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Scope of this thesis

Innate immunity is considered as the first line in defense against microbial invasion and it is also
involved in responses to tissue injury [1-3]. The innate immune system consists of physical/chemical
barriers, humoral components, innate immune cells, and innate signaling molecules [1]. The host
maintains its homeostasis and initiates adaptive immune responses by modulating the innate immune
system [1, 2]. Innate immune disorders can increase the susceptibility of hosts to invading pathogen
infections [4]. Thus, better comprehension of events involved in innate immunity is essential for
understanding human pathogenesis and the subsequent discovery of new targets for therapeutic

applications.

Toll-like receptor (TLR) signaling, as a crucial part of the innate immune system, has been widely
investigated after its initial discovery in Drosophila [5, 6]. TLR2, which is conserved in most vertebrates,
is one of the most crucial toll-like receptors because its function in microbial defense is the broadest,
and the most promiscuous [7]. It has been reported that TLR2 is involved in the immune modulation
during infectious diseases [8, 9], chronic and acute inflammatory diseases [10, 11], cancers [12], and
even metabolic disorders [13]. At present, the function of TLR2 is still controversial in some studies and
its role in several diseases is still inconclusive [7]. It is clear that TLR2 is a promising therapeutic target,
but its dual role in both activation and suppression of innate immune responses makes further clinical
research challenging [14]. Thus, further studies on the function of toll-like signaling and TLR2 in the

innate immune system are necessary.

In this thesis, the functions of toll-like signaling in infection and inflammation are studied by using the
zebrafish larval model. Firstly, we studied the function of Toll-like signaling in the absence and presence
of pathogenic microbial infection at the transcriptome level. Then, we studied the role of Toll-like
signaling on the regulation of leukocyte migration in response to tissue damage and infection,
respectively. For this, sophisticated cell tracking and mathematic analyses were performed using
fluorescent live imaging based on a confocal laser scanning microscopy. In the end, we set up a
comparative zebrafish infection model and found specialized roles of the #/r2 gene in defense against
various mycobacterial species. This thesis provides better understanding of the functions of TLR2 in
innate immune responses and provides a large amount of data for future mathematical modeling and

deep learning, which makes further in silico biological studies possible.

In the general introduction, we address the current cell biological knowledge about the function of
TLR2 that makes it a promising therapeutic target for combatting infectious and inflammatory diseases.
Subsequently, we discuss the advantages of transparent zebrafish larvae for cell tracking methods to

uncover new functions of TLR2.
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General introduction:

The role of TLR2: from cell biology to therapeutic target
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Chapter 1

1. Innate immunity and Toll-like receptors
1.1 Innate immunity

The host cells, rely on membrane-localized and germline-encoded pattern recognition receptors
(PRRs) to initiate protective innate immune responses [2, 3]. PRRs recognize invading
microbial pathogens through pathogen-associated molecular patterns (PAMPs) of the
pathogens in combination with recognition of danger-associated molecular patterns (DAMPs)
produced by infected or damaged tissues [2, 3, 15]. PRRs are comprised of four well-
characterized groups, including Toll-like receptors (TLRs), retinoic acid-inducible gene-I
(RIG)-I-like receptors (RLRs), the nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs), and C-type lectin receptors (CLRs) [16]. TLRs and CLRs belong to
transmembrane proteins, while RLRs and NLRs are cytoplasmic proteins [16]. TLRs are the

most important and widely studied PRRs (See Fig 1).
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Figure 1 Publication counts for four PRRs in the NCBI data base.

1.2 The structure of TLRs

The function of TLRs has been studied extensively in the last decades (Fig 1). Their capacity
as a key control factor of innate immune responses makes them attractive therapeutic targets.
TLRs are homologs of the o/l gene that was first discovered to be involved in embryonic
development in Drosophila [5, 6]. The investigation of TLRs became very intense after their
function in defense against microbial infection in Drosophila and vertebrates was demonstrated

[17]. TLRs are made up of an ectodomain, also known as the periplasmic extracellular domain,
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a cytoplasmic signaling domain, and a single transmembrane domain [3, 18]. The ectodomain
of TLRs contains leucine-rich repeats (LRRs) and selectively recognizes PAMPs and DAMPs
[3]. We summary the different PAMPs and DAMPs are recognized by the specific TLRs in Fig
2. The cytoplasmic signaling domain of TLRs comprises an evolutionary conserved Toll/IL-1
receptor (TIR) homology domain that is responsible for signal transduction [3]. Different
species have different numbers of genes that encode TLRs. In the human genome, 10 TLRs are
encoded, whereas the mouse and zebrafish genomes encode at least 12 and 17 TLRs,
respectively [19-21]. TLRs can be divided into two subgroups based on their cellular location.
TLRs are expressed either on the cell surface or in intracellular compartments. In humans,
TLRI1, 2, 4, 5, 6 and 10 are expressed on the cell surface, while TLR3, 7, 8 and 9 are localized
in intracellular membranes [3, 22]. In mice, the cellular distribution of the conserved TLRs is
assumed to be the same as the distribution in humans, while TLR12 is expressed on the cell
surface and TLR13 is probably expressed within endosomes [22]. Interestingly, TLR11 can be

expressed on both cell surface and intracellular compartments [23].
1.3 TLR2, an important member of the TLR family

After the identification of TLR2 in 1998, much progress has been made in our understanding
of its function [9, 24]. Its functions, in the recognition of a large number of ligands, including
PAMPs and DAMPs, are complicating the studies of the underlying recognition mechanisms
(Fig 2). In addition, the ubiquitous distribution of TLR2 on various types of cells, e.g., immune,
endothelial, and epithelial cells, also determines its wide range of functions [9]. Considering
the broad functions of TLR2, the drive for the development of TLR2 related therapeutic targeted
vaccine or treatment has accelerated in the last decades [7, 25, 26]. However, some studies on
TLR2 are still controversial [7]. It is because of the complex functions of TLR2 that its role in
immune regulation is not black or white [8]. For example, TLR2 plays a dual role in infection
processes. TLR2 has been shown to play a protective role during infection by triggering a strong
pro-inflammatory response which is considered beneficial for bacterial clearance [27, 28].
However, excessive inflammation caused by TLR2 can lead to tissue damage and even affect
healing of damaged tissues [11]. The mechanisms of TLR2 signaling and its regulation are

discussed in detail below.
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2. Regulation of TLR2 signaling
2.1 TLR2 signaling pathway

The binding of the LRR domain in TLRs and its ligands stimulates the recruitment of adaptor
proteins to interact with the intracellular TIR domain in TLRs to trigger the downstream
cascades. Myeloid differentiation factor (Myd88) is a well-known adaptor protein that interacts
with almost all TLRs except TLR3 [3]. TIR domain-containing adaptor protein (Tirap), which
is also called Myd88 adaptor-like (Mal), is required in the TLR2/6 signaling via Myd88 while
it is not necessary in the TLR2/1 signaling [29]. In addition to Myd88 and Tirap, other adaptor
proteins in mammalian cells include TIR domain-containing adaptor protein inducing
interferon-p (TRIF), TIR-containing adaptor molecule (TICAM), TRIF-related adaptor
molecule (TRAM), and sterile a- and armadillo motif-containing protein (SARM) [30]. The
recruitment of distinct adaptor proteins can trigger different downstream signaling pathways.
Recent reviews have discussed in detail the known differences between downstream signaling
pathways of the mammalian TLR receptors [3, 31, 32] and therefore we only briefly describe

TLR2 signaling here and summarize it in Fig 3.

After the interaction of TLR2 and its associated adaptor proteins, the IRAK complex is
activated to recruit TRAF6. Activated TRAF6 triggers the activity of a complex of TAK1/
TABs to stimulate both the activation of the MAPKSs and the IKK complex (IKK1, 2, and IKK-
v, also named NEMO). The MAPKSs family includes, but is not limited to JNKs and p38. The
IKK complex promotes the nuclear translocation of NF-«xB. In the end, the production of pro-
inflammatory cytokines is induced by the AP-1 and NF-kB, which in turn controls inflammation

and modulates cell survival and proliferation [9, 33].
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Figure 2 TLRs and its ligands. TLRs can recognize PAMPs from invading microbial pathogens and DAMPs from infected
or damaged tissue. TLR2, its heterodimers and TLR4 recognize pathogens through their cell wall surface components. TLR2
conjugates with TLR1 or with TLR6 to sense triacyl or diacyl lipopeptides, and lipoteichoic acid (LTA) on the cell wall of
gram-positive bacteria, and mycobacteria [9, 34-36]. The process of the recognition of triacyl or diacyl lipopeptides by
heterodimers needs the participation of accessory molecules. For example, CD14 and CD36 are well characterized as ligand
delivery molecules to enhance TLR2 responses to ligands especially with a lower concentration of ligands, although the
participation of these molecules is not essential [9, 36]. TLR4 can sense Gram-negative bacteria through the lipopolysaccharide
(LPS) located on their outer membrane [35]. During this process, the formation of a complex of TLR4 with MD2 and CD14 is
essential for recognizing LPS [35, 37]. TLR5 functions in the recognition of flagellin from bacterial surfaces. There is still
relatively little knowledge about the function of TLRs in the recognition of DAMPs compared with its function in there
cognition of PAMPs. TLR3, 7, and 9 have been reported to play a role to sense these nucleic acids released from damaged cells
[38, 39]. It has been demonstrated that TLR2 and TLR4 can be activated by the intracellular proteins or extracellular matrix
components released from damaged cells [38, 39]. It is controversial that DAMPs directly interact with extracellular TLRs,
during this DAMPs recognition process [38]. It has been shown that recognition can be indirect for instance by the involvement
of high-mobility group box 1 protein (HMGBI1), which is a widely studied endogenous danger signal that induces inflammatory
response through its interaction with DAMPs recognized by TLR2, TLR4 and TLR9 [40, 41].
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2.2 Negative regulation in TLR2 signaling

Accumulating evidence has been reported that the activation of TLR2 signaling is a benefit for
the host defense against invading pathogens [42-44]. Excessive activation of TLR signaling,
can lead to over-expression of pro-inflammatory cytokines, which have been implicated in
chronic inflammatory diseases, autoimmune diseases, and even aggravation of infection
diseases [45-47]. For example, a deficiency of TLR2 in diabetic mice can accelerate wound
healing, which indicates that excessive activation of TLR2 signaling might be harmful for
wound healing [48]. Thus, it appears that TLR2 signaling needs to be tightly regulated by
negative regulation mechanisms that are still poorly understood. Recent reviews have
summarized many different mechanisms of negative regulation and their molecular components
[49-52]. Negative regulators are including the following categories of molecules: ubiquitin
ligases, deubiquitinases, transcriptional regulators, and microRNA, which induce different
negative regulations [52]. The mechanisms inhibiting TLR2 signaling are based on (1)
prevention of receptor-ligand binding; (2) dissociation of adaptor complexes; (3) inhibition of
TLR2 downstream kinase signaling; (4) negative transcriptional regulation by TLR2 and other

factors as described below [50, 51].

Soluble TLR2, which is a smaller isoform of the TLR2 protein that has been reported to be
secreted by human monocytes, has been characterized to compete with TLR2 located on cell
membranes to bind with the ligands to inhibit TLR2 signaling [53, 54]. As a negative regulator
that leads to dissociation of adaptor complexes it has been shown that a short form of Myd88
(sMyd88) is unable to bind with IRAK4 and thereby its expression can inhibit NF-kB activation
[55]. Another described mechanism for inhibition adaptor signaling is the induction of TIRAP
degradation by the suppressor of cytokine signaling 1 (SOCS1) [56]. Moreover, TRIF can be
degraded by a disintegrin and metalloprotease 15 (ADAM15) in a TRIF-dependent pathway
[57]. In terms of TLR2 downstream kinase signaling inhibition, Toll-interacting protein
(TOLLIP) inhibits the TLR2 signaling by targeting with IRAK1 to suppress its phosphorylation
or directly interacting with TLR2 [58, 59]. Thus, TOLLIP is widely utilized as an inhibitor to
inhibit TLR2 signaling [59]. IRAK-M is another IRAK inhibitor, which belongs to the IRAK
kinase family but cannot induce NF-kB activation [60]. In addition, tyrosine phosphatase SHP-
1, CD300a, and CD300f are also reported as IRAKs inhibitors. SHP-1 inhibits IRAKI
activation by interaction with a kinase tyrosine-based inhibitory motif (KTIM) [61], and
CD300a/f can associate with SHP-1 to inhibit signaling [62]. In addition to the inhibitors
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targeting IRAKSs, proteins bind with TRAF6 , namely A20 (also called TNF- a induced protein
3, TNFAIP3), a non-receptor tyrosine kinase Sky, NLR family member X1 (NLRX1), and the
cylindromatosis protein (CYLD) have also been shown to be negative regulators of TLR2
signaling [63]. Furthermore, A20 and NLRX1 can also block the activation of the IKK complex
[64]. The last category is the negative regulatory of transcription. The transcription of some
pro-inflammatory genes, like IL-6, are negatively regulated by transcription factor 3 (ATF3)
[65], A TLR-inducible IkB protein (IkBNS) [66], and B-cell CLL/lymphoma 3 (Bcl-3) [67]. It
is not yet known how these negative regulators are controlled. It has been hypothesized that
Myd88 might be involved in a feedback loop that could be under control of TLR2 or other Toll
like receptors [68]. Therefore, it is very likely that TLR2 is an important control factor of

negative regulation of transcription of genes involved in inflammation.
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TLR2 Signaling in mammals

Prevention of the

adaptor complexes| |receptor-ligands binding

Figure 3 A brief overview of the TLR2 signaling pathway in mammals [9, 33]. To be noted, the shown TLR2 signaling
components are not exclusive for this TLR receptor, and the phosphorylation and ubiquitination processes are not mentioned
in this figure. TLR2 or its heterodimers are ubiquitously located on the cell membranes. The TLR2 signaling activation through
TLR2/1 requires the participant of accessory molecule CD14, while TLR2/6 requires CD36. The TLR2 signaling pathway is
activated after TLR2 ligand-recognition (PAMPs or DAMPs). Subsequently, the adaptor proteins, Myd88 and Tirap/Mal, are
recruited. After a series of cascades involving NF-kB and MAPKs, various transcription factors are activated to induce pro-
inflammatory cytokines.
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3. TLR2 function in mycobacterial infection studies

3.1 Tuberculosis and non-tuberculosis disease

Tuberculosis (TB) is a communicable disease, which is caused by infection with
Mycobacterium tuberculosis (Mtb) [69]. At present, TB remains one of the top 10 diseases
which give rise to death and currently its death toll is higher than that caused by other major
infectious disease such as malaria, AIDS or COVID-19 [69]. It has been reported that in recent
years, incidence and death of TB are falling, but it is not reaching any of the global TB
eradication goals set by the WHO [70]. Currently, in the COVID-19 pandemic situation the
numbers of deaths due to tuberculosis are rapidly rising due to a lack of diagnostic and treatment
capacity [69]. Nontuberculous mycobacteria (NTM) diseases are defined as caused by
mycobacterial pathogens other than Mtb and Mycobacterium leprae [71]. Besides TB, NTM
infection diseases have recently attracted wide attention because the disease prevalence of NTM
infection diseases is increasing sharply since 2000 [72]. It is hard to combat TB or NTM
infection incidence due to the rapid increase in multi-drug resistant mycobacterial strains [69,
73]. Therefore, there is an urgent need to discover novel preventive or therapeutic strategies for
TB and NTM infection diseases. Currently, host-directed therapies (HDT) are one of the most
promising strategies to combat NTM infectious diseases by making the NTM antibiotic
treatment regimens more effective [73, 74]. In mycobacterial infection, TLR2 is a key receptor
to recognize mycobacteria, modulate immune cells recruitment, modulate phagocytosis, and
trigger pro-inflammatory responses to eliminate the invading mycobacteria [9]. Thus, it is
helpful to discover new host directed therapeutic targets by better understanding the mechanism

of TLR2 modulating the host-mycobacterial interactions.
3.2 TLR2 recognizes mycobacterial components

As we described in this introduction, TLR2 plays a crucial role in recognizing bacteria such as
Mtb through their cell wall components [75]. TLR2 lipoprotein ligands of the cell surface of
Mtb include 19-kDa lipoprotein (Rv3763, LpqH), 24-kDa lipoproteins (Rv1270c, LprA and
Rvl14llc, LprG), and 38-kDa glycolipoprotein (PhoS1). Other categories of TLR2 ligands
include lipoarabinomannan (LAM), lipomannans (LM), phosphatidylinositol dimannoside
(PIMs) and trehalose dimycolate (TDM). and mycobacterial heat shock protein 70 (HSP70).
The TLR2 ligands from Mtb are briefly summarized and described in Table 1 [76]. As we
described in this introduction these ligands activate macrophages by activating NF-«xB through

TLR2 (Fig 3). However, prolonged TLR2 signaling triggered by these ligands might help Mtb
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to evade immune surveillance. For example, long-term exposure of macrophages to LpqH,
LprG, LprA, PhoS1, LM, and PIM leads to IL-10, IL-4, and TGF-B expression, which in turn
inhibits the activation of macrophages [76]. Furthermore, it has been demonstrated that
prolonged TLR2 signaling activated by LpqH and LprG inhibits the expression of MHC class
II molecules and exogenous antigen processing for presentation to CD4™ T cell, which can be a

basis for Mtb immune evasion (Fig 3) [77-80].
3.3 TLR2 is associated with susceptibility to various mycobacteria

The structural integrity of TLR2 is crucial for defense against invading pathogens. Single
nucleotide polymorphisms (SNPs) in human TLR2 have been reported to associate with
increased susceptibility to infectious diseases [81]. For example, one of the TLR2
polymorphisms, Arg753GIn has been demonstrated to lead to higher susceptibility to TB [82].
Moreover, the TLR2 polymorphism R753Q impairs the activation of TLR2 signaling upon M.
smegmatis infection [83]. These studies indicate that TLR2 plays a protective role in
mycobacterial infection diseases, although a small number of studies found no effect of TLR2
polymorphism [8, 84, 85]. Thus, an animal model for TLR2 polymorphisms is needed to

investigate the functions of the polymorphisms in tuberculosis.

Mice is a widely used animal model to study the function of TLR2 in resistance to
mycobacterial infection. The evidence for the role of TLR2 in defense against NTM infection
is still limited, and no correlation has been found between TLR2 polymorphism and human
susceptibility to NTM infection until now [86]. Interestingly, TLR2”- mutant mice were more
susceptible to M. avium infection [87]. It has been demonstrated that TLR2 deficient mice, but
not TLR4 deficient mice, were more susceptible to a high dose Mtb infection than wild type
mice [88-90]. However, the results of the studies of the role of TLR2 in low-dose Mtb infection
are controversial. As a result, it is not clear at which infectious stages TLR2 functions in defense
against Mtb infection: it is undecided whether it functions at an acute infectious stage or chronic
infectious stage. Some researchers hypothesize that TLR2 plays a protective role during Mtb
chronic infection while it does not affect Mtb acute infection [89, 91, 92]. In contrast, Tjédrnlund
et al. demonstrated that TLR2 has a function in Mtb acute infection (at 3 weeks post infection,
wpi) but not in Mtb chronic infection (at 8 wpi) [27]. Interestingly, other studies found no
significant differences between TLR2 defective mice or wild type mice upon low-dose Mtb
infection, in both acute or chronic infection [88, 93, 94]. The reasons for these different results

may be because (1) different Mtb strains were used. Most researchers used the Mtb H37Rv
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strain, while some studies utilized the Mtb Kurono strain or the Mtb Erdman strain. (2) They
application of different infection methods. Aerosol challenging is the most extensively used
method, but some studies also use intranasal (i.n.), intravenous (i.v.), or intratracheal infection
methods (i.t.). (3) Differences in the definition of acute or chronic infection. For example, how
long is an infection considered a chronic infection? In some studies, 8 weeks are considered as
a chronic infection, while other studies 21 weeks is taken as a threshold. In summary the lack
of standardization in mice studies has given rise to many uncertainties as to the function of

TLR2 in defense against tuberculosis.
3.4 Macrophage-mycobacterium interactions mediated by TLR2

Macrophages are not only the primer cells to recognize the invasion of mycobacteria, but are
also the main cellular components of granulomas [95]. TLR2 plays an essential role in
mediating the interaction of macrophages and mycobacteria. At the early infection stage, TLR2
enhances the entrance of Mtb bacteria into macrophages by binding PE PGR33, a
mycobacterial protein from the Mtb [96]. The binding of TLR2 and PE PGR33 can activate
macrophages by inducing the expression of TNF-a and some other pro-inflammatory cytokines
(Table 1), while it can also trigger the PI3K pathway that can impair the macrophage
antimicrobial responses [96]. In addition to promoting inflammatory responses, TLR2 also
plays a role in promoting apoptosis of macrophages [97], which is an important defense
mechanism of the host against intracellular pathogens. For example, Sanchez et al. has reported
that the apoptosis triggered by Mtb infection is depending on the TLR2 signaling pathway [98].
In addition, it has been demonstrated that the apoptosis induced by ESAT-6 is a TLR2-
depentent event [99]. ESAT-6, an abundantly secreted protein of Mtb is an important virulence
factor. Furthermore, TLR2-dependent microRNA-155 (miR-155) expression is required to
elicit macrophage apoptosis by Mycobacterium bovis BCG [100]. The antimicrobial activity of
macrophages is an essential function of the host to combat invading mycobacteria and is
mediated by TLR2 [101]. In human macrophages, the stimulation of TLR2 by mycobacteria
results in the upregulation of Cyp27B1 and VDR, which have a function in the induction of
transcription of antimicrobial factors, like the antimicrobial peptide cathelicidin [102, 103]. To
be noted, mouse macrophages and human macrophages utilize different mechanisms to kill
intracellular Mtb through TLR2 activation [28]. TLR2 activation leading to killing of
intracellular bacilli is an iINOS-dependent process in mouse macrophages, whereas human

macrophages do not depend on it [27]. Thus, other animal models are needed to confirm the
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TLR2-mediated mechanisms of triggering macrophage antimicrobial activity. There is only one
in vitro study describing how mycobacteria can directly control macrophage migration by
rearranging the cytoskeleton via activation of TLR2 [104]. Konowich et al. have demonstrated
by using various chimeric mice that TLR2 signaling in hematopoietic cells plays a role in
controlling bacterial burden and granuloma integrity, while TLR2 signaling in non-
hematopoietic cells may play a role in promoting granulomatous inflammation and bacterial
dissemination [92]. Furthermore, Carlos et al. found that TLR2”" mice displayed increased
bacterial burden, diminished myeloid cell recruitment, and defective granuloma formation [90].
Interestingly, the adoptive transfer of TLR2 positive mast cells into these TLR2”~ mice reversed
the phenotype [90]. In conclusion, TLR2 participates in mediating macrophage-mycobacteria
interactions in many ways during phagocytosis, apoptosis, antimicrobial activity, cell
recruitment, and granuloma formation. But, the mechanisms underlying these function of TLR2

are still not clear and need to be further studied.
3.5 Neutrophil-mycobacterium interactions mediated by TLR2

In addition to macrophages, neutrophils are innate immune cells that have an important function
in defense against mycobacterial infection. A large number of neutrophils can be detected in
TB lesions and in the sputum of TB patients, which indicates that neutrophils play a crucial role
during Mtb infection [105, 106]. There is consensus that neutrophils are activated upon
mycobacterial infection via TLR2-mediated recognition of LAM on the surface of bacteria
(Table 1) [107]. However, the reports on the function of TLR2 in regulation of the recruitment
of neutrophils during mycobacterial infection are contradictory. In TLR2”" mutant mice, the
bacterial burden after Mtb infection was increased compared to the wild type, and this was
accompanied by increased neutrophil influx in the lungs and tissue damage [108]. Conversely,
after alveolar epithelial cells were infected by Mycobacterium bovis BCG in vitro, the
recruitment of neutrophils was significantly reduced by blocking TLR2 [109]. Moreover,
injection of non-mannose-capped lipoarabinomannan (AraLAM), which is a TLR-ligand from
Mycobacterium smegmatis, led to a stronger reduction of neutrophils influx in the pulmonary
compartment in TLR2”" mice than compared to WT mice [110]. These results demonstrate that

it is important to study, the function of TLR2 in neutrophils migration in further detail.
3.6 Therapeutic targeting of TLR2 signaling in mycobacterial infection disease

TLR2, as one of the most important representatives of PRRs, can recognize many mycobacterial

components which are known as PAMPs. Some of these TLR2 ligands constitute the main
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protein component of TB vaccines or adjuvants [96]. For example, the ESAT-6 and PPE18
proteins (Rv1196) are important components of the M72/AS01 and H56/IC31 vaccine
candidates [96]. In addition, the mycobacterial MPT38 and PE_PGRS33 proteins have been
reported to be TLR2-targeted secreted proteins that are promising pulmonary TB vaccines [96,
111]. At present, Mycobacterium bovis Bacille Calmette and Guérin (BCG) remains the only
available vaccine for TB, but it is only validated for prevention of TB in children [112, 113].

Furthermore, there is no effective vaccine for infection disease caused by NTM strains.

TLR2 plays a dual role to trigger both pro-inflammatory and anti-inflammatory responses after
infection. Thus, modulation of TLR2 signaling has become a popular approach for the design
of host-directed therapeutics against infectious diseases. A recent review has described in detail
how TLR2 could be used as a therapeutic target to cure bacterial infections [114]. TLR2 ligands
from mycobacteria constitute a large group of natural TLR2- agonists and TLR2- antagonists
which we summarize in Table 1. These TLR2 agonists or antagonists not only can be used to
study the function of TLR2 in infectious diseases, but also provide new possibilities as
therapeutic that target TLR2 signaling to treat hyper-inflammation and auto-inflammatory
diseases. For example, recombinant PPE18 protein (rPPE18), which is a TLR2 ligand derived
from Mtb, has been demonstrated to be a promising novel therapeutic to control sepsis [115].
Because rPPE18 significantly decreases the secretion of serum pro-inflammatory cytokines and

reduces organ damage in mice infected with high doses of E. coli bacteria [115].

4. Zebrafish as a model to study the innate immune system

4.1 General advantages of the zebrafish larval model

In the last decades, extensive disease models have been established for using zebrafish larvae
to study hematology [116, 117], oncology [118] and other pathogenic processes [119].
Zebrafish models contributed to uncovering pathogenic mechanisms and to the discovery and
efficacy screening of innovative drugs [120, 121]. As an animal model, zebrafish possesses
various advantages. The zebrafish larvae already have a functional innate immune system
within 5 days post-fertilization, when the adaptive immune system is still not functional,
providing a great advantage for studying the mechanisms of acute inflammation[122].
Moreover, its optical transparency and small size are the most significant advantages of the
zebrafish embryos and larvae, because it provides an ideal in vivo system to directly observe

cell- cell or cell- microbe interactions [122]. This is very difficult to achieve in other vertebrate
24



Chapter 1

models. In addition, the large number of zebrafish offspring makes it possible for omics studies
of large groups of larvae. In this thesis, we make use of these advantages of zebrafish larvae to
investigate the role of the innate immune system in inflammation and defense against

mycobacteria.

4.2 Confocal real-time imaging as a tool for investigating cell function in zebrafish

larvae

Cell migration is an important physiological parameter for many pathological processes,
including inflammatory responses, immune defense and metastasis of malignant tumor cells.
Single-cell tracking using confocal real-time imaging is one of the most popular methods to
analyze cell migration. Transgenic zebrafish larvae with fluorescently labeled cells are highly
suited for non-invasive real-time imaging because of their transparency at early developmental
stages. To visualize and quantify the trajectories of cell migration, a large number of algorithms
and software programs have been developed in the last decades. In this thesis we also have
developed new automated methods for cell tracking (chapter 3). Notwithstanding these efforts,
for much biological research it is needed to track the cell movements manually. In the
discussion chapter of this thesis, we will discuss future research directions that could make such

time-consuming steps of cell migration research less of a bottleneck.

Overview of this thesis

TLR2 plays a pivotal role in triggering the innate immune responses in inflammation and
infection. This makes TLR2 an attractive therapeutic target for developing cures to many
diseases. However, its dual role in inflammation and infection makes it very difficult to use the
available results from basic research for the development of clinical trials. In addition, it is still
not clear and controversial what is the function of TLR2 in regulating phagocytic cell migration.
In this thesis, we used the advantage of the transparent zebrafish larval model to observe the
dynamics of cell migration in vivo under various conditions. We not only aimed to acquire new
insights into the function of Tlr2 in regulating cell migration in inflammation and infection, but
also aimed to extend our understanding of the role it thereby plays in host defense against

pathogens.

