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Introduction to the vertebrate innate immune
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The vertebrate innate immune system

The immune system of animals is a complex composition of cellular and humoral
components that protects the host against infectious diseases and cancer by identi-
fying and killing pathogens and detrimental cells. To successfully protect the host,
the immune system must be able to distinguish self from non-self and recognize
danger signals. The concept of protecting self from non-self is already present in
unicellular organisms, demonstrated by a repertoire of mechanisms ranging from
the production of antimicrobial peptides to the employment of specific molecular
systems protecting against foreign nucleic acids. With the appearance of multicel-
lular organisms an increasingly complex immune system evolved. Distinct cells of
the organism adopted specialized immune functions showing the ability to detect
invading pathogens, migrate to sites of infection and eventually engulf and eliminate
the encountered microorganisms. At the same time, soluble factors such as anti-
microbial peptides and acute-phase proteins are used to combat the infection. To be
able to recognize a wide variety of pathogens and detrimental cells various classes of
receptors have evolved and diversified in different organisms. The most sophisticated
immune system today exists in all higher vertebrates and combines a wide range of
receptors with the development of immunological memory. This thesis focuses on
the use of the zebrafish (Danio rerio) as a model to study the vertebrate immune
system.

The vertebrate immune system

Traditionally, the complex defence mechanisms of vertebrates are categorized into
the evolutionary ancient innate immune system, that is present in all multicellular
organisms, and the relatively young adaptive (acquired) immune system that arose
with the appearance of jawed fish (Chondrichthyes) (1, 2). Both systems comprise
humoral as well as cellular components that synergistically act upon infection. The
innate immune system forms the first line of defence against pathogens. The elicited
immune responses are rapid, occurring usually within minutes to hours. However,
the innate immune mechanisms are considered relatively nonspecific and are medi-
ated by a fixed set of germline-encoded receptors. These receptors are referred to as
pattern recognition receptors (PRRs), showing a broad specificity against microbial-
derived molecules such as lipopolysaccharide (LPS), flagellin or viral RNA. PRRs
are mainly expressed by the cells from the myeloid lineage such as macrophages and
dendritic cells (DCs). Activation of PRRs initiates signal transduction pathways that
culminate in the production of inflammatory mediators to attract and communicate
with other cells of the immune system (T-helper cells, for instance). In contrast, the
adaptive immune system takes days to weeks to mount a response mediated by cyto-
toxic T-lymphocytes, which can recognize and kill infected cells or cancer cells, and
B-lymphocytes (plasma cells), producing highly specific antibodies. T- and B-cells,
presenting a diverse array of receptors on their surface, are generated by recombi-
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Chapter 1

nation of gene segments and clonal selection (3). The high affinity of antibodies to
specific antigens is further achieved by somatic hypermutation in the gene segments
encoding the variable regions of the antibody (4). Subsets of the activated B- and
T-lymphocytes will be retained in lymphoid organs as memory cells. These cells can
be reactivated by a recurring infection of a particular pathogen leading to a faster
and highly specific immune response, thereby generating a long-lasting immunity
against previously encountered pathogens. Although the two systems show obvious
differences in the molecular tools used to battle infections, one should keep in mind
that the innate and the adaptive immune systems in vertebrates are closely linked in
their response to infectious microbes and that the innate immune system is pivotal
for an accurate adaptive response. Given that the major focus of this thesis is on in-
nate immunity, the components (both humoral and cellular) and the functions of the
vertebrate innate immune system will be described in more detail in the following
sections.

Humoral components of the vertebrate innate immune system

Acute-phase proteins

Sensing and killing of microbes can be achieved by several molecules of the in-
nate immune system. A group of proteins, collectively termed acute-phase proteins
(APPs), are greatly increased or decreased in the blood upon infection. Production
and secretion of such proteins occurs in hepatocytes activated by cytokines such as
TNFa, IL-6 and IL-1 (5). Acute phase proteins are a heterogenic group of proteins
with either pro- or anti-inflammatory functions. A well known factor of the acute-
phase response is the C-reactive protein (CRP), a member of the pentraxin family.
CRP was shown to bind, among others, phosphocholine and phosphoethanolamine,
which can be found on the cell surface of bacteria. CRP bound to macromolecules
can lead either to opsonisation of bacteria (or apoptotic cells) or to the activation of
the classical complement pathway described below (6).

Complement system

Although some of the proteins of the complement pathway are also considered acute
phase proteins, the complement system is a complex humoral mechanism on its own.
Core proteins of the complement system are present as inactive enzyme precursors in
the blood. Initial activation of the proteolytic complement cascade can be achieved
via three independent pathways: the classical, the lectin and the alternative. The clas-
sical pathway is activated through Ciq, a member of the collectin family, which can
bind directly to the surface of a pathogen. In addition, activation of this pathway
can also occur through binding of Ciq to an antibody-antigen complex, linking this
pathway to the adaptive immune system. A similar mode of complement activation
is followed by the lectin pathway, where recognition of infectious microorganisms is
mediated by the mannan-binding lectin protein. Conversely, the alternative pathway
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The vertebrate innate immune system

is mediated by the spontaneous hydrolysis of complement component 3 (C3) and
the subsequent formation of the C3bBb complex without participation of a specific
pathogen-recognizing protein. Activation by any one of these pathways will lead to
cleavage of C3 to C3a and C3b by a C3 convertase. The C3 convertase has distinct
compositions: a C4bC2b complex in the classical and lectin pathways, and a complex
of C3b and activated factor B (Bb) in the alternative pathway (3).

The C3a fragment is a potent inflammatory mediator triggering vasodilatation
and increasing permeability of small blood vessels. In addition C3a can induce oxi-
dative burst in macrophages, neutrophils and eosinophils and leads to degranulation
of mast cells and basophils, thereby sustaining the inflammation. The second pro-
duct of C3 cleavage, C3b, can bind to the cell surface of pathogens and either form
additional C3bBb complexes that amplify the complement signal in the close prox-
imity of the pathogen, or function as opsonin, enhancing phagocytosis. The latter is
mediated by complement receptors on the surface of phagocytes (3).

Subsequent to C3 cleavage ,C3b can complex with C4bC2b to form a Cs con-
vertase leading to the release of Csa and Csb. The Csa fragment functions as a pro-
inflammatory mediator in the same fashion as C3a. On the other hand, Csb leads to
the assembly of the membrane attack complex. Essentially, this complex is composed
of Cg9 molecules that form a pore in the cell membrane of the pathogen, resulting
in a loss of cellular homeostasis and free passage of host enzymes such as lysozyme,
ultimately causing cell lysis (3).

Antimicrobial peptides

The diverse group of small molecules (<100 amino acids) that are involved in the
elimination of pathogenic microbes and enveloped viruses are collectively named
antimicrobial peptides (AMPs) (7-9). In vertebrates AMPs can be classified into
three groups: defensins, histatins and cathelicidins (10, 11). They are produced in
various tissues and cells types such as Paneth cells of the intestine, lung epithelial
cells and leukocytes (12-14). The precise mode of action of antimicrobial peptides is
not fully understood, but involves membrane permeabilization and/or inhibition of
protein and RNA synthesis (15).

Cell-mediated vertebrate innate immunity

Various cell types of the myeloid lineage are responsible for the detection and clear-
ance of infectious microorganisms, apoptotic cells and tumour cells. Furthermore,
they possess an instructive role towards the adaptive immune system. In addition
to the various myeloid cells, the natural killer (NK) cells, derived from a lymphoid
precursor, are also considered part of the cellular innate immune system. In the fol-
lowing paragraphs, the function of individual cell-types, predominantly studied in
rodents, will be discussed in more detail.

Neutrophils, also named neutrophil granulocytes, are the most abundant myeloid
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Chapter 1

cells in mammals and are major effectors of innate immunity. Together with baso-
phil and eosinophil granulocytes they form the polymorphonuclear cell family.
Neutrophils can efficiently phagocytose and kill internalized microbes in phago-
somes through reactive oxygen species (ROS) and proteolytic enzymes. In addition,
by exocytosis of their granules (degranulation), neutrophils can release a multi-
tude of antimicrobial proteins and proteases that destroy pathogens extracellularly.
Another (phagocytosis-independent) mechanism that is used by neutrophils to kill
pathogens is the activation of neutrophil extracellular traps (NETs) (16). NETs are
web-like structures composed of DNA, histone proteins and neutrophil elastase (a
serine protease) that can trap and kill microbes. Both anti-bacterial and anti-fungal
properties of NETs have been described (16, 17).

Macrophages are the predominant phagocytic cells of mammals. Immature macro-
phages derived from bone marrow circulate as monocytes through the blood. A
subpopulation of these monocytes leave blood-circulation and migrate into the sur-
rounding tissue were they can develop into resident macrophages such as osteo-
clasts (bone), microglia (CNS) or Kupffer cells (liver) depending on the tissue they
inhabit. Monocytes and macrophages express various types of pattern recognition
receptors on their cell surface and intracellularly, that allow these cells to respond
effectively to diverse classes of pathogens. Cytokines produced by NK cells or tissue
macrophages upon infection or tissue damage can trigger migration of additional
monocytes from the blood to the site of the infection, where they differentiate into
mature macrophages. Depending on the mode of activation triggered by diverse
combinations of cytokines, macrophages can promote inflammation or even par-
ticipate in wound healing (18). During the adaptive immune response macrophages
are activated by T-cells, leading to increased production of ROS and activation of
the autophagy pathway. Macroautophagy is a major defence mechanism against in-
tracellular pathogens (19). Beside their function during inflammation, macrophages
also contribute to maintaining homeostasis by removal of cell debris, apoptotic cells
and erythrocytes (18).

Dendritic cells form, together with macrophages, the major antigen presenting cells
(APC) of the mammalian immune system. Immature DCs are constantly patrolling
the tissue, taking up pathogens and apoptotic cell fragments by macropinocytosis,
eventually leading to antigen presentation on the cell surface. Encounter of patho-
gen-derived molecules by immature DCs leads to DC activation, maturation and
pro-inflammatory cytokine secretion. Mature DCs migrate subsequently to nearby
lymph nodes where antigen presentation takes place, inducing primary T-cell medi-
ated immune responses (20).

Mast cells are predominantly found in mucosal and connective tissues of skin, gut
and airways. Present as immature progenitors in the blood, they undergo final matu-
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ration after tissue migration (21). Several pattern-recognition receptors are expressed
on the cell surface of mast cells allowing direct sensing of invading pathogens (22).
In addition to this direct activation, mast cells can also be activated indirectly via
the complement system, leading to cytokine release and degranulation (22). Mast
cell activation leads to a variety of effects, such as degradation of endogenous toxins,
bactericidal activity, vasodilatation, T-cell activation and recruitment of neutrophils
and DCs to the site of infection (23, 24). On top of their function in innate immune
responses, mast cells have been extensively studied in the context of allergies (25).

Natural Killer cells, unlike the aforementioned cell types, derive from a common
lymphoid precursor that also generates B- and T- lymphocytes of the cellular adap-
tive immune system (26). NK cells are able to target both virally infected and tu-
mor cells, and destroy them by releasing cytotoxic molecules such as perforin and
granzymes (27). NK cell function is orchestrated by various cell surface receptors
that, upon activation, can either lead to inhibition or activation of exocytosis of the
cytotoxic granules and lysis of the targeted cell. Inhibitory signals can be mediated
via the CD94/NKG2A and CD94/NKG2B receptors that recognize specific major
histocompatibility complex (MHC) class I surface proteins (28, 29). Abnormal or
virally infected cells tend to down-regulate MHC class I proteins on the cell surface
and hence lack an inhibitory signal (30, 31). At the same time these cells present
activating signals such as MHC class I chain-related (MIC) molecule MICA that fa-
cilitate NK cell activation via NKG2D, a C-type lectin receptor (32, 33). Intercalation
of the various signals eventually leads to the formation of the lytic immunological
synapse between NK and target cells, cytotoxin release and lysis of the infected cell
(34).

Pathogen monitoring by pattern-recognition receptors
Recognizing potentially harmful microorganisms is an essential first step in the initi-
ation of an immune response. The innate immune system relies on the recognition of
highly conserved structural components of microbes, often referred to as pathogen-
associated molecular patterns (PAMPs) or microbial-associated molecular patterns
(MAMPs). PAMPs or MAMPs are usually essential for microbial survival, hence a
constant factor for the host to detect. Examples are bacterial cell-wall components
such as LPS and peptidoglycan, flagellin from bacterial flagella or viral RNAs. The
receptors involved in PAMP recognition, PRRs, are widely expressed on the cells
of the innate immune system such as macrophages and DCs, and on non-immune
cells that are likely to encounter pathogens, such as epithelial cells. Several families
of PRRs have been described in vertebrates, including the Toll-like receptor (TLRs),
NOD-like receptor (NLR) and RIG-I-like (RLRs) receptor families (35-37).

The TLRs are the best studied and probably most essential receptors of the ver-
tebrate innate immune system. The TLRs are named after the Toll receptor from
Drosophila melanogaster, which in 1985 was described as having an essential role in
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FIGURE 1. Schematic overview of mammalian PRRs and their associated ligands. TLRs are ex-
pressed on the cell surface and on endosomal membranes and act cooperatively with cytoplasmic

receptors of the NLR and RLR families to induce expression of inflammatory cytokines and type |

interferons. Differential use of adaptor proteins (Myd88, Mal, TRIF, TRAM and SARM) is indicated for

the TLR family members. Figure adapted from T. Mogensen (54).

dorsal-ventral polarity determination (38). More than a decade later Lemaiter et al.
unravelled a function of Toll in the antifungal immune response of D. melanogaster
and shortly afterwards mammalian TLR4 was identified as the receptor that medi-
ates LPS signalling (39, 40).

Today, a lot is known about TLR activation and downstream signalling events
in mammals. All TLRs are germline-encoded type I transmembrane receptors
characterized by a highly variable extracellular leucine-rich repeat (LRR) domain,
involved in ligand recognition, and an intracellular tail, containing the conserved
Toll/Interleukin-1 receptor (TIR) domain, mediating association of TLRs with down-
stream signalling intermediates. A set of 10 TLRs have been described in human so
far, showing distinct specificity to various PAMPs. For instance, TLR3, -7, and -8
recognize double- and/or single-stranded RNA, whereas TLR-9 recognizes bacterial
DNA. TLR4 has been shown to recognize LPS and TLRs5 is specific for bacterial fla-
gellin. Heterodimers of TLR2 with TLR1 or TLR6 are able to recognize various lipo-
proteins and glycolipids from gram-positive bacteria (Fig.1) (41-45). In accordance
with their ligand specificity TLR3, -7, -8 and - 9 are located in the endolysosomal
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compartments, whereas the TLR1, -2, -4, -5 and -6 are located on the cell surface (46).
Activation of the TLRs initiates distinct signalling pathways that result in the accu-
mulation of pro-inflammatory cytokines and type I interferons (IFNs). A group of 5
adaptor proteins (MyD88, MAL, TRIF, TRAM and SARM), binding to the various
TLRs upon activation, are differentially used by TLRs to mediate a tailored response.
MyD88 is the most commonly used adaptor, and signalling through MyD88 has
been reported for all human TLRs with the exception of TLR3, that instead shows
a TRIF-dependent signalling route (47, 48). While TLRs, 7 8 and 9 signal through
MyD88 alone, TLR2/TLR1 and TLR2/TLR6 heterodimers require MAL as an addi-
tional adaptor to link MyD88 to the receptor complex. TLR4 signalling can lead to
activation of pro-inflammatory cytokine genes via a MyD88/MAL-dependent path-
way, and can result in type I INF production via a MyD88-independent pathway that
utilizes the adaptors TRAM and TRIF (49). The fifth TIR-domain adaptor, SARM,
has been proposed to function as a negative regulator of TRIE but was also shown to
positively regulate the response to viral infection in brain cells (50, 51). Downstream
of the TLR-adaptors, signals are relayed via TNF-receptor associated factors TRAF6
and TRAF3, activating downstream kinases which eventually lead to gene induction
through the nuclear factor kappaB (NF-kB) and interferon response factor (IRF)
families of transcription factors, and to MAP kinase (MAPK) signalling pathways
activating the AP-1 (JUN/FOS) transcription factor complex (Fig.1) (52, 53).

Whereas the TLRs are located on the cell surface and endolysosomal membranes,
the members of the NLR family are predominantly distributed in the cytosol of the
cell, where they are primarily involved in bacterial recognition (35). The NLR pro-
teins consist of an N-terminal effector domain, a central nucleotide-binding oligo-
merization domain (NOD) and a C-terminal LRR domain. The N-terminal domain
facilitates signalling through downstream partners, whereas the LRR domain is nec-
essary for PAMP detection. Similarly to the TLRs, NLRs can be activated by micro-
bial compounds such as flagellin and peptidoglycan. In addition, NLRs are respon-
sive to bacterial toxins and crystals as well as to endogenous danger signals. By anal-
ogy with PAMPs, these danger signals, of which extracellular ATP is a good example,
are referred to as DAMPs (danger associated molecular patterns). As is the case of
TLRs, triggering of NLRs can lead to NF-kB and MAPK pathway activation that
in turn leads to production of cytokines and anti-microbial proteins. Furthermore,
NLR signalling can lead to activation of the inflammasome that is required for se-
cretion of active IL-1p and IL-18. These potent pro-inflammatory cytokines are pro-
duced as inactive precursors through TLR pathway activation, and caspase-1 medi-
ated processing in the inflammasome is required for their activation (35). Thus, a
robust inflammatory response is dependent on the cooperative action of TLRs and
NLRs (Fig.1).

Similarly to NLRs, RLRs are also located in the cytoplasm. Together with TLR3,
-7 and -8 the RLRs provide viral recognition and mount a robust induction of type I
INF. Activation of RLRs initiates the activation of NF-kB and IRF3 (36).
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FIGURE 2. The common host immune response. Expression of genes indicated in the figure is
induced by a variety of pathogens in human cell cultures. Figure adapted from Jenner and Young
(57).

In addition to the above mentioned PRRs, a role in the innate immune defence is
also played by the C-type lectin receptor (CLRs) family and the scavenger receptor
family. C-type lectin receptors are expressed on such cells as DCs, where they can de-
tect fungi, bacteria and viruses through the recognition of mannose, fucose and glu-
can carbohydrates. Several CLRs, such as DC-specific ICAM3-grabbing non integrin
(DC-SIGN), have been shown to modulate TLR signalling. Dependent on the path-
ogen involved, both cooperative and antagonizing interactions between CLR and
TLR signalling have been found. CLR signalling has furthermore been implicated in
the tailored activation of T-cell subsets (55). Finally, scavenger receptors have been
shown to participate in TLR signalling as TLR co-receptors; these mediate, in addi-
tion, non-opsonic phagocytosis of pathogenic microbes (56).

Common factors of the host response to infection

Activation of PRRs leads to the induction of a transcriptional response, priming the
host to adequately respond to the encountered pathogen. In a comprehensive review
study, Jenner and Young performed a meta-analysis on transcriptome data from
various infection studies of different cells types with different pathogens, leading to
the identification of a gene set that is commonly regulated upon infection. Among
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FIGURE 3. Schematic overview of the appearance of myeloid and lymphoid cells along zebrafish

embryogenesis.

the identified genes were pro-inflammatory mediators (TNF, IL1p, IL6 and IL8),
chemotactic and interferon stimulated cytokines (CCL3, CXCL1, CCL8), tissue in-
vasion proteins (MMP1, MMP14), cell adhesion proteins (CD6, ICAM1), signalling
adaptors (MyD88, TRAF6) and various transcription factors (NF-«kB, AP1, STATs
and IRFs), as shown in figure 2 (57).

Zebrafish embryos as a model to study vertebrate immunity

In recent years the zebrafish (Danio rerio) embryo system has emerged as a new
model to study vertebrate innate immunity, offering several advantages that comple-
ment mammalian model systems. The transparent character of the externally ferti-
lized zebrafish embryo in combination with fluorescently-labelled immune cells and
bacteria facilitate the study of host-microbe interaction and inflammation processes
in the living organism (58-64). The efficiency at which infections and chemical treat-
ments in zebrafish can be performed at a large-scale allows identification of novel
microbial virulence factors and high-throughput compound screens to investigate
disease mechanisms (65, 66). Moreover, the zebrafish system is particularly suitable
for large-scale forward and reverse genetic screens aimed at the identification of
genes with novel functions in the development of the immune system or in the im-
mune response (67-69).

Like other vertebrates the zebrafish has a primitive and definitive wave of hemato-
poiesis giving rise to various cell types of the erythroid, lymphoid and myeloid line-
age. During development, hematopoiesis occurs at several temporal locations in the
embryos, finally shifting to the kidney marrow, which is equivalent to the mam-
malian bone marrow. Similarly to other vertebrates, adult zebrafish possess T- and
B-cells, macrophages, neutrophils, eosinophils, basophils, mast cells and probably
NK cells (70). Cells of the innate immune system are detectable as early as the first
day of zebrafish development (71). These primitive macrophages are able to phago-
cytose bacteria and foreign material (72, 73). Functional neutrophils, producing the
myeloperoxidase enzyme, are present from the second day of embryogenesis. By
contrast, a functionally mature adaptive immune system is not active during the first
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three weeks of zebrafish development (58, 74, 75). This clear temporal separation in
zebrafish embryos provides a convenient system for in vivo study of the vertebrate
innate immune response to infection, independently from the adaptive immune re-
sponse (Fig.3). In recent years, numerous bacterial and viral infection models have
been established for the zebrafish to study host-pathogen interaction, chemotactic
responses and inflammation processes (62, 76-78).

Zebrafish pattern-recognition receptors and innate immune response
activation

Genome analysis revealed one or more homologs of the human TLR genes (TLRi,-2,
-3,-4,-5-7-8 and -9) to be present in zebrafish, as well as a group of fish-specific TLRs
(79, 80). The zebrafish genome is also known to contain four of the downstream
adaptor protein genes (MyD88, TRIF, MAL and SARM), while the fifth TLR adaptor
TRAM remains to be identified (79, 80). Several other genes of the TLR signalling
cascade have been identified in the zebrafish genome, as well as members of the
NLR family and the downstream adaptor of the RLR family IPS-1 (81-83). TLR and
adaptor genes are broadly expressed during zebrafish embryogenesis, even prior to
the appearance of the first innate immune cells (84). Challenge of zebrafish embryos
with different pathogens activates the expression of a wide range of innate immune
response genes strongly conserved with those in mammals (85). In addition to the
cell-mediated innate immune response, zebrafish have a well developed complement
system and produce acute-phase response proteins such as hepcidin and fibrinogen
(78).

A conserved TLR ligand specificity was demonstrated between human and zebra-
fish for TLRs (Chapter 3). Stimulation of zebrafish embryos with purified flagellin
led to transcriptional activation of distinct host defence genes such as interleukin-1p
(il1b), matrix metalloproteinase 9 (mmpg) and cxc chemokine ligand Cic (cxcl-Cic)
in vivo that were significantly impaired after knock-down of the tlrsa and tlrsb genes
(85). In contrast, the zebrafish counterparts of TLR4 (Tlr4a and Tlr4b) were reported
to be non-responsive to LPS, suggesting a rendered ligand specificity or function in
zebrafish (86, 87). While the alternative ligand specificities of zebrafish Tlr4a and
b remain unknown, Sullivan ef al. demonstrated that the intracellular portions of
Tlr4a and b have the capacity to activate NF-kB signalling. This is in contrast with
data from Sepulcre et al, who reported negative regulation of NF-«B by Tlr4b (87).

One of the best studied TLR adaptors in mammals is MyD88. Myd88 transcript
was detected in cells of the myeloid lineage in the head, on the yolk sac, the trunk
and the posterior blood island of zebrafish embryos. Myd88-positive leukocytes
contribute to inflammatory responses and were able to phagocytose bacteria (88).
Knock-down studies in zebrafish embryos revealed an essential function of Myd88
during Salmonella infection, showing a strongly impaired response to an other-
wise non-pathogenic Salmonella strain (Chapter 2, 84). Furthermore, challenge of
myd88 morphants by a pathogenic Salmonella wild-type strain revealed activation
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of Myd88-dependent and -independent signalling pathways, as are also present in
mammals (Chapter 3, 85). In addition, like in mammals the zebrafish homolog of
TRIF has been shown to play an essential role in antiviral immunity (89). However,
the precise mechanisms of NFkB and IFN activation upon viral infection appear to
have diverged between fish and mammals. Therefore, while there is a large similarity
of TLR receptors and downstream mediators between fish and mammals, further
studies should clarify to what extend the TLR ligand specificities and downstream
signal transduction mechanisms are conserved.

Outline of this thesis

In the work described in this thesis we make use of the zebrafish embryo to study
vertebrate innate immune responses to systemic bacterial infections in general, and
to assess the role of the TLR signalling pathway in the innate immune response in
particular. To model systemic infections we use the Gram-negative enterobacteria
Salmonella enterica Serovar Typhimurium (S. typhimurium), the cause of human
salmonellosis.

In Chapter 2 the fundamental and conserved role of Myd88 in the zebrafish
embryonic innate immune response is demonstrated. Using a morpholino-based
knock-down approach we show that Myd88-mediated signalling events are crucial
in mounting a sufficiently strong immune response to clear an infection with a non-
pathogenic S. typhimurium strain.

Chapter 3 presents a time-resolved transcriptome analysis of the inflammatory
and innate immune responses elicited by zebrafish embryos to a systemic infection
with a pathogenic and non-pathogenic S. typhimurium strain. The transcriptional
response to infection with both strains shows clear conservation with host responses
detected in other vertebrate models and human cells, including induction of genes
encoding cell surface receptors, signalling intermediates, transcription factors and
inflammatory mediators. Extending the work of chapter 2 we show that Salmonella
infection is mediated by Myd88-dependent and -independent signalling events.
Additionally, we demonstrate that gene induction by flagellin is mediated by Tlrs
in zebrafish embryos, indicating that ligand specificity for this member of the TLR
family is conserved between human and zebrafish.

Chapter 4 is focused on the immune function of the zebrafish homolog of mam-
malian TRAF6, an important downstream mediator of the TLR pathway, demon-
strating that traf6 knock-down leads to a strongly decreased transcriptional immune
response upon systemic Salmonella infection. Among the Traf6-dependent genes is
not only a large set of well known anti-microbial and inflammatory genes but also
several genes whose role in the immune system was not previously expected to be
Traf6-dependent. One such example is the fertility hormone gene GnRH.

Finally, in Chapter 5 an effort is made to define the role of Traf6 in the early
zebrafish development using a microarray-based approach. Comparison of the genes
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that were dependent on Traf6 during early development with the Traf6-dependent
immune genes from chapter 4 revealed only a minor overlap, indicating the diverse
functions of Traf6 during infection and development.
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MyD88 innate immune function in a zebrafish embryo infection model

Abstract

Innate immunity signalling mechanisms during vertebrate embryogenesis are largely
unknown. To study Toll-like receptor (TLR) signalling function in the zebrafish em-
bryo model, we designed an experimental setup for antisense morpholino knock-
down under conditions of bacterial infection. Clearance of Salmonella typhimurium
Ra bacteria was significantly impaired after knockdown of myeloid differentiation
factor 88 (MyD88), a common adaptor protein in TLR and interleukin-1 recep-
tor signalling. Thereby, we demonstrate for the first time that the innate immune
response of the developing embryo involves MyD88-dependent signalling, which
further establishes the zebrafish embryo as a model to study vertebrate innate im-
munity.

