[43]. The first mentioned cells peak at two days post infection in mice and are the dominant
cell type in the airways during primary RSV infection in human infants, comprising up to
80% of the bronchoalveolar lavage cellularity. The peak of neutrophil infiltration in humans
pre-dates the infiltration of antigen-specific CD8 T cells [44], and thus depends on chemoattracting compounds that are produced prior to adaptive immunity during the immediateearly and/or innate phase. Neutrophils add to RSV disease through the production of elastase
and consequently the disruption of the extracellular matrix [45]. Recent data indicate that
neutrophils indirectly enhance mucus production in RSV infected murine lungs, through
increased presence of IL-13 producing CD4 T cells [46]. Finally, neutrophils could act as a
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target for RSV viral replication [47]. What drives the early infiltration of neutrophils into RSV
infected lungs had yet to be elucidated and is subject of this thesis.

Adaptive/clearance phase
The clearance of RSV and the development of immunological memory requires an
adequate adaptive immune response. DC or macrophages that acquired viral antigens in
the lungs (antigen presenting cells, APC) initiate the adaptive immune response to RSV
in the lung-draining mediastinal lymph nodes [48]. During the development of adaptive
immunity, antigen-specific lymphocytes that recognize a RSV-epitope (B cells) or peptideMHC complex (T cells) in the presence of sufficient co-stimulatory signals undergo clonal
expansion and genetic alteration to generate large numbers of cells that recognize RSV
peptide-MHC complexes or secrete antibodies with tailor-made anti-RSV specificity.
While the main role of B cells lies in antibody production, and CD8 T cells are expert killers of
RSV-infected cells, we here focus on CD4 T cells. The main function of CD4 T cells is to direct
the immune response in reaction to polarizing cytokines. Many CD4 T cell specializations
have been identified thus far, of which T regulatory cells, Th1 cells, Th2 cells, and Th17 cells
are best known to perform their roles at the site of inflammation. Each of these four types
of CD4 T cells is characterized by the expression of a signature transcription factor, T bet for
Th1, GATA3 for Th2, RORγt (RORC2 in humans) for Th17, and FoxP3 for Treg, each of which
regulates the expression or function of the other.
The local cytokine environment in the lungs dictates the type of CD4 T cell response that
is generated. Similar to in the innate-acting lymphocytes, IL-12 polarizes CD4 T cells into
IFN-γ and TNF-producing Th1 cells, cells that are specialists in immunity against intracellular
pathogens. TSLP, IL-33, and IL-25 direct the differentiation of CD4 T cells towards IL-4, IL-5,
and IL-13 producing Th2 cells which are best equipped to counter parasite infections, and
IL1-β, IL-6, and IL-23 guide the differentiation towards IL-17 and IL-22 producing Th17 cells
who optimally combat bacteria and fungi. Finally, T cells depend mostly on TGF-β to become
regulatory T cells, which have a suppressive role via multiple mechanisms.
Next to the roles that effector cytokines have in promoting distinct types of immune
activation, they also interfere with the production or function of effector cytokines of
different CD4 lineages. Th1 and Th17 additionally are reciprocally regulated through the
shared requirement for the IL-12p40 subunit to generate the polarizing cytokines IL-12
and IL-23 respectively.
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tuned to provide the optimal response to the pathogenic challenge at hand. Viral infections,
at least in adults, preferentially induce Th1-dominated immune responses accompanied
with a strong CD8 T cell response. This combination of immune defense strategies drives
viral clearance through killing of infected cells and IFN-γ dependent induction of ISG by
STAT1/STAT3 heterodimers.

DISTINCT IMMUNE RESPONSES IN NEWBORNS
As the intra-uterine environment of the amniotic fluid is devoid of bacteria, viruses and
other microorganisms, infants are born sterile to be released into a world that swarms
with microbes. Microbial colonization of epithelial surfaces with commensal strains of
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As a whole, polarizing T cells, but also innate-acting lymphocyte responses are carefully fine-

bacteria starts upon birth and is of critical importance for adequate protection against
pathogens, immune system development, and intestinal functioning. To allow colonization
and prevent aberrant development of immunological memory that could lead to Th1/17driven autoimmunity, newborn immune responses are skewed away from potentially
harmful Th1-driven immune reactions and toward more tolerogenic responses involving

1

Treg and Th2 cells [49-51].
That the neonatal immune system functions distinctly was painfully underlined in the 1960s
when a team of scientists tested formalin-inactivated RSV as a vaccine in infants. In contrast
to the intended Th1 response, the infants developed a strong Th2 response that exacerbated
RSV disease [52-54]. Two infants died as a result of vaccine-enhanced RSV disease.
The newborn immune system employs distinct strategies to promote a tolerogenic
environment. Treg are prominently present in umbilical cord blood. When activated in
the absence of danger signals, neonatal CD4 T cells preferably differentiate towards Treg.
The surface receptor PD-1 is stronger induced on neonatal T cells than on adult cells, and
significantly contributes to the induction of Treg via interaction with its ligand PD-L1 on
antigen presenting cells [55].
In young infants the Th1 polarizing capacity of TLR responses is impaired. Neonatal plasma
reduces TNF-α and IL-12 responses to bacterial lipopeptides, LPS, and the TLR7 ligand
imiquimod, whereas TLR 8 and TLR7/8 stimulation were unaffected [56, 57]. Furthermore,
TLR4 dependent production of the Th1 inhibiting cytokine IL-10 is increased in the presence
of neonatal plasma [58].
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Finally, Th1 differentiation is directly impaired through the inability of newborn cells to
produce functional IL-12 [59]. While the IL-12p40 subunit is produced at normal levels by
newborn APC, IL-12p35 transcription is inhibited through epigenetic modification of its
DNA locus [60]. Alongside limited Th1 differentiation, absence of IL-12p35 allows IL-12p40 to
heterodimerize with IL-23p19 to generate the IL-17 inducing cytokine IL-23 [61]. Indeed, in
vitro stimulation of cord blood DC induces elevated production of IL-23 [61]. Th17 cells are
however absent in umbilical cord blood, although they may be induced by forced activation
by use of CD3 and CD28 antibodies in the presence of Th17 polarizing cytokines [62-64].
Whether young infants are capable of invoking Th17 responses had yet to be clarified and
is addressed in this thesis.

VITAMIN D AND THE REGULATION OF IMMUNE RESPONSES
Several viral infections show a seasonal behavior where epidemics occur during cold and
wet seasons. It has long been described that the seasonal occurrence of these infections
correlates to the exposure to solar radiation. UV-B rays activate the production of vitamin
D3 in the skin, a hormone which circulates as inactive 25OH-VitD3 and is converted
predominantly in the pararenal gland, but also at sites of inflammation into active 1,25OH
VitD3. This active vitamin D binds to the nuclear vitamin D receptor (VDR), which also
acts as a transcription factor. In general, vitamin D suppresses various types of immuneactivation [65].
RSV infection upregulates the expression of the vitamin D convertase, CYP24, in airway
epithelial cells and thus induces a high concentration of active vitamin D in the infected
lung [66]. Others previously showed that active vitamin D regulates cytokine expression
in RSV [67] and influenza A [68] infected cells. This repression of cytokine production is
protective, as indicated by the seasonal behavior of RSV [69, 70], but also by the observation
that infants that are born with a low level of circulating vitamin D run higher risk of acquiring
severe RSV disease [6].
Interestingly, the strongest correlating polymorphism to severe RSV disease is a common
variant of VDR, FokI [7, 71], which is a mere 3 amino acids longer through an earlier start
codon [72]. Although some distinct capacities to inhibit NF-κB, NFAT, and AP-1 activation
were shown [73], no major difference of this receptor variant had been described that could
explain a distinct effect on RSV pathology. In this thesis we provide novel insights into the
functionality of FokI VDR in the context of RSV infection.
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Chapter 2: Defective TH17 development in human neonatal T cells involves
reduced RORC2 mRNA content
In chapter 2 we explore the capacity of neonatal naïve CD4 T cells to differentiate into Th17
cells when in the presence of APCs from the same cellular source. We show that under
these conditions, neonatal CD4 T cells, but not adult cells, fail to differentiate into Th17 cells
despite the presence of Th17-polarizing cytokines. Expression of RORC2 mRNA transcripts
was not induced in the neonatal T cells, providing an explanation why neonatal cells are
refractory to Th17 cell development.

General introduction and outline of the thesis

OUTLINE OF THE THESIS

Chapter 3: Elevated Th17 response in infants undergoing respiratory viral
infection
As various earlier studies report involvement of IL-17 and Th17 cells in RSV infection, we
asked in chapter 3 whether RSV infection induces Th17 differentiation in very young infants.
Here we show that Th17 cells are normally absent in healthy one-month-old infants, but are

1

present in RSV patients of the same age. We describe a unique role for TLR7 in the induction
of the Th17-inducing cytokine IL-23 in one-month-old infant DC.

Chapter 4: Local IL-17A Potentiates Early Neutrophil Recruitment to the Respiratory Tract during Severe RSV Infection
We show in chapter 4 that the early infiltration of neutrophils into the lungs of infant RSV
patients and experimentally infected mice depends on the local presence of IL-17 in the
lungs. Various types of local innate-acting lymphocytes produce IL-17 during early RSV
infection, which is required to stimulate expression of the neutrophil-attracting chemokine
IL-8 and thereby neutrophil presence in the lungs.

Chapter 5: Defective control of vitamin D receptor-mediated epithelial STAT1
signaling predisposes to severe respiratory syncytial virus bronchiolitis
Chapter 5 explores the functional role of the RSV disease-associated VDR polymorphism
FokI. We elucidate a defect in the regulation of RSV-induced STAT1 phosphorylation
and downstream ISG targets using overexpression cell lines and monocyte-derived
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macrophages from genotyped healthy donors. Thus we highlight STAT1 as a major target
for vitamin D mediated protection against severe RSV disease.
A final chapter discussing our results within the context of the current knowledge of viral
pathology in infant lungs concludes this thesis. Finally, in the appendix, two review articles
are included that outline the role of specialized immune cells in raising anti-viral and antibacterial immune responses.
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Chapter 2

Th17 differentiation defect in neonatal APC/T cell co-cultures

To the Editor:
The neonatal immune system shows a different response on activation when compared
with the adult system [1]. Several mechanisms contribute to this phenomenon, which
involves both functioning of the innate system [2] and adaptive mechanisms of the immune
system [3] of which the TH2 bias has been investigated intensively. We previously showed an
important role for human regulatory T (Treg) cells [4] in modulation of immune activation
in the neonatal setting, which is induced by the interaction between antigen-presenting
cells (APCs) and naive T cells. Especially programmed death-1 ligation by programmed
death-L1 contributes significantly to the induction of Treg cells from human cord blood
(CB)-derived precursors [4].
Th17 and Treg cells have a reciprocal development pathway [5]. Both cells play an important
role in the induction and perpetuation of inflammatory responses during infection, and
also in the pathogenesis of autoimmune and allergy-related diseases. On T-cell activation
in the presence of TGF-β, both signature transcription factors for Th17 and Treg-cell lineage
are upregulated: retinoid acid–related orphan receptor (ROR)γT for Th17 cells and forkhead
box (FOXP)3 for Treg cells. In the absence of proinflammatory cytokines, FOXP3 dominates
RORγT function and prevents Th17 development. Because of the propensity of Treg cell
induction in CB, we hypothesized there to be a regulatory mechanism in CB that inhibits
Th17 cell development in neonatal T cells derived from CB cells as compared with adult
peripheral blood (APB) cells. Activation of CD4+CD25+CD45RO+ T cells in the presence of
APCs (see this article’s Methods section in the supplement) shows increased numbers of
FOXP3+ cells in the CB (shown to be functional Treg cells earlier [4]) than in the APB (figure
2.1a,d). IL-17 production, however, was not observed in the CB (figure 2.1a,b). Replacement
of APCs by anti-CD28 antibody prevented Th17 induction in the APB (see figure S2.1a, in the
supplement). The lack of IL-17, IL-21, IL-22, and GM-CSF (figure 2.1c) in the supernatants of
CB cell cultures confirms that Th17 phenotype is not induced in the CB after TCR stimulation.
Other key cytokines, including IFN-γ and IL-13, were also reduced in CB cell cultures than
in APB cells (figure S2.1b), confirming earlier work [6]. IL-21 and IL-22 in the APB were only
partly derived from IL-17–producing cells (figure S2.1c).
Th17 cells may derive from any naive T cell when activated in a conductive cytokine milieu,
or from a defined precursor cell. In humans, CD161+CD4+ T cells are thought to be such
precursors to the Th17 cell lineage [7]. It has also been suggested that Th17 cells more
readily develop from CD45RO+ memory T cells [8]. Therefore, we tested whether memory
cell contamination within our naive cells at the start of culture accounts for the increased
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Figure 2.1 CB T cells are deficient in Th17 development but do upregulate FOXP3. APB and
CB-naive T cells were activated by plate-bound anti-CD3 in the presence of viable APC for 6 days.
IL-17+ and FOXP3+ CD4+ T-cell numbers were assessed by flow cytometry. (A) Representative
cytometry plots. (B) Supernatant IL-17 concentration (n=8) and percentage of IL-17+ CD4 cells
(n=8 APB, n=5 CB). (C) Supernatant IL-21, IL-22, and GM-CSF (n=4 APB, n=5 CB). (D) Percentage of
FOXP3+ CD4+ cells (n=8). * p<0.05 and ** p<0.01, Mann-Whitney U test.
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ability of APB to yield Th17 cells. Fluorescence-activated cell sorting–sorted populations
of CD25+CD45RO+CD161+ cells from the APB can still develop into Th17 cells, whereas the
same population in the CB develops into Treg cells (figure S2.1d). Thus, in our culture system
with viable APCs present, CB-naïve T cells cannot differentiate into Th17.
When IL-6 (mouse) or IL-1β, IL-6, and IL-23 (human) are present during T-cell activation,
FOXP3 is downregulated and RORγT enforces Th17 development. Neonatal innate cells
differ in their activation-induced cytokine production, compared with APB cells [2]. Does
this biased cytokine production profile account for the difference in Th17 development
capacity? Indeed, culture supernatants of CB cells show reduced concentrations of both
IL-1β and IL-6 during the culture period of 6 days as compared with APB cultures where
these cytokines were readily produced. APB cultures yield an increased concentration of
IL-17 at the end of the culture (see figure S2.2a, in the supplement). To further investigate
whether the absence of these cytokines in CB cell cultures had a role in the disability of
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and CB CD41 T cells and monitored again both IL-17 production and FOXP3 expression.
Addition of IL-1β, IL-6, and IL-23 resulted in an increased number of IL-17– producing APB T
cells without affecting the number of cells that upregulated FOXP3 (figure 2.2a-c). Only the
combination of IL-1β, IL-6, and IL-23 induced IL-17 production in CB cells but never to the
extent observed in APB cells. The number of FOXP3+ cells was reduced when these cytokines
were included alone or in combination in the cultures. Addition of GM-CSF or TGF-b did not
clearly affect IL-17 production alone, nor in combination with the inflammatory cytokines
(figure 2.2b). The combination of inflammatory cytokines and these cytokines did show a
reduced FOXP3 expression in APB cells. Thus, CB T cells respond to the cytokines as shown
by reduced FOXP3 expression and the increase in IL-10 and IFN-γ production (figure S2.2b),
suggesting that the lack of Th17 differentiation in these experiments is not due to the
absence of the specific receptors for these cytokines.
As the development of Th17 cells inversely correlates to the development of Treg cells
[5], we considered that the induction of Th17 cells in the APB could be responsible for the

Th17 differentiation defect in neonatal APC/T cell co-cultures

Th17 development, we added recombinant human cytokines to the cultures of naive APB

diminished induction of Treg cells in APB cells as compared with CB cells. Pharmacologic
inhibition of proinflammatory cytokine signaling, through the addition of IL-1RA– or IL6R– blocking antibody (anakinra and tocilizumab, respectively), decreased the number of
IL-17–producing T cells and lowered concentrations of supernatant IL-17 (figure S2.2c-e).

2

Nevertheless, the number of APB cells expressing FOXP3 after 6 days of culture remained
stable and was not affected by these treatments. Because CB cell cultures did not produce
IL-1β and IL-6, blockade of the signaling pathways did not affect the percentages of IL-17+
or FOXP3+ T cells. Finally, as CB precursor cells did not form Th17 cells, while we did see
a signaling effect of inflammatory cytokines, we hypothesized that the blockade in Th17
differentiation should be upstream of the transcription of IL-17 but downstream of cytokine
signaling. We therefore analyzed the Th17 defining transcription factor RORγT, in humans
encoded by transcript variant 2 of the RORC gene [9,10]. Indeed, quantitative PCR of RORC2
mRNA after 3 and 4 days of activation shows significantly lower RORC2 mRNA content in
CB as compared with APB T cells (figure 2.2d), resulting in a reduced IL-17 mRNA (figure
S2.2f ) and prevention of IL-17 production.
We propose that neonatal T cells have an intrinsic mechanism that prevents Th17
differentiation through the regulation of RORγT expression. This may be of functional
relevance to prevent adverse immune reactions against self or nonpathogenic microbes
during the establishment of T-cell repertoire and bacterial colonization. Exact mechanisms
preventing RORC transcription in CB cells are not known yet but might be found in upstream
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signaling or DNA methylation and histone acetylation. Appropriate activation, for example,
via innate signaling, can overcome this deficiency [1].
We thank Dr Wilco de Jager for technical assistance in the cytokine measurements.
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Figure S2.1 (A) Culture supernatant IL-17 concentration after culture for 6 days with anti-CD3
and APCs or with APCs replaced by anti-CD28. n=4 for APB and 5 for CB. (B) IL-10, IFN-γ, and IL-13
concentration in APB and CB cell culture supernatants. APB and CB-naive T cells were cultured with
APCs and plate-bound anti-CD3 for 6 days. Supernatants were subsequently analyzed for cytokine.
n=4 for APB and 5 for CB. (C) Flow cytrometric analysis of IL-17 and IL-21 or IL-22 production in
APB cells. Naive T cells were cultured with APCs and plate-bound anti-CD3 for 6 days, restimulated
with phorbol 12-myristate 13-acetate, ionomycin, and monensin and subsequently analyzed for
production of IL-17, IL-21, and IL-22. Representative for n=5. (D) CD161 expression does influence Th17
development in CB. APB and CB T cells were sorted as CD25−CD45RO−CD161− or CD4+CD161+ and
subsequently activated by anti-CD3 in the presence of viable APCs without addition of recombinant
cytokines. Left plot, APB CD161+ cells become IL-17 producers rather than APB CD161− cells. CB cells
do not produce IL-17 regardless of their CD161 expression. Right plot, CB T cells upregulate FOXP3
independently of CD161 expression. n=3. * p<0.05 and ** p<0.01, Mann-Whitney U test.
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METHODS
CB samples were obtained from normal deliveries of full-term neonates (approved by the
Medical Ethical Committee of the University Medical Center Utrecht). Following ethical
guidelines of our hospital, no further information (e.g., exact gestational age or sex) on
the CB samples was provided, which limited the selection criteria for these samples.
Adult samples were collected from healthy volunteers, aged between 21 and 35 years.
Mononuclear cells from CB and APB were isolated by using Ficoll-Isopaque (Pharmacia,
Uppsala, Sweden). Naive T cells and APCs were isolated by using magnetic cell sorting
(CD4-T-cell enrichment and CD25+CD45RO+ T-cell depletion and CD3+ cell-depletion,
respectively; BD Bioscience, San Jose, Calif, cell purity after magnetic cell sorting>95%) or
by fluorescence-activated cell sorting by using ARIA II.
A total of 50,000 T cells were cultured for 6 days with 100,000 autologous, nonirradiated
(viable) APCs or 1mg/mL anti-CD28 (eBioscience, San Diego, Calif ), activated with 1mg/
mL plate-bound anti- CD3 (OKT3, eBioscience) and 30 units recombinant human IL-2/
mL (Novartis, Arnhem, The Netherlands) in RPMI 1640 (Gibco, Breda, The Netherlands)
supplemented with 10% human AB serum (Sanquin, Amsterdam, The Netherlands), 1%
L-glutamine (Gibco), and 0.5% penicillin-streptomycin (Gibco), restimulated with phorbol
12-myristate 13-acetate (20ng/mL) and ionomycin (1mg/mL) in the presence of monensin
(Golgistop, BD Bioscience) for 4 hours and subsequently analyzed for IL-17 (eBio64DEC17,
eBioscience, phycoerythrin-conjugated) and FOXP3 (PHC101, eBioscience, eFluor450conjugated) expression by using flow cytometric analysis. In other experiments, IL-21
(clone 3A3-N2) and IL-22 (clone 22URTI) production was also analyzed by flow cytometry.
Recombinant IL-1β (Miltenyi Biotec, Bergisch Gladbach, Germany; 10ng/mL), IL-6 (5ng/mL),
IL-23 (BD Bioscience, 10ng/mL), GM-CSF (Immunotools, Friesoythe, Germany; 500 units/
mL), and TGF-β (Peprotech, NJ, 5ng/mL) were added to the cultures. Signaling of IL-1β
and IL-6 was blocked with IL-1RA anakinra (Kineret) or IL-6 receptor blocker tocilizumab
(RoActemra), both added as 1mg/mL.
Culture supernatants were analyzed for cytokine production by multiplex analysis, and
cultured cells were analyzed for RORC2 and IL-17 mRNA expression. Detection limits for
luminex were (lower limit-upper limit, pg/mL) as follows: IL-1β (0.6-4141), IL-6 (2.4-22643),
IL-13 (0.43-10173), IL-17 (0.57-9940), IL-21 (12.2-87363), IL-22 (0.8-2294), IFN-γ (6.24- 20733),
and GM-CSF (2.62-40413). Significance of the differences was tested by using Prism 5.0 for
Windows. Specific tests are mentioned in the figure legends.
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Elevated Th17 response in infant RSV patients

ABSTRACT
IL-17 and Th17 cells contribute to viral airway pathology in human newborns. Since umbilical
cord blood T cells fail to differentiate toward the Th17 lineage in the presence of autologous
antigen presenting cells, we asked whether Th17 cells are present in young infants that
experience respiratory viral infection.
To this end, we analyzed tracheal aspirate samples from infant patients suffering from
acute respiratory syncytial virus (RSV) infection and healthy infant controls. RSV infection
associates with elevated IL-17 and accumulation of CD161+ T cells in RSV infected lungs.
Correspondingly, local Th17 polarizing cytokines were increased. In peripheral blood we
show that Th17 cells are absent in healthy one-month-old infants, but are present in RSV
patients. The triggering of pathogen-associated pattern receptors TLR4 and TLR7 promotes
the generation of a Th17-polarizing cytokine environment by one-month-old infant DC.
We thus conclude that whereas Th17 cells are absent in healthy newborns, Th17 cells are
present in peripheral blood and the airways of infants that experience viral infection, thereby
contributing to airway immunopathology.
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Respiratory infections are the most prominent cause of infant mortality worldwide. Primary
respiratory syncytial virus (RSV) infection is the most common cause of hospitalization of
otherwise healthy infants in developed countries. The clinical course of primary RSV infection
is hallmarked by rapid neutrophil infiltration, excessive mucus production and a delayed
CD8 T cell response [1,2]. High neonatal susceptibility to respiratory infections has been
attributed to a predominant T-helper 2 (Th2) response due to low production of T-helper
1 (Th1) cytokines. While an immature Th1 reactivity is indeed observed during neonatal
vaccination to respiratory pathogens [3-5], Th2 reactivity cannot fully explain the type of
responsiveness observed during primary RSV infection in human neonates [6]. Recent data
in both humans and mice propose the contribution of IL-17 dependent immune activation

Elevated Th17 response in infant RSV patients

INTRODUCTION

in RSV airway infection [7,8].
Th1 and Th17 differentiation are reciprocally regulated through the requirement of the
IL-12p40 subunit for functional IL-12p70 and IL-23 respectively [9]. In umbilical cord blood
(CB) the IL-12p70 axis appears suboptimally employed, causing a predisposition towards
IL-23 production [9] facilitated by a Th2-polarizing environment [10]. Despite this preference
for IL-23 production, we recently showed a block of Th17 development in co-cultures of CB
naïve CD4 T cells and autologous antigen-presenting cells [11]. However, considering the
human immune system rapidly develops during the first month of life, Th17 responses in
one-month-old human infants may be distinct from umbilical cord blood. We hypothesized
that virally infected neonates would show an increased Th17 response and therefore studied

3

T cell responses in healthy and RSV infected infant samples derived from the airways and
from the peripheral blood.