The role of TLR2 in host defense against Mtb is still controversial in reports based on rodent in
vivo studies. In addition, its function in host innate immunity during infection is still not clear.
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Moreover, there is still a lack of research of the systemic transcriptome regulation of TLR
downstream signaling in a whole animal model after infection. Therefore, in Chapter 2, we
study the function of #r2 in defense against Mycobacterium marinum (Mm) infection in
zebrafish by measuring infection phenotypes and corresponding transcriptome responses. We
show that infection of a #/r2 mutant in zebrafish larvae leads to a higher Mm bacterial burden,
accompanied with a lower number of granulomas and increased extracellular bacterial growth,
compared to wild type siblings. These results suggest that Tlr2 plays a protective role in defense
against mycobacteria at early infection stages. To obtain explanations and genetic markers for
further studies of the effect of the #/#2 mutation on infection we performed deep RNA
sequencing to study the whole transcriptome profile in our mycobacterial infection model at the
systems level. From this RNAseq analysis, we found that the role of TIr2 in controlling
mycobacterial infection can be explained by several mechanisms, like reduction of
mycobacterial dissemination by dampening of CXCR3-CXCLI11 signaling, and modulation of

anti-mycobacterial activity by regulating vitamin D signaling.

In a previous study, Torraca et al. found the CXCR3-CXCLI11 axis signaling executes an
important function in regulating macrophage recruitment in zebrafish larvae [123]. In chapter
2, we found that the expression of cxcll laa and cxclllac is significantly decreased in the #/r2
mutant infected with M. marinum. Considering that the expression of many chemokines is
controlled by TIr2, we hypothesized that Tlr2 is a key factor in the control of chemokine
expression in order to regulate cell recruitment in innate immunity. To test this hypothesis, in
Chapter 3, we first investigated the function of Tlr2 and Myd88 in leukocytes migration
behavior upon tissue damage by using a zebrafish tail wounding model. In this chapter, live
fluorescent imaging was performed to study the effect of the #/»2 mutation and myd88 mutation
on leukocyte migration upon tail wounding. We observed reduced numbers of recruited
neutrophils and macrophages at the wounding area in both /2 mutants and myd88 mutants,
compared to their wild type sibling controls. Extensive mathematical analyses have been
performed of the cell migration trajectories in the zebrafish larvae upon wounding. Through
these analyses, we demonstrated that both #/r2 and myd88 control the migration direction of
neutrophils upon wounding. Furthermore, in both the #/72 and the myd88 mutants, macrophages

migrated more slowly toward the wound edge.

The migration of leukocytes is important during the infection process for bacterial clearance,

containment, dissemination, and granuloma formation at the early mycobacterial infectious
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stage [124-127]. However, the role of TIr2 in modulating leukocyte migration in infection is
still not clear. In chapter 3, we show that #/r2 is involved in regulating leukocyte migration in
response to inflammatory signaling. Thus, we hypothesize that #/72 could also be involved in
the regulation of migratory behavior of macrophages and neutrophils to the sites of
mycobacterial infection. To test this hypothesis, in Chapter 4, we studied the function of #/r2
during the infection with two different NTM mycobacterial species with special attention to the
responsive cell migration behavior. In this chapter, M. marinum Mma20 strain and M. avium
MAC 101 strain were used to study the function of /72 in infection. M. marinum infected
zebrafish larvae is a recognized model for tuberculosis infection, whereas M. avium was never
studied in zebrafish before. Thus, we first developed a zebrafish larval infection model for
studying M. avium infection. The results show that M. avium bacteria can infect zebrafish larvae
effectively leading to the formation of granulomas. Moreover, we compared the innate immune
response of zebrafish larvae to infection with these two different species of NTM, specifically
with regard to the bacterial burden, granuloma-like cluster formation, and transcriptomic gene
expression profiles. Subsequently, we utilized this model to study the function of #/r2 in

regulating leukocyte migration using a tail fin infection method.

In the last Chapter 5, we summarize the findings from the thesis and discuss the challenges
and perspective for further research of TLR signaling by using the zebrafish larval model. In
addition, we briefly discuss some unpublished results from ongoing studies into the function of

TLR2 in system metabolism.
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Abstract

The function of Toll-like receptor 2 (TLR2) in host defense against pathogens, especially
Mycobacterium tuberculosis (Mtb) is poorly understood. To investigate the role of TLR2 during
mycobacterial infection, we analyzed the response of #/r2 zebrafish mutant larvae to infection
with Mycobacterium marinum (Mm), a close relative to Mtb, as a model for tuberculosis. We
measured infection phenotypes and transcriptome responses using RNA deep sequencing in
mutant and control larvae. 772 mutant embryos at 2 dpf do not show differences in numbers of
macrophages and neutrophils compared to control embryos. However, we found substantial
changes in gene expression in these mutants, particularly in metabolic pathways, when
compared with the heterozygote #/r2"" control. At 4 days after Mm infection, the total bacterial
burden and the presence of extracellular bacteria were higher in 72" larvae than in 2", or
tIr2"* larvae, whereas granuloma numbers were reduced, showing a function of TIr2 in
zebrafish host defense. RNAseq analysis of infected #/r2”" versus t/r2"" shows that the number
of up-regulated and down-regulated genes in response to infection was greatly diminished in
tlr2 mutants by at least 2 fold and 10 fold, respectively. Analysis of the transcriptome data and
gPCR validation shows that Mm infection of ¢/»2 mutants leads to decreased mRNA levels of
genes involved in inflammation and immune responses, including i/1b, tnfb, cxcll laa/ac, foslla,
and cebpb. Furthermore, RNAseq analyses revealed that the expression of genes for Maf family
transcription factors, vitamin D receptors, and Dicps proteins is altered in #/72 mutants with or
without infection. In addition, the data indicate a function of Tlr2 in the control of induction of
cytokines and chemokines, such as the CXCR3-CXCL11 signaling axis. The transcriptome and
infection burden analyses show a function of Tlr2 as a protective factor against mycobacteria.
Transcriptome analysis revealed t/r2-specific pathways involved in Mm infection, which are
related to responses to Mtb infection in human macrophages. Considering its dominant function
in control of transcriptional processes that govern defense responses and metabolism, the TLR2
protein can be expected to be also of importance for other infectious diseases and interactions

with the microbiome.
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Introduction

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis (TB), which infects
nearly 23% of the world's population, and kills about 1.6 million people annually (WHO Global
Tuberculosis Report 2018). TB is characterized by the formation of granulomas, aggregates of
infected macrophages and other immune cells, not only in the lung but also in other tissues and
organs [1]. The formation of granulomas is the result of a concerted action of host innate and

adaptive immunity [2-4].

Innate immune responses play a critical role in defense against TB infection in the host, and for
a major part these processes are mediated by Toll-like receptors (TLRs), a conserved family of
pattern recognition receptors. TLR2 is one of the most widely reported members of the TLR
family to be involved in defense against Mtb by virtue of its recognition of cell wall-associated
components associated with this pathogen [5-7]. Following mycobacterial infection in human
cell cultures, TLR2 dimerizes with TLR1 or TLR6, and recognizes mycobacterial components
such as cell wall glycolipids LAM and LM [8], 38-kDa and 19-kDa mycobacterial glycoprotein
(LpgH) [9-11], phosphatidylinositol mannoside (PIM) [12], and triacylated (TLR2/TLR1) [13,
14] or diacylated (TLR2/TLR6) lipoproteins [15, 16]. Then, these heterodimers recruit the
MYD88 and TIRAP (MAL) proteins to activate the IRAK (1 and 4)/TRAF6/IKK (o or B)
cascade, which subsequently leads to the ubiquitination of IkBa and the activation of
transcription factor NF-xB or AP-1 to induce the expression of host defense genes and cytokine
and chemokine responses [17, 18]. Once released after further processing, these cytokines and
chemokines attract migration of macrophages and neutrophils to the infection site and activate

the microbicidal functions of these cells.

TLR2 has been shown to be important for granuloma formation in Mtb infection in mouse
infection model [19]. Other studies have reported that 7/r2”" mice lose control to high dose
infection of Mtb delivered by aerosol administration and show higher susceptibility to Mtb
infection compared to the wild type [20, 21]. However, using lower doses of infection of 100
bacteria, there are controversial results as to the function of TLR2 in defense to Mtb in rodent
models [20-22]. Furthermore, the function of TLR2 in susceptibility to Mtb is still unclear
because several independent studies have reported polymorphisms of TLR2 (TLR1 and TLR6)
in humans that have been linked with TB susceptibility, whereas others have been unable to

find such links [23, 24].
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Several studies suggest that the interaction between TLR2 and Mtb or other pathogens does not
always promote the killing of bacteria, but can in fact be part of the pathogens’s strategy to
evade the immune system [25-27]. TLR2 has been reported to inhibit MHC-II expression on
the surface of murine macrophages, thereby preventing presentation of Mtb antigens, which
may allow intracellular Mtb to evade immune surveillance and maintain chronic infection [11,
28]. Furthermore, LprG from Mtb was reported to inhibit human macrophage class I MHC
antigen processing through TLR signaling [25]. In other infection systems, 7/r2 mutant mice
have an increased resistance against infection of Candida albicans [29] and Yersinia pestis [30].
It has been proposed that this phenotype is the result of TIr2-dependent induction of the anti-
inflammatory cytokine IL-10 [30]. Furthermore, TLR2 activation inhibits the release of IL-12
via activation of the cFos transcription factor. It also has been shown that IFN-y or IFN-y-
induced signals [31] are inhibited after infection of murine macrophages in a Tlr2-dependent
fashion [32]. These effects show that TLR2 activation can yield a bias to T helper Type 2 (Th2)
cells [33], and by breaking the Th1/Th2 balance can lead to less Thl type responses and
reducing the killing of intracellular pathogens. However, most of the molecular mechanisms
underlying TLR2 functions remain unknown and a better understanding of the TLR2-mediated
immune response and immune evasion can help in planning prevention and therapy strategies

against Mtb infection.

Animal models have shown their power in studies of the mechanisms of interaction of host and
TB pathogens, and discovering new anti-TB drugs. Zebrafish adult and larvae models have
become a useful complement for rodent studies, for three important reasons. First, zebrafish
have a 3-4 weeks separation stage between development of innate and adaptive immunity after
fertilization [34, 35], which gives the possibility to study the host innate immune response to
infection in the absence of adaptive immune responses. Second, zebrafish can be infected by
Mycobacterium marinum (Mm), a natural pathogen of cold-blooded vertebrates and a close
relative of Mtb, which can induce granuloma formation in zebrafish, similar to human TB [36,
37]. Third, the transparent larvae are ideal for imaging the early steps of the infection process
in real time. Hence, zebrafish has earned its place of being a versatile tuberculosis model [1, 38,
39]. Although zebrafish has no lungs and therefore the route of infection is through other tissues,
it has been shown that the parasitism of immune cells and the aggregation of infected cells into
granulomatous aggregates are highly similar to that in mammals [40]. Nevertheless, there are
some notable difference with the progression of the tuberculosis infection processes in mice

[41].
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The TLR signaling pathway in zebrafish appears to be highly conserved with that in mammals
[42]. The zebrafish #/r2 gene and the genes encoding its adaptor proteins are highly similar in
sequence to those of mammals and mutation of the down-stream signaling gene myd88 leads to
phenotypes that correlate with those seen in rodent and human cell culture studies [43, 44]. In
our previous study, we demonstrated that the mammalian TLR2 ligand Pam3CSK4, a synthetic
triacylated lipopeptide that mimics the triacylated lipoprotein of mycobacteria, could also
specifically activate the zebrafish TIr2 pathway, inducing fos//a and cebpb gene upregulation
[45]. In the current study, to further explore the involvement of Tlr2 in Mm infection, we
conducted infection studies using #/r2 mutant zebrafish. We found that a #/72 mutation led to an
overall increased Mm bacterial burden, corresponding with reduced presence of macrophages
in the granulomatous aggregates and more extracellular growth. These results indicate that Tlr2
plays an important role in protecting the host during the early stage of mycobacterial infection.
In addition, we performed RNA deep sequencing (RNAseq) and determined a TIr2-specific
gene list for the response to Mm infection. This analysis revealed that most of transcriptional
downregulation caused by Mm infection in control animals was abrogated by #/r2 mutation, in
addition to a dampening effect on the upregulation of transcription factors and inflammatory

genes.

Results
Characterization of a #/r2 mutant zebrafish line

The #7214 mutant (¢r2”") carries a thymine to adenine point mutation that creates a
premature stop codon (Fig. 1A), which is located in the sequence coding for the C-terminus of
the leucine-rich repeat (LRR) domain. This leads to a truncated protein without the Toll/IL-1
receptor (TIR) domain, which is required for the interaction with Myd88 and Tirap (Mal) [46,
47].

To confirm whether #/r2 mutation blocks its downstream pathway, we analyzed the gene
expression profiles of zebrafish treated with the TLR2 agonist, Pam3CSK4 similarly as in our
previous work [48], now also including the heterozygote mutant (#/r2"). Pam3CSK4 was
injected into the blood island of zebrafish embryos at 27 hours post fertilization (hpf). One hour

after injection (hpi), we collected samples and performed qPCR to analyze the expression levels
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of CCAAT/enhancer-binding protein beta (cebpb) and FOS Like Antigen la (foslla),
previously shown to be specific targets of Tlr2 signaling [45]. In wild-type siblings and #/r2"/
sal9423 heterozygotes (tlr2*"), the expression levels of cebpb and foslla, as well as the
inflammatory gene il/bh were significantly induced upon Pam3CSK4 injection, whereas #/r2”"
showed no significant response (Fig. 1B-D). #/2"- animals showed a lower induction of these
marker genes than the wild-types, indicating that there is an effect of the #/r2 mutation even in
the heterozygote. To confirm that these results are specific to the TIr2 pathway, we injected
flagellin, a TIr5 agonist, into 27 hpf embryos. Flagellin induced i//b expression, but not cebpb
and foslla expression in wild-type siblings, #/r2"" and tIr2” larvae (Fig. 1E-G). Overall, these

data show that #/r2 mutation specifically blocks the TIr2 downstream pathways.

To determine if immune cell development was affected by #/72 mutation, we used the double-
transgenic  line 2" Tg(mpegl:mCherry-F); TgBAC(mpx:EGFP)  and  tIr2”"
Tg(mpegl:mCherry-F); TgBAC(mpx:EGFP) to count the number of macrophages and
neutrophils at 2 dpf. The results show that there is no significant difference in the number of

macrophages and neutrophils at 2 dpf between the wild type and mutant (Fig. 1J, K).
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Figure 1 Characterization of the Tlr2 mutant. (A) mutant DNA and protein sequence. A point mutation (T to A) in the C-
terminal of the second LRR domain of zebrafish TIr2 introduces a premature stop codon. The predicted truncated protein lacks
the whole TIR domain. Nucleotide and amino acid positions are indicated with respect to the translation start codon. #r2**,
tlr2*" and 1lr2”- embryos were injected at 27 hpf with 1 ng Pam3CSK4 (B-D) or 0.1ng flagellin (E-G) and expression levels of
il1b, foslla and cebpb were determined at 1 hour post injection by qPCR. Data (mean + SEM) are combined from three
biological replicates (n=10 embryos per group) and expressed relative to their corresponding mock injection (water) control
(ctrl), which is set at 1. Statistical significance of differences between ctrl and PAMPs injection groups was determined by two-
way ANOVA with Tukey’s Multiple Comparison method as a post-hoc test (B-G), ns, non-significant; *, P<0.05; ***, P<0.001;
wkak - p(,0001. (H, I). Representative Stereo images of the caudal hematopoietic tissue of tr2** Tg(mpegl:mCherry-
F);TgBAC(mpx:EGFP) (H) and tlr2”- Tg(mpegl:mCherry-F); TgBAC(mpx:EGFP) (I) were taken at 2 dpf for quantification of
macrophages and neutrophils numbers. At 2 dpf, numbers of mCherry-labeled macrophages (J) and GFP-labeled neutrophils
(K) were counted using Leica TCS SP8 confocal laser scanning microscopy (CLSM) of transgenic lines. Data (mean + SEM)
were combined from two independent experiments. No significant differences (ns) in the number of macrophages (J) and
neutrophils (K) was detected with a t-test.
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Comparison of gene expression profiles of #/r2 homozygote and heterozygote mutants in

the absence of infection

In order to investigate the systemic effects of the /2 mutation we compared basal levels of
gene expression in the absence of infection between #/72 homozygote and heterozygote mutants
(Fig. 2). We chose to use the heterozygote #/r2"" line as a control since these are genetically as
comparable as possible, considering the fact that random ENU mutations could still
contaminate our background even after 3 generations of outcrossing and the use of sibling lines.
To further minimize the effect of polymorphisms, we pooled 10 larvae in each of our samples.
These results show that there is a large group of genes that are expressed differently even at
extremely stringent false discovery rate (FDR) adjusted p-value of 107!° (Fig. 2). Since the
results of the DEseq2 analyses showed such a surprisingly large number of significant
differences we also used another statistical method for analyses, called edgeR, that differs in
normalization and estimation of the dispersion parameters [49]. EdgeR analyses confirmed the
statistical significance of the differences between the homozygote and heterozygote mutants
(Fig. 2A and 2B). While no differences in numbers of mpeg-positive macrophages were
detected (Fig. 1J, K), the RNAseq analysis showed that the mpegl gene is expressed
approximately 2 fold higher in the #/r2" control than in the #/r2" mutant (Supplementary Table
1). This was confirmed by pixel count measurements in the transgenic line /r2""
Tg(mpegl:mCherry-F); TgBAC(mpx:EGFP) and tr2” Tg(mpegl:mCherry-
F);TgBAC(mpx:EGFP) (Fig. S1 A, B). These results showed lower fluorescence of the
mCherry mpegl reporter as compared to the wild-type siblings at 2 dpf (Fig. S1 A) whereas no
difference was detected for the eGFP mpx reporter (Fig. S1 B). Therefore these in vivo results
confirm the RNAseq data. We also examined the expression levels of the #/r2 gene in the
homozygote and heterozygote mutants in the RNAseq data (Fig. S2). The results show that,
although #/r2 is very lowly expressed, there is no difference in expression levels between the
homozygote and heterozygote mutants, indicating that there is no non-sense mediated mRNA

decay (NMD).

To investigate whether the basal expression level differences of genes might be relevant to the
Tlr2 pathway, we performed GO analysis of a set of genes that were expressed differently with
the very low FDR adjust P value of 10"'° (Supplementary Table 2). Gene ontology analyses of
the gene sets that differ with an FDR of 107'* in both analyses show that there is a large

enrichment of genes belonging to the GO terms related to neural development (Supplementary
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Table 2). In addition, we have also analyzed differences with a fold change criterion of two and
FDR 0f 0.05. These analyses indicated that under the GO category “Transcription factor genes”
only two categories of genes including the c-Maf transcription factor were present
(Supplementary Table 3). Pathway analysis shows that genes that function in glucose
metabolism are differentially expressed in the #/r2 homozygote versus heterozygote mutant (Fig.

S3).
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Figure 2 Gene expression in the absence of infection between TIr2 mutants. (A) a number of down- and up-regulated genes
per method (edgeR and DEseq2) and (B) a Venn diagram that compares the down-, up- and non-differentially expressed genes
per method at a significance level of 107" in the edgeR and DEseq2 analyses methods. Down-regulated means that a gene is
less expressed in the #/72*- compared to the /727" strain.

TIr2-specific gene expression profiles after Mm infection

To study the role of Tlr2 in Mm infection we tested the #/72 mutant line in comparison with the
heterozygote and wild-type sibling controls (Fig. 3). No differences in bacterial burden were
observed at 3 dpi (Fig. 3D). However, we found that bacterial burden was significantly higher
in #Ir2” than in #r2"" and wild-type larvae at 4 dpi (Fig. 3E). There was no significant
difference in bacterial infection burden between the heterozygote mutant strain (¢#72) and the

wild-type siblings (/2"

). At 4 dpi, t/r2” larvae showed a significantly decreased percentage
of survival compared with 2" and wild-type larvae (Fig. 3F). There was no significant
difference in percentage of survival between /2"~ and wild-type larvae at 4 dpi. For further

analysis of the infection phenotype we performed confocal laser scanning microscopy (CLSM)
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in the tr2"" Tg(mpegl:EGFP), tlr2"" Tg(mpegl:EGFP) and tlr2” Tg(mpegl:EGFP)
transgenic lines in which macrophages are fluorescently labelled (Fig. 4A, B and Fig. S4). The
results using fluorescent automated pixel count analyses showed that in the #/r2 mutant the
number of bacteria that were not present within macrophages was significantly higher than in
the heterozygote and wild-type sibling controls (Fig. 4C). We also observed by manual counting
that in the #/r2 mutant a significantly higher number of bacteria in large extracellular clusters
(Fig. 4D), indicative for cording structures [50]. Manual counting of infected macrophage
clusters showed a significantly lower number of granulomas in the #/r2 mutant (Fig. 4E).
However, the percentage of larvae with at least one granuloma was not different from the
heterozygote and wild-type sibling controls (Fig. 4F). These results show that the #/72 mutation

results in a defect in the defense response against mycobacteria at 4 dpi.

Figure 3 Quantification of bacterial burden and survival after M. marinum infection. t/r2"* (A), tlr2* (B) and tlr2"- (C)
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embryos were infected with mCherry-labeled M. marinum strain Mma20 at a dose of ~150 CFU by caudal vein infection at 28
hpf. Representative images for bacterial pixel count in #/r2"/* (A), tlr2"" (B) and t/r2”- (C) were taken at 4 dpi. Bacterial burden
of tlr2™", tlr2*" and tlr2”- were also quantified at 3 dpi (D) and 4 dpi (E). Bacterial burdens were quantified by using bacterial
fluorescence pixels. Red stars in (E) indicate the data for the representative images shown in (A-C). In (D, E), data (mean +
SEM) were combined from two independent experiments. Statistical significance of differences was determined by one-way
ANOVA with Tukey’s Multiple Comparison method as a post-hoc test for comparison between more than two groups (D, E).
Percent of survival curves for t#/r2*" (n=47), tIr2*" (n=49) and #r2”~ (n= 49) (F) are based on two independent experiments.
Statistical significance of difference was determined by a log-rank (Mantel-Cox) test. ns, non-significant; *, P<0.05, **, P<0.01,
#xAE - P<0.0001.
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Figure 4. Quantification of Mma20 infection phenotype in the #/r2 mutant. Embryos were infected at 28 hpf with ~150
CFU M. marinum Mma20 strain. Confocal images of green fluorescent macrophages and red fluorescent bacteria in a
granuloma of tlr2"* Tg(mpegl:EGFP) larva (A) and extracellular bacteria in #/r2"~ Tg(mpegl:EGFP) larva (B) was conducted
at 4 dpi with 10 (A, B, bright view images) and 63 (A, B, fluorescent view images) times magnification objectives. White
arrowheads indicates a granuloma (A) and extracellular bacteria (B). In the bright view images of (A, B), the scale bar represents
50 pm. In the fluorescent view images of (A, B), the scale bar represents 10 um. For quantification of bacteria outside
macrophages by pixel count (C) large extracellular clusters of at least 8 micrometer diameter (D) and average number of
granulomas in the CHT region (E) three groups of at least 37 embryos of tr2"/* Tg(mpegl:EGFP), tlr2"" Tg(mpegl :EGFP)
and tlr2” Tg(mpegl :EGFP) embryos were analysed at 4 dpi in the CHT region. For these CLSM analyses, 20 times
magnification was used (Fig. S4 gives representative images). In panel f the percentage of embryos with at least one granuloma
in the CHT region is shown. Statistical significance of differences was determined by one-way ANOVA with Tukey’s Multiple
Comparison method as a post-hoc test for comparison between more than two groups (C-F). ns, non-significant; * P< 0.05; **
P<0.01, ¥*** P<0.0001.

Next, we set out to assess the general inflammation and specific immune responses in #/r2
mutants. We analyzed these parameters at 4 dpi to correlate transcriptional responses with the
first microscopically measured effect of the mutation on the progression of infection process as
measured by bacterial burden (Fig. 3E). For this, genes that were shown previously to be
specifically or aspecifically responding to Pam3CSK4 [45] were analyzed by qPCR of #/r2™"
and #/r2*" 1arvae upon Mm (strain Mma20) infection at 4 dpi: ¢/r2-aspecific response genes il1b,
tnfa, tnfb, irgll, and tlr2-specific response genes fos//a and cebpb. Our results show that the
induction levels of il1b, tnfb, foslla and cebpb in tlr2”" larvae were significantly reduced when
compared to the heterozygotes in the infected condition (Fig. 5). The induction levels of irgl!/

A

and tnfa were less clearly affected. /727 larvae failed to upregulate fos//a and cebpb expression
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in response to Mm administration (Fig. SE, F). In our previous work, we showed that Cxcl11-
like chemokines expressed in macrophages play a crucial role in granuloma formation upon
Mm infection [51, 52]. We therefore conducted qPCR to assess the expression levels of cxcl/l1-
like genes, previously shown to be induced by infection [51], including cxclllaa and cxclllac
(Fig. 5G, H). The expression levels of cxclllaa and cxcll lac was significantly higher in /72"
larvae than in #/r2”- upon Mm infection (Fig. 5G, H). These results indicate that #/+2 mutation

results in a defective immune or inflammatory response to Mm infection.

To further study the function of #/r2 in defense against mycobacterial infection, we performed
RNAseq of #/r2"" and tlr2” larvae at 4 dpi with M. marinum strain (strain Mma20) and PBS as
control. We summarized the number of differential expressed genes (DEGs) according to P-
value (Fig. 6A, B) and in volcano plots (Fig. S5). The number of DEGs in #r2"" infected with
Mm was higher than those in #/r2”" at any given P-value or false discovery rate less than 0.05,
or any given fold-change with a P-value less than 0.05. These data also show that most of the
genes downregulated by the Mm infection in the control remained unchanged in #/72 mutants
(Fig. 6A, B). To further analyze these RNAseq data, we chose the genes with a threshold of a
P-value less than 0.05 in #/r2" with Mm infection (1102 up- and 827 down-regulated genes,
Fig. 6A). Then, for these genes, we calculated the fold-change ratio of #r2"" versus t/r2”, and
genes with ratios greater than 2 or less than 0.5 were selected for further analysis (Fig. 6C). As
aresult, 97 and 92 genes were scored as #/r2 specific up- and down-regulated genes, respectively.
Next, we conducted GO analysis (Fig. 6D, E) showing that genes grouped into the immune
system category are the most prominently deregulated (36%) in the whole ¢/r2 up-regulated 97-
gene set (Fig. 6D). Within this category we found genes involved in lysosome, chemotaxis,
transcription regulation, diverse immunoglobulin domain-containing proteins (dicps) and other
immune processes (Fig. 6D and 7A-E). For other categories, many up-regulated genes fell in
the categories oxidation-reduction process, DNA repair, transcription regulation and apoptotic
process regulation (Fig. S6). In the #/r2 down-regulated 92-gene set, the immune related genes
also were the largest portion (15%; Fig. 6E, 7F). Many of these genes are poorly annotated and
include genes encoding cysteine proteases, a nitr gene, a mafb transcription factor gene and
hsp70. Categories encompassing non-immune related genes are listed in Fig. S7. These results

show that, upon infection with Mm, #/r2 mutants show a dampened response of immune genes.