Introduction

Innate immunity relies heavily on signalling by members of the Toll-like receptor
(TLR) family (25). TLRs and associated adaptor molecules are highly conserved be-
tween zebrafish (Danio rerio) and other vertebrates (13, 18). Bacterial and viral infec-
tions were found to induce expression levels of different zebrafish TLR genes (18, 20).
However, direct functional evidence to confirm the role of TLR signalling in the
innate immune response of zebrafish has not yet been reported.

The exploitation of zebrafish as an animal model to study immunity and infec-
tious diseases is attractive for three main reasons (34, 28, 29, 30). First, high-through-
put forward genetic screens in zebrafish are a powerful means to uncover novel im-
mune functions. Second, the optical transparency of the free-living zebrafish em-
bryos makes it possible to examine the early development of the immune system
and the progression of microbial infections in real-time (11, 32, 12, 6, 31). Third, the
zebrafish embryo is easily accessible to experimental manipulations and efficient in-
activation of gene functions can be achieved by injection of antisense morpholino
oligonucleotides (19). However, a major obstacle is that many of the immunological
details and research tools that are available for more established animal models have
not yet been resolved and developed for zebrafish.

The innate immune system of the zebrafish embryo starts developing during the
first day post fertilization (dpf). Myeloid precursors originate from the anterior lat-
eral plate mesoderm and migrate to the yolk sac, where they differentiate before the
onset of blood circulation (11). Differentiated myeloid cells invade the head mesen-
chyme tissue or join the blood circulation (11, 32, 12). It has been shown that they
are able to phagocytose apoptotic cell corpses (11). Furthermore, myeloid cells show
specific adherence to bacteria injected into the blood and phagocytose them rapidly
(11, 6, 31). They are also able to sense the presence of bacteria injected into one of the
closed body cavities and to respond by migration to the infection site (11). All cells of
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the myeloid lineage initially express the transcription factor gene Pu.1 (Spi1), which
is essential for their differentiation (21). After 1 dpf Pu.1 expression decreases and
two distinct populations of myeloid cells can be distinguished by the expression of
two marker genes, L-plastin, which encodes a macrophage-specific actin-bundling
protein, and mpx, which encodes a member of the myeloperoxidase family (11, 3, 17).
At 2 dpf, the mpx-positive cells show the morphological characteristics of neutrophil
granulocytes and are able to migrate to sites of trauma (17, 4). Immature lympho-
blasts can first be detected by 3 dpf, but T and B lymphocytes do not mature until 4
to 6 weeks after hatching (5, 16). Therefore, the zebrafish embryo model is useful to
determine the role of innate immunity in responses to different infectious agents, as
it is uncoupled from adaptive immunity. With this approach, Davis et al. (6) showed
that, during the first days of development, innate immunity determinants are suf-
ficient for granuloma formation resulting from a mycobacterial infection.

Results and discussion

To investigate the potential of the zebrafish embryo as a model to study vertebrate
innate immune signalling, we first set out to determine the expression of TLRs and
associated adaptor genes during embryo development. Semi-quantitative RT-PCR
analysis, using the Superscript II one-step system (Invitrogen) with previously de-
scribed conditions and primers (18), showed that at least 15 zebrafish TLR genes are
expressed at 1 dpf, when the first functional macrophages and neutrophils enter
blood circulation (Fig.1). Most of these TLRs are also maternally present, since ex-
pression was already detected at the 4-cell stage, which is prior to the onset of zygotic
gene expression. Several TLRs display distinct differential expression patterns during
early stages of embryogenesis. For example, zZTLR1 expression peaks during blastula
and gastrula stages (dome to 80% epiboly) and is high during embryogenesis com-
pared to the adult stage. Expression of zZTLR3 peaks during gastrulation and segmen-
tation (80% epiboly to 5-somite stage), is reduced between 1 to 5 dpf, but returns to
higher levels in the adult stage. Diffuse zZTLR3 expression in the developing brain of
zebrafish embryos was previously reported (20). A peak in the expression of zTLRsa,
ZTLRsb, zZTLR7, zZTLR8a, zZT'LR8b and zTLR18 coincides with the appearance of em-
bryonic macrophages at 1 dpf. Expression of the zMyD88 adaptor gene is highest in
adults. In the embryo, maternal zMyD88 transcript levels are reduced during blastula
and gastrula stages and return to higher levels during segmentation and later stages
(Fig.1). The other MyD88-like adaptor genes zMAL, zTRIF and zSARM are also ma-
ternally present and expressed throughout embryogenesis (Fig.1).

To study innate immunity signalling function in the zebrafish embryo, we tar-
geted MyD88, which is known to function as a common adaptor protein in the down-
stream signalling pathways of all mammalian TLRs, except TLR3, and as an adaptor
of the interleukin-1/-18 receptors that are activated through TLR signalling (1, 7, 2). A
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FIGURE 1. RT-PCR analysis of zebrafish TLR and
adaptor genes at different developmental stag-
es. B-Actin (BACT) expression was determined

5 somite
24 hours

50% epiboly
80% epiboly
48 hours

5 days

for reference. 100 ng of total RNA was used
in the RT-PCR reactions, except for zTRIF and
BACT where 50 ng was used. 40 cycles of am-
plification were used in all cases. The timing of
development of the zebrafish immune system
is indicated with marked arrow heads: S, hae-

zTirea [ T T LB matopoietic stem cells can be distinguished
zriren [T ] i the ventro-lateral mesoderm; M, embryonic
2TLR 18 R e
zTLR20a [ e 1 L

ZTLR2 1 e injected bacteria; G, cells with typical granulo-

BUPP] s o W i e e e D | cyte morphology can be distinguished that are
CULE W -~ - == a_——— able to localize to sites of acute inflammation;

L, immature lymphoblasts can be detected

macrophages migrate over the yolk sac, enter
blood circulation and are able to phagocytose

and myelopoiesis is taken over by the anterior
kidney; A, adaptive immunity is matured after

4-6 weeks of development.

morpholino knockdown approach (19) was used to interfere with MyD88 function

by inhibition of its mRNA translation. An antisense morpholino (GeneTools) (5’-
TAGCAAAACCTCTGTTATCCAGCGA-3’) was designed, which targets the leader
sequence of the zMyD88 mRNA (DQ100359) at positions -30 to -7 with respect to

the ATG. A s5-basepair mismatch control morpholino was used with the sequence

5’-TAcCAtAACCTgTGTTATCgAGEGA-3’ (mismatches in lower case). For micro-
injection morpholinos were diluted to different concentrations in Danieu’s buffer (19)

and approximately 1 nl was injected into the blastomere of the 1-2 cell stage embryo.
To test the specificity of the MyD88 morpholino and its 5-mismatch control sequence,
each of these morpholinos was first coinjected with a zMyD88-EGFP fusion mRNA
including the 5’ leader sequence. Embryos coinjected with the 5-mismatch control

morpholino and zMyD88-GFP mRNA showed clear fluorescence at the 70-90% epi-
boly stage (Fig.2B,D). In contrast, embryos coinjected with the MyD88 morpholino

and zMyD88-GFP mRNA showed only autofluorescence of the yolk (Fig.2A,C), simi-
lar as in embryos injected with morpholinos only (Fig.2E,F). Therefore, the MyD88
morpholino effectively blocks translation of zMyD88-GFP mRNA. Coinjection of
each of the morpholinos with GFP mRNA (Fig.2G,H) or with a modified zMyD88-
GFP mRNA lacking the 5’ leader sequence (Fig.21,]), resulted in similar fluorescence

levels in embryo tissues, confirming that the MyD88 morpholino specifically targets
the zMyD88 leader sequence.
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FIGURE 2. Specificity of the MyD88 and 5-basepair mis-
match control morpholino. Embryos were injected with
2 ng of MyD88 morpholino (A,C,E,G,l) or with 2 ng of
5-basepair mismatch control morpholino (B,D,FH,J). (A,B)
Coinjection of MyD88 (A) or mismatch (B) morpholino
with 2 pg of zMyD88-GFP mRNA, which includes the 5’
leader sequence at which the morpholino is targeted.
(C,D) Overlay of the fluorescence images from A and B
with bright field images of the same embryos. Note the
absence of GFP signal in the embryonic tissues of the
embryo co-injected with the MyD88 morpholino (A,C)
and the presence of GFP signal in the embryonic tissues
of the embryo co-injected with the mismatch control
morpholino (B,D). The yolk shows autofuorescence inde-
pendent of injection of the GFP construct. (E,F) Control
embryos injected with MyD88 (E) or mismatch (F) mor-
pholinos only, showing similar yolk autofluorescence
as the embryo in A. (G,H) Coinjection of MyD88 (G) or
mismatch (H) morpholino with 2 pg of GFP mRNA. (I,J)
Coinjection of MyD88 (I) or mismatch (J) morpholino
with 2 pg of a modified zMyD88-GFP mRNA lacking
the morpholino target site. Note that fluorescence in
the embryonic tissues of the embryos shown in G-J is
unaffected by injection of the different morpholinos.
Fluorescence images were acquired with a Leica DC500
camera and MZ Fluo 3 stereomicroscope. Fluorescence
recordings were made with a fixed exposure time of 10.4
s and with the gain set at 1. Contrast was enhanced by

70% during image processing with Adobe Photoshop
6.0.

Embryos injected with 1.7 to 4 ng of MyD88 or control morpholinos showed no
apparent morphological differences with wild type embryos. To determine if myelo-
poiesis was affected in MyD88 morphants, we analysed the expression of myeloid cell
markers. From 1 dpf onwards all myeloid cells of zebrafish embryos express either
one of the two markers, L-plastin or mpx (11, 3, 17, 4). Expression of the macrophage
marker gene, L-plastin, was examined at 1 dpf, after the onset of blood circulation. To
this extent a digoxigenin-labeled antisense riboprobe was synthesized with T7 RNA
polymerase from an EcoRI-linearized I-plastin cDNA clone (AF157110) and whole-
mount in situ hybridization was carried out according to the protocol of Thisse et al.
(27). In MyD88 morphants, L-plastin-positive macrophages were dispersed over the
yolk sac and some had accumulated in the ventral venous plexus (Fig.3A). This pat-
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FIGURE 3. Development and properties of myeloid cells in MyD88 morphants. Embryos inject-
ed with 1.7 ng of MyD88 morpholino (A,C,E,G) or with 1.7 ng of 5-mismatch control morpholino
(B,D,FH) were analysed for I-plastin expression in macrophages (A,B) and for myeloperoxidase
activity in granulocytes (C-H). (A,B), 1 dpf embryos; (C,D), 2 dpf embryos; (E,F) tails of the embryos
shown in C and D; (G,H) tails of 2 dpf embryos analysed 6 hours after wounding of the tail fin.
Embryos were grown in 0.003% 1-phenyl-2-thiourea (Sigma) to prevent melanization. Composite
images were made of different focal planes.

tern was similar to that observed in mismatch control morphants (Fig.3B) and to the
reported L-plastin expression pattern of wild type zebrafish embryos (11).

A histochemical staining for myeloperoxidase (MPX) activity (17) was performed
to check for the presence of granulocytes in embryos at 2 dpf. Peroxidase-positive
cells in both the MyD88 and control morphants were abundantly present in the ven-
tral venous plexus and some were scattered over the yolk surface or had invaded the
head region (Fig.3C-F). The same distribution pattern of granulocytes was observed
in non-injected control embryos (data not shown) and has been previously reported,
based on both peroxidase staining and mpx gene expression (3, 17). Next, we took ad-
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FIGURE 4. Number of colony forming units (cfu) of S. typhimurium Ra isolated from infected wild
type (#), mismatch (4) and MyD88 (m) morphant embryos at different time points (dpi). Groups of
5 embryos were analysed at each time point and the mean log, cfu is presented in the graph. The
numbers are the average of four independent experiments. Statistical analyses were performed
with single factor ANOVA tests and indicated that the difference between total cfu in wild type
and morphant embryos was significant at p<0.05 (¥) at 2 dpi and p<o0.01 (**) at 6 dpi. The difference

between total cfu in mismatch and morphant embryos was also significant at p<o.o1 (**) at 6 dpi.

vantage of an acute inflammation assay devised by Lieschke et al. (17) to determine
if the granulocytes of MyD88 morphants were functional. After wounding of the
caudal fin with a sharp forceps, peroxidase-positive granulocytes of both MyD88 and
control morphants accumulated at the site of trauma within 6 hours, indicating their
functional involvement in acute inflammation (Fig.3G,H). In conclusion, based on
L-plastin and MPX marker analyses, MyD88 morphants showed no apparent myelo-
poietic defects.

To demonstrate a function for MyD88 in the innate immune response of the
zebrafish embryo, we made use of a Salmonella typhimurium infection model that
was previously established (31). In this infection model, a low dose of DsRed-labeled
bacteria is injected into the embryos bloodstream just after the onset of circula-
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tion at 1 dpf. While injection of the wild type S. typhimurium strain SL1027 resulted
in a rapid lethal infection, its isogenic lipopolysaccharide (LPS) derivative SF1592
(Ra-type LPS mutant) proved to be non-pathogenic (31). In the present study, wild-
type embryos, embryos injected with 1.7 ng of MyD88 morpholino, and embryos
injected with the control morpholino were challenged in an infection experiment
with S. typhimurium Ra mutant bacteria containing the DsRED plasmid pGMDs3
(31). Embryos were staged at 28 hpf (15) and individually infected by microinjection
of approximately 100 colony forming units (cfu) into the axial vein near the blood
island and the urogenital opening as previously described (31). As a control, a simi-
lar dose as used in the infection experiment was spotted onto LB agar plates for cfu
counting.

Embryos were monitored daily until 6 days after infection with S. typhimuri-
um Ra. No differences in survival rate were found between the infected wild-type
embryos and MyD88 morphants. However, when embryos were examined for the
presence of fluorescent bacteria, the MyD88 morphants showed more red spots,
representing bacteria, than the wild-type embryos (data not shown). Therefore, total
cfu counts were analysed from groups of five embryos that were sampled at 1 day
post infection (dpi), 2 and 6 dpi. The pooled embryos were disintegrated (31) and
the mixture was plated on LB agar plates. Four independent infection experiments
were performed. At 1 dpi the average number of total cfu was approximately 5-fold
higher in the MyD88 morphants as compared to wild type and mismatch control
embryos (Fig.4). At 2 dpi, the difference between MyD88 morphants and wild type
embryos was 10-fold and significant at p<o.os. Although it is not likely that mor-
pholino knockdown is completely penetrant after 3 days of embryo development
(19), a further increase of total cfu was still observed in MyD88 morphants at 6 dpi.
At this stage the difference with total cfu in wild type and mismatch control embryos
was significant at p<o.o1. Between different experiments MyD88 morphant embryos
harboured 100- to 1000- fold more bacteria than wild-type and mismatch control
embryos, which had either completely cleared the infection or contained only low
amounts of bacteria not higher than the inoculum size (Fig.4). Therefore we con-
clude that MyD88 morphants are not able to clear an infection with S. typhimurium
Ra effectively.

Although there was a clear increase in cfu counts, it is interesting that infection
with the normally non-pathogenic LPS Ra mutant of S. typhimurium was not lethal
for MyD88 morphant embryos, indicating that multiplication of S. typhimurium
Ra is not completely uncontrolled in MyD88 morphant embryos. Future analysis
of a stable MyD88 knockout line should clarify if this was due to incomplete loss of
MyD88 function in morphant embryos or due to MyD88-independent innate im-
munity mechanisms.

To investigate if the inability of MyD88 morphants to clear S. typhimurium Ra
bacteria could be due to a defect in phagocytosis, embryos were examined at 1 h post
infection with a Leica MZ 16 FA microscope. Ds-red labeled bacteria were observed
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FIGURE 5. Presence of S. typhimurium Ra bacteria inside macrophages of a MyD88 morphant em-
bryo. MyD88 morphant embryos were infected at 28 hpf by injection of DsRed-expressing S. typhi-
murium Ra bacteria into the axial vein and images of infected macrophages in the yolk sac circu-
lation valley were taken after 1 h using a Leica DC500 camera and MZ 16 FA microscope. (A) Bright-
field image showing a group of macrophages (m) and erythrocytes (e). (B) Fluorescence image of S.
typhimurium Ra in the same location as the macrophages. (C) Overlay image of A and B, indicating
the ability of macrophages of MyD88 morphants to phagocytose bacteria. Scale bar: 10 um.

inside macrophages of MyD88 morphants (Fig.5), similar as in wild type embryos or
in embryos injected with the mismatch control morpholino. Although we cannot yet
exclude differences in phagocytosis efficiency or phagosome maturation, our present
observations suggest that MyD88 morphants are primarily affected in activation of
the bacterial killing mechanisms.

In conclusion, we have shown that TLRs are broadly expressed during zebra-
fish embryo development and that MyD88 is required for a wild-type response
of zebrafish embryos to S. typhimurium Ra infection. These results indicate that
MyD88-dependent signalling functions and is important in the early innate im-
mune responses of embryonic zebrafish, independent from coupling to adaptive
signalling responses. Furthermore, we have shown that zebrafish embryos express
other MyD88-like adaptor molecules, such as Mal, TRIF and SARM, suggesting that
MyD88-independent signalling pathways also exist in zebrafish, similar as in other
vertebrates (14, 33, 8). The critical role of zebrafish MyD88 is consistent with many
infection studies in MyD88-/- adult mice, which showed increased susceptibility to
a variety of pathogens (26, 9, 23, 10, 22, 24). Therefore, the present study validates
the zebrafish embryo as a useful model for analysis of the vertebrate innate immune
system, which creates exciting possibilities for future studies in zebrafish embryo
infection models.
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Zebrafish embryonic transcriptome response to infection

Abstract

Due to the clear separation of innate immunity from adaptive responses, the ex-
ternally developing zebrafish embryo represents a useful in vivo model for identi-
fication of innate host determinants of the response to bacterial infection. Here we
performed a time-course transcriptome profiling study and gene ontology analysis
of the embryonic innate immune response to infection with two model Salmonella
strains that elicit either a lethal infection or an attenuated response. The transcrip-
tional response to infection with both the lethal strain and the avirulent LPS
O-antigen mutant strain showed clear conservation with host responses detected in
other vertebrate models and human cells, including induction of genes encoding cell
surface receptors, signalling intermediates, transcription factors and inflammatory
mediators. Furthermore, our study led to the identification of a large set of novel
immune response genes and infection markers, the future functional characteriza-
tion of which will support vertebrate genome annotation. From the time series and
bacterial strain comparisons, matrix metalloproteinase genes, including mmpg, were

among the most consistent infection-responsive genes. Purified Salmonella flagellin
also strongly induced mmpg expression. Using knockdown analysis we showed that
this gene was downstream of the zebrafish homologs of the flagellin receptor TLR5
and the adaptor MyD88. In addition, flagellin-mediated induction of other inflam-
mation markers, including il1b, il8 and cxcl-Cic, was reduced upon TLR5 knockdown
as well as expression of irak3, a putative negative TLR pathway regulator. Finally, we

showed that induction of il1b, mmpg and irak3 requires MyD88-dependent signalling,
while ifn1 and il8 were induced MyD88-independently during Salmonella infection.

Introduction

The innate immune system represents the evolutionary ancient part of vertebrate im-
munity and relies on germline encoded receptors, commonly referred to as pattern
recognition receptors (PRRs), to mediate immune responses to pathogenic micro-
organisms. Triggering of these receptors activates a variety of signal transduction
pathways ultimately resulting in large alterations of the host transcriptome profile, of
which the dynamic complexity and underlying mechanisms are still poorly under-
stood, especially at the whole organism level.

An essential class among the investigated PRRs are the Toll-like receptors.
Detection of microorganisms by TLRs is facilitated through specific interaction of
the members of this family with evolutionary conserved microbial molecules that
are not found in higher eukaryotes, e.g. lipopolisaccharide (LPS) from the outer
membrane of gram-negative bacteria (TLR4), flagellin from bacterial flagella (TLRs5)
or unmethylated CpG dinucleotides commonly found in bacterial DNA (TLRg)
(1-3). Stimulation of TLRs by their ligands leads to the recruitment of adaptor pro-
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teins to the receptors. Differential utilization of the adaptor molecules by the TLRs
causes specific activation of a range of transcription factors such as nuclear factor-xB
(NF-xB), activator protein 1 (AP-1) and interferon regulatory factor (IRF) 3, 5 and 7
through distinct signalling pathways eventually leading to the downstream activa-
tion of pro-inflammatory cytokines (4). To date five adaptor proteins involved in TLR
signalling have been described in human: myeloid differentiation factor-88 (MyD88),
MyD88 adaptor-like protein (Mal/TIRAP), Toll/IL1 receptor (TIR) domain- contain-
ing adaptor protein inducing IFNf (TRIF/TICAM1), TRIF-related adaptor molecule
(TRAM/TICAM?2) and sterile a- and armadillo motif-containing protein (SARM)
(4). Among all adaptors, MyD88 is the most commonly used adaptor and signalling
through MyD88 has been implicated for all human TLRs with the exception of TLR3
that was shown to signal in a TRIF-dependent and MyD88-independent fashion (4,
5). Furthermore, MyD88 is involved in signal transduction of the interleukin 1 recep-
tor (IL-1R) and is associated with interferon-y receptor signalling (IFN-yR) leading
to p38 activation (6, 7).

In recent years the zebrafish (Danio rerio) embryo system has emerged as a new
model to study vertebrate innate immunity, offering several advantages that comple-
ment mammalian model systems. The transparent character of the externally ferti-
lized zebrafish embryo in combination with fluorescently labelled immune cells and
bacteria facilitate the study of host microbe interaction and inflammation processes
in the living organism (8-14). The efficiency at which infections and chemical treat-
ments in zebrafish can be performed at a large-scale allows identification of novel
microbial virulence factors and high throughput compound screens to investigate
disease mechanisms (15, 16). Moreover, the zebrafish system is particularly suitable
for large-scale forward and reverse genetic screens aimed at the identification of
genes with novel functions in development of the immune system or in the immune
response (17-19).

Analysis of the immune system of the zebrafish revealed a fully developed adap-
tive and innate immune system showing notable similarities to the mammalian
equivalent (20-25). An active innate immune system is detectable already at day one
of zebrafish embryogenesis demonstrated by the appearance of macrophages origi-
nating from the lateral plate mesoderm (26). Phagocytic activity of these cells was
demonstrated upon bacterial encounter (8, 26, 27). By contrast, a functionally ma-
ture adaptive immune system is not active during the first three weeks of zebrafish
development (28-30). This clear temporal separation in zebrafish embryos provides
a convenient system for in vivo study of the vertebrate innate immune response to
infection independently from the adaptive immune response. To validate this model,
we previously demonstrated that zebrafish embryos express a broad range of TLRs
and adaptors. Furthermore, we demonstrated a conserved immune function for the
TLR adaptor Myd88 by showing elevated susceptibility of the zebrafish embryo to an
avirulent strain of Salmonella enterica serovar Typhimurium (hereafter referred to
as S. typhimurium) upon morpholino mediated knockdown (31). Zebrafish embryos
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also release conserved cytokines and chemokines, such as TNFa, IL-1f and IL-8, in
response to bacterial infections (32, 33). In addition, zebrafish embryos express a
virus-induced interferon system ancestral to that of other vertebrates (34). However,
knowledge of infection markers is still limited and the global transcriptional re-
sponse to an infection has not been previously investigated in zebrafish embryos.

In recent years many infection systems for zebrafish have been developed (35-37).
In this paper we used S. typhimurium as a case study for gram-negative infections.
An infection model for this well studied human pathogen in zebrafish embryos
has previously been established and it was demonstrated that an LPS-mutant that
shows an attenuated pathogenesis in mouse studies shows also attenuated infection
in zebrafish embryos (9). Here we report on a time resolved transcriptome profil-
ing study of the zebrafish embryonic host immune response to S. typhimurium wild
type and LPS-mutant infection. Gene ontology comparisons of expression signa-
tures in infections of zebrafish embryos and human and other vertebrate systems re-
vealed a substantial overlap, further underscoring the validity of the zebrafish model.
Furthermore, we identified a large set of novel immune response genes and infec-
tion markers, providing a strong basis for future research. Finally, we used infection
markers resulting from this study to investigate the functions of Tlrs and MyD88 by
knockdown analysis using morpholino antisense oligonucleotides.

Results

Global changes in gene expression upon Salmonella typhimurium
infection

To characterize the host response of zebrafish embryos to bacterial infection we
performed a time-resolved transcriptome analysis of zebrafish embryos infected
with either the Salmonella typhimurium wild type strain TL2 (wt) or an isogenic
LPS mutant (Ra) (9). Zebrafish embryos were systemically infected at the onset of
blood circulation (27 hpf) by microinjection of 250 cfu of DsRed-labelled bacteria
into the caudal vein or were mock injected with PBS. Injected embryos were sacri-
ficed after incubation periods of 2, 5, 8 and 24 h and microarray experiments were
performed using a custom designed 4x44k Agilent zebrafish platform. Datasets of
three independent experiments revealed a strong response of the embryo to systemic
infection with S. typhimurium compared to the mock injected control group (Fig. 1,
Supplementary table IT). The response to S. typhimurium wt was characterized by a
gradually increasing number of responsive genes over the time course of the experi-
ment, peaking at 24 hours post infection (hpi). A similar but attenuated response
was visible for the Ra infection over the first 8 h. Furthermore, in contrast to the
wt infection, a clear decline of responsive genes was observed at 24 hpi (Fig. 1). The
temporal expression profiles correspond well to the course of S. typhimurium wt and
Ra mutant infections in the zebrafish embryo as observed by fluorescence imaging.
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FIGURE 1. Temporal expression profiles of genes responsive to S. typhimurium wt and Ra infection.
Total numbers of UniGene clusters that were significantly (p<10+) up- or down-regulated (fold
change >1.5 or <-1.5) compared to the mock-injected control group at 2, 5, 8 and 24 hpi.

As shown in supplementary figure 1, the transient infection caused by the Ra mutant
was nearly eliminated at 24 hpi, while a strong accumulation of DsRed-labelled wt
bacteria was observed at 24 hpi resulting in lethality around 30 hpi.