Materials and Methods
Participants
Peripheral venous blood samples were obtained from healthy adult volunteers, healthy
one-month-old infants, and infant RSV patients. Tracheal aspirate was collected during
routine cleaning procedures from the ventilation tubes of intubated infant RSV infection
patients and uninfected infants who were intubated during minor surgery. Both for tracheal
aspirate and peripheral blood samples only healthy infant controls without a history of
infection were included. This study was approved by the local medical Ethical Committee
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of the University Medical Center Utrecht, written consent was obtained from the parents
of infant participants.

Blood and tracheal aspirate cell isolation
Peripheral blood mononuclear cells (PBMC) were isolated by ficoll isopaque density gradient
centrifugation and maintained in RPMI/10% fetal bovine serum-supplemented medium,
including 2mM L-glutamine, 60mg/ml penicillin, 20μg/ml streptomycin (Invitrogen,
Carlsbad, CA). Tracheal aspirate cells were harvested by vigorously resuspending aspirates
in RPMI, followed by mucus removal via filtering cells twice over sterile 70µm cell strainers
(BD Biosciences, San Jose, CA).

DC differentiation and stimulation
CD14+ monocytes were isolated from PBMC using CD14 microbeads (MACS, Miltenyi
Biotech, Bergisch Germany). CD14+ monocytes were 6-day cultured in presence of IL-4(200
ng/ml)/GM-CSF (50ng/ml). DC were stimulated on day 7 of culture with Pam3Cys (1µg/
ml, Sigma), LPS (1µg/ml, Enoz Life Sciences, Lausen, Switzerland), or Imiquimod (10µg/ml,
invivogen, San Diego, CA). Supernatants and cell lysates in Tripure (Roche) were acquired
after 24 hours of stimulation.

Flow cytometry of tracheal aspirate and PBMC
Tracheal aspirate cells were directly surface stained. For intracellular cytokine staining
of PBMC, cells were stimulated for 4 hours in culture medium with 5ng/ml PMA, 1μg/ml
ionomycin (Calbiochem, Beeston, UK), and 0.66μl/ml GolgiStop (BD biosciences). Cells
were resuspended in PBS/2%FCS (fixed and permeabilized when necessary), stained for
30 minutes at 4°C and measured using FACScanto II (BD Biosciences).

Tracheal aspirate and DC culture supernatant cytokine analysis
Tracheal aspirates that were used for cytokine analysis were snap-frozen and stored at
-80°C. Several hours before cytokine measurement, aspirates were thawed and weighed
and diluted in HPE buffer. Aspirates were sonicated twice at 4°C for 30 seconds, spun
down mucus and filtered the supernatant through 0.2µm spin columns (spin X, Corning).
Cytokines were measured in the filtered supernatant and results were corrected for dilution.
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by multiplex immuno assay.

RNA isolation and quantitative PCR
RNA isolation from Tripure was performed according to the manufacturer’s protocol. The
resulting RNA pellet was air-dried and resolved in RNAse-free water. cDNA was synthesized
using a cDNA synthesis kit (Fermentas, St. Leon-Rot, Germany) with random hexamer primers.
Quantitative PCR was performed using the Biorad MyiQV1 and CFX96 systems and miQ
SYBR Green ready reaction mix (Biorad). Primer sets used were hIL-23p19 (Forward:
5’-TGTTCCCCATATCCAGTGTG-3’, Reverse: 5’-TCCTTTGCAAGCAGAACTGA-3’), and hGAPDH
(Forward: 5’-GTCGGAGTCAACGGATT-3’, Reverse: 5-‘AAGCTTCCCGTTCTCAG-3’).

Elevated Th17 response in infant RSV patients

Tracheal aspirate and DC culture supernatant cytokine concentrations were determined

Statistical analysis
Data was analyzed using Graphpad Prism. Mann-Whitney U test was applied for statistical
testing between two groups. Comparison of three groups was done using the KruskalWallis test. Mann-Whitney U test with bonferroni correction was used for post-hoc testing.
A p-value of at least 0.05 was considered statistically significant. Data are shown as median
± interquartile range.

3

RESULTS
Th17 cells are present in infants that experience respiratory viral infection
To investigate the contribution of Th17 cells to the inflammatory response to viral airway
infection, we analyzed tracheal aspirates and peripheral blood of infant RSV patients
(See patient characteristics in supplementary table S3.1). Indeed, the concentration of
IL-17 was elevated in tracheal aspirates of infants undergoing RSV infection compared
to control aspirates (figure 3.1a). In correspondence with this observation, T cells bearing
the Th17 cell surface-marker CD161 were increased in RSV infected tracheal aspirate
compared to autologous peripheral blood (figure 3.1b), indicating Th17 presence and
possibly accumulation in the lung lumen. Th1 cytokines, notably TNF-α and IFN-γ, were
poorly induced by RSV infection (figure 3.1c,d). IL-22, a cytokine that is related to IL-17 by
the requirement for RORγT for its induction, was unaffected by RSV infection (figure 3.1e).
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Figure 3.1 Th17 cells are present in infants that experience respiratory viral infection. TA
and peripheral blood from 48 hour intubated RSV patients (n=10) and healthy infants (n=7) were
analyzed by multiplex immunoassay and flow cytometry. (A) TA IL-17 concentration. (B) Frequency
of CD3+CD161+ cells in RSV patient TA (n=5) and PBMC (n=4). TA concentrations of (C) IFN-γ, (D)
TNF, and (E) IL-22. PMA/Ionomycin stimulated PBMC from healthy adults (n=5) and infants (n=7),
and infant RSV patients (n=4) were analyzed by flow cytometry. Intracellular IL-17 in (F) blood CD4
T cells, and (G) blood CD45RO+ CD4 memory T cells. * designates p<0.05, ** designates p<0.01
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one-month-old infants, we measured IL-17 production in PMA/Ionomycin stimulated
peripheral blood CD4 T cells from RSV patients, infant controls, and adult controls using
intracellular flow cytometry. In accordance with earlier published results [11,12], newborn
blood contained fewer Th17 cells than adult blood (figure 3.1f). As the developing newborn
immune system contains fewer memory cells, we examined the frequency of Th17 cells
within the CD45RO+ memory CD4 T cell population. IL-17 producing cells were less abundant
in the newborn memory T cell population (figure 3.1g). In RSV patient peripheral blood
however, we observed a significant increase of Th17 cells over age-matched controls, both
in the total CD4 T cell population and within the CD45RO+ memory cells (figure 3.1f,g). IFN-γ
production was lower in newborn T cells than in adult cells, but was not affected by RSV
infection (Supplementary figure S3.1a,b). These data show that while Th17 cells are virtually
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To confirm that RSV infection associates with elevated Th17 cell counts in otherwise healthy

absent in the peripheral blood of one-month-old infants, they are elevated in RSV patients.

RSV infection causes a local Th17 polarizing environment in infant lungs
Th17 cell differentiation is driven by pro-inflammatory cytokines. In humans, IL-1β, IL-6 and
IL-23 are known to induce Th17 cells and propagate the activity of this cell type [13]. As it has
been shown that the production of IL-1β and IL-6 is reduced or even absent in the neonatal
immune system [11], we asked whether these cytokines are produced in the virally-infected
lungs of RSV patients. To investigate this, we analyzed the tracheal aspirate (TA) of patients
collected at 5 and 48 hours after hospitalization for these cytokines and compared this to

3

TA from healthy controls. Neither IL-1β, nor IL-6 can be found in the samples from healthy
infants, but are readily observed in patient samples (figure 3.2a,b). IL-23 was found in TA
of healthy infants as well, but is higher in infected patients and appears to increase over
time (figure 3.2c). These data suggest that RSV infection induces an environment favorable
for Th17 development.

RSV-mimicking TLR triggering of DC induces Th17 polarizing cytokine production
Activated dendritic cells (DC) are potent producers of polarizing cytokines in the lungs [14].
RSV particles activate DC through engagement of Toll Like Receptor (TLR)2, TLR4 and TLR7
[15]. We hypothesized that activation of infant DC via TLR signaling can result in a Th17
polarizing cytokine environment. To investigate this, we cultured DC from adult and onemonth-old infant peripheral blood monocytes, and stimulated them with the individual
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Figure 3.2 RSV infection causes a local Th17 polarizing environment in infant lungs. TA was
analyzed by multiplex immunoassay. Concentrations of (A) IL-1β, (B) IL-6, (C) IL-23 in TA from 5
(n=10) and 48 hour (n=9) intubated RSV patients and healthy infants (n=7). ** designates p<0.01,
*** designates p<0.001

TLR ligands Pam3Cys (TLR2), LPS (TLR4), and imiquimod (TLR7). After 24 hours of culture
we measured IL-1β and IL-6 production in the culture supernatants and IL-23p19 mRNA by
qPCR, as the supernatant IL-23 protein levels were below detection limit. Both adult and
infant DC produced some IL-1β and IL-6 in the absence of TLR stimulation (figure 3.3a,b).
TLR4 activation resulted in an increase in IL-6 production and IL-23 mRNA content in both
infant and adult DC, while TLR2 stimulation did not induce either of these cytokines. TLR7
activation triggering induced reverse responses between adult and infant DC: imiquimod
increased the amount of IL-23p19 mRNA in infant DC but not in adult DC (figure 3.3c). Thus
TLR4 and TLR7 activation induces the production of Th17-polarizing cytokines, specifically
in infants.
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Figure 3.3 RSV-mimicking TLR triggering of DC induces Th17 polarizing cytokine production.
Monocyte derived DC were cultured from healthy adult and healthy infant PBMC and stimulated
with Pam3Cys, LPS, or Imiquimod (n=3-5). Culture supernatant (A) IL-1β, (B) IL-6 concentrations.
(C) Relative IL-23p19 mRNA levels. * designates p<0.05
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DISCUSSION
While increased levels of IL-17 in RSV infected infant plasma [16] and tracheal aspirate was
demonstrated before [8,12,17], we here for the first time show the presence of Th17 cells in
the airways during infancy. Previously we showed that CB naïve T cells fail to differentiate to
Th17 cells in co-culture with autologous APC, despite the presence of polarizing cytokines
[11]. Our current data show that one-month-old infants lack circulating Th17 cells, but that
these are present infants that experience RSV bronchiolitis. This suggests that the capacity
for Th17 development in vivo may be acquired quickly after birth. It is likely that immunerelated events that occur early during child-development potentiate Th17 responses.
In contrast to IL-17, the Th17-related cytokine IL-22 was not elevated in RSV tracheal
aspirates, at least at the time of our measurements. Although both IL-17 and IL-22 are
produced by RORγT expressing cells, IL-22 can be repressed by TGF-β in IL-17-producing
cells which allows for uncoupling of these cytokines [18]. Additionally a multitude of IL-22
-expressing cell types that do not produce IL-17 have been identified in mice and particularly
in humans [19]. We therefore think it is likely that the IL-17 and IL-22 we measured in tracheal
aspirate originate from distinct cellular sources.
To our knowledge, we are the first to compare Th17 responses between healthy onemonth-old infants and RSV patients of similar age. Whereas our data supports a clear
Th17 response in RSV infected newborns, several considerations limit further conclusions.
Firstly, although sufficient for statistical analysis, the number of both RSV patients and
healthy control subjects was modest. The amount of blood that could be acquired from
each participant was further restrictive in several experiments. Secondly, medical and
ethical considerations limited the frequency of sampling for both patients and controls.
Finally practical concerns hampered the selection of controls for analysis of TA. For these
experiments we were limited to healthy infant controls that were intubated during minor
surgery. As such we could not match duration of intubation, nor obtain fully age-matched
controls. In those experiments, the youngest control individuals we could compare to
were 224.6 days on average. However, we found that tracheal aspirates from RSV-infected
infants already contained IL-17 (average age 47.1 days), in contrast to aspirates from not
virally infected control infants. Thus, our data that Th17 cell responses are present in RSV
infected infants is sustained, even compared to somewhat older infants.
The infant-specific induction of IL-23 upon TLR7 ligation may contribute to the induction
of a Th17-polarizing cytokine environment in newborns. This observation is in contrast to
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RSV stimulation of DC through TLRs could enhance the production of Th17 polarizing
cytokines, specifically in infants. Further research is required to provide conclusive insight in
the contribution of RSV-mediated TLR activation to immune-polarizing responses in infants.
Together our data show that RSV infection of infant lungs results in a Th17-polarizing
cytokine environment accompanied with Th17 cells, which are otherwise absent in infants.
An increased cytokine production upon TLR4 and TLR7 triggering in infant DC likely
contributes to this effect.
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SUPPLEMENT

Figure S3.1 Respiratory viral infection in infants does not induce Th1 cells. PMA/Ionomycin
stimulated PBMC from healthy adults (n=3) and infants (n=3), and infant RSV patients (n=2) were
analyzed by flow cytometry. Intracellular IFN-γ in (A) blood CD4 T cells, and (B) blood CD45RO+
CD4 memory T cells.
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IL-17A potentiates early lung neutrophilia during RSV infection

ABSTRACT
Respiratory syncytial virus (RSV) bronchiolitis triggers a strong innate immune response
characterized by excessive neutrophil infiltration which contributes to RSV induced
pathology. The cytokine IL-17A enhances neutrophil infiltration into virus infected lungs.
IL-17A is however best known as an effector of adaptive immune responses. The role of
IL-17A in early immune modulation in RSV infection is unknown.
We aimed to elucidate whether local IL-17A facilitates the innate neutrophil infiltration into
RSV infected lungs prior to adaptive immunity. To this end, we studied IL-17A production
in newborns that were hospitalized for severe RSV bronchiolitis. In tracheal aspirates we
measured IL-17A concentration and neutrophil counts. We utilized cultured human epithelial
cells to test if IL-17A regulates RSV infection-induced IL-8 release as mediator of neutrophil
recruitment. In mice we investigated the cell types that are responsible for early innate
IL-17A production during RSV infection. Using IL-17A neutralizing antibodies we tested if
IL-17A is responsible for innate neutrophil infiltration in mice.
Our data show that increased IL-17A production in newborn RSV patient lungs correlates
with subsequent neutrophil counts recruited to the lungs. IL-17A potentiates RSV-induced
production of the neutrophil-attracting chemokine IL-8 by airway epithelial cells in vitro.
Various lung-resident lymphocytes produced IL-17A during early RSV infection in Balb/c
mice, of which a local population of CD4 T cells stood out as the predominant RSV-induced
cell type. By removing IL-17A during early RSV infection in mice we showed that IL-17A is
responsible for enhanced innate neutrophil infiltration in vivo.
Using patient material, in vitro studies, and an animal model of RSV infection, we thus
show that early local IL-17A production in the airways during RSV bronchiolitis facilitates
neutrophil recruitment with pathologic consequences to infant lungs.
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Respiratory syncytial virus (RSV) infects most infants during their first year of life and is a
major cause of hospitalization of otherwise healthy infants in developed countries. The
clinical course of severe primary RSV infection is characterized by a marked and rapid
neutrophil infiltration, excessive mucus production, and a delayed CD8 T cell response [1,2].
More than 80% of cells in the bronchoalveolar lavage (BAL) in RSV patients are neutrophils
[3]. Severity of primary RSV bronchiolitis correlates to the amount of neutrophil infiltration
[4], the level of the neutrophil-attracting chemokine IL-8 [5] and, to some extent, the height
of the viral load [6,7], which declines prior to the initiation of adaptive immune responses.
The peak level of neutrophil infiltration into RSV-infected lungs precedes the time point
at which the highest viral load is measured in the BAL, and is followed by a compensatory
systemic increase of neutrophil precursor cells [2]. Both airway and blood neutrophil subsets
were recently demonstrated to support RSV viral replication [8]. Neutrophils contribute to
RSV pathology through the production of elastase, which disrupts the lung extracellular
matrix and adds to the inflammatory response [4]. The signals that control granulocyte
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INTRODUCTION

infiltration during acute primary RSV infection are not fully understood.
Single nucleotide polymorphisms in innate immune genes and genes that are involved in
the regulation of innate immunity, notably IL-17A, predispose to severe RSV disease [9].
Various lymphoid and myeloid cell types are capable of rapid IL-17A production prior to
the induction of adaptive responses [10]. Ever since 2005, an increasing body of literature
underlines the importance of IL-17A during the adaptive phase of the immune response
to RSV in both mice and men. The role of IL-17A during the innate phase of RSV disease
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has received little attention. Local IL-17A production depends on anaphylatoxin C3a and
tachykinins in RSV infected mice [11]. RSV pathology is enhanced in mice deficient in
CCR7 [12] and STAT1 [13] through elevated IL-17A production at 8 days post infection, as
well as by Th17 cells that originate from prior sepsis [14]. In its turn, RSV induced IL-17A
exacerbates allergic disease in cockroach and ovalbumin models of asthma development
in mice, through induction of mucus production and attraction of neutrophils [15,16]. Local
IL-17A was previously detected in RSV bronchiolitis patients [15,17] and is elevated during
the recovery of infection in infant RSV patients [18]. The relevance and role of IL-17A during
the immediate early phase of the RSV immune response, and especially in newborn patients
that undergo a primary RSV infection, has remained however unclear.
We here investigated the possible contribution of IL-17A to lung granulocyte infiltration
in human newborns, and the source of IL-17A during the early immune response to RSV
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infection. Our data show that increased airway IL-17A levels correlate with early neutrophil
infiltration into the airways of severe RSV bronchiolitis patients. We clarify the lung resident
cell types that produce IL-17A protein early in RSV infection using an RSV infection mouse
model. Finally, depletion of IL-17A during early RSV infection in mice reduces neutrophil
recruitment to the lungs. Taken together, we propose that local production of IL-17A prior
to the initiation of adaptive immunity drives early neutrophil infiltration into RSV infected
infant lungs.

METHODS
Ethics statement
Ethical approval was obtained for both human and mouse studies. The collection and
analysis of human infant tracheal aspirate samples was approved by the local Medical
Ethics Committee of the University Medical Center Utrecht (permit number: 09-003), and
written informed consent was obtained from the parents or guardians of infant participants.
The mouse study protocols were evaluated and approved by the Committee for Animal
Experimentation (DEC) of the University Medical Center Utrecht, Utrecht University, The
Netherlands, according to the guidelines provided by the Dutch Animal Protection Act
(permit number 2011.II.12.182). Every possible effort was made to minimize suffering of
the animals.

Participants
We collected tracheal aspirate from the ventilation tubes of intubated neonatal RSV infection
patients and uninfected infant control patients who were intubated during surgery. Only
RSV patients that presented at the pediatric ICU within 6 days of the first disease symptoms
were included into this study. We excluded patients with Down syndrome or underlying
pulmonary/cardiac complications.

Cell lines, antibodies and reagents
A549 cells were purchased from the American Type Cell Culture library (ATCC CCL-185) and
maintained sub-confluent in Kaghns-modified F12 medium (Invitrogen) supplemented
with 10% fetal bovine serum (FBS), 2mM L-glutamine, 60mg/ml penicillin, and 20μg/ml
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Netherlands): CD14 (MphiP9), CD16 (3G8) and CD11b (ICRF44). Anti-mouse antibodies for
flow cytometry were anti-CD4 (RM 4-5), CD8a (53-6.7), TCR-β (H57-597) (eBioscience (San
Diego, CA)); TCR-γδ (UC7-13D5, BioLegend (Uithoorn, the Netherlands)); CD8a (53-6.7), IL17A (TC11-18H10.1), IL-4 (11B11) (BD Biosciences). Leaf-purified mouse IL-17A neutralizing
rat IgG1 (TC11-18H10.1) and corresponding isotype control antibodies were purchased from
BioLegend. Recombinant IL-17A was purchased at PeproTech. APC-conjugated PBS-57 loaded
CD1d tetramers and A2 strain RSV virus were kindly provided by the National Institutes of
Health of the United States of America and Dr. van Bleek, University Medical Center Utrecht,
respectively. The RSV stock was grown in HEp-2 cells and precipitated with polyethylene glycol.

Mice and RSV airway infection experiments
Six to eight week old BALB/c mice were purchased from Charles River (the Netherlands).
Mice were intranasally infected with 1x107 plaque-forming units RSV/50μl for high dose
infection, and 1x106 pfu for low dose infection.

IL-17A potentiates early lung neutrophilia during RSV infection

streptomycin. Anti-human antibodies used were purchased from BD Biosciences (Breda, the

We measured disease progression by daily body weight measurements, which coincides
with changes in respiratory function [19]. RSV-infected mice were sacrificed at 2 and 4 days
post-infection. Lungs were three times lavaged with ice-cold PBS. BAL fluid from the first
lavage was used to determine viral load. Viral loads were measured as described previously
[20]. Pooled lavage cells were transferred onto glass slides using cytospin, methanol-fixed
and May-Grunwald&Giemsa-stained for light microscopy. Differential cell counts were
determined by light microscopy and flow cytometry. Lungs were harvested and digested
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in RPMI 1640, 10% FBS, 1mg/ml DNAseI, 2.4mg/ml collagenase A.

RSV infection in epithelial cells
RSV was inactivated by 10 minute UV irradiation. A549 cells were infected with live RSV
or UV-inactivated RSV (UV-RSV) at MOI 3 for 24 hours in the presence of 100ng/ml IL-17A.
Supernatants were stored at -80°C prior to Luminex cytokine analysis and cells were lysed
in TriPure reagent (Roche Applied Science, Indianapolis, IN) for RNA isolation.

Tracheal aspirate and cell culture supernatant cytokine analysis
Tracheal aspirates that were used for cytokine analysis were snap-frozen and stored at
-80°C. Several hours before cytokine measurement, we thawed and weighed aspirates and
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diluted them in HPE buffer (Sanquin). We sonicated aspirates twice at 4°C for 30 seconds,
spun down mucus and filtered the supernatant through 0.2μm spin columns (spinX,
Corning). Cytokines were measured in the filtered supernatant and results were corrected
for dilution. We determined tracheal aspirate and A549 cell culture supernatant cytokine
concentrations by multiplex immuno assay as described previously [21].