To show the relationship between DEGs, we constructed networks based on common

expression targets in the 97 up- and 92 down-regulated genes [53]. The involved networks with
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the up-regulated genes contain lipc, nr0b2, hmgcr, itinl, fgf23, vdr, irak3 and tlr§ (Fig. S8). In
tlr2"" controls we observed positively regulated hmgcr, fgf23, vdr and tlr8, and negatively
regulated nr0b2, whereas tlr2”~ showed an opposite regulation for most of these genes. However,
lipc and irak3, were positively regulated in both /72" and t/r2”. For the 92 downregulated
genes, a network containing nr0b2 and mafb was constructed (Fig. S9). nr0b2 and mafb were

positively regulated in #/r2”" zebrafish and down regulated in ¢/r2"".
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Figure 5 Immune genes expression in #/r2"- and t/r2”" fish lines infected with Mm. The expression levels of i/1b (A), tnfa
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Enrichment analysis of Tlr2 specific genes after Mm infection

To link our data to gene sets defined based on prior biological knowledge (including GO), we
conducted Gene-Set Enrichment Analysis (GSEA) of the differently expressed genes. This
method derives its power by focusing on gene sets, that is, groups of genes that share common
biological function, chromosomal location, or regulation [54]. Because the number of predicted
gene sets were too large for our analysis method (more than 1,000 with P < 0.05), we focused
on the gene sets related to metabolic, immunological and inflammation pathways. GSEA
predicted 61 pathways in #/r2"" and 67 pathways in #/r2”" zebrafish responsive to Mm infection
(Supplementary Table 4A and 4B). Interestingly, most of these pathways are common in /72"
and 1/r2”", however some of them are detected as being anti-correlated in regulation, including
some pathways underlying natural killer cell functions and omega-6-fatty acid metabolism
(Supplementary Table 4C). We also performed Sub-Network Enrichment Analysis (SNEA) [55]
to identify possible key genes that are responsible for the difference in response of the t/r2*"
and lr2”" group to Mm infection (P < 0.05). SNEA predicted 565 and 503 pathways for #/r2""
and tlr2”" zebrafish that are linked to the response to infection, respectively (Supplementary
Table 4D and 4E), and 264 and 202 of them are specific for the response in #/r2" and 12"
fish, respectively (Supplementary Table 4F). Since the RNAseq was conducted with the total
RNA from whole body of zebrafish, it is not possible to define which pathways are involved in
macrophage functions related to #/r2 expression. Therefore, we analyzed previously published
DNA microarray data (GDS4781) of human macrophages transfected with Mtbh from Gene
Expression Omnibus [56]. SNEA analysis of human macrophages shows that 659 pathways are
linked to Mtb infection (Supplementary Table 4G). By comparing the human SNEA result to
tlr2*" specific pathways in zebrafish, 56 pathways were defined as /r2" -specific
(Supplementary Table 4H). Of these, the pathway of TLRS, which has the lowest P-value in
both zebrafish and human enrichment (Supplementary Table 4H), and its network is depicted
as example in Figure S10. Overall, these analyses show that #/72”" mutants have a strongly
altered immune response of which many pathways that are linked to human tuberculosis are

differently responding.
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Discussion

TLR2 has been shown to play a role in host defense against Mtb in several rodent studies but
its role in host innate immunity during infection is still not clear. Moreover, little is known
about the systemic regulation of down-stream signaling of TLR receptors in animal models. As
part of this study we generated a #/r2 zebrafish mutant to study Tlr2 function in the innate
immune system during mycobacterial infection. Our results show a function of TIr2 in defense
against mycobacterial infection. This function is apparent by a larger number of extracellular
bacteria and a lower number of granulomas in the #/72 mutant compared to the controls. This
result is in agreement with in vivo studies in mice infected with tuberculosis bacteria that show
a defect in granuloma formation in a Tlr2 mutant [19]. To obtain explanations and genetic
markers for further studies of the effect of the #/#2 mutation on infection we performed deep
RNA sequencing to study the whole transcriptome profile in our mycobacterial infection model
at the systems level. There are only a few RNA sequencing results of tuberculosis studies in

rodents [57, 58], human serum [59], human pulmonary epithelial cells [60], and bovine systems.

To characterize the effect of #/r2 mutation in the absence of infection, we compared the
transcriptome of homozygous mutant larvae with that of heterozygote larvae, thereby excluding
the effect of non-dominant background polymorphisms that might have resulted from ENU
mutagenesis. The results show large differences between these genotypes, for instance in genes
involved in glycolysis (Fig. S3). In accordance, a previous study in human peripheral blood
mononuclear cells and an in vivo mouse model for tuberculosis showed a switch in host cellular
metabolism toward aerobic glycolysis after mycobacterial infection that is dependent on TLR2
[61]. In agreement, our previous results in zebrafish larvae suggested a role in metabolism also
for Myd88, the adaptor in TLR signaling [48]. The largest category of genes that was
significantly affected in #/r2 homozygous mutants was “neurological system process”
(Supplementary table 2). Many recent studies show that a mutation in Tlr2 in mice resulted in
effects of neuronal development and responses to injury [62, 63]. Some of these studies show
a connection of Tlr2 deficiency to neuronal defects that could be related to 1110 function and
autophagy [64, 65]. When focusing on the signaling pathways that could be involved, we
observed that there was a significant effect in the GO category of transcription factors, namely
the c-Maf factors that totals up to 546 representatives that were affected (Supplementary Table
3). The members of the Maf family of transcription factors, c-Maf and Mafb are specifically

expressed in monocyte and macrophage lineages [66, 67], and in addition, c-Maf is also
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expressed in T helper cells [67]. c-Maf was also reported to directly regulate IL-10 expression
induced by LPS in macrophages [68]. Double deficiency of Mafb/c-Maf promotes self-renewal
of differentiated macrophages [69]. We did not detect differences in macrophage numbers
between ¢/r2 mutants and controls, but it remains to be further investigated if macrophage

differentiation is altered as a result of Tlr2 deficiency.

Recently, we have shown that TIr2 and its adaptor MyD88 are important for the response of the
zebrafish host to the microbiome [48]. Therefore, it is very well possible that the transcriptional
differences we find in the /72 mutant versus the controls are due to an aberrant response to the
microbiome. Similarly, we have found that mutation in myd§88 leads to a large difference in the
zebrafish gene expression profile, even in the absence of pathogenic infection[48]. This
difference appeared to be dependent on the presence of a microbiome. In future work we
therefore aim to study the transcriptome response of the #/+2 mutant under germfree conditions
and in the presence of a microbiome under gnotobiotic conditions and investigate whether the
dysregulation of neural development pathways in /2 mutants might be linked to control of the
gut-brain axis [70-74]. Such studies could also show whether the composition of the
microbiome affects the progression of mycobacterial infection. This could be clinically relevant,
considering that recent studies show a correlation of the occurrence of tuberculosis with

aberrations of the microbiome in human patients [75].

The analysis of differential gene expression during infection showed that there is a very
pronounced effect of mutation of the #/r2 gene. However, the expression of many genes is
independent of #/r2 as expected, since also other TLR receptors play a role in recognition of
mycobacterial infections [76-79]. With respect to the number of genes affected, the strongest
effect was observed in genes that are down regulated during infection, since this category was
strongly diminished in the #/72 mutant (Fig. 6A, B and Fig. S5). This observation suggests that
TIr2 has an important function in anti-inflammatory responses, in line with previous reports of
studies in mice that showed a strongly decreased anti-inflammatory response in 7/r2 knockouts
[77, 78]. In a further analysis of the quantitative effects on the differences in expression levels
of genes in both the up regulated and down regulated groups, we selected a number of genes
that were most significantly affected in GO analysis (Fig. 6D, E). This GO analysis showed
many groups to be affected with the immune response as the biggest group. We also performed
GSEA and SNEA analyses (Fig. S8, S9, S10 and Supplementary Table 4) showing that the #/r2

mutant has a very different immune response than heterozygote controls. Furthermore, we show
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that many signaling pathways that have been reported to be linked to tuberculosis infection in
humans are differentially regulated in our data set. Most significantly, activation of the TIr8
pathway was strongly affected (Fig. S10). This evidence suggests that the Tlr2 signaling is
strongly connected with T1r8 function. TZRS mutations (polymorphisms) increase susceptibility
to mycobacteria in the human population [79, 80]. Recently it was shown that TLRS is a sensor
of various bacteria in human primary monocytes [81]. This indication that TLRS is a more
important sensor in the antibacterial defense system than previously known might explain our
SNEA results. In addition, our analysis revealed differential expression of three other

interesting categories of immune genes, discussed below.

The vitamin D receptor pathway genes that are normally up-regulated during infection in
zebrafish larvae were down regulated in the #/72 mutant. Furthermore, pathway analysis (Fig.
S8 and S10) also implicated the expression of the Tlr8 pathway connected to vitamin D
signaling as being strongly affected in the #/72 mutant. Vitamin D has been shown to be an
important regulatory factor during tuberculosis [82] and has been linked previously to TLR2
function in studies in cell cultures [83]. Therefore, aberrant vitamin D signaling could be a

major contributing factor to the hyper-susceptibility phenotype of #/r2 mutants in Mm infection.

TIr2 has been shown to be essential for the up-regulation of a group of genes that encode the
Diverse Immunoglobulin Domain-Containing Proteins (DICPS) (Fig. 6D). This group is as
novel multigene family encoding diversified immune receptors. Haire et al. [84] reported that
recombinant DICP Ig domains bind lipids and lipid extracts of different bacteria, including Mtb
and Mm, a property shared by mammalian CD300 and TREM family members. In the down-
regulated set also several DICP members appear to be dependent on TIr2, such as dicpl.17,
dicp3.3, that are linked to the GO term insulin-like growth factor binding. These correlations
might relate to functions of Tlr2 in other processes such as the control of diabetes type II by gut
microbiota. However, the DICP gene family lacks easily recognizable genetic homologs in
mammals, making a translation to a function in mammalian tuberculosis and other diseases

currently not yet possible [85].

Another highly relevant category of genes of which the induction or repression during infection
is dependent on TIr2 includes the chemokines. In a previous study of our laboratory, Torraca et
al. demonstrated the function of the Cxcr3-Cxcll1 axis in macrophage recruitment to infection

foci and showed that disruption of this axis by cxcr3.2 mutation increases the resistance to
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mycobacterial infection [51]. Furthermore, by Fluorescence-activated cell sorting (FACS) of
Mm-infected cells, we recently showed that cxcl/la is a robust marker of infected macrophages
[52]. The infection induced expression of this chemokine is dependent on Myd88, the common
adaptor of the majority of Tlrs, including #/r2 [52]. In agreement, the #/r2 mutant shows a
significant lower expression of cxc//laa and also of an related chemokine, cxclllac, during
Mm infection (Fig. 5). Considering the large number of other chemokines that are controlled
by TIr2 during infection, it is clear that the integrative network of connections cannot yet be
understood from these expression studies and need more detailed functional analyses, e.g. by
combinations of different mutations or directed studies on responses to chemokines as shown
by Torraca et al [51]. However, we can state that the phenotype of the #/r2 mutant, at the
infection level, and the level of transcriptional control such as the mentioned effects on
regulation of MafB/c-Maf and chemokines shows a clear connection with macrophage
chemotaxis. These evidences do not exclude that TIr2 has many other functions during infection
such as phagocytosis. For instance, Blander et al. [86] and Rahman et al. [87] showed that
phagocytosis of bacteria and phagosome maturation are impaired in the absence of TLR
signaling. Therefore, the large number of unannotated genes of which the expression during

infection is dependent on TIr2 is also worth studying in more detail in future studies.

Conclusion

Our study shows that TIr2, as a part of innate immunity, plays an important role in controlling
mycobacterial infection as observed on the transcriptome and infection level. This function may
be mediated by several mechanisms, including a general attenuation of the inflammatory
response, reduced mycobacterial dissemination by dampening of CXCR3-CXCL11 signaling,
and anti-mycobacterial effects like vitamin D signaling. Our results show that TIr2 is a major
Tlr family member upstream of Myd88 that activates the CXCR3-CXCL11 signaling axis. The
tlr2 mutant is therefore a valuable model for further studies using published infection models

for other pathogens and the study of the interactions with gut microbiota in zebrafish larvae.
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Materials and Methods
Zebrafish husbandry

All zebrafish were handled in compliance with the local animal welfare regulations and
maintained according to standard protocols (zfin.org). Larvae were raised in egg water (60 g/ml
Instant Ocean sea salts) at 28.5 °C. For the duration of bacterial injections, larvae were kept
under anesthesia in egg water containing 0.02% buffered 3-aminobenzoic acid ethyl ester
(Tricaine, Sigma-Aldrich, the Netherlands). The culture of zebrafish with mutations in immune
genes was approved by the local animal welfare committee (DEC) of the University of Leiden
(protocol 14198). All protocols adhered to the international guidelines specified by the EU
Animal Protection Directive 2010/63/EU.

The 11r251423 mutant line (ENU-mutagenized) was obtained from the Sanger Institute Zebrafish
Mutation Resource (Hinxton, Cambridge, UK) and shipped by the Zebrafish Resource Center
of the Karlsruhe Institute of Technology. The mutant allele was identified by sequencing.
Heterozygous carriers of the mutation were outcrossed three times against wild type (4B strain),
and were subsequently incrossed three times. Heterozygous fish of the resulting family were
used to produce embryos. Homozygous mutants were outcrossed to the Tg(mpegl:mCherry-
F); TgBAC(mpx:EGFP) double transgenic line [88, 89], and the offspring with GFP and
mCherry fluorescence were subsequently incrossed to produce the Tg(mpegl.mCherry-

F);TgBAC(mpx:EGFP) line.
Bacterial strain preparation

The bacterial strain, Mycobacterium marinum m20 (Mma20) expressing mCherry fluorescent
protein [90], was used in this study. For the infection to zebrafish larvae, the bacteria were
prepared as previously described [91]. The infection inoculum was prepared in 2%
polyvinylpyrrolidone40 solution (Calbiochem, the Netherlands), and 150 colony-forming units
(CFU) of bacteria were injected into the blood stream at 28 hours post fertilization (hpf) as
previously described [92].

Ligands injection

Purified Pam3CSK4 (InvivoGen, France) and flagellin from S. #yphimurium (Flagellin FliC

VacciGrade™, Invitrogen, France) were diluted in 1 mg/ml and 100 pg/ml in sterile water,
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respectively. For injection, 1 nl of the ligand solutions were injected into the blood stream at 28
hpf. Sterile water was injected as a control experiment. Injections were performed using a

FemtoJet microinjector (Eppendorf, the Netherlands) equipped with a capillary glass needle.
Bacterial burden imaging and quantification

Pools of 20 larvae were collected at 3- and 4-day post infection (dpi) and imaged by using the
Leica MZ16FA Fluorescence Stereo Microscope (Leica Microsystems, Wetzlar Germany)
equipped with the DFC420C color camera (Leica Microsystems). Bacterial loads were analyzed

using dedicated pixel counting software as previously described [93].
Confocal laser scanning microscopy imaging and image quantification

Larvae (2 dpf) were embedded in 1% low melting point agarose (Sigma Aldrich), and image
acquisition was performed by using a Leica TCS SP8 confocal microscope (Leica
Microsystems) with a 10 times magnification objective (N.A. 0.40). Acquisition settings and
area of imaging (in the caudal vein region) were kept the same across the groups for
macrophages and neutrophils number counting (Fig. 1 J, K) and pixel counting (Fig. S1).
Experiments were performed in two independent series. Double fluorescent lines #r2%"
Tg(mpegl:mCherry-F); TgBAC(mpx:EGFP) and tr2” Tg(mpegl:mCherry-
F);TgBAC(mpx:EGFP) were used for macrophages and neutrophils number counting.

Macrophage and neutrophil cell counting was either performed manually or by using the plugin

Find Maxima in Fiji ( http://imagej.nih.gov/ij/docs/menus/ process.html#find-maxima) (Fig. 1
J, K) using projections of the z-series. 25 individual larvae for each group were used for
counting and representative images are given in Fig. 1H, I. With manual counting the z-series
data was examined in cases when it was unclear whether the fluorescent pixels presented one
or multiple cells. The result of manual cell counting (Fig. S11) is comparable with the result of
automated cell counting using Fiji. Pixel counting of the double transgenic lines (Fig. 1S A, B)
was performed using dedicated pixel counting software as well as previously described [93].
For CLSM analysis of progression of infection of Fig. 4 we used Fiji software. To quantify the
number of bacteria outside macrophages, total bacteria pixel count was quantified by Fiji
software and followed by subtracting this number with the number of co-localised pixels. Co-
localisation of macrophage and bacterial pixels was performed using a custom made script
written in Java. For this experiment we used three objectives: 10x (N.A. 0.40), 20x (N.A. 0.75),
63x (oil immersion, N.A. 1.40) magnification.
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RNA isolation, cDNA synthesis and qPCR

Total RNAs were extracted using TRIzol Reagent (Life Technologies) and purified using
RNeasy MinElute Cleanup Kit (Qiagen, the Netherlands). The concentration and quality of
RNAs were evaluated by NanoDrop 2000 (Thermo Scientific, the Netherlands). cDNAs were
synthesized from 1 pg total RNAs and qPCR were performed by using the iScript™ cDNA
Synthesis Kit (BioRad, the Netherlands) and iQ™ SYBR Green Supermix (BioRad) and
normalized against the expression of ppial as a housekeeping gene [94]. Results were analyzed

using the AACt method [95]. Primer sequences are described in Supplementary Table 5.
Deep sequencing and data analysis

Triplicates of 10 larvae of #/r2"" and t/r2”~ with PBS (as control) or Mma20 injection, were
homogenized in 300ul of TRIzol reagent, and total RNAs were purified as described above.
RNAseq was performed using [llumina Hi-Seq 2500 as previously described [96]. The raw data
is available in the NCBI GEO database under accession number GSE102766. The RNAseq data
were mapped on the zebrafish genome (version GRCz10) and tag counts were performed by

Bowtie 2 using GeneTiles software (http://www. genetiles. com) [97]. Then, we performed

normalization and gene expression analysis using the R package and DESeq2 [98]. After
statistical tests, we performed further bioinformatics analyses Gene-Set Enrichment Analysis
[54], Sub-Network Enrichment Analysis [55] and Pathway Enrichment Analysis [99]. For
creating gene networks based on common regulatory targets, we used Pathway Studio 9.0

(Elsevier, Amsterdam, the Netherlands) as previously described [53].

Comparison of edgeR and DEseq2: EdgeR and DEseq2 differ mainly in the aspects of
normalization and estimation of the dispersion parameters. Normalization in edgeR is done via
the trimmed mean of M values, while in DEseq?2 this is done by comparing each library with a
virtual library based on the relative log expressions. The dispersion parameters in edgeR are
estimated by empirical Bayes and are therefore shrunken towards the overall mean of the
estimates. Dispersion in DEseq2 is estimated by taking the maximum of the individual
dispersions and the mean trend of the dispersions. As a consequence, edgeR tends to be more

sensitive to outliers, while DEseq?2 is less powerful [49].
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Statistical analyses

Graphpad Prism software (Version 8.1.1; GraphPad Software, San Diego, CA, USA) was used
for statistical analysis. All experiment data are shown as mean = SEM. In the gene expression
profiles of zebrafish treated with the TLR2 agonist (Fig. 1 B-G) and in immune gene expression
in ¢r2*" and tlr2”" fish lines infected with Mm (Fig. 5), statistical significance of differences
was determined by two-way ANOVA with Tukey’s Multiple Comparison test as a post-hoc test.
The other experiments were analyzed by using unpaired, two-tailed t-tests for comparisons
between two groups and one-way ANOVA with Tukey’s multiple comparison methods as a
post-hoc test for comparisons between more than two groups. For percent survival analysis (Fig.
3 F), statistical significance of difference was determined by a log-rank (Mantel-Cox) test. (ns,

no significant difference; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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Supplementary figure 1 Pixel count analysis for double transgenic lines 7g(mpegl .mCherry-

F);TgBAC(mpx:EGFP) of 2 dpf tIr2*"* and tlr2"- embryos. A: mCherry reporter, B, EGFP reporter.
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Supplementary figure 2 RNAseq read counts of #/r2 transcripts in heterozygotes (¢/r2*") control versus #r2
mutant (#/727") larvae. RNAseq data comparing reads mapped to #/r2 transcript (ENSDART0000012256).
Heterozygotes and mutant reads are mapped to the entire length of the mutant transcript indicating that the mutant
transcript is not subjected to nonsense mediated decay. Mutant data (MEAS) and heterozygotes (CTRL) data have

been submitted to the NCBI gene expression Omnibus database, accession number is GSE102766.
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Supplementary figure 3 Analysis of differential expression of genes functioning in glycolysis and
gluconeogenesis between uninfected /72" and t/r2"". The red boxes represent up regulated genes (FC >2); blue
boxes represent down regulated genes (FC<-2); yellow boxes represent the genes that are differentially expressed

with a P value lower than 0.05; green represent not-significantly differentially expressed genes.
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Supplementary Figure 4 Representative images of the quantification of Mma20 infection phenotype in the #/r2
mutant, heterozygote and wild type siblings. One representative picture is shown for the entire sets of 38, 47 and
37 larvae were analyzed for the #/72 mutant, the heterozygote and the wild-type, respectively. Macrophages are in

green and bacteria are in red. The scale bar represents 50 pm.
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Supplementary Figure 5 Volcano plots showing the significance cutoff applied to #/r2"" infected with strain
Mma20 versus control with PBS (A) and #/r2"" infected with strain Mma20 versus control with PBS (B). In these
volcano plots, the transcripts were considered significant (red) or non-significant (blue) by the conditions of
|fold change| > 1,45 and adjusted P value threshold <0,05. Fold changes for each transcript was plotted on the X-

axis against -log10 transformed p-values on the Y-axis.
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Supplementary figure 6 #/r2-dependent up regulation of genes with various GO terms.

81




Chapter 2

A Regulation of apoptotic process Oxidation-reduction process
g . T g @ 1/r2*_Mma20 vs mock
E 17 E #r2””_Mma20 vs mock
o (=]
g g
= =4
Q 1 Q@
T -11 ke
=z . z
2 =
2 2 s
5 5
33 T T T & T
A > N fo © b fL N o ©
& o A oF & 3 > P + @ 'L rDQ
N S S (O @ 0@ e o G o
q’b . \0§‘o Q&b ‘\Q(L o ,\o § &h 6‘\‘\ A‘;L %Qr]/ \A‘ob@ ,@0
0’\ o @‘(\ v
< o AV
&
.0
&
C Wnt signaling D Lysosome
% 21 % 4
© ©
e T - e
5 5 B - - B F
[ (4]
g 2
£ - g
G 21 S 2
b e
s 84
2 2
ki 5
Q 6 L .8
R T T T & . T r T
oo
K & S S 5
\@&* ® '<\ v N
Ay 19(, 190 19 19)0
!
é\4
E Transcription regulation
[/}
T 4
©
e
-
© 5 1
o 2 . 1
o T
=
2
¢ 0
z - - B-
o
i
2
&
T 4
& T T T b‘. T T
Q -
o+ & © VR
Q'b ,\»\66 @(‘\ Q’o (\\0 ':;QQ 6\(\
4 4
< &gﬁ

Supplementary figure 7 #/r2-dependent down regulation of genes with various GO terms.
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Supplementary figure 8 Sub-network enrichment analysis. Networks of common targets of the 97 up regulated
genes (Fig. 6D) in 72" (A) and t/r2”- (B) with Mma20 infection. Red represents up regulation, blue represents

down regulation and grey represents genes for which no expression was detected.
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Supplementary figure 9 Sub-network enrichment analysis. The networks of common targets of the 92 down
regulated genes (Fig. 6F) in t/r2" (A) and #/r2”- (B) with Mma20 infection. Red represents up-regulation, blue

represents down-regulation and grey represents genes for which no expression was detected.
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A

Supplementary figure 10 Sub-network enrichment analysis between zebrafish and human. The TIr8 pathway in
zebrafish (A) with Mm infection and human macrophages (B) with Mtb infection. Red represents up-regulation,

blue represents down-regulation.
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Supplementary figure 11 Manual counting analysis for Tg(mpegl:mCherry-F);TgBAC(mpx:EGFP) of

neutrophils (A) and macrophages (B) in 2 dpf #2"" and t/r2”- embryos.

Availability of data and materials

The raw data of the RNAseq experiments is available in the NCBI GEO database under accession number

GSE102766.

Supplementary Tables are available online:

https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-019-6265-1
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Abstract

Toll-like receptor (TLR) signaling via myeloid differentiation factor 88 protein (MyD88) has
been indicated to be involved in the response to wounding. It remains unknown whether the
putative role of MyD88 in wounding responses is due to a control of leukocyte cell migration.
The aim of this study was to explore in vivo whether TLR2 and MyD88 are involved in
modulating neutrophil and macrophage cell migration behavior upon zebrafish larval tail
wounding. Live cell imaging of tail-wounded larvae was performed in #/r2 and myd88 mutants
and their corresponding wild type siblings. In order to visualize cell migration following tissue
damage, we constructed double transgenic lines with fluorescent markers for macrophages and
neutrophils in all mutant and sibling zebrafish lines. Three days post fertilization (dpf), tail-
wounded larvae were studied using confocal laser scanning microscopy (CLSM) to quantify
the number of recruited cells at the wounding area. We found that in both #/r27" and myd88”
groups the recruited neutrophil and macrophage numbers are decreased compared to their wild
type sibling controls. Through analyses of neutrophil and macrophage migration patterns, we
demonstrated that both #/r2 and myd88 control the migration direction of distant neutrophils
upon wounding. Furthermore, in both the #/72 and the myd88 mutants, macrophages migrated
more slowly towards the wound edge. Taken together, our findings show that ¢/72 and myd88
are involved in responses to tail wounding by regulating the behavior and speed of leukocyte

migration in vivo.
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Introduction

Acute inflammation is characterized by the directed migration of leukocytes, which can be
triggered by tissue damage [1, 2]. The function of directed leukocyte migration is to eliminate
cell debris and invading pathogens, with the aim of maintaining homeostasis upon tissue
damage [3]. Neutrophils and macrophages are the two crucial immune cells that engage in this
process [2, 4]. Neutrophils are the first cells to rapidly respond to the site of injury, and produce
cytokines and chemokines to mediate the recruitment of other cells [4, 5]. However, persisting
neutrophil recruitment can release toxic granule contents to further damage tissue, and thereby
is a hallmark of chronic inflammatory disease [3, 6, 7]. In comparison, distant macrophages
move slower and accumulate later at the wounded area and are considered to play a role in
eliminating the debris of apoptotic cells and assist in regeneration of wounded tissue [2, 4, 8,
9]. Leukocyte migration must be tightly regulated to avoid negative effects on tissue repair or
further damage. Despite myriad studies on leukocyte migration in response to wounding, the

underlying mechanisms are not yet completely understood [10].

Neutrophils and macrophages depend on membrane-localized pattern recognition receptors
(PRRs) to sense invading microbes and associated tissue damage [11]. PRRs play a crucial role
to recognize pathogen associated molecular patterns (PAMPs) of invading microbes in open
wounds and damage associated molecular patterns (DAMPs) released by lysing cells [12, 13].
Toll-like receptors (TLRs) are prominent recognition factors for PAMPs and DAMPs to
regulate inflammatory responses [14, 15]. Extensive studies have demonstrated that cellular
distribution is different for each TLR. TLRs recognize different classes of PAMPs and trigger
the production of cytokines and chemokines during infection. Two typical examples are TLR2,
which senses bacterial lipoproteins [16], and TLR4, which recognizes bacterial
lipopolysaccharide (LPS) [17]. Accumulating evidence shows that high-mobility group box 1
protein (HMGB1), which is the best well known endogenous danger signal, activates
inflammation by forming complexes with other DAMPs (such as single-stranded DNA,
nucleosomes and LPS) to be recognized by IL-1R as well as TLR2, TLR4 and TLR9 to induce
inflammatory responses [2, 18, 19]. After interacting with these PAMPs and DAMPs, TLRs
initiate downstream signaling cascades that ultimately result in producing cytokines and
chemokines. Importantly, the activation of downstream signaling pathway by HMGB1 has been
shown to be dependent on the TLR down-stream signaling mediated by myeloid differentiation

factor 88 protein (MyD88) [2, 20].
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TLR2 is one of the best known PRRs and acts as a heterodimer with TLR1 or TLR6 to recognize
gram positive bacteria including mycobacteria, presumably based on the specific binding to
their cell wall components, such as glycolipids and glycoproteins [16, 21]. TLR2 is expressed
and activated after tissue injury even in the absence of infections, like in acute ischemic injury
as well as in acute liver and kidney injury [22-25]. In the study of Mojumdar et al. (2016), it
was shown that macrophage infiltration was reduced into normal muscle following acute injury
in TLR2 deficiency mice [26]. In addition, Kim et al. demonstrated that TLR2 contributes to
macrophage infiltration in the dorsal root ganglia after peripheral nerve injury in mice [27].
Such injury-induced TLR2 expression and activation has therefore been hypothesized to be
important for human health [24, 28, 29]. Following ischemic injury in mice, TLR2 activation
promotes cell permeability, lymphocyte invasion and endothelial cell migration and mediates
the release of TNF-a and IL-6 [23]. TLR2-deficient mice have a defective ability to recruit
neutrophils to an injured liver and fail to induce the neutrophil chemokine CXCL-2 [24].
Additionally, TLR2 contributes to chronic liver disease in a mouse model by mediating MAPK
and NF-«B signaling pathways [30]. However, there is little knowledge of the function of Toll-

like receptor signaling in cell migration of myeloid cells to epithelial wounding sites [31].

MyD88 is an essential adaptor protein for all TLRs, except TLR3 [32, 33]. MyD8&8 is
responsible for activating downstream signaling through binding to the TIR domain of TLRs
[32, 33]. A few studies have shown changes in MyD88 expression after tissue injury. Similar
to Tlr2, the gene expression of Myd§8 is upregulated following ischemic injury in mice [34].
Moreover, the expression of Myd88 and Tlr2 is significantly increased in diabetic wounded
mice [35]. In addition, some evidence indicate that Myd88 is involved in the modulation of
wound healing [36, 37], but the underlying mechanism is still unclear. Although TLR signaling
is important for chemokine production, little is known about the role of MyD88 in leukocyte

migratory responses to tissue injuries in the absence of pathogenic infections.