To further analyse the response to the wt and Ra strain over the first 8 h of the
infection we performed two dimensional hierarchical cluster analysis. In the first
dimension, the S. typhimurium wt and Ra infection profiles clustered together ac-
cording to the experimental time points (Fig. 2A), indicating that zebrafish embryos
respond similarly to infections with both strains. In the second dimension, we could
distinguish three major clusters of genes showing different trends in expression over
the time course (Fig. 2A-C, Supplementary table V). Genes in cluster 1 exhibited a
successive down-regulation over the first 8 h of the infection whereas genes grouped
in cluster 2 were generally induced over time. This cluster was further partitioned
into four sub-clusters termed 2a-2d (Fig 2A and 2D-E). Genes in cluster 2a showed
induction over all time points. However, induction at 5 and 8 hpi was more pro-
nounced after S. typhimurium wt infection. In contrast genes in cluster 2b exhibited
a broad down-regulation at 2 hpi followed by a successive up-regulation peaking
at 8 hpi. In general down-regulation of genes in cluster 2b was stronger for the Ra
infection. A transient response was observed for genes in cluster 2c, showing an
induction peak at 5 hpi followed by a declined at 8 hpi. Genes in cluster 2d showed a
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FIGURE 2. Trend analysis of gene expression patterns. (A) Two dimensional hierarchical clustering
(average link, cosine correlation) performed on the UniGene clusters that were significantly up- or
down-regulated over the first 8h by wt and/or Ra infection. Induced genes are indicated by increas-
ingly brighter shades of yellow and down-regulated genes are indicated by increasingly brighter
shades of blue. The three main clusters are named 1 - 3, and the four sub-clusters of cluster 2 are
named 2a - 2d. (B-E) Trend graphs indicating the representative temporal expression profiles of the
identified clusters. Average gene expression ratios at each time point upon S. typhimurium wt and
Ra mutant infection are displayed for the three main clusters (B-C) and the four sub clusters (D-E).

significant down-regulation at 2 hpi, followed by relatively low induction at 5 and/or
8 hpi. Finally, genes in cluster 3 showed a strong induction at 2 hpi with a subsequent
decrease at 5 and 8 hpi.
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In conclusion, we observed a strong response to S. typhimurium infection in the
zebrafish embryo with largely similar temporal expression profiles upon wt or Ra
infection during the first 8 h after inoculation. Even though the Ra strain elicits only
a transient infection and the wt infection becomes lethal, no gene groups with clear-
ly anti-correlated behaviour were revealed by hierarchical cluster analysis. Instead,
differences in the host response to wt and Ra infection appeared to be limited to
differences in trend at a single time point and to quantitative differences in up- or
down-regulation.

Validation of microarray data by qRT-PCR and in situ hybridisation

To validate the microarray data quantitative real time PCR (qRT-PCR) was per-
formed on six genes that were significantly induced upon S. typhimurium infection
(Fig. 3). The expression levels for mmpg (matrix metalloproteinase 9, NM_213123),
ilib (interleukin 1, beta, NM_212844), LOC100002946 (similar to interleukin 8,
XM_o01342570) hereafter referred to as il8, tnfa (tumor necrosis factor a, NM_212859),
ifn1 (interferon 1, NM_207640) and irak3 (interleukin-1 receptor-associated kinase 3,
NM_oo01099421) were evaluated on the RNA samples of the 8 hpi time point previ-
ously used for the microarray study. The expression levels were normalized to ppial
(peptidylprolyl isomerase A like, NM_199957) (44), which showed no changes over
the infection time course. Expression levels are presented as the relative induction in
the infected group compared to the control group (Fig. 3A). In agreement with the
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FIGURE 4. Analysis of spatial expression patterns of S. typhimurium-induced genes. Expression pat-
terns of the indicated genes were analysed at 8 hpi by whole mount in-situ hybridization. Embryos

were injected at 27 hpf with S. typhimurium wt bacteria into the caudal vein (A,B,C,D), or injected

with S. typhimurium wt bacteria into the somite tissue of the tail above the urogenital opening

(1J,K/L), or mock-injected with PBS at the same location (E,F,G,H). All embryos are oriented anterior

to the left and dorsal to the top. cht, caudal hematopoietic tissue; cvs, cranial vascular system; i,
location of injection into somite tissue; ppd, posterior pronephric duct; ve, vessels of the eye.

microarray data, all genes tested in the qRT-PCR assay showed clear induction upon
S. typhimurium wt infection and showed a lower response (mmpo, il1b, il8 and irak3)
or no significant response (tnfa, ifn1) after infection with the Ra mutant (Fig. 3B).

In addition to the quantitative analysis by qRT-PCR we also tested several genes
by whole mount in situ hybridization to further validate the microarray data and
to add spatial information to the expression of infection-induced genes. Embryos
were challenged with S. typhimurium wt by injection into the caudal vein close to
the urogenital opening as in the microarray study. At 8 hpi the expression patterns
of chemokine cxcl-Cic (LOCy795785, AB331773.1), chemokine ccl-Csa (CH211-89F7.4,
AB331770.1), irak3 and socs3a (suppressor of cytokine signalling 3a, NM_199950.1)
were analysed (Fig. 4A-D). The selected genes were chosen on the criteria of a p-
value smaller than 10-5 and an induction greater than 3 fold at 5- and 8 hpi. The ccl-
Csa gene showed a specific expression pattern restricted to a narrow streak along the
ventral side of the trunk, most likely representing the posterior region of the prone-
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phric duct (Fig. 4A). Expression of cxcl-Cic (Fig. 4B) was predominantly visible in
single cells located in the vascular system of the embryonic eyes. A second area of
elevated expression was observed around the caudal vein, also defined to single cells.
Like cxcl-Cic, also the zebrafish homolog of irak3 (Fig. 4C) showed an expression
pattern restricted to the cranial vascular system of the embryo. However, a small
number of embryos displayed a diverse pattern with a strong expression restricted to
an area in the tail that corresponds with the site of the bacterial injection. To further
investigate this observation we repeated the assay with a revised infection strategy.
Bacteria were now locally injected into the somite tissue of the tail at 27 hpf leading
to a confined accumulation of the bacteria at that site. Analysis of the expression
pattern at 8 hpi confirmed the observed expression of irak3 (Fig. 4K) in the tissue
closely surrounding the infection site. Similarly, socs3 also showed locally increased
expression upon injection of bacteria into somite tissue (Fig. 4L). Local infection
increased ccl-Csa (Fig. 41) in the pronephric duct similar as observed upon blood
infection (Fig. 4A), however, ccl-Csa expression did not accumulate around the in-
fection site. In contrast, cxcl-Cic (Fig. 4]) did exhibit localized expression around
the infection site, apparently restricted to single cells. To exclude the possibility that
the observed expression patterns were provoked by local damage of the tissue that
occurs upon bacterial injection we also investigated the expression of all four genes
in mock (PBS) injected embryos (Fig. 4E-H). No signal was detected in the controls
(n=5 per gene) validating the specific host response towards the bacterial infection.
Furthermore, the in situ hybridization results show that transcriptome profiling at
the whole embryo level is highly suited to identify gene expression changes that are
restricted to specific tissues or cell types.

Statistical testing for enrichment of gene ontology groups

To perform an unbiased functional annotation of the genes identified by microar-
ray analysis we used eGOn, a web-based gene ontology (GO) tool (40). The eGOn
software classifies user input gene lists by GO criteria for Biological Process (BP),
Molecular Function (MF) and Cellular Component (CC), it produces hierarchical
trees of GO-terms in these three categories, and it allows statistical testing for enrich-
ment or under representation of specific GO-terms in the input lists.

First we used the eGOn software to perform master-target statistical tests on the
clusters of genes described above (Fig. 2), comparing the UniGene identifiers of each
cluster (targets) versus all UniGene identifiers present on the chip (master). Master-
target testing of the three main clusters (clusters 1-3 in Fig. 2) showed that the GO-
terms “immune system process” and “response to stimulus’, at level 2 in the hierar-
chical tree for BP, were significantly enriched in cluster 2 that contained the majority
of the up-regulated genes. Next we analysed the responses to the wt and Ra strains
separately and at each individual time point of the infection. In agreement with the
result obtained for cluster 2, master-target tests on the up-regulated UniGene sets
showed that the BP GO-terms “immune system process” and “response to stimulus”
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Table I. Master-target test of GO analysis of up-regulated genes for Biological Process*

GO-term Name S. typhimurium Ra mutant target lists S. typhimurium wild type target lists
master 2h 5h 8h 24h 2h 5h 8h 24h
zebrafish UniGene identifiers
G0:0008150  biological_process 6170 39 28 158 56 41 61 249 831
G0:0022610  biological adhesion 74 0 0 0 0 1 0 1 9
GO:0065007  biological regulation 177 1 9 23 15 13 13 50 179
G0:0009987  cellular process 3177 22 16 74 29 25 32 128 437
G0:0032502  developmental process 653 4 4 8 5 5 4 21 94
G0:0051234  establishment of 1138 3 3 29 6 5 7 47 160
localization
G0:0040007  growth 50 1 0 1 2 1 2 3 13
G0:0002376  immune system process 72 5 4 4 8 5 7 9 19
G0:0051179  localization 1195 3 3 29 6 6 7 47 167
G0:0040011  locomotion 6 0 0 0 0 0 0 0 1
G0:0051235  maintenance of 2 0 0 0 0 0 0 0 0
localization
GO0:0008152  metabolic process 2493 19 12 63 24 18 25 100 351
GO:0051704  multi-organism process 1 0 0 0 0 0 0 0 0
G0:0032501  multicellular organismal 633 3 7 9 6 4 6 18 68
process
G0:0043473  pigmentation 13 0 0 0 0 0 0 0 0
G0:0000003  reproduction 24 0 0 0 1 0 1 0 7
G0:0022414  reproductive process 7 0 0 0 1 0 0 0 1
G0:0050896  response to stimulus 213 5 5 8 13 5 1 17 44
G0:0048511  rhythmic process 8 0 0 0 0 0 0 0 1
UniGene identifiers of human homologs
G0:0008150  biological_process 5974 52 38 243 54 49 79 354 1319
G0:0022610  biological adhesion 282 2 0 1 2 3 3 19 60
GO0:0065007  biological regulation 2079 22 13 110 25 27 30 154 512
G0:0001906  cell killing 4 0 0 0 0 0 0 1 1
G0:0009987  cellular process 5156 43 28 217 45 42 64 306 1140
G0:0032502  developmental process 1402 16 8 1 15 22 18 81 322
G0:0051234  establishment of
localization 1132 7 10 45 14 7 19 73 259
GO:0040007  growth 118 2 1 6 4 5 4 14 35
G0:0002376  immune system process 230 9 1 18 12 12 19 31 73
G0:0051179  localization 1290 8 10 51 14 8 20 80 287
GO0:0040011  locomotion 31 0 0 0 0 0 0 1 8
maintenance of
G0:0051235  localization 17 1 1 1 1 2 1 2 3
GO0:0008152  metabolic process 3899 29 22 177 34 31 48 244 877
GO:0051704  multi-organism process 35 0 0 ] 0 0 1 2 10
multicellular organismal
G0:0032501  process 1372 17 11 44 16 18 20 72 289
GO0:0043473  pigmentation 12 0 0 0 0 0 0 0 2
G0:0000003  reproduction 178 3 1 3 0 0 3 9 39
G0:0022414  reproductive process 88 1 1 2 0 0 2 4 20
GO:0050896  response to stimulus 817 15 12 M 18 17 23 67 225
G0:0048511  rhythmic process 34 0 0 1 0 0 1 1 8
G0:0016032 viral reproduction 21 0 1 0 0 0 0 0 3

*A master-target statistical test using eGOn software was performed with input gene lists of ze-
brafish UniGene identifiers or the UniGene identifiers of their human homologs. The master input
lists contained all UniGene identifiers present on the microarray (19122 zebrafish UniGenes, for
10620 of which the human homologs could be identified). The target lists contained the UniGene
identifiers that were > 1.5-fold up-regulated (p < 0.0001) at different time points of S. typhimurium
wild type or Ra mutant infection. The table indicates the number of genes in each list that are as-
sociated with the indicated GO-terms. Highlighted numbers are significantly enriched in the target
list compared to the master (p < 0.01). It should be noted that genes can be associated with more
than one GO-term. For example, enrichment of the GO-terms “development” and “growth” in the
target list of S. typhimurium wild type 2h infection is due to the presence of genes such as socs7and
3, ¢7, il10, mmpo, fos, pim2 and nfkb2, which also fall under the GO-terms “immune response” and/

or“response to stimulus”.
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were significantly enriched at multiple time points of both the wt and Ra infections
(Table I). In the MF tree, the level 2 GO-term “enzyme regulator activity” was en-
riched (Supplementary table VI), and in the CC tree there was enrichment of GO-
terms associated with extracellular compartments (Supplementary table VII).

Although master-target testing of the up-regulated UniGenes identified several
enriched GO-terms with obvious relevance to an infection study, we noted that the
number of UniGene identifiers associated with each of these GO-terms was relatively
low. We considered that this might be due to poor annotation of the zebrafish ge-
nome and that we might strengthen the results by performing a GO analysis of the
human homologs of the zebrafish genes, thereby taking advantage of the much better
annotated human genome. To this extent we developed a software tool with which
the human homologs of the zebrafish UniGene list could be automatically retrieved
from the NCBI HomoloGene database. Using this approach we could identify the
human homologs of 56 % of the zebrafish UniGene clusters present on the chip. As
we had anticipated the total number of associated GO-terms was 1.6 fold higher.
Furthermore, the relevant GO-terms “immune system process” and “response to
stimulus” were associated with 230 and 817 of all human homologs compared to
only 72 and 213 of all zebrafish UniGenes. Repeating the master-target tests at the
level of the human homologs showed that a larger number of genes was now associ-
ated with each of the enriched GO-terms in the up-regulated signature sets of the
infection time course. For example, in the S. typhimurium wt infection signature of
24 hpi there were 73 human homologs with the GO-term “immune system process”
compared to 19 zebrafish UniGenes, and 225 human homologs with the GO-term

“response to stimulus” compared to 44 zebrafish UniGenes (Table I). Additionally,
the GO-terms “biological regulation” (BP) and “transporter activity” (MF) were sig-
nificantly enriched at multiple time points in the analysis of the human homologs,
while not in the analysis of the zebrafish UniGenes.

For a more detailed GO analysis of the up- and down-regulated gene groups at the
different time points of the infection study, we used the DAVID tools for Functional
Classification and Functional Annotation Clustering (41). The results of DAVID
analyses are described in the supplementary material 1. In summary, DAVID analy-
ses of the infections with both strains demonstrated rapid induction over the first 8h
of the time course of an increasing number of gene groups encoding transcription
factors, signalling molecules, complement and acute phase response proteins, pro-
teinases and proteinase inhibitors, and solute carriers. At 24 hpi, the near-lethal wild
type infection led to the additional induction of apoptotic and anti-apoptotic genes
as well as negative regulators of cell cycle and proliferation, whereas gene groups in-
volved in primary metabolic processes and DNA replication were down-regulated.

Comparison with expression data from infection studies using human

cell lines
To compare the S. typhimurium-induced gene profiles of zebrafish with gene profiles
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FIGURE 5. Identification of novel infection-responsive genes. All UniGene clusters regulated upon
S. typhimurium wt (A) and Ra (B) challenge (infected versus control, p<o.0001 and fold changes
>1.5 and <-1.5) were grouped into four categories. Category 1: immune specific by means of GO-
annotation and overlap with the common host response genes in supplementary table lll; Category
2: described immune function but missed out on category 1; Category 3: functionally annotated
but not associated to an immune function; Category 4: no functional annotation. The numbers of
UniGene clusters in each category are indicated in the pie-diagrams.

of infected human cell lines, we took advantage of a study by Jenner and Young
(42) who systematically compared transcription profiling data from 32 studies that
involved 77 different host-pathogen interactions. By cluster analysis of these data
the authors identified an expression signature of 511 genes, which they designated
‘the common host response’ as most of these genes were induced in many differ-
ent human cell types upon exposure to several different pathogens. We sought to
identify the zebrafish homologs of the genes in this common host response cluster
using the ZFIN and NCBI Gene and Homologene databases, and found that 322 out
of the 511 genes were represented on our zebrafish microarray. Of these 39% were
up-regulated (> 1.5-fold, p < 0.0001) at one or more time points of S. typhimurium
wild type and/or Ra infection (Supplementary table III). The overlap included genes
encoding matrix metalloproteinases (e.g. mmpg, mmpi3), adhesion molecules (e.g.
itgas, Igalsg), co-stimulatory molecules (e.g. CD83), antigen processing molecules
(e.g. tap2, psmb family members), prostaglandin biosynthetic enzymes (e.g. ptgs2),
signalling intermediates (e.g tradd, myd88, traf6, dusp family members), apoptotic
and anti-apoptotic molecules (e.g. casp family members, mcli, bircz, cflar), transcrip-
tion factors (e.g. members of the NF«B, Jun, Fos, ATF, IRF and STAT families, BCL6,
Cebpg, xbp1), interferons and interferon-stimulated genes (e.g. isg15(gip2), mx1/2
homologs) and various chemotactic, proinflammatory and other cytokines (e.g. ho-
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mologs of IL1f, IL8, ILi0o, TNF, TNFSFio, ccl and cxcl chemokines). In conclusion,
many important immune markers respond in a similar way in human cell cultures
and in the early embryonic zebrafish system, thus allowing further functional in vivo
studies of these genes.

Identification of novel putative immune response genes

As the next step we sought to determine which proportion of the genes regulated
by S. typhimurium infection had not been previously linked to a function in the im-
mune response. To this extent we grouped all genes that were differentially expressed
over the first 8 h of the infection time course (i.e. all genes included in the cluster
analysis of Fig. 2) into four distinct categories (Fig. 5, Supplementary table VIII). The
first category contained all genes that were identified as immune specific by means of
GO annotation and by overlap with the common host response gene set as described
above (wt 169 genes, Ra 119 genes). In the second category we gathered those genes
that have a described immune function in vertebrates but were missed in category 1,
e.g. cebpb and socs3a (wt 34 genes, Ra 28 genes). The third category consists of genes
that were functionally annotated in zebrafish but were not yet linked to immune
defence processes (wt 223 genes, Ra 152 genes). The remaining genes, grouped in
category 4, still lack any functional annotation (wt 1079 genes and Ra 763 genes).
The distribution of genes over the four categories (Fig. 5) shows that a substantial
proportion (50%) of all annotated genes that we identified upon S. typhimurium
wt or Ra infection were correlated to an immune function (categories 1 and 2). Still,
considering all genes that were regulated over the first 8 h upon infection, the major-
ity of genes (approximately 70%) have not yet been functionally characterized in the
context of immunological processes and therefore represent novel putative immune
response genes.

GenMapp-based Toll-like receptor pathway analysis reveals specific
regulation of zebrafish TLR5 and downstream signalling components

To further examine the immune response profiles of S. typhimurium wt and Ra infec-
tion at the level of a single signal transduction pathway we performed a map based

FIGURE 6. GenMapp analysis of gene expression responses in the TLR pathway upon S. typhimu-
rium wt infection. Expression profiles of the 2, 5, 8 and 24 hpi time points (infected versus control,
p<o0.0001and fold changes >1.5 and <-1.5) were simultaneously mapped on the TLR pathway. Gene
boxes are colour coded from left to right with the 2, 5, 8 and 24 hpi expression data. Up-regulation
is indicated in yellow, down-regulation in blue and unchanged expression in grey. White denotes
genes that were not represented on the array platform. The pathway is based on knowledge of
TLR signalling in mammalian species and it should be noted that most interactions remain to be
experimentally confirmed in zebrafish. GenMapp analysis of infection with the Ra mutant strain is

shown in supplementary Fig. 2.
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FIGURE 7. Response to S. typhimurium flagellin challenge in Tlrsa/b knock down embryos. Embryos
were injected at the single cell stage with t/r5a/b or control morpholinos (mo) or were untreated
(wt). The three groups were challenged at 27 hpf by flagellin injection or injection of toxin-free
water as a control. Gene expression levels of mmpg (A), cxcl-Cic (B), iraks (C), il8 (D), il1b (E) at 1 hpi
were determined by gqRT-PCR and are shown as the fold induction of flagellin stimulation versus
the water control. Values are the mean + S.D. of three independent experiments. The untreated
and control mo groups did not behave significantly different. Differences between the tlrsa/b mo
and control mo groups were significant by two way ANOVA analysis (p<0.01).

pathway analysis using the GenMapp software package (Gene Map Annotator and
Pathway Profiler, http://www.genmapp.org) (43). GenMapp provides a platform to
visualize gene expression datasets on customised maps of a desired signalling cascade
and thereby allows the interpretation of gene expression changes in the context of a
biological pathway. We used GenMapp for the analysis of the Toll-like receptor path-
way, one of the most important pathways of the innate immune system (Fig. 6 and
Supplementary figure 2). Zebrafish homologs of the TLR pathway components used
to create the GenMapp were identified by searching the database of ZFIN (http://
www.zfin.org) or the Gene and HomoloGene databases at the National Center for
Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov ) (Supplementary
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FIGURE 8. Response to S. typhimurium wt challenge in MyD88 knock down embryos. Embryos
were injected at the single cell stage with MyD88 or control morpholinos (con. mo) or were un-
treated (wt). The three groups were infected at 27 hpf with S. typhimurium wt bacteria or mock-
injected with PBS as a control. Gene expression levels of mmpg (A), il1b (B), irak3 (C), cxcl-Cic (D)
il8 (E) and ifn1 (F) at 8 hpi were determined by gRT-PCR and are shown as the fold induction of S.
typhimurium infection versus the PBS control for all three experiments. The ratios of the untreated
and the control groups over the MyD88 morpholino group are indicated above the individual bars.
The untreated and control mo groups did not behave significantly different with the exception of
cxcl-Cic. Differences between the MyD88 mo and control mo groups were significant by unpaired
student t-test (p<o0.01) for mmpo, il1b, and irak3.

table IV). The responses upon S. typhimurium wt (Fig. 6) and Ra (Supplementary
figure 2) infection showed a similar trend between 2 to 8 hpi with a strong initial
response at 2 hpi (14 genes wt, 11 genes Ra), a decrease at 5 hpi (6 genes wt, 2 genes
Ra) followed by a new increase at 8 hpi (14 genes wt, 8 genes Ra). At 24 hpi the wt
infection peaked with 38 regulated genes whereas the Ra infection showed a decline
(4 genes), similar to what was observed for the global changes in gene expression
described above (Fig. 1). GenMapp analysis of the TLR pathway revealed a con-
served pattern between wt and Ra mediated infection. Both bacterial strains like-
wise induced the expression levels of genes encoding members of the NF-«B protein
complex (rel, rela, relb, and nfkbz2) that plays a key role in the transcriptional activa-

57



Chapter 3

tion of pro-inflammatory cytokines (46). At the same time also nfkbiaa and nfkbiab
genes that encode the zebrafish homologs of the NF-«B transcription factor inhibitor
NFKBIA are induced. Other transcription factor genes responsive to both strains
include the fos, jun, atf3, atf4 and atfs genes encoding components of the AP1 tran-
scription factor complex. Genes that have been implicated in the negative regulation
of the TLR-pathway in higher vertebrates like socs1, socs3a and socs3b, irak3, traft and
pik3cg (phosphatidylinositol 3-kinase gamma) showed a clear activation from the
earliest time point on. Finally, among the members of the Toll-like receptors that we
previously identified in zebrafish (23), only tlrsa and tlrsb (the counterparts of the
human tlrs gene) show a broad up-regulation over the course of the infection.

TLRsa/b is required for the activation of distinct host defence genes upon
flagellin stimulation

Zebrafish tlrsa and tlrsb are two highly homologous genes located in tandem on
chromosome 20 (Zvy_scaffold2018.4). To elucidate their role in the embryonic im-
mune response we performed knockdown experiments simultaneously using two
morpholinos that specifically target the t/rsa and tlrsb mRNAs. Preliminary results
indicated that Tlrsa/b was not required for the induction of inflammation markers
such as il1b, il8 and mmpg upon S. typhimurium infection, which is not surprising
since many other TLRs are involved in sensing of gram-negative bacteria.

To further investigate Tlrsa/b function, we next addressed the question if the pre-
sumed ligand flagellin is able to elicit an immune response in the zebrafish embryo.
Embryos were challenged by injection of 4nl (10opg/ml) purified S. typhimurium
flagellin (Invivogen) or solvent (toxin-free water) into the caudal vein at 27 hpf and
the effect on expression of infection marker genes was investigated by qRT-PCR.
Expression levels of tlrsa, tlrsb, ifn1, iraks, ilib, il8, cxcl-Cic and mmpg were used
as readout for qRT-PCR analyses. In wild type embryos the expression of il1b, il8,
cxcl-Cic, mmpg and irak3 was induced within 1 h of flagellin stimulation, while the
expression of tlrsa, tlrsb and ifn1 was not induced over a time course of 5 h (Fig.7
and Supplementary figure 3). Results of three independent experiments showed that
knockdown of Tlrsa/b led to an almost complete block of gene regulation of mmpo,
cxc-Cic and irak3 upon flagellin stimulation (Fig. 7A-C). Furthermore il8 and il1b
showed a reduced response to the flagellin challenge after tlrsa/b knockdown (Fig.
7D-E). These data demonstrate that flagellin is a bona fide ligand of the zebrafish
Tlrsa/b receptor and that Tlrsa/b plays a pivotal role in the activation of specific host
defence genes upon stimulation.

Myd88 knockdown reveals Myd88-dependent and -independent gene
activation upon bacterial infection

Signal transduction upon TLR stimulation is dependent on a group of five TIR do-
main containing adaptor molecules. Among these MyD88 is the most commonly
used adaptor participating in signal transduction processes with all TLRs except
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TLR3 in mammals (4). To further investigate the role of the TLR pathway during
bacterial infection we performed myd88 knockdown studies followed by S. typhimu-
rium wt challenge and analyzed expression of the same infection marker set as used
in the tlrs knockdown analysis. Due to the stochastic nature of bacterial infections,
the absolute levels of gene induction that were observed upon S. typhimurium chal-
lenge varied considerably between different experiments. However, in three inde-
pendent experiments, the induction levels of mmpg, il1b and irak3 expression were
significantly reduced in the myd88 morphants compared to non treated embryos
and embryos injected with the control morpholino (Fig. 8A-C). Induction of cxcl-
Cic was reduced in both mismatch control and myd88 morphants, suggesting a cur-
rently unexplainable aspecific morpholino effect on the expression of this gene under
infection conditions (Fig. 6F). Notably no changes were observed for ifn1 and il8
expression, indicating a MyD88-independent activation of these genes (Fig. 6D-E).
Therefore, we conclude that the innate immune response of zebrafish embryos to S.
typhimurium infection involves both MyD88-dependent and MyD88-independent
signalling pathways.

Discussion

Here we report the first time-resolved characterization of the immune response of a
vertebrate embryo to a systemic bacterial infection at the transcriptome level. Aiming
specifically at the analysis of innate host determinants, we took advantage of the clear
temporal separation of the innate from the adaptive immune system in the externally
developing zebrafish embryos (22, 28-30). In addition to the identification of a large
set of genes that had not been previously linked to the immune response, we found
a substantial overlap between the embryonic host response and immune responses
measured in human and other vertebrate systems, indicating that the embryo model
has a good predictive value for the vertebrate immunity. Furthermore, we present
here the first demonstration of a conserved Toll-like receptor ligand specificity and
the presence of MyD88-dependent and -independent signalling pathways in the ze-
brafish embryo.