Flow cytometry of tracheal aspirate and mouse cells
We harvested tracheal aspirate cells for flow cytometry by vigorous resuspension of aspirates
in RPMI, followed by mucus removal by twofold filtration over sterile 70μm cell strainers
(BD Biosciences, San Jose, CA). Tracheal aspirate cells were directly surface-stained.
For intracellular cytokine staining, mouse lung single cell suspensions were stimulated for
4 hours in culture medium with 5ng/ml PMA, 1μg/ml ionomycin (Calbiochem, Beeston,
UK), and 0.66μl/ml GolgiStop (BD biosciences). Stimulated cells were surface-stained in
PBS/2%FCS for 30 minutes at 4°C, fixed and permeabilized using a fixation/permeabilization
kit for cytoplasmic staining (BD Biosciences), and stained intracellularly in perm/wash
buffer for 30 minutes at 4°C. All samples were measured by FACScanto II (BD Biosciences)
and analysed using FlowJo software (Tree Star inc.).

RNA isolation and quantitative PCR
RNA isolation from TriPure was performed according to the manufacturer’s protocol. We
generated cDNA using a random hexamer primer-based synthesis kit (Fermentas, St. LeonRot, Germany).
Quantitative PCR was performed using the Biorad MyiQV1 and CFX96 systems and
miQ SYBR Green ready reaction mix (Biorad). Primer sets used were hIL-8 (Forward:
GGCACAAACTTTCAGAGACAG , Reverse: ACACAGAGCTGCAGAAATCAGG), and hGAPDH
(Forward: GTCGGAGTCAACGGATT , Reverse: AAGCTTCCCGTTCTCAG).

Statistical analyses
Data was analyzed by two-way Student’s T-test and Pearson correlation using Graphpad
software. A p-value of at least 0.05 was considered statistically significant. Data are shown
as median ± interquartile range.
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Early increase in tracheal aspirate IL-17A correlates to subsequent neutrophil
influx
We asked whether IL-17A contributes to innate neutrophil infiltration in infant RSV patients.
IL-17A was earlier related to neutrophil infiltration during established RSV infection in mice
[15]. Several studies implicated IL-17A in IL-8 driven neutrophil infiltration to the lungs in
other infections [22-25].
Therefore we measured both IL-17A and IL-8 in tracheal aspirates (TA) of infants that had
been confirmed to suffer from severe RSV bronchiolitis. RSV infected patients up to the
age of 4 months and with less than 7 days of disease history prior to admission to the
intensive care unit were included. Otherwise healthy infants that were intubated during
surgery served as controls (figure 4.1a). We took aspirates for cytokine analysis at 5 and 48
hours after patient arrival and intubation in the pediatric intensive care unit of our hospital.
Cellular infiltration was analysed in aspirates that were taken at 24 hours after intubation.

IL-17A potentiates early lung neutrophilia during RSV infection

RESULTS

Due to technical limitations we could not make simultaneous measurements.
The concentrations of both IL-8 and IL-17A in RSV patient tracheal aspirate were significantly
higher compared to uninfected infant controls, and remained stable for up to 48 hours
(figure 4.1b,c). We next measured neutrophil infiltration in 24-hour TA samples by flow
cytometry (figure S4.1, gating strategy), and related neutrophil influx to local IL-17A
concentrations measured at 5 hours post-intubation. A 24-hour TA sample could not be
collected for one patient. Neutrophil influx, expressed as percentage of live TA cells at 24
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hour, showed a linear relationship (R2= 0.87, p=0.0008, n=8) with the 5-hour TA IL-17A
concentration (figure 4.1d). Thus, during the initial phase of RSV infection in infant lungs,
increased airway IL-17A correlates with subsequent neutrophil recruitment to the lungs.

IL-17A and RSV induce increased IL-8 production by airway epithelial cells
IL-17A mobilizes neutrophils to migrate into the lungs through at least two complementary
mechanisms: the induction of IL-8 production by epithelial cells [26,27] and induction of
adhesion molecules on endothelial cells [28]. Elevated airway IL-8 correlates with the severity
of primary RSV infection [5]. Since RSV infection of A549 human airway epithelial cells
induces IL-8 production [29], we therefore asked whether IL-17A enhances IL-8 production
by RSV infected epithelial cells.
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To investigate the combined effect of RSV infection and IL-17A on IL-8 expression, we treated
A549 cells with IL-17A and/or RSV for 24 hours and analyzed for IL-8 production at mRNA
and protein level by quantitative PCR and cytokine multiplex immunoassay, respectively.
Both IL-17A and RSV potentiated IL-8 mRNA levels (figure 4.2a) and secretion of IL-8 protein

Figure 4.1 Early tracheal aspirate (TA) IL-17A correlates to subsequent airway neutrophilia.
(A) RSV patients in this study were younger than 4 months of age and were included during the
innate phase of the immune response. Gender, average age, and duration of RSV disease prior
to intubation/inclusion ± SD are shown. (B,C) IL-8 and IL-17A concentrations are elevated in TA
of RSV patients compared to uninfected controls. Cytokine levels were determined by multiplex
immunoassay from TA that was collected at 5 and 48 hours post-intubation. Data represent 9
patients and 7 controls. (D) TA IL-17A concentration at 5 hours post intubation correlates with
neutrophil infiltration at 24 hours post intubation. Neutrophils were detected by flow cytometry
and are shown as a percentage of live TA cells (n=8). Each data point represents an individual RSV
patient. * denote significance of p<0.05
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and RSV were administered simultaneously. Using UV-inactivated virus we next tested
whether the synergy between RSV and IL-17A in IL-8 induction requires viral replication
(figure 4.2a,b). While UV-RSV induced similar levels of IL-8 mRNA as infection by (live) RSV in
the absence of IL-17A, we observed no synergistic enhancement of IL-8 mRNA expression
and a modest, albeit highly significant, enhancement of protein expression when IL-17A
was added. Thus, IL-17A requires RSV viral replication for strong augmentation of local IL-8
production in the course of RSV infection.

High dose RSV infection induces strong early neutrophil infiltration in BALB/c
mice
A variety of innate cell types can produce IL-17A during inflammatory conditions, including
neutrophils [30], macrophages [31], and early-acting lymphocyte subsets [32-34]. Especially
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(figure 4.2b), but we observed a synergistic enhancement of IL-8 induction when IL-17A

4

Figure 4.2 IL-17A and RSV synergistically induce IL-8 production by airway epithelial
cells. A549 airway epithelial cells were infected with RSV or UV-inactivated RSV for 24 hours at a
multiplicity of infection of 3 and in the presence of IL-17A. (A) IL-8 mRNA levels measured by qPCR.
Data represents 3-4 experiments. (B) Concentration of IL-8 in the supernatant of RSV-infected and
IL-17A treated A549 cells. Data represents 3-5 experiments. * denote significance of p<0.05, ****
denote significance of p<0.0001
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lymphocytes are often located in the lung tissue rather than the lung lumen. Therefore the
source of local IL-17A production during early RSV infection cannot be properly investigated
in infant RSV patients. Hence we established a mouse model of early primary RSV infection
that mimicked neutrophil infiltration in humans.
We infected healthy 6-8 week old BALB/c mice intranasally with a high dose RSV (1x107
pfu) and followed changes in body weight, viral load, and cellular infiltration until 4 days
post infection (figure 4.3a, experimental design). RSV infected mice modestly declined in
body weight during the first two days of infection compared to mock-infected PBS controls
(figure 4.3b). The number of viral copies in the BAL fluid increased significantly over time,
with peak levels around 4 days post infection (figure 4.3c). No virus was detected in mockinfected mice. The amount of immune cells in the BAL fluid accumulated over time and
was at all time points significantly greater than in mock-infected mice, where no cellular
infiltration was observed (figure 4.3d). Neutrophils were the dominant infiltrating cell type
at 2 days post-infection, but declined both in proportion and in absolute numbers at 4 days
post-infection, as determined by differential counting of May-Grünwald&Giemsa stained
BAL cells (figure 4.3e,f, and figure S4.2).
As such, we confirmed in our mouse model of RSV infection that neutrophil infiltration
precedes the peak level in viral load as in human infant RSV patients.

CD4 T cells are major local producers of IL-17A during early RSV infection
In our model of early primary RSV infection, neutrophil infiltration occurred within 48
hours post-infection, effectively ruling out local production of IL-17A that requires adaptive
immune processes. Since our patient data underscored a strong correlation of local IL-17A
with neutrophil influx, we asked whether other cell types produced IL-17A in BALB/c mice
at two days post RSV infection (high dose, 1x107 pfu).
To this end we made single cell suspensions of 2 day RSV infected mouse lungs and
stimulated them ex-vivo with PMA and Ionomycin in the presence of the Golgi transport
inhibitor GolgiStop (figure 4.4a, experimental design). Presence of newly produced IL-17A
cytokine was measured by flow cytometry of permeabilized cells. We distinguished various
cell lineages by surface staining for Gr-1, CD11b, TCR beta, TCR gamma/delta, CD4, CD8,
and binding of alphaGalCer-loaded CD1d tetramers. IL-17A production was detected in
lymphocytes, but not in cells of the myeloid lineage including neutrophils. Both the absolute
number and percentage of IL-17A producing lymphocytes were increased at day 2 of RSV
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Figure 4.3 High dose RSV infection induces early neutrophil infiltration in BALB/c mice. (A) Mice were infected intranasally with a high dose
RSV (107 pfu/mouse) or mock infected (PBS). BAL was collected at 2 and 4 days post infection. (B) High dose RSV infection induces rapid weight loss
in BALB/c mice. Relative weight to the start of infection is shown. (C) RSV replicates in mice. Viral loads were determined by qPCR in the a-cellular
fraction of the BAL. (D-F) High dose RSV infection causes infiltration of neutrophils into RSV infected mouse lungs. (D) Live BAL cells were counted
using a hematocytometer and trypane blue staining. (E) Absolute numbers and (F) percentages of neutrophils were determined by analysis of MayGrünwald/Giemsa stained cytospins. All data represent 4-16 mice per group and three independent experiments. ** denote significance p<0.01, ****
denote significance of p<0.0001
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infection, although also mock-infected mice exhibited a considerable fraction of IL-17A
producing cells in the lungs (figure 4.4b).
The IL-17A producing lymphocyte population consisted of CD4+ T cells, CD4- CD8- (DN)
T cells, gamma/delta T cells, CD1d/alphaGalCer-tetramer positive NKT cells, and a small
number of other lymphocytes including CD8+ T cells and TCR- lymphocytes. Gamma/Delta
T cells, CD4 T cells, DN T cells, and to a lesser extent NKT cells were steady state producers
of IL-17A in uninfected mouse lungs (figure 4.4c-f ).
RSV infection significantly increased the absolute numbers in the lungs of IL-17A producing
CD4+ T cells, DN T cells, and NKT cells at 2 days post infection (figure 4.4c-e). For IL-17A
producing gamma/delta T cells, RSV infection did not cause significant changes in cell
numbers, although appeared trending towards increased numbers (figure 4.4e,f ). Within
the CD4+ T cell population, we observed a highly significant increase in relative numbers of
IL-17A producing cells upon RSV infection (figure 4.4c), establishing CD4+ T-cells as major
contributors of elevated IL-17A production during early RSV infection.
These data show that in our model of primary RSV infection various types of lymphocytes,
but especially an innate occurring CD4 T cell population, are induced to produce IL-17A at
the peak moment of lung neutrophilia.

Depletion of IL-17A limits neutrophil infiltration of RSV-infected lungs
Local IL-17A production and airway neutrophilia occur simultaneously in mice, and correlate
strongly in human patients. We next set out to establish a causal relationship between both
phenomena. To confirm that local IL-17A enhances the early neutrophil infiltration in RSVinfected mice, we therefore neutralized IL-17A during the first days of infection using an
IL-17A antibody. 6-week old BALB/c mice were given intra-peritoneal injections of 50 μg
anti-IL-17A or isotype control antibody at both two days prior to intranasal infection and
upon infection with RSV. Mice were infected with either a high dose RSV (1x107 pfu), or
a lower dose (1x106 pfu) to detect subtle effects of the treatment. We monitored disease
progression through daily body weight measurements and sacrificed mice at 48 hours
post infection (figure 4.5a, experimental design). We analyzed the number of neutrophils
in BAL fluid by flow cytometry.
High- but not lower-dose infected animals showed a modest decline in body weight,
irrespective of antibody treatments (figure 4.5b,c). IL-17A neutralization did not affect the
viral load in high dose infected mice (figure 4.5d). Both total BAL cell (figure 4.5e) neutrophil
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Figure 4.4 CD4 T cells are major local producers of IL-17A during early RSV infection. RSV induces IL-17A production in lung lymphocytes at 2
days post infection. (A) Lung single cell suspensions were harvested at 2 days post infection and stimulated with PMA/Ionomycin for 4 hours prior
to intracellular cytokine staining and analysis by flow cytometry. (B) Absolute and relative numbers of IL-17A producing lung lymphocytes. (C-F)
Predominantly CD4 T cells are induced to produce IL-17A by RSV infection. Separate bar graphs of the relative IL-17A production by (C) TCRβ+CD4+
T cells, (D) TCRβ+CD4-CD8- (DN) T cells, (E) CD1d-tetramer+ NKT cells, and (F) TCRγδ+ gamma/delta T cells . Absolute numbers represent n=4 control
mice and n=3 RSV infected mice from one representative experiment.* denote significance of p<0.05, ** denote significance of p<0.01, *** denote
significance of p<0.001
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Figure 4.5 Depletion of IL-17A limits neutrophil infiltration into RSV-infected lungs. Mice received IP injections of anti-IL-17A antibody or isotype
control antibody upon and two days prior to RSV infection. Mice were infected with high or low dose RSV and sacrificed 2 days post infection. (B,C)
Graphs representing the weight loss of anti-IL-17A treated versus isotype treated mice that were infected with a low or a high dose RSV respectively.
(D) Viral loads in the a-cellular fraction of the BAL of high dose RSV infected mice. (E,F) Total BAL cell and absolute neutrophil numbers per ml BAL at
day 2 post infection in both isotype and anti-IL-17A treated mice. Data represent 3 mice per group for high dose RSV (107 pfu/mouse) infected mice,
and at least 5 mice per group for low dose RSV (106 pfu/mouse) infected mice. (G) Representative scatter plots of CD11b and GR-1 surface stained
BAL cells. * denote significance of p<0.05
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(figure 4.5f ). The treatment with anti-IL-17A limited the infiltration of both cell populations
in high-dose RSV infected mice (figure 4.5e,f ). We observed a similar trend for neutrophils,
but no significance, in low-dose infected mice (figure 4.5f,g representative scatterplots).
We therefore conclude that early local IL-17A production is instrumental in the induction
of innate neutrophil infiltration during primary RSV infection.

DISCUSSION
Elevated tracheal aspirate IL-17A levels in RSV patients were previously reported by
Larranaga et al., Mukherjee et al., and Faber et al. [15,17,18]. The relevance of IL-17A presence
for the innate phase of early pathology in patients, a hallmark of primary RSV infection in
newborns, had however remained unclear. Our data show that local IL-17A levels are already
elevated in the lungs of RSV-infected newborns early after ICU admission. The concentration
of IL-17A in tracheal aspirate correlates strongly to neutrophil infiltration into the lung

IL-17A potentiates early lung neutrophilia during RSV infection

infiltration (figure 4.5f ) were more pronounced in high dose than in low dose infected mice

lumen.
We demonstrated using primary RSV-infected mice that various lung intrinsic lymphocyte
populations produce IL-17A during the innate immune response, of which CD4 T cells were
a major contributor that increased in both absolute and relative numbers. Removal of IL17A from the lungs using a depleting antibody significantly diminished airway neutrophil
infiltration upon RSV infection in vivo.
Local IL-17A production in RSV infection is biphasic [15] and may have a different impact
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throughout the disease. To assure we studied the innate phase of RSV disease, we selected
patients with less than 7 days of disease history. As our patients have an average disease
history of 4.2 days and a low standard deviation, we are confident that our samples were
taken during the innate phase of the disease, despite not knowing the precise date that
these patients were infected.
Infection of Balb/c mice with a low dose RSV (1.0x106 pfu) induced only limited neutrophil
infiltration. Others previously reported an absence of local IL-17A in the airways of Balb/c
mice when infected with this amount of RSV [13,35]. In line with these data, neutralization
of IL-17A in low dose RSV infected mice did not significantly inhibit neutrophil infiltration,
suggesting that high viral loads are required for early IL-17A production and subsequent
neutrophil infiltration.
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The identity of the CD4+ subtype of T cells that produces IL-17A during early primary RSV
infection in BALB/c mice deserves further clarification. The promptness of IL-17A production
by lung-resident CD4 T cells argues against involvement of V-D-J recombination of TCR
genes and clonal T cell expansion (i.e., adaptive RSV-antigen driven response), that require
several days to develop. We are not the first to report rapid IL-17A-producing cells in the
lungs: so-called natural Th17 (nTh17) cells are an early source of IL-17A in lung inflammation
[36]. Whereas conventional Th17 cells differentiate from peripheral naive CD4 T cells as a
part of the adaptive response, nTh17 cells undergo a distinct thymic differentiation path
and may perform bridging functions [37]. For these reasons we postulate that the CD4+ T
cell population we observed in RSV-infected lungs may be nTh17 cells.
We also showed that IL-17A that is present during RSV infection strongly enhances the
production of the neutrophil-attracting chemokine IL-8 by airway epithelial cells in vitro in a
synergistic and virus replication-dependent fashion. Similar to our observations, others recently
showed that recognition of viral replication intermediates, mimicked by transfection of poly-I:C,
induces the expression of IL-8 in airway epithelial cells, which is synergistically enhanced by
IL-17A [38]. IL-17A was described to augment the expression of KC through mRNA stabilization
[39] in a TRAF5 dependent manner [40]. RSV induces IL-8 production independent from viral
replication within 2 hours after infection [29]. Therefore the discrepancy we observed between
the lack of enhancement of IL-8 mRNA, but the highly significant enhancement of IL-8 protein in
combination with UV RSV may be related to our earlier timepoint of mRNA analysis. Nonetheless,
IL-17A has a much greater synergistic effect in combination with live RSV, which suggests that
RSV replication is highly relevant for potent induction of local IL-8 expression during infection.
Higher viral loads have been correlated to RSV disease severity based on clinical scores [6].
Whether IL-17A and IL-8 contribute to this correlation remains to be investigated.
Based on our work and collective work by others, we anticipate that the role of IL-17A
during primary RSV infection in infants may not be unique. RSV infects infants at a high
frequency within the first year and may therefore reveal infant vulnerabilities where other
diseases, e.g. influenza, do less so. Where a reduced functioning of the IL-12/IFN-gamma axis
has been a preferred mechanistic explanation why newborns are particularly susceptible
to pathogen infections, diminished functioning of this pathway function results in the
increased deployment of the IL-23/IL-17A immune axis. Indeed, neonatal dendritic cells show
an enhanced propensity to produce IL-23 [41], which is required for the activation of IL-17A
production. Our findings here emphasize a pivotal role of IL-17A to newborn virus-induced
airway pathology, and suggest IL-17A and its upstream inducers as candidate mediators
to explore for intervention therapy and future clinical application.
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Figure S4.1 Human neutrophil gating strategy. Representative scatter plots of human TA
neutrophils stained for CD11b, CD14, and CD16.

Figure S4.2 Light-microscopy images of day 2 mock infected and RSV infected BAL cells.
Representative images of May-Grünwald & Giemsa stained BAL cells.
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ABSTRACT
RSV infection causes bronchiolitis in infants with seasonal frequency, for which vitamin D
deficiency and a well-described polymorphism in the Vitamin D Receptor (VDR), FokI, are
important risk factors. Recent studies suggest that vitamin D regulates immune pathways
in airway epithelial cells during RSV infection. It is not understood why the VDR FokI
polymorphism predisposes to severe RSV bronchiolitis.
We investigated how the VDR FokI polymorphism regulates the epithelial response to RSV
infection. To this end, we overexpressed the normal and FokI VDR variants in A549 airway
epithelial cells. Vitamin D restrained the expression of both NF-κB and STAT1-induced
antiviral genes. However, while NF-κB control by vitamin D remained intact, both RSVinduced phosphorylation of STAT1 and expression of its downstream targets IRF1 and IRF7
escaped vitamin D control in FokI epithelial cells. The poor capacity of vitamin D to regulate
IRF1 in FokI VDR expressing cells was recapitulated using blood samples from normal and
FokI VDR genotyped healthy donors.
Hence we provide mechanistic insight that the FokI VDR polymorphism renders STAT1mediated antiviral immune reactions to RSV infection irresponsive to vitamin D control,
resulting in enhanced immunopathology and exacerbated RSV bronchiolitis.
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Respiratory Syncytial Virus (RSV) causes epidemics of airway disease in otherwise healthy
infants, most commonly during winter seasons. It has long been described that solar
radiation has a remarkable inverse correlation with the prevalence of viral airway infection
[1-3]. Ultraviolet B radiation stimulates the production of the pro-hormone 25OH-vitamin
D3 in the skin, which has both immunostimulatory and immunosuppressive properties
when metabolized to its active form.
RSV infection induces local conversion of inactive circulating 25OH-vitamin D3 to active
1,25OH-vitamin D3 (vitamin D) by airway epithelial cells [4]. Vitamin D enhances the
production of anti-microbial peptides [5], and potentiates the oxidative burst [6]. In contrast,
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INTRODUCTION

vitamin D inhibits the induction of NFκB-mediated cytokines in both RSV and influenza
infected cells [7,8] through induction of its inhibitor IκBα [7]. The phosphorylation of STAT1
is inhibited by vitamin D in RSV infected cells [7].
Two studies thus far showed that a low vitamin D status associates with RSV bronchiolitis
in infants [9,10]. A genetic association study of hospitalized infants in the Netherlands
revealed a strong association of RSV bronchiolitis with a single nucleotide polymorphism
in the vitamin D receptor (VDR) gene (FokI polymorphism; rs10735810)[11], which was
confirmed by the same investigators in the South African population [12]. Homozygosity for
the minor “f” allele associates with a 70% higher risk of acquiring RSV bronchiolitis. Hence,
vitamin D – VDR interplay may be critical in the pathogenesis of RSV disease.
VDR is a transcription factor of the thyroid hormone receptor family of nuclear receptors
and is widely expressed amongst cell types [13], including most immune cells and airway
epithelial cells. Upon binding active vitamin D, VDR attaches to vitamin D responsive
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elements (VDRE) on the DNA to regulate gene expression [13]. The RSV-associated VDR
polymorphism rs10735810 is a start codon polymorphism located three codons upstream
from a second start site (ATG), and can be determined with the restriction enzyme FokI [14].
The minor allele “f” contains the restriction site and the first ATG, which are absent in the
major allele “F”. As a result, the f allele encodes a VDR protein (M1 VDR) that is three amino
acids longer on the N-terminal side than the protein encoded by the F allele (M4 VDR)[15].
The bronchiolitis-associated FokI polymorphism has functional consequences for immune
responses through stronger inhibition of NFAT and NFκB regulated reporter gene expression
by M1 VDR [16]. In contrast, the expression of vitamin D stimulated genes is higher in cells
expressing non-bronchiolitis-associated M4 VDR, through enhanced interaction with the
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common transcription factor TFIIB [15]. The functional impact of FokI VDR in infection and
other inflammatory conditions is not understood.
We here investigated how M1 VDR may modulate the innate immune response to RSV
infection. Using over expression cell lines we show that both variants regulate NF-κBinduced antiviral gene expression equally well. However, while the M4 VDR variant limits
RSV induced STAT1 phosphorylation as expected, the bronchilitis-associated M1 VDR
variant does not. As a consequence, the expression of STAT1-responsive antiviral genes
IRF1 and IRF7 proceeds and is beyond control of vitamin D. We confirmed these data using
macrophages cultured from blood samples of VDR-genotyped healthy donors, supporting
conservation amongst cell types. These data depict an important role for vitamin D mediated
regulation and identifies STAT1 as a pivotal target molecule in the protection against severe
RSV disease.