In this paper we use zebrafish larvae as a model for studying leukocyte cell migration after tail
wounding. The zebrafish model has become an important vertebrate model for studying human
diseases. The small size and transparency of their larvae are useful characteristics for the
screening and imaging of transgenic reporter lines [38]. Zebrafish larvae are a popular model
for studying functions involved in wound repair [39-44]. The availability of mutants in Toll-
like receptor signaling genes #/r2 and myd88 make it possible to study their roles in leukocyte

migratory behavior upon tail wounding in zebrafish [41, 42, 45-47]. Tlr2 and Myd88 show a
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highly conserved structure in mammals and zebrafish [48]. In a previous study, we
demonstrated the conserved role of #/r2 in zebrafish as a PRR to recognize the mammalian
TLR2 ligand Pam3CSK4, and identified a set of genes that are specifically expressed genes by
activation of the downstream pathway of zebrafish #/r2 [49]. Moreover, He et al., confirmed
that #/r2 gene expression can be upregulated upon wounding in zebrafish larvae which is
consistent with previous studies in mice [50]. In addition, the study of Sommer et al., suggests
that myd88 is required for induction of chemokine gene expression, such as ccl2 and cxclilaa,

following tail wounding [51].

In the present study, live fluorescent imaging was used to investigate the effect of the #/r2
mutation and the myd88 mutation on leukocyte migration upon tail wounding. We found
reduced numbers of recruited neutrophils and macrophages at the wounding area in both #/r2
mutants and myd88 mutants, compared to their sibling controls. Leukocyte migration of the /12
and myd88 mutations upon wounding was analyzed using quantitative analyses of cell
migration tracks. Our results demonstrate that the #/72 and the myd88 mutations affect distant
neutrophil migration upon wounding by negatively affecting their directional persistence, but
not their migration speed. Not only the directional persistence of distant macrophage was
significantly decreased in the #/72 and the myd88 mutants, but also their migration speed. This
study shows for the first time that TLR signaling is directly involved in controlling behavior of
cell migration of neutrophils and macrophages during wounding, stimulating further studies

also in other model systems.

Results
TIr2 and myd88 mutations do not affect development and basal motility of leukocytes.

To determine the leukocyte development in #/r2 and myd88 mutants, the double-transgenic line
tr2"" Tg (mpegl:mCherry-F);T¢BAC (mpx: EGFP), tlr2”~ Tg (mpegl:mCherry-F); TgBAC
(mpx: EGFP), myd88"* Tg (mpegl:mCherry-F);TgBAC (mpx: EGFP) and myd88~~ Tg
(mpegl:mCherry-F); TgBAC (mpx: EGFP) were constructed. The lines were imaged at 3 dpf'to
count the number of macrophages and neutrophils in their tail region, and then compared with
their wild type siblings (Fig. 1A). Embryos of the #/r2 and myd88 mutants showed similar
numbers of macrophages and neutrophils as their wild type siblings (Fig. 1B- E). This result is

consistent with our previous studies of the same myd88 mutant at 3 dpf and the #/72 mutant at 2
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dpf [45, 47]. With the aim of investigating the importance of the ¢/r-2 and the myd88 mutations
for leukocyte behavior under unchallenged condition, the CHT region was analyzed in the
double transgenic lines of #/r2 and myd88 using CLSM by taking time-lapse images (Fig. 1A).
No significant effect was observed on leukocyte basal motility in the CHT tissue in the #/72 and
myd88 mutants compared with their wild type sibling control (Fig. 1F-M). Representative

images are shown in Fig. S2, 3.

TIr2 and myd88 regulate neutrophil recruitment to a tail wound

To study the effect of the #/72 and myd88 mutations on the recruitment of neutrophils towards
a site of injury, a tail wound method was used in 3 dpf zebrafish larvae as a model for
inflammation. To quantify the number of recruited neutrophils to the wound, we counted the
number of neutrophils that were located in a range closer than 200 um from the wound edge of
the tail at 1, 2, 4 and 6 hpw (Fig. 2A). Our results show that the #/r2 mutation had a significant
negative effect on the recruitment of neutrophils after 2, 4 and 6 hpw (Fig. 2B, C). However,
there is no significant difference in recruited neutrophil numbers between wild type and #/r2”"
at 1 hpw (Fig. 2B, C). Notably, a significant difference of recruited neutrophil numbers was
already observed at 1 hpw in myd88 zebrafish larvae and remained significant until 6 hpw (Fig.

2D, E).

TIr2 and myd88 regulate macrophage recruitment to a tail wound

To assess the role of the #/r2 and myd88 mutations in regulating the recruitment of macrophages
to a site of the tail wound, we counted the recruited macrophage numbers by the same method
as for measuring the neutrophil recruitment to the wound (Fig. 3A). Both #/r2”" and myd88™
mutant zebrafish larvae displayed diminished macrophage responses upon wounding (Fig. 3).
Significantly decreased numbers of recruited macrophages toward the injury were measured in
the #/r2”" group at 2, 4 and 6 hpw (Fig. 3B, C). Similarly, there is no significant difference in
recruited macrophage numbers between wild type and #r2” at 1 hpw (Fig. 3C). A significant
difference of recruited macrophage numbers was already observed from 1 hpw in myd88

zebrafish larvae, the same as was observed with neutrophil recruitment (Fig. 3D ,E).
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Figure 1 Quantification of macrophage and neutrophil numbers and their basal migratory capability in the 3 dpf #/r2
and myd88 mutants and wild sibling controls larvae. (A) Experimental scheme. At 3 dpf, numbers and basal migratory
capability of GFP-labeled neutrophils and mCherry-labeled macrophages in tail region were quantified using Leica TCS SP8
confocal laser scanning microscopy (CLSM). Red boxes show the area in which cells were counted or tracked. (B- E) The
quantification of neutrophil and macrophage numbers in tail region by using #/r2 and myd88 zebrafish larvae. Data (mean +
SD) are combined from three pools of zebrafish larvae. No significant differences (ns) in the number of neutrophils (B, D) and
macrophages (C, E) was detected with an unpaired, two-tailed t-test. Each point represents one larva and different colors
represent different pools. Sample size (n): 28, 32 (B, C); 24, 24 (D, E). (F- G, J- K) Quantification of basal migratory capability
in 3 dpf #/r2 zebrafish. The total displacement and mean speed of individual neutrophils (F, J) and macrophages (G, K) were
quantified by using a manual tracking plugin. Data (mean + SD) are combined from 5 larvae of #/r2** Tg (mpegl:mCherry-
F);TgBAC (mpx: EGFP) and tlr2"- Tg (mpegl:mCherry-F);, TgBAC (mpx: EGFP) larvae respectively. Each color indicates a
different larva. No significant differences (ns) in the total displacement and mean speed of neutrophils (F, J) and macrophages
(G, K) were detected with an unpaired, two-tailed t-test. Sample size (n): 28, 28 (F, J); 40, 39 (G, K). Cell tracking movies are
shown in Supplementary Movie S1-4). (H- I, L- M) Quantification of basal migratory capability in 3 dpf myd88 zebrafish. The
total displacement and mean speed of individual neutrophils (H, L) and macrophages (I, M) were quantified by using a manual
tracking plugin. Data (mean + SD) are combined from 5 larvae of myd88™* Tg (mpegl:mCherry-F);TgBAC (mpx: EGFP) and
myd88” Tg (mpegl:mCherry-F); TgBAC (mpx: EGFP) larvae respectively. Each color indicates a different larva. No significant
differences (ns) in the total displacement and mean speed of neutrophils (H, L) and macrophages (I, M) were detected with an
unpaired, two-tailed t-test. Sample size (n): 34, 33 (H, L); 47, 55 (I, M). Cell tracking movies are shown in Supplementary
Movie S5-8).
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Figure 2 The number of neutrophils recruited to the wounded area in the #/r2 and myd88 mutants and wild type sibling
controls larvae. (A) Experimental scheme. 7/r2 and myd88 homozygous mutants and sibling control larvae were wounded at
3 dpf. Their tails were wounded to the tip of the notochord. The red dashed line shows the site of wounding. Recruited
neutrophils at the wound were imaged at 1, 2, 4 and 6 hpw by using CLSM. For recruited cell counting analysis, cells localized
within an area of 200 um from the wounding edge toward the body trunk were counted as recruited cells. The red dashed box
shows the area where neutrophils were counted as recruited neutrophils. (B, D) Representative images of 3 dpf larvae at 1, 2,
4 and 6 hours post-wounding (hpw). Scale bar: 50 um. (C) Quantification of recruited neutrophil numbers to the wounded area
at 1,2, 4 and 6 hpw in 3 dpf #/72*/* and #/r2” larvae. Each point represents a different larva. Sample size (n): 45, 46, 82, 72,
74, 68, 50, 50. (E) Quantification of recruited neutrophil numbers to the wounded area at 1, 2, 4 and 6 hpw in 3 dpf myd88™*
and myd88~" larvae. Each point represents a different larva. Sample size (n): 29, 28,37, 38, 45, 39, 51, 45. In all cases, statistical
analyses were done from 3 independent experiments. An unpaired, two-tailed t-test was used to assess significance (ns, no
significant difference, *P < 0.05, **P < 0.01, ***P < 0.001) and data are shown as mean+ SD.
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Figure 3 The number of macrophages recruited to the wounded area in the #/r2 and myd88 mutants and wild type sibling
controls larvae. (A) Experimental scheme. 772 and myd88 homozygous mutants and sibling control larvae were wounded at
3 dpf. Their tails were wounded to the tip of the notochord. The red dashed line shows the site of wounding. Recruited
macrophages at the wound were imaged at 1, 2, 4 and 6 hpw by using CLSM. For recruited cell counting analysis, cells localized
within an area of 200 pm from the wounding edge toward the body trunk were counted as recruited cells. The red dashed box
shows the area where macrophages were counted as recruited macrophages. (B, D) Representative images of 3 dpflarvae at 1,
2,4 and 6 hpw. Scale bar: 50 um. (C) The quantification of recruited macrophage numbers to the wounded area at 1, 2, 4 and
6 hpw in 3 dpf #/r2*/* and Ir2”" larvae. Each point represents a different larva. Sample size (n): 45, 45, 82, 71, 69, 68, 51, 50.
(E) The quantification of recruited macrophage numbers to the wounded area at 1, 2, 4 and 6 hpw in 3 dpf myd88** and myd88
’larvae. Each point represents a different larva. Sample size (n): 35, 34, 40, 43, 56, 42, 60, 58. In all cases, statistical analyses
were done with data of 3 independent experiments. An unpaired, two-tailed t-test was used to assess significance (ns, no
significant difference, **P < 0.01, ***P < 0.001, ****P <(.0001) and data are shown as mean+ SD.
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Live imaging reveals that the #/r2 and myd88 mutations affect distant neutrophil

directional persistence, but not migration speed upon tail wounding

To investigate how neutrophils migrate in the absence of #/r2 or myd88 after tail wounding, a
time-lapse microscopy experiment was performed by using CLSM between 1 hpw to 3 hpw
(Fig. 5, 6). The definition of distant and local resident neutrophils was shown in panel A of Fig.
5-6 and Fig. S4-5. Neutrophils located closer than 200um to the wound were defined as local
resident neutrophils and further than 200um were defined as distant neutrophils. Measurement
of the distance to the wound over time of all distant neutrophils in the #/#27" group indicated a
trend of impaired infiltration towards the wound (Fig. 5B,C up panel). In total, the group of

+/+

distant neutrophils in the #/r2"" group that arrived at the wound edge and stayed within a
distance of 20 um to the wound comprises 84 % of a total of 25 tracked neutrophils (Fig. 5C
up panel). The local resident neutrophils in this group all remained at the wound (Fig. S4B, C
up panel). In contrast, the group of the distant neutrophils in the #/r2”" group that arrived at the
wound within 2 h time-lapse cell tracking comprises only approximately 36 % (Fig. 5B,C
bottom panel). Moreover, approximately 33 % of local resident neutrophils in the 7727 group

already migrated away from the wound edge within 3 hpw (Fig. S4B,C bottom panel).

In general, distant neutrophils in the myd88™" group showed more chemotaxis to the wound
compared to myd88” neutrophils (Fig. 6B,C). Approximately 96.7% distant neutrophils arrived
at the wound (within a distance of 20 um to the wound) in the myd88™" group in total (Fig. 6C
up panel). However, only 86.4% distant neutrophils arrived to the wound (within a distance of
20 pm to the wound) in the myd88” group. (Fig. 6C bottom panel). The local resident
neutrophils in this group all remained at the wound except for a few outliers (Fig S5C). In
summary, the general trend of distant neutrophils migration in the myd88 mutant and sibling
zebrafish groups was consistent with the result in the #/r2 mutant and sibling zebrafish groups,

respectively (Fig 6C).

To quantify differences in neutrophil migration behavior between #/r2 and myd88 mutants and
their wild type siblings, we first analyzed whether the deficiency of #/r2 and myd88 can affect
neutrophil mean migration speed upon wounding. The results showed that the #/r2 and the
myd88 mutations do not affect the mean speed of both distant and local resident neutrophils
upon the wounding (Fig. 5D; Fig. 6D; Fig. S4D and Fig. S5D). In addition to manual cell
tracking analysis we also performed automatic 3D cell tracking by using a Viterbi Algorithm

[52]. The results, shown in Fig. S8, confirm that there is no difference in mean speed between
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mutant and sibling neutrophils. However, automatic tracking of living cells showed to be very
challenging due to the complex leukocyte cell behaviors. Since in the automated method there
are cell disappearing and appearing leading to gaps in the time series images it is currently still

outperformed by manual tracking.
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Figure 4 Calculated track measures.

(A) Depiction of distance to the wound. It measured for each frame as the shortest distance from the cell's current position to
the entire line of the wound, i.e. the orthogonal projection to the wound.

(B) Depiction of V.4p: velocity in anteroposterior axis direction. The visible part of the spine is taken as the y-axis.

(C) Depiction of the net displacement, total displacement, meandering index and mean speed: the net displacement is the
distance of the cell between the first and final time frame. Total displacement is the sum of the net displacement between 2
successive frames. Meandering index corresponds to the net displacement divided by the total displacement. Mean speed is
the total displacement divided by traveled time. Formulas show in Table 1. (Eq. 1-4).

(D) Depiction of the construction of the mean squared displacement: the displacement between the first time frame and time
frame t from all cells is squared and averaged, see Table 1. (Eq. 5).
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Figure 5 Quantification of distant neutrophils behavior in wounded #r2 mutant and sibling control larvae.
(A) Experimental scheme. T/r2*/* and #lr2” larvaec were wounded at 3 dpf. The red dashed line shows the site of wounding.
Neutrophils of wounded zebrafish larvae were tracked for 2 h and images were taken every 1 min by using CLSM. For cell
tracking analysis, cells localized outside an area of 200 pm from the wounding edge toward the body trunk were counted as
distant cells. Blue dashed box shows the area where distant neutrophils were tracked. (B) Representative images of distant
neutrophil tracks in the wounded tail fin of 3 dpf #/r2** or t/r2~~ larvae at frame 1, frame 60 and frame 120. Time interval
between two successive frames is 1 min. Each color track represents an individual neutrophil. Cell tracking movies are shown
in Supplementary Movie S9-10). Scale bar: 50 um. (C) Distance to the wound. Black dash line represents average distance to
the wound. Each color line represents one cell. (D-I) Quantification of distant neutrophil tracks. In panel D-F and H, each color
indicates a different larva. There was no significant difference between the groups in terms of mean speed (D), net displacement
(E) and MSD (green) and fitted MSD (black) (G). However, meandering index (F) and mean V.p (H) of neutrophils at the
wound in #/r2*/* is greater than in #/r2~~ larvae. The fitted MSD (G, black) was fitted for dt < 80 min. The shaded regions in
MSD (G) and mean V.p over time (I) indicate standard error of the mean. Statistical analyses were done with 7 and 8 fish
respectively for each group. An unpaired, two-tailed t-test was used to assess significance (ns, non-significance, *P < 0.05) and
data are shown as mean+ SD. Sample size (n): 25, 22 (D, E, F, H).

101



Chapter 3

We also tested the effect of the #/r2 and the myd88 mutations on the movement direction of
neutrophils upon wounding by the quantification of net displacement, whose definition is
shown in Fig. 4 and Table 1. We observed that the net displacement of distant neutrophils had
a decreased trend in the #/r2”" group compared to the #r2*/* group (Fig. SE). Moreover, cell
diffusivity determined by the fitting Eq. 6 to the MSD curve (Table 1.) did not differ much
between the #/r2”" group (277 um?/min) and the #r2"" group (268 um?*min) (Fig. 5G). A
significant decrease in net displacements was consistently observed in the myd88 mutant group
(Fig. 6E). Also, myd88” neutrophils have lower diffusivity (274 pm?/min) than myd88™"*
neutrophils (412 um?/min) as measured from the slopes of the MSD plots (Fig. 6G). As the cell
speed of myd88” neutrophils does not differ from that of myd88** neutrophils (Fig. 6D), the
reduced diffusivity may be due to more frequent or sharper changes of direction of the myd88
” neutrophils. As neutrophils reach the wound edge, their diffusivity is limited in space. This is
also visible in the flattening of the MSD at later time frames. Hence, fitting Eq. 6 to the MSD

curve was limited to dt < 80.

To further study the effect of the #/72 and myd88 mutations on the neutrophil migration direction,
we determined the meandering index and mean V4p (Fig. 5F,H and Fig. 6F,H). The meandering
index and mean V 4p are all significantly decreased in the distant neutrophils of both #/r2” and
myd88’ mutants compared to their wild type sibling controls (Fig. SF,H and Fig. 6F H).
However, no significant difference of meandering index was found in local resident neutrophils
of the #Ir2”" and myd88”~ mutants compared to the wild type siblings (Fig. S4F and Fig. S5F).
The mean V 4pover time qualitatively shows again the impaired chemotaxis of #/r2”"and myd88
“neutrophils compared to the #/2"" and myd88*'* neutrophils, respectively (Fig. 51 and Fig.
61). As more and more neutrophils approach the wound (Fig. 5C, 6C), the mean V 4p drops. For

2+/+

almost every time point, mean V 4p of t/r exceeds mean V 4pof tIr2”"(Fig. 5I). Similar results

were observed for myd88** and myd88” distant neutrophils (Fig. 61).

Live imaging reveals that the #/r2 and myd88 mutations affect distant macrophage

migration speed and directional persistence upon tail wounding

To study the effect of the #/r2 and myd88 mutations on macrophage migration upon wounding,
we compared macrophage behavior with their wild type siblings. The definition of distant
macrophage and local resident macrophage was shown in panel A of Fig. 7-8 and Fig. S6-7.

Macrophages located closer than 200pum to the wound were defined as local resident
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macrophages and further than 200um were defined as distant macrophages. In contrast to
neutrophils, the majority of macrophages do not reach the wound within the measured time
period. By measuring their distance to the wound over time, we can see a trend that distant
macrophages show less chemotaxis in the #/r2”" and nmyd88” mutant groups compared to their
wild type sibling groups (Fig. 7 B, C and Fig. 8B, C). Within 50 pm to the wound, the local
resident macrophages all remained at the wound in both the /72 and myd88 mutants and their
wild type sibling controls (Fig. S6B, C and Fig. S7B, C). Within a distance of 200 um, but
outside 50 um to the wound, local resident macrophages tend to migrate to the wound direction

(Fig. S6B, C and Fig. S7B, C).
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Figure 6 Quantification of distant neutrophils behavior in wounded myd88 mutant and sibling control larvae. (A)
Experimental scheme. Myd88*/* and myd88” larvae were wounded at 3 dpf. The red dashed line shows the site of wounding.
Neutrophils of wounded myd88 zebrafish larvae were tracked for 2 h and images were taken every 1 min by using CLSM. For
cell tracking analysis, cells localized outside an area of 200 um from the wounding edge toward the body trunk were counted
as distant cells. Blue dashed box shows the area where distant neutrophils were tracked. (B) Representative images of distant
neutrophil tracks in the wounded tail fin of 3 dpf myd88** or myd88~~ larvae at frame 1, frame 60 and frame 120. Time
interval between two successive frames is 1 min. Each color track represents an individual neutrophil. Cell tracking movies are
shown in Supplementary Movie S11-12). Scale bar: 50 um. (C) Distance to the wound. Black dash line represents average
distance to the wound. Each color line represents one cell. (D-I) Quantification of distant neutrophil tracks. In panel D-F and
H, each color indicates a different larva. There was no significant difference between the groups in terms of mean speed (D).
However, the net displacement (E), meandering index (F), ), MSD (green) and fitted MSD (black) (G) and mean V.p (H) of
neutrophils at the wound in myd88*/* is greater than in myd88~~ larvae. The shaded regions MSD (G) and in mean V.p over
time (I) indicate standard error of the mean. The fitted MSD (G, black) was fitted for dt < 80 min. Statistical analyses were
done with 8 and 7 fish respectively for each group. An unpaired, two-tailed t-test was used to assess significance (ns, non-
significance, **P < 0.01) and data are shown as mean+ SD. Sample size (n): 30,22 (D, E, F, H).
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To quantify differences in macrophage migration behavior between #/r2 and myd88 mutants
and their wild type siblings, we first analyzed whether the deficiency of #/r2 and myd88 can
affect macrophage mean migration speed upon wounding. Following tail wounding, both
distant and local resident macrophages migrate more slowly in the /72" and myd88” mutant
groups than in the wild type sibling controls (Fig. 7D; Fig. 8D; Fig. S6D; Fig. S7D). In addition
to manual cell tracking analysis we also performed automatic cell tracking by using a Viterbi
Algorithm [52] (Fig. S8). The results from this automated 3D cell tracking confirm the

significant difference in mean speed between mutant and sibling macrophages (Fig. S8).

Subsequently, we studied the directional persistence of macrophage migration upon wounding.
To this end, we quantified the net displacement, meandering index and mean V 4pin the #/r2 and
myd88 mutants and siblings. The net displacement of the distant macrophages (Table 1. Eq. 1)
was reduced in the #/r2”- and myd88”- mutants compared to the controls (Fig. 7E; Fig. 8E). The
meandering index (Table 1. Eq. 3) and mean V4p of distant macrophages were also significantly
decreased in the #/r2”" and myd88” groups (Fig. 7F,H and Fig. 8F,H). However, no significant
differences in net displacement were found in local resident #/72 and myd88 macrophage groups
(Fig. S6E and Fig. S7E). The trend of mean V4p over time is similar to the one observed for
distant neutrophils, in that #72"* and myd88""* macrophages have a higher mean V 4p than #/r2"
- and myd88”~ macrophages during the entire tracking period. The mean V.4 of macrophages
is positive for a longer period of time compared to the neutrophils, as the majority of

macrophages have not reached the wound site during the 2h time span.

The differences in speed and directionality also became apparent from the differences in MSD
between the #/r2"" and myd88** distant macrophages versus the #/r2”" and myd88’ distant
macrophages (Fig. 7G,8G). The MSD (Table 1. Eq. 5) is lower for the #/r27 and myd88”
macrophages, which can reflect a speed reduction and/or a lowered directional persistence. A
decreased directional persistence can also be seen through the shape of the MSD curve. For
tlr2"* and myd88™* distant macrophages, the MSD curve, especially at short time intervals dt,
has a parabolic shape, indicating straight cell trajectories. For #/r27" and myd88”", however, the
MSD curve has a more linear shape, indicating random cell motility. Finally, the cell diffusivity
D is also decreased in the #/727 (38 pm?*/min ) and myd88”- (221 pm?*/min) macrophage groups
compared to the #r2"" (132 um?/min) and myd88*™* (284 um?/min) macrophage groups. In
summary, the data show that both #/r2 and myd88 mutations affect distant macrophage

migration speed and directional persistence upon tail wounding.
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Figure 7 Quantification of distant macrophage behavior in wounded #/r2 mutant and sibling control larvae. (A)
Experimental scheme. 7/r2** and t/r2”" larvae were wounded at 3 dpf. The red dashed line shows the site of wounding.
Macrophages of wounded #/r2 zebrafish larvae were tracked for 2 h and images were taken every 1 min by using CLSM. For
cell tracking analysis, cells localized outside an area of 200 um from the wounding edge toward the body trunk were counted
as distant cells. Blue dashed box shows the area where distant macrophages were tracked. (B) Representative images of distant
macrophage tracks in the wounded tail fin of 3 dpf #72*/* or t/r2/~ larvae at frame 1, frame 60 and frame 120. Time interval
between two successive frames is 1 min. Each color track represents an individual macrophage. Cell tracking movies are shown
in Supplementary Movie S13-14). Scale bar: 50 um. (C) Distance to the wound. Black dash line represents average distance to
the wound. Each color line represents one cell. (D-I) Quantification of distant macrophage tracks. In panel D-F and H, each
color indicates a different larva. There was a significant difference between the groups in terms of mean speed (D), net
displacement (E), meandering index (F), ), MSD (red) and fitted MSD (black) (G) and mean V.p (H) of macrophages. The
shaded regions in MSD (G) and mean V.4p over time (I) indicate standard error of the mean. Statistical analyses were done with
6 and 8 fish respectively for each group. An unpaired, two-tailed t-test was used to assess significance (ns, non-significance,
*P <0.05, ¥*P <0.01, ****P < 0.0001) and data are shown as mean+ SD. Sample size (n): 23, 22 (D, E, F, H).
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Figure 8 Quantification of distant macrophages behavior in wounded myd88 mutant and sibling control larvae. (A)
Experimental scheme. Myd88™* and myd88~ larvae were wounded at 3 dpf. The red dashed line shows the site of wounding.
Macrophages of wounded zebrafish larvae were tracked for 2 h and images were taken every 1 min by using CLSM. For cell
tracking analysis, cells localized outside an area of 200 pm from the wounding edge toward the body trunk were counted as
distant cells. Blue dashed box shows the area where distant macrophages were tracked. (B) Representative images of distant
macrophage tracks in the wounded tail fin of 3 dpf myd88™* or myd88~'" larvae at frame 1, frame 60 and frame 120. Time
interval between two successive frames is 1 min. Each color track represents an individual macrophage. Cell tracking movies
are shown in Supplementary Movie S15-16). Scale bar: 50 um. (C) Distance to the wound. Black dash line represents average
distance to the wound. Each color line represents one cell. (D-I) Quantification of distant macrophage tracks. In panel D-F and
H, each color indicates a different larva. There was a significant difference between the groups in terms of mean speed (D), net
displacement (E), meandering index (F), MSD (red) and fitted MSD (black) (G) and mean V4p (H) of macrophages. Statistical
analyses were done with 9 and 8 fish respectively for each group. The shaded regions in MSD (G) and mean V4p over time (I)
indicate standard error of the mean. An unpaired, two-tailed t-test was used to assess significance (ns, non-significance, *P <
0.05, **P < 0.01, ****P <0.0001) and data are shown as mean+ SD. Sample size (n): 50, 44 (D, E, F, H).
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Discussion

In this study we visualized cell migration in #/r2 and myd88 mutants using live-imaging in a
zebrafish tail wounding model. Thereby we demonstrated that these genes play a crucial role to
control the migration of both neutrophils and macrophages upon tissue wounding. Like in
mammals, neutrophils and macrophages play a dominant role in the wounding response during
the first several hours after zebrafish tail fin wounding [4, 42, 53]. In mice, it has been shown
previously that TLR signaling plays a role in controlling infiltration of neutrophils and
macrophages into injured tissue [22-25]. The function of TLR signaling in migration to
epithelial wounds has only been studied so far in zebrafish larvae [31]. This study found that
knock-down of myd88 by morpholinos impairs the infiltration of neutrophils into the wound
area, but the mechanisms underlying such reduced wound infiltration remained unknown. By
using double transgenic lines, here we show that #/r2 and myd88 are both essential for directed
migration of distant neutrophils and macrophages to the wounded tissue. The meandering index
(Fig. 4 and Table 1. Eq. 3) of distant neutrophils and macrophages was significantly decreased
in #/r2 and myd88 mutant larvae compared with wild type sibling control groups (Fig. 5F, 6F,
7F and 8F). Moreover, the migration speed of distant and local resident macrophages was
decreased upon wounding in the #/72 and myd88 mutants (Fig. 7D and 8D; Fig. 6D and 7D), but
not in unchallenged larvae. In summary, our data suggest that TLR signaling regulates
neutrophil and macrophage migration upon wounding by controlling their directional

persistence and the migration speed of macrophages (Fig. 9).
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Figure 9 Graphic summary of the data of cell migration behavior in the #/r2 and myd88 mutants and wild type
siblings.

(A) Cell migration behavior in the wild type siblings.

(B) Cell migration behavior in the #/r2 mutant.

(C) Cell migration behavior in the myd88 mutant.

In all cases, the green and red tracks are representative for the medians of the measured total displacements and net
displacements in the anteroposterior axis of distant neutrophils and macrophages, respectively. The number of drawn
leukocytes at the wound are only representing estimates of the relative numbers in the different genotypes. For the wild type
sibling the #/r2*/* sibling was used as an example (A).