The bacterial infection model used in this study is a previously described
Salmonella typhimurium system where a wild type (wt) and an attenuated LPS
O-antigen mutant strain (Ra) are utilized (9). Our transcriptome analysis of S. ty-
phimurium wt and Ra mutant challenge demonstrated that both strains elicit a dis-
tinct temporal expression profile, correlated to the symptoms of disease progression.
Comparison of the host response over the first 8 hours revealed similar expression
trends for both strains in spite of the fact that the wt strain elicits a fatal infection,
and the Ra mutant infection is cleared within a day. The main difference between
the strains was observed at 24 hpi, when the transcriptome response to the wt strain
further increased and the response to the attenuated Ra mutant strain was on its
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return. The pathological differences are most likely due to a higher susceptibility
of the Ra mutant to the embryonic immune response. As previously suggested, the
complement system might be responsible for extracellular lysis of S. typhimurium
LPS mutants observed in infected zebrafish embryos (9). In agreement, S. typhimu-
rium O-antigen mutants showed higher susceptibility to complement lysis in in vitro
studies (47, 48). The rapid induction of complement components like ¢3b, ¢3¢, c6 and
cfb (Supplementary table II) upon S. typhimurium challenge that we observed in
our microarray study further supports the role of the complement system. Although
there was a large overlap in the expression signatures of S. typhimurium wt and Ra in-
fection during the first 8h of the infection, the majority of the affected genes showed
quantitative differences in expression levels, the functional implications of which
are not yet understood. The transcriptome study reported here provides a useful
reference for future studies aimed to advance the understanding of host-pathogen
interactions.

Unbiased analysis of the infection datasets by two complementary annotation
tools, eGOn and DAVID, clearly demonstrated an immune specific host response of
the zebrafish embryo to the S. typhimurium wt and Ra infections. Master-target test-
ing performed by eGOn revealed the GO-terms “immune system process” and “re-
sponse to stimulus” as significantly enriched in the infection-upregulated signature
sets over the microarray background. However, fairly low numbers of genes were
associated with these GO-terms, which could be attributed to the still poor annota-
tion of the zebrafish genome. We found that use of the NCBI HomoloGene database
to convert the zebrafish UniGene identifiers to their predicted human homologs was
a powerful tool to overcome this problem. Through their human homologs, over
3-fold more zebrafish genes could be associated with the immune-specific GO-terms.
In addition, gene groups with a clear correlation to immune processes (i.e. “com-
plement pathway” and “acute phase response”) were identified by DAVID analysis
taking advantage of the human homolog conversion dataset. It remains to be experi-
mentally confirmed if there is functional conservation between these unannotated
zebrafish genes and their predicted human homologs, however their up-regulation
in response to S. typhimurium infection supports that they play a role in the host
immune response.

The relevance of the zebrafish embryo model to study vertebrate immunity was
further investigated by comparison of our transcriptome data to a meta analysis of
microarray data of various human cell lines challenged by different pathogens (42).
We found a substantial overlap between the zebrafish host response to S. typhimu-
rium and a set of genes that was commonly induced in all cell lines upon pathogen
challenge referred to as “the common host response”. The overlap included genes for
well known immune responsive transcription factors, cell surface receptors, signal
transduction intermediates, adhesion factors and proteins involved in tissue remod-
elling. Even though adaptive immunity is not yet developed in the zebrafish em-
bryo, we also observed induction of genes encoding predicted zebrafish homologs of
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molecules involved in antigen processing and co-stimulation. Furthermore, various
interferon, chemokine, proinflammatory cytokine and anti-inflammatory cytokine
genes were shared between the gene sets of the zebrafish embryonic host response
and the human common host response. Taken together, these observations further
underscore the predictive value of the zebrafish embryo model.

Toll-like receptors are key players in the recognition of pathogens during host
defence. We previously analysed the zebrafish genome for genes encoding members
of TLR signalling pathway leading to the identification of the zebrafish counterparts
of the human TLRs and adapter proteins (23). GenMapp based analysis of the TLR
pathway in this study demonstrated that various TLR signalling intermediates at dif-
ferent levels in the pathway are induced upon S. typhimurium wt and Ra infection
in vivo. Genes implicated in the negative regulation of the pathway, e.g. socs1, socs3
and pik3cg, were among the earliest regulated genes (49-51). In addition, we observed
induction of genes encoding NF-«kB inhibitors and the irak3 gene, whose human
homolog functions as a negative regulator of the TLR pathway (52). These observa-
tions suggest a tight regulation of the TLR pathway most likely to limit the potential
negative consequences of excessive cytokine production. Furthermore the zebrafish
homologs of the human TLRs, Tlrsa and Tlrsb, were specifically up-regulated upon
S. typhimurium wt and Ra challenge. It has previously been demonstrated that the
mammalian TLRs5 is mediating the immune response to bacterial flagellin (53) spe-
cifically recognizing conserved domains of monomeric flagellin crucial for bacterial
motility and protofilament assembly (54). Our results showed that challenge of the
zebrafish embryo with purified S. typhimurium flagellin elicited a strong activation
of zebrafish homologs of the pro-inflammatory cytokines il1b, il8 and tnfa. Flagellin
challenge also induced expression of the chemokine gene cxcl-Cic, the matrix metal-
loproteinase gene mmpg, and the putative negative regulator irak3 discussed above.
Functional assessment of t/rsa and tlrsb by morpholino-mediated knockdown fol-
lowed by flagellin stimulation clearly demonstrated tlrs-dependent gene activation
of mmpy, cxcl-Cic and irak3 in the zebrafish embryo. Therefore, Tlrs pathway activa-
tion appears to induce the expression of inflammatory mediators as well as feedback
control of the innate immune response.

Although we found that flagellin induction of immune response genes was me-
diated by Tlrs, the tlrsa and tlrsb genes themselves were not induced upon flagel-
lin stimulation. Furthermore, induction of tirsa and tlrsb was still observed upon
challenge with a non-flagellated derivative of the S. typhimurium wt strain (data not
shown), demonstrating a flagellin-independent transcriptional activation of tlrsa
and tlrsb during infection in the zebrafish embryo. Furthermore, preliminary re-
sults of knockdown experiments suggest that Tlr5 expression is not required for the
induction of inflammatory mediators during S. typhimurium infection. This is con-
sistent with observations in mice showing that TLR4 is able to compensate for the
function of TLR5 upon Salmonella infection (55).

MyD88 functions as adaptor protein of TLR5 in mammalian systems and is also
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an important adaptor of other TLRs, including TLR4. In previous work we demon-
strated the significance of MyD88 in the zebrafish embryo host defence by show-
ing that accumulation of S. typhimurium Ra bacteria was increased upon MyD88
morpholino knockdown (31). Here, we extended this work and assessed transcrip-
tional effects of MyD88 on downstream target genes of innate immunity signalling.
Our results demonstrated a clear dependency of mmpy, il1b and irak3 on MyD88 for
transcriptional activation upon S. typhimurium wt challenge. In contrast, ifn1 and
il8 did not show changes in their induction upon bacterial challenge, demonstrat-
ing MyD88-independent activation of these genes. Differential use of the MyD88
adaptor in the TLR-pathway is well documented in mammalian systems with IL1b
as the primary example of a MyD88-dependent target gene and IFN as a target of
both MyD88-dependent and independent routes (3, 4, 56). Our observations sug-
gest a conserved mechanism in the zebrafish embryo. Furthermore, we have identi-
fied mmpg and irak3 as novel MyD88-dependent immune response genes. MyD88-
dependent as well as MyD88-independent induction of il8 has been observed in
mammalian systems (57, 58). However, regarding the MyD88-independent il8 induc-
tion that we observed in zebrafish embryos it should be noted that the orthology of
this gene with mammalian il8 is ambiguous and that zebrafish express other closely
related putative il8 homologs.

In this study we found that the matrix metalloproteinase genes mmpg and mmpi3
were among the strongest infection responsive genes, with induction levels around
10 to 20-fold at 8 hpi for the S. typhimurium Ra and wt strains and over 100-fold at
24 hpi for the S. typhimurium wt strain. Proteins of the mammalian MMP family
degrade extracellular matrices thereby facilitating cell migration. Additionally, they
are thought to affect the activity of inflammatory molecules (59). S. typhimurium and
other bacterial species have been reported to secrete proteases that activate inactive
proenzyme forms of MMPs, which may promote bacterial spreading through the
host tissues (60). Here we have shown that mmpg expression is a target of the TLR5
pathway that is induced by Salmonella flagellin. Therefore, it appears that Salmonella-
derived molecules can stimulate MMP activity both at the transcriptional and the
post-translational level. We have observed that induction of mmp genes is a com-
mon characteristic also of other types of bacterial infections in zebrafish, includ-
ing Edwardsiella, Pseudomonas and Mycobacterium infections (unpublished results).
Likewise, these genes are induced during pulmonary Mycobacterium infection in
mice (61). Another metalloproteinase gene that we found induced upon S. typhimu-
rium infection is adam8 (a disintegrin and metalloproteinase domain 8), which be-
longs to a family of membrane-anchored glycoproteins that have been implicated
in a variety of biological processes involving cell-cell and cell-matrix interactions.
Recently, up-regulation of ADAMS surface expression in human neutrophils was
correlated with joint inflammation (62) and increased ADAM8 mRNA expression
was also associated with allergic inflammation (63). The transparency of zebrafish
embryos offers good possibilities to further investigate how gene expression of met-
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alloproteinases such as the MMPs and ADAMS contribute to tissue remodelling, in-
flammation and bacterial dissemination.

Providing a case study for future immunity research in the zebrafish embryo
model, our transcriptome analysis of the host response to S. typhimurium has linked
a large set of zebrafish genes to the process of bacterial infection. Among these are a
number of chemokine genes that have previously been annotated in the zebrafish ge-
nome, but that have not been functionally studied (64). Infection responsive chem-
okine genes that were more than 3-fold induced over multiple time points of our
in vivo infection study include cxcl-Cic, cxcl-Csc, ccl-Csa, ccl-C24a, and similar to
ccl-CUb (Dr.125570). Another example of a putative immune response gene that we
found to be strongly induced by S. typhimurium infection is the zgc:65788 gene that
encodes a homolog of the mammalian acidic chitinase family (5-10 fold at 8 hpi by
the wt and Ra strains, and over 30-fold at 24 hpi by the wt strain). Increased chitinase
gene expression was also observed in our previous Mycobacterium-infection study of
adult zebrafish (65). There is increasing evidence for a role of acidic mammalian chi-
tinases in Th2 inflammation and asthma (66, 67). The strong induction of zgc:65788
expression during infection of zebrafish embryos suggests that chitinases may also
play a role in the innate immune response. Finally, we found that approximately 70%
of all genes that were specifically regulated during the first hours of S. typhimurium
infection had not been previously linked to immunological processes. Many of these
genes include transcribed loci that have unknown functions and for which the func-
tions of their predicted human homologs are also unknown. With the possibility of
performing rapid gene knockdown studies, the zebrafish embryo provides a useful
model for the future functional characterization of these genes that will also support
the further annotation of the human genome.

Materials and Methods

Bacterial Strains and Growth Conditions

S. typhimurium wild type (wt) strain SL1027 and its isogenic LPS derivative SF1592
(Ra), both containing the DsRed expression vector pGMDs3, were used for the in-
fection of zebrafish embryos (9). A non-flagellated derivative of this strain (flhC")
contained an flhC::Mud] insertion generously provided by K. Hughes (University
of Utah) (38). Bacteria were freshly grown overnight on LB agar plates supplement-
ed with 10opg/ml carbenicillin (wt and Ra mutant strain) and sopug/ml kanamycin
(flhC) and resuspended in phosphate-buffered saline (PBS) prior to injection.

Zebrafish husbandry

Zebrafish were handled in compliance with the local animal welfare regulations and
maintained according to standard protocols (http://ZFIN.org). Embryos were grown
at 28,5 -30 °C in egg water (6opg/ml Instant Ocean sea salts). For the duration of bac-

63



Chapter 3

terial injections embryos were kept under anaesthesia in egg water containing 0.02%
buffered 3-aminobenzoic acid ethyl ester (tricaine, Sigma). Embryos used for whole
mount in situ staining were kept in egg water containing 0.003% 1-phenyl-2-thiourea
(Sigma) to prevent melanization.

Morpholino knock-down experiments

For morpholino knockdown experiments, morpholino oligonucleotides (Gene
Tools) were diluted to desired concentrations in 1x Danieu’s buffer [58 mM NaCl, 0.7
mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5.0 mM HEPES; pH 7.6] containing
1% Phenol red (Sigma). To block translation of the tlrsa, tirsb or myd88 mRNA we
injected 0.85ng (0.1mM), 4.2ng (0.5mM) and 8.4ng (1mM) per embryo, respectively.
To control for aspecific morpholino effects we used the standard control morpholino
(0.6mM) for the Tlrs knockdown experiments and a previously described 5 bp mis-
match morpholino (1mM) (31) for the MyD88 knockdown studies. Morpholinos
used target the 5° UTR region of the respective gene. Morpholino sequences are
shown in supplementary table I.

Experimental design of infection study

All infection experiments were performed using mixed egg clutches from three tanks
of AB strain zebrafish. Embryos were staged at 27 hours post fertilization (hpf) by
morphological criteria (39) and approximately 250 cfu of DsRed expressing S. ty-
phimurium wt and Ra mutant bacteria were injected into the caudal vein close to
the urogenital opening. As a control an equal volume of PBS was likewise injected.
Injections were controlled using a Leica MZ Fluo 3 stereomicroscope with epifluo-
rescence attachment together with a Femtojet microinjector (Eppendorf) and a mi-
cromanipulator with pulled microcapillary pipettes. Pools of 20-40 embryos were
collected at 2, 5, 8 and 24 hours post infection (hpi). For the microarray analysis, the
whole infection procedure was performed in triplicate on separate days. The order
of injecting wt bacteria, Ra bacteria and PBS control was randomized in the dif-
ferent experiments. Microarray analysis was performed using custom-designed 44k
Agilent chips. All S. typhimurium wt, S. typhimurium Ra and PBS control RNA sam-
ples were labelled with Cys and hybridized against a Cy3-labelled common reference,
which consisted of a mixture of all samples from the infection study.

Microarray design

The micro-array slides were custom designed by Agilent Technologies. The slides
contained in total 43.371 probes of a 60 oligonucleotide length. Of these probes a
total of 21.496 probes were identical to the probes present on the Agilent probe set
that is commercially available under catalogue number 013223_D. Most of the ad-
ditional probes were designed using the eArray software from Agilent Technologies
(https://earray.chem.agilent.com/earray/). Settings used were based on the follow-
ing settings: base composition methodology, best probe methodology and design
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with 3’ bias. The Agilent D. rerio transcriptome was used as a reference database. A
small number of probes were manually designed based on knowledge of particular
polymorphisms for genes encoding protein families such as 14-3-3 proteins, chiti-
nase-like proteins and Toll-like receptors in order to obtain gene-specific probes.
The micro-array design has been submitted to the GEO database under accession
number GPL;73s.

RNA isolation, labelling and hybridization

Embryos for RNA isolation were snap frozen in liquid nitrogen and subsequently
stored at -80°C. Embryos were homogenized in 1 ml of TRIZOL Reagent (Invitrogen)
and subsequently total RNA was extracted according to the manufacturer’s instruc-
tions. The RNA samples were incubated for 20 min at 37° with 10 units of DNasel
(Roche Applied Science) to remove residual genomic DNA prior to purification us-
ing the RNeasy MinElute Cleanup kit (Qiagen) according to the RNA clean up pro-
tocol. The integrity of the RNA was confirmed by Lab-on-chip analysis using the
2100 Bioanalyzer (Agilent Technologies). Samples used for microarray analysis had
an average RIN value of 9 and a minimum RIN value of 8.

Amino Allyl modified amplified RNA (aRNA) was synthesized in one amplifica-
tion round from 1 pg of total RNA using the Amino Allyl MessageAmp™ IT aRNA
Amplification Kit (Ambion). Subsequently, 6 g of Amino Allyl modified aRNA was
used for coupling of monoreactive Cy3 and Cys dyes (GE Healthcare) and column
purified. The dual colour hybridization of the microarray chips was performed
at ServiceXS (ServiceXS, Leiden, The Netherlands) according to Agilent protocol
G4140-90050 v.5.7 (www.Agilent.com) for Two-Color Microarray-Based Gene
Expression Analysis.

Data analysis
Microarray data was processed from raw data image files with Feature Extraction
Software 9.5.3 (Agilent Technologies). Processed data were subsequently imported
into Rosetta Resolver 7.0 (Rosetta Biosoftware, Seattle, Washington) and subjected
to default ratio error modelling. The raw data were submitted to the GEO database
under accession number GSE13994. In order to compare S. typhimurium wild type
and S. typhimurium Ra treated samples to the PBS injected control samples a re-ratio
experiment was performed using the Rosetta build in re-ratio with common refer-
ence application. Data were analyzed at the level of UniGene clusters (UniGene build
#105). Significance cut-offs for the ratios of wt versus PBS and Ra versus PBS were
set at 1.5 fold change at P <10 for UniGene clusters. Two-dimensional hierarchical
cluster analyses were performed with Rosetta Resolver settings for agglomerative
algorithm (average link) with Cosine correlation.

Gene ontology (GO) analysis was performed using the GeneTools eGOn V2.0
web-based gene ontology analysis software (http://www.genetools.microarray.ntnu.
no/) (40) and using DAVID software tools (http://david.abcc.ncifcrf.gov/home.jsp)
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(41). GO analysis using eGOn was done at the level of the UniGene clusters (D. re-
rio UniGene build #105). GO analyses using DAVID tools were performed at the
level of the Entrez Gene codes, because the DAVID database was not updated to a
recent D. rerio UniGene build. To take advantage of the much better GO annotation
of the human genome, we developed a software tool with which the UniGene and
Entrez Gene records of the functionally related human homologs of our zebrafish
UniGene list could be automatically retrieved from the NCBI HomoloGene database.
Subsequently, eGOn and DAVID GO analyses were repeated using the UniGene (H.
sapiens UniGene build #202) and Entrez Gene lists of human orthologs, respectively.
UniGene and Entrez Gene lists subjected to eGOn and DAVID analyses are included
in supplementary table II. In addition, for comparison with human microarray data,
the (putative) zebrafish homologs of the set of 511 human common host response
genes described by Jenner and Young (42) were manually identified by searching
ZFIN (http://zfin.org) and the Gene and HomoloGene databases of the National
Center for Biotechnology Information (NCBI) (Supplementary table III). Homologs
of human cytokines were identified based on phylogeny reconstructions to be re-
ported elsewhere. Direct or putative homologs could be identified for 397 out of the
511 human common host response genes (78%) and 322 of these (63%) were repre-
sented on our zebrafish microarray. Since some genes are duplicated in zebrafish and
since sometimes there was more than one putative homolog, there were 473 zebrafish
UniGenes corresponding to the 322 human genes represented on the array.

Pathway analysis was performed using the GenMapp software package (www.
genmap.org) (43). GenMapp analysis was done at the level of UniGene clusters
(D.rerio UniGene build #105). Significance cut-off was set at 1.5 fold change at P <10,
Zebrafish homologs of the genes contributing to the TLR pathway were identified by
either searching the ZFIN (http://zfin.org) database or the Gene and HomoloGene
database of NCBI (Supplementary table IV).

cDNA synthesis and quantitative Real-time PCR

cDNA synthesis reactions were performed in a 20 pl mixture of 500 ng RNA, 4 pl
of 5x iScript Reaction mix (Bio-Rad) and 1 pl of iScript Reverse Transcriptase (Bio-
Rad). The reaction mixtures were incubated at 25 °C for 5 min, 42 °C for 30 min, and
85 °C for 5 min.

Real-time PCR was performed using the Chromog4 Real-time PCR detection sys-
tem (Bio-Rad laboratories, Hercules, CA) according to the manufacturer’s instruc-
tions. Each reaction was performed in a 25 pl volume comprised of 1 ul cDNA, 12.5 pul
of 2x iQ SYBR Green Supermix (Bio-Rad) and 10 pmol of each primer. Cycling pa-
rameters were 95 °C for 3 min to activate the polymerase, followed by 40 cycles of 95

°C for 15 sec and 59 °C for 45 sec. Fluorescence measurements were taken at the end
of each cycle. Melting curve analysis was performed to verify that no primer dimers
were amplified. All reactions were performed as technical duplicates. For normali-
zation peptidylprolyl isomerase A like (ppial), which showed no changes over the
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infection time course series, was taken as reference (44) . Results were analysed us-
ing the AACt method. Sequences of forward and reverse primers are described in
supplementary table I.

Whole-mount in situ hybridization

Embryos were fixed overnight in 4% paraformaldehyde in PBS at 4 °C and whole
mount in situ hybridization using alkaline phosphatase detection with BM Purple
substrate (Roche) was performed according to Thisse et al. (45). Genomic DNA was
used to generate templates for riboprobes synthesis by PCR using gene specific prim-
ers sets including the binding site for T7 RNA polymerase in the reverse primer.
Sequences of forward and reverse primers are described in supplementary table I.
Digoxigenin-labeled riboprobes were synthesised using the labelling mixes from
Roche and Ambion MEGAscript reagents for in vitro transcription.
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24hpi 24hpi
N S. typhimurium wt

S. typhimurium Ra

SUPPLEMENTARY FIGURE 1. Imaging analysis of S. typhimurium wt and Ra infection over the ex-
perimental time course. Embryos were injected at 27 hpf with approximately 250 cfu of S. typhimu-
rium Ra (A-D) or wt (E-H) into the caudal vein and imaged at 2, 5, 8 and 24 hpi. Overlay pictures of
bright field and DsRed fluorescent images are shown. Anterior side is to the left and dorsal is to

the top.

SUPPLEMENTARY FIGURE 2. GenMapp analysis of the TLR-pathway upon S. typhimurium Ra infec-
tion. Expression profiles (infected versus control, p<0.0001and fold changes >1.5 and <-1.5) of the 2,
5, 8 and 24 hpi time points were simultaneously mapped on the TLR pathway. Gene boxes are col-
our coded from left to right with the 2, 5, 8 and 24 hpi expression data. Up-regulation is indicated
in yellow, down-regulation in blue and unchanged expression in grey. White denotes genes that
were not represented on the array platform. The pathway is based on knowledge of TLR signalling
in mammalian species and it should be noted that most interactions remain to be experimentally

confirmed in zebrafish.
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SUPPLEMENTARY FIGURE 3. Temporal expression profiles of immune response genes upon chal-
lenge with purified S. typhimurium flagellin. Embryos were challenged with flagellin by injection
of 4nl (10oug/ml) into the caudal vein at 27 hpf. Gene induction levels upon stimulation compared
to the mock-injected controls were analyzed by qRT-PCR at 1, 2 and 5 hpi for tirsa, tlrsb, ifn1 and
ilib.Values are the mean = S.D. of at least 2 independent experiments. **p<o0.01 (tested by one way
ANOVA).
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Chapter 4

Abstract

TRAFG6 is a key player at the cross-roads of development and immunity. The analy-
sis of its in vivo molecular function is a great challenge since severe developmental
defects and early lethality caused by Trafé deficiency in knock-out mice interfere
with analyses of the immune response. In this study we have used a new strategy
to analyse the function of Traf6 in a zebrafish-Salmonella infectious disease model.
In our approach the effect of a Traf6 translation-blocking morpholino was titrated
down to avoid developmental defects and the response to infection under these par-
tial knock-down conditions was studied using the combination of microarray and
next generation sequencing technology. Transcriptome profiling of the traf6 knock-
down allowed the identification of a gene set whose responsiveness during infec-
tion is highly dependent on Traf6. Expression trend analysis based on the resulting
data-sets identified nine clusters of genes with characteristic transcription response
profiles, demonstrating Traf6 has a dynamic role as a positive and negative regula-
tor. Among the Traf6-dependent genes was a large set of well known anti-microbial
and inflammatory genes. Additionally, we identified several genes of which a role in
the immune system was not previously known to be Traf6-dependent, such as the
fertility hormone gene gnrh2 and the DNA-damage regulated autophagy modulator
1 gene drami. With the use of the zebrafish embryo model we have now dissected
the in vivo function of Traf6 in the innate immune response without interference of
adaptive immunity.

Introduction

Microbial infections usually elicit a rapid and strong response of the host innate
immune system. Pattern recognition receptors (PRRs), such as Toll-like receptors
(TLRs) and NOD-like receptors (NLRs), enable the host to recognize pathogens by
detecting conserved molecular patterns such as lipopolysaccharide (LPS), flagellin
or peptidoglycan (1). Activation of these receptors will initiate the induction of pro-
inflammatory cytokines and as a result a complex network of underlying signalling
pathways is activated leading to a tailored inflammatory response with the ultimate
goal of eradicating the pathogen. An essential protein transducing the signals ema-
nating from various PRRs and cytokine receptors, including the TNF superfamily,
TGEFp, IL-1/Toll-like and NOD-like receptors, is the TNF receptor-associated factor
6 (TRAF6) (2-5).

Initial studies demonstrated the ability of TRAF6 to bind to CD40, RANK and
IRAK-1 and showed that NF-kB signalling via TLR4 was abolished by a dominant-
negative form of TRAF6 (6-12). Analysis of TRAF6 deficient mice revealed a critical
role of TRAF6 in osteoclast development and function. Furthermore, these stud-
ies indicated an essential role of TRAF6 in IL-1 signalling, as the activation of NF-
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kB and JNK in response to IL-1 were absent in embryonic fibroblasts derived from
TRAF6-deficient mice. Moreover, bone marrow-derived macrophages from these
mutants displayed a diminished response to LPS, and dendritic cell development
and function was impaired (13-15).

The molecular mechanism underlying signal transduction by TRAF6 upon in-
fection is that TRAF6 exerts its function as a K63-specific RING finger E3 ligase.
Upon activation of the TLR or the IL-1 receptor pathway, the association of MyD88
with the cytosolic part of the receptor results in the phosphorylation of IRAK-1 by
IRAK-4. Subsequently, activated IRAK1 will bind to TRAF6 that will form a complex
with the ubiquitin-conjugating enzymes Ubci13 and Uevia resulting in the attach-
ment of non-degradative K63-linked ubiquitin chains to TRAF6 itself and to NEMO,
the regulatory component of the IKK complex upstream of NF-kB. Ubiquitination
of TRAF6 will recruit the TAB2/3-TAB1-TAK1 complex resulting in the activation
of TAK1. Subsequent activation of the IKK complex and MAP kinase cascades by
TAK1 lead to the induction of pro-inflammatory cytokines by the NF-«B and AP-1
transcription factor complexes, respectively (16-19). In addition to the role of TRAF6
in innate immunity, TRAF6 function was also placed in the context of adaptive im-
munity. Mice containing a T-cell specific deletion of TRAF6 showed the inability to
maintain CD8 memory T-cells due to defective AMP-activated kinase activation and
mitochondrial fatty acid oxidation after growth factor depletion (20).