Materials and Methods
Participants
Buccal swabs were collected from healthy adult volunteers and used for genotyping. VDR
genomic PCR was performed using VDR primers 2a and 2b (table S5.1) [17], and analyzed by
sequencing using bigdye terminator sequencing reagent (Applied Biosystems). Peripheral
blood was obtained from VDR-typed M1 and M4 homozygous age and gender matched
healthy volunteers, aged between 21 and 30. Mononuclear cells were isolated using fycoll
based gradient centrifugation. We isolated monocytes using CD14-MACS beads (Miltenyi
Biotec) according to the manufacturer’s protocol and cultured them for 5 days at 100,000
cells/cm2 in RPMI 1640 containing P/S, Glu, and 5% human AB serum to differentiate into
macrophages.
This study was approved by the local Medical Ethical Committee of the University Medical
Center Utrecht, and informed consent was obtained from all participants.

Cell lines, viruses, and reagents
A549 type II pneumocytes were purchased from the American Type Culture Collection and
maintained subconfluent in Kaighn’s modified F12 medium supplemented with 10% fetal
bovine serum (FBS, Gibco), L-glutamine, and penicillin/streptomycin.
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RSV A2 (RSV-RFP) was kindly provided by Dr. M.E. Peeples. RSV was propagated in Hep2
cells and harvested from the cell supernatant by PEG2000 precipitation. Virus was stored
in 10% sucrose in phosphate buffered saline (PBS) at -150 degrees celcius. We determined
viral titers by TCID50.
1,25-dihydroxyvitamin D (vitamin D, Sigma-Aldrich) was dissolved at 100µM in 99.9%
ethanol and stored at -20 degrees Celcius. Vitamin D was used at 100nM in all experiments.

Cloning and generation of stable cell lines
We amplified human M1 VDR and M4 VDR cDNA from an ORFeome entry clone, kindly
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All respiratory syncytial virus (RSV) used was A2 strain. Red-fluorescent-protein expressing

provided by Dr. M. Boxem [18]. VDR was cloned into MSCI of the pQCXIX retroviral vector
using AgeI and EcoRI restriction sites. EGFP was amplified from the pEGFP-N3 vector
(clontech) and cloned behind the internal ribosomal entry site of pQCXIX into MSCII using
BglI and XhoI. All primers used for cloning are listed in table S5.1.
We transfected pQCXIX plasmids into Phoenix Ampho cells using lipofectamine LTX, and
harvested the retrovirus containing supernatant 48 hours post transfection. A549 cells were
infected with VDR retrovirus for 48 hours after which single GFP expressing cells were sorted
by FACS into separate wells of a 96 wells plate. After expansion thus generated clones were
tested for clonality by flow cytometry. Clones with uniform EGFP expression were selected
and VDR expression was measured by western blot and qPCR. Cell lines of both variants
with equal protein expression were used in our experiments.

RSV infection

5

A549 cells were seeded at a density of 8000 cells/cm2 24 hours prior to infection. Assuming
a single population doubling over 24 hours, cells were next infected with 16000 pfu/cm2 for
MOI1. For infection of macrophages we made the assumption that all seeded monocytes
differentiated into macrophages and adapted our virus dose accordingly. Vitamin D or
ethanol vehicle control were added together with the virus.

Quantitative PCR
Cells were lysed in TriPure (Roche) and complete RNA was isolated by chloroform extraction
according to the manufacturer’s protocol. RNA was reverse transcribed using the iScript
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cDNA synthesis kit (BioRad). We executed quantitative PCR using a BioRad CFX96 system
and SYBR Green ready reaction mix (BioRad). The primers we used are listed in table S5.1.

Western blot
Cells were lysed in Laemmli buffer and protein content was tested by BCA assay (pierce
thermoscientific). Equal amounts of protein were run on 10% polyacrylamide gels in 1x TGS
buffer (Biorad) for 2 hours. Proteins were transferred to ethanol-activated pvdf membranes
over night at 300mA in 25 mM Tris pH 8.3, 192 mM glycine, 20% (v/v) ethanol, after which
membranes were blocked in 5% milk powder in TBS-T. Primary antibody incubation was
done rolling at 4 degrees Celcius over night in 0.5% milk powder in TBS-T. Secondary
antibody incubated at room temperature. For VDR we used a fluorescently labeled
anti-rat secondary antibody and detected fluorescence using an Odyssey system. Other
proteins were visualized using HRP-conjugated secondary antibodies, ECL and ECL prime
chemoluminescence reagents, and light-sensitive films.

Flow cytometry
RSV-RFP infected A549 cells were detached from the tissue culture plastic using trypsin/EDTA in
PBS and measured directly. For cell sorting, cells were filtered over a 70µm pore size nylon mesh
into complete F12K medium. Flow cytometry was performed using a FACS canto II system.

Statistical analysis
We analyzed our data relative to cells that were not treated with vitamin D. Therefore we
used one-sample T test for statistical analysis in most experiments. To compare relative
effects of vitamin D treated samples between cell lines, Student’s T test was applied.

RESULTS
Vitamin D diminishes NF-κB and STAT1 regulated gene expression in RSV
infected alveolar epithelial cells
RSV induces NF-κB and STAT1 dependent gene expression in hTBE tracheobronchial
epithelial cells, which is regulated by vitamin D [7]. As the vitamin D receptor (VDR) is a
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on RSV induced transcription of host response genes. To establish our RSV infection model
in A549 alveolar epithelial cells, we first assayed for RSV infection-induced mRNA expression
of four viral response genes by qPCR (24 hours post-infection). RSV infection induced
the mRNA expression of NF-κB regulated genes IL-8 and IFN-beta, and STAT1 regulated
genes IRF1 and IRF7 (figure 5.1a,b; 24 hours post infection). We confirmed that STAT-1
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transcription factor that is best known for its role in transcriptional regulation, we focused
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Figure 5.1 24-hour RSV infection induces the expression of NF-κB and STAT1 target genes in
A549 cells. (A,B) Relative mRNA expression of NF-κB target genes (A, IL-8 and IFN-beta), and STAT1
target genes (B, IRF1 and IRF7) in 24-hour RSV infected A549 cells. (C) Kinetics of STAT1 tyrosine
701 phosphorylation during infection of A549 cells with RSV. All data represents n=3 independent
experiments. * designates p<0.05
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phosphorylation accompanies RSV-induced IRF1 and IRF7 expression, as STAT1 activity
is regulated by phosphorylation. We analyzed the level of tyrosine 701-phosphorylated
STAT1 by western blot. Phosphorylated STAT1 (pSTAT1) is induced around 24 hours post
RSV infection (figure 5.1c).

Does vitamin D modulate NF-κB or STAT-mediated gene expression?
To investigate the effect of vitamin D on RSV induced signal transduction we next infected
A549 cells with RSV in the presence of 100nM active vitamin D or ethanol as vehicle control
and lysed the cells at 24 hours post infection. Subsequently, we analyzed IL-8, IFN-beta,
IRF1, and IRF7 mRNA expression. Vitamin D treatment diminished the RSV induced mRNA
levels for IFN-beta, as well as IRF1 and IRF7 (figure 5.2a,b) We observed a similar trend, but
no significant difference for IL-8 (figure 5.2a).
Next, we asked whether vitamin D regulates the activation of NF-κB and STAT1 protein.
Therefore, we analyzed the protein levels of NF-κB inhibitor IκBα, STAT1, and pSTAT1 by
western blot. Both STAT1 and pSTAT1 are elevated after 24 hours RSV infection. Vitamin
D limits the amount of pSTAT1, while total STAT1 protein is not affected (figure 5.2c). In
contrast, vitamin D induces IκBα protein independent of RSV infection (figure 5.2c). Thus,
vitamin D controls the expression of host response genes in RSV infected A549 cells through
regulation of NF-κB and STAT1 activation.

No major differences in viral replication in vitamin D treated M4 and M1 VDR
over-expressing cell lines
To allow for the investigation of the FokI VDR variant we retrovirally transduced A549 cells
with either the common M4 VDR, or the M1 FokI VDR variant co-expressing EGFP (driven
by an IRES). We generated VDR over expressing clones from single EGFP positive cells and
selected matching clones for M4 and M1 VDR that had a similar high or low level of over
expression for VDR protein (figure S5.1).
Using the M1 and M4 VDR overexpressing epithelial cells, we first asked whether either VDR
variant affects the capacity of A549 cells to be infected with RSV. To this end, we infected the
M1 and M4 VDR epithelial lines with RSV-RFP at MOI ranging from 1 to 10, and analyzed the
percentage of infected cells based on RFP expression, measured by flow cytometry (figure
53a). The percentage of infected cells increased dose-dependently with the MOI. Similar
proportions of cells were infected with the same dose of virus for each cell line, irrespective
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Figure 5.2 Vitamin D diminishes NF-κB and STAT1 regulated gene expression in RSV infected
A549 cells. (A,B) Relative mRNA expression of NF-κB target genes (A, IL-8 and IFN-beta), and
STAT1 target genes (B, IRF1 and IRF7) in 24-hour RSV infected A549 cells in the presence of 100nM
vitamin D or vehicle control. Data represent n=3-8 independent experiments. (C) IκBα and STAT1
protein levels, and STAT1 tyrosine 701 phosphorylation at 24-hour post RSV infection of A549 cells
in the presence of vitamin D or vehicle control. Data represents n=3 independent experiments. *
designates p<0.05, ** designates p<0.01
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of the amount of VDR overexpression or the type of VDR that was expressed. Thus cells
expressing M1 and M4 VDR variants are equally permissive to RSV infection.
To investigate whether viral replication is affected by vitamin D, we infected VDR variant
A549 cells with RSV-RFP MOI 10, and analyzed the mean fluorescence intensity (MFI) of
RFP. Vitamin D treatment modestly, albeit significantly, enhanced the RFP level in M4 VDR
cells, but not in the M1 FokI VDR variant cells (figure 5.3b). To confirm these results, we
infected VDR variants with wildtype RSV at MOI 1 and analyzed viral RNA by qPCR. Here

Figure 5.3 No major differences in viral replication in vitamin D treated M4 and M1 VDR
over-expressing cell lines. (A) Frequency of infected A549 cells and M1 and M4 VDR variant over
expression cell lines after 24-hour exposure to 1, 3, or 10 pfu RSV-RFP. (B) Relative MFI of RFP in
vitamin D treated RSV-RFP infected A549 cells and M1 and M4 VDR variant overexpression cell
lines. (C) Relative viral mRNA in RSV infected and vitamin D treated M1 and M4 over expression
cells. * designates p<0.05

78

Chapter 5

vitamin D treatment, but no effect of vitamin D in M1 VDR cells (figure 5.3c). Thus, while the
expression of different VDR variants does not affect the capacity of cells to be infected with
RSV, vitamin D slightly enhances the capacity of the virus to replicate in vitamin D treated
cells that express M4 VDR, but not in cells that express M1 VDR.

M1 VDR poorly limits RSV-induced STAT1 activation and target gene expression
We next asked if expression of the M1 FokI VDR variant modulates antiviral immune
signaling in epithelial cells. To this end, we infected M4 and M1 VDR epithelial lines with
RSV in the presence of vitamin D or vehicle control. At 24 hours post infection, we analyzed
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we observed a similar trend of a modest elevation of viral RNA copies in M4 VDR cells upon

the expression of NF-κB and STAT1 regulated genes.
Vitamin D represses NF-κB regulated genes to a similar extent in both M4 and M1 VDR variant
overexpressing epithelial cells (figure 5.4a). In contrast, considering STAT1 regulated genes,
vitamin D repressed IRF1 and IRF7 expression in M4 VDR expressing cells normally, but had
no effect on IRF1 and IRF7 in M1 VDR cell lines (figure 5.4b). Thus, in M1 FokI epithelial cells,
RSV infection-induced expression of IRF1 and IRF7 escapes vitamin D control.
We wished to confirm that the difference in regulation of host response gene expression
between VDR variants involves diminished control of STAT1 phosphorylation. Therefore,
we analyzed IκBα and pSTAT1 protein levels by Western blot. Inversely to NF-κB dependent
gene expression, IκBα protein was induced by vitamin D to equal extent in both VDR
variant cell lines as we expected. The level of pSTAT1, however, was diminished by vitamin
D in M4 VDR, but unaffected in M1 VDR cells (figure 5.4c). Of note, 24 hour pretreatment
with vitamin D further diminished pSTAT1 in M4 VDR expressing cells but not in M1 VDR
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cells (figure 5.4d). Taken together, in M1 FokI overexpressing epithelial cells, RSV infectioninduced expression of IRF1 and IRF7 escapes vitamin D control due to decreased regulation
of STAT1 phosphorylation.

IRF1 expression escapes vitamin D-mediated control in FokI VDR macrophages
We finally wished to seek confirmation of our observations on M1 Fok1 epithelial
overexpressing cells in primary unmanipulated cells from individuals expressing normal
levels of M1 Fok1. To this end, we cultured monocyte-derived macrophages from
peripheral blood of healthy volunteers whom we had previously genotyped to express
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Figure 5.4 M1 FokI VDR cannot limit RSV-induced STAT1 activation and target gene expression. (A,B) Relative mRNA expression of NF-κB target
genes (A, IL-8 and IFN-beta), and STAT1 target genes (B, IRF1 and IRF7) in 24-hour RSV infected and vitamin D or vehicle control treated M1 or M4 VDR
over expressing cell lines. Data represent n=3-9 independent experiments. (C) Western blot image and bargraph representation of STAT1 tyrosine 701
phosphorylation at 24-hour post RSV infection of VDR over expression cell lines in the presence of vitamin D or vehicle control. Data is representative
for n=3 independent experiments. (D) Western blot image of STAT1 tyrosine 701 phosphorylation at 24-hours post RSV infection of vitamin D treated
and 24-hour vitamin D pre-treated cells. Data is representative for n=3 independent experiments. * designates p<0.05, *** designates p<0.001
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in the presence of vitamin D or vehicle control. The permissiveness of macrophages to
RSV infection was not affected by vitamin D treatment (figure 5.5a). Next, we analyzed the
expression of STAT1 target gene IRF1. Vitamin D diminished RSV induced IRF1 expression
in M4 VDR macrophages, but not in M1 VDR macrophages, similar to our observations in
over-expression cell lines (figure 5.5b). Thus, also in primary cells that express endogenous
levels of M1 VDR, vitamin D cannot restrain RSV infection-induced expression of the STAT1
target and viral response gene IRF1, confirming our data in overexpression cell lines.
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the M1 FokI VDR variant, or control M4 VDR. We infected macrophages with RSV at MOI1

5

Figure 5.5 IRF1 expression escapes vitamin D-mediated control in FokI VDR macrophages.
(A) RSV mRNA in macrophages that were infected in the presence of vitamin D or vehicle control.
n=4 (B) Relative mRNA levels of the STAT1 regulated gene IRF1 in RSV infected and vitamin D or
vehicle treated M1 or M4 VDR macrophages. n=5 and n=3 for M4 and M1 VDR donors respectively.
* designates p<0.05
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DISCUSSION
Active vitamin D is an immunosuppressive steroid hormone that protects against RSV
bronchiolitis. In airway epithelial cells, vitamin D controls the expression of STAT1 and NF-κB
regulated genes [7]. We here investigated how VDR variants relate to RSV disease severity.
Our data highlights that the predisposition of vitamin D receptor (VDR) FokI to severe
RSV bronchiolitis may involve impaired ability of vitamin D to restrain anti-viral signaling
in airway epithelium. We show that in cells expressing this VDR variant, vitamin D fails to
regulate STAT1 phosphorylation and downstream gene expression. A strong activation of the
STAT1 pathway in RSV infected cells may therefore contribute to RSV immunopathogenesis
(figure 5.6, schematic overview).
The difference in vitamin D mediated regulation of STAT1 phosphorylation between cells
expressing either VDR FokI variant provides a new perspective on STAT1 responses in RSV
infected epithelial cells. In virus-infected cells, pSTAT1 is commonly induced upon binding of
type I IFN’s, notably IFN-beta, to the IFN A receptor and subsequent downstream activation
of JAK and TYK kinases [19]. However, our data shows that IFN-beta mRNA expression is
equally well controlled by vitamin D mediated induction of IκBα in cells expressing either
VDR variant. Furthermore, vitamin D does not inhibit STAT1 phosphorylation down stream
of IFN-beta signaling in the absence of virus infection [7]. It may therefore well be that the
induction of pSTAT1 during RSV infection does not depend on the canonical JAK/STAT
pathway.

Figure 5.6 Schematic overview of the effect of the FokI VDR polymorphism on RSV induced
immunopathology.
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oxygen species and is not influenced by inhibition of SRC and JAK family kinases [20].
Furthermore, recent literature suggests that stimulation of the intra-cytoplasmic sensor
of viral replication retinoic acid inducible gene 1 (RIG1) may trigger pSTAT1 in an IFNindependent manner [21]. Since vitamin D and retinoic acid may counteract each other
[22], vitamin D could exert its inhibition of pSTAT1 indirectly through regulation of RIG1.
Alternatively, vitamin D could control various components of the STAT1 pathway including
inactivating phosphatases [23].
The contribution of strong epithelial STAT1 responses to exacerbated RSV bronchiolitis
remains to be investigated. STAT1 signaling elevates the anti-viral state and promotes
apoptosis of virus-infected cells. RSV disease results from an exaggerated immune response,
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This notion is supported by the observation that RSV-induced pSTAT1 depends on reactive

and is hallmarked by clogging of the airways with mucus, infiltrated immune cells, and
shedded epithelial cells. We speculate that elevated STAT1 activation could enhance cellular
infiltration and epithelial shedding and by that means exacerbate RSV disease.
Our study was performed in part in the A549 epithelial cell line, which has clear limitations,
as findings may not translate to non-malignant cells. We had generated stable cell lines
that over express either VDR variant at high or low levels in A549 cells, which allowed us
to uncover a cell biological mechanism that underlies predisposition to RSV bronchiolitis.
To address the risk of having obtained non-physiological results in A549 cells, we resorted
to the use of blood of VDR genotyped healthy donors. The use of blood cells allowed us
to clarify the role of VDR expressed from its endogenous locus and at physiological levels.
As blood macrophages express the same STAT1 pathway as epithelial cells, this approach
allowed us to confirm our data first obtained in A549 cells. Also in primary macrophages
of VDR Fok1 donors, vitamin D is unable to restrict a STAT1 mediated anti-viral immune

5

response. Alternative pathways that may be employed in case of deficient STAT1 signaling
may mask the effects of vitamin D in other cell types.
We have recently shown that RSV is causally related to recurrent wheeze [24]. The mechanism
by which RSV infection results in subsequent wheeze is unknown. Our study supports the
concept that RSV damages the airway epithelium in patients with the M1 VDR variant in
whom vitamin D does not control cell activation. Genetic studies should test this specific
hypothesis.
While vitamin D supplementation of infants during RSV seasons may be a valid preventive
approach of severe RSV bronchiolitis, our data suggests that this approach may not benefit
patients that are homozygous for the M1 genotype as much. VDR genotyping may be
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employed to identify risk groups that require passive immunization. Targeted inhibition
of the STAT1 signal transduction pathway should be approached with caution since this
signal transduction cascade is widely employed in the regulation of immune responses.
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SUPPLEMENT
Table S5.1 qPCR, cloning, and sequencing primers
VDR2a

genotyping

ATGGAAACACCTTGCTTCTTCTCCCTC

VDR2b

genotyping

AGCTGGCCCTGGCACTGACTCTGCTCT

M1 VDR fwd

cloning

AATTGGATCCACCGGTGCCACCATGGAGGCAATGGCGGCC

M1 VDR rev

cloning

AATTGCGGCCGCGAATTCTCAGGAGATCTCATTGCC

M4 VDR fwd

cloning

AATTGGATCCACCGGTGCCACCACGGAGGCAATGGCGGCC

M4 VDR rev

cloning

AATTGCGGCCGCGAATTCTCAGGAGATCTCATTGCC

EGFP fwd

cloning

AGAGTGATCAGCCACCATGGTGAGCAAGGGCGAGG

EGFP rev

cloning

AAGGCTCGAGTTACTTGTACAGCTCGTCC

Actin fwd

qPCR

CATGTACGTTGCTATCCAGGC

Actin rev

qPCR

CTCCTTAATGTCACGCACGAT

GAPDH fwd

qPCR

GTCGGAGTCAACGGATT

GAPDH rev

qPCR

AAGCTTCCCGTTCTCAG

IL-8 fwd

qPCR

GGCACAAACTTTCAGAGACAG

IL-8 rev

qPCR

ACACAGAGCTGCAGAAATCAGG

IFN-beta fwd

qPCR

GGCCATGACCAACAAGTGTCTCCTCC

IFN-beta rev

qPCR

ACAGGTTACCTCCGAAACTGAGCGC

IRF1 fwd

qPCR

AGAGCAAGGCCAAGAGGAAGTCAT

IRF1 rev

qPCR

ACTGTGTAGCTGCTGTGGTCATCA

IRF7 fwd

qPCR

TGAGGGTGTGTCTTCCCTGGATA

IRF7 rev

qPCR

TGCTCCAGCTTTCTGGAGTTCTCA

Figure S5.1 VDR protein levels in stable overexpression cell lines. Representative western
blot and bar graph representation of VDR protein in A549 cells and high and low M1 FokI and M4
VDR overexpression cell lines.
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The infant vulnerability to viral infection is often attributed to reduced employment of
antiviral Th1 activation leading to a preferred activation of Th2 responses. Th2 cytokines
were long thought to be the sole driving force in RSV immunopathology. However, not all
aspects of RSV disease can be explained by the effect of Th2 cytokines alone. Furthermore,
neither the timing of RSV pathology, nor the marked predisposition of innate immune genes
to RSV disease are sufficiently explained by the model of Th2-driven immunopathology.
In this thesis I asked whether IL-17 mediated responses are involved in RSV disease in
infants. Furthermore I investigated the distinct functionality of a RSV-associated vitamin
D receptor variant. In the chapters 2-5 I presented original laboratory research in which we
investigated the immune system of young infants and immune pathways that are involved
in RSV disease. In this concluding chapter I will discuss how the absence of Th1 cytokines
potentiates Th2 and Th17 cytokine driven immunopathology in RSV infected infants. Next I
discuss the development of IL-17 cytokine responses in young infants and explore possible
roles of hormones in Th17 regulation and gender bias. Finally I will discuss the importance
of vitamin D in immunomodulation during respiratory infection.