The difference in directional persistence of the distant neutrophils and macrophages in the
mutant shows already within 3 hours post wounding, suggesting that TLR signaling is involved
in direct sensing of signals from the wound at the post-transcriptional level. However, since
TLRs have not been implied in sensing meandering gradients, we assume that this function
involves other receptors. TIr2 has been shown to be essential for the regulation of cytokines and
chemokines expression in both mice and zebrafish [24, 45]. For instance, we have shown that
tlr2 mutant shows a significant lower expression of cxc///aa and also of a related chemokine,
cxclllac, during mycobacterial infection. The CXCR3-CXCL11 chemokine-signaling axis has
been demonstrated to play an essential role not only in infection process and but also in
inflammation process by regulating leukocyte trafficking [41, 54]. It is possible that an
insufficient level of basal transcripts for chemokines at the time of wounding is responsible for
the observed defects in leukocyte migration behavior. It is also possible that DAMPs released
by dead cells around the wound do not lead to secretion of chemokines in the absence of TLR

signaling. DAMPs are well known for activating PRRs and then activating downstream
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chemokines and cytokines secretion [13]. Molecules that can function as DAMPs and
associated recognition factors during tissue injury such as hyaluronic acid and HMGBI, have
been shown to be directly recognized by TLRs in tissues [18, 55, 56]. Chemokines can be
produced by leukocytes which are exposed to reactive oxygen species (ROS) produced by
injury [2, 57]. Moreover, previous studies have demonstrated that ROS are required for
leukocyte recruitment upon wounding in the zebrafish larval model showing its function in long
range chemotaxis to arachidonic acid [40, 44]. It has been demonstrated that the generation of
ROS is related to TLR signaling in inflammation and tissue injury [58]. For example, Shishido
et al. found that TLR2 mediates the generation of ROS after vascular injury [59]. Thus, it is
interesting to further study whether the generation of ROS may be altered in #/r2 and myd88
mutant zebrafish larvae. In addition, it is possible that the function of other TLRs can be affected
in a TLR2 mutant upon tissue wounding. For example, the mRNA expression of TLR4 was
decreased in TLR2-deficient mice, which indicated that TLR2 can cooperate with TLR4 to play
a role upon tissue wounding [60, 61]. Taken together, these studies suggest that TLR signaling
is implicated in the sensitivity to signaling molecules secreted by the wound, explaining why
less infiltration of neutrophils and macrophages is observed in tail wounds of the #/72 and myd88
mutants. Future research should be aimed at experiments investigating the cell autonomous
nature of the function of TLR signaling in leukocyte cell migration behavior in response to

wounding.

To study the mechanistic basis of the differences in cell migratory behavior, mathematical and
computational models can also provide insights. Chemokine and ROS gradients can easily be
modelled by partial differential equations (PDEs). These can also be incorporated into a cell
chemotaxis models, such as random walk models, phase field models, or the Cellular Potts
model, with varying degrees of cell resolution, to study the chemotaxis of leukocytes. Such
models could provide quantitative insights into how chemokine and ROS gradients affect the
migration behavior of the leukocytes, and how the cells change these gradients by binding or
secretion of chemokines or absorption and metabolizing ROS (Dona et al., 2013) which is
known to affect the robustness of chemotaxis (Tweedy et al., 2016). Using Bayesian inference
on tracking data, one can infer a number of chemotaxis parameters, such as the flow rate,
diffusion coefficient and production time of the chemoattractant (Manolopoulou et al., 2012).
Furthermore, simulated tracks can be compared to experimentally derived tracks. Altogether,
such quantitative approaches in close interaction with new experiments could help demonstrate
that the chemokine or ROS gradients are affected by the #/72 and myd88 mutations. For such
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experiments we will need larger data sets than were currently obtained. This was partially due
to the limitations of manual cell tracking. Therefore, in follow-up experiments with larger
datasets, the tracking needs to be automated. Consequently, we plan to develop further
optimized automatic tracking methods based on the used Viterbi algorithm to quantify larger

data sets.

Better theoretical cell migration analysis methods will also be useful for studying subsequent
phases of the inflammatory response after wounding [2]. This can assist us in future studies
focused on examining the involvement of the TLR signaling in neutrophil reverse migration
and in the repair of wounded tissue. Previously we have reported that myd88 mutant larvae that
were raised under germ-free conditions show increased macrophage and decreased neutrophil
numbers in the gut [62]. This indicates that the function of TLR signaling in leukocyte migration
is dependent on the gut microbiota. It will be highly interesting to test whether the response of

leukocytes to tail wounding is also dependent on the microbiome.

Materials and methods
Zebrafish maintenance and strain construction

All animal experiments described in this study were performed at the University of Leiden
according to standard protocols (zfin.org) and adhered to the international guidelines specified
by the EU Animal Protection Directive 2010/63/EU. The culture of adult fish was approved by
the local animal welfare committee (DEC) of the university (License number: protocol 14,198).
No adult zebrafish were sacrificed for this study. All experiments were done on 3 days post
fertilization (dpf) fish, therefore prior to the free-feeding stage and did not fall under animal
experimentation law according to the EU Animal Protection Directive 2010/63/EU. Eggs and
larvae were grown at 28.5°C in egg water (60 g/ml Instant Ocean sea salts). For living imaging
and tail wounding experiments, 3 dpflarvae were anesthetized with egg water containing 0.02%

buffered 3-aminobenzoic acid ethyl ester (Tricaine, Sigma-Aldrich, the Netherlands).

The #/r2°"**?3 mutant and myd88"3°% mutant lines were identified by the sequencing of an
ENU-mutagenized zebrafish library [45, 47]. To investigate the effect of the #/72 and the myd88
mutations on leukocyte development, double fluorescent lines t/r2™*
F);TgBAC (mpx: EGFP), tIr2”" Tg (mpegl:mCherry-F); TgBAC (mpx: EGFP), myd88™" Tg
(mpegl:mCherry-F); TgBAC (mpx: EGFP), myd88" Tg (mpegl:mCherry-F); TgBAC (mpx:
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EGFP) were used. Both homozygous mutants were outcrossed with the double transgenic line
Tg (mpegl:mCherry-F);TgBAC (mpx: EGFP) [39, 63]. Subsequently, their heterozygous
offspring with both positive GFP and mCherry fluorescence were imaged and then used for in-
cross. F1 heterozygous in-cross offspring with both positive GFP and mCherry fluorescence
were imaged blindly and genotyped post-imaging to produce the homozygous mutants and wild
type siblings. In the present study, the double transgenic lines were used for the quantification
of cell numbers, cell recruitment assays upon wounding and leukocyte living imaging

experiments.
Tail wounding

In the present study, a caudal fin wounding model was applied as previously described [39, 42,
64]. 3 dpf tlr2 zebrafish larvae were anesthetized with egg water containing 0.02% tricaine
(Sigma Aldrich). Subsequently, the caudal fins of larvae were wounded by using a I mm sterile
sapphire blade scalpel (World Precision Instruments) on a 2% agarose covered petri-dish. To
avoid damaging the notochord and other tissues of zebrafish larvae, all of the wounding
experiments were performed under a MZI16FA Fluorescence Stereo Microscope (Leica
Microsystems, Wetzlar Germany) equipped with a DFC420C color camera (Leica
Microsystems). After the wounding, the egg water with 0.02% tricaine was changed with
untreated egg water. Wounded larvae were put back into an incubator at 28.5°C. Subsequently,

the wounded larvae were collected or fixed for follow up experiments.
Imaging and quantification

For the quantification of the recruited cell number upon wounding, the double transgenic #/r2
and myd88 larvae were wounded with the method described before. 1, 2, 4 and 6 hour post
wounding (hpw), larvae were collected and fixed with 4% paraformaldehyde (PFA) in PBS
overnight at 4°C and washed with PBS the next day. The wounded tail area of fixed samples
from each group were imaged by using a Leica MZ16FA fluorescence stereo microscope
equipped with a DFC420C color camera. Cells localized within an area of 200 pm from the
wounding edge toward the body trunk were counted as recruited cells. Analysis was performed

by combining three independent experiments.

For detailed cell migration behavior analyses, larvae (3 dpf) were mounted into 1% low melting
point agarose (Sigma Aldrich) with 0.02% tricaine and imaged under a Leica TCS SP8 confocal

microscope (Leica Microsystems) with a 10x objective (N.A. 0.40). Data were saved as
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maximum projection images for further cell counting. The number of neutrophils and

macrophages in the tail region were manually quantified.
Live imaging

All time-lapse imaging was performed on 3 dpf larvae. Larvae for each condition
(unchallenged/ wounded) were mounted in the method described before and visualized in the
CLSM with 1 min time interval for 2 h image capture using a 20x objective (N.A. 0.75). For
the manual cell tracking analysis, all time-lapse images were saved as maximum projection

images.

We first defined the role of #/r2 and myd88 in leukocyte migration under the unchallenged
condition. The caudal hematopoietic tissue (CHT) of double transgenic lines was imaged using
the CLSM with unchallenged condition. To investigate the effect of the #/r2 and myd88
mutations on leukocyte migration upon wounding, the double transgenic line Tg
(mpegl:mCherry-F); TgBAC (mpx: EGFP) larvae in the #/r2, myd88 mutant or their wild type

background were wounded and performed for real time imaging from 1 hpw to 3 hpw.
Cell tracking and its quantification

The cell tracking of macrophages and neutrophils was either performed manually by using a
manual tracking plug-in from Fiji [54, 65] or automatically by using automatic 3D cell tracking
algorithms [66, 67]. In this paper, we applied a Viterbi Algorithm, proposed by Magnusson et
al. for quantifying leukocyte migration speed [52]. The Viterbi Algorithm follows a global
linking strategy which can find the optimal path based on a probabilistically motivated scoring
function. The algorithm incorporates six different cell behaviors which include cell migration,
migration into or out of image based on probability framework, and cell count, mitosis,
apoptosis based on logistic regression. In our application, we did not take into account mitosis
and apoptosis. An operation called “swaps” is applied in the Viterbi Algorithm. It can modify

links in preexisting tracks if there is a better linking way during a creation of new tracks.

The distance to the wound, mean speed, net displacement, meandering index (M.I.), mean
square displacement (MSD), cell diffusivity (D), velocity in anteroposterior direction (V4p) and
V.p over time were calculated in different groups by manual tracking data. The calculation and
explanation of the parameters are shown in Fig. 4. The distance to the wound is defined as the
shortest Euclidean distance to the wound edge (Fig. 4A). For the velocity in the anteroposterior
direction, tracks were rotated such that the spines of the larvae were aligned (Fig. 4B). Then,
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for each cell the average velocity in the anteroposterior axis was calculated. For Vp over time,
the V4p of all cells within a group was averaged over three consecutive time frames. Net
displacement, total displacement, meandering index and mean speed are shown in Fig. 4C and
Table 1 (Eq. 1-4). The net displacement is the distance of the cell between the first and final
time frame (Fig. 4C), i.e., the Euclidian distance traveled being: d,.; = d(p;, py) (Table 1. Eq.
1). The total displacement is the length of the total cell track, i.e., the sum of the net
displacements between two successive frames (
dior = XN d(py, pis1)) (Fig. 4C) (Table 1. Eq. 2). Cells can reorient between two frames,
such that this measure may underestimate the actual distance traveled. However, we used the
same frame rate of 1 min in all experiments, such that the results are comparable with one

another. Meandering index is most simply defined as the net distance traveled divided by the

total distance traveled (M.I =%) [68] (Fig. 4C) (Table 1. Eq. 3). Mean speed is the total
tot

displacement divided by traveled time (7 = ﬁzli\’;f v;) (Table 1. Eq. 4). The MSD at time t

was calculated for each group by averaging the squared displacement from starting time

2
ti=1hpw to time t over all cells (K) within that group (MSD (t) = %Zle (d (Pi,1 'Pz,1+t)) )
(Fig. 4D) (Table 1. Eq. 5). For persistent random walkers, an analytical expression for the MSD

—t
exists: Fitted MSD (t) = 2v? 1t — 2(vt)? (1 — e*) ) (Table 1. Eq. 6), with v the intrinsic
cell velocity and T the persistent time, which can be fit to the MSD calculated from cell tracks

[69]. The cell diffusivity constant D and MSD (t) at large t are related through D =

dAMSD(t)

1/2n o

, with n=2 the dimension, which for persistent random walkers results in D =

1/2 v? 7 (Table 1. Eq. 7). We assume that distant neutrophils and macrophages can behave like
persistent random walkers during the time span of imaging [70]. We fit Eq. 6 to the MSD curve
(Table 1. Eq. 5) using a non-linear least squares method. The obtained parameters v and t are
then used to compute the approximated cell diffusivity D. For distant neutrophils, the fit was
performed on the first 80 min of tracking, for distant macrophages, the entire 2h tracking period

was used.

The movement behavior of cells can change after they arrive at the wound edge (Fig. S1). To
analyze the behavior of leukocyte tracks more accurately, we defined categories of distant and
local resident cell movements based on their starting location in the first frame of the time lapse.
Cells with a starting point of movements localized further than 200 pm from the wound edge
toward to the trunk were categorized as distantly-localized cells (in brief called distant cells).
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Cells with a starting point of movements localized within a distance of up to 200 um from the
wound edge toward to the trunk were categorized as wound-residing cells (in brief called local
resident cells, Fig. STA). Although there is no difference between distant neutrophils and local
resident neutrophils in mean speed (Fig. S1C), net displacement and meandering index are
significantly decreased in the local resident neutrophil groups compared to the distant
neutrophil groups (Fig. S1D,E). Furthermore, mean speed, net displacement and meandering
index are all significantly decreased in the local resident macrophage groups (Fig. S1F-H). Thus,
the cell movement behavior is quantified by separating distant and local resident cell

movements in this study.

Table 1. Formulas of calculated track measures and derived measures

Measure Definition No.
Net displacement (um) dper = d(pi, Pn) Eq.1
N-1
Total displacement (pm) diot = Z d(pi, Pi+1) Eq.2
i=1
Meandering index M1 =dyer /Aot Eq.3
1 N-1
Mean speed (pm/min) U= —Z v; Eq. 4
N—14yi-
L
Mean squared displacement (pm?) MSD (t) = EZ(d (pl-’1 Dinst))? Eq.5
i=1
=t
Fitted mean squared displacement (um?) MSD(t) = 2v? 1t — 2(vr)? (1 —e7 ) Eq. 6
Cell diffusivity constant D (um?/min) D=1/2v*t Eq.7
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Statistical analysis

Graphpad Prism software (Version 8.1.1; GraphPad Software, San Diego, CA, USA) was used
for statistical analysis. Computations of distance to the wound, MSD and V 4p were performed
using a Python script including the SciPy stats library for statistical testing. Shaded regions of
MSD and V4p over time indicate standard error of mean, the other experiment data are shown
as mean = SD. Statistical significance of differences was determined by using an unpaired, two-
tailed t-test for comparing the difference between wild type and #/r2 and myd88 mutant. (ns, no

significant difference; *P < 0.05; **P < 0.01; ***P < 0.001; ****P <(0.0001).
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Supplementary Figure 1 (A) Schematic diagram of distant and local resident cell migration. (B) Representative

images of the distant cell tracks and local resident cell tracks. (C-D) Quantification of the distant neutrophil tracks

and the local resident neutrophil tracks. Statistical analyses were done with 15 and 13 fish, respectively, for each

group. Sample size (n): 55, 39. (F-H) Quantification of the distant macrophage tracks and the local resident tracks.

Statistical analyses were done with 15 fish for each group. Sample size (n): 73, 41. In all cases, each color indicates

a different larva. An unpaired, two-tailed t-test was used to assess significance (ns, non-significance) and data are

shown as mean+ SD. Scale bar: 50 pm.
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Supplementary Figure 2 Representative images of the quantification of cell numbers in tail region. The pictures
of tlr2™", thr27~ (A), myd88** and myd88” (B) zebrafish larvae were taken at 3 dpf for quantifying the number

of neutrophils and macrophages.
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Supplementary Figure 3 Representative images of the neutrophil and macrophage basal migratory tracks in #/r2
and mydS88 zebrafish. The cell tracks of 3 dpf tlr2™*, tlr2™~ (A), myd88** and myd88” (B) zebrafish larvae were
tracked for 2 h and images were taken every 1 min by using a confocal microscope for quantifying cells basal

migratory capability.
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Supplementary Figure 4 Quantification of localized resident neutrophils behavior in wounded #/r2 larvae. (A)

Experimental scheme. (B) Representative images of local resident neutrophils tracks in the wounded tail fin of 3

dpf tIr2*"* or tlr2™'" larvae at frame 1, frame 60 and frame 120. Cell tracking movies are shown in Supplementary

Movie S17-18). Scale bar: 50 pm. (C) Distance to the wound. Black dash line represents average distance to the

wound. Each color line represents one cell. (D-I) Quantification of local resident neutrophil tracks, mean speed

(D); net displacement (E); Meandering index (F); MSD (G). In panel D-F and H, each color indicates a different

larva. Statistical analyses were done with 7 and 5 fish, respectively, for each group. An unpaired, two-tailed t-test

was used to assess significance (ns, non-significance) and data are shown as mean+ SD. Sample size (n): 21, 18.
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Supplementary Figure 5 Quantification of localized resident neutrophils behavior in wounded myd88 larvae. (A)

Experimental scheme. (B) Representative images of local resident neutrophils tracks in the wounded tail fin of 3

dpf myd88** or myd88~~ larvae at frame 1, frame 60 and frame 120. Cell tracking movies are shown in

Supplementary Movie S19-20). Scale bar: 50 um. (C) Distance to the wound. Black dash line represents average

distance to the wound. Each color line represents one cell. (D-I) Quantification of local resident neutrophil tracks,

mean speed (D); net displacement (E); Meandering index (F); MSD (G). In panel D-F and H, each color indicates

a different larva. Statistical analyses were done with 6 and 5 fish, respectively, for each group. An unpaired, two-

tailed t-test was used to assess significance (ns, non-significance) and data are shown as meant SD. Sample size

(n): 18, 14

126



Chapter 3

A
myd8g*
00 ym
Area of local resident macrophages
1
Analysis
B C
— tr2+/+
*
& g
= 2
T
c
3
<]
=
[
L £
— 2 1501
@
o
§ 100 -
kel
1 a
p
=
T T 1
0 20 40 60 80 100 120
L Time (min)
:lj Local resident macrophages E Local resident macrophages Local resident macrophages
e
£ 8 R 2250 ns % 05 ns o]tz
= . - °
el . e £ o4 o e
3 . - gos £
@ 4 ] . - = 5 4
2 On = 100; 5 02 2
@ & d € < = el
2 £ o L 8 0.1 ”
5 E 50 A ] — g 0 I— -
S o i — = 0 of
= r2"* 2" z 2" trz" w2 trz"

Supplementary Figure 6 Quantification of localized resident macrophages behavior in wounded /72 larvae. (A)
Experimental scheme. (B) Representative images of local resident macrophages tracks in the wounded tail fin of
3 dpftlr2** or tlr2™" larvae at frame 1, frame 60 and frame 120. Cell tracking movies are shown in Supplementary
Movie S21-22). Scale bar: 50 pm. (C) Distance to the wound. Black dash line represents average distance to the
wound. Each color line represents one cell. (D-I) Quantification of local resident macrophage tracks, mean speed
(D); net displacement (E); Meandering index (F); MSD (G). In panel D-F and H, each color indicates a different
larva. Statistical analyses were done with 7 and 5 fish, respectively, for each group. An unpaired, two-tailed t-test

was used to assess significance (ns, non-significance) and data are shown as mean+ SD. Sample size (n): 19, 18.
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Supplementary Figure 7 Quantification of localized resident macrophages behavior in wounded myd$8 larvae.
(A) Experimental scheme. (B) Representative images of local resident macrophages tracks in the wounded tail fin
of 3 dpf myd88™* or myd88~" larvae at frame 1, frame 60 and frame 120. Scale bar: 50 um. (C) Distance to the
wound. Black dash line represents average distance to the wound. Each color line represents one cell. Cell tracking
movies are shown in Supplementary Movie S23-24). (D-I) Quantification of local resident macrophage tracks,
mean speed (D); net displacement (E); Meandering index (F); MSD (G). In panel D-F and H, each color indicates
a different larva. Statistical analyses were done with 8 and 8 fish, respectively, for each group. An unpaired, two-

tailed t-test was used to assess significance (ns, non-significance) and data are shown as mean+ SD. Sample size
(n): 33, 23.
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Supplementary Figure 8 Quantification of tracks using automatic Viterbi Algorithm. (A) Quantification of
neutrophil behavior in wounded #/r2 larvae. Statistical analyses were done with 7 fish, for each group. Sample size
(n): 77, 56. (B) Quantification of neutrophil behavior in wounded myd88 larvae. Statistical analyses were done
with 9 or 8 fish, respectively, for each group. Sample size (n): 69, 76. (C) Quantification of macrophage behavior
in wounded #/r2 larvae. Statistical analyses were done with 7 fish, for each group. Sample size (n): 95, 78. (D)
Quantification of macrophage behavior in wounded myd88 larvae. Statistical analyses were done with 8 fish, for
each group. Sample size (n): 119, 85.In all cases, an unpaired, two-tailed t-test was used to assess significance (ns,
non-significance) and data are shown as mean+ SD. To normalize the data, each value was divided by the average

value of its wild type sibling group, which was set at 100 percent.

Availability of data and materials

Supplementary Movies are available online:

https://www.frontiersin.org/articles/10.3389/fcell.2021.624571/full
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Abstract

Mycobacterium avium is a slow growing nontuberculous mycobacterium which causes 80% of
NTM infectious disease cases worldwide. However, there is neither a straightforward treatment
regimen for the disease nor any effective animal models for investigating it. Here, we used
zebrafish larvae and took advantage of their transparency and high throughput potential to
establish a M. avium infectious model. We characterized the M. avium MAC 101 infection in
larvae comparing it to that of a recognized model of tuberculosis infection, Mycobacterium
marinum Mma20, in terms of bacterial burden, formation of granuloma-like clusters, gene
expression profiles, function of #/r2 and immune cell migratory behavior. We found that
Mma20 is more virulent than MAC 101 in zebrafish larvae. MAC 101 has a distinct
transcriptome response compared to Mma20, especially regarding cytokine and chemokines,
autophagy regulators, and matrix remodeling. At the cellular level, our results demonstrate that
macrophages play an important role in the response to both mycobacterial infections because
more recruited macrophages were observed in the infected area. The migration speed of
macrophages is faster to Mma20 infection. Interestingly, the MAC 101 infected larvae have a
more closed granuloma-like cluster structure, while we observed higher bacterial burden
outside macrophages in Mma20 infected larvae. In addition, we found that #/»2 plays a
conservative and protective role for the host upon mycobacterial infection, and is involved in
the regulation of the migration of macrophages and neutrophils in response to the infection.
Taken together, we characterized a new M. avium MAC 101 infection model in zebrafish that

can be further used to study the interaction between the host and NTM bacteria.
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Introduction

The infectious diseases caused by mycobacterial pathogens other than the Mycobacterium
tuberculosis (Mtb) and Mycobacterium leprae (M. leprae) complexes, are collectively called
nontuberculous mycobacteria (NTM) infections [1]. NTM include more than 150 species and
are ubiquitously distributed in the environment, like soil, dust, and water [2, 3]. Currently, NTM
infectious diseases have aroused wide attention because of the rise of its incidences globally
[2]. Although there are existing treatments for NTM infectious diseases, the treatment regimens
are long and have a high frequency of multi-drug resistant cases [4]. Thus, it is urgent to
discover novel prevention and therapeutic strategies for patients infected with NTM. Currently,
host-directed therapies (HDT) are one of the most promising strategies to combat NTM
infectious diseases by making the NTM antibiotic treatment regimens more effective [5-7].
However, the current knowledge of the mechanisms underlying host-NTM bacteria interactions

is limited and therefore more studies are highly needed.

The Mpycobacterium avium complex (MAC), which consists of the Mycobacterium
intracellulare (M. intracellulare) and Mycobacterium avium (M. avium) species, is one of the
most common disease-causing NTM group [3, 8]. Although MAC bacteria are generally
believed to be less virulent for primates than Mtb, they can cause pulmonary and extra-
pulmonary disease in susceptible individuals, e.g. patients with acquired immunodeficiency
syndrome (AIDS) or with a history of lung disease [9-11]. To be noted, Mtb infected patients
can be dually infected with MAC bacteria. Unfortunately, there is no straightforward drug or
treatment regime for the MAC infections available [12]. That is, among other reasons, because
developing new drugs or treatment regime is challenging due to the limited research and
sometimes results are contradictory between in vitro and mice in vivo studies [13, 14] or
between studies using different subspecies of M. avium: M. avium has four subspecies, and it
has been demonstrated that they cause different disease characteristics [15, 16]. A standardized
MAC infectious disease animal model is therefore urgently needed to study the mechanism of
MAC infection and test new drugs effectively. In previous studies, the M. avium Chester (also
called MAC 101) infectious capacity has been evaluated in different mouse strains, including
BALA/c, C57BL/6, nude, and beige mice, allowing for drug or treatment assessment [17, 18].

Thus, MAC 101 can be considered as a standard strain to investigate M. avium infection studies.

Zebrafish (Danio rerio) larvae are popular as a model to study human infectious disease because

their innate immune system is highly similar to that of mammals and they are optically
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accessible making the infectious agents and immune cells easy to track in vivo [19].
Furthermore, they enable investigation of innate immune function isolating from adaptive
immunity [19-21]. Zebrafish larvae have been an effective model organism to study the
mechanism of Mtb infection for over 15 years [22]. A majority of the studies have used M.
marinum as the infectious agent because it is genetically closely related to Mtb, and has been

shown to be the causing granuloma formation in zebrafish larvae at high frequency [23].

Immune cells, as an important part of the innate immune system, depend on pattern recognition
receptors (PRRs) to initiate protective innate immune responses in the host [24]. Toll-like
receptor 2 (TLR2) serves as one of the most important PRR to sense invaded microbial
pathogens through pathogen-associated molecular patterns (PAMPs) [25]. Much progress has
been made the last decades in revealing the function of TLR2 in defense against Mtb infection.
It has been reported that TLR2 senses invading Mtb bacteria through the lipoproteins and
glycolipids located on their cell wall [26, 27]. A profound pro-inflammatory response is
triggered after the stimulation of TLR2, which is considered to promote bacterial clearances
[28]. However, it has been shown that activation of TLR2 also activates anti-inflammatory
responses [29]. The PRR feature of TLR2 makes it popular as a therapeutic target for TB [30].

However, there is little known about the involvement of TLR2 in M. avium infection.

In this study, we developed an innovative zebrafish larval infectious model for studying M.
avium infection. Moreover, we compared the innate immune response of zebrafish larvae to
infection with two different species of NTM, M. marinum Mma20 and M. avium MAC 101,
specifically with regard to the bacterial burden, granuloma-like cluster formation, and
transcriptomic gene expression profiles. Using this system, we analyzed the function of #/r2
during the infection with both mycobacterial species with special attention to the responsive

cell migration behavior.