Traf6 deficiency in mice causes severe developmental defects and early death at
17-19 days postnatal, making in vivo infection studies challenging. Therefore, we
have used a zebrafish embryo model to perform in vivo infection experiments. In
recent years the zebrafish (Danio rerio) embryo system has emerged as a model
to study vertebrate innate immunity, offering several advantages that complement
mammalian model systems. External development and the transparent character of
the zebrafish embryo, in combination with fluorescently labeled immune cells and
bacteria, allows for study of host microbe interaction and inflammation processes in
the living organism (21-28). Analysis of the immune system of the zebrafish revealed
a fully developed innate and adaptive immune system showing significant similari-
ties to the human equivalent (29-33). An active innate immune system is detectable
already at day one of zebrafish embryogenesis (21, 34, 35). By contrast, a function-
ally mature adaptive immune system is not active during the first three weeks of
zebrafish development establishing a clear temporal separation of the innate and
adaptive immune system in the zebrafish embryo. (36-38). Therefore, the zebrafish
model provides a convenient system for the in vivo study of the vertebrate innate
immune response to infection independently from the adaptive immune response.
Furthermore, morpholino based knock-down experiments facilitate the functional
analysis of genes in the zebrafish embryo that otherwise lead to lethal defects in
gene knock-out studies in mice. Moreover, many infection systems for zebrafish have
been developed lately, allowing the analysis of gene functions under infection condi-

tions (32, 39, 40).
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Here we report on the transcriptional analysis of the innate immune response
in Traf6 knock-down and control embryos upon a bacterial infection using a previ-
ously described Salmonella enterica serovar Typhimurium (hereafter referred to as
S. typhimurium) infection model (22, 33). By titrating down the concentration of
a translation blocking morpholino we could avoid effects of Traf6 knock-down on
embryo development and study the response to infection under these partial knock-
down conditions. Multifactorial analysis of microarray data and confirmation by
RNA deep sequencing allowed the identification of a gene set whose responsiveness
to S. typhimurium infection is highly dependent on Traf6 function. Therefore, while
our study indicates a role of Traf6 in developmental processes, it clearly illustrates its
importance in the innate immune defence in the zebrafish embryo system.

Results

System for analysis of innate immune functions of Trafé

To accomplish trafé6 knock-down zebrafish embryos were injected at the one cell
stage with an ATG morpholino to prevent traf6 mRNA translation. Initial titration
experiments of the traf6 morpholino elicited a concentration-dependent effect on
embryo development showing phenotypical defects, such as body axis truncation
and brain malformation, when the administered morpholino concentration exceed-
ed 1mM. To avoid the strong interference of developmental defects, all infection as-
says were performed using a concentration of imM trafé6 morpholino considered as
an incomplete knock-down of traf6. To be able to discriminate between the specific
effect of the traf6 knock-down and possible aspecific morpholino effects in our assay
a control group was treated with a sbp mismatch traf6é morpholino. At 27hpf both
groups were either immune challenged by injection of 250 cfu of a S. typhimurium
wild type strain or mock injected with PBS. The transcriptional response was sub-
sequently analysed at 8 hours post infection (hpi) (Fig. 1A). Initial analysis of the
datasets demonstrated a robust response to the infection in the control as well as
in the traf6 knock-down group. At the UniGene cluster level a total of 3720 genes
(p<o.05 and a fold change < -1.2 and > 1.2) were regulated upon bacterial challenge
in the control group. In contrast, a reduced response showing a total of 2840 differ-
entially regulated genes (p<o.05 and a fold change < -1.2 and > 1.2) was noticeable
in the trafé knock-down group (Fig. 1B, supplemental Table I). The S. typhimurium-
induced expression signatures of both the control and the trafé6 knock-down groups
were consistent with the published results of Stockhammer et al. and include all
genes previously validated by Q-PCR in that study (33). As shown by projection of
the microarray data on a GenMapp of the TLR-signalling pathway, the S. typhimu-
rium-induced gene sets of both groups included several TLR pathway components
and downstream targets (Fig. 2, supplemental Table II). Furthermore, GO-analysis
on the zebrafish gene identifiers by master-target testing on the level of Biological
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FIGURE 1. Schematic overview of the experimental setup (A) and scatter plot illustration of the
transcriptional response of the various treatment groups (B). (A) Zebrafish embryos were either
injected with a traf6 ATG-morpholino or a sbp mismatch (mm) morpholino at the first cell stage.
At 27 hpf both groups were immune challenged by injection of 250 cfu of a S. typhimurium strain or
mock injected with PBS. The transcriptional response was subsequently analysed at 8 hours post
infection (hpi) using a common reference approach. The experiment was carried out in triplicate.
(B) The scatter plots on the left side and in the middle show the transcriptional response upon S.
typhimurium infection in the control (mm-morpholino) and trafé knock-down (k.d.) group respec-
tively. The scatter plot on the right shows the response provoked by trafé knock-down indepen-
dently of the infection.

Process revealed among others the GO-terms immune system process and response
to stimulus as significantly (p<o.05) enriched in both groups (supplemental Table
ITI). Interestingly, genes that were clustered under the GO-term reproduction were
also significantly enriched in the up-regulated fraction. In contrast, only minor dif-
ferences were provoked by traf6é knock-down itself, indicating that our titration of
the morpholino to avoid the developmental effect has been remarkably successful.
In total 20 genes were up- and 35 genes were down-regulated by traf6 knock-down
in the absence of infection (p<o.05, fold change < -1.2 and > 1.2) (Fig. 1B, supple-
mental Table IV). Among the group of up-regulated genes we identified genes such
as stc1 (stanniocalcin 1, fc=2.62), a gene involved in Ca2* uptake in zebrafish, as well
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as zgc:77734 (fc=2.57), showing similarities to the human DBI (diazepam binding
inhibitor) gene. Examples of genes down-regulated by traf6 knock-down in the ab-
sence of infection are or111-3 (fc=-3.8), a member of the fish odorant receptor family,
and heia (hatching enzyme 1a, fc=-2.68) as well as rcvi (recoverin, fc=-2.15) and ante-
rior gradient homolog 2 (agr2, fc=-1.89) (supplemental Table IV).

Statistical analysis of the effect of traf6 knock-down on the infection
response
In order to find those genes that were specifically differentially regulated in the traf6
knock-down group in comparison to the control group upon infection, the inter-
action term was analysed. Interaction is defined as the dependence of the effect of
one factor (here gene knock-down by morpholino treatment) on the level of another
factor (here immune challenge by infection). In terms of the analysis of variance
(ANOVA) model, the interaction term measures the deviation from an expected
value based on the additive combinations of the morpholino and infection means. A
large positive deviation of this sort is called synergism, in which case the simultane-
ous morpholino and infection treatment gives rise to an expression level that devi-
ates from the additive combination of the morpholino and infection treatment alone.
A negative deviation, i.e. when the combined infection and morpholino application
gives rise to a smaller effect than one could expect from the additive combination of
the two effects separately, can be called interference. Synergy can be in the direction
of overexpression or underexpression. In the former, a gene has a higher expression
in the combined treatment than one could expect on the basis of the additive combi-
nation of the separate treatments. In the latter, a gene has an even lower expression in
the combined treatment than one could expect on the basis of the additive combina-
tion of the separate treatments.

To specifically identify genes that were most highly dependent on Traf6 for their

FIGURE 2. GenMapp analysis of the immune response to S. typhimurium infection in the TLR path-
way in control and trafé knock-down embryos. Expression profiles of the control and trafé knock-
down groups at the 8hpi time point (infected versus non infected, FDR corrected p-value <0.05
and fold changes >1.2 and <-1.2) were simultaneously mapped on the TLR pathway. Gene boxes are
colour coded with the control morpholino treatment (Control) on the left and trafé6 knock-down
(Trafé k.d.) on the right side. Up-regulation is indicated in yellow, down-regulation in blue. The
position of trafé in the pathway is highlighted by a red border of the gene box. Genes that failed
the fold-change cut off are depicted in gray and genes that were not significantly regulated are
represented in white. Highlighting of gene boxes by red shading indicates that the S. typhimurium-
induced gene expression level was lower in trafé knock-down embryos than in control embryos,
based on microarray expression trend analysis as well as RNAseq analysis. The pathway is based on
knowledge of TLR signalling in mammalian species and it should be noted that most interactions
remain to be experimentally confirmed in zebrafish.
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transcriptional response to a bacterial infection we examined all genes that were
significant in the interaction term analysis with a stringent FDR-corrected p value
smaller than o.15 (Table I). The expression profiles of 28 identified genes correspond-
ing to this criterion are shown in a heatmap (Fig.3). For the majority of these genes
(20 out of 28) the S. typhimurium-induced gene expression levels were much lower
in the traf6 knock-down group than in the control group (Fig.3), indicating that the
infection-mediated induction of these genes is dependent on traf6. Among these
were several with a well established immune function like hampz2, mmpg, mmpi3,
tnfb, il1b, ncf1, crfb4 and zgc:103580, the zebrafish ortholog of the human acute phase
response gene serum Amyloid protein A. In addition to two members of the matrix
metalloproteinase family (mmpg and mmpi3), the group of 20 genes with a reduced
infection response in traf6 knock-down embryos also included the metalloprotein-
ase inhibitor gene timp2b (tissue inhibitor of metalloproteinase 2b). This group also
included zgc:112143, a gene homologous to the human STEAP4 gene (also known as
TNFAIPg, tumor necrosis factor alpha-induced protein 9), that we previously found
to be induced with alternative splice forms during Mycobacterium marinum infec-
tion in adult zebrafish (41). On the other hand, the gene group showing a reduced
infection response in traf6 knock-down embryos also included genes that were pre-
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Table I. Genes dependent on Traf6 during Salmonella infection®

Gene Symbol Description P-value _ UniGene ID ENS50 ID K-means cluster RNAseq
gnrh2 gonadotropin-releasing hormone 2 0.06 Dr.84757 ENSDARG00000044754 8 +
clic2 chloride intracellular channel 2 0.06 Dr.84618 ENSDARG00000010625 8 +
hamp2 hepcidin antimicrobial peptide 2 0.08 Dr.89447 ENSDARG00000053227 8 +
29C:56292 similar to thyroid hormone receptor interactor 10 0.09 Dr.79814 ENSDARG00000028524 1 nd.
pfkfb3 to-2-ki fructose-2,6-bi 3 0.09 Dr.78868 ENSDARG00000001953 8 +
timp2b tissue inhibitor of metalloproteinase 2b 0.09 Dr81512 ENSDARG00000075261 8 +
dram1 DNA-d gt 1 0.09 Dr.77501 ENSDARG00000045561 7 +
2gc:112143 STEAP family member 4 homolog 0.09 Dr.76505 ENSDARG00000055901 7 +
crfba cytokine receptor family member b4 0.11 Dr.14717 ENSDARG00000068711 7 +
wu:fk20h09 similar to pyruvate dehydrogenase complex, component X 0.11 Dr.140666 7 na.
2gc:103580 serum amyloid A1 homolog 0.11 Dr.13131 ENSDARG00000045999 7 +
cxcl12b chemokine (C-X-C motif) ligand 12b 0.11 Dr.27045 ENSDARG00000055100 9 +
b interleukin 1, beta 0.11 Dr.30443 ENSDARG00000005419 7 +
sc5d sterol-C5-desaturase 0.11 Dr.119848 ENSDARG00000044642 4 -
mmp13 matrix metalloproteinase 13 0.12 Dr.81475 ENSDARG00000012395 7 +
mmp9 matrix metalloproteinase 9 0.12 Dr.76275 ENSDARG00000042816 8 +
tnfb tumor necrosis factor b 0.12 Dr.94015 ENSDARG00000013598 8 +
wuifk35f04 hypothetical protein containing S-100 domain 012 Dr.148687 7 na.
stcl stanniocalcin 1 0.12 Dr.8g421 ENSDARG00000058476 2 +
atplala3 ATPase, Na+/K+ transporting, alpha 1a.3 polypeptide 0.12 Dr.10713 ENSDARG00000039131 9 +
npsn nephrosin 0.12 Dr.79156 ENSDARG00000010423 2 -
wu:fd60d02 transcribed locus 0.12 Dr.79931 8 na.
wu:fe16d09 transcribed locus 0.12 Dr.80006 7 na.
2gc:55418 similar to ABI gene family, member 3 (NESH) binding protein 0.12 Dr.14064 ENSDARG00000071095 9 +
2gc:85900 olfactomedin 2 like 0.14 Dr.85843 ENSDARG00000007015 9 +
ncf1 neutrophil cytosolic factor 1 0.14 Dr.2973 ENSDARG00000033735 8 +
plekhf1 pleckstrin homology domain containing, family F 0.14 Dr.80998 ENSDARG00000027852 8 +
si:dke¥-7c18.24 tholelical Ermein 0.14 Dr.104301 ENSDARG00000041433 7 +

* Listed genes were identified by interaction term analysis. Significance cut off values were set
to p<o.15 (FDR). All genes indicated as + were confirmed by RNAseq analysis, whereas genes in-
dicated as — were not. Four genes indicated as not applicable (n.a.) lacked an ENSDART identifier
and could therefore not be verified by RNAseq analysis. For one gene indicated as not detectable
(n.d.) not enough RNA sequence reads were obtained (< 1 mapped reads per million total reads).
K-means cluster identifiers refer to Figure 5.

viously not linked to immune function or TRAF6 signalling like plekhf1 (pleckstrin
homology domain containing, family F), clic2 (chloride intracellular channel 2), pfkfb3
(6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3), gnrhz2 (gonadotropin-releas-
ing hormone 2), and dram1 (DNA-damage regulated autophagy modulator 1).

In addition to the 20 genes showing a reduced infection-mediated induction in
traf6 knock-down embryos, the statistical analysis also identified 4 genes (cxcli2b,
atpiaia.3, zgc:55418 and zgc:85900) that appeared to be dependent on Traf6 for their
negative regulation during infection. These genes were down-regulated by infection
in control embryos but not or to a lower extent in traf6 knock-down embryos (Fig.3,
Table I). Four other genes showed a more complex dependency on Traf6, with oppo-
site regulation in knock-down embryos and controls (sc5d) or with expression levels
affected both in the absence and presence of infection (zgc:56292, stc1, npsn).

In conclusion, based on the interaction term analysis we identified genes that are
dependent on Traf6 activity for their positive or negative regulation during S. typhi-
murium infection of zebrafish embryos.

Confirmation of Traf6-dependent genes by RNA deep sequencing
In order to confirm the microarray data we subjected the pooled RNA samples of
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FIGURE 4. RNAseq validation of microarray results. RNAseq data are shown for representative ex-
amples of genes for which the microarray expression trend was confirmed by RNAseq read counts
of the four treatment groups (non-infected control, infected control, non-infected trafé knock-
down, infected trafé6 knock-down). Bars indicate the relative expression of the different treatment
groups based on the number of mapped sequence reads per million of total reads. For every gene
the value of the uninfected control group is set to 1 and the expression level of the gene in the
treatment group is calculated relative to the control value. Two different scales are used for genes
in different ranges of induction level upon S. typhimurium infection. Cluster numbers refer to the
K-means clustering in Fig.5. The complete overview of genes for which the microarray expression
trend was confirmed by RNAseq is given in supplemental Table VI

the three biological replicates of each treatment group to Illumina RNA sequenc-
ing (RNAseq). Approximately 15 million reads were obtained for each of the four
RNAseq libraries (control, control infected, traf6 knock-down, traf6 knock-down
infected) and approximately 10 million reads per library could be mapped to the
Ensembl transcript database based on the Zv8 genome sequence. Next we compared
the sequence read counts (mapped reads per million total reads) between the treat-
ment groups (supplemental Table VI). For 21 of the 28 genes that were significant in
the interaction term analysis, we found that the RNAseq data confirmed the micro-
array results. This included 16 of the 20 genes positively dependent on Traf6 dur-
ing infection and all 4 of the genes negatively dependent on Traf6 during infection.
Representative examples of these positively (il1b, mmpg, mmpi3, timp2b) and nega-
tively (atpiaia.3, cxcli2b) regulated genes are shown in Fig. 4. In five cases the micro-
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FIGURE 5. Trend analysis of the interaction term by K-means clustering. For a broader analysis of
the effects of trafé6 knock-down all retrieved probes with an FDR-corrected p-value lower than 0.4
were clustered using the K-means cluster function in SPOTFIRE. All probes lacking a valid annota-
tion were excluded from the analysis resulting in a final set of 376 probes. The identified trend in
the control group is illustrated on the left side of each cluster expressed by the z-score of each
probe between the noninfected (nInf con) and the infected (Inf con) control morpholino treated
group. On the right side the corresponding trend of the noninfected (nInf k.d.) versus the infected
(Inf k.d.) group under the trafé knock-down condition is illustrated. All probes that contribute to
the distinct clusters are listed in supplemental table VI.

array data could not be validated by RNAseq because transcripts for these genes were
not present in the Ensembl database or not enough RNAseq reads were obtained (<
1 mapped reads per million total reads). In only two cases, the RNAseq data did not
confirm the microarray data. Both these cases (scsd, npsn) were genes showing a
complex dependency on Traf6 as described above. In conclusion, RNAseq analysis
validated the interaction term analysis for most of the genes whose induction or re-
pression during S. typhimurium infection was found to be dependent on Traf6.

Expression trend analysis

Since the knock-down conditions of Traf6 can be considered to be incomplete, we
also wanted a broader overview of the effects of traf6 knock-down in an expression
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FIGURE 6. Schematic overview of the Traf6-dependent gene groups during S. typhimurium infec-
tion. Genes that are dependent on Traf6 for their induction during infection (positive regulation)
are in the yellow area of the scheme and genes that depend on Trafé6 for their repression (negative
regulation) during infection are in the blue area. Genes positively regulated by Traf6 belong to
clusters 5-8 in the microarray expression trend analysis in Figure 5, and genes negatively regulated
by Trafé belong to cluster 9. The microarray expression trend of all genes in the scheme was in

agreement with RNAseq data.

trend analysis of the microarray data using a less stringent criterion: a FDR-corrected
p-value of smaller than 0.4 retrieved from the interaction term. First, we analysed
these probes by enrichment analysis based on Gene Ontology (GO) annotation. A
significant enrichment was demonstrated for genes clustering under the biological
process GO-terms immune system process (p<0.05), response to stimulus (p<0.05),
and multi-organism process (p<0.05), demonstrating a clear effect of trafé knock-
down on the immune response to S. typhimurium (supplemental Table V).

Following up the GO-term analysis, we subjected the selected probes to K-means
cluster analysis, allowing for the visual discrimination between synergism and in-
terference of the interaction term. Probes missing a valid annotation were excluded
from the analysis. The remaining 376 probes, representing 233 genes, were catego-
rized into 9 clusters (Fig. 5, supplemental table V). The microarray expression trends
of 246 of these probes, representing 146 genes, were confirmed by the RNAseq data
(supplemental table VI, with representative examples in Fig.4), indicating the valid-
ity of these results despite the use of a less stringent criterion in the interaction term
analysis.

Genes indicated by clusters 1 and 2 were respectively up- or down-regulated upon
infection under the traf6 knock-down condition, whereas only minor and in the ma-
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jority not significant changes were observed in the control group. These two clusters
contain such genes as zgc:1154057 ( transcriptional adaptor 2-like) in cluster 1, and
cpox (coproporphyrinogen oxidase) and stc1 (stanniocalcin 1) in cluster 2 (supplemen-
tal Table VI, Fig. 4). Clusters 3 and 4 show an opposing trend in gene regulation
upon infection between the control and trafé knock-down groups. Cluster 3 was not
considered further, since regulation of genes in this cluster was generally not con-
firmed by the RNAseq data. Genes in cluster 4 were consistently up-regulated in the
traf6 knock-down group upon infection, while down-regulated or non-responsive
in the control group, with examples such as zgc:92061 (similar to keratin 17) and
tmysf2 (transmembrane 7 superfamily member 2) (supplemental Table VI, Fig. 4).
A common trend in gene regulation is observed in clusters 5 to 8, where infection
leads to a consistent up-regulation in the control groups and weaker up-regulation
(clusters 7 and 8) or unchanged expression (clusters 5 and 6) in the traf6 knock-down
groups. Finally, cluster 9 consists of those genes that were strongly down-regulated
by infection in the controls, while showing a weaker or no down-regulation in traf6
knock-down embryos.

For further analysis we concentrated on the genes that were dependent on Traf6
for their induction (clusters 5-8) or repression (cluster 9) during S. typhimurium
infection. From the total of 124 genes with Traf6-dependent induction and 32 genes
with Traf6-dependent repression, the microarray expression trend of 105 and 22
genes, respectively, could be confirmed by the RNAseq data (supplemental table VI,
with representative examples in Fig.4). We categorized these Traf6-dependent genes
into functional groups based on gene ontology terms and using references to gene
function of their mammalian homologs in the NCBI Entrez Gene database (Fig.6).
A notable fraction of the Traf6-dependent infection-induced genes play a well estab-
lished role in the immune response, for example as cytokines or interferons (e.g. il1b,
tnfb, CCL-Csa, ifnphi1), in complement activation or the acute phase response (e.g.
cfb, zgc:103580), in prostaglandin biosynthesis (pgts2a), or in microbial killing (e.g.
ncf1, hampz). Many of the Traf6-dependent infection-induced genes are involved
in signal transduction and transcriptional activation or repression. This includes
the tlrsb gene, important for the response to flagellin, negative regulators of TLR-
signaling (irak3, socs3a) as well as transcription factors (atf3, jun, nfkbz2) activated
by the TLR pathway (Fig.2, Fig.6). Other examples of Traf6-dependent signal trans-
duction genes include fas (TNF receptor superfamily, member 6), tgfb1 (transforming
growth factor, beta 1), ctnnbz (beta-catenin2), wntioa, and small gtpase genes (rhogb,
rhoab). In addition to the above-mentioned Traf6-dependent members of the ma-
trix metalloproteinase family (mmpg and mmpi3) and metalloproteinase inhibitor
gene (timp2b), the induction of several other genes involved in proteolysis was Traf6-
dependent (e.g. adam8a, agt, psmei/2, serpine1). Finally, Traf6-dependent infection-
induced gene groups were linked to apoptosis (e.g. bcl2l, dramzi), cell adhesion (e.g.
cldnc), transporter activity (e.g. clicz, slc13az2), or encoded enzymes involved in meta-
bolic processes (e.g. acsl4l, pfkfbs, dgat1b) (Fig. 6).
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Not only the infection-induced gene groups, but also the gene groups that were
dependent on Traf6 for their repression during infection included genes for cy-
tokines (cxcli2b, cxcli4), transporters (atpiaia.3, slcs6aii), enzymes (ca4a, sulf2) and
signal transduction proteins (e.g. efnb3, nbl1). In addition, several other genes, for
example vcanb, encoding a member of the hyaluronan (HA)-binding proteoglycans,
were repressed by infection in a Traf6-dependent manner (Fig.6).

Taken together, based on the expression trend analysis of the microarray data
and validation by RNAseq, we conclude that Traf6 has a dynamic role as a positive
and negative regulator of genes responsive to S. typhimurium infection in zebrafish
embryos, including a large set of well known anti-microbial and inflammatory genes
as well as genes not previously linked to the immune response or to Traf6 function.

Discussion

The fact that TRAF6 is a key player at the cross-roads of development and immu-
nity makes the analysis of its in vivo molecular function a great challenge (13, 14,
47). Severe developmental defects and early lethality caused by Trafé deficiency in
knock-out mice interfere with analyses of the immune response. In this study we
have developed a new approach to analyse the function of Traf6 in a zebrafish acute
infectious disease model. In this approach the effect of a Traf6 translation-blocking
morpholino was titrated in such a way that developmental defects were brought back
to an identifiable non-dominant factor in the transcriptome analyses. The results
show that, even under partial knock-down conditions, it was possible to identify a
gene set (Table I) whose responsiveness during S. typhimurium infection is highly
dependent on Traf6. In addition, expression trend analysis identified nine clusters of
genes with characteristic transcription response profiles, demonstrating that Traf6
has a dynamic role as a positive and negative regulator. We have confirmed the data
from microarray experiments with whole transcriptome shotgun sequencing (RNA-
seq). This is one of the first times that this novel deep sequencing approach has
been used for quantitative transcriptome profiling (48, 49). The results show that this
complementary technique gives good support for the identified Traf6-dependent in-
fection-responsive gene set, confirming Traf6-dependent induction of 105 genes and
Traf6-dependent repression of 22 genes during S. typhimurium infection. In addition,
especially since this is the first time that RNA-seq technology is used for infectious
disease studies, these data represent a great wealth of disease-induced transcript in-
formation that will be of great value for future studies.

Among the genes that are highly dependent on Traf6 for their induction in re-
sponse to S. typhimurium infection a subset of well known immune system-associ-
ated genes such as ilib, mmpg, mmpi3, hampz, and tnfb was found, demonstrating a
specific in vivo effect of Traf6 on the innate immune response. Previously we could
show that il1b and mmpg are downstream targets of the zebrafish TLR-pathway. The
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dependency of the expression of these genes on Traf6 is consistent with this study
and supports the specificity of the morpholino knock-down (33). It was shown in
mouse that MMP-g can also be activated upon RANKL stimulation via TRAF6, p38
and ERK1/2 (50). RANKL is a member of the tumor necrosis factor (ligand) super-
family and is an important activator of osteoclasts, cells involved in bone resorp-
tion. Although osteoclasts only develop in zebrafish larvae after several weeks it is
not unlikely that these pathways are conserved during embryonic development (51).
Several of the other Traf6-dependent genes that are linked to the TLR/IL1R-pathway
are also corroborated in other model systems. It was shown that the regulation of
hepcidin (HAMP1) is facilitated via the TLR-pathway in mice-derived macrophages
upon bacterial infection (52). Another example shown in mouse is that activation of
MMP-13 through the IL1-signalling pathway was strongly impaired after traf6 knock-
down (53). Interestingly, also the induction of a tissue inhibitor of metalloproteinase
function, Timp2b was dependent of Traf6 during zebrafish embryo infection. The
expression of timp2b was also found to be induced during mycobacterium infection
in zebrafish embryos, which was suggested to function as a compensatory response
to increased mmpg activity (54). Furthermore, human TIMP2 has been linked to
cancer progression and has been found to be a marker for dendritic cell response
to HIV infection (55). The known immune response genes that we showed to be in-
duced in a Traf6-dependent manner also included components of the TLR-signalling
pathway, such as tlrsb and irak3. It remains a question whether the regulation of
the above mentioned genes is mediated via the TLR-pathway itself or via another
Traf6-directed pathway. For instance Salmonella infection also regulated tgfb1 in the
TGF-beta pathway in a Traf6-dependent manner. Therefore, the poorly understood
interrelatedness of the TGF-beta and TLR signaling pathways remains an important
subject for future investigations.

Other Traf6-dependent infection induced genes, such as drami (DNA-damage
regulated autophagy modulator 1) and gnrh2 (gonadotropin releasing hormone 2), have
until know not been directly associated with TRAF6 function. Human homologs
of drami are activated by ps3 as a requirement to induce autophagy and damage-
induced programmed cell death (56, 57). As recently highlighted in several studies,
the autophagy pathway is also important for the control of intracellular pathogens
and therefore the link with Traf6é function is relevant for Salmonella infection (58,
59). In the zebrafish embryo gnrh2 has been linked to central nervous system de-
velopment (60). However, next to the well established function of GnRH in mam-
malian reproduction, an immune regulatory function was suggested as well (61, 62).
In fact, Tanriverdi et al. have discussed that immune and reproductive function are
intrinsically linked in a so-called hypothalamic-pitutary-gonadal axis (60). Recently
it was shown that GnRH treatment of mice macrophages in vitro leads to elevated
Ca2+ uptake and an impaired generation of NO and suppression of iNOS after LPS/
INF-y treatment (63). A function of Traf6 in Ca2+ homeostasis is suggested by the
fact that there is an interference effect of trafé6 knock-down and S. typhimurium in-
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fection on stanniocalcin (stc1) regulation. The mammalian homolog of stanniocalcin
is involved in inhibition of transendothelial migration of human macrophages and
T-lymphocytes (64). In addition stanniocalcin was also shown to stimulate osteoblast
differentiation in rat calvaria cells (65). In a broader sense, Traf6 is probably involved
in other ion transport processes. For instance the induction of chloride intracellu-
lar channel 2 (clicz) by Salmonella infection is highly dependent of Traf6 function.
Furthermore, the negative regulation of ATPase, Na+/K+ transporting, alpha 1a.3
polypeptide (atpiaia.3) during S. typhimurium infection is blocked by trafé6 knock-
down.