Polarizing immune responses and immunopathology in RSV
As more thoroughly introduced in chapter 1, IL-12 production and hence induction of Th1related cytokines is limited in young infants. The IL-12/IFN-γ axis drives antiviral immune
responses in adults and dampens rivaling type 2 and type 17 responses. It is not necessarily
the lower antiviral activity that causes severe RSV disease. Instead, the absence of the
regulating role of the IL-12/IFN-γ axis may contribute to pathology in RSV bronchiolitis.
The animal models that are available to test this hypothesis to further detail in are limited.
Neonatal mice are in a distinct developmental phase compared to infant humans [1]. Even
in Balb/c mice, which are commonly used to study Th2-dominated responses, RSV infection
induces production of IFN-γ [2] by NK cells, CD4 T cells, and CD8 T cells. However mice
that lack the STAT1 gene, a critical component of the IFN-γ-dependent signaling pathway,
to some extent mimic the dysfunctional IL-12/IFN-γ axis observed in human infants [3].
Infection of these mice results in increased RSV pathology through elevated Th2 [3] and
Th17 [4] activation. Indeed, we and others showed very low to undetectable levels of IFN-γ,
but high amounts of Th2- and Th17-related cytokines [5] in RSV infected infant lungs [6,7].
The hallmarks of acute RSV pathology, strong neutrophil infiltration, high amounts of
mucus in the lungs, and difficulty breathing are direct results of the Th2- and Th17-related
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into RSV infected lungs in the adaptive phase of the immune response [5]. In chapter 4 we
showed that this is equally true for the peak of neutrophil infiltration which occurs during
the innate phase of the immune reaction. Lung neutrophilia during viral infection may
be caused by local production of IL-8 [8]. IL-17 synergizes with RSV in the RIG-I/MDA-5-
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cytokine responses. Several groups showed that IL-17 drives the infiltration of neutrophils

dependent induction of IL-8 expression [9], possibly through IL-17 mediated stabilization
of CXCL-chemokine mRNA [10,11]. IL-6 experiences the same synergistic effect as IL-8 [9]
and is, together with IL-17 [5,12], implicated in the induction of airway mucus [13]. The
type 2 cytokine IL-13, a critical cytokine in murine models for allergic asthma [14], plays a
key role in RSV pathology by driving airway hyper-responsiveness (AHR) [15] and mucus
production [16].
Interestingly, the cross-talk of type 2 and type 17 responses during RSV infection does not
seem to be what one would anticipate. Rather than interfering with each other Th2-related
and Th-17-related cytokines seem to facilitate, or at least tolerate each other in RSV infected
lungs. Induction of type 17 responses functions perfectly in a Th2-polarizing environment
[17]. Th17 cells are poorly suppressed by Treg [18]. While IL-13 may regulate the secretion of
IL-17 [19] this depends partially on the presence of IL-10 [20], a cytokine that is commonly
produced by Treg. RSV infection however impairs Treg function by giving them a Th2
phenotype [21] which could attenuate also this regulatory mechanism. In contrast the IL17-dependent infiltration of neutrophils into RSV infected lungs promotes the frequency
of IL-13 producing T cells [16].
Thus, in young infants where the IL-12/IFN-γ axis is dysfunctional, acute viral airway infection
causes Th2/Th17-dependent immune-activation. This immune response lacks the regulatory
balances that are present in adults and manifests as excessive neutrophil infiltration and
mucus production causing pathology to infant lungs.

6

What controls the Th17 polarizing capacity in newborns?
Th17 cells, the prototype producers of IL-17, are effector cells with a memory phenotype
as indicated by the expression of CD45RO. The vast majority of CD4 T cells in umbilical
cord blood is however naïve and expresses CD45RA. It is therefore no surprise that cord
blood is devoid of Th17 cells. Several groups showed that forced activation of isolated
naïve CD4 T cells from cord blood in a Th17 polarizing cytokine environment induces Th17
differentiation.
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In chapter 2 we showed that naïve CD4 T cells that are activated in the presence of
autologous antigen presenting cells fail to differentiate towards Th17, despite the
supplementation of Th17 polarizing cytokines. Dijkstra et al recently showed that, in
contrast to cord blood cells, naïve CD4+ T cells from healthy three-month-old infants in a
Th17 polarizing cytokine environment readily differentiate toward Th17 cells, despite the
presence of autologous antigen presenting cells [22]. We showed in chapter 3 that Th17 cells
are induced in one-month-old RSV patients, even though circulating Th17 cells are absent in
blood from healthy one-month-old infants. This indicates that the in vivo capacity for Th17
differentiation is already acquired during the first month of life, at least during conditions of
pathogen-induced inflammation. Whether CD4+ T cells of one-month-old children require
the recognition of a pathogen to unleash their Th17 differentiating capacity is not known,
though despite the virtual absence of Th17 cells from healthy one-month-infant peripheral
blood this seems unlikely. What unleashes the capacity to produce IL-17 in response to the
appropriate signals requires investigation.
Multiple reports indicate that Th1/Th17 driven autoimmune diseases may get in remission
during pregnancy. A hallmark of pregnancy is the high level of hormones and eicosanoids
in the circulation. Hormones and eicosanoids are lipophilic compounds that readily diffuse
into the cell. In the nucleus these compounds bind to hormone receptors which then act
as transcription factors. Estrogens, progesterones, prostaglandins, and leukotrienes play
critical roles during pregnancy. Estrogen receptor alpha (ER-α), progesterone receptor
(PR) and peroxisome proliferator-activated receptors (PPAR) are nuclear receptors that
bind to estrogens, progesterones, and prostaglandins/leukotrienes respectively and have
been reported to interfere with Th17 differentiation. The estrogen estriol reduces disease
severity in human MS patients [23,24]. In mice, estradiol regulates arthritis and experimental
autoimmune encephalomyelitis (EAE) [25,26]. This regulatory effect of estradiol depends
on binding to ER-α [27,28], which diminishes Th1 [28,29] and Th17 [28,30] responses in EAE
models. Next to effects on Th1 and Th17 cells, estrogens promote tolerogenic DC [31] and
expansion of Treg [32]. Progesterone drives cord blood Treg differentiation and inhibits Th17
differentiation in vitro [33] and in a murine model of genital infection [34]. PPAR activation
suppresses IL-17 dependent disease in EAE [35,36] and in vitro Th17 differentiation for cells
from both healthy donors and MS patients [35]. PPAR-γ activation inhibits IL-6 and TGF-β
induced expression of RORγt [35], at least in part through the activation of SOCS3 [37].
In utero, the developing fetus acquires maternal estrogen and progesterone through free
diffusion through the placenta and produces high levels of prostaglandins and leukotrienes
[38], the production of which may continue into the neonatal phase. The circulating levels
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that the Th17 differentiation inhibiting effects we observed in chapter 2 is at least partially
due to the effect of one or several of these hormones.
Estrogen induced expression of PD-1 on neonatal T cells [30] may explain the preferred Treg
differentiation of neonatal T cells in culture with autologous APC. De Roock et al showed
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of these hormones are high upon birth but will decline during the first week. It is possible

that high PD-1 expression on neonatal cells drives Treg differentiation in co-culture with
autologous APC expressing PD-L1 [39].
All the while PPAR activation could explain the inhibition of Th17 differentiation; a
hypothesis that merits testing. Whereas estrogens and progesterones are mainly produced
by the mother, prostaglandins and leukotrienes are made by cells of the child, notably
also monocytes and macrophages [40]. While in cultures of isolated naïve CD4 T cells
PPAR ligands are likely low in concentration, co-cultures with autologous APC as in our
experiments may contain sufficient levels to exert inhibitory effects on Th17 differentiation
as observed in chapter 2.

Microbiota and Th17 differentiation: relevant for RSV?
Microbial communities that inhabit the epithelial interface with the outside world provide
protective and digestive assistance that is essential for our survival. Coming from a sterile
environment, colonization of the mucosal surfaces with commensal microbiota starts at
birth. The proportion and type of bacterial strains one is colonized with depends on a
variety of factors, including the microbiota of the mother, route of birth, and other means
of exposure to different strains of bacteria.
Aside from local effects, commensal microbiota can influence polarizing immune responses
in distant parts of the body. In studies comparing mice that were bred in distinct animal
facilities it was shown that a commensal bacteria that was only present in mice from a
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specific facility promotes strong Th17 differentiation [41,42]. The presence of these bacteria,
although not intrinsically pathogenic, exacerbated Th17-driven experimental arthritis [43],
but protected against diabetes in female NOD mice [44]. In contrast, the presence intestinal
microbiota may also induce IL-25 in the gut which reduces local numbers of Th17 cells
compared to germ-free mice [45].
Considering the newly appreciated role for IL-17 in RSV disease, the status of bacterial
colonization of the infant therefore merits more attention. Breast feeding may protect
against RSV disease through the development of a healthy microbial community in the gut
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[46]. Indeed, indigestible sugars that are abundant in breast milk affect T cell responses to
RSV infection of the lung, at least in mice, by promoting a Th1 response [47].
In chapter 3 we show that Th17 cells are present in RSV patients but not in healty infants
of equal age. Although we hypothesize in that chapter that Th17 cells are induced by RSV
infection, we show no formal proof that this is indeed the case. Instead the higher frequency
of Th17 in RSV patients may not be the result but rather a cause of susceptibility to severe
RSV disease. A distinct microbial composition of the intestines of prospective RSV patients
could also explain our observations.

Gender bias of RSV infection
Another aspect of RSV bronchiolitis that may involve hormonal regulation is its prevalence
in boys. High levels of male sex hormones, androgens, are present in boys during the first 6
months after birth but absent in girls [48]. Treatment of female monocytes with testosterone
increases their production of IL-12 and IL-1β [49]. Several reports furthermore indicate
higher production of IL-2 upon testosterone treatment. IFN-γ expression by CD4 T cells
is higher in females, while IL-17 expression is higher in males [50]. Androgen treatment
increases PPAR-α and decreases PPAR-γ expression in human CD4 T cells [50]. In male cells,
PPAR-α knockdown increases IFN-γ production, whereas in female cells PPAR-γ knockdown
increases IL-17 production [50]. In contrast, estradiol suppresses inflammatory responses
to experimental influenza infection in mice [51]. High testosterone levels in males during
early childhood could therefore inhibit Th1 responses while allowing Th17 activation in
response to RSV infection.
Next to hormonal regulation, localization of immune-receptor genes on gender-determining chromosomes may affect gender responses to viral infection. The TLR7 gene is located
on the X-chromosome and thus is higher expressed in females than in males. Both in
humans [52,53] and in rodent models [54,55], TLR7 activation causes more potent interferon
responses in females than in males. Interestingly, TLR7 deficiency causes enhanced IL-17
mediated pathology in RSV infected mice [12], which suggests that males may be more
susceptible to produce IL-17 in response to viral infection. In chapter 3, we were the first
to show a distinct induction of IL-23p19 expression infant DC in response to the TLR7
activating ligand imiquimod. Considering the function of several TLR are impaired in
neonates, stimulation of neonatal DC with a TLR7 ligand may mimic the activation of TLR7
deficient cells.
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In conclusion both hormonal and TLR-dependent mechanisms may explain the gender bias of

The previous paragraphs in this chapter predominantly discuss observations from cells
of the adaptive immune system. Yet most symptoms of RSV disease present themselves
prior to the involvement of adaptive immunity. I believe that, whereas adaptive immune
responses may contribute to RSV disease and are important for the development of vaccines,
innate-acting lymphocyte populations in the lung dictate early RSV immunopathology.
In chapter 4 we show that the peak of lung neutrophilia in response to RSV infection depends
on IL-17 that is locally produced in the lungs of both infant patients and experimentally
infected Balb/c mice. This IL-17 is made by a large variety of innate-acting lymphocytes. That
IL-17 is produced by these cell types in virus-infected lungs is not new, but thus far we were
the first to show this true in the context of RSV infection. Our observations do not stand alone
in the investigation of lung disease. Activation of innate-acting lymphocytes in mucosal
tissues and their involvement in disease is a current hot topic in immunology research. An
example of this is a number of interesting results by Umetsu group at Harvard that provided
me with the inspiration to investigate early immune activation in RSV bronchiolitis in the
first place. Studying allergic asthma in patients and experimental mouse models, the
Umetsu group first showed that NKT cells could drive IL-13 mediated immunopathology
[56,57]. Several years later they showed that mice that lacked T, B, NKT, and γδ T cells could
still develop allergic asthma [58]. In this case ILC2 innate lymphocytes were the source of
IL-13 production driving airway pathology. Several groups have subsequently confirmed
the involvement of ILC2 in lung pathology [59-62].
Innate-acting lymphocytes express similar receptors, cytokines, and transcription factors
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as T cell subpopulations [63]. It is therefore likely that balancing of polarities regulates the
extent of activation a dominant polarity will achieve during a given early immune response.
If this works similar as in polarizing T cell responses one would anticipate that absence of
early IFN-γ, as observed in infant RSV patients, allows for dominant Th2- and Th17-related
cytokine production and pathology prior to adaptive immune activation. Indeed, in the
absence of NK cells during primary RSV infection, Th2-driven pathology is enhanced [64].
However several reports indicate that strong presence of NK cells in the lungs of RSV infected
mice is detrimental for pathology [65,66]. Whether this involves their production of IFN-γ
or depends on some other effector function requires clarification.
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Vitamin D in RSV bronchiolitis
Although it is unclear by what means NK cells add to RSV pathology, one may speculate
that strong induction of ISG prior to adaptive immunity could be detrimental to the host.
Our study into the distinct regulation of immune pathways by the RSV-associated FokI VDR
variant suggests that too strong activation of IFN regulated pathways may contribute to
RSV pathology. How excessive STAT1 activation drives pathology is not known, though
one possibility is that enhanced epithelial shedding and immune cell infiltration may be
partial to this effect.
The effects of vitamin D on p-STAT1 we observed in RSV infected epithelial cells are difficult
to extrapolate to other cell types in which STAT1 is activated. STAT1 is best known as a
downstream target of interferon and TNF receptor signaling. For most in vitro infections of
isolated cells interferon receptor dependent STAT1 activation occurs within approximately
3 hours. In our system of RSV infected epithelial cells, p-STAT1 is only detected by 24
hours which is similar to observations by others [67,68]. As RSV interferes with type-I-IFN
signaling [69-71], IFN-β mRNA expression is equally regulated by both VDR variants, and
since others reported no effect of vitamin D on IFN-β-induced p-STAT1 in epithelial cells
[68], it is unlikely that the p-STAT1 induction we observe depends on type-I-IFN signaling.
Since poly-I:C transfection can induce p-STAT1 in type-I-interferon receptor deficient cells
[72], it is possible that vitamin D interferes with this mechanism in our experiments.
One mechanism we had not considered in chapter 5 is the involvement of IFN-γ. Whereas
commonly produced by immune cells, some reports indicate that also A549 cells may
produce IFN-γ in response to infection [73,74]. Vitamin D interferes with IFN-γ induced STAT1
activation in T cells as well as macrophages [75,76]. Although the role of the FokI VDR in
regulation of IFN-γ signaling requires further study, we may speculate that poor regulation
of IFN-γ signaling during the innate immune response could exacerbate RSV disease.
A relevant pathway for RSV bronchiolitis that vitamin D also interferes with is Th17
differentiation. Vitamin D regulates IL-17 dependent enhanced pathology in asthma
[77], autoimmune diseases [78-82], and infectious diseases [83,84]. All-trans retinoic acid
synergizes with vitamin D in the regulation of Th17 differentiation in vitro [85]. IL-17 secretion
is interfered with through vitamin D-dependent induction of the C/EBP homologous protein
(CHOP) [86]. It is likely that vitamin D deficiency adds RSV pathology through reduced
regulation of IL-17 responses. Whether expression of the FokI VDR variant also impacts
IL-17 induced pathology merits further study.
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During an immune reaction the body invests energy into its own safekeeping. Immunological investments come with an initial cost followed by an intended gain. A clear example
of this is fever; the elevation of body temperature that interferes with the activity of
metabolic pathways both in the host and the pathogen. Since our enzymes are evolved to
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Concluding remarks: RSV and the economy of immune responses

function at an optimal temperature of approximately 37°C we experience increasing loss
of function with each temperature increment, up to hallucination and death at very high
body temperatures. Tuning the degree of fever therefore is critical at limiting the costs to
the own body while achieving optimal gain with respect to pathogen control.
Polarizing immune responses are equally subject to economy of host defense. Spreading
of risk is a successful approach of investing both in economy and in biology. Many small
investments spread over a variety of asset classes are more likely to give a stable gain without
running the risk that comes with a single large investment or investment in a single class of
asset. Although this principle applies universally across the immune system, it is also valid
within the smaller field of polarizing immune responses. The immune system has organized
its specialized immune responses or “polarities” in a way that they control each other at
multiple levels. This way it prevents the exaggerated employment of a single or multiple
polarities and the excessive costs that accompany such an employment. In the absence of
critical balances a system like this will derail and cause immunopathology.
Newborns are at a higher risk of developing a derailed immune response as their immune
system is already biased against the employment of Th1 responses. During RSV infection,
risk factors such as low vitamin D levels, no breast feeding, and expression of the wrong
vitamin D receptor may further enhance the pathways that are already engaged by the
infant immune system. All the while Treg function is impaired. As a result the infant RSV
patient invests too strongly in Th2/Th17 polarizing responses causing immunopathology.

6

Novel therapeutic strategies for RSV bronchiolitis may consider the targeted modulation
of STAT1 and Th2/Th17 responses to reduce RSV-induced immunopathology.
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Respiratory syncytial virus (RSV) primary infection occurs in nearly all infants within the first
two years of life. In some cases, RSV infections result in exaggerated immune activation
causing bronchiolitis, which is hallmarked by strong neutrophil infiltration and mucus
production in the lungs prior to adaptive immunity. Approximately 1% of all infants are
hospitalized for RSV bronchiolitis, of which 10% requires intensive care, making this infection
the single major cause of infant hospitalization worldwide.
Despite the existence of candidate vaccines, adequate immunization of infants to RSV
has not yet been successful and hence no vaccines are commercially available. Passive
vaccination using RSV-specific antibodies as an alternative strategy of prevention is very
expensive and only cost-effective and applied within certain risk groups. All the while RSV
treatment strategies are limited to general care supplemented with mechanical ventilation
and antiviral treatment with ribavirin on basis of need.
Risk factors for RSV bronchiolitis include Down syndrome, congenital heart defects,
pre-existing lung conditions, and immunodeficiency, but also being of the male gender,
young age and prematurity, low levels of circulating vitamin D and genetic variants of
innate immune genes, including a variant of the vitamin D receptor. Understanding how
some of these risk factors affect infant immune function should provide insight into RSV
pathogenesis and open avenues for intervention therapies. This thesis provides insights
in immune pathways that are involved in RSV pathogenesis.

IL-17 and polarizing immune responses in RSV bronchiolitis
Th2 immunodominance in infants due to impaired deployment of antiviral Th1 immunity
contributes to severe RSV disease. However, both the kinetics and the composition of RSV
immunopathology cannot be explained by Th2 dominated adaptive immunity. Advances
in T cell immunology research of the past 10 years revealed the existence of Th17 cells as a
distinct arm of the immune response that may enhance mucus production and neutrophil
infiltration; the type of responses seen in RSV bronchiolitis. In chapter 2-4 we explored Th17
cells in infants and IL-17 responses in RSV patients.
The current understanding of Th17 cells in infants is limited. Cord blood dendritic cells (DC)
produce high levels of Th17 polarizing cytokines upon stimulation. Yet Th17 cells are absent
in cord blood, although they may be acquired through forced activation of isolated naive
CD4 T cells in a Th17 polarizing environment. Whether this approach adequately mimics T
cell activation in newborns was however uncertain. In chapter 2 we tested the capacity of
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is provided through autologous antigen presenting cells rather than CD28-stimulating
antibodies. In this setting cord blood CD4 T cells fail to differentiate into Th17 cells despite
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cord blood CD4 T cells to differentiate towards Th17 cells when necessary co-stimulation

the presence and supplementation of sufficient amounts of Th17 polarizing cytokines.
mRNA analysis indicates that Th17 differentiation is interfered with prior to the expression
of RORγT, the key transcription factor in IL-17 producing cells.
Others had shown that Th17 cells exacerbate RSV immunopathology in mouse strains
harboring various genetic defects and are instrumental in RSV-mediated exacerbation
of cockroach antigen-induced experimental asthma. Also the presence of IL-17 in RSV
patient tracheal aspirates was previously shown. Since co-culture of cord blood T cells
with autologous antigen presenting cells did not result in Th17 differentiation, we next
asked whether Th17 cells are present in infant RSV patients. Comparing peripheral blood
T cells from healthy one-month-old infants and RSV patients of the same age, we showed
that Th17 cells are absent in young children but present during RSV infection. Stimulation
of monocyte-derived DC from one-month-old infants with TLR ligands that mimic RSV
mediated DC activation induces the production of Th17 polarizing cytokines. Of note,
activation of TLR7 induced the expression of IL23p19 in infant DC but not in adult DC,
suggesting a contribution of TLR7 in enhanced Th17 responses in infants. This work is
described in chapter 3.
Th17 cells are part of the adaptive immune system, which requires time to develop and
comes into play as the virus gets cleared. Neutrophil infiltration in RSV infection, which
could be enhanced by IL-17, however peaks prior to adaptive immunity. We hence asked
whether IL-17 is involved in neutrophil infiltration to RSV infected lungs, and what could be
the cellular source(s) of the early production of IL-17. In chapter 4 we showed that tracheal
aspirate IL-17 levels from the lungs of RSV patients tightly correlate to subsequent neutrophil
infiltration. We confirmed that this has a causal relationship in a mouse model of acute
RSV infection where neutralization of IL-17 using specific antibodies impaired early lung
neutrophilia. A variety of innate-acting lymphocytes contributed to early IL-17 production.

7

Despite our observation that Th17 cell differentiation is impaired in cord blood, IL-17 and
Th17 cells contribute to the immune response to RSV in one-month-old infants. The capacity
to differentiate to Th17 cells and produce IL-17 thus is acquired within the first month of
life and may involve major physiological events such as changes in hormonal balances and
bacterial colonization of mucosal surfaces. Interfering with IL-17 production is a potential
strategy to reduce RSV immunopathology.
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Vitamin D and RSV immune activation
The hormone vitamin D3 is produced in the skin under influence of UV-B radiation and
has immunosuppressive activity. During cold and wet seasons the exposure to solar UV-B
radiation is limited, leading to reduced levels of circulating vitamin D. Low levels of cord
blood vitamin D and a 3-amino-acid-longer genetic variant of the vitamin D receptor
(VDR, FokI variant) correlate to severe RSV bronchiolitis. Vitamin D interferes with several
immune-pathways, however the understanding of the FokI VDR variant thus far could not
explain its correlation to RSV disease.
In chapter 5 we investigated the capacity of the FokI VDR variant to regulate innate immune
pathways in RSV infected cells. NF-κB dependent transcription was equally well regulated
by normal VDR and the FokI VDR variant. However regulation of both STAT1 dependent
transcription and the activating phosphorylation of STAT1 on tyrosine 701 were impaired
in cells that overexpressed FokI VDR, as well as monocyte-derived macrophages that were
homozygous for this variant. Further studies into the mechanism of vitamin D mediated
STAT1 regulation are required.
Our observations suggest that strong activation of innate STAT1 responses may enhance RSV
pathology, yet by what means is unclear. Also they indicate that vitamin D supplementation
may not protect against RSV disease in all individuals. Whether infants that are homozygous
for the FokI VDR variant would qualify for passive immunization needs to be investigated.
This thesis considered the involvement of IL-17 and vitamin D in RSV immunopathology.
As a common concept, reduced regulation of immune activation seems to cause
immunopathology in RSV disease. Infants are particularly vulnerable to excessive
deployment of Th2/Th17 responses, which moreover seem to enhance each others effector
functions. Likewise, impaired regulation by vitamin D correlates to severe RSV disease.
Targeted immune regulation may therefore be an appropriate approach for novel RSV
therapies.
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De eerste infectie met respiratoir syncytieel virus (RSV) vindt bij bijna alle kinderen plaats
tijdens de eerste twee levensjaren. In sommige gevallen leidt RSV-infectie tot overdreven
activatie van het immuunsysteem, wat resulteert in ontsteking van de lagere luchtwegen:
bronchiolitis. Dit wordt gekenmerkt door sterke infiltratie van neutrofiele granulocyten en
slijmproductie in de longen voordat het adaptieve immuunsysteem in actie komt. Ongeveer
1% van alle baby’s wordt in het ziekenhuis opgenomen voor RSV bronchiolitis, waarvan
10% intensieve verzorging vereist. Hiermee is RSV bronchiolitis de belangrijkste oorzaak
van ziekenhuisopname voor baby’s wereldwijd.
Ondanks het bestaan van kandidaat-vaccins is vaccinatie van baby’s voor RSV tot dusverre
nog niet succesvol, waardoor er geen RSV-vaccins op de markt zijn. Passieve vaccinatie met
RSV-specifieke antilichamen als alternatieve strategie voor preventie is erg duur en alleen
kosteneffectief en toegepast binnen selecte risicogroepen. Tegelijkertijd is de behandeling
van RSV bronchiolitis beperkt tot algemene verzorging. Indien nodig wordt dit aangevuld
met kunstmatige beademing en behandeling met het antivirale middel ribavirin.
Risicofactoren voor RSV bronchiolitis zijn onder andere Downsyndroom, aangeboren
hartafwijkingen, al bestaande longproblemen en immuundeficiëntie, maar ook het van het
mannelijk geslacht zijn, jonge leeftijd en vroeggeboorte, lage vitamine D-waarden in het
bloed, en genetische varianten van genen betrokken bij de aangeboren afweer, waaronder
een variant van de vitamine D receptor. Door het beter begrijpen hoe sommige van deze
risicofactoren het immuunsysteem van de baby beïnvloeden moeten we inzicht kunnen
krijgen in RSV-pathogenese en deuren openen voor interventietherapieën. Dit proefschrift
geeft inzichten in immunologische paden die betrokken zijn in de pathogenese van RSV.