Results
M. marinum is more virulent than M. avium in zebrafish larvae

To compare the virulence of M. avium MACI101 and M. marinum Mma20, we infected
zebrafish larvae with increasing dosages of the two species of mycobacteria carrying
fluorescent protein reporters. We infected the larvae systemically by injection into the caudal
vein at 28 hours post fertilization (hpf) and monitored larval survival and infectious
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development by fluorescent microscopy over the following 4 days. The representative images
for the bacterial burden quantification are shown in Fig. 1A. The results clearly demonstrated
that infection with Mma20 was drastically more lethal than with MAC 101 over the 4-day
assessment period. Even at the highest infectious dose of 9000 colony forming units (CFU) of
MACI101, 86.67% (26/30) of larvae survived until the end of the experiment, and with lower
dosages 0f 4500 and 1000 CFU, the survival was higher than 90% (Fig. 1B). In contrast, 73.33%
(22/30) of larvae infected with 500 CFU Mma20 survived until 4 days post infection (dpi) and
only 16.13% (5/31) larvae survived in 1000 CFU Mma20 group (Fig. 1B), while the survival
rate of the larvae infected with the dose of 250 CFU Mma20 was 96.67% (29/30). We
subsequently assessed the infectious development of MAC 101 and Mma20 by microscopy-
based analysis, using fluorescent signal derived from the injected bacteria as a proxy for the
infectious status in the larvae. Larvae infected with 250 CFU Mma20 and 4500 and 9000 CFU
MAC 101 all exhibited significant increases in the fluorescent signal at 4 dpi compared with 1
dpi (Fig. 1C, D and E), indicating a progressing infection despite the low overall mortality in
these groups. Interestingly, while the fluorescent signal in Mma20 infected larvae rose steadily
from 1 to 4 dpi, MAC 101 infected larvae exhibited a drop in fluorescent signal from 1 to 2 dpi,
only to recover and grow at 3 and 4 dpi. This underscores the different dynamics of infection
between these two species of mycobacteria. Taken together, these results show that Mma20
causes a more rapid disease development and higher mortality compared to MAC 101 which
declines during the first days of the infection, but recovers and may cause mortality at later time
points than what we could measure with this experimental setup. Having characterized these
broad spanning CFU burdens, moving forward we focused only on two groups: 250 CFU for
Mma20 and 4500 CFU for MAC 101, as these have similar mortality and measurable

fluorescent signals.
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Figure 1 Quantification of bacterial burden and survival after M. marinum or M. avium infection. ABTL zebrafish larva
infected with mCherry-labeled M. marinum Mma 20 at a dose of ~250 CFU and infected with wasabi-labeled M. avium MAC
101 at a dose of ~ 4500 CFU or 9000 CFU by caudal vein infection at 28 hpf. (A) Representative images for the bacterial
burden quantification were taken at 4 dpi. (B, C) Percent of survival curves for ABTL zebrafish larva infected with a series of
does M. marinum Mma20 or M. avium MAC 101. (D) Bacterial burden quantification of ABTL zebrafish larvae upon ~250
CFU Mma 20 infection. (E) Bacterial burden quantification of ABTL zebrafish larvae upon ~4500 CFU MAC 101 infection.
(F) Bacterial burden quantification of ABTL zebrafish larvae upon ~9000 CFU MAC 101 infection. In (B, C) data were
collected from three pools of zebrafish larvae. In (D, E, and F) data (mean + SD) were combined from three pools of zebrafish
larvae. Statistical significance of differences was determined by unpaired t-test for comparison between the #/72 mutant and its
wild type sibling group. *, P <0.05, **, P <0.01, *** P <0.001, **** P <(.0001. Scale bar: 50 um. Sample size (n): 24, 24,
23,24 (C), 31, 33,31, 30 (D), 30, 29, 27, 29 (E). Scale bar: 50 pm.
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M. avium is persisting in macrophages that form granuloma-like clusters

Although granulomas are regarded as host-defensive structures historically, they can prevent
drugs from penetrating the bacteria inside of them and make therapeutic treatment of NTM
infection challenging [4]. It has been demonstrated that macrophages play a dominant role in
initiating the granuloma formation at the early M. marinum infection stage in zebrafish embryos
[19, 31]. However, the information about granuloma formation upon M. avium infection is
limited. In order to investigate the role of macrophages in MAC 101 granuloma formation we
used larvae of the Tg(Mpegl:EGFP) zebrafish line, in which macrophages express EGFP. We
infected the larvae in the same manner as before, with ~250 CFU M. marinum Mma20 or ~4500
CFU M. avium MAC 101 respectively, and observed the appearance of granuloma-like clusters
(Fig. 2). While both infections exhibited clear overlap between bacteria and clusters of
macrophages at 4 dpi, the Mma20 infection showed more extracellular bacteria and cording
morphology (Fig. 2A), while larvae infected with MAC 101 exhibited more intracellular
bacteria (Fig. 2B). This result suggests that the granuloma structures caused by M. avium

infection are more sealed compared to the granulomas resulting from M. marinum infection.

Overlay Mma 20 mCherry

Tg(Mpeg1: EGFP)

MAC 101 DsRed

Figure 2 The comparison of granuloma-like cluster phenotypes in wild type transgenic line 7g(Mpegl: EGFP) zebrafish
larvae upon M. marinum Mma20 or M. avium MAC 101 infection. (A) A representative CLSM image of Tg(Mpegl: EGFP)
zebrafish larva infected with mCherry-labeled Mma20 strain. Tg(Mpegl: EGFP) embryos were infected ~250 CFU Mma20
mCherry strain at 28 hpf. CLSM imaging was performed with the infected larvae at 4 dpi with 40 times magnification lens (oil
immersion, N.A. 1.3). (B) A representative CLSM image of Tg(Mpegl: EGFP) zebrafish larva infected with DsRed-labeled
MAC 101 strain. ~4500 CFU MAC 101 DsRed strain was injected in 28 hpf Tg(Mpegl: EGFP) zebrafish embryos. CLSM
images were taken for the 4 dpi MAC 101 infected larvae by using 20 times magnification lens (oil immersion, N.A. 1.3). The
white arrow represents the bacteria outside macrophages. Scale bar: 50 um.
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Transcriptional difference between M. marinum and M. avium infected zebrafish larvae

To gain a better understanding of the differences in host responses to Mma20 versus MAC 101
we performed transcriptome analysis of zebrafish larvae infected with MAC 101 by RNAseq.
MAC 101 infected and PBS-injected control groups were collected for RNA isolation at 4 dpi
and used to create RNAseq libraries. We compared the results to published RNAseq datasets
of 4 dpi larvae infected with ~250 CFU M. marinum Mma20 versus PBS, from NCBI (GEO
database accession for the RNASeq data: GSE76499) [32]. When comparing the previously
published RNAseq data of 4 dpi Mma20 infection larvae to that of PBS-injected control group
[32], we found 1164 genes upregulated and 772 genes downregulated (Fig. 3A). A different
response was observed when larvae were challenged with ~4500 CFU M. avium MAC 101,
which exhibited 5244 upregulated genes and 4978 downregulated genes (Fig. 3A). To
investigate the overlap of genes regulated by the two mycobacteria, we plotted three Venn
diagrams. The results show that 1270 genes (12.4% in MAC 101 vs PBS group, 65.6% in
Mma20 vs PBS group) are regulated by both Mma20 and MAC 101, 696 upregulated genes
were shared, while only 410 common downregulated genes were found. For further analysis,
we classified the differential regulated genes according to the KEGG pathway by using the

online functional classification tool Database for Annotation, Visualization and Integrated

Discovery (DAVID; http://david.abcc.nciferf.gov/summary.jsp). The analysis showed that
most DEGs were enriched in metabolism-related pathways in MAC 101 vs PBS group (Fig.
S1B). Moreover, we further compared the enriched pathways by using the Venn diagram. We
found that there were 6 enriched pathways the same: ECM-receptor interaction; Focal adhesion;
Glycine, serine and threonine metabolism; Glutathione metabolism; Arginine and proline
metabolism and Tryptophan metabolism. These results indicate that zebrafish larvae have a

different transcriptome response to MAC 101 infection.

Common and specific gene expression profiles in toll-like receptor signaling pathway after

M. marinum and M. avium infection

Innate immune responses are important to protect the host from NTM infection, which is mainly
mediated by the toll-like receptor (TLR) signaling pathway [33-35]. We wanted to compare the
transcriptomic profiles of the host responses to the infections specifically in relation to TLR
signaling. Thus, we visualized the DEGs that are characterized as being part of or downstream

of TLR signaling pathways (Fig. S2 and Fig. 4) for the two mycobacterial infections.
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In Fig. 4, the categories of Cytokines and chemokines; Cytokine and chemokine receptor;
Autophagy regulators; Transcription factors; Blood factors; Complement cascade; Matrix
remodeling and Mitochondrial were analyzed and visualized by the program Pathvisio. In each
category, we summarized common regulated gene set, specific regulated gene set in Mma20
infection group, specific regulated gene set in MAC 101 infection group, and different regulated
gene set. In the category of the Cytokines and chemokines, we found tnfb, il1b, lepb, ill2a,
excl8b, excl8b. 1, cxcl8a, ccll9a. 1, and csf3b were upregulated to respond to both Mma20 and
MAC 101 infection. Tnfa, cxcll9, cxcll9b, cxck20, ccl34b.8, and ccl34a.4 were specifically
upregulated in Mma20 infection group. Cxcll4, cxcl8b.3, and ccl25b were specifically
regulated, while cxcll1.7, ccl36.1, cxcli2b, ccl33.3 were specifically downregulated in MAC
101 infection group. Interestingly, ccl34b.1 was downregulated in Mma20 infection group but
was upregulated in MAC 101 infection group. In the categories of Cytokine and chemokine
receptors, Autophagy regulators and Matrix remodeling, we found that there were more genes
only significantly responded to the MAC 101 infection. In the Blood factors category, sip was
upregulated in Mma20 infection group. In contrast, #ip was downregulated in MAC 101
infection group (Fig. 4).

Overall, the transcriptomic profile of genes characterized as functioning downstream of TLR
signaling pathways showed divergences in all functional classes of genes, but particularly in
cytokines and chemokines, autophagy regulators, and genes involved in matrix remodeling.
This further underscores that the host immune response is different between Mma20 and MAC

101.
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Figure 3 The global comparative analysis of the differential expressed genes (DEGs) in zebrafish larvae upon M.
marinum Mma20 or M. avium MAC 101 infection. AB/TL zebrafish embryos were injected with ~250 CFU M. marinum
Mma20 strain (GEO database accession for RNA-Seq: GSE76499 [32]) or ~4500 CFU M. avium MAC 101 strain at 28 hpf,
respectively. The embryos in the control group were injected with PBS. The samples for RNAseq are taken from three
independent sample sets with the infected larvae at 4 dpi. (A) Overview of the distribution of DEGs fold change in zebrafish
larvae infected with Mma 20 or MAC 101. DEGs were assessed by FDR p-value < 0.05. Upregulated gene sets are shown in
red and downregulated gene sets are shown in blue. The intensity of the color represents the fold change level. (B) Venn
diagram shows the opposite regulated DEGs. (C- E) Venn diagram shows the common and specific gene numbers of all DEGs
(C), upregulated DEGs (D), and downregulated DEGs (E) between Mma20 vs PBS and MAC 101 vs PBS groups. The Venn
diagrams were made by the website: https://www.biovenn.nl/.
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Figure 4 Inflammatory response genes in the transcriptome of larvae infected with M. marinum Mma20 or M. avium
MAC 101. The pathway was adapted from the Wiki pathway. In the visualization, the gene expression in the comparison of
Mma20 infection vs PBS and MAC 101 infection vs PBS are depicted by color (red, upregulated; blue, downregulated,
yellow, FDR p-value < 0.05).

M. marinum and M. avium infection in #/r2 mutant larvae

Having established that the TLR associated transcriptomic profiles of the host responses to the
two mycobacterial infections differ, we wanted to address this in more detail. Previous studies
by our group have demonstrated that #/r2 is important for the ability of zebrafish larvae to
control M. marinum infection, a phenomenon which can be explained by the effect on metabolic
pathways and the presence of higher extracellular bacterial burden in the #/r2 mutants [36]. To
further explore the role of #/72 in the control mycobacterial infection, we investigated whether

tlr2 is also involved in the immune response to M. avium infection.

To compare the role of #/r2 in M. marinum and M. avium infection, we injected ~250 CFU
Mma20 or ~4500 CFU MAC 101 into #/r2 loss-of-function mutants and their wild type siblings.
Images of infected larvae were taken at 1 dpi and 4 dpi to assess the bacterial burden by
integrated intensity. In both cases, the bacterial burden was significantly increased at 4 dpi in
the #/r2 deficient background (Fig. 5). This increased bacterial burden in the #/r2 mutant could

be caused by inability of macrophages to clear bacteria. To confirm this, we analyzed
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macrophage behavior upon infection by confocal microscopy, using t#/r2"" Tg (mpegl:EGFP)
and tIr2”" Tg (mpegl:EGFP) infected M. avium MAC 101 strain (Fig. 6). Surprisingly, the
bacterial pixel count within macrophages was significantly higher in the /72 mutant. There was
no statistically significant difference between #/r2 mutants and WT siblings in the bacterial
burden outside of macrophages. In previous work, we found that Mma20 bacterial fluorescent
signal was significantly elevated outside of macrophages in /2 mutants compared with its
heterozygote and wild type sibling controls [36], but no significant difference was found in the
intracellular bacterial pixel count (data are not shown). This finding indicates a t/r2 related

difference in the host response to MAC 101 compared to MmaZ20.
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Figure 5 Quantification of bacterial burden in #/r2 zebrafish larvae with M. marinum Mma20 or M. avium MAC 101
infection. 772" and #/r2”/~ embryos were infected at 28 hpf by caudal vein infection with mCherry-labeled M. marinum
strain Mma20 at a dose of ~ 250 CFU, or infected with ~ 4500 CFU wasabi-labeled M. avium strain MAC 101. (A)
Representative images of #72*/* and t/r2~~ embryos infected with mCherry-labeled M. marinum strain Mma20 at 4 dpi. (B)
Quantification of bacterial burden of #/#2"* and #/r2~~ upon Mma20 infection at 1 dpi. (C) Quantification of bacterial burden
of tr2*/* and tr2~~ upon Mma20 infection at 4 dpi. (D) Representative images of #/r2"* and t/r2~~ embryos infected with
wasabi-labeled M. avium strain MAC 101 at 4 dpi. (E) The bacterial burden of #r2*/* and #/r27/~ upon MAC 101 infection
were quantified at 1 dpi. (F) The bacterial burden of #/#2"/* and #r2~/~ upon MAC 101 infection were quantified at 4 dpi. In (B,
C, and E, F) data (mean + SD) were combined from three independent experiments. Statistical significance of differences was
determined by unpaired t-test for comparison between the #/r2 mutant and its wild type sibling group. ns, non-significant; *, P
<0.05, ** P <0.01. Scale bar: 50 um. Sample size (n): 64, 78 (B), 54, 72 (C), 54, 50 (E), and 45, 45 (F)
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Figure 6 Quantification of the extracellular and intracellular bacterial burden in the #/r2 mutant upon M. avium
infection. 7/r2"" Tg(Mpegl: EGFP) and tlr2"~ Tg(Mpegl: EGFP) zebrafish embryos were infected with ~4500 CFU MAC
101 DsRed strain at 28 hpf by caudal vein infection. (A, B) Representative CLSM images of #/r2*/* Tg(Mpegl: EGFP) and
tlr2”- Tg(Mpegl: EGFP) zebrafish larvae infected with DsRed-labeled M. avium MAC 101 strain. CLSM imaging was
performed with the infected larvae at 4 dpi with 40 times magnification lens (oil immersion, N.A. 1.3). (C) Quantification of
bacteria outside macrophages by pixel count. (D) Quantification of bacteria inside macrophages by pixel count. In (C and D)
data (mean = SD) were combined from two independent experiments. Statistical significance of differences was determined by
unpaired t-test for comparison between the #/r2 mutant and its wild type sibling group. ns, non-significant; *, P <0.05. Sample
size (n): 46, 40 (C, D). Scale bar: 30 pm.
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Different migratory behavior of macrophages and neutrophils after M. marinum and M.

avium infection in #/r2 mutant larvae

Some studies have demonstrated that the migration of leukocytes during the infection process
is important for bacterial clearance, containment, dissemination, and granuloma formation at
the early mycobacterial infectious stage [37-40]. We have previously shown that #/r2 is involved
in regulating leukocyte migration in response to inflammatory signaling [29]. We hypothesized
that #/r2 could also be involved in the regulation of migratory behavior of macrophages and

neutrophils to the sites of mycobacterial infection.

To test the hypothesis, we applied the tail fin infection model which was described before [37,
41]. This model has unique advantages in studying cell tracking. The tail fin of zebrafish larvae
is a very thin tissue which contains mesenchymal cells, extracellular collagenous fibers, and an
epidermis [42]. The thin tail fin makes it possible to set short time interval when the cell tracking
was performed by CLSM, enabling high accuracy of tracing individual cells. Representative
images of this tail fin infection model are shown in Fig. 7. mCherry labeled Mma20 or DsRed
labeled MAC 101 were locally injected into the tail fin by using the 2 dpf zebrafish larvae. The
region of the tail fin was imaged by using CLSM at 3 dpi.

To assess the role of #/72 mutation in regulating the recruitment of macrophages and neutrophils
to the sites of the infection, Alexa Fluor dye stained Mma20 or MAC 101 were injected into 3
dpf tIr2"* Tg (mpegl:mCherry-F);TeBAC (mpx: EGFP) and tlr2”~ Tg (mpegl:mCherry-
F);TgBAC (mpx: EGFP) larvae. Time-lapse microscopy was performed by using CLSM
between 1 hpi to 3 hpi. The time-lapse images were analyzed by Imaris to quantify the number,
the speed of migration and meandering index of recruited leukocytes to the granuloma-like
structures in the tail fin region (Fig. 8 and 9). We found that the recruited macrophages were
fewer in numbers in the #/r2 mutants upon Mma20 and MAC 101 infection compared with wild
type sibling controls (Fig. 8 A-C). Interestingly, fewer macrophages were recruited to the MAC
101 site of infection in wild type sibling larvae compared to Mma20 wild type larvae (Fig. 8 A-
C). We further quantified the speed and meandering index of the macrophages in the tail region.
In the Mma20 infection group, macrophages in /72"~ group move significantly slower than the
macrophages in it wild type sibling group, whereas no difference of meandering index was
found (Fig. 8 D, E). In contrast, no significant difference was found in the speed of #/r2**
macrophages and #/r2”- macrophages after MAC 101 infection, while the meandering index of

tlr2”- macrophages is decreased after MAC 101 infection (Fig. 8 D, E). Interestingly, the mean
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speed and meandering index of macrophages in Mma20 infection groups are always higher than

the macrophages in their corresponding genotype MAC 101 infection groups (Fig. 8 D, E).

Comparing the behavior of neutrophils, we found that fewer neutrophils were recruited to the
infected tail fin in Mma20 infected #/2*/* group compared to the #/r2”" at early time points (Fig.

9 A, Q). In contrast, higher numbers of neutrophils were recruited in ¢/r2"*

compared to the
tIr2”” MAC101 infection group although the difference in the number of neutrophils becomes
smaller in the later stage of the tracking among the four groups. We found that the mean speed
and meandering index in the #72”" neutrophils are decreased after Mma20 infection (Fig. 9 D,
E). However, no difference in mean speed and the meandering index was observed between the
tlr2 mutant and its wild type siblings after MAC 101 infection (Fig. 9 D, E). The same to what

we found in macrophages, the mean speed and meandering index of neutrophils in the Mma20

infection groups are always higher than of the neutrophils in the MAC 101 infection groups.

We found no difference in recruited leukocyte numbers, mean speed and meandering index of
macrophages and neutrophils between tr2"* and tIr2”" after PBS mock injection, which
demonstrates that the differences observed above are depended on #/r2 mutation and different
mycobacteria, and not the damage of the injection (Fig. S3). To confirm the results we got from
Imaris analysis, we used the Track Foci plug-in [43] (Fig. S4). The result of Track Foci, we
found the overall mean speed of both macrophages and neutrophils is faster in the t/r2"*
Mma20 infection group compared to the #/r2”~ Mma20 infection group and #r2** MAC 101
infection group respectively, which is consistent with what we observed by the Imaris analysis
(Fig. S4). In conclusion, the results suggest that #/r2 regulates the macrophages and neutrophils

in different ways after different mycobacterial infections.
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Figure 7 The tail fin infection model. (A, B) Representative images of 7g (Mpegl:EGFP) larva infected with mCherry-
labeled M. marinum strain Mma20 by tail fin injection. In A, The 3 dpi Tg (Mpegl:EGFP) larva with tail fin Mma20 infection
was imaged by using CLSM (20X, N.A. 0.75). The higher magnification image (40X, oil immersion, N.A. 1.3) in the white
box area of (A) is shown in (B). (C, D) DsRed-labeled M. avium strain MAC 101 tail fin infected Tg (Mpegl:EGFP) larva was
imaged at 3 dpi in the tail fin region by using CLSM (20X, N.A. 0.75). A higher magnification image (40X, oil immersion,
N.A. 1.3) in the white box area of (C) is shown in (D). In (A, C), the right panel is the image without a bright field. In (B, D),
the right panel images are the 3D version of the left panel built by Imaris x64 7.4. Scale bar: 50 um.
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Figure 8 Quantification of macrophages behavior in #r2 mutant and sibling control larvae after M. marinum Mma20
or M. avium MAC 101 tail fin infection. (A) Representative images of macrophage tracks in r2"/* or tIr2” larvae with
Mma20 tail fin infected. (B) Representative images of macrophage tracks in #r2** or tir2”" larvae with MAC 101 tail fin
infected. In (A, B), the magenta balls represent the tracked macrophages, the yellow box indicates the infected area. (C) The
number of recruited macrophages to the tail fin region upon Mma20 or MAC 101 infection. The curves represent the mean
value of the recruited neutrophil numbers at different time points. (D) The mean speed of tracked macrophages in infected tail
fin region. (E) The meandering index of tracked macrophages in infected tail fin region. In (D, E) data (mean + SD) were
combined from three independent experiments with 5 fish in each group. An unpaired, two-tailed t-test was used to assess
significance. ns, non-significant; *, P < 0.05, **** P <(0.0001. Scale bar: 100 um; Sample size (n): 447, 343,372,290 (D, E).
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Figure 9 Quantification of neutrophils behavior in #/r2 mutant and sibling control larvae after M. marinum Mma20 or
M. avium MAC 101 tail fin infection. (A) Representative images of neutrophil tracks in #2** or tIr2” larvae with Mma20
tail fin infected. (B) Representative images of neutrophil tracks in #/+2*/* or tlr2”- larvae with MAC 101 tail fin infected. In (A,
B), the cyan balls represent the tracked neutrophils, the yellow box indicates the infected area. (C) The number of recruited
neutrophils to the tail fin region upon Mma20 or MAC 101 infection. The curves represent the mean value of the recruited
neutrophil numbers at different time points. (D) The mean speed of tracked neutrophils in infected tail fin region. (E) The
meandering index of tracked neutrophils in infected tail fin region. In (D, E) data (mean + SD) were combined from three
independent experiments with 5 fish in each group. An unpaired, two-tailed t-test was used to assess significance. ns, non-
significant; *, P <0.05, **** P <(0.0001. Scale bar: 100 pm; Sample size (n): 217, 254, 228, 179 (D, E)
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Discussion

The investigation of the infectious diseases caused by nontuberculous mycobacteria (NTM) is
receiving increasing attention because the disease prevalence has been increasing sharply since
2000 [44]. The bacteria belonging to the M. avium complex (MAC) are the most important
pathogens for NTM infectious disease, accounting for 80% of NTM infectious disease cases
[45, 46]. However, our understanding of the MAC infection mechanism is incomplete. M.
marinum, that is genetically close related to the M. tuberculosis complex is widely utilized to
model human tuberculosis in vivo [47]. Many new insights have been obtained in the last
decades in our understanding of tuberculosis disease progression by using M. marinum
infection in a zebrafish model [21, 22]. It could help us further uncover the pathobiology of
MAC infectious diseases by comparing M. avium infection with M. marinum infection. In this
study, we applied the zebrafish infection model to study the formation of granuloma-like cluster
by CLSM imaging and investigate the host response to the infection through RNAseq analysis.
In the first place we compared the difference between the M. marinum Mma20 and M. avium
MAC 101 infection processes. Secondly, we focused on the function of toll-like receptor
signaling after Mma20 and MAC 101 infection to compare the function of Tlr2 in infection

with two different bacteria.
M. marinum Mma20 is more virulent than M. avium MAC 101

NTM are intracellular pathogens and macrophages are the first responders to defend against
NTM at the early infection stage [48]. In this study, we found that MAC 101 is persisting in the
macrophages with less extracellular cording compared to Mma20 (Fig. 2). Extracellular cording
is a morphology of mycobacteria accompanied by necrotic macrophages and extracellularly
replicating bacteria which prevent phagocytosis because of the size of the clusters [49, 50].
Bacterial cording is a pathogenic feature associated with hyper-virulence in M. tuberculosis, M.
marinum, M. abscessus, M. fortuitum, and M. chelonae [49, 51-54]. Thus, Mma20 infected
larvae presenting more extracellular cords may be a feature of the higher lethality and bacterial
growth in Mma20 infection (Fig. 1 and 2). It is widely believed that macrophages play a
protective role during mycobacterium infection. Macrophages execute a series of functions
including recognizing mycobacteria, forming granulomas, and eliminating bacteria [48].
However, mycobacteria have evolved the ability to evade the immune system by using
macrophages as a safe haven [55, 56]. This safe haven in the form of a granuloma affects drug

delivery into the mycobacteria inside it and then makes them drug-tolerant [4]. Moreover,
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granulomas can also provide a favorable environment for mycobacteria to survive longer inside
the host [57]. Thus, more closed granuloma-like clusters in MAC 101 infection might contribute
to a slower disease progression in MAC infectious diseases and the difficulties in treatment.
The MAC 101 zebrafish infection model is therefore suitable to be further applied to study the

host-mediated mechanism of drug tolerance in macrophages.

Different transcriptome responses to infection by M. avium MAC 101 and M. marinum

Mma20

In general, we found that M. avium MAC 101 infection induced more innate immune responses,
including a higher number of significantly regulated genes from the categories of cytokines,
chemokines, and their receptors, autophagy regulators, blood factors, complement cascade and
matrix remodeling. It should, however, be noted that as the transcriptomic dataset of the Mma20
response has been reanalyzed from a previous publication [32], and therefore a number of
technical factors may have contributed to the apparent difference in the magnitude of the host
transcriptomic response. In the category of cytokines, chemokines and their receptors, we found
more genes were downregulated specifically in the MAC 101infection group, e.g. ilIrga, ccr9b,
cxcrdb, ccréb, cxclll.7, ccl36.1, cxcll2.b and ccl33.3 (Fig. 4). Interestingly, we found that
Cxcrdb/Cxcll2 signaling was downregulated in the MAC 101 infection group. CXCR4
signaling is well known to relate to HIV pathogenesis, tumor-sustained angiogenesis and
mycobacteria-induced angiogenesis [58-60]. Deficiency of cxcr4b has been shown to delay M.
marinum growth in zebrafish larvae through effects on granuloma-associated angiogenesis [60].
Additionally, Doncker et al. reported that AIDS patients with disseminated MAC infection are
associated with CXCR4 dysfunction, which seriously affected the internalization promoted by
CXCL12, but with normal membrane CXCR4 expression on the leukocytes surface [61]. In
contrast, cxcr4a was upregulated in zebrafish larvae upon MAC 101 infection, which indicates
that cxcr4a and cxcr4b may have antagonistic functions to mycobacterial infection (Fig. 4).
These studies suggest that CXCR4 signaling play a role during MAC 101 infection. However,
the function of CXCR4 upon MAC infection is still not clear and merits further studies.
Furthermore, it has been demonstrated that CXCR4/CXCL12 signaling sustains leukocytes
trafficking to inflammatory sites as well as CXCL11 signaling which mediates the recruitment
of macrophages upon mycobacterial infection [62, 63]. Thus, we hypothesize that the
macrophage and neutrophil migration behavior can be different in zebrafish larvae after

infection with different NTM. The cell tracking experiments in this report (Fig. 8 and Fig. 9)
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confirmed this hypothesis. Lower numbers of recruited macrophages were observed in MAC
101 infection regions compared to Mma20 infection regions, while the number of recruited
neutrophils was not different. The migration speed of neutrophils to infection regions was

decreased (Fig. 7 and 8). This will be discussed further below.

The complement system is a critical part of the innate immune system and plays a role in
mediating the leukocyte function upon mycobacterial infection. For example, mycobacteria can
utilize complement receptors, like the complement receptor types 1, 3 and 4 (CR1, CR3 ,CR4)
to enter the macrophages [64]. In this study, we found several complement components
regulated in different ways in response to different mycobacterial infections, e.g. ¢3b.2 which
specifically responded to MAC 101 (Fig. 4). It has been demonstrated by Schorey et al. that
pathogenic mycobacteria including M. tuberculosis, M. leprae, and M. avium share the same
macrophage invasion mechanism [65, 66]. The generation of C3b is induced upon
mycobacterial infection to promote the uptake of the invading mycobacteria by macrophages
[65]. These results also indicated that C3b was the predominant M. avium opsonin, which
provides a link with our results [65]. However, the research of the link between the complement
system and M. avium infection still has some contradictory points. Bohlson et al. found that the
induction of TNF-a in C3 deficient mice was of a similar level as in C3 wild type mice and
there was no difference in bacterial burden, which indicates that the major effector function of
complement is not necessary to control M. avium infection [13]. On the contrary, Irani et al.
reported that the synthesis of TNF-a in M. avium-infected mice macrophages is C3-dependent
[14]. Considering that it is likely that the main reason for the difference between these reports
is that they used different subtypes of M. avium, the link between MAC infection and the

complement system, needs to be further confirmed.
TIr2 plays a role in defense against different mycobacterial species

In the present study, we found that #/r2”" zebrafish larvae showed a higher bacterial burden
compared to their wild type sibling controls after either M. marinum Mma20 or M. avium MAC
101 infection. The results with Mma20 are consistent with what we have shown in our previous
study with Mma20 infection in #/r2”" zebrafish larvae [36]. Moreover, it has been demonstrated
that mice deficient in TLR2 show increased susceptibility to M. tuberculosis infection [67, 68].
In agreement, Feng et al. reported that /2"~ mice showed increased susceptibility to M. avium-
infection compared with their wild type counterparts [69]. Interestingly, the bacterial growth in

Myd88” mice infected with M. avium far exceeded that of T/r2”~ and C57BL/6 mice. M. avium-
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infected MydS88” mice died at 9-14 weeks post infection [69]. In contrast, no pronounced
difference was observed in M. avium-infected Tlr4”~ mice and infected C57BL/6 mice [69]. In
addition, TLR2 plays a role in active macrophages by recognition of M. avium biofilms on their
surface [70]. Sweet et al. showed that TLR2 and MyD88, but not TLR4, activate macrophages
through the glycopeptidolipids (GPLs) expressed on the surface of M. avium that are related to
biofilm formation [70]. The studies suggest that TLR2, but not TLR4, plays a crucial protective
role in mycobacterial infection. However, TLR2 is not the only member from the Toll-like
receptor family that can respond to M. avium infection and trigger an immune response. TLR6
and TLR9 have also been shown to be required to effectively control M. avium growth in mice
[71, 72]. In this study, we found that #/r5a and tlr5b were significantly upregulated in response
to both M. marinum Mma20 and M. avium MAC 101 infection, while myd88 was only
significantly upregulated in the M. avium infection group (Fig. S2). It indicates that #/r5a and
tlr5b are also involved in the process of the host response to M. avium infection and the role of
myd88 may be very important in this process. The function of myd88, tir5a, and tlr5b in the

NTM infection process are very interesting to be further investigated.