In addition to the annotated genes we also have identified Traf6 targets of which
no annotation could be derived either for zebrafish, mouse or human orthologs
(Supplemental Tab. VI, Fig. 6). Even domain searches could not identify a possible
function. Since the expression levels of some of these genes are both strongly af-
fected by Salmonella induction at early time points (33) and are strongly dependent
on Traf6 function, the further study of the function of these genes in the vertebrate
immune system is of great interest.

Interestingly, we find the induction of several metabolic genes to be dependent
on Traf6 function during Salmonella infection in one-day old embryos, suggesting a
possible role in the immune response. For example, expression of 6-phosphofructo-
2-kinase (pfkfb3), hexokinase 2 (hkz2), and diacylglycerol O-acyltransferase homolog 1b
(dgat1b) were induced during infection in a Traf6-dependent manner. Furthermore,
the induction of an ortholog of STEAP4 (zgc:112143), which has been shown to play
a role in integration of inflammatory and metabolic responses, is also dependent
on Traf6 (66). We previously found this gene also to be induced by mycobacterium
infection in zebrafish (41). The expression trend analysis shows that pfkb3, hk2 and
zgc:111243 cluster together with several of the above mentioned inflammatory genes
such as mmpg, mmpi3, ilib and tnfb (Fig. 5). Other metabolic functions might also
play a role during infection since our analyses only show the minimal contribution
of Traf6 to immunity. This is because functions that play an equally important role
in immunity and development cannot confidently be analyzed in our method since
we have titrated down the effect of the morpholino treatment to have a low effect on
development.

It does not come as a surprise that after knock-down of Traf6 there is still a strong
immune response to Salmonella infection, not only because the knock-down was in-
complete but also because it can be expected that there are innate immune responses
to Salmonella infection that are independent of Traf6, for example the chemotactic
response to the bacterial infection site via G-protein coupled receptors. Furthermore,
also within the TLR-dependent pathway there are possible signaling routes that
might not be dependent on Traf6. For instance, the pathway of TLR4 signaling can
lead to TRAF3 activation and subsequent stimulation of the interferon pathway via
the IRF3 protein. It would therefore also be interesting to use our method to analyze
other key factors such as TRAF3 and partners immediately downstream of the TRAF
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family proteins such as TBK1 and TAB1/2/3. Such studies could show whether any of
these factors might be partially redundant during the innate immune response.

Materials and Methods

Bacterial strains and growth conditions

S. typhimurium wild type (wt) strain SL1027, containing the DsRed expression vector
pGMDss3, was used for the infection of zebrafish embryos (22). Bacteria were freshly
grown overnight on LB agar plates supplemented with 10oug/ml carbenicillin and
resuspended in phosphate-buffered saline (PBS) prior to injection.

Zebrafish husbandry

Zebrafish were handled in compliance with the local animal welfare regulations and
maintained according to standard protocols (http://ZFIN.org). Embryos were grown
at 28,5 -30 °C in egg water (6oug/ml Instant Ocean sea salts). For the duration of
bacterial injections embryos were kept under anaesthesia in egg water containing
0.02% buffered 3-aminobenzoic acid ethyl ester (tricaine, Sigma).

Morpholino knock-down experiments

For morpholino knockdown experiments, morpholino oligonucleotides (Gene
Tools) were diluted to desired concentrations in 1x Danieu’s buffer [58 mM NaCl,
0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5.0 mM HEPES; pH 7.6] con-
taining 1% Phenol red (Sigma). To block translation of traf6 mRNA we injected 1
nl (1 mM) per embryo of a morpholino specifically targeting the 5> UTR region in-
cluding the start codon of traf6 (57 GCCATATTGGCTCGGTACGGCCTC). To con-
trol for aspecific morpholino effects we used a 5 bp mismatch morpholino (1mM, 5’
GCaATATTcGCTaGGTACaGCgTC).

Experimental design of the infection study

All infection experiments were performed using mixed egg clutches of ABxTL strain
zebrafish. Embryos injected with the trafé morpholino and the sbp mismatch mor-
pholino were staged at 27 hours post fertilization (hpf) by morphological criteria
and approximately 250 cfu of DsRed expressing S. typhimurium wild type bacteria
were injected into the caudal vein close to the urogenital opening as described in
Stockhammer et al. (33). As a control an equal volume of PBS was likewise injected.
Pools of 20-40 infected and control embryos were collected 8 hours post infection
(hpi). For the microarray analysis, the whole procedure was performed in triplicate
on separate days.

RNA extraction
Embryos for RNA isolation were snap frozen in liquid nitrogen and subsequently
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stored at -80°C. Total RNA from each sample was extracted using TRIZOL followed
by a cleanup procedure with Rneasy Mini kit (Qiagen, Valencia, CA, USA), and a
DNase treatment with RNase-Free DNase Set (Qiagen Valencia, CA, USA)). The
RNA concentration was measured on a nanodrop ND-100 (NanoDrop Technologies
Inc., Wilmington, DE, USA) and RNA quality was checked on an Agilent 2100
BioAnalyzer (Agilent Technologies, Palo Alto, CA, USA). Total RNA samples with
an RNA integrity number (RIN) > 7 were used for further analysis. These assays were
performed according to the manufacturer’s protocols.

[llumina RNA sequencing

The total RNA of the three biological samples of each treatment group, previous-
ly used for the microarray analysis, was pooled using equal amounts of RNA. To
perform transcriptome sequencing, RNAseq libraries were made from 4 ug of each
sample, using the Illumina mRNA-Seq Sample Preparation Kit according to the
manufacturer’s instructions (Illumina, Inc. San Diego). An amount of 4 pmol of
each library was sequenced in one lane with a read length of 51 nt on an Illumina
GAII instrument (Illumina, Inc. San Diego). The raw data were deposited in the
GEO database under submission number GSE21024. Sequence reads were mapped
to Ensembl transcripts (Zv8. 56) using the CLCbio Genomics Workbench version
3.6.5 (www.clcbio.com).

Microarray design and hybridization

A custom zebrafish genome 4 x 44 K microarray (Agilent) containing slight modifi-
cations in regard to a previous described design was used (accession no. GPL1oo42
in the GEO database) (33). In short, a total of 600 new features based on deep se-
quencing results were added to the existing chip design resulting in 45219 features,
including 43801 well-characterized genes and 1418 controls (41). The probes of the
custom manufactured Agilent array have been reannotated by mapping all probes
to the Unigene 114 (unique) sequences and the Ensembl 50 and Vega 32 transcripts
using the BLAST algorithm. Technical handling of the microarrays was performed
at the MicroArray Department (MAD) of the University of Amsterdam (Amsterdam,
The Netherlands). In short, cyanine 3 and cyanine 5 labeled cRNA samples were pre-
pared as described in the Amino allyl message AMP II manual (Ambion) using 0.5
ug purified total RNA as template for the reaction. Test samples were labelled with
Cys and the common reference was labeled with Cys. The common reference was
composed by combining 1 ug of cRNA from each sample and chemical coupling of
this pool with Cys. Hybridization of 825 ng of Cy3 labeled test sample and 825 ng of
Cys labeled common reference was performed overnight according to Agilent proto-
cols at 65° C. Images of the arrays were acquired using an Agilent DNA MicroArray
Scanner (Agilent Technologies, Palo Alto, CA, USA).
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Data extraction and statistical analysis

Spot intensities were quantified with Feature Extraction 9.5.1 (Agilent) as the fore-
ground median signal intensity. Further processing of the data was performed using
R (version 2.5.0), the Bioconductor MAANOVA package (version 1.6.0) (42) and
Spotfire (version 7.3).

All slides were subjected to a set of quality control checks, i.e. visual inspection
of the scans, examining the consistency among the replicated samples by principal
components analysis, testing against criteria for signal to noise ratios, testing for
consistent performance of the labeling dyes, and visual inspection of pre- and post-
normalized data with box plots and RI plots.

The data set concerned a two-factorial Latin square design, with the factors
‘Morpholino treatment’ (2 levels: treated and not treated) and ‘Infection’ (2 levels:
treated and not treated). The design was completely balanced with 3 replicates each,
so the experiment involved 12 observations per gene.

After log2 transformation the data was normalized by a global LOWESS smooth-
ing procedure. The data was analyzed using a two-stage mixed analysis of variance
(ANOVA) model (43). First, array, dye, and array-by-dye effects were modeled glo-
bally. Next, the residuals from this first model were fed into a gene-by-gene model
in which we took ‘Group, ‘Array’, and ‘Dye’ as factors of which ‘Array’ was modeled
as random factor. ‘Group’ is defined by each unique Morpholino and Infection treat-
ment combination. These residuals can be considered normalized expression values
and used in the graphs to depict gene expression profiles. All changes were calcu-
lated from the model coefficients. For hypothesis testing a permutation based Fs test,
which allows relaxation of the assumption that the data are normally distributed,
was used (2,000 permutations). The significance of the differences between factor
level means was tested using contrasts. To account for multiple testing, all P values
were adjusted to represent a false discovery rate using the method of Benjamini and
Hochberg (44). The raw data were submitted to the GEO database under accession
number GSE20310.

Gene Ontology, pathway and cluster analysis

K-means clustering was performed using Spotfire (version 7.3) Cluster initialization
was set to data centroid based search and similarity measure was set to Euclidian dis-
tance. Analysis was performed on the probes retrieved by interaction term analysis
with a p-value lower than or equal to o0.4. All identifiers lacking a valid annotation
were excluded from the analysis leading to a dataset of 376 probes.

Gene ontology (GO) analysis was performed using the GeneTools eGOn v2.0
web-based gene ontology analysis software (www.genetools.microarray.ntnu.no)
(45). Master-target analysis was performed at the level of Unigene clusters (UniGene
build #105). To test for enrichment or under representation at the level of GO crite-
ria for Biological Process (BP) we compared the UniGene identifiers retrieved from
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our analysis (targets) to all identifiers present on the chip (master). Identifiers tested
are listed in supplemental Table I and IV for those genes that were regulated after
infection in the control and traf6 knock-down group as well as due to trafé knock-
down alone. All identifiers that were retrieved from the interaction term analysis are
listed in supplemental Table VI.

Pathway analysis was performed using the GenMapp software package (www.gen-
map.org) (46). Analysis was done at the level of UniGene clusters (D.rerio UniGene
build #114). Significance cut-off was set at 1.2 fold change at P <o.05. Zebrafish
homologs of the genes contributing to the TLR pathway were identified by either
searching the ZFIN (http://zfin.org) database or the Gene and HomoloGene data-
base of NCBI (http://www.ncbi.nlm.nih.gov) (supplemental Table II).

The following link has been created to allow review of record GSE21024:
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=jhwzvcicksqgabm&acc=GS
E21024

The following link has been created to allow review of record GSE20310:
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=rxcjnswseookuvk&acc=GS
E20310
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Abstract

TRAF6 is an essential signal transduction factor that not only mediates signals ema-
nating from the TNF-receptor family but also from the TLR/IL-1 receptors and the
TGF-beta receptors. In order to analyse the function of Traf6 during early zebrafish
embryogenesis, transcriptome analysis was performed at 30% epiboly using a mor-
pholino based knock-down approach. This approach turned out to be very challeng-
ing since non-specific effects of control morpholinos also appeared to trigger many
responses at the transcriptome level. However, using different morpholinos directed
against traf6 mRNA and by comparisons to two control morpholinos we were able to
identify a large gene set that is specifically controlled by Traf6 during embryogenesis.
Using GO and pathway analyses we were able to give new insights into the diverse
functions of Traf6. We compared the gene set that we found to be dependent on
Traf6 during early embryogenesis with a previously identified set of genes dependent
on Traf6 in the context of infection of one-day-old embryos and found that only a
set of 14 genes was overlapping. This limited overlap shows that the function of Traf6
is modulated from a control factor of developmental genes to a control factor of a
largely different set of genes involved in functions in infectious disease. In addition,
we can conclude that there is a general effect of all morpholino injections on #r3 ex-
pression that is not dependent on Traf6. In contrast, there is a response of tir4a, tir4b
and tlrg to morpholino injections in general that appears to be dependent on Traf6.
These results prompt further investigations into the function of Traf6 in mediating
responses to immunogenic stimuli at very early stages of embryogenesis.

Introduction

The members of the tumor necrosis factor receptor-associated factor (TRAF) family
are essential signal transduction proteins that play a role in a wide range of physio-
logical processes ranging from cell growth to immune responses and to programmed
cell death. They were originally discovered as adapter proteins that mediate signals
emanating from the TNF-receptor family. To date, seven members, named TRAF1
to TRAFy, have been identified in mammals (1, 2). All TRAF proteins are character-
ised by a TRAF domain at the carboxyl-terminus of the protein that can be further
subdivided into a highly conserved TRAF-C domain and a less conserved coiled-
coil domain referred to as TRAF-N domain. In addition all TRAF proteins, with the
exception of TRAF1, contain a RING finger domain and several zinc finger motifs
at the N-terminus. Self-association and interaction with TNF-receptors and other
adaptor proteins is mediated by the TRAF-domain whereas downstream signalling
is relying on the conserved domains of the N-terminus (2).

Among all members of the TRAF-family, TRAF6 holds a unique position, as
TRAF6 is not only mediating signals emanating from the TNF-receptor family but
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also from the TLR/IL-1 receptors and the TGF-beta receptors, eventually leading to
the activation of the AP-1 and NF-«B transcription factor complexes (3, 4). Analysis
of TRAF6 function by gene knock-down studies in mice revealed a critical role of
TRAF6 in lymph node and exocrine gland organogenesis as well as in apoptosis and
osteoclast development and function (5-8). TRAF6 was shown to bind to the recep-
tor activator of NF-kB (RANK) and upon stimulation of RANK by the associated
ligand RANKL, TRAF6 forms a complex with TAB1, TAB2 and TAKj, eventually
leading to the activation of NF-xB, JNK and p38, thereby promoting osteoclast dif-
ferentiation, function and survival (9-11). Similarly, following TLR receptor activa-
tion, TRAF6 also activates NF-kB through TAB1-TAB2-TAK1 complex formation.
Furthermore, it was demonstrated that JNK and p38 activation is also mediated by
TRAF6 upon activation of the TGF-beta receptor as well as the TLR-pathways (3, 12,
13). To activate JNK and p38 after TLR stimulation TRAF6 forms a complex with the
protein ECSIT (12). In mouse embryonal carcinoma (EC) cells ECSIT was shown to
be involved in BMP signalling by forming complexes with nuclear Smads on the Tlx2
enhancer (13). TGF-beta signalling via TRAF6 was shown to be Smad-independent.
However, whether TRAF6 is also involved in Smad-dependent BMP signalling
events via ECSIT is still unknown. Recently it was demonstrated that TRAF6 also
functions as a transcriptional cofactor in osteoclasts promoting FHL2 gene expres-
sion, further demonstrating the diverse functions of TRAF6 (14).

The zebrafish embryo is an extensively used model organism to study the mo-
lecular processes underlying vertebrate developmental, organogenesis and immune
function. We could previously demonstrate the role of Traf6 in the immune response
towards a bacterial infection of zebrafish embryos (Chapter 4). Initial experiments
of morpholino mediated trafé6 knock-down revealed developmental defects during
zebrafish embryogenesis. To investigate the role of Traf6 in early zebrafish develop-
ment and to elucidate the implication of trafé knock-down on the transcription pro-
file we performed a microarray based transcriptome analysis during early zebrafish
embryogenesis. By using several control morpholino experiments we could show
that Traf6 directs the transcription of a large set of genes during early embryogenesis.
These sets were further characterized using ontology and pathway analyses, showing
that Traf6 has a role in many fundamental biological processes. We have also com-
pared our results with the infection data obtained in chapter 4.

Results

Phenotypic alterations after traf6 knock-down

For functional analysis of traf6 in zebrafish embryogenesis we designed two non-
overlapping translation-blocking morpholinos targeted against the 5° UTR of the
traf6 transcript and tested these in at doses of 0.5 mM, 1 mM and 2 mM. Phenotypic
effects of trafé knock-down at 30% epiboly were only observed after traf6-mor-
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traf6-morpholino1 traf6-morpholino2 mm-morpholino sc-morpholino
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FIGURE 1. Overview of representative phenotypes upon morpholino treatment. Zebrafish em-
bryos were injected with two translation-blocking morpholinos specifically targeting trafé (trafé-
morpholino1 and 2) and two control morpholinos; sbp mismatch (mm) and standard control-mor-
pholino (sc) (A-K). (A, E, 1) Morphology of zebrafish embryos injected with 0.5 mM, 1 mM and 2 mM
of traf6-morpholino-1and (B, F) traf6-morpholino-2 at 24hpf. Injection of 2 mM traf6-morpholino-2
resulted in 100% lethality at 24hpf. (C, G, J) Morphology of mm-morpholino injected embryos and
(D, H, K) sc-morpholino injected embryos at 24 hpf. Zebrafish embryos are shown in lateral view
with the anterior side to the left and dorsal to the top.

pholino-2 injection at the highest concentration. At this stage we observed a de-
lay of at least 2 hours in epiboly progression as compared to normal development.
However, at 24 hpf phenotypic changes were observed with both morpholinos as
shown in figure 1. The results show that injection with traf6-morpholino-2 results in
high mortality at the 2 mM concentration and shortening of the anterior-posterior
(AP) axis and strong necrosis in the developing nervous system at the lower concen-
trations (Fig. 1 B, F). With traf6-morpholino-1 we observed a shortening of the AP
axis at 1 and 2 mM (Fig. 1 E, I). We have also designed a control morpholino that
contains sbp mismatches (mm) as compared to traf6-morpholino-1. We furthermore
tested a standard control morpholino (sc) that has previously been used in other
studies and which is assumed not to target zebrafish genes (20). Control experi-
ments with these morpholinos at various concentrations did not show phenotypes
at 24 hpf that were comparable to the observed effects of traf6-morpholinos-1 and
-2 treatment at 0.5 and 1 mM concentrations (Fig. 1 C, D, G, H). However, at 2 mM
concentration necrosis in the head area and malformation of the somites posterior
to the yolk sac extension was observed (Fig. 1], K)

Transcriptome analysis of Trafé knock-down compared to control
experiments

As studies in human and mammalian models have shown TRAF6 to be involved as
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FIGURE 2. Schematic overview of the experimental setup (A) and principal component analysis
(PCA) of the transcriptome responses (B). (A) Zebrafish embryos were injected at the one cell stage
with two morpholinos specifically targeting traf6 mRNA indicated as traf6-morpholino1 and trafé-
morpholino2 respectively (treatment). In addition a sbp mismatch morpholino (mm) and a stand-
ard control morpholino (sc) were injected to control for general morpholino effects and phenol red
(pr) as a control for the injection process in general. The transcriptional response was analysed at
30% epiboly using a common reference approach. The experiment was carried out in quintuplicate.
(B) Transcriptome responses after morpholino and control treatment were analysed by PCA.

a signal transducer in various pathways, the observed knock-down phenotypes are
hard to investigate with in situ gene pattern analyses methods. In order to get an
overview of the signal transduction processes that are affected by trafé6 knock-down
we decided to perform transcriptome expression profiling using custom-designed
Agilent micro-arrays containing 43,371 probes. As above, zebrafish embryos at the
one cell stage were injected with traf6-morpholinos-1 and -2 and with the mismatch
and standard control morpholinos at concentrations of 0.5, 1, and 2 mM. In addition
we also injected Phenol red as a general control for the injection per se (Fig.2 A). The
assay was performed in biological quintuplicate and analysis of the transcriptome
took place at 30% epiboly to minimise the accumulation of secondary effects caused
by traf6 knock-down. Principal component analysis (PCA) demonstrated good sep-
aration of the biological replicates of the two specific traf6-morpholinos (traf6-mor-
pholino-1, traf6-morpholino-2) along the concentration range (Fig.2 B). Treatments
with traf6-morpholino-2 showed a good correlation between the strength of response
and the increase of the treatment dose whereas for traf6-morpholino-1 we found the
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strongest effect to be elicited at a concentration of 1 mM. In contrast, only a poor
separation was shown for the 5sbp mismatch morpholino and no separation for the
standard control morpholino, indicating a concentration independent effect at that
stage. For the control morpholino treatments, in particular for the sc-morpholino
treated group, we observed less deviation from the phenol red treatments.

In agreement with the results of the PCA analysis we found an increasing number
of probes in the signature set of traf6-morpholino-2 treatment, ranging from 3578 at
0.5 mM up to 10539 at 2 mM (Fig.3 A, Supplemental Tab. I). The strongest response
after traf6-morpholino-1 treatment was observed at a dose of 1 mM with a total of
6358 probes in the signature set. At a dose of 0.5 mM the signature set contained
2624 regulated probes whereas it contained 5623 probes at a dose of 2 mM. The two
control groups were very similar to each other regarding the number of regulated
genes and the distribution over the concentration range. In both cases we observed
a decrease in the number of regulated genes at 1 mM, followed by an increase at the
2 mM dose (Fig.3 A).

In order to define a traf6 knock-down specific transcription profile we first iden-
tified subsets of the individual treatment groups that were consistently regulated
(FDR adjusted P-value <o.05 for at least two concentrations) along the concentration
range (Fig.3 B). Analysis of the traf6-morpholino treatment groups demonstrated
that a high percentage of the probes were overlapping along the concentration range,
indicating a specific effect of the morpholinos. For traf6-morpholino-2 treatment we
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A FIGURE 4. Identification of spe-
cific trafé knock-down and gen-
eral morpholino effects. (A) Upper
Venn diagram illustrates the over-

lap of the response signatures be-
mo1 down mo2 down mm down sc down

tween trafé specific morpholino-1
B and -2. Lower Venn diagram illus-

trates the overlap between the

mm- and sc-morpholino response
mo1/mo2 mm/sc R

signatures. Overlap of trafé spe-

cific morpholino-1and -2 response

signature was defined for all
probes that were significantly regulated (p<o.05) in at least 2 out of 3 concentrations. Overlap
of mm- and sc-morpholino response signature was defined in a less stringent way by taking all
probes that were significant in at least one concentration of each treatment. (B) Identification of
trafé knock-down specific expression profile and general morpholino response profile. mon, trafé-
morpholino1; mo2, traf6-morpholino2; mm, sbp mismatch morpholino; sc, standard control mor-
pholino treatment; mo1/mo2, overlap traf6-morpholino1 and -2 response ; mm/sc, overlap mm-

and sc-morpholino response

found an overlap ranging from a total of 90% of all significantly regulated probes at
0.5 mM over 88% at 1 mM down to 57% at 2 mM. In the case of traf6-morpholino-1
treatment the smallest overlap was observed at 1 mM with 62% and the maximum
at 0.5 mM with 81% of all regulated probes. For both treatments we furthermore
observed that the expression of large probe sets was affected by the morpholino
treatment at all concentrations: 1628 probes for traf6-morpholino-1and 2760 probes
for traf6-morpholino-2 (Supplemental Tab. IT and III). An overall much weaker re-
sponse was observed for the control groups and there was also considerable smaller
percentage of regulated probes overlapping along the concentration range. In the
mm-morpholino as well as the sc-morpholino treated groups the highest overlap was
present at the 1 mM dose reaching 60% after mm-morpholino treatment and 80%
upon sc-morpholino treatment. However, a substantially smaller overlap was evi-
dent at 0.5 mM and 2 mM in both cases, ranging between 35 and 55%. Furthermore,
the expression of only a small probe set of 260 for the mm-morpholino group and
706 for the sc-morpholino group was consistently changed after treatment with each
concentration of morpholinos (Supplemental Tab. IV and V).

Definition of specific sets for trafé knock-down and control effects

We specified the common signature of traf6-morpholino1 and 2 by determining the
overlap of the above described subsets, i.e. the number of probes consistently changed
in the same direction for both morpholinos and at least two concentrations for each
morpholino (Fig. 3 B). We found a total of 1411 probes to be commonly up-regulated
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Table I. Master-target test of GO analysis for Biological Process of the overlap between mismatch and standard control morpholino®

GO-term Name MASTER up DOWN
GO0:0008150 biological_process 5265 136 158
G0:0065007 biological regulation 1009 24 32
G0:0009987 cellular process 3042 79 108
GO0:0051301 cell division 42 1 4
G0:0044237 cellular metabolic process 2053 51 76
G0:0032502 developmental process 742 22 29
G0:0009790 embryonic development 217 9 12
G0:0007389 pattern specification process 133 6 10
GO0:0051234 establishment of localization 574 15 13
G0:0040007 growth 53 0 2
G0:0002376 immune system process 92 2 6
GO:0006955 immune response 55 1 5
GO:0051179 localization 648 18 15
GO:0051641 cellular localization 145 8 3
G0:0008152 metabolic process 2402 60 2
G0:0009058 biosynthetic process 1041 21 2
G0:0044237 cellular metabolic process 2053 51 76
G0:0044238 primary metabolic process 2022 49 74
GO:0051704 multi-organism process 24 0 2
G0:0032501 multicellular organismal process 714 18 29
G0:0048519 negative regulation of biological process 98 5

G0:0043473 pigmentation 1 1 1
G0:0048518 positive regulation of biological process 89 2 1
G0:0050789 regulation of biological process 922 23 30
G0:0000003 reproduction 21 0 1
G0:0050896 response to stimulus 282 8 n
GO:0006955 immune response 55 1 5

* A master-target statistical test using eGOn software was performed with input gene lists of ze-
brafish UniGene identifiers. The master input lists contained all UniGene identifiers present on the
microarray. The target lists contained the UniGene identifiers that were retrieved by the intersec-
tion analysis of the mismatch and standard-control morpholino response signatures with an FDR
adjusted P-value lower than 0.05. The table indicates the number of genes in each list that are
associated with the indicated GO-terms. Numbers highlighted in grey are significantly enriched
in the target list compared to the master whereas all numbers indicated in black demonstrated a
significant underrepresentation in the target list compared to the master (p < 0.05).

upon traf6-morpholino treatment and 806 to be commonly down-regulated (Fig.4
A). The response of a small group of 91 probes was anti-correlated (Supplemental
Tab. VI). In addition, we were interested in a probe set that was responsive both to
the mismatch and standard-control morpholinos, reasoning that this set would most
likely characterize a general response to morpholino treatments. Taking into con-
sideration the low consistency of the control groups along the concentration range,
and the therefore largely dose-independent response, we decided to take a less re-
strictive selection criterion than for the comparison between traf6-morpholinos and
compared all probes that were significantly (FDR adjusted P-value <0.05) regulated
by the mismatch and standard control morpholinos at minimally one of the applied
doses. A total of 747 commonly up-regulated probes and 922 commonly down-regu-
lated probes were found (Fig.4 A). In addition we observed 115 anti-correlated probes
(Supplemental Tab. VII). In a next step we determined the overlap between the com-
mon trafé6 knock-down and control signature and subtracted this set, leading to a
trafé knock-down signature of 1787 regulated probes representing 868 genes (Fig. 4B,
supplemental Tab. VIII).
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Table Il. Master-target test of GO analysis for Biological Process for the overlap between trafé morpholino1 and 2*

GO-term Name master UP DOWN
GO:0008150 biological_process 5265 286 116
G0:0022610 biological adhesion 83 2 1
GO0:0065007 biological regulation 1009 m 19
G0:0009987 cellular process 3042 151 75
GO0:0010467 gene expression 921 E 23
G0:0050794 regulation of cellular process 864 17
G0:0032502 developmental process 742 30 19
G0:0048856 anatomical structure development 506 10
G0:0016265 death 81 10 4
G0:0007275 multicellular organismal development 648 E 14
G0:0051234 establishment of localization 574 40 9
G0:0040007 growth 53 1 1
G0:0002376 immune system process 92 1 2
G0:0051179 localization 648 43 10
G0:0008152 metabolic process 2402 129 57
G0:0009056 catabolic process 139 17 5
G0:0019222 regulation of metabolic process 711 E 13
G0:0051704 multi-organism process 24 0 0
G0:0032501 multicellular organismal process 714 m 15
G0:0007275 multicellular organismal development 648 m 14
G0:0048519 negative regulation of biological process 98 2 1
G0:0043473 pigmentation 1 1 0
GO:0048518 positive regulation of biological process 89 5 3
G0:0050789 regulation of biological process 922 39 18
GO:0000003 reproduction 21 1 2
G0:0019953 sexual reproduction 14 1 2

* A master-target statistical test using eGOn software was performed with input gene lists of ze-
brafish UniGene identifiers. The master input lists contained all UniGene identifiers present on the
microarray. The target lists contained the UniGene identifiers that were retrieved by the intersec-
tion analysis of the traf6-morpholino1 and 2 response signatures with an FDR adjusted P-value
lower than 0.05. The table indicates the number of genes in each list that are associated with the
indicated GO-terms. Numbers highlighted in grey are significantly enriched in the target list com-
pared to the master whereas all numbers indicated in black demonstrated a significant underrep-
resentation in the target list compared to the master (p < 0.05).