IL-17 en polariserende immuunreacties in RSV bronchiolitis
Th2-immunodominantie in baby’s, veroorzaakt door verminderde inzet van antivirale Th1
immuniteit, draagt bij aan ernstige ziekte als gevolg van RSV-infectie. Zowel de kinetiek als
de samenstelling van de immuunpathologie tegen RSV kan echter niet verklaard worden
door Th2-gedomineerde adaptieve afweer. Ontwikkelingen in het onderzoek naar T-cellen
van de afgelopen 10 jaar identificeerde Th17-cellen als een aparte arm van de immuunrespons. Deze cellen kunnen slijmproductie en neutrofielinfiltratie versterken; precies de
afweerreactie in RSV bronchiolitis. In de hoofdstukken 2-4 onderzochten wij Th17-cellen
in baby’s en IL-17-reacties in RSV-patiënten.
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Het huidige begrip van Th17-cellen in baby’s is beperkt. Dendritische cellen (DC) uit het

een Th17-polarizerend cytokinemilieu. Of deze benadering T-celactivatie in pasgeborenen
nauwkeurig nabootst was echter onduidelijk. In hoofdstuk 2 testten wij de capaciteit van
navelstrengbloed CD4 T-cellen om naar Th17 te differentiëren wanneer de noodzakelijke
costimulatie wordt geleverd door autologe antigenpresenterende cellen in plaats van
CD28-stimulerende antilichamen. Onder deze condities differentiëren navelstrengbloed
CD4 T-cellen niet in Th17-cellen, ondanks de aanwezigheid en toevoeging van voldoende
hoeveelheden Th17-polarizerende cytokines. Analyse van het mRNA laat zien dat Th17differentiatie gestremd is in een stadium voordat RORγT, de belangrijkste transcriptiefactor
in IL-17 producerende cellen, tot expressie komt.
Anderen hadden al laten zien dat Th17-cellen RSV-immuunpathologie verergeren in muizen
met verscheidene genetische defecten, en dat ze zeer belangrijk zijn in RSV-gemedieerde
verslechtering van kakkerlak-antigeengeïnduceerde astma. Ook de aanwezigheid van IL-17
in trachea-aspiraat van RSV-patiënten was al eerder aangetoond. Aangezien onze kweken
van navelstrengbloed T-cellen met autologe antigeenpresenterende cellen echter niet
resulteerde in Th17-differentiatie, vroegen wij ons af of Th17-cellen aanwezig zijn in RSVgeïnfecteerde kinderen. Door T-cellen in het bloed van gezonde één maand oude kinderen
en RSV-patiënten van de zelfde leeftijd te vergelijken, lieten we zien dat Th17-cellen afwezig
zijn in jonge kinderen, maar aanwezig tijdens RSV-infectie. Stimulatie van uit monocyten
gedifferentieerde DC van één maand oude kinderen met TLR-liganden die RSV-gemedieerde
activatie van DC nabootsen, induceert de productie van Th17-polariserende cytokines. Met
name de activatie van TLR7 induceerde de expressie van IL23p19 in DC van kinderen, maar
niet van volwassenen. Dit suggereert een bijdrage van TLR7 in sterkere Th17-responsen in
baby’s. Dit werk is beschreven in hoofdstuk 3.
Th17-cellen zijn onderdeel van het adaptieve immuunsysteem, wat tijd nodig heeft om te
ontwikkelen en pas in actie komt rond het tijdstip dat het virus geklaard wordt. De infiltratie
van neutrofielen tijdens RSV-infectie, wat versterkt zou kunnen zijn door IL-17, piekt echter
voordat het adaptieve immuunsysteem betrokken is. Wij vroegen ons daarom af of IL-17
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wel betrokken is in het aantrekken van neutrofielen naar de RSV-geïnfecteerde long, en
wat de cellulaire bron(nen) van vroege IL-17-productie zouden kunnen zijn. In hoofdstuk 4
lieten we zien dat het IL-17-niveau in tracheaal aspiraat van RSV-patiënten nauw correleert
met opeenvolgende neutrofielinfiltratie. We bevestigden dat het hier een causaal verband

109

Samenvatting

betrof in een muismodel van acute RSV-infectie, waar neutralisatie van IL-17 met specifieke
antilichamen de vroege aantrekking van neutrofielen naar de long belemmerde. Een scala
aan lymfocytpopulaties die actief zijn tijdens de fase van aangeboren afweer droegen bij
aan de vroege productie van IL-17.
Ondanks onze waarneming dat Th17 celdifferentiatie aangetast is in navelstrengbloed,
dragen IL-17- en Th17-cellen bij aan de afweer tegen RSV in één maand oude kinderen. De
mogelijkheid om IL-17 te maken en te differentiëren naar Th17-cellen is daarom verworven
tijdens de eerste levensmaand. Belangrijke gebeurtenissen in de fysiologie, waaronder
veranderingen in hormoonbalansen en bacteriële kolonisatie van de slijmvliezen, zouden
hierin kunnen bijdragen. Het hinderen van IL-17-productie is een mogelijke strategie om
RSV-immuunpathologie te beperken.

Vitamine D en RSV-immuunactivatie
Het hormoon vitamine D3 wordt in de huid aangemaakt onder invloed van UV-B straling en
heeft immuunonderdrukkende activiteit. Tijdens de koude en natte seizoenen is de blootstelling aan UV-B-straling beperkt, wat leidt tot een lager vitamine D-gehalte in het bloed.
Lage concentraties aan vitamine D in navelstrengbloed en een drie aminozuren langere
genetische variant van de vitamine D receptor (VDR, FokI variant) correleren met ernstige
RSV bronchiolitis. Vitamine D is bekend als remmer van verscheidene immuunpaden, maar
de kennis van de FokI VDR-variant tot dusverre kon de correlatie met RSV niet verklaren.
In hoofdstuk 5 onderzochten wij de capaciteit van de FokI VDR-variant tot het reguleren van
signaaltransductiepaden die betrokken zijn bij de immuunrespons in RSV-geïnfecteerde
cellen. NF-κB-afhankelijke transcriptie werd even goed gereguleerd door zowel de normale
VDR- als de FokI-variant. Echter, zowel de regulatie van STAT1-afhankelijke transcriptie, als
de activerende fosforylatie van STAT1 op tyrosine 701 waren aangedaan in cellen die de
FokI-variant tot overexpressie brachten. Hetzelfde gold voor macrofagen die de homozygoot waren voor de FokI-variant. Verder onderzoek naar het mechanisme van vitamine
D-afhankelijke STAT1-regulatie is vereist.
Onze observaties suggereren dat sterke activatie van vroege STAT1-responsen RSV-pathologie zou kunnen versterken. Op welke manier is echter onduidelijk. Ze geven eveneens
aan dat vitamine D supplementatie niet in alle individuen beschermt tegen RSV. Het moet
onderzocht worden of kinderen die homozygoot zijn voor de FokI-variant kwalificeren voor
preventieve passieve immunisatie.
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RSV. In het algemeen lijkt beperkte regulatie van immuunactivatie tijdens RSV-infectie immuunpathologie te veroorzaken wat leidt tot ziekte. Baby’s zijn in het bijzonder kwetsbaar
tot een overdreven inzet van Th2/Th17-responsen, die bovendien elkaars effect lijken te
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versterken. Vergelijkbaar hiermee zijn de beperkte immuunregulatie door vitamine D en
de FokI VDR-variant die eveneens in verband staan met ernstige RSV bronchiolitis. Gerichte
immuunregulatie zou daarom een geschikte benadering kunnen zijn voor nieuwe therapieën bij RSV bronchiolitis.
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Summary
The presentation of antigen in a form that can be recognized by T lymphocytes of the immune system requires antigen processing and association of antigen-derived fragments with molecules encoded by the major
histocompatibility complex (MHC) locus or by the CD1 locus. Much
emphasis on antigen processing and presentation in the last decades has
focused on what we consider ‘conventional routes’ of antigen processing
and presentation, whereby extracellular antigens are processed for presentation via Class II MHC complexes and cytosolic antigens are presented
as peptide–Class I MHC complexes. We here highlight two other pathways in myeloid dendritic cells, those of lipid antigen presentation in
association with CD1 and of peptide cross-presentation via Class I MHC
complexes. Some pathogens evade immune recognition through inhibition
of antigen presentation of phagosomal origin. Deviations in endosomal
antigen processing and presentation are also seen in individuals suffering
from glycosphingolipid lysosomal lipid storage diseases. We summarize
recent developments in the endosomal antigen processing and presentation pathway, for display as lipid–CD1 complexes to natural killer T cells
and as peptide–Class I MHC complexes to CD8 T cells.
Keywords: CD1d; cross-presentation; endosome; major histocompatibility
complex Class I; myeloid dendritic cell

Introduction
The initiation of strong adaptive immune responses that
yield memory requires the processing and presentation of
antigen as peptide–major histocompatibility complex
(MHC) complexes or as lipid–CD1 complexes to T lymphocytes.1 Class I MHC is expressed on most nucleated
cells, whereas CD1 expression and Class II MHC expression are more restricted, being constitutive on professional antigen-presenting cells (APCs) [i.e. on dendritic
cells (DCs), B cells and macrophages]. Thymic selection
of MHC-restricted T lymphocytes occurs by presentation
of peptide–MHC complexes on thymic stroma cells, while
selection of CD1-restricted natural killer T cells (NKT
cells) occurs on CD1-expressing cortical thymocytes, as
shown in mice.23 MHC-restricted T cells require clonal
expansion to execute key roles in adaptive immune
responses, whereas CD1-restricted NKT cells act within
hours of stimulation by secreting polarizing cytokines.4
Class I MHC and CD1 molecules both contain one heavy
Ó 2009 Blackwell Publishing Ltd, Immunology, 127, 163–170
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chain [of approximately 43 000–49 000 molecular weight
(MW)]
that
assembles
with
b2-microglobulin
(12 000 MW) and endogenous peptide or lipid in the
endoplasmic reticulum, respectively. Exogenous antigens
provide alternative sources of peptides for Class I MHC,
for loading in phagosomes.5 The number of CD1 isoforms expressed varies among species: humans express
several antigen-presenting isoforms of CD1 – CD1a,
CD1b, CD1c and CD1d – that complement one another
in the sampling of antigen from various endosomal compartments,6 whereas mice only express the CD1d isoform.7 Humans additionally express CD1e, which during
DC maturation translocates from the Golgi to lysosomes,
where CD1e is thought to facilitate the selection of antigenic lipids for surface display via other members of the
CD1 family.8
Much of what is known to date about CD1-mediated
antigen presentation and T-cell selection is obtained from
mouse-based experiments. Semi-invariant NKT cells represent approximately 80% of all CD1d-restricted T cells
163

in mice and express a T-cell receptor (TCR) that contains
a Va14-Ja18 assembled with Vb8, Vb7 and Vb2-containing TCR b chains.9 Antigens recognized by semi-invariant
NKT cells are derived from lipid membranes in endosomes and lysosomes from foreign or host origin.9 As can
be expected from the cargo loaded into the antigen-binding grooves, the hydrophobic CD1d-binding groove
contains two large cavities that facilitate the binding of
non-polar alkyl chains and exposes the polar glycolipid
headgroup,10 whereas MHC molecules harbour a groove
that is lined with charged residues to facilitate the binding
of peptide anchor residues.11,12 Some peptides can bind
CD1 and these are overall hydrophobic in character. The
MHC locus is polygenic (> 200 genes in human) and
exceptionally polymorphic, whereas CD1 gene products
are monogenic or have a very limited range of alleles. The
single CD1d protein that is expressed in mice, however,
can adopt different conformations that facilitate the binding of related ceramides from endogenous and acquired
sources (i.e. iGb3 and alpha-Galactosyl ceramide),10
thereby allowing the presentation of multiple antigens.
One can imagine that other CD1 isoforms may take on
multiple conformations as mouse CD1d does: human
CD1b can present glucose monomycolates that vary signiﬁcantly in their lipid tail ﬁne structures and overall
lengths,13 a capability that may be attributable to conformational ﬂexibility. Variability in CD1 conformations
may therefore increase the antigen-presentation repertoire
presented to CD1-restricted T-cell clones.
T-cell stimulation requires instructive signals that supplement signals incited by triggering of the TCR. DCs in
particular are proﬁcient at T-cell stimulation to mount
the adaptive immune responses most appropriate for the
pathogen at hand. DCs can rapidly and effectively form
peptide–MHC complexes or lipid–CD1 complexes derived
from encountered pathogens, and rapidly up-regulate the
surface expression of costimulatory molecules and chemokine receptors.14 The possession of an elaborate endosomal
pathway, where antigens are degraded and loaded onto
MHC or CD1, is likely to contribute to the success of
DCs in stimulating antigen-speciﬁc T-cell responses. Foreign-derived antigens are most readily acquired at barrier
surfaces with the outside environment; only when pathogens succeed at breaching the physical and chemical barriers of skin and mucosa are they exposed to cells of the
immune system. It is becoming increasingly clear that
DCs form a network of cell types that have specialized
characteristics: DCs found in barrier tissues acquire
mobility when pathogen-recognition receptors exposed on
their plasma membrane are triggered, whereas other DC
subtypes found in secondary lymphoid tissues (i.e.
murine CD8a+ DCs) do not have signiﬁcant migratory
capacities but are instead optimized for antigen cross-presentation.15 DCs also have a potent ability to process and
present antigenic lipids in association with CD1. Trigger164

ing of pathogen-recognition receptors often coincides
with the ligation of receptors to inﬂammatory cytokines,
for example interferon-c (IFN-c) and tumour necrosis
factor-a (TNF-a), on DCs. Signals integrated from these
receptors instigate in DCs the rearrangement of the antigen processing and presentation machinery in endosomes
for induced cell-surface display of antigenic peptide–
MHC and lipid–CD1 complexes.

Pathogen recognition receptors as modulators of
endosomal antigen processing
Ligation of receptors speciﬁc for pathogen-associated
molecular patterns (PAMPs) expressed by DCs deliver signals that can stimulate the differentiation of DCs from
being primarily phagocytic sentinels into potent APCs
capable of T-cell stimulation. These receptors are collectively called pattern recognition receptors (PRRs) and
include three major families: Toll-like receptors (TLRs);
intracytoplasmic nucleotide oligomerization domain
(NOD)-like receptors; and cell-surface C-type lectin receptors. DCs can also be activated indirectly by capture of fragments of cells that died in response to infection or tissue
injury. DCs express selected sets of PRRs belonging to these
receptor families, the composition of which helps focus the
type of adaptive response that can be raised by DC subtypes. Langerhans’ cells (LCs), for example, do not express
TLR4 and TLR5, whereas dermal interstitial DCs do express
TLR4 and TLR5.16 There is, furthermore, integration of signals downstream of PRRs: the simultaneous ligation of
TLRs 3, 4 and 8 yields a 20–50-fold increase in interleukin
(IL)-12 p70 production compared with the single ligation
of either TLR;17,18 and TLR4 is located at the cell surface,
whereas TLRs 3 and 8 are found intracellularly, in endosomal compartments, thereby illuminating the fact that signal
integration occurs distal from TLR cytosolic domains. Use
of divergent sets of adaptor molecules for signal transduction (i.e. TIRAP-MyD88 and TRAM-TRIF) can direct the
TLR-induced production of selective pro-inﬂammatory
cytokines.19 Cytosolic triggering of PRRs, through ligation
of NOD-like receptors, can, moreover, activate a caspase-1activating multiprotein complex called inﬂammasome.20
NACHT, LRR, and pyrin domain-containing proteins
(NALPs), which constitute the largest subfamily of the
NOD-like receptors, process pro-inﬂammatory caspases
and the cytokines IL-1b and IL-18 into their active forms.21
If combined triggering of PRRs potentiates DC activation,
what is the effect of the simultaneous ligation of multiple
TLRs on the antigen processing and endosomal transport
of peptide–MHC or lipid–CD1 complexes?
The loading of Class II MHC and of CD1d with antigenic cargo occurs in specializations of late endosomal
and lysosomal compartments.22 Endosomal tubulation is
an early measure of DC maturation and is thought to
facilitate the transport of peptide-loaded Class II MHC
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complexes to the cell surface.
In maturing DCs, CD1
molecules are not mobilized to endosomal tubules and do
not exhibit rapid surface display as seen for Class II
MHC.25,26 The loading of Class I MHC for cross-presentation can occur in early endosomes/phagosomes5,27 as well
as in the endoplasmic reticulum28 and perhaps also in a
hybrid form of these two combined.29,30 The assortment
of Class I MHC molecules that are found in early endosomal compartments are recycling Class I MHC molecules
from the surface.31,32 The origin of Class I MHC
complexes that localize to the cell surface during DC
maturation, however, is new synthesis rather than transfer
of existing Class I MHC present in endosomal/lysosomal
compartments33 and is therefore not expected to be
strongly represented in endosomal tubulations. The DC
maturation-associated disposition of Class I MHC, Class
II MHC and mouse CD1d complexes in various subcellular compartments is summarized in Fig. 1. Antigen degradation in endosomal compartments is also regulated in
DCs:34,35 DCs exhibit less lysosomal proteolysis than
macrophages.36–38 In DCs, a low level production of
reactive oxygen species produced by NADPH oxidase
consumes protons in the phagosomal lumen, supporting a
near-neutral pH environment and favouring peptide
retention for presentation to T cells. This delay in antigen
degradation apparently promotes antigen cross-presentation via Class I MHC.38 Control of antigen degradation
may additionally involve regulation in spatially conﬁned
antigen-containing compartments rather than regulation
at a cellular level, for example by local ligation of PRRs.39
TLRs can be triggered inside endosomal compartments by
phagocytosed microbes.40 Triggering of PRRs can induce
maturation of selective PAMP-containing phagosomes and
thereby promotes the generation of peptide–MHC
complexes in PAMP-containing phagosomes.41 PRR triggering promotes CD1d-mediated lipid presentation.42–44 It
is not clear, however, whether NADPH oxidase activity
modulates the generation of lipid–CD1 complexes in DCs.

Pattern recognition receptors as modulators of
endosomal composition
The ligation of TLRs induces the transcription of genes
that collectively facilitate the differentiation process in
DCs called maturation. The integration of TLR-induced
signals makes use of adaptor proteins, the most studied of
which is MyD88, which is involved in signal transduction
downstream of TLRs 1, 2, 4, 5, 6, 7 and 9 in mice.45
MyD88-deﬁcient APCs exhibit deﬁciencies in antigen
cross-presentation and are defective in eliciting functional
cytotoxic T lymphocytes (CTL) in vivo.46 Cross-presentation of phagosomal antigens by myeloid DCs requires processing by the proteasome in most experimental systems,
thereby inferring the necessity to transfer protein fragments from the endosomal pathway into the cytosol.47 It
Ó 2009 Blackwell Publishing Ltd, Immunology, 127, 163–170
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Mature

Endosomal
compartments
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reticulum
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Endosome with transporter associated with
antigen processing (TAP)
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Putative mCD1d chaperone molecule

Class II MHC α and β chain with partially
cleaved invariant chain

Microbe

H2-DM

Antigenic glycolipid and peptide

Figure 1. Intracellular distribution and trafﬁcking of Class I major
histocompatibility complex (MHC), Class II MHC and mouse CD1d
(mCD1d) in maturing dendritic cells. Complexes are assembled in the
endoplasmic reticulum (ER). To allow them to fold into functional
complexes in the ER, chaperone molecules are co-assembled: antigenic
peptide–Class I MHC; invariant chain–Class II MHC; and endogenous
lipid–CD1d (i.e. phosphatidylinositol and glycosyl-phosphatidylinositol).96,97 After arrival at the cell surface by routing through the
secretory pathway, Class I MHC display and CD1d molecules recycle
through early endocytic compartments, from where CD1d molecules
are sorted to late endocytic/lysosomal compartments for exchange of
ER-derived lipid for antigenic lipid cargo. Most nascent invariant
chain–Class II MHC complexes arrive in the endosomal pathway
directly from the Golgi system for acquisition of antigenic peptide.
Chaperone proteins can facilitate antigen loading in the ER (Class I
loading complex for Class I MHC98 and some processes of CD1d
assembly,99 and lipid transfer proteins for lipid loading)100 and in
the endosomal pathway (H2-DM for Class II MHC101,102 and lipid
transfer proteins for mCD1d).92,95,103 Maturation of DCs rearranges
intracellular trafﬁcking to promote the presentation of newly acquired
antigen from ER or endosomes at the cell surface, for inspection by
appropriately restricted T cells. Arrow thickness represents the relative
rate of translocation of Class I MHC, Class II MHC and mCD1d
complexes. b2m, beta-2-microglobulin.

was suggested that the cross-presentation of soluble antigens which contain PAMPs is especially dependent on the
loading of Class I MHC in early endosomes/phagosomes:
antigen cross-presentation required TLR4/MyD88-mediated signals for phagosomal recruitment of transporter
associated with antigen processing (TAP) heterodimers
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(TAP1/2).5 Triggering of TLR4 via treatment with lipopolysaccharide (LPS) also stimulates, in DCs, the rearrangement of endosomal compartments to exhibit tubular
structures.23,24,48,49 Class I MHC molecules are also concentrated in multivesicular bodies (MVB) of the endosomal pathway,50 which represent the structures from which
tubular endosomes are formed.48 MyD88-deﬁcient DCs do
not form tubular endosomes when triggered with LPS, yet
do form tubular endosomes when triggered with
Cryptococcus neoformans.51 C. neoformans can ligate TLR2
in addition to TLR4, whose signaling cascades both
involve MyD88 as well as TIRAP and TRIF, respectively.45
The ligation of TLR3 (which is expressed on the
endosomal membranes of CD8a+ DCs) with doublestranded RNA (dsRNA) present in the cell-associated
form of phagocytosed virus-infected cells promotes crosspriming and induction of antigen-speciﬁc CTLs.52
Co-ligation of multiple TLRs also potentiates CTL
responses in vivo.53 What is known about endosomal
mechanisms that link TLR ligation with endosomal
remodeling and possibly with antigen presentation via
Class I MHC or CD1?