TIr2 functions in defense against different mycobacterial species by regulating leukocyte

cell migration

Although #/r2 plays a protective role in the host defense against different NTM species, the
underlying mechanisms may be different in infections by different mycobacterial species. We
observed higher MAC 101 burdens inside #/#2”" macrophages compared to #/r2*"* macrophages.
This suggests that the bacterial clearance ability is impaired in the #/72 mutant upon MAC 101
infection. The antimicrobial function of TLR2 in macrophages has been previously
demonstrated. In both mouse and human macrophages, the clearance of intracellular M.
tuberculosis bacteria is dependent on TLR2 activation, although the mechanism of the
antimicrobial activity is distinct between mouse and human macrophages [73]. In mouse
macrophages, direct antimicrobial activity triggered by TLR2 is nitric oxide-dependent,
however, this process is nitric oxide-independent in human macrophages [73, 74]. Liu et al.
reported that human macrophage activation by TLR2 is related to vitamin D levels, which
sustains the production of the antimicrobial peptide cathelicidin and subsequently leads to
killing of intracellular tubercle bacilli [74]. In accordance, genes associated with the vitamin D
receptor pathway are upregulated in wild type zebrafish larvae while they are downregulated in

tlr2 mutant after M. marinum infection [36]. This suggests that the higher susceptibility of the
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tlr2 mutant to M. marinum and M. avium infection may be caused by impaired antimicrobial
capacity of macrophages. Our observations of higher intracellular M. avium burdens in the #/r2
mutants also supports this suggestion. The absence of differences in the intracellular bacterial
burden found in #/r2 mutant zebrafish after infection with M. marinum may have been caused
by quicker death of infected macrophages in M. marinum-infected larvae. This hypothesis needs

to be further validated.

Different mechanisms of #/r2-mediated defense against different mycobacterial species are
apparently manifested in different effects on leukocyte behavior. In this study, we found that
both macrophages and neutrophils moved faster in #/r2 wild type larvae than in #/r2 mutants
after Mma20 infection, while #/r2 deficiency did not affect neutrophil migration in MAC 101
infection. The meandering index of #/72 mutant macrophages was lower than the #/r2 wild type
macrophages in MAC 101 infection (Fig. 8). This altered leukocyte behavior suggests that
chemokine expression profiles may be different in #/72 mutant zebrafish after infection by
mycobacterial species. We previously reported that the expression levels of cxclllaa and
excllllac after Mm infection was higher in 4 dpi #r2"" compared to 4 dpi #/r2”" mutant
zebrafish larvae [36]. Here we show that the chemokine gene expression profiles are different
between the larvae infected with Mma20 and MAC 101 at the late infection stage in this study
(Fig. 4). In future research we would like to investigate whether these differences in expression

profiles can also be observed in the initial infection stage.

Materials and Methods
Zebrafish husbandry

The husbandry of adult zebrafish lines and all zebrafish experiments described in this study was
in accordance with guidelines from the local animal welfare committee (DEC) of the university
(License number: protocol 14,198), in compliance with the international guidelines specified
by the EU Animal Protection Directive 2010/63/EU, and was conducted according to standard
protocols (www.zfin.org). There was no adult zebrafish sacrificed in this study. All experiments
were done with zebrafish larvae developed within 5 days post fertilization (dpf), therefore prior
to the free-feeding stage and did not fall under animal experimentation law according to the EU
Animal Protection Directive 2010/63/EU. Zebrafish eggs and larvae were cultured and grown

at 28.5°C in egg water (60 g/ml Instant Ocean sea salts). Zebrafish larvae were anesthetized
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with egg water containing 0.02% buffered 3-aminobenzoic acid ethyl ester (Tricaine, Sigma-

Aldrich, Netherlands) for bacterial infection and imaging experiments.

The ABTL wild type zebrafish strain, ##2°*/#?3 mutant (ENU-mutagenized) and its wild type
siblings or the following transgenic lines: Tg (Mpegl:EGEFP)4"? tlr2** Tg (mpegl:mCherry-
F);TgBAC (mpx: EGFP) and tlr2”"~ Tg (mpegl:mCherry-F); TgBAC (mpx: EGFP) were used
for this study [29, 36].

Bacterial strain culture

The Mycobacterium marinum m20 (Mma20), the Mycobacterium avium Chester (also called
MAC 101, ATCC® 700898™), Mma20 expressing mCherry fluorescent protein [23], MAC
101 containing the Wasabi expression vector pPSMT3 (Addgene, plasmid 26589), and MAC
101 expressing DsRed through pND239 plasmid [75] were used in this study to induce infection
in zebrafish embryos. The Mma20 and MAC 101 without any fluorescent protein were grown
at 28.5°C in Middlebrook 7H9 broth with acid-albumin-dextrose-catalase (ADC) enrichment
or Middlebrook 7H10 agar with 10% oleic acid-albumin-dextrose-catalase (OADC) enrichment.
The Mma20 mCherry, MAC 101 Wasabi and MAC 101 DsRed were grown in the same
medium or plates with hygromycin 50 pg/mL.

Alexa Fluor dye staining of mycobacteria

To visualize the interaction between the mycobacteria and leukocytes, the succinimidyl esters
(NHS ester) of Alexa Fluor 647 (Invitrogen, A20006) was applied to stain the mycobacteria.
The dye was dissolved in high-quality, anhydrous dimethylsulfoxide (DMSO) at a final
concentration of 5 mg/mL for preparing the reactive dye solution. For this method, Mma20 and
MACI101 were cultured in 7H9 broth based on the description above and were harvest in their
logarithmic phase. The mycobacterial strains were re-suspended in 250 pL 0.1 M sodium
bicarbonate buffer (NaHCOj3, pH 8.3) and then slowly added 10 pL of the reactive dye solution.
The mixture was incubated at room temperature for 20 min. Subsequently, the stained
mycobacteria were washed twice by sterile PBS. The Alexa Fluor strained Mma20 and

MACI101 were used for the cell tracking and the cell recruitment assay.
Microinjection

Liquid cultures of Mma20 and MAC 101 were harvested and prepared for the microinjection,

according to procedures described before in [76]. In short, mycobacterial strains were grown to
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the logarithmic phase and harvested by centrifugation and washing three times in sterile PBS.
Subsequently, bacterial suspensions were re-suspended in sterile PBS with 2%
polyvinylpyrrolidone (PVP40) with the desired concentration by measuring the OD600. An
0OD600 of 1 corresponds to approximately 10 MAC 101, which is the same as Mma20 (data
are not shown). Embryos were systemically infected with ~150 CFU mCherry-labeled Mma20
or Wasabi-labeled ~4500 CFU MAC 101 through blood island infection at 28 hpf by using the
method described in [76]. For quantification of the bacterial burden, we analyzed the correlation
between MAC 101 CFU and average fluorescent signal (Fig. S5). To observe macrophage and
neutrophil migration behavior upon mycobacterial infection, zebrafish tailfin infection model
was applied [37, 41]. Zebrafish larvae were locally infected in the tail fin at 3 dpf with ~50 CFU
Mma20 or MAC 101 as previously described [37, 41].

Imaging and quantification of bacterial burden

Mycobacterial infected ABTL, #2"/*, and tlr2” zebrafish larvae were imaged at 1 dpi and 4
dpi for the quantification of the bacterial burden changes by using a Leica M205FA
fluorescence stereomicroscope, equipped with a Leica DFC 345FX camera. All experiments
were performed three times independently and in the same microscope setting. The integrated
intensity of bacterial loads was quantified by using Quantifish software

(https://github.com/DavidStirling/QuantiFish) [77].
Confocal microscopy imaging

Confocal microscopy imaging was applied for the observation of the granuloma-like cluster
and the investigation of the leukocyte migration behavior upon two mycobacterial infections.
Observed larvae for each condition were embedded in 1% low melting point agarose (Sigma
Aldrich) with 0.02% tricaine and imaged under a Leica TCS SP8 confocal microscope (Leica
Microsystems). 4 dpi blood island infected larvae or 3 dpi tail fin infected larvae were imaged
with a 20x objective (N.A. 0.75) or a 40% objective (N.A. oil immersion, N.A. 1.3) to observe
the phenotype of the granuloma-like clusters upon two different mycobacterial infections. In
order to investigate the leukocyte migration behavior upon two mycobacterial infections, living
imaging was performed on 1 hpi tail fin infected larvae with a 1 min time interval for 2 h
imaging using a 20x objective (N.A. 0.75). Acquisition settings for the living imaging were

kept the same across the groups.

156



Chapter 4

RNA isolation, deep sequencing and data analysis

To compare the difference of the larvae infected with M. marinum Mma20 infection or M.
avium MAC 101 infection, the RNAseq data of 4 dpi zebrafish larvae infected with ~250 CFU
Mma20 was used (GEO database accession for the RNASeq data: GSE76499) [32]. Fifteen 4
dpi ABTL wild type larvae infected with ~4500 CFU MAC 101 (three replicates) were collected
for the total RNA isolation. The same amount of ABTL wild type larvae (three replicates) were
injected with sterile PBS as a control group. The total RNAs were isolated by using TRIzol
Reagent (Life Technologies) to create RNAseq libraries. Moreover, DNase treatment (Thermo
Fisher Scientific, EN0525) was applied to eliminate the effect of the DNA from the samples
following the manufacturer's instructions. The concentration and quality of RNAs were

assessed by NanoDrop 2000 (Thermo Fisher Scientific, the Netherlands).

The deep sequencing was performed in the company GenomeScan (GenomeScan B. V.,
Plesmanlaan 1d, 2333 BZ, Leiden, Netherlands). The RNAseq libraries were sequenced by
applying a NovaSeq 6000 v1.5 device. Image analysis, base calling, and quality check were
done by the Illumina data analysis pipeline RTA3.4.4 and Bclfastq v2.20. Subsequently,
RNAseq reads were aligned against the zebrafish genome (GRCz11) by using CLC genomic
workbench software (QIAGEN, Cat. 832583). The percent of aligned reads mapping is

exceeding 90% among all samples in this study.

The Differential Expression in Two Groups tool from the CLC genomic workbench was used
to acquire the differential expressed genes (DEGs) between the mycobacterial infection and its
control groups. In brief, the tool performs a statistical differential expression test based on a
negative binomial Generalized Linear Model (GLM) (See the user manual of the CLC genomic
workbench, page 829:

https://resources.qiagenbioinformatics.com/manuals/clcgenomicsworkbench/current/User Ma

nual.pdf) [78]. The output data were used for further analysis. A cut-oof setting of the FDR p-
value < 0.05 and |FoldChange| > 2 was used to define significantly regulated DEGs. Pathvisio

3.3.0 (https://pathvisio.github.io/downloads) was applied for the visualization of the

significantly regulated genes in the pathways [79].
Cell tracking and its quantification

The 4D files of leukocyte tracking generated from time-lapse acquisitions were processed by

using Imaris x64 7.4 (Bitplane) or ImageJ (NIH, Bethesda, ML, USA). An automatic 3D cell
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tracking algorithm in Imaris x64 7.4 (Bitplane) was employed to build macrophage or
neutrophil trajectories in the living imaging of mycobacterial infected larvae. The data of the
number, mean speed, and meandering index of recruited leukocytes in the infected tail fin
region were output from the Imaris software. To confirm the results from the Imaris software,
another automatic 3D cell tracking plug-in, 3D Track Foci, was applied [43]. The overall mean

speed of macrophages or neutrophils was calculated using the 3D Track Foci for each larva.
Statistical analyses

The statistical analysis of Fig. 1, 5, 6, 8, 9, and Fig. S3 was done by using Graphpad Prism
software (Version 9.0.0; GraphPad Software, San Diego, CA, USA). All experiment data in
this study are shown as mean + SD. D’ Agostino-Pearson omnibus normality test was
performed to determine the normal (Guassian) distribution of the data and unpaired two-tailed
t-tests were applied. A parametric test was carried out when the data meets the normal
distribution, otherwise the Mann-Whitney test which is a nonparametric test was used.
Significance was established at P < 0.05 and the other significance levels are indicated as * P

<0.05; ** P <0.01; *** P <0.001; **** P <0.0001.
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Supplementary figure 1 Significantly enriched KEGG pathways based on DAVID functional analysis. (A)
Significantly enriched pathways in zebrafish embryos upon Mma 20 infection. (B) Significantly enriched pathways
in zebrafish embryos upon MAC 101 infection. (C) Venn diagram of the enriched KEGG pathways in zebrafish
embryos infected with Mma 20 and MAC 101. The comparison was performed on Mma 20 vs PBS and MAC 101

vs PBS.
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Supplementary figure 2 Toll-like receptor signaling pathway upon M. marinum Mma20 or M. avium MAC
101 infection. The pathway was adapted from the Wiki pathway. In the visualization, the gene expression in the
comparison of Mma20 infection vs PBS and MAC 101 infection vs PBS are depicted by color (red, upregulated;

blue, downregulated; yellow, FDR p-value < 0.05).
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Supplementary figure 3 Quantification of leukocytes behavior in #/r2 mutant and sibling control larvae after
mock injection in tail fin. (A) The number of recruited leukocytes to the tail fin region upon mock infection. (B)
The mean speed of tracked macrophages in PBS injected tail fin region. (C) The mean speed of tracked neutrophils
in PBS injected tail fin region (D) The meandering index of tracked macrophages in PBS injected tail fin region.
(E) The meandering index of tracked neutrophils in PBS injected tail fin region. Data (mean + SD) were combined
from three independent experiments with 5 or 6 fish in ##2%* or tlr2” group. An unpaired, two-tailed t-test was
used to assess significance. ns, non-significant; *, P <0.05, **** P <(0.0001. Scale bar: 100 pm; Sample size (n):
347,273; 170, 134 (B, D, and C, E).
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Supplementary figure 4 Quantification of leukocytes overall means speed in #/r2 mutant and sibling control
larvae after M. marinum Mma20 or M. avium MAC 101 injection in the tail fin. The quantification of the
leukocytes overall mean speed was performed by Track Foci plugin. (A) Overall mean speed of macrophages in
tlr27* and tlr2” zebrafish larvae after Mma 20 or MAC 101 infection. (B) Overall mean speed of neutrophils in
tlr2"* and tlr2”" zebrafish larvae after Mma 20 or MAC 101 infection. Each point represents the mean speed of
all specific cells from an individual zebrafish.
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Supplementary figure 5 The correlation between MAC 101 CFU and average fluorescence signal.
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Chapter 5

1. Zebrafish as a model to study infectious and inflammatory diseases

The activation of the innate immune system depends on the recognition of pathogen-associated
molecular patterns (PAMPs) by pattern recognition receptors (PRRs) from the invading
pathogens. PRRs are also involved in recognition of damage-associated molecular patterns
(DAMPs) from damaged tissues during infection [1, 2]. The Toll-like receptors (TLRs) family
is one of the most important member of the PRRs families. The discovery of TLRs as
gatekeepers to activate innate immunity was awarded by the 2011 Noble Prize in Physiology
or Medicine [3]. It triggered an explosion of research into the functions of TLRs in modulating
a broad spectrum of physiological and pathological processes [4, 5]. TLR2 is conserved in most
vertebrates and plays an important role in modulating infectious, and inflammatory diseases by
recognizing a large number of PAMPs and DAMPs (Chapter 1). The broad function of TLR2
makes it a promising therapeutic target (Chapter 1). However, the function of TLR2 is still
controversial in some studies and its role in several diseases is still inconclusive [6]. Therefore,

it is vital to further study how TLR2 signaling functions in the host innate immune responses.

For this purpose, we utilized the zebrafish model to study the function of TIr2 in inflammation
and infection in this thesis. Zebrafish larvae already have a functional innate immune system
within 5 days post fertilization at which time the adaptive immune system is not functional yet
[7, 8]. This makes zebrafish an excellent model to study the vertebrate innate immunity in the
absence of adaptive immunity. Moreover, the zebrafish model is becoming more and more
popular in research because of the ease of genetic manipulation, omics studies of large groups
of larvae, and live imaging. The last ten years, considerable progress has been made in studying
infectious and inflammatory diseases by using the zebrafish model. Van der Vaart et al. found
that zebrafish embryos deficient in Myeloid differentiation factor 88 (Myd88), which is a
crucial adaptor by all TLRs except for TLR3, are more susceptible to bacterial pathogen
infection [9]. This finding is similar to the conclusions derived of studies of MYD88 deficient
mutants in human in vitro cell cultures and mouse in vivo models [9]. In addition, Hosseini et
al. reported the function of Myd88 in limiting mycobacterial growth in a tail fin infection
zebrafish model [10]. Furthermore, Yang et al. demonstrated that the function of TIr2 signaling
is similar in zebrafish embryos and in mammalian cells. In both systems TLR2 regulates the
expression of a similar set of immune genes after the systemic stimulation by the synthetic
model lipopeptide ligand Pam3CSK4 [11]. These studies paved the way to further investigate

the function of TIr2 in the zebrafish model. In Chapter 2, we studied the function of tlr2 in
173



Chapter 5

defense against Mycobacterium marinum infection in zebrafish by measuring infection
phenotypes and corresponding transcriptome responses. In Chapter 3, we investigated how
Tlr2 and Myd88 regulate leukocytes migration behavior in the absence of infection, but with
tissue damage, by using a zebrafish tail wounding model. In Chapter 4, we studied the function
of tlr2 during the infection with Mycobacterium avium by comparing it with M. marinum

infection with special attention to the responsive cell migration behavior.

2. TIr2 plays a role in defense against mycobacterial infection in zebrafish larvae

In several studies it has been reported that TLR2 polymorphisms increases susceptibility to
mycobacterial infection in the human population, although there is a small number of studies
that found no effect of TLR2 polymorphisms (Chapter 1) [12, 13]. In addition, there is still
controversy about the role of TLR2 in host defense against Mycobacterium tuberculosis in
several rodent studies (Chapter 1) [14-16]. In chapter 2, we, therefore, generated a #/r2
zebrafish mutant to study TIr2 function in innate immune defense during mycobacterial
infection. To characterize the effect of #/72 mutation, we first compared the transcriptome of
homozygous mutant larvae with that of heterozygote larvae in the absence of infection. We
found differences in the gene expression profiles of #/r2” zebrafish larvae and its control
siblings, such as differently expressed genes involved in glycolysis (Chapter 2, Figure 2 and
S3). This result is consistent with a previous study in the human in vitro and mice in vivo models
which showed that TLR2 plays a key role to switch the host cellular metabolism toward aerobic
glycolysis after M. tuberculosis infection [17]. In accordance, a previous study in our lab using
zebrafish also suggested that MyD88 plays a role in metabolism [18]. In addition, this study
showed that TIr2 and its adaptor MyDS88 are crucial for the response of the host to the
microbiome [18]. This indicates that the different gene expression profiles we found in the #/r2

mutant are caused by a dysfunctional response to the microbiome.

To study the role of Tlr2 in defense against M. marinum infection in zebrafish, we injected these
bacteria in #/r2 loss-of-function mutants and their homo- and heterozygote siblings. We found
that the bacterial burden was significantly higher in #/r2 mutants and was accompanied with a
higher extracellular bacterial burden and less granulomas than in 72" and wild-type larvae at
4 dpi (Chapter 2, Figure 3 and 4). This result is consistent with previous studies in mice that
show a function of TIr2 in zebrafish host defense [15, 16, 19]. In addition, our transcriptome

analysis showed that the number of up-regulated and down-regulated genes in response to
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infection was greatly diminished in infected #/r2 mutant zebrafish compared to their
heterozygotes sibling controls (Chapter 2, Figure 5-7). Moreover, we found many signaling
pathways that have been demonstrated to be linked to tuberculous in humans are differentially
regulated in #/r2 mutant zebrafish larvae. For example, we found that the TIr8 signaling pathway
was strongly affected, which indicates that Tlr2 signaling is connected to the function of Tlr8
(Chapter 2, Figure S10). In addition, the vitamin D receptor pathway genes were down-
regulated in #/r2 mutant zebrafish. It has been demonstrated that vitamin D plays an important
role to control tuberculosis infection [20]. Therefore, the hyper-susceptibility of #/2 mutants to
M. marinum infection could be caused by aberrant vitamin D signaling. Chemokines constitute
the other gene category which was affected by the #/r2 mutation during M. marinum infection.
In previous work, Torraca et al, demonstrated that the Cxcr3-Cxcll1 axis was involved in
macrophage recruitment after M. marinum infection in zebrafish larvae [21]. In agreement, we
found that the expression levels of cxclllaa and cxclllac were significantly lower in the t/r2
mutant after infection (Chapter 2, Figure 5). This result shows a clear connection between TIr2

function and macrophage chemotaxis.

3. New insights of Tlr2 functions in regulating leukocyte migration from live imaging

Considering the large number of chemokines that are controlled by TIr2 (Chapter 2), we
hypothesized that TIr2 is a key factor in the control of chemokine expression in order to regulate
cell recruitment in innate immunity. To test this hypothesis, in Chapter 3, we first investigated
the function of TIr2 and Myd88 in modulating leukocytes migration behavior in the absence of
mycobacterial infection. For this, we utilized a zebrafish tail wounding model which is widely
used for anti-inflammatory drugs screening [22, 23]. We found that the number of recruited
neutrophils and macrophages was decreased in 727 and myd88” groups compared to their
wild type sibling controls (Chapter 3, Figure 2 and 3). Subsequently, live cell imaging of the
tail-wound area in zebrafish was performed in #/r2 and myd88 mutants and their corresponding
wild type siblings. Leukocyte migration in the #/r2 and myd88 mutants upon wounding was
analyzed using quantitative analyses of cell migration tracks (Chapter 3, Figure 4 and Table 1).
Our results demonstrate that the #/r2 and the myd88 mutations affect the migration of
neutrophils that are distantly located of a wound by negatively affecting their directional
persistence, but not their migration speed (Chapter 3, Figure 5 and 6). Not only the directional

persistence of macrophages that are distantly located from a wound was significantly decreased
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in the t/r2 and the myd88 mutants, but also their migration speed (Chapter 3, Figure 7 and 8).
This study shows for the first time that TLR signaling is directly involved in controlling
behavior of cell migration of neutrophils and macrophages during wounding, stimulating

further studies also in other model systems.

It has been shown previously in mice infection models that TLR signaling is involved in
controlling infiltration of neutrophils and macrophages into injured tissues [24, 25]. Moreover,
TIr2 has been demonstrated to regulate the expression of cytokines and chemokines after the
recognition of its ligands in both zebrafish and mice models (Chapter 2) [24]. Therefore, the
aberrant leukocyte migration behavior, which was observed in #/72 and myd88 mutant zebrafish
could be caused by the insufficient level of basal transcripts for chemokines. For the tail
wounding, it also could be that DAMPs released by dead cells around the wound do not lead to
the secretion of chemokines in the absence of TLR2 signaling. For example, high-mobility
group box 1 protein (HMGBI) is a widely studied endogenous danger signal that induces
inflammatory response through its direct interaction with DAMPs recognized by TLR2 [26, 27].
Besides, reactive oxygen species (ROS) have been reported to be involved in leukocyte
recruitment upon wounding in zebrafish larvae [28, 29]. And it has been demonstrated that the
secretion of ROS is mediated by TLRs after tissue injury [30]. Thus, it is interesting to further
study whether the generation of ROS may be altered in #/r2 and myd88 mutant zebrafish larvae.

4. Differences between TB and NTM infectious learned from zebrafish studies

Nontuberculous mycobacteria (NTM) diseases are defined as diseases caused by mycobacterial
pathogens other than M. tuberculosis and Mycobacterium leprae [31]. Besides TB, NTM
infectious diseases have recently attracted wide attention because its prevalence is increasing
sharply since 2000 [32]. Although there are existing treatments for NTM infectious diseases,
the treatment regimens are long and there is a high frequency of multi-drug resistant cases [33].
Thus, it is urgent to discover novel prevention and therapeutic strategies for patients infected
with NTM. In Chapter 4, we used zebrafish larvae to establish a M. avium infectious model
and then characterized M. avium infection in larvae by comparing it to M. marinum infection,
a popular model of tuberculosis infection. It has been reported that innate immune defense
against NTM infection is mainly mediated by the TLR signaling pathway [34-36]. Therefore,
we first compared the transcriptome profiles of the host responses to infection specifically in

relation to TLR signaling. Subsequently, we investigated the function of toll-like receptor
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signaling after M. marinum and M. avium infection to compare the function of TIr2 in infection

with these two different bacteria.

We found M. marinum infection is more virulent than M. avium infection in zebrafish larvae
(Chapter 4, Figure 1). Moreover, we found that M. avium is persisting in the macrophages with
less extracellular cording compared to M. marinum (Chapter 4, Figure 2). In vivo, extracellular
cording is a morphology of mycobacteria accompanied by necrotic macrophages and
extracellularly replicating bacteria which prevent phagocytosis because of the size of the
clusters [37, 38]. Bacterial cording is a pathogenic feature associated with hyper-virulence in
M. tuberculosis, M. marinum, M. abscessus, M. fortuitum, and M. chelonae [37, 39-42]. Thus,
the observation that M. marinum infected larvae show more extracellular cords may be a feature
of the higher lethality and bacterial growth resulting from M. marinum infection. To obtain
explanations for the lower virulence of the M.avium infection, and obtain genetic markers for
further studies we performed RNAseq deep sequencing to study the whole transcriptome profile
in the M. avium infection model comparing it to that of M. marinum infection model at a

systemic level.

We found that M. avium has a distinct transcriptome response compared to M. marinum,
especially regarding to the regulation of the following gene categories: autophagy regulators,
matrix remodeling, and cytokines and chemokines (Chapter 4 Figure 3 and 4). In the category
of cytokines, chemokines and their receptors, more genes were downregulated specifically in
the M. avium infection group, such as illrga, ccr9b, cxcr4b, ccréb, cxclll.7, ccl36.1, cxcll2.b
and cc/33.3 (Chapter 4, Figure 4). To be noted, the Cxcrdb/Cxcl12 signaling, which is related
to HIV pathogenesis, tumor-sustained angiogenesis and mycobacteria-induced angiogenesis,
was downregulated in the M. avium infection group [43-45]. Furthermore, it has been
demonstrated that CXCR4/CXCL12 signaling sustains leukocytes trafficking to inflammatory
sites as well as CXCL11 signaling, which mediates the recruitment of macrophages upon
mycobacterial infection [46, 47]. Therefore, we hypothesize that the macrophage and neutrophil
migration behaviors can be different in zebrafish larvae after infection with different NTM

species.

It has been demonstrated that leukocyte migration is important for bacterial clearance,
containment, dissemination, and granuloma formation at the early mycobacterial infectious
stages [48-51]. In previous chapters, we demonstrated that Tlr2 plays an important role tin

defense against M. marinum infection (Chapter 2). Furthermore, we found that TIr2 is involved
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in regulating macrophage and neutrophil behavior after tail wounding (Chapter 3). Thus, Tlr2
could also participate in the regulation of migratory behavior of macrophages and neutrophils
to the sites of mycobacterial infection. To assess the role of Tlr2 in the regulation of the
migration of macrophages and neutrophils, we applied a tail fin infection model in Chapter 4,
which was described before [48, 52]. M. marinum strain Mma20 or M. avium strain MAC 101
were injected into 3 days post fertilization (dpf) t#/r2"* Tg (mpegl:mCherry-F);TgBAC (mpx:
EGFP) and tlr2™~ Tg (mpegl:mCherry-F); TgBAC (mpx: EGFP) larvae (Chapter 4, Figure 7).
We conclude that macrophages play an important role in the response to both mycobacterial
infections because more recruited macrophages were observed in the infected area (Chapter 4,
Figure 8). The migration speed of macrophages is faster towards Mma20 infection sites
(Chapter 4, Figure 8). We found that neutrophils moved faster in #/r2 wild type larvae than in
tlr2 mutants after Mma20 injection, while #/r2 deficiency did not affect neutrophil migration
after MAC101 injection (Chapter 4, Figure 8). This altered leukocyte behavior suggests that
chemokine expression profiles may be different in #/#2 mutant zebrafish after infection by

mycobacterial species.