Ontology and pathway analysis of general morpholino effects

We initially tested the control signature for enrichment of gene ontology groups using
eGOn, a web-based data mining tool for transcriptome data (www.genetools.micro-
array.ntnu.no) (18). The analysis revealed several enriched GO terms in the down-
regulated fraction, for instance “embryonic development”, “pattern specification
process” and “metabolic process” (Tab. I). Interestingly, we also found the GO term
“immune response” to be significantly enriched in the control group, comprising
genes of various TLRs such as tlr3, tlrqa, tlr4b and tirg.

To analyse the general morpholino effect on the TLR-pathway in more detail
we used the GenMapp software package (genmapp.org) (19). Analysis of the TLR-
pathway revealed several more members to be regulated (Fig.5). Beside the Toll-like
receptors we also found toll-interleukin 1 receptor (TIR) domain containing adaptor
protein (tirap), one of the TLR adaptor proteins, as well as nuclear factor of kappa
light polypeptide gene enhancer in B-cells 1 (nfkb1) and several mitogen activated pro-
tein kinases (MAPK). Interestingly traf6 was up-regulated in the control and traf6-
morpholino treatments suggesting that traf6 is induced by morpholino treatments
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Transcriptome analysis of Traf6 function in early zebrafish embryogenesis

in general.

Ontology and pathway analysis of traf6 knock-down signatures

Analysis of the traf6 knock-down signature with eGOn revealed the GO terms “death”
and “catabolic process” to be significantly enriched in the up-regulated fraction (Tab.
IT). Under the “death” category we found such genes as the serine/threonine kinase
ripk2 and members of the BCL-2 protein family (bad, bokb and bax), all promoting
programmed cell death. In agreement with this notion we also found genes that are
counteracting programmed cell death down-regulated. For instance baculoviral IAP
repeat-containing 2 (birc2). Additionally we found GO-terms such as “gene expres-
sion” and “multicellular organismal development” showing significant underrepre-
sentation in the up-regulated fraction.

Traf6 plays a pivotal role in the signal transduction of the TLR-pathway. We were
therefore interested in the effect of traf6 knock-down on members of this pathway.
Projection of the trafé6 knock-down signature demonstrated an induction of traf3
upon traf6 knock-down (Fig. 6). Furthermore, the zebrafish homolog of TAB3, an
interacting partner of TRAF6, was up-regulated. Likewise the regulatory subunit
of the IKK-complex, nemo (ikbkg), was induced after traf6 knock-down. NEMO
was shown to be an ubiquitination target of TRAF6 in mice fibroblast cells and ubi-
quitination of NEMO by TRAF6 is involved in IL-1 mediated activation of NF-kB
(21). Furthermore, the transcription factors nuclear factor of kappa light polypeptide
gene enhancer in B-cells 2 (nfkb2) and activating transcription factor 5 (afts) were
induced upon trafé knock-down. We also performed pathway analysis of the TGF
beta pathway. The results (not shown) showed only one gene in this pathway, namely
transforming growth factor, beta receptor II (tgfbrz), to be up-regulated after traf6
knock-down and not after control morpholino treatments.

Traf6 dependent genes in early embryogenesis and immunity
We previously indentified a set of genes that was dependent on Traf6 function in the
context of a bacterial challenge (Chapter 4). To clarify whether there are genes that

FIGURE 5. Toll-like receptor (TLR) pathway analysis of the transcriptional effect that was elicited
by morpholino treatment in general. Genes that were regulated due to the general morpholino
effect were mapped on the TLR pathway. Gene boxes are colour coded from left to right with 0.5
mM (LOW), 1 mM (MEDIUM) and 2 mM (HIGH) expression data of the mm-morpholino (MM) and
the standard control morpholino (SC). Up-regulation is indicated in yellow, down-regulation in
blue. Genes that failed the fold-change cut off (>1.2 and <-1.2) were indicated in grey. White de-
notes genes that were not passing the significance cut-off value (FDR adjusted P-value <o0.05) or
were not represented on the array platform. The pathway is based on knowledge of TLR signalling
in mammalian species and it should be noted that most interactions remain to be experimentally

confirmed in zebrafish.
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Transcriptome analysis of Traf6 function in early zebrafish embryogenesis

were dependent on Traf6 function during early embryogenesis and immune defence
we compared the Traf6 dependent infection signature with the trafé6 knock-down
signature of this study. Furthermore, we included a previously identified embryonic
infection response signature in the analysis (Chapter 4). We identified 628 common
regulated probes between the early embryonic trafé knock-down signature and the
embryonic infection signature (Fig. 7, Supplemental Tab. IX). We classified the com-
monly shared probes into common up- and down-regulated and anti-correlated ex-
pressed probe sets and subsequently tested for enrichment of gene ontology groups
using eGOn (www.genetools.microarray.ntnu.no). We found the GO terms “death”
and “regulation of localization” to be significantly enriched in the common up-
regulated group (Supplemental Tab. X.). In the shared down-regulated fraction we
could identify GO terms linked to metabolic processes like “macromolecule meta-
bolic process” and “catabolic processes” as significantly enriched. Probes that were
up-regulated in the early embryonic knock-down signature and down-regulated in
the embryonic infection signature were enriched for the GO terms “cell cycle” and
“cell division™
In addition we found 15 probes (14 genes) to be regulated in all three signatures
and 1 (coproporphyrinogen oxidase, cpox) to be common between the early embryon-
ic traf6 knock-down signature and the Traf6 dependent infection signature (Tab. III).
The probes that were regulated in all three signatures in common contained genes
such as DNA-damage regulated autophagy modulator 1 (drami), which was shown to
be activated by p53 and promotes p53 induced autophagy as well as radiy, important
for DNA-damage-induced cell cycle G2 arrest (22). Another gene of this group was
stx11a, a homolog of the human SYNTAXIN11 gene. SYNTAXIN11 was demonstrated
to play a role in phagocytosis in human macrophages (23).

Discussion

As shown in chapter 4 the Traf6 protein is an important signal transduction protein
in the innate immune system of vertebrates. In addition TRAF6 plays a role in vari-
ous cellular developmental processes in mice (6, 7, 14). In this chapter it is shown
for the first time that Traf6 is also involved in the regulation of a large gene set dur-
ing early embryogenesis. In order to analyse the function of Traf6, transcriptome

FIGURE 6. Toll-like receptor (TLR) pathway analysis of the specific traf6 knock-down effect. Traf6
knock-down specific expression profiles were mapped on the TLR pathway. Gene boxes are colour
coded for 0.5 mM (LOW), 1 mM (MEDIUM) and 2 mM (HIGH) of the traf6-morpholino1 (M1) and trafé-
morpholino2 (M2) expression data as described in figure 5. The pathway is based on knowledge of
TLR signalling in mammalian species and it should be noted that most interactions remain to be

experimentally confirmed in zebrafish.
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Total infection expression set
(35hpf embryo)

Traf6-directed early embryonic
expression set

Traf6-directed infection expression set
(35hpf embryo)

FIGURE 7. Traf6-controlled genes in early embryogenesis and embryonic immune response. Traf6-
controlled probes in early embryogenesis were compared to a total infection expression set and
to a Traf6-dependent infection expression set. Total and Traf6-controlled expression sets were re-
trieved from a previously performed Salmonella infection assay (Chapter4). In short, trafé knock-
down and mm-morpholino treated embryos were infected with Salmonella at 27 hpf and the in-
fection response was analysed after an incubation time of 8 hours. The Traf6-dependent infection

expression set was retrieved by interaction term analysis.

analysis at 30% epiboly was performed using a morpholino based knock-down ap-
proach. This approach turned out to be very challenging since non-specific effects of
control morpholinos also appeared to trigger many responses at the transcriptome
level. However, using different morpholinos directed against traf6 mRNA and by
comparisons to two control morpholinos we were able to identify a large gene set
that is specifically controlled by Traf6 during embryogenesis. Using GO and path-
way analyses we were able to give new insights into the diverse functions of Traf6 in
transcriptional control.

Knock-down of traf6 leads to a strongly altered transcriptome profile with each
of the tested morpholinos, even at concentrations as low as 0.5 mM. Apparently
the response at the transcriptome level at 30% epiboly is far stronger than the ob-
served morphological alterations at later stages would suggest (Fig. 1). For instance,
injection of traf6-morpholino-1 at a concentration of 0.5 mM led to no detectable
morphological changes at 1 dpf, whereas a significant change of expression of 2624
probes was observed at the 30% epiboly stage. Although the two morpholinos where
very different in their dose response at the morphological level at 1 dpf, they showed
strong similarity in the response at the transcriptome level at 30% epiboly. We could
identify a stringent overlap set of the effects of the two morpholinos of 868 genes
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Table I11. Traf6 controlled genes in early embryogenesis and embryonic immune response*

trafé k.d. Immune trafé k.d.

Probe ID UniGeneID Symbol Description early embryogenesis resp i resp

(fc) (fc) (fc)
LOLS08715 Dr.11530 2gc:152863 2gc:152863 15,1.7,1.8;14,2.1,31 -1.4 ns.
LOLS06846 Dr.13838 2gc:153057 2gc:153057 -12,-1.2,-12;-1.1,-1.2,-1.3 22 15
A_15_P115394  Dr.31220 rad17 RAD17 homolog (S. pombe) 13,16,16; 1.1,1.2,14 -14 -11
LOLS07060 Dr.75603 h3f3a H3 histone, family 3A -12,-15,-15;-15,-1.9,-3.1 -1.2 n.s.
A_15_P113277 Dr7614 slc25a25 solute carrier family 25 13,18,16;13,17,22 1.6 n.s.
A_15_P110827 Dr.77486 lass5 LAG1 homolog, ceramide synthase 5 10,1.2,13;1.1,12,13 11 ns.
A_15_P111539  Dr.77501 dram1 DNA-damage regulated autophagy -12,-2,-1.6;-14,-1.9,-29 22 ns.

modulator 1
A_15_P103389  Dr.78554 cpox coproporphyrinogen oxidase 12,14,15;1.1,13,16 ns. -1.5
LOLS07574 Dr.79180 srpr signal recognition particle receptor -13,-1.3,-1.3;-1.2,-1.2,-11 15 ns.
(docking protein)

A_15_P114256  Dr.81309 psmel proteasome activator subunit 1 -1.1,-14,-16;-1.2,-16,-2.2 51 21
LOLS00214 Dr.81309 psmel proteasome activator subunit 1 -1.2,-15 -1.2,-17,-23 39 18
LOLS01729 Dr.83170 stx11a syntaxin 11a 13,14,13;1.1,14,16 25 16
A_15_P101112  Dr.90156 f3b coagulation factor lllb 14,16,14;12,15,20 28 17
A_15_P113317 na. na. na. 15 n.s.
LOLS09680 na. na. na. 14 ns.
A_15_P113108 na. na. na. 39 24

* For trafé knock-down during early embryogenesis the fold-changes (fc) are indicated for mo1and
mo2 with increasing concentrations (0.smM - 2mM); probes that were not significantly changed

are indicated as n.s. (p-value > 0.05)

after correction for general morpholino effects (Fig. 4). The ontology analyses of
these genes, as shown in the results (Tab. I), indicate diverse functions ranging from
catabolic processes (e.g. glycolysis) to gene regulation. Since the function of Traf6 in
early embryogenesis in vertebrates has not yet been analysed, it is difficult to iden-
tify specific ontology classes that can be linked to functions of Traf6 previously de-
scribed in the literature except for functions in apoptosis. Traf6 knock-down led to
the induction of several genes involved in the regulation of programmed cell death.
Genes such as BCL2-antagonist of cell death (bad) and bclz-associated X protein (bax),
known to promote apoptosis, were induced whereas genes promoting cell survival
such as birc2 showed decreased expression levels (24-26). Our results are in line with
a recent publication of Yoon et al. were it was demonstrated that TRAF6 has an anti-
apoptotic effect in mice cell lines (27). In these cell lines TNF stimulation caused
sustained JNK activation through the accumulation of reactive oxygen species (ROS)
eventually leading to cell death. It was shown by Yoon et al. that TRAF6 deficiency
leads to the inactivation of GSK3f and in turn to impaired NF-kB dependent tran-
scription.

The TLR signalling pathway has been shown to be crucial for embryogenesis in
insects and nematodes and it might therefore be expected that Traf6 plays a role in
early development of vertebrates as well. Considering the early stage of embryo-
genesis that we have studied we can expect that many of the genes affected by trafe
knock-down are likely to play a role in development. We identified a large overlap in
transcriptional gene response between the early embryonic traf6 knock-down effect
and embryonic infection responses, indicating that early development and infec-
tious disease processes have many molecular mechanisms in common. However, it
is notable that only a set of 14 annotated genes showed a Traf6 controlled response in
early embryogenesis and in the context of an embryonic infection response at 35 hpf.
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These genes include DNA-damage regulated autophagy modulator1 (drami), a target
gene of p53 (28). This limited overlap shows that the functions of Traf6 in early em-
bryogenesis differ from its functions in innate immunity at later stages of embryo-
genesis. This is remarkable considering the fact that many key partners of Traf6 play
a role in both development and infectious disease. Further studies at a biochemical
level might show how Traf6 function is modulated from a control factor of develop-
mental genes to a control factor of genes involved in functions in infectious disease.

In addition to the analysis of the function of Traf6 we could identify a gene set
whose transcription is controlled by morpholino injections in general. We could
show that several genes previously linked to development or metabolism, are also
triggered by morpholinos in general. By identifying these general effects of mor-
pholinos at the transcriptome level we provide a reference set for morpholino oft-
target effects. Considering the general use of morpholinos in the studies of zebrafish
development, immunity and metabolism this will be an important resource for the
scientific community. Interestingly several of these genes are linked to the immune
system. We could show that a group of four Toll-like receptors, namely tir3, tir4a,
tlr4b and tlrg were down-regulated in response to morpholino treatments. In mam-
mals, activation of the innate immune response by nucleic acids is known to be me-
diated via TLR3, TLRy and TLRg (29). However, it has not been yet reported that
morpholinos can also activate these pathways. Furthermore, TLR4 is thus far not
known as a receptor for DNA or RNA. From the traf6 knock-down results we can
conclude that the general response of tlr3 to morpholino injections is not dependent
on Traf6. In contrast the response of tir4a, tlr4b and tlrg appears to be dependent
on Trafé6. It is very interesting that these pathways are activated in the early stages of
embryogenesis and therefore we would like to further study the signal transduction
pathways involved in the sensing of morpholinos. For instance it would be of interest
to find out why these receptors were down-regulated. An explanation for the negative
regulation of these receptors might be a negative feedback loop since the injection of
morpholinos was approximately 5 hours prior to the analyses of the transcriptome
response. The regulation of these Toll-like receptors in early embryogenesis indicates
that also other players of this pathway are functionally present in the early embryo.
This is consistent with previous results demonstrating that several TLR receptors and
downstream signal transduction components are expressed at very early stages of
embryogenesis (30). This includes tlr3, tlr4a and tir4b as well as the adaptor proteins
tirap and trif. However, there is nothing known on functional aspects of the innate
immune system at the very early stages of embryogenesis and based on our results it
would be of interest to test responses of early embryos to other immunogenic com-
pounds and infectious agents at the very early stages of embryogenesis.
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Materials and Methods

Zebrafish husbandry

Zebrafish were handled in compliance with the local animal welfare regulations and
maintained according to standard protocols (http://ZFIN.org). All experiments were
performed on mixed egg clutches from several pairs of AB strain zebrafish. Embryos
were grown at 28,5 °C in egg water (6oug/ml Instant Ocean sea salts).

Morpholino knock-down experiments

For morpholino knockdown experiments, morpholino oligonucleotides (Gene
Tools) were diluted to desired concentrations in 1x Danieu’s buffer [s8 mM NaCl,
0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5.0 mM HEPES; pH 7.6] con-
taining 1% Phenol red (Sigma). Translation of trafé was blocked by two non-
overlapping morpholinos specifically targeting the 57 UTR region of traf6 (traf6-
morpholino-1, GCCATATTGGCTCGGTACGGCCTC and traf6-morpholino-2,
5’GCCTATACTGCTGCTTCCTGTAAAG). To control for aspecific morpholino
effects, a 5 bp mismatch morpholino (55GCaATATTcGCTaGGTACaGCgTC) of
traf6-morpholino-1 and a standard control morpholino (www.gene-tools.com) were
injected. Embryos were injected at the one cell stage with 1 nl of either one of the
above mentioned morpholinos with the following concentrations: 0.5, 1 or 2mM. In
addition, 1x Danieu’s buffer containing only Phenol red was injected to control for
the injection effect per se. All injections were done in random order and the experi-
ment was performed in quintuplicate.

RNA extraction

Pools of 20-30 embryos of each treatment group were collected at 30% epiboly for
RNA isolation. Embryos were snap frozen in liquid nitrogen and subsequently
stored at -80°C. Total RNA from each sample was extracted using TRIZOL followed
by a cleanup procedure with Rneasy Mini kit (Qiagen, Valencia, CA, USA), and a
DNase treatment with RNase-Free DNase Set (Qiagen Valencia, CA, USA). The RNA
concentration was measured on a nanodrop ND-100 (NanoDrop Technologies Inc.,
Wilmington, DE,USA) and RNA quality was checked on an Agilent 2100 BioAnalyzer
(Agilent Technologies, Palo Alto, CA, USA). Total RNA samples with an RNA integ-
rity number (RIN) > 7 were used for further analysis. These assays were performed
according to the manufacturer’s protocols.

Microarray design and hybridization

A custom zebrafish 4 x 44 K microarray (Agilent) that was previously described was
used (accession no. GPLy735 in the GEO database) (15). Technical handling of the
microarrays was performed at the MicroArray Department (MAD) of the University
of Amsterdam (Amsterdam, The Netherlands). In short, cyanine 3 and cyanine 5 la-
belled cRNA samples were prepared as described in the Amino allyl message AMP II
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manual (Ambion) using 0.5 ug purified total RNA as template for the reaction. Test
samples were labelled with Cy3 and the common reference was labelled with Cys.
The common reference was composed by combining 1 ug of cRNA from each sample
and chemical coupling of this pool with Cys. Hybridization of 825 ng of Cy3 labelled
test sample and 825 ng of Cys labelled common reference was performed overnight
according to Agilent protocols at 65° C. Images of the arrays were acquired using an
Agilent DNA MicroArray Scanner (Agilent Technologies, Palo Alto, CA, USA).

Data extraction and statistical procedure

Spot intensities were quantified with Feature Extraction 9.5.1 (Agilent) as the fore-
ground median signal intensity. Further processing of the data was performed using
R (version 2.5.0), the Bioconductor MAANOVA package (version 1.6.0) (16).

All slides were subjected to a set of quality control checks, i.e. visual inspection
of the scans, examining the consistency among the replicated samples by principal
components analysis, testing against criteria for signal to noise ratios, testing for
consistent performance of the labelling dyes, and visual inspection of pre- and post-
normalized data with box plots and RI plots.

The data set concerned a two-factorial design, with the factors “Treatment’ (5
levels: ‘Phenol Red;, ‘Standard Control, ‘Mismatch, ‘Morpholino 1” and ‘Morpholino
2’) and ‘Dose’ (3 levels: ‘Low’, ‘Middle’ and ‘Higl’), with the factor ‘Dose’ being ap-
plicable only to the morpholino injections, not to the Phenol Red control.. After log2
transformation the data was normalized by quantile normalization. The data was
analyzed using a two-stage mixed analysis of variance (ANOVA) model (17). First,
array, dye, and array-by-dye effects were modelled globally. Next, the residuals from
this first model were fed into a gene-by-gene model in which we took ‘Group, Array,
and ‘Injection’ as factors of which ‘Array’ and ‘Injection’ were modelled as random
factors. ‘Group’ is defined by each unique treatment and dose combination. For hy-
pothesis testing an Fs test was used and the significance of the differences between
factor level means was tested using contrasts. To account for multiple testing, all P
values were adjusted to represent a false discovery rate of 5%.

Gene Ontology, pathway and cluster analysis

Gene ontology (GO) analysis was performed using the GeneTools eGOn v2.0 web-
based gene ontology analysis software (www.genetools.microarray.ntnu.no) (18).
Master-target analysis was performed at the level of Unigene clusters (UniGene build
#105). To test for enrichment or under representation at the level of GO criteria for
Biological Process (BP) we compared the UniGene identifiers retrieved from our
analysis (targets) to all identifiers present on the chip (master).

Pathway analysis was performed using the GenMapp software package (www.
genmap.org) (19)116116116116. Analysis was doneat thelevel of UniGene clusters (D.rerio
UniGene build #114). Significance cut-off was set at >1.2 and <-1.2 fold change at
an FDR adjusted P-value <o.05. Zebrafish homologs of the genes contributing to
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the TLR and TGF-beta superfamily pathway were identified by either searching the
ZFIN (http://zfin.org) database or the Gene and HomoloGene database of NCBI
(http://www.ncbinlm.nih.gov).

Supplementary Data

Supplementary tables can be found online at: http://www.mediafire.com/?sharekey=
686efof919604e919bf8d6369220dcabg3zaecfabecysfc71d759e682a8cd2154a
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Chapter 6

In order to combat infectious diseases, multicellular organisms have developed com-
plex networks of cellular and humoral defence mechanisms allowing for the detec-
tion and destruction of pathogenic microorganisms. In vertebrates these complex
mechanisms are traditionally categorized into the evolutionary ancient innate im-
mune system (present in all multicellular organisms), and the relatively young adap-
tive (acquired) immune system that arose with the appearance of jawed fish.

In the last decade the study of the innate immune system has gained renewed
scientific momentum as a result of the discovery of the essential receptor families
that are required for pathogen recognition. It has been demonstrated that the innate
immune system plays a pivotal role in the first line of defence against potentially
pathogenic microorganisms, and is also required for activating subsequent adap-
tive responses. Many of the molecular mechanisms underlying the innate immune
response have been elucidated. The recognition of invading pathogens is achieved by
the innate immune system through various classes of receptors, commonly termed
pattern recognition receptors (PRRs), such as the Toll-like receptor (TLR), NOD-like
receptor (NLR) and RIG-I like (RLR) receptor families. These receptors are able to
detect specific molecular structures of microorganisms termed pathogen-associated
molecular patterns (PAMPs) or microbial-associated molecular patterns (MAMPs).
Polymorphisms of these receptors and downstream signalling intermediates have
been associated with increased susceptibility to infectious diseases and with several
inflammatory disorders. Furthermore, both extracellular and intracellular pathogens
have been shown to manipulate the signalling pathways of their hosts in order to
evade detection or escape innate immune defences, underscoring the clinical rel-
evance of studying the molecular basis of the innate immune system.

This thesis focuses on the use of the zebrafish as a model to study the vertebrate
immune system to gain new insights into the mechanisms of innate immune defence
against bacterial infections and TLR signalling. In zebrafish embryos, cells of the
innate immune system develop prior to cells of the adaptive system, thus allowing
specific analysis of innate immune functions in a genetically tractable vertebrate ani-
mal model. Furthermore, the transparency of zebrafish embryos enables real-time
analysis of the response to infections.

At the onset of the project, little was known about TLR signalling function in the
zebrafish embryo model. Previous studies had demonstrated the presence of TLRs
and downstream signalling molecules in zebrafish, and bacterial and viral infections
were found to induce expression of different zebrafish TLR genes. Furthermore, it
was known that one-day-old zebrafish embryos already possessed leukocytes able
to phagocytose bacteria. However, functional evidence to confirm the role of TLR
signalling in zebrafish and the presence of an innate immune response in early em-
bryos was lacking. Therefore, as described in Chapter 2, we initially aimed at a func-
tional analysis of MyD88, an essential adaptor protein of vertebrate TLRs and of the
interleukin-1 and -18 receptors that is activated through TLR signalling. Making use
of morpholino-mediated knock-down in combination with a previously established
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S. enterica serovar Typhimurium (S. typhimurium) infection system, we were able
to demonstrate that loss of MyD88 led to a significantly impaired ability of zebrafish
embryos to clear an otherwise non-pathogenic LPS O-antigen mutant of S. typhimu-
rium (Ra strain). Thereby, we demonstrated for the first time that Myd88-dependent
signalling events play a critical role in innate immune responses towards a bacterial
infection in zebrafish embryos. These results were consistent with many infection
studies in MyD88" adult mice, which showed increased susceptibility to a variety of
pathogens. Our study therefore validated the zebrafish embryo as a useful model for
analysis of vertebrate TLR signalling as well as the vertebrate innate immune system
in general.

In Chapter 3 we took advantage of the clear temporal separation of innate and
adaptive immunity in the zebrafish embryo to specifically analyse vertebrate innate
immune responses to a systemic bacterial infection using microarray technology.
The host response of embryos infected with a pathogenic S. typhimurium wild-type
strain was compared to the response of embryos infected with the attenuated LPS
mutant strain (Ra) used in chapter 2. The time-resolved transcriptome analysis re-
vealed distinct temporal expression profiles correlated to the symptoms of disease
progression for both strains. The main difference between the strains was observed
at 24 hours post infection (hpi). At that point the transient infection caused by the
Ra mutant was nearly eliminated, whereas accumulation of wild type bacteria further
increased, resulting in lethality around 30 hpi.