Endosomal sorting of Class I MHC and CD1 for
antigen acquisition
DC maturation induced by TLR ligation stimulates new
synthesis of Class I MHC molecules and induces antigen
loading of small stores of phagosomal Class I MHC.5 A
fraction of the cellular content of Class I MHC is found
in late endosomal compartments.50,54 Surface display of
endosomal Class I MHC via exosome release, however, is
down-regulated when DCs undergo maturation.55 Upon
exposure to inﬂammatory stimuli, Class II MHC molecules acquire antigen in phagosomes/lysosomes, then
accumulate on the plasma membrane to display peptides
to CD4 T cells as part of DC maturation.56,57 Maturation-induced relocation of antigen-loaded Class I MHC
and CD1 from the endosomal pathway to the cell surface
is relatively modest when compared with the maturationinduced relocation of antigen-loaded Class II MHC. Stimulation of antigen-speciﬁc CD8 T-cell clones to acquire
cytotoxic killing of target cells requires as few as three
peptide–Class I MHC complexes,58 which is one to two
orders of magnitude less than required to stimulate naı̈ve
CD4 T cells.59,60 Unlike Class II MHC, the trafﬁcking of
CD1 molecules and the presentation of lipid antigens is
comparable between both immature and mature
DCs.25,61,62 TLR-mediated signals stimulate speciﬁc antigen loading of Class I MHC and CD1 complexes in the
endosomal pathway, with less consequence to the ongoing
surface-directed trafﬁc.
Receptor-mediated uptake effectively introduces antigen
into the cross-presentation pathway, whereas antigen
internalized by way of ﬂuid-phase uptake is mostly
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excluded from cross-presentation.63 Some receptors are
more effective than others at targeting of antigen for
cross-presentation: Gram-negative bacteria (whose
uptake by DCs is facilitated by binding to complement
receptor 3) are fully degraded, whereas peptide antigen
expressed by bacteria internalized via binding to receptors
to the Fc portion of immunoglobulins (Fc-receptors) are
effectively cross-presented.63 Recruitment of the Rab27a
small GTPase to phagosomal membranes is involved in
this antigen cross-presentation process in DCs, which also
includes NADPH oxidase recruitment.64 CD1-mediated
antigen presentation of exogenous antigen also beneﬁts
from receptor-mediated uptake, for example via the
C-type lectins Langerin and DC-SIGN, mannose receptor
and low-density lipoprotein receptors (LDL-R),65–68
although details that link receptor-mediated uptake with
endosomal processing of lipid antigens are scarce.68
Uptake of apoptotic blebs (for example through binding
to b3 integrins or to CD14) can also introduce
antigenic cargo to Class I MHC and CD1 molecules
into uninfected bystander DCs, as was shown using
apoptotic macrophages that harbored Salmonella typhimurium or Mycobacterium tuberculosis.69,70
Ceramides, lipids that are composed of a sphingosine
and fatty acid chain, are crucial for sorting lipids and
proteins into intravesicular membranes of exosomes and
MVBs.71 The endosomal-sorting mechanisms for peptide
loading of Class II MHC in MVBs are relatively well
established.22 In unstimulated cells, both glycosphingolipid (GSL) ligands and CD1d are also found in
MVBs.72 Microbial infection of susceptible hosts, however, rearranges the CD1-mediated antigen-presentation
pathway to accommodate the stimulatory effects of
CD1-restricted NKT-cell responses.43,44 Microbial infections yield presentation of acquired lipids or mobilized
self-derived lipids by APCs. Infection with Ehrlichia
muris and Sphingomonas capsulata, for example, causes
CD1d-mediated NKT-cell activation primarily through
direct recognition of microbial lipids.43 By contrast,
S. typhimurium infection causes stimulation of autoreactive NKT cells through a combination of endogenous
GSL presentation via mouse CD1d and PRR-induced
IL-12 production.43,44 The outer membranes of M. tuberculosis bacilli contain lipid ligands for CD1-mediated
presentation and lipid adjuvants that induce CD1 antigen-processing pathways through TLRs.26,42,70 Finally,
infection of host cells can increase the synthesis of
endogenous GSL and stimulate GSL-speciﬁc T cells in a
CD1- and TCR-dependent manner, as shown using
Escherichia coli, Bacilus subtilis, Staphylococcus aureus and
Mycobacterium bovis-bacille Calmette Guérin (BCG).73
Induction of invariant NKT (iNKT)-cell responses upon
viral infection in mice involves TLR9 signaling and consequent production of IL-12, while the necessity of
CD1d-mediated presentation may not be absolute.74
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Virus-infection interference with endosomal
antigen presentation mediated by CD1 and Class
I MHC
DC activation accomplished through TLR ligation, for
example, is pivotal for effective antigen cross-presentation
as discussed above. Infection with certain large viruses
that harbor ligands for TLRs can, however, also interfere
with antigen cross-presentation. The b-herpes virus,
mouse cytomegalovirus (MCMV), contains immuneevasion genes that may affect some aspects of antigen
cross-presentation as it does for the direct pathway of
Class I MHC presentation.75 Herpes simplex virus-1
(HSV-1) and herpes simplex virus-2 (HSV-2), for example, express a protein called ICP47, which blocks peptide
transport via the TAP1/2 transporter.76 Human cytomegalovirus (HCMV) contains another TAP1/2 inhibitor,
US6.77 The use of a US6-transferrin chimeric molecule
was used to infer the role of TAP1/2 in transporting antigenic peptide from the cytosol into phagosomes in the
process of cross-presentation of phagosomal antigen.5
Mouse DCs that are infected with MCMV activate
CD1d-restricted iNKT cells in co-culture systems and
in vivo.74 Human DCs that are infected with the human
cytomegalovirus (HCMV) or HSV-1 also up-regulate
antigen presentation via CD1d, which is the only group 2
CD1 molecule.78 However, HCMV infection of human
DCs inhibits NKT-cell activation by CD1a, b and c (the
so-called group 1 CD1 molecules), as characterized by
accumulation of CD1 in endosomal/lysosomal compartments and by the direct measurement of CD1b-restricted
NKT-cell activation presented by infected DCs.79 One
possible explanation for differential responses to viral
insult of group 1 and group 2 CD1 molecules in humans
lies in regulatory elements in the 50 untranslated region,
which is conserved for group 1 CD1 and distinct for
CD1d.80 At high multiplicity of infection (MOI) of HSV1 (MOI of 5–10), however, CD1d-mediated presentation
is also blocked, possibly through inhibition of CD1d
recycling to the cell surface.72,81

Bacterial infection interference with endosomal
antigen presentation mediated by CD1 and Class
I MHC
Intracellular bacteria, including mycobacteria, also have
escape mechanisms for antigen presentation mediated by
Class I MHC or CD1. Bacteria can evade Class II MHC
antigen presentation by infected cells through alteration
of phagosome–lysosome fusion or biosynthesis, intracellular trafﬁcking and surface expression of Class II MHC, as
recently reviewed.82 Peptide–Class I MHC complex presentation can be obstructed through interference with the
surface expression of Class I MHC (e.g. as in infections
with Chlamydia pneumoniae, Salmonella enteritidis,
Ó 2009 Blackwell Publishing Ltd, Immunology, 127, 163–170
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Yersinia enterocolitica and Klebsiella pneumoniae).83–86
Bacterial products can inhibit the cross-presentation of
particulate antigen via Class I MHC in a manner that
requires PAMP binding to TLRs and MyD88. Inhibition
of cross-presentation through this route occurs through
interference with phagosome maturation and antigen proteolysis, as shown for the M. tuberculosis 19 000 MW
lipoprotein, CpG DNA and LPS.87 Moreover, cell wallassociated alpha-glucan from M. tuberculosis can induce
monocytes to differentiate into DCs that lack CD1 expression, fail to up-regulate CD80 and produce IL10, rendering them unable to prime effector T cells or present lipid
antigens to CD1-restricted T cells.88

Interference with CD1-mediated antigen loading
in inherited disease
Class II MHC molecules acquire their peptide cargo in
specialized compartments of the late endosomal pathway,
including MVBs, where the peptide-exchange factor HLADM (H2-DM in mice) localizes.89,90 In analogy, late
endosomal compartments are enriched for lipid-binding
proteins, some of which may function in the exchange of
endoplasmic reticulum-derived lipids for antigenic lipids
onto CD1 molecules (i.e. saposins A, B, C and D) and
Niemann-pick type C2 protein.91,92 Saposins function in
a non-enzymatic manner, the exact mechanisms of which
are not yet fully understood. Lack of saposin function
causes lipid storage diseases, such as a form of Krabbe
disease, which develops as a result of saposin A deﬁciency.93 Other known sphingolipid activator proteins are
GM2 and saposins B, C and D, which are all post-translational products of the prosaposin gene.94 Mice that are
deﬁcient in prosaposin lack Va14 iNKT cells, yet have a
normal ability to present peptide–Class II MHC complexes.95 Deﬁciencies that involve only proteins for antigen cross-presentation, while excluding those concerned
with the direct pathway of Class I MHC-mediated presentation, are to our knowledge yet to be described. Candidates should be found amongst proteins involved with
the phagosomal milieu, especially those related to antigen
processing, peptide transport past the phagosomal membrane and assembly into peptide–Class I MHC complexes.

Concluding remarks
The mechanisms that support the endosomal processing
machinery in professional APCs for presentation of exogenous antigen via Class I MHC or CD1 complexes are
currently being uncovered. It is our hope that new accessory proteins and pivotal mechanisms are found that
facilitate selectively, in the endosomal microenviroment,
the sorting of antigen, proteolysis and loading of Class I
MHC and CD1. Elucidation of the endosomal processes
that underlie the display of antigen-loaded Class I MHC
167

and CD1 complexes should yield insights for future therapies aimed at potentiation of cytotoxic T-cell responses to
phagocytosed antigens of viral or microbial origin.
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Abstract: The immune system plays a major role in protecting the host against viral
infection. Rapid initial protection is conveyed by innate immune cells, while adaptive
immunity (including T lymphocytes) requires several days to develop, yet provides high
specificity and long-lasting memory. Invariant natural killer T (iNKT) cells are an unusual
subset of T lymphocytes, expressing a semi-invariant T cell receptor together with markers
of the innate NK cell lineage. Activated iNKT cells can exert direct cytolysis and can
rapidly release a variety of immune-polarizing cytokines, thereby regulating the
ensuing adaptive immune response. iNKT cells recognize lipids in the context of the
antigen-presenting molecule CD1d. Intriguingly, CD1d-restricted iNKT cells appear to
play a critical role in anti-viral defense: increased susceptibility to disseminated viral
infections is observed both in patients with iNKT cell deficiency as well as in CD1d- and
iNKT cell-deficient mice. Moreover, viruses have recently been found to use sophisticated
strategies to withstand iNKT cell-mediated elimination. This review focuses on
CD1d-restricted lipid presentation and the strategies viruses deploy to subvert
this pathway.
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1. Introduction
Viruses rely on host cells for their replication. They manipulate infected cells to optimize the
production of infectious virions. At the same time, the synthesis of viral proteins renders infected cells
vulnerable to detection and elimination by the host’s immune system. To thwart immune eradication,
viruses are equipped with various immune evasive functions. Many of the immune evasion strategies
discovered so far interfere with T cell recognition of virus-producing cells [1–4]. This reflects the
prominent role of T cell responses in the control of viral infection. Activation of virus-specific T cells
depends on the detection of viral peptides presented by MHC class I or class II molecules.
In addition to classical MHC molecules, non-classical MHC molecules exist, such as CD1
molecules (Figure 1A). The human CD1 family consists of five members divided into three groups:
CD1a, CD1b, and CD1c form group 1, group 2 consists of CD1d, and group 3 encompasses CD1e.
These CD1 isoforms fulfill distinct functions, as indicated by differences in intracellular trafficking
pathways and antigen-binding specificities. CD1a-c and CD1d present lipid antigens to T cells,
including natuUDONLOOHU7 1.7 FHOOVDQGȖį7FHOOV[5–7], whereas CD1e has been suggested to assist
in lipid loading of the antigen-presenting CD1 molecules [8]. In mice, group 1 and 3 CD1 isoforms are
absent and, therefore, mouse studies rely on CD1d function to model all CD1 isoforms. Murine group
2 CD1 includes two variants, CD1d1 and CD1d2, yet, most effector functions are CD1d1-dependent,
also supported by the inability of CD1d2 to support NKT cell selection [9]. NKT cells recognize lipids
presented by CD1d molecules and are divided into two subsets; invariant (type I) NKT (iNKT) cells
and diverse (type II) NKT cells [7,10]. In this review, we focus on iNKT cells. These cells are of
particular interest as their response bridges the innate and adaptive immune system by rapid secretion
of vast amounts of polarizing cytokines. In recent years, evidence has been accumulating that iNKT
cells contribute significantly to anti-viral defense. This role and the immune evasion strategies
employed by viruses to subvert CD1d-restricted antigen presentation are the subject of this review.
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Figure 1. (A) MHC- and CD1d-restricted antigen presentation. In general, MHC class I
molecules present endogenous peptides to CD8+ T cells, whereas MHC class II molecules
present exogenous peptides to CD4+ T cells. Both endogenous and exogenous lipids are
presented by the non-classical MHC molecule CD1d to invariant natural killer T
(iNKT) cells. (B) iNKT cell activation. iNKT cells can be activated by pathogen-derived
lipid antigens, innate or cytokine signals, and a combination of altered self-lipid antigens
and cytokine signals.
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2. Invariant NKT Cells
iNKT cells form an important subpopulation of CD1d-restricted T cells. The name iNKT cell
originates from concurrent cellular expression of receptors that hallmark NK cells and a (semi-)
LQYDULDQW 7 FHOO UHFHSWRU 7&5  ZKLFK FRQVLVWV RI DQ LQYDULDQW Į-FKDLQ 9Į--Į18 in humans,
9Į--ĮLQPLFH SDLUHGZLWKRQHRIDOLPLWHGVHWRIȕFKDLQV 9ȕLQKXPDQV9ȕ9ȕRU9ȕ
in mice).
iNKT cells are activated in multiple ways (Figure 1B). Firstly, TCR engagement of CD1d
complexes presenting pathogen-derived lipid antigens can lead to iNKT cell activation. Secondly,
innate signals and cytokines such as IL-18 can activate iNKT cells independent of TCR signaling.
The receptors NKG2D [11] and TIM-1 [12] can activate iNKT cells both independently and as
co-stimulatory signals in concert with TCR triggering. Lastly, CD1d-mediated presentation of altered
self-lipids in combination with cytokine signals can effectively activate iNKT cells. The mechanism of
activation and the local polarizing cytokine environment dictate the subsequent iNKT cell response.
Upon activation, iNKT cells rapidly produce large amounts of cytokines, including IFN-ȖWKDWKDV
direct anti-viral effects and boosts NK cell activation. In addition, iNKT cells can mediate cytolysis, as
a consequence of granzyme B, perforin, TRAIL, and FasL expression. Thus, iNKT cells could directly
eliminate pathogens and tumor cells, although the in vivo importance of iNKT cell-induced
cytotoxicity in general remains to be assessed. It is, however, clear that iNKT cells can mediate direct
immune defense in the course of microbial infection, as was shown in Salmonella typhimurium and
Mycobacterium tuberculosis infection models in mice [13–15], and as will be discussed in more detail
below. Through preferential secretion of TH1 or TH2 cytokines, iNKT cells skew CD4+ T cell
responses and determine the quality of ensuing adaptive immunity.
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3. CD1d Antigen Presentation
CD1d molecules are composed of a KHDY\ FKDLQ DQG ȕ2-PLFURJOREXOLQ ȕ2 m). This structural
homology with classical MHC class I molecules is reminiscent of the function shared by CD1d and
MHC class I proteins, i.e. presenting antigens [16]. However, the diverse nature of antigens presented
by either molecule is reflected in their antigen-binding grooves: whereas the grooves of highly
polymorphic MHC class I are well-suited for binding defined peptides, lipid tails fit snugly into the
hydrophobic pockets of CD1d, exposing the more polar moieties for TCR recognition. Association of
lipid antigens with the CD1d binding groove is mainly mediated by non-specific, hydrophobic Van der
Waals interactions, which might explain why CD1d molecules are non-polymorphic. Here, we will
discuss the antigen presentation pathway of CD1d molecules in detail.
Before lipids can be inserted into the antigen-binding groove of CD1d, they must first be extracted
from the hydrophobic lipid bilayer into aqueous solution, a process that is facilitated by lipid transfer
proteins. Distinct lipid transfer proteins vary in their modes of action and lipid-binding
specificities [17]. Thus, lipid transfer proteins may facilitate preferential binding of certain lipid
species by CD1d, thereby conferring a level of antigen selectivity.
In addition, the route of CD1d trafficking influences the lipid repertoire presented by CD1d
molecules. After association of CD1d heavy chains ZLWK ȕ2 m in the endoplasmic reticulum (ER),
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CD1d molecules travel via the Golgi compartment to the plasma membrane. The majority of CD1d
leaves the ER in DVVRFLDWLRQZLWKȕ2 m, yet this association is not an absolute requirement for ER exit.
In fact, surface expressed murine CD1d heavy chains are still capable of eliciting an NKT cell
UHVSRQVH LQ WKH DEVHQFH RI ȕ2 m [18,19]. However, human cells expressing predominantly free CD1d
heavy chains displayed a significantly reduced ability to activate iNKT cells, suggesting that
&'Gȕ2 m complexes are the functional unit of lipid antigen presentation in humans [20].
Furthermore, association of CD1d heavy chains ZLWK ȕ2 m is required for resistance to lysosomal
degradation [21]. In this wayȕ2 m might influence the lipid repertoire presented by CD1d molecules.
Similar to MHC class II, CD1d molecules survey endocytic compartments for the presence of
antigens. Endosomal targeting signals in the cytoplasmic tail of the CD1d heavy chain regulate its
trafficking. A threonine-based sequence targets the lipid-presenting molecules to the plasma
membrane. Removal of this signal from the CD1d tail or mimicking phosphorylation of the threonine
residue redirects CD1d molecules to endolysosomal compartments [20]. A tyrosine-based sorting
motif (YXXZ; Y is tyrosine, X a random amino acid, and Z a bulky hydrophobic amino acid) is
required for internalization of surface CD1d complexes [22]. This motif is recognized by adaptor
protein (AP)-2, directing CD1d to early endosomes [23]. In the mouse, CD1d molecules subsequently
associate with AP-3, allowing murine CD1d to gain access to late endosomes and lysosomes [24].
In humans, the cytoplasmic tail of CD1d lacks the consensus sequence required for association with
AP-3 [25]. As a result, human CD1d mostly surveys early endocytic compartments. Still, a fraction of
CD1d molecules (both human and mouse) gains access to the endolysosomal system via an alternative
trafficking pathway, relying on binding of CD1d with invariant chains or MHC class II/invariant chain
complexes. A dileucine motif in the cytoplasmic tail of the invariant chain directs associated CD1d
and/or MHC class II molecules to the endolysosomal system, including the MHC class II-loading
compartment (MIIC) [26–28]. Due to the restricted expression of MHC class II molecules, this
alternative CD1d trafficking pathway is mostly constrained to professional APCs, such as dendritic
cells (DCs), macrophages, and B cells. Finally, the threonine-based targeting signal mediates
re-expression of CD1d at the cell surface, where the CD1d molecules present their lipid cargo for
surveillance by iNKT cells.
4. Lipid Antigens Presented by CD1d Molecules
CD1d molecules present both pathogen-derived lipids and self-lipids. The first CD1d-restricted
lipid antigen found to activate iNKT cells waV Į-JDODFWRV\OFHUDPLGH Į-GalCer), a glycosphingolipid
compound derived from marine sponges [29]. Originally, this lipid was identified in a screen for
compounds with anti-tumor activity [30]. For a long time, Į-GalCer remained the only known
CD1d-restricted antigen and it is still widely used in functional assays. The last decade has provided
insights into the nature of other, biologically relevant, lipid antigens capable of activating iNKT cells.
A large diversity of self-lipid species bound to human CD1d has been identified by elution studies.
Among those were glycerophospholipids having a variety of polar head groups and containing either
one, two, or four radyl chains. Furthermore, several sphingomyelins and glycosylated sphingolipids
were also eluted from CD1d molecules [31]. Thus, in contrast to the limited selection of peptides