5. Perspectives for future studies
5.1 The investigation of host and mycobacteria interactions by using zebrafish larvae

In Chapter 4, we first developed a M. avium infection model in zebrafish which makes it
possible to directly observe the host and M. avium interactions in vivo. Through this model, we
observed different phenotypes of granuloma-like clusters in zebrafish larvae after infecting with
different mycobacteria (Chapter 4, Figure 2). Furthermore, the transcriptome analysis showed
that the expression of the genes belonging to the category of autophagy regulator genes was
significantly affected in M. avium-infected zebrafish larvae (Chapter 4, Figure 4). Therefore, it
is interesting to compare the autophagy response and ultrastructure of granulomas resulting
from infection by different species of mycobacterial clusters. For this purpose, in the near future
we will apply transmission electron microscopy (TEM) and 3D block-face scanning electron

microscopy (block-face SEM).

In addition, in Chapter 4, we found that Tlr2 is involved in the regulation of the migration of
macrophages and neutrophils in response to infection. Interestingly, the results of cell tracking
suggest that #/r2 regulates the macrophages and neutrophils in different ways after infection by

different mycobacterial species. To obtain explanations for further studies of the effect of the
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tlr2 mutation on mycobacterial infection, in the future, we will investigate whether differences
in expression profiles of chemokines can be observed in the early infection stage. We would
also like to study whether the changes of leukocyte migration behavior in 7/r2 mutants are due
to alterations of signals from the infection site or whether they are caused cell autonomous
defects in migratory abilities of the myeloid cells in the #/72 mutant. Thus, we will apply cell
transplantation techniques to investigate the non-intrinsic and intrinsic functions of myeloid

cells in the #/r2 mutant after wounding and mycobacterial infection.

5.2 Automated processing of zebrafish live imaging and mathematic modeling

In Chapter 3 and Chapter 4, we performed a large number of cell tracking experiments to
quantify cell migration behaviors. Cell migration is an important physiological parameter for
many pathological processes, including inflammatory responses [23], immune defense [48],
and metastasis of malignant tumor cells [53]. Single-cell tracking using confocal real-time
imaging is one of the most popular methods to analyze cell migration [54]. With the
development of confocal laser scanning microscopy, it is easier to acquire massive live imaging
data. However, there are many bioinformatic steps needed to be done following the acquisition
of imaging. These involve the processing of large data sets, segmenting cell migration
trajectories, visualization and quantification of the trajectories, and importantly, interpretation
of the biological significance from the large data sets. Currently, manual data analysis is still
required to assist automated data analysis. Furthermore, the availability of user friendly

software programs still lags behind the requirements of researchers in the field.

Some recent reviews have summarized in detail the available commercial and free software or
plug-ins for live imaging processing in cell migration studies [54, 55]. The TrackMate plug-in
for ImageJ software (NIH, Bethesda, MD, USA), Volocity (Improvision; PerkinElmer Life and
Analytical Sciences), and IMARIS (Bitplane) are widely used in zebrafish studies. However,
still quite a large number of researchers choose manually tracking methods for zebrafish in vivo
cell tracking, like ManualTrack plug-in, or MTrack] plug-in for ImageJ software. This is
because most of the software was designed for tracking movement of big particles or in vitro
cell migration. However, the shape of cells in vivo is irregular, which makes the segmentation
of the trajectories difficult and frequently results in over-segmentation [56]. Failure to segment
the trajectories of cells correctly is the main reason for tracking errors. Examples of errors are
that that, the trajectory output from the software is not from the same cell or that the tracked

trajectory is broken in several parts. Moreover, the movement of cells in vivo is more
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complicated than in vitro, especially during dynamic immune responses. Modelling of cell
migration in vivo is not simply based on Brownian motion or Autoregressive motion, but needs
to assume a combination of multiple complex motions. Single tracking algorithms in some
commercial software programs results in tracking errors, which makes the quantification of
trajectory unreliable. Therefore, it is necessary to establish new algorithm models based on in
vivo movements of cells in a specific situation. In Chapter 3, we investigated the cell migration
behavior regulated by Toll-like receptor signaling in tail-wounded zebrafish larvae through a
manual tracking method. These manual tracking data provide a solid ground, which paves the
way to develop improved cell tracking plug-ins for in vivo cell tracking studies in zebrafish
larvae. Consequently, we plan to develop further optimized automatic tracking methods based

on the large data sets in Chapter 3.

To study the mechanistic basis of the differences in cell migratory behaviors, mathematical
models can provide new insights. Chemokine and ROS gradients can be modeled by partial
differential equations (PDEs). These can be incorporated into cell chemotaxis models, such as
random walk models, phase field models, or the Cellular Potts model, with varying degrees of
cell resolution, to study leukocyte migration. Such models could provide quantitative insights
into how chemokines and ROS gradients affect the migration behavior of the leukocytes, and
how the cells change these gradients by binding or secretion of chemokines or by absorption
and metabolizing ROS [57] which is known to affect the robustness of chemotaxis [58]. Using
Bayesian inference on tracking data, one can infer a number of chemotaxis parameters, such as

the flow rate, diffusion coefficient and production time of the chemoattractant [59].

6. Conclusion

A broad understanding of the innate immune system is important for host-targeted approaches
for the treatment of diseases. In this thesis, we demonstrated that Tlr2 plays a crucial role in the
host innate immune system. In Chapter 2, we show the roles of Tlr2 signaling in host defense
against infection at the transcriptome level and cellular level by studying M. marinum infection
in a tlr2 mutant. Moreover, the #72”- mutant zebrafish strain described in Chapter 2 proved
highly useful for the study of innate immune mechanisms underlying mycobacterial infection.
In Chapter 3, we found that ¢/r2 and myd88 are involved in responses to tail wounding by
regulating the behavior and speed of leukocyte migration in vivo. The large data sets acquired

from Chapter 3 will be further used for developing new cell tracking algorithms and
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mathematical modeling. In Chapter 4, we characterized a new M. avium infection model in

zebrafish that can be further used to study the interaction between the host and NTM bacteria.
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Appendix

Samenvatting
1. Zebravis als model om infectie- en ontstekingsziekten te bestuderen

De activering van het aangeboren immuunsysteem hangt af van de herkenning van pathogeen-
geassocieerde moleculaire patronen (PAMP's) van de binnendringende pathogenen door
patroonherkenningsreceptoren (PRR's). PRR's zijn tevens betrokken bij de herkenning van
schade-geassocieerde moleculaire patronen (DAMP's) van beschadigde weefsels bij infectie.
De familie van Toll-like receptoren (TLR's) is een van de belangrijkste leden binnen de PRR-
families. De ontdekking van TLR's als poortwachters om de aangeboren immuniteit te activeren
heeft in 2011 de Nobelprijs voor Fysiologie of Geneeskunde toegekend gekregen. Dit heeft een
explosie aan onderzoek naar de functies van TLR's bij het moduleren van een breed spectrum
van fysiologische en pathologische processen veroorzaakt. TLR2 is geconserveerd binnen de
meeste gewervelde dieren en speelt een belangrijke rol bij het moduleren van infectie- en
ontstekingsziekten doordat het een groot aantal PAMP's en DAMP's herkent (Hoofdstuk 1). De
brede functie van TLR2 maakt het een veelbelovend therapeutisch doelwit (Hoofdstuk 1). De
functie van TLR2 is echter nog steeds controversieel in sommige studies en de rol ervan bij
verschillende ziekten is nog steeds onduidelijk. Het is daarom van vitaal belang om verder te
onderzoeken hoe TLR2-signalering functioneert in de aangeboren immuunrespons van de

gastheer.

Met dit doel hebben we in dit proefschrift gebruik gemaakt van het zebravismodel om de functie
van TIr2 bij ontsteking en infectie te bestuderen. Zebravislarven hebben al binnen 5 dagen na
de bevruchting een functioneel aangeboren immuunsysteem, terwijl op dat moment het
adaptieve immuunsysteem nog niet functioneel is. Dit maakt de zebravis een uitstekend model
om de aangeboren immuniteit van gewervelde dieren te bestuderen in de afwezigheid van
adaptieve immuniteit. Bovendien wordt het zebravismodel alsmaar populairder in studies
vanwege het gemak van genetische manipulatie, omics-studies van grote groepen larven en
live-imaging. De afgelopen tien jaar is er met behulp van het zebravismodel aanzienlijke
vooruitgang geboekt bij het bestuderen van infectie- en ontstekingsziekten . Van der Vaart et
al. ontdekten dat zebravis embryo's met een tekort aan myeloide differentiatiefactor 88 (Myd88),
een cruciale adapter voor alle TLR's behalve TLR3, vatbaarder zijn voor bacteri€le infectie met
pathogenen. Deze bevinding is vergelijkbaar met de conclusies uit studies van MYDS8-

deficiénte mutanten in menselijke celculturen in vitro en in vivo-muismodellen. Daarnaast
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rapporteerden Hosseini et al. dat Myd88 betrokken is bij het beperken van mycobacteriéle groei
in een zebravismodel met staartvininfectie. Yang et al. toonden aan dat de functie van Tlr2-
signalering vergelijkbaar is tussen zebravis embryo's en zoogdiercellen. In beide systemen
reguleert TLR2 de expressie van een vergelijkbare set immuun genen na de systemische
stimulatie door het synthetische lipopeptide-ligand Pam3CSK4. Deze studies hebben de weg
vrijgemaakt om de functie van Tlr2 in het zebravismodel verder te onderzoeken. In Hoofdstuk
2 hebben we de functie van ¢/r2 in de afweer van zebravissen tegen Mycobacterium marinum-
infectie bestudeerd door de fenotypes bij infectie en de corresponderende transcriptoom
veranderingen te meten. In Hoofdstuk 3 hebben we onderzocht hoe Tlr2 en Myd88 het
migratiegedrag van leukocyten reguleren in afwezigheid van een infectie, maar met
weefselbeschadiging, door gebruik te maken van een zebravisstaartwondmodel. In Hoofdstuk
4 hebben we de functie van tlr2 bij infectie met Mycobacterium avium bestudeerd door het te
vergelijken met M. marinum infectie, met speciale aandacht voor het responsieve celmigratie

gedrag.
2. TIr2 speelt een rol bij de afweer tegen mycobacteriéle infectie bij zebravislarven

In verschillende studies is gemeld dat TLR2-polymorfismen de gevoeligheid voor
mycobacteriéle infectie in de menselijke populatie verhogen, al is er een klein aantal studies die
geen effect van TLR2-polymorfismen hebben gevonden (Hoofdstuk 1). Daarnaast is er nog
steeds controverse over de rol van TLR2 in de afweer van de gastheer tegen Mycobacterium
tuberculosis in verschillende knaagdierstudies (Hoofdstuk 1). In hoofdstuk 2 hebben we
daarom een f/r2 zebravismutant gecreéerd om de functie van Tlr2 in de aangeboren
immuunafweer tijdens mycobacteri€le infectie te bestuderen. Om het effect van #/r2-mutatie te
karakteriseren, vergeleken we eerst het transcriptoom van homozygoot mutante larven met dat
van heterozygote larven zonder infectie. We vonden verschillen in de genexpressieprofielen
van tlr2” zebravislarven en controle —larven van dezelfde ouders, zoals verschillend tot
expressie gebrachte genen die betrokken zijn bij glycolyse (Hoofdstuk 2, Figuur 2 en S3). Dit
resultaat komt overeen met een eerdere studie in het menselijke in vitro model en in vivo
muismodel die aantoonden dat TLR2 een sleutelrol speelt bij het omschakelen van het cellulaire
metabolisme van de gastheer naar acrobe glycolyse na M. tuberculosis-infectie. Een eerdere
zebravisstudie in ons laboratorium suggereerde hiermee in overeenstemming dat ook MyD88
een rol speelt in het metabolisme. Bovendien toonde deze studie aan dat Tlr2 en zijn adapter

MyDS88 cruciaal zijn voor de reactie van de gastheer op het microbioom. Dit geeft aan dat de
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verschillende genexpressieprofielen die we in de tlr2-mutant vonden, worden veroorzaakt door

een disfunctionele reactie op het microbioom.

Om de rol van TIr2 in de afweer tegen M. marinum-infectie bij zebravissen te bestuderen,
injecteerden we deze bacterién in mutanten zonder functioneel #/72 en homo- en heterozygote
blarven van dezelfde ouders. We ontdekten dat de bacteriéle belasting significant hoger was in
tlr2-mutanten en vergezeld ging met een hogere extracellulaire bacteriéle belasting en minder
granulomen dan in #/r2"" en wildtype larven op 4 dpi (Hoofdstuk 2, Figuur 3 en 4). Dit resultaat
is vergelijkbaar met eerdere studies bij muizen die een functie van TIr2 in de verdediging van
de zebravisgastheer laten zien. Bovendien toonde onze transcriptoom analyse aan dat het aantal
opwaartse en neerwaartse gereguleerde genen als reactie op infectie sterk verminderd was in
geinfecteerde #/r2 mutante zebravissen in vergelijking met de heterozygote controlevissen van
dezelfde ouders (Hoofdstuk 2, Figuur 5-7). Bovendien vonden we dat veel signaalroutes
waarvan is aangetoond dat ze verband houden met tuberculose bij mensen, differentieel worden
gereguleerd in f/r2-mutante zebravislarven. We ontdekten bijvoorbeeld dat de TIr8-
signaleringsroute sterk werd beinvloed, wat aangeeft dat TIr2-signalering verband houdt met
de functie van TIr8 (hoofdstuk 2, figuur S10). Bovendien werden de genen van de vitamine D-
receptorroute neerwaarts gereguleerd in #/r2-mutante zebravissen. Het is aangetoond dat
vitamine D een belangrijke rol speelt bij de bestrijding van tuberculose-infectie. Daarom kan
de hypergevoeligheid van #/r2-mutanten voor M. marinum-infectie worden veroorzaakt door
afwijkende vitamine D-signalering. Chemokines vormen de andere gencategorie die werd
beinvloed door de #/r2-mutatie bij M. marinum-infectie. In eerder werk toonden Torraca ef al.
aan dat de Cxcr3-Cxcll1-as betrokken was bij de rekrutering van macrofagen na infectie met
M. marinum in zebravislarven [21]. In overeenstemming hiermee vonden we dat de
expressieniveaus van cxcl/l laa en cxcll lac significant lager waren in de #/r2-mutant na infectie
(Hoofdstuk 2, Figuur 5). Dit resultaat toont een duidelijk verband tussen de Tlr2-functie en

chemotaxis van macrofagen.

3. Nieuwe inzichten in Tlr2-functies bij het reguleren van leukocytmigratie door live-
imaging

Gezien het grote aantal chemokinen dat aangestuurd wordt door TIr2 (Hoofdstuk 2),
veronderstelden we dat TIr2 een sleutelfactor is in de controle van chemokine-expressie om
celrekrutering in aangeboren immuniteit te reguleren. Om deze hypothese te testen, hebben we

in Hoofdstuk 3 eerst de rol van TIr2 en Myd88 onderzocht bij het moduleren van het
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migratiegedrag van leukocyten in afwezigheid van mycobacteri€le infectie. Hiervoor
gebruikten we een zebravisstaartverwondingsmodel dat veel wordt gebruikt voor het screenen
van ontstekingsremmende geneesmiddelen. We ontdekten dat het aantal gerekruteerde
neutrofielen en macrofagen afnam in #/72”" en myd88” groepen in vergelijking met de wildtype
individuen van dezelfde ouders (Hoofdstuk 3, Figuur 2 en 3). Vervolgens werd live-cel-imaging
van het staartwondgebied in zebravissen uitgevoerd in #r2- en myd88-mutanten en de
overeenkomstige wildtype vissen van dezelfde ouders. Leukocytmigratie in de #/r2 en myd88
mutanten na verwonding werd geanalyseerd met behulp van kwantitatieve analyses van
celmigratie sporen (Hoofdstuk 3, Figuur 4 en Tabel 1). Onze resultaten laten zien dat de #/r2 en
de myd88 mutaties de migratie van neutrofielen die zich ver van een wond bevinden
beinvloeden door hun directionele persistentie negatief te beinvloeden, maar niet hun
migratiesnelheid (Hoofdstuk 3, Figuur 5 en 6). Van macrofagen ver van de wond was niet alleen
de directionele persistentie was significant verminderd in de #/r2 en de myd88 mutanten, maar
ook hun migratiesnelheid (Hoofdstuk 3, Figuur 7 en 8). Deze studie toont voor het eerst aan dat
TLR-signalering direct betrokken is bij het sturen van het celmigratie gedrag van neutrofielen
en macrofagen tbij verwonding, Dit stimuleert verdere studies stimuleert, waaronder ook in

andere modelsystemen.

Eerder is in infectiemodellen van muizen aangetoond dat TLR-signalering betrokken is bij het
aansturen van infiltratie van neutrofielen en macrofagen in beschadigde weefsels. Bovendien is
aangetoond dat TIr2 de expressie van cytokinen en chemokinen reguleert na de herkenning van
zijn liganden in zowel zebravis- als muizenmodellen (Hoofdstuk 2). Daarom kan het afwijkende
migratiegedrag van leukocyten, dat werd waargenomen in #/r2 en myd88 mutante zebravissen,
worden veroorzaakt door het onvoldoende niveau van basale transcripten voor chemokinen.
Voor de staartverwonding kan het ook zijn dat DAMP's die worden afgegeven door dode cellen
rond de wond niet leiden tot de afscheiding van chemokinen in afwezigheid van TLR2-
signalering. High-mobility group box 1-eiwit (HMGBI1) is bijvoorbeeld een veel bestudeerd
endogeen gevaarsignaal dat een ontstekingsreactie induceert door zijn directe interactiec met
DAMP's die worden herkend door TLR2. Bovendien is beschreven dat reactieve
zuurstofsoorten (ROS) betrokken zijn bij de rekrutering van leukocyten na verwonding in
zebravislarven. Tevens is aangetoond dat de secretie van ROS wordt gemedieerd door TLR's
na weefselbeschadiging. Het is dus interessant om verder te onderzoeken of ROS-productie in

reactie op verwonding is veranderd in zebravislarven met mutaties in de /r2 en myd88 genen.
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4. Verschillen tussen tbc en NTM-infecties geleerd uit zebravisstudies

Niet-tuberculeuze mycobacterién (NTM) infectieziekten worden gedefinieerd als ziekten
veroorzaakt door andere mycobacteri€le pathogenen dan M. tuberculosis en Mycobacterium
leprae. Naast TBC hebben NTM-infectieziekten de laatste tijd veel aandacht gekregen omdat
de prevalentie ervan sinds 2000 sterk is toegenomen. Hoewel er behandelingen zijn voor NTM-
infectieziekten, is de behandelingsduur lang en komen multiresistente gevallen frequent voor.
Het is dus dringend nodig om nieuwe preventie- en therapeutische strategieén te ontdekken
voor patiénten besmet met NTM. In Hoofdstuk 4 hebben we zebravislarven gebruikt om een
infectiemodel van M. avium te ontwikkelenen vervolgens M. avium-infectie in larven
gekarakteriseerd door het te vergelijken met M. marinum-infectie, een populair model van
tuberculose-infectie. Eerder is gemeld dat de aangeboren afweer tegen NTM-infectie
voornamelijk gemedieerd wordt door de TLR-signaleringsroute. Daarom hebben we eerst de
transcriptoom profielen van de gastheer in reactie op infectie vergeleken, specifieck met
betrekking tot TLR-signalering. Vervolgens hebben we de functie van toll-like
receptorsignalering na infectie met M. marinum en M. avium onderzocht om de functie van Tlr2

bij infectie met deze twee verschillende bacterién te vergelijken.

We vonden dat M. marinum infectie virulenter is dan M. avium infectie in zebravislarven
(Hoofdstuk 4, Figuur 1). Bovendien vonden we dat M. avium stand houdt in de macrofagen met
minder extracellulaire koorden vergeleken met M. marinum (Hoofdstuk 4, Figuur 2).
Extracellulaire koordvorming is een in vivo morfologie van mycobacterién vergezeld van
necrotische macrofagen en extracellulair replicerende bacterién die fagocytose voorkomen
vanwege de grootte van de clusters. Bacteriéle koordvorming is een pathogeen kenmerk dat
geassocieerd is met hypervirulentie bij M. tuberculosis, M. marinum, M. abscessus, M.
Sfortuitum en M. chelonae. De observatie dat met M. marinum geinfecteerde larven meer
extracellulaire koorden vertonen, kan dus een kenmerk zijn van de hogere letaliteit en
bacteriegroei als gevolg van M. marinum-infectie. Om de lagere virulentie van de M. avium-
infectie te verklaren en om genetische markers te verkrijgen voor verdere studies, voerden we
RNAseqg-deep sequencing uit om het hele transcriptoom profiel in het M. avium-infectiemodel
te bestuderen en het op een systemisch niveau te vergelijken met dat van het M. marinum-

infectiemodel .

We vonden dat M. avium een duidelijke transcriptoom respons heeft in vergelijking met M.

marinum, vooral met betrekking tot de regulatie van de volgende gencategorieén:
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autofagieregulatoren, matrixremodellering en cytokinen en chemokinen (Hoofdstuk 4, Figuur
3 en 4). In de categorie van cytokinen, chemokinen en hun receptoren werden meer genen
gedownreguleerd specifiek in de M. avium-infectiegroep, zoals illrga, ccr9b, cxcrdb, ccrob,
exclll.7, ccl36.1, excll2.b en ccl33.3 ( Hoofdstuk 4, Figuur 4). Opgemerkt moet worden dat de
Cxcr4b / Cxcll2-signalering, die gerelateerd is aan HIV-pathogenese, tumor-geinduceerde
angiogenese en door mycobacterién geinduceerde angiogenese, werd gedownreguleerd in de M.
avium-infectiegroep. Verder is aangetoond dat CXCR4/CXCL12-signalering de
leukocytentransport naar ontstekingsplaatsen ondersteunt, evenals CXCL11-signalering, die de
rekrutering van macrofagen bij mycobacteriéle infectie bemiddelt. Daarom veronderstellen we
dat het migratiegedrag van macrofagen en neutrofielen anders kan zijn in zebravislarven na

infectie met verschillende NTM-soorten.

Er is aangetoond dat leukocytmigratie belangrijk is voor het opruimen van bacterién, het
inperken alsook verspreiden van bacterién, en het vormen van granulomen in de vroege
mycobacteri€le infectieuze stadia. In voorgaande hoofdstukken hebben we aangetoond dat Tlr2
een belangrijke rol speelt in de afweer tegen M. marinum infectie (Hoofdstuk 2). Verder vonden
we dat TIr2 betrokken is bij het reguleren van het gedrag van macrofagen en neutrofielen na
beschadiging van de staart (Hoofdstuk 3). Tlr2 zou dus ook kunnen deelnemen aan de regulatie
van het migratiegedrag van macrofagen en neutrofielen naar de plekvan mycobacteriéle infectie.
Om de rol van TIr2 in de regulatie van de migratie van macrofagen en neutrofielen te beoordelen,
hebben we een staartvininfectiemodel toegepast in Hoofdstuk 4, dat eerder is beschreven.
Hierbij werden bacterién van ofwel de M. marinum-stam Mma20 ofwel de M. avium-stam
MAC 101 geinjecteerd 3 dagen na de bevruchting (dpf) in larven met 2" Tg
(mpegl:mCherry-F); TgBAC (mpx: EGFP) en tlr2”~ Tg (mpegl:mCherry -F);TgBAC (mpx:
EGFP) genotype (Hoofdstuk 4, Figuur 7). We concluderen dat macrofagen een belangrijke rol
spelen in de respons op beide mycobacteriéle infecties omdat er meer gerekruteerde macrofagen
werden waargenomen in het geinfecteerde gebied (Hoofdstuk 4, Figuur 8). De migratiesnelheid
van macrofagen is hoger naar Mma20-infectieplaatsen (Hoofdstuk 4, Figuur 8). We vonden dat
neutrofielen sneller bewogen in #/r2 wildtype larven dan in #/r2 mutanten na Mma20 injectie,
terwijl #/r2 deficiéntie geen invloed had op de migratie van neutrofielen na MACI101 injectie
(Hoofdstuk 4, Figuur 8). Dit veranderde leukocytengedrag suggereert dat chemokine-
expressieprofielen anders kunnen =zijn in #/r2-mutante zebravissen na infectie door

mycobacteriéle soorten.
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5. Perspectieven voor toekomstige studies

5.1 Het onderzoek naar interacties tussen gastheer en mycobacterién met behulp van

zebravislarven

In Hoofdstuk 4 hebben we eerst een M. avium infectiemodel ontwikkeld in zebravissen dat het
mogelijk maakt om de gastheer en M. avium interacties in vivo direct te observeren. Met dit
model hebben we verschillende fenotypes van granuloma-achtige clusters waargenomen in
zebravislarven geinfecteerd met verschillende mycobacterién (Hoofdstuk 4, Figuur 2). Verder
toonde de transcriptoom analyse aan dat de expressie van de genen die behoren tot de categorie
van autofagieregulator genen significant werd beinvloed in met M. avium geinfecteerde
zebravislarven (Hoofdstuk 4, Figuur 4). Daarom is het interessant om de autofagie respons en
ultrastructuur van granulomen als gevolg van infectie door verschillende soorten
mycobacteriéle clusters te vergelijken. Voor dit doel zullen we in de nabije toekomst
transmissie-elektronenmicroscopie (TEM) en 3D block-face scanning elektronenmicroscopie

toepassen (blok-face SEM).

Daarnaast vonden we in Hoofdstuk 4 dat Tlr2 betrokken is bij de regulatie van de migratie van
macrofagen en neutrofielen als reactie op infectie. Interessant is dat de resultaten van
celtracking suggereren dat #/r2 de macrofagen en neutrofielen op verschillende manieren
reguleert na infectie door verschillende mycobacteriéle soorten. Om verklaringen te verkrijgen
voor verdere studies van het effect van de ¢/»2-mutatie op mycobacteri€le infectie, zullen we in
de toekomst onderzoeken of verschillen in expressieprofielen van chemokinen kunnen worden
waargenomen in het vroege infectiestadium. We zouden ook willen onderzoeken of de
veranderingen in het migratiegedrag van leukocyten in TIr2-mutanten te wijten zijn aan
veranderingen in signalen afkomstig van de infectieplaats of dat ze worden veroorzaakt door
celautonome defecten in het migrerend vermogen van de myeloide cellen in de #/r2-mutant. We
zullen daarom celtransplantatie technieken toepassen om de niet-intrinsicke en intrinsieke
functies van myeloide cellen in de tlr2-mutant na verwonding en mycobacteriéle infectie te

onderzoeken.

5.2 Geautomatiseerde verwerking van live-beeldvorming van zebravissen en wiskundige

modellering

In Hoofdstuk 3 en Hoofdstuk 4 hebben we een groot aantal celtracking experimenten uitgevoerd

om celmigratie gedrag te kwantificeren. Celmigratie is een belangrijke fysiologische parameter
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voor veel pathologische processen, waaronder ontstekingsreacties, immuunafweer en metastase
van kwaadaardige tumorcellen. Tracking van individuele cellen met behulp van confocale real
time beeldvorming is een van de meest populaire methoden om celmigratie te analyseren. Met
de ontwikkeling van confocale laser scanning microscopie is het gemakkelijker om enorme
hoeveelheden live beeldgegevens te verkrijgen. Er zijn echter veel bioinformatische stappen
vereist die moeten worden uitgevoerd na de verwerving van beeldvorming. Deze omvatten de
verwerking van grote datasets, het segmenteren van celmigratie trajecten, visualisatie en
kwantificatie van de trajecten, en belangrijker nog, de interpretatie van de biologische betekenis
van de grote datasets. Momenteel is handmatige gegevensanalyse nog steeds vereist om
geautomatiseerde gegevensanalyse te ondersteunen. Bovendien blijft de beschikbaarheid van
gebruiksvriendelijke softwareprogramma's nog steeds achter bij de eisen van onderzoekers in

het laboratorium.

Sommige recente beoordelingen hebben de beschikbare commerciéle en gratis software of
plug-ins voor live-beeldverwerking in celmigratie studies in detail samengevat. De TrackMate-
plug-in voor ImageJ-software (NIH, Bethesda, MD, VS), Volocity (Improvision; PerkinElmer
Life and Analytical Sciences) en IMARIS (Bitplane) worden veel gebruikt in zebravisstudies.
Toch kiezen nog steeds een vrij groot aantal onderzoekers voor handmatige trackingmethoden
voor in vivo celtracking van de zebravis, zoals de ManualTrack-plug-in of de MTrackJ-plug-in
voor ImageJ-software. Dit komt omdat de meeste software is ontworpen voor het volgen