Subsequently, we compared the zebrafish transcriptome data to a meta-analysis
of microarray data of various human cell lines challenged by different pathogens. The
comparison revealed a considerable overlap between the zebrafish host response to
S. typhimurium and those genes that were commonly induced in all cell lines upon
pathogen challenge. The overlap included genes for well known immune responsive
transcription factors, cell surface receptors, signal transduction intermediates, adhe-
sion factors and proteins involved in tissue remodelling, as well as various interferons,
chemokines, pro-inflammatory and anti-inflammatory cytokines (Fig.1). Our results
therefore further underscore the predictive value of the zebrafish embryo model.

As we are particularly interested in TLR immune signalling, we analyzed our
transcriptome data using GenMapp-based visualisation of the expression data on
the TLR pathway. This pathway analysis showed that various signalling intermediates
at different levels in the TLR pathway were induced upon S. typhimurium infection
in vivo. Interestingly, the two isoforms of zebrafish Tlr5 were induced throughout
the infection time course. In the mammalian system TLRs signalling has previously
been shown to be triggered by bacterial flagellin. We found that flagellin stimula-
tion in zebrafish embryos was sufficient for strong induction of several of the genes
that were also induced by S. typhimurium infection, including the inflammatory cy-
tokine gene il1b, the chemokine genes il8 and cxcl-Cic, the matrix metalloprotein-
ase gene mmpy, and the putative negative regulator of TLR signalling, irak3. Using
morpholinos directed against the two isoforms of Tlrs followed by flagellin stimula-
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FIGURE 1. Schematic representation of the zebrafish embryonic host response (adapted from
Jenner and Young, Nature Reviews Microbiology, 2005). Genes shown in red were up-regulated
in zebrafish embryos after S. typhimurium infection. Genes shown in black were present on the
microarray platform but not induced after infection.

tion, we attempted to assess Tlrs signalling in zebrafish embryos. Our results clearly
demonstrated Tlrs-dependent gene activation of il1b, il8, cxcl-Cic, mmpg, and irak3
in the zebrafish embryo. Extending the work described in Chapter 2, we addition-
ally assessed transcriptional effects of Myd88 on downstream target genes of innate
immunity signalling. Our results demonstrated a clear dependency of mmpy, ilib
and irak3 on MyD88 for transcriptional activation upon S. typhimurium challenge.
In contrast, ifn1 and il8 did not show changes in their induction levels upon bacte-
rial challenge, demonstrating MyD88-independent activation of these genes. Taken
together, these results are the first demonstration of a conserved TLR ligand specifi-
city and of the presence of MyD88-dependent and MyD88-independent signalling
pathways in the zebrafish embryo.

The detailed transcriptome analysis of the host response to S. typhimurium de-
scribed in chapter 3 has linked a large set of zebrafish genes to the process of bacte-
rial infection, providing a case study for future immunity research in the zebrafish
embryo model. For many of these genes the specific function is still unknown, both
in zebrafish and humans. Taking advantage of the rapid gene knock-down assays, the
zebrafish embryo model will be of great use for the future functional characterization
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of these genes, thereby supporting further annotation of the human genome.

Analysis of the function of Traf6 in the innate immune response of zebrafish
embryos towards S. typhimurium infection is described in Chapter 4. TRAF6 func-
tions downstream of MyD88 in the vertebrate TLR pathway and also transduces
signals emanating from members of the TNF receptor superfamily that are involved
in both the immune response and developmental processes. The fact that Traf6 is a
key player at the cross-roads of development and immunity makes the analysis of its
in vivo molecular function a great challenge. In mice, severe developmental defects
and early lethality caused by Trafé deficiency have interfered with analyses of the im-
mune response. In our approach, this problem was solved by titrating the effect of a
Traf6 morpholino down to a level where developmental defects in zebrafish embryos
were avoided. The morpholino-treated embryos were subsequently challenged by a S.
typhimurium infection and the transcriptional response was assessed by microarray
and RNA deep sequencing (RNAseq) analysis.

This approach allowed the identification of 146 genes (confirmed by RNAseq) that
were dependent on Traf6 in the context of a bacterial infection. Among those were
genes with well known functions in innate immunity, such as ilib, mmpg, mmpis3,
hamp2, cxcli2 and tnfb. Using GenMapp analysis to focus on the TLR pathway, we
could show that an infection by S. typhimurium was no longer able to trigger Tlrs
expression after Traf6 knock-down. In addition, several genes with no known Traf6
association were also identified, such as gnrh2 (gonadotropin releasing hormone
2), stc1 (stanniocalcin 1), dgat1b (diacylglycerol O-acyltransferase homolog 1b) and
drami (DNA-damage regulated autophagy modulator 1). Expression trend analysis
of the Traf6-dependent genes identified nine clusters with characteristic transcrip-
tion response profiles, demonstrating the dynamic role of Traf6 as both a positive
and negative regulator.

In our study we have also identified Traf6 targets of which no annotation could
be derived either for zebrafish, mouse or human orthologs. Domain searches were
equally unsuccessful in unearthing a possible function. Since the expression levels of
some of these genes were strongly affected by S. typhimurium induction at early time
points (2 hpi), as well as strongly dependent on Traf6 function, the further study of
these genes in the vertebrate immune system will be of great interest. In addition, the
data derived by RNAseq represent a wealth of disease-induced transcript informa-
tion that will be of great value for future studies.

As discussed above, Traf6 does not exclusively mediate signalling processes of
the immune system, but also has a function during development. In Chapter 5 we
therefore attempted to gain insight into the function of Traf6 during early zebrafish
embryogenesis using a morpholino based knock-down approach. Transcriptome
analysis was performed at the stage of 30% epiboly (4.7 hours post fertilization),
which is the earliest phase of gastrulation where the outer cell layer of the blastula
spreads to envelop the embryonic yolk sac. Using different morpholinos directed
against fraf6 mRNA, and by comparison to two control morpholinos, we were able to
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identify a large gene set of 868 genes that appear to be specifically controlled by Traf6
during embryogenesis. Gene Ontology analysis showed that a Traf6 knock-down
led to the induction of several genes involved in the regulation of programmed cell
death. Genes such as bclz2-antagonist of cell death (bad) and bclz-associated X protein
(bax), known to promote apoptosis, were induced, whereas genes promoting cell
survival such as birc2 showed decreased expression levels. Our results are in line with
an anti-apoptotic effect of TRAF6 that has previously been demonstrated in mouse
cell lines.

Comparison of the transcriptome data to the infection data from Chapter 4
showed only a limited overlap of 14 genes that were Traf6-dependent in early develop-
ment and during infection, illustrating the diverse functions of Traf6 in development
and immunity. As part of the analysis we also identified genes that showed altered
expression even in response to the control morpholinos, and thus were regulated due
to morpholino treatment in general. Interestingly, several of these genes could be
linked to the immune system. The response of the immune system to morpholinos
is consistent with the ability of the vertebrate innate immune system to sense mi-
crobial and viral DNA or RNA. However, a response to such treatments in early
embryogenesis has never previously been shown. We could demonstrate that a group
of four Toll-like receptors, namely tlr3, tir4a, tlr4b and tirg, were down-regulated in
response to general morpholino treatments. From the traf6 knock-down results we
were able to conclude that the general response of t/r3 to morpholino injections was
not dependent on Traf6. In contrast, the response of tir4a, tlr4b and tlrg appeared to
be dependent on Trafé.

Taken together, we could show that Traf6 knock-down led to the alteration of
a large set of genes during early zebrafish development, indicating a crucial role of
Traf6 also in zebrafish development. However, the specific function of Traf6 in devel-
opment seems to be distinct from its function in immunity, as only a small group of
genes were differentially regulated due to Traf6 knock-down under both conditions.
In addition, we revealed differential regulation of various TLR genes as a general re-
sponse to morpholino treatments, suggesting that immune signaling pathways might
already be functional in these early stages.

In conclusion, the studies described in this thesis have strongly contributed to
the validation of the zebrafish embryo model for analysis of the vertebrate innate
immune system. In addition to the characterization of the embryonic host transcrip-
tome response to bacterial infection, we have demonstrated functions for key signal-
ling molecules in the innate immune response, including Tlrs, MyD88 and Traf6.
In recent years many zebrafish infection models for human pathogens have been
published and their use has already led to new insights into host-pathogen interac-
tions, most notably in the field of tuberculosis research. Our data will now enable in
depth functional follow-up studies that will give unprecedented new insights into the
mechanisms of innate immune defence systems. Such insights can subsequently be
validated in mammalian systems. This, in combination with future applications of ze-
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brafish embryo infection models in high-throughput compound screens, holds much
promise for the discovery of novel anti-microbial and anti-inflammatory drugs.
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Samenvatting

Het immuunsysteem is een complex netwerk van verdedigingsmechanismen, die
ons in staat stellen om ziekteverwekkers, zoals bacterién, virussen en parasieten, op
een effectieve manier te bestrijden. Deze verdedigingsmechanismen omvatten een
assortiment aan gespecialiseerde cellen, de witte bloedcellen, alsmede afweerstof-
fen die zich in het bloedplasma bevinden. Bij vertebraten (gewervelde dieren), waar
ook de mens toe behoort, worden deze verdedigingsmechanismen traditioneel in-
gedeeld in het aangeboren of innate immuunsysteem en het verworven of adaptieve
immuunsysteem. Het innate immuunsysteem is evolutionair gezien het oudste en
is aanwezig in zowel ongewervelde als gewervelde dieren. Het adaptieve immuun-
systeem maakte pas met het ontstaan van de kraakbeenvissen, bijna 450 miljoen jaar
geleden, zijn entree.

In de afgelopen jaren heeft in het bijzonder de studie naar het innate immuun-
systeem aan populariteit gewonnen. Dit was het gevolg van de ontdekking van een
aantal receptorfamilies die essentieel zijn voor het herkennen van een breed spec-
trum van ziekteverwekkers door witte bloedcellen. Onderzoek heeft uitgewezen dat
het innate immuunsysteem de primaire verdedigingslinie van het organisme tegen
pathogene micro-organismen vormt en bovendien een belangrijke rol speelt bij het
instrueren van het adaptieve immuunsysteem. Diverse moleculaire mechanismen die
aan de functionele basis van het innate immuunsysteem staan, zijn inmiddels ont-
rafeld. Microbiéle indringers worden in het organisme herkend door receptoren die
bekend staan als patroon-herkennende receptoren (pattern recognition receptors).
Tot deze groep van receptoren worden onder meer de families van Toll-receptoren
(Toll-like receptors, TLRs), NOD-receptoren en RIG-receptoren gerekend. Deze
receptoren zijn in staat om geconserveerde moleculaire structuren te herkennen
die specifiek zijn voor micro-organismen. Kleinschalige mutaties in de genen, die
coderen voor deze receptoren of de daarmee geassocieerde signaalmoleculen, leiden
tot een verhoogde vatbaarheid voor infectieziekten of inflammatoire aandoeningen.
Verder is aangetoond, dat zowel extracellulaire als ook intracellulaire ziektever-
wekkers in staat zijn om de immuunreactie van de gastheer zodanig te manipuleren
dat zij niet meer door de gastheer te detecteren zijn. Dit benadrukt tevens de kli-
nische relevantie van fundamenteel onderzoek naar het innate immuunsysteem.

In het hier voorliggende proefschrift ligt de nadruk op het gebruik van het ze-
bravisembryo als modelsysteem voor de studie van het immuunsysteem van ver-
tebraten, met als doel nieuwe inzichten te verkrijgen in de mechanismen die ten
grondslag liggen aan de innate immuunreacties bij bacteriéle infecties. Met name is
gekeken naar de functie van de Toll-receptor-signaaltransductieroute tijdens deze in-
fectieprocessen. Het zebravisembryo is een uitermate geschikt model voor de studie
van het innate immuunsysteem, omdat het in de eerste weken van de ontwikkeling
geen functioneel adaptief immuunsysteem bezit en daarom geheel athankelijk is van
het innate immuunsysteem. Dit zorgt ervoor, dat men puur naar de effecten van
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het innate immuunsysteem kan kijken, zonder invloed van het adaptieve immuun-
systeem. Bovendien is de genetische code van de zebravis bekend en zijn manipula-
ties van het genoom mogelijk. Verder is het embryo doorzichtig, wat het volgen van
immuuncellen in het lichaam van een levend embryo, alsmede het bestuderen van
de interactie met pathogenen, mogelijk maakt.

Aan het begin van mijn onderzoeksproject was nauwelijks iets bekend over de
functie van Toll-receptoren in het zebravisembryomodel. Voorafgaande studies had-
den aangetoond, dat de genen voor zowel de Toll-receptoren als ook voor belangrijke
TLR-adaptereiwitten in de zebravis aanwezig waren. Bacteriéle infecties leidden tot
een verhoogde expressie van deze genen, hetgeen een eerste indicatie voor een ge-
conserveerde functie van de Toll-receptoren gaf. Bovendien was destijds al bekend,
dat één-dag-oude embryo’s leukocyten (immuuncellen) bezitten, die in staat zijn
bacterién te fagocyteren. Echter, er was nog geen functioneel bewijs dat de rol van
TLRs tijdens een infectie, of het bestaan van een innate immuunreactie, kon onder-
bouwen.

Om die reden hebben wij, zoals in Hoofdstuk 2 staat beschreven, in eerste instan-
tie functioneel onderzoek gedaan naar de rol van MyD88, een essentieel adaptereiwit
in de Toll-receptor-signaalroute, alsmede in de signaalroutes van de interleukin-1-
en -18-receptoren. Het uitschakelen van Myd88 (knock-down) met behulp van mor-
pholino’s resulteerde in een sterk verhoogde vatbaarheid van het embryo voor in-
fectie met een zwak pathogene stam van Salmonella enterica serovar Typhimurium
(S. typhimurium). Hiermee hebben wij voor het eerst aangetoond, dat de signaal-
transductieroutes die via Myd88 lopen een zeer belangrijke bijdrage leveren aan de
immuunafweer van het zebravisembryo bij bacteriéle infecties. In overeenstemming
met onze resultaten, is ook voor MyD88-deficiénte (MyD88”") muizen een signifi-
cant verhoogde vatbaarheid voor verschillende infectieziekten beschreven. Deze re-
sultaten ondersteunen dat het zebravisembryo een valide model is voor de studie van
TLR-signaaltransductieprocessen in het innate immuunsysteem van vertebraten.

In Hoofdstuk 3 hebben wij ernaar gestreefd, om de afweerreactie van het aange-
boren immuunsysteem van het zebravisembryo op een systemische bacteriéle in-
fectie in kaart te brengen. Hiertoe hebben wij middels microarray-technologie
gekeken naar de verschillen in het transcriptoom van met Salmonella geinfecteerde
zebravisembryo’s ten opzichte van niet-geinfecteerde embryo’s. De zebravisembryo’s
werden geinfecteerd met een sterk pathogene en een zwak pathogene (Ra) stam van
Salmonella en de reactie van de embryo’s op deze twee stammen werd gedurende 24
uur vergeleken. De transcriptoom-analyse bracht specifieke patronen van genexpres-
sie over de duur van de infectie aan het licht, welke sterk gecorreleerd waren met
de ziekteverschijnselen van de embryos. Het grootste verschil in de immuunreactie
op de twee stammen was 24 uur na infectie aantoonbaar. Op dat moment waren de
embryos er in geslaagd de infectie met de zwak pathogene (Ra) stam op te ruimen,
terwijl de infectie met de pathogene stam aan intensiteit toenam en rond 30 uur na
infectie tot 100% letaliteit leidde.
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Vervolgens hebben wij onze resultaten vergeleken met data van infectiestudies in
humane cellijnen. Een aanzienlijk gedeelte van de genen die gemeenschappelijk in
alle humane cellijnen op infecties reageerden, kwam overeen met de genen die wij
in de zebravisembryo’s hebben ontdekt. Voorbeelden zijn interferonen, pro- en anti-
inflammatoire cytokinen en chemokinen. Tevens was er overlap tussen zebravisem-
bryos en humane cellen in de expressie van verschillende transcriptiefactoren, re-
ceptoren en eiwitten die een rol spelen bij remodellering van het weefsel. Hiermee
demonstreren onze resultaten de grote voorspellende waarde van het zebravis-
infectiemodel.

In het verdere verloop van het onderzoek hebben wij onze aandacht gericht op
de analyse van de TLR-signaaltransductieprocessen. Visualisatie van de transcrip-
toomdata met behulp van het GenMapp-programma liet zien dat verschillende ele-
menten van de TLR- signaaltransductieroute door de infectie geinduceerd waren.
Onder de geinduceerde genen waren ook de twee isovormen van de Tlrs-receptor
van de zebravis. In zoogdieren is aangetoond dat TLRs het bacteriéle eiwit flagelline
kan detecteren, wat vervolgens tot het activeren van verschillende immuunrespons-
genen leidt. Wij hebben aangetoond dat, ook bij zebravisembryos, stimulatie met
flagelline resulteert in de inductie van een repertoire aan genen, die eveneens door
infectie met S. typhimurium geinduceerd waren. Voorbeelden zijn het cytokine il1b,
de chemokines il8 en cxcl-Cic, en het matrix-metalloproteinase mmpg, alsmede
irak3, een mogelijke negatieve regulator van de TLR-signaaltransductieroute. Om
de functie van Tlrs in het signaalproces bij de immuunreactie op flagelline te kun-
nen onderzoeken, hebben wij vervolgens Tlrs in zebravisembryo's uitgeschakeld en
daarna de reactie op flagelline in deze embryo’s geanalyseerd. Uit deze analyse bleek
duidelijk dat de inductie van il1b, il8, cxcl-Cic, mmpg en irak3 athankelijk was van
Tlrs. Daarnaast wilden wij weten welke van deze genen ook van Myd88 athanke-
lijk waren. Om deze reden hebben wij Myd88 in de zebravisembryo's uitgeschakeld
en het effect van een Salmonella-infectie onderzocht. Van de geanalyseerde genen
bleken mmpg, ilib en irak3 athankelijk van Myd88 te zijn. Daarentegen konden wij
geen verschil in reactie van ifn1 en il8 vinden, wat aantoont dat deze genen op een
Myd88-onafthankelijke manier geactiveerd worden. Concluderend hebben onze re-
sultaten voor het eerst aangetoond dat de ligandspecificiteit van een lid van de Toll-
receptorfamilie geconserveerd is tussen de zebravis en de mens. Bovendien heeft
onze studie het bestaan van Myd88-athankelijke en niet-athankelijke signaaltrans-
ductieroutes in het zebravisembryo gedemonstreerd.

De in Hoofdstuk 3 beschreven transcriptoomanalyse heeft de bacterieel-gein-
duceerde immuunreactie van het zebravisembryo gedetailleerd in kaart gebracht en
biedt daarmee een sterke basis voor toekomstig immuun-gerelateerd onderzoek in
het zebravisembryomodel. Voor het merendeel van de gevonden genen is de functie
zowel in de zebravis als in de mens nog steeds onduidelijk. Het zebravisembryo-
model is bij uitstek geschikt voor functioneel onderzoek van deze genen, omdat ge-
bruik kan worden gemaakt van de snelle en eenvoudige manier van knock-down van
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genen met behulp van morpholinos. Gezien de grote mate van overeenkomst die wij
gevonden hebben tussen de immuunrespons van zebravisembryo’s en die van hu-
mane cellen, kan met deze knock-down-analyses ook de annotatie van het humane
genoom worden verbeterd.

In Hoofdstuk 4 wordt de functie van Traf6 tijdens de immuunreactie op een bac-
teriéle infectie van zebravisembryo’s uitgelicht. TRAF6 vormt een belangrijk onder-
deel van ondermeer de TLR- en de TNF-receptor-signaalroutes in vertebraten, waar-
door TRAF6 zowel een rol speelt in immuun- als ook in ontwikkelingsprocessen.
Dit bemoeilijkt het onderzoek naar de immuunfunctie van TRAF6 in het levende
organisme aanzienlijk. In muizen leidt het uitschakelen van Traf6 bijvoorbeeld tot
ernstige ontwikkelingsdefecten en vroegtijdige dood van pasgeboren muizen. In het
hier beschreven onderzoek hebben wij handig gebruik gemaakt van de mogelijkheid
om Traf6 in de zebravisembryos met behulp van morpholino’s gedeeltelijk uit te
schakelen, waardoor het effect op de ontwikkeling van de embryo’s nog maar een
marginale rol speelde. Vervolgens hebben wij, evenals in het voorafgaande hoofd-
stuk, naar de transcriptionele effecten van een systemische S. typhimurium-infectie
in deze embryo’s gekeken. Hiervoor hebben wij deze keer naast microarray-tech-
nologie tevens gebruik gemaakt van de recent ontwikkelde technologie voor RNA-
sequencing (RNAseq).

Met de combinatie van microarray- en RNAseqg-analyse waren wij in staat om
146 genen te identificeren die athankelijk waren van Traf6 in de context van de S.
typhimurium-infectie. Van een deel van deze genen is bekend dat zij een rol spelen
tijdens de immuunrespons van het organisme. Voorbeelden zijn il1b, mmpg, mmpi3,
hamp2, cxcli2 en tnfb. Verder bracht de analyse van de TLR-signaalroute aan het
licht dat na Trafé6 knock-down, de Salmonella-infectie niet meer tot een verhoogde
Tlrs-expressie leidde. Daarnaast konden wij verschillende genen identificeren die
niet eerder in verband waren gebracht met de functie van TRAF6. Voorbeelden zijn
gnrhz (gonadotropin releasing hormone 2), stci (stanniocalcin 1), dgat1b (diacylglycerol
O-acyltransferase homolog 1b) en dram1 (DNA-damage regulated autophagy modu-
lator 1). Trend-analyses van de expressiepatronen van de Traf6-athankelijke genen
lieten zien dat Traf6 een dynamische rol heeft tijdens de immuunrespons, zowel als
positieve en negatieve regulator van specifieke gengroepen.

Tenslotte hebben wij in deze studie Traf6-athankelijke genen gevonden, die op dit
moment nog geen annotatie in de zebravis, muis of mens hebben. Ook was het niet
mogelijk om een functie van deze genen te voorspellen op grond van geconserveerde
eiwitdomeinen. Aangezien sommige van deze genen al twee uur na infectie een
sterke inductie van het expressieniveau vertonen, zoals in hoofdstuk 3 staat beschre-
ven, is toekomstig onderzoek naar deze genen van groot belang. Tevens bieden onze
RNAseq-gegevens, de eerste transcriptoom-sequentiedata van een infectiestudie in
vertebraten, een grote schat aan informatie die zeer waardevol is voor toekomstig
onderzoek.

Zoals in Hoofdstuk 4 al staat beschreven, is Traf6 niet alleen belangrijk bij de sig-
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naaltransductieprocessen tijdens infecties, maar ook bij de processen die gedurende
de ontwikkeling van een organisme een rol spelen. In Hoofdstuk 5 hebben wij om
deze reden een poging ondernomen om de rol van Traf6 te ontrafelen in de context
van de vroege embryogenese van de zebravis. Op dezelfde wijze als beschreven in
de voorafgaande hoofdstukken, hebben wij Traf6 in embryo’s met behulp van mor-
pholino’s uitgeschakeld en deze embryo’s vervolgens op het transcriptoom-niveau
vergeleken met controle-embryo’s. De analyse vond plaats op het ontwikkelingssta-
dium van 30% epiboly (4.6 uur na fertilisatie), het moment waarop de gastrulatie van
het zebravisembryo begint. Gebruikmakend van verschillende morpholino’s gericht
tegen traf6 in combinatie met twee controle-morpholino’s, waren wij in staat om een
set van 868 genen te vinden, die tijdens vroege epiboly van Traf6 athankelijk bleken
te zijn.

Uit functionele classificatie van de geidentificeerde set van genen bleek dat Traf6-
knock-down tot een sterke inductie van genen leidde die een regulatieve functie bij
apoptose hebben. Pro-apoptotische genen, zoals bel2-antagonist of cell death (bad) en
bclz-associated X protein (bax) waren geinduceerd, terwijl anti-apoptotische genen
een verlaagd expressieniveau vertoonden. Deze resultaten zijn in overeenstemming
met onderzoek uitgevoerd in celculturen van de muis, waaruit een anti-apoptotisch
effect van TRAF6 bleek. Vergelijking van de transcriptoom-data uit hoofdstuk 4 met
die van hoofdstuk 5 liet een beperkte overlap van 14 genen zien, die zowel in de
vroege ontwikkeling als ook tijdens de immuunrespons van Traf6 athankelijk waren.
Deze slechts zeer beperkte overlap duidt erop dat Traf6 sterk verschillende functies
tijdens de immuunrespons en de ontwikkeling heeft.

Bij de analyse van de transcriptoom-data in hoofdstuk 5 werd ook een set van
genen gevonden die niet alleen door de Traf6-specifieke morpholino’s, maar ook
door de gebruikte controle-morpholino’s gereguleerd werden. Verschillende van
deze genen konden in samenhang gebracht worden met het immuunsysteem. Zo
werd gevonden dat tlr3, tlr4a, tlr4b en tlrg een verlaagd expressieniveau vertoonden
als respons op het morpholino-gebruik in het algemeen. Uit de traf6 knock-down
data konden wij concluderen dat de respons van t/r3 op de morpholino’s niet athan-
kelijk was van Traf6. Daarentegen bleek de respons van tlr4a, tlr4b en tlrg wel van
Traf6 athankelijk te zijn.

Concluderend konden wij laten zien dat na knock-down van Traf6 een groot
aantal genen in expressieniveau veranderde, hetgeen op een cruciale rol van Traf6
tijdens de vroege zebravis-embryogenese duidt. De minimale overlap tussen de
infectie-geinduceerde Traf6-athankelijke genen en de Traf6-athankelijke genen tij-
dens de ontwikkeling, demonstreert de sterke context-athankelijke rol van Traf6.
Daarnaast konden wij laten zien, dat verschillende TLR-genen in het algemeen op
morpholino-behandelingen reageren, onathankelijk van de morpholino-sequentie.
Dit zou erop kunnen duiden dat zelfs tijdens de vroege embryonale ontwikkeling
signaaltransductieroutes van het immuunsysteem functioneel zijn.

De hier beschreven studies hebben in grote mate bijgedragen aan de validatie
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van het zebravisembryomodel voor de analyse van het innate immuunsysteem van
vertebraten. Naast de karakterisering van de embryonale transcriptoom-respons op
een bacteriéle infectie, hebben wij tevens de functie gedemonstreerd van signaal-
transductiegenen, zoals tlr5, myd88 en traf6, die een sleutelrol spelen in het innate
immuunsysteem. In de afgelopen jaren zijn diverse zebravis-infectiemodellen voor
humane pathogenen gepubliceerd. Het gebruik hiervan heeft al tot verschillende
nieuwe inzichten in gastheer-pathogeen-interacties geleid, met name op het gebied
van tuberculose-onderzoek. De hier gepresenteerde transcriptoom-data van de
immuunrespons in zebravisembryo’s leggen de basis voor functionele vervolgstu-
dies, die nieuwe inzichten in signaaltransductieprocessen kunnen opleveren, welke
vervolgens in zoogdiermodellen gevalideerd kunnen worden. De ontwikkeling van
“high-throughput” screening-platforms, die gebaseerd zijn op zebravis-infectiemo-
dellen is een veelbelovende strategie voor het vinden van nieuwe anti-microbiéle en
anti-inflammatoire stoffen.
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