128

2384

displayed by a particular MHC class I or class II allelic product, CD1d molecules appear to present a
broad array of lipids.
4.1. Direct Recognition: Pathogen-Derived Lipids
In recent years, several studies demonstrated that CD1d presents pathogen-derived lipids capable of
DFWLYDWLQJ L1.7 FHOOV 7KH &'G DQWLJHQV Į-JOXFXURQRV\OFHUDPLGH DQG Į-galacturonosylceramide
from Sphingomonas bacteria [32–34]Į-galactosyldiacylglycerol from Borrelia burgdorferi [35], and
Į-glucosyldiacylglycerol from Streptococcus pneumonia [36] DOO FRQWDLQ Į-linked glycans, a feature
shared with Į-GalCer. Since humans cannRWV\QWKHVL]HĮ-OLQNHGJO\FROLSLGVDQĮ-linked glycan could
represent a specific antigenic determinant of CD1d-presented, pathogen-derived lipids. Besides these,
GLIIHUHQW OLSLG VSHFLHV OLNH FKROHVWHU\O Į-glucoside from Helicobacter pylori [37] are presented by
CD1d molecules and can activate iNKT cells. Since these lipid antigens are specific to microbes, they
are non-self to the host’s immune system, which minimizes the chance of auto-reactivity.
4.2. Modulation of Self-Lipid Presentation during Viral Infection
The identity of physiologically relevant, stimulatory lipid antigens presented by CD1d in the
context of viral infection remains, at this time, incompletely understood. As opposed to the
above-mentioned microbial CD1d lipid antigens, virus-specific lipids do not exist. Therefore, the
iNKT cell stimulatory lipids presented by CD1d during viral infection must be of host cell origin.
This poses an intrinsic risk of undesired self-reactivity. To avoid this, self-lipids presented by CD1d
should only be stimulatory towards iNKT cells during conditions of cellular stress, such as infection or
carcinogenesis. Very recently, the cellular lipid profile was found to be altered during hepatitis B virus
(HBV) infection, leading to increased activation of NKT cells. Whereas diverse NKT cells were
stimulated by HBV-induced lysophosphatidylethanolamine, different lipid(s) were responsible for the
activation of iNKT cells, although their nature was not identified [38].
Alterations in CD1d lipid presentation induced by viral infection appear linked to activation of
pattern-recognition receptors, such as Toll-like receptors (TLRs). For example, the endosomal TLRs
(TLR3, 7, 8, and 9) are involved in detecting viruses through the recognition of nucleic acid structures
as pathogen-associated molecular patterns (PAMPs) [39,40]. TLR engagement could effectuate
changes in CD1d antigen presentation in various ways, as discussed below.
First, increased synthesis of antigenic self-lipids affects CD1d-mediated lipid presentation.
Stimulation of myeloid DCs with (human) TLR8 or (mouse) TLR9 ligands resulted in enhanced iNKT
cell activation, which was dependent on both CD1d expression and cytokine secretion (IL-12 in
humans, type I interferons in mice). Two observations strongly support the view that increased
synthesis of glycosphingolipids upon TLR stimulation causes enhanced CD1d presentation to iNKT
cells: i) chemical inhibition of glycosphingolipid synthesis reverted the added iNKT stimulatory
capacity provided by TLR-ligand-treated DCs and ii) mRNA levels for enzymes involved in
glycosphingolipid synthesis were enhanced in TLR-ligand-stimulated DCs [41,42]. Muindi et al.
conducted a more detailed study on the effects of TLR engagement on the repertoire of
glycosphingolipids presented by murine CD1d. Both total cellular glycosphingolipid content and the
pool of CD1d-bound glycosphingolipids were markedly altered following TLR4 stimulation of DCs.
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Surprisingly, the relative abundance of glycosphingolipids associated with CD1d did not mirror that in
the total cellular lipid pool, suggesting selective lipid loading of CD1d molecules [43].
Accumulation of the self-OLSLG ȕ-glucopyranosylceramide occurred during bacterial infection or upon
TLR4 stimulation, leading to iNKT cell activation in a CD1d-dependent manner [44]. Whether these
results can be extrapolated to viral infection remains to be determined. Still, stimulation of various
TLRs, among which were the virus-sensing TLR3, 7, and 9, altered the expression of transcripts
IDYRULQJ ȕ-glucopyranosylceramide synthesis, indicating that ȕ-glucopyranosylceramide-mediated
iNKT cell activation could contribute to anti-viral defense [44].
Second, reduced degradation of antigenic self-lipids influences the lipid repertoire presented by
CD1d molecules. The lysosome-resident enzyme Į-JDODFWRVLGDVH $ Į-Gal-A), known to be involved
in lipid metabolism, appears to affect the generation of self-antigens recognized by iNKT cells, at least
in mice [45]. Both in vitro and in vivo Į-Gal-A-deficient DCs stimulated iNKT cells in a
CD1d-dependent manner to a greater extent than wild-type DCs. Incubation of wild-type DCs with the
TLR4 ligand LPS or the bacterium Listeria monocytogenes caused a temporary decrease in Į-Gal-A
activity. This effect was abrogated in DCs deficient for the TLR-adaptor protein MyD88, indicating
WKDW 7/5 VLJQDOLQJ LV UHTXLUHG IRU WKH REVHUYHG GHFUHDVH LQ Į-Gal-A enzymatic activity.
Moreover, stimulation of DCs with TLR4 and TLR9 ligands resulted in accumulation of
glycosphingolipids. Thus, the TLR-GHSHQGHQW LQKLELWLRQ RI Į-Gal-A activity would provide a
mechanistic link between TLR-mediated pathogen recognition and the generation, and subsequent
presentation, of antigenic self-lipids by CD1d [45].
Third, the trafficking route of CD1d molecules affects lipid presentation. A subset (5–10%) of
CD1d molecules associates with MHC class II complexes [28]. In TLR-stimulated mature DCs, MHC
class II molecules are dramatically relocalized from intracellular endosomal compartments to the cell
surface. As a consequence, the MHC class II-associated pool of CD1d molecules would not encounter
certain lipid species along the endolysosomal route. In line with this, the presentation of exogenous
lipid antigens by CD1d molecules is reduced for mature DCs [46]. In further support, mice that lack
the MHC class II-associated invariant chain exhibit defects in the localization of MHC class II
molecules to the endolysosomal route [47]. In these same invariant chain-deficient mice,
CD1d-mediated lipid presentation of endosome-GHULYHG PRGHO DQWLJHQ Į-GalGalCer is also much
reduced [15].
Finally, CD1d upregulation improves lipid antigen presentation to iNKT cells. CD1d mRNA levels
were found to be increased upon infection of DCs with herpes simplex virus type 1 (HSV-1) or human
cytomegalovirus (HCMV). UV-inactivated viruses caused a similar, although slightly weaker effect,
suggesting that viral PAMPs are mainly responsible for the higher CD1d mRNA expression.
Indeed, stimulation of TLR7 also elevated CD1d mRNA expression levels. The increased CD1d
mRNA levels were accompanied by enrichment of CD1d proteins at the cell surface and enhanced
activation and proliferation of iNKT cells [48].
In conclusion, TLR-mediated recognition of viral infection leads to altered lipid presentation by
CD1d molecules, thereby affecting the activation of iNKT cells. The exact identity of the lipids
presented by CD1d at the surface of virus-infected cells awaits further elucidation.
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5. iNKT Cells in Anti-Viral Defense
CD1d-restricted antigen presentation to iNKT cells plays an important role in anti-viral defense.
This is exemplified best by the observation that both patients with iNKT cell deficiency as well as
CD1d- and iNKT cell-deficient mice are more susceptible to various viral infections (reviewed
in [49,50]).
iNKT cell-deficient patients are found to be particularly vulnerable to infection by herpesviruses.
Two patients suffering from severe, disseminated Varicella-Zoster virus (VZV) infection after
vaccination with a live-attenuated strain were shown to be deficient for iNKT cells [51,52].
Furthermore, X-linked lymphoproliferative syndrome (XLP), which is characterized by a high
susceptibility to Epstein-Barr virus (EBV) infection, is caused by mutation of the gene encoding either
signaling lymphocyte activation molecule (SLAM)-associated protein (SAP) or X-linked inhibitor of
apoptosis (XIAP). Both SAP- and XIAP-deficient patients are almost completely devoid of iNKT
cells, suggesting an important role for this cell population in the control of EBV infection [53–55].
Interestingly, Huck et al. investigated the immunodeficiency of two sisters who suffered from
uncontrolled EBV infection and fatal EBV-associated lymphoproliferation, clinically resembling XLP.
Both girls had a homozygous mutation in the gene encoding IL-2-inducible T cell kinase (Itk),
a protein required for iNKT cell development in mice [56–58]. In line with this, one of the girls was
shown to be deficient in iNKT cells (the other girl could not be tested due to lack of material) [59].
Of note, a contribution by other immune effector mechanisms cannot be ruled out, since a defect in
signaling molecules such as SAP, XIAP, and Itk also affects T cell and NK cell function.
Susceptibility of iNKT cell-deficient humans so far appears restricted to herpesviral infections. In
contrast, mice lacking expression of CD1d and/or iNKT cells were found to be vulnerable to a variety
of viruses, including HSV-1 [60,61], HSV-2 [62], respiratory syncytial virus (RSV) [63], and influenza
virus [64]. Furthermore, activation of iNKT cells by treatment with Į-GalCer protected mice in
infection models studying diverse viruses, including murine cytomegalovirus (MCMV) [65], RSV
[63], influenza virus [64,66], HBV [67], and diabetogenic encephalomyocarditis virus
(EMCV-D) [68]. These combined observations support the view that iNKT cells contribute to
anti-viral defense. Similar to mice, iNKT cell-deficient humans are probably susceptible to other types
of viruses as well, which will be an interesting topic of future research.
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6. Viral Evasion of CD1d-Resticted Antigen Presentation
Considering the importance of iNKT cells in anti-viral defense, it may not come as a surprise that
viruses have acquired strategies to modulate detection by iNKT cells. Viruses, and herpesviruses in
particular, are well known to evade cytotoxic T lymphocyte (CTL) detection by reducing MHC class I
surface display [1–3]. More recently, the first observations on virus-induced CD1d downregulation and
iNKT cell evasion were reported, as will be discussed below (Figure 2).
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Figure 2. Viral evasion of CD1d-restricted lipid presentation to invariant natural killer T
(iNKT) cells. Viruses subvert CD1d-restricted antigen presentation using different
strategies: degradation of CD1d by cytosolic proteasomes (human papillomavirus (HPV)
E5), redirection of CD1d to the trans-Golgi network (human immunodeficiency virus
(HIV) Nef and herpes simplex virus type 1 (HSV-1) gB/US3), increased endocytosis of
cell surface CD1d (Kaposi’s sarcoma-associated herpesvirus (KSHV) K3 and K5),
inhibition of CD1d recycling from endolysosomal compartments to the cell surface (HIV
Vpu and HSV-1), and modulation of MAPK-dependent CD1d trafficking, thereby
presumably affecting the lipid repertoire presented by CD1d molecules (vesicular
stomatitis virus (VSV) and vaccinia virus (VV)). HIV gp120 downregulates CD1d surface
expression via an unknown mechanism.
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6.1. Human Immunodeficiency Virus
Human immunodeficiency virus (HIV), the causative agent of acquired immune deficiency
syndrome (AIDS), is a retrovirus that infects CD4+ cells (including T cells, NKT cells, macrophages
and DCs). HIV infection is generally not cleared by the host immune system, resulting in chronic
infection. To prevent elimination by T cells, HIV interferes with MHC class I- and class II-restricted
antigen presentation. For instance, the HIV Nef protein causes downregulation of mature MHC class II
complexes at the cell surface while display of immature MHC class II is increased [69]. More recently,
HIV has been shown to also escape iNKT cell recognition (reviewed in [70]). A marked depletion of
iNKT cells is observed after HIV infection, most likely resulting from cytolytic infection combined
with activation-induced cell death. HIV further escapes iNKT cell recognition by downregulating
CD1d surface display. Three viral proteins were shown to be involved in this process. Incubation of
cells with recombinant HIV gp120 protein resulted in downregulation of CD1d surface levels [71],
although the mechanism of action remains to be elucidated. HIV Nef accelerates the internalization of
CD1d from the plasma membrane, retaining these lipid-presenting molecules in the trans-Golgi
network [72]. Nef-induced downregulation acts via the tyrosine-based targeting motif located in the
cytoplasmic tail of CD1d [72,73]. This is reminiscent of the requirement for the tyrosine residue in the
cytoplasmic tail of MHC class I molecules that is involved in AP-1 binding underlying Nef-induced
CTL evasion [74]. Whereas MHC class I molecules are then redirected to lysosomes [74], Nef targets
CD1d molecules towards the trans-Golgi network [72]. Finally, HIV Vpu retains CD1d molecules in
early endosomes, thereby impairing recycling of CD1d from endocytic compartments to the cell
surface [75].
It is intriguing that a virus encoding few gene products like HIV codes for at least three proteins that
inhibit CD1d-mediated lipid presentation, suggesting that iNKT cells are particularly important in the
control of HIV infection.
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6.2. Vaccinia Virus and Vesicular Stomatitis Virus
Vaccinia virus (VV), the prototypic member of the family Poxviridae, has been successfully used as
a vaccine to effectuate the eradication of smallpox. Poxviruses are large enveloped DNA viruses
encoding ~200 proteins. In contrast, vesicular stomatitis virus (VSV) is a small single-stranded RNA
virus belonging to the family Rhabdoviridae and codes for only five proteins. Interestingly, both
viruses were found to interfere with CD1d-restricted lipid presentation by a similar mechanism.
Infection with either VV or VSV resulted in reduced activation of iNKT cells, although CD1d
surface levels remained unchanged. The two viruses modulated MAPK signaling and subsequent
intracellular CD1d trafficking, thereby presumably altering the lipid repertoire presented by CD1d for
iNKT cell recognition [76]. The VV-encoded proteins B1R and H5R were found to be involved in
evasion from CD1d-restricted iNKT cells [77]. Yet, B1R is a viral kinase that phosphorylates H5R, a
transcription factor involved in late viral protein expression, and thus the effects of B1R and H5R on
iNKT cell evasion may be indirect.
The use of a similar mechanism to thwart iNKT cell recognition by two unrelated viruses, like VV
and VSV, could indicate this to be a general CD1d evasion strategy of viruses. However, infection
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with the small single-stranded RNA virus lymphocytic choriomeningitis virus (LCMV) had no direct
effect on NKT cell activation [76] and thus interference with CD1d-restricted antigen presentation
seems to be virus-specific.
6.3. Human Papillomaviruses
Human papillomaviruses (HPV) are small DNA viruses infecting epithelia of the skin (cutaneous
HPV subtypes) or mucous membranes (genital HPV subtypes). Whereas infection with low-risk
cutaneous HPV types causes benign warts, the high-risk genital HPV types are associated with
cervical cancer.
HPV type 16 inhibits MHC class I- and class II-restricted peptide presentation through expression
of the small hydrophobic E5 protein [78–80]. In addition, HPV interferes with CD1d-resticted lipid
presentation. In immunostained clinical samples, CD1d molecules were abundantly expressed by
uninfected cervical epithelium, but undetectable in HPV-infected lesions. Expression of HPV E5
proteins in cell lines caused a reduction in both cell surface and total CD1d protein levels. HPV E5
interacts with calnexin and prevents exit of CD1d molecules from the ER. Although mechanistic
details are lacking, upon cellular expression of HPV E5, CD1d molecules end up in the cytosol, where
they are degraded by the proteasome. The ability to interfere with CD1d-mediated antigen presentation
is conserved among the E5 proteins of a low-risk (HPV6) and a high-risk (HPV16) subtype [81].
6.4. Kaposi’s Sarcoma-Associated Herpesvirus
Kaposi’s sarcoma-associated herpesvirus (KSHV) is the most recently discovered human gammaherpesvirus and is implicated in the development of malignancies, such as Kaposi’s sarcoma, primary
effusion lymphoma, and multicentric Castleman’s disease [82]. Herpesviruses are large enveloped
DNA viruses that persist for life in infected hosts, mostly as a latent infection with limited viral gene
expression. Intermittent periods of reactivation allow transmission of herpesviruses to new hosts.
The herpesvirus family is famous for its large variety of immune evasion tactics, affecting many
aspects of the anti-viral immune response [83–87].
During productive KSHV infection, two immunoevasins, K3 and K5 (also known as modulator of
immune recognition (MIR) 1 and 2, respectively), interfere with MHC class I-restricted antigen
presentation. Both K3 and K5 are membrane-bound E3-ubiquitin ligases that ubiquitinate the cytosolic
tails of MHC class I heavy chains, causing their enhanced endocytosis and subsequent lysosomal
degradation [88,89]. Besides MHC class I, K5 reduces surface display of the co-stimulatory molecules
B7.2 and ICAM-1 [90,91].
Likely based on similarities with MHC class I, CD1d molecules are also prone to K3- and
K5-induced downregulation. Although CD1d molecules enter the endocytic pathway as a consequence
of K5-mediated ubiquitination of their cytoplasmic tails, the total cellular levels of CD1d remain
virtually unchanged. Thus, lysosomal degradation of CD1d is not increased in cells expressing KSHV
K5 [92]. The difference in this aspect between MHC class I and CD1d most likely originates from
their susceptibility to lysosomal degradation, with MHC class I molecules being susceptible and
CD1d/ȕP FRPSOH[HV EHLQJ UHVLVWDQW Finally, K5 expression inhibited CD1d-restricted iNKT cell
activation. This, combined with observations that surface CD1d levels are reduced on B cells
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undergoing productive KSHV infection [92], might suggest that KSHV not only thwarts CTL, but also
iNKT cell activation.
6.5. Herpes Simplex Virus
HSV-1 is a human alpha-herpesvirus and the causative agent of cold sores. Similar to other
herpesviruses, HSV-1 hampers immune activation at multiple levels. For instance, HSV-1 inhibits
MHC class I-restricted T cell recognition by combining a block in antigenic peptide import into the
ER, exerted by ICP47, with a general reduction in host cell protein synthesis, imposed by the virion
host shutoff (vhs) protein [93].
Downregulation of CD1d at the surface of HSV-1-infected cells is independent of host shutoff and
total protein levels of CD1d are not reduced by HSV-1 infection. Instead, HSV-1 downregulates CD1d
surface display by inhibiting recycling of CD1d molecules from endosomal compartments to the cell
surface, leading to redistribution of CD1d to the limiting membranes of lysosomes. This HSV-1
induced downregulation is independent of the cytoplasmic tail of CD1d [94].
Two HSV-1 proteins were recently found to cooperatively hamper CD1d-mediated antigen
presentation to iNKT cells, namely gB, a major viral glycoprotein, and US3, a viral serine-threonine
kinase. gB was essential, but not sufficient, for CD1d downregulation during viral infection.
Efficient CD1d downregulation required co-expression of an active US3 enzyme that modulates gB
trafficking. In line with this, HSV-mediated inhibition of iNKT cell activation was reduced for
US3-deficient viruses and abolished for gB-deficient viruses. HSV gB proteins directly bind to CD1d
complexes within the ER and their association is maintained throughout intracellular trafficking.
CD1d trafficking is altered by the concerted action of gB and US3, redirecting CD1d to the
trans-Golgi network [95]. These observations seem in contrast with a previous study, reporting CD1d
to be redirected to lysosomes [94]; the use of different HSV-1 strains may explain this apparent
inconsistency. In addition to CD1d, HSV-1 gB is also involved in altered trafficking of MHC class II
molecules [96,97]; whether similar mechanisms are underlying the manipulation of CD1d- and MHC
class II-restricted antigen presentation will be an interesting topic for further research.
Reduced CD1d display was observed on DCs infected with high levels of HSV-1, but,
unexpectedly, increased surface levels of CD1d were found when DCs contained low viral loads.
Despite this, DCs infected with either low or high HSV titers were both crippled in their capacity to
stimulate cytokine secretion by iNKT cells [98]. Therefore, additional mechanism(s), independent of
surface CD1d downregulation, are likely employed by HSV to interfere with iNKT cell function.
Interestingly, a recent study by Bosnjak et al. showed that HSV-1 infection of keratinocytes hampered
the activation of iNKT cells independent of CD1d downregulation. Instead, coculture with HSV-1
infected cells did not impair TCR triggering but rather signaling downstream of the TCR within the
iNKT cells. This inactivation of iNKT cells required direct contact between the HSV-1 infected cells
and the iNKT cells and was sustained after removal of the infected cells [99].
7. Concluding Remarks
In recent years, anti-viral defense mechanisms have been found to include innate immune effectors.
Among these are iNKT cells, versatile cytokine-secreting cells with strongly polarizing effects.
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Appearance of virus-related disease in both iNKT cell-deficient patients and CD1d RU-Į knock-out
mice provides solid evidence for the importance of iNKT cell activity in the control of viral infection.
Viral interference with CD1d-restricted antigen presentation further underscores the contribution of
iNKT cells to anti-viral defense. Distinct gene products from multiple viruses (HIV, VV, VSV, HPV,
and herpesviruses) have been found to act through diverse mechanisms to prevent CD1d-mediated
lipid presentation to iNKT cells (Figure 2). iNKT cell interference is likely to result from the
cooperative action of multiple viral gene products, analogous to T cell evasion. For instance, in cells
infected with alpha- or gamma-herpesviruses, both a virus-induced block to protein synthesis
and dedicated inhibitors of MHC-restricted antigen presentation contribute to downregulating
surface MHC class I and/or class II display, thereby efficiently inhibiting T cell
recognition [88,89,93,97,100–108]. iNKT cell escape appears to be effectuated by, at least, three HIV
proteins and two cooperatively acting HSV-1 gene products. Interestingly, a number of the viral
proteins described to reduce CD1d surface expression were already known for their ability to
downregulate MHC class I or class II. Examples include (ubiquitination-induced) enhanced
endocytosis of CD1d molecules from the surface of cells expressing viral proteins. We anticipate that
additional iNKT cell evasion strategies will be discovered by scrutinizing other viral MHC class I or
class II inhibitors for their influence on CD1d-mediated lipid presentation. Studies on CD1d viral
escape mechanisms provide novel insights into pathogen-host interactions. Moreover, investigating
how viral infection affects iNKT cell activation will yield further understanding of conventional
CD1d-mediated lipid presentation.
Whereas a number of bacteria-derived lipid antigens have been identified that are capable of
eliciting an iNKT cell response when presented as lipid/CD1d complexes, the identity of antigenic
lipids presented during viral infection remains currently unknown. Virus-specific lipids do not exist
and, therefore, altered presentation of self-lipids must be responsible for iNKT cell activation during
viral infection. TLR-mediated signals are likely key in driving these alterations. The identification of
such virus-induced CD1d antigens poses a challenge for the coming years.
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Het dankwoord is misschien wel het meest lastig te schrijven onderdeel van het proefschrift.
Na de omslag zijn de letters op deze pagina’s waarschijnlijk eveneens het meest gelezen
van dit hele boekje. Na vijf jaar werk is dat natuurlijk wel een beetje wrang. Ik hoop dan
ook dat wie dit leest toch ook iets meer heeft gelezen of zal lezen dan slechts de titel en
het dankwoord; al is het maar de samenvatting…
Toch snap ik dit gedrag wel en moet ik toegeven dat ik zelf vaak ook bij het dankwoord begin met het lezen van een proefschrift. De grote vraag is dan natuurlijk of ik
ook vermeld sta, wellicht zelfs met enkele regels tekst. Een mens geniet nu eenmaal van
erkenning. Zulke hooggespannen verwachtingen maken het schrijven van dit afsluitende
stukje niet makkelijker.
Er zijn veel mensen die elk op hun eigen manier hebben bijgedragen aan het slagen
van dit proefschrift. Ik hoop ik dat ik hieronder niemand ben vergeten.
Grote dank gaat allereerst uit naar de kinderen die bloed en/of trachea-aspiraat hebben
afgestaan voor mijn onderzoek, en hun ouders of verzorgers die hiertoe toestemming
hebben gegeven. Zonder dit onderzoeksmateriaal had een groot deel van de studies in
dit boekje nooit plaats kunnen vinden.
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mijn verdediging. Dat jij hiervan afzag door op het laatste moment mijn promotor te worden
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Dr. Bont, beste Louis: bij al mijn eerste-auteursartikelen was je betrokken. Jij was de
klinische achtergrond, de bron van onderzoeksmateriaal, en het baken van RSV-kennis in
één. Zonder jouw inzet was van dit project helemaal niets terecht gekomen.
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*
147

Dankwoord

Beste (oud-)Boesers: Robert, Ewoud, Thijs, Annick, Willemijn, Maud, Lotte, Colin, Lieneke
en Nina. De grote kracht van het Boeslab schuilt niet alleen in Marianne, maar misschien
zelfs voor een groter gedeelte in jullie! Binnen, maar ook buiten werkbesprekingen nemen
jullie geen blad voor de mond en uiten jullie kritiek waar nodig. Hoewel de waarheid soms
stiekem wel pijn deed, heeft het mij enorm geholpen. Ik denk graag terug aan de conceptpaperbesprekingen en de semi-dagelijkse after-lunch-koffiepauze in de Boeslab koffiekamer
(locatie: kamer van Thijs). Lieneke, het was super dat jij voor mij nog wat labwerk gedaan
hebt toen ik al in Zweden zat.
Mark, Jenny, Lieneke, Mariska, Simone, Nina. Zonder jullie is het lab geen lab maar een
zooitje ongeregeld. Bedankt voor alle organisatie achter de schermen, de bestellingen, de
klaagmailtjes, de reprimandes en de reminders. Wilco en Jenny, dank voor het runnen
van mijn luminex-samples.
Labmaatjes en kamergenootjes. Jullie zijn met zovelen van het CMCI, LTI en daar buiten, dat ik me er maar niet aan waag om iedereen persoonlijk te proberen op te noemen.
Ik ben jullie allen dankbaar voor de gezellige dagen in het lab/kantoor, de bijbehorende
thee- en koffiepauzes, en wetenschappelijke inzichten. Tevens dank voor het aanhoren van
schijnbaar oneindige monologen over wilde theorieën of nieuwe bevindingen. Coffers,
dank voor de plezierige partijtjes voetbal, het gebruiken van labfaciliteiten en reagentia,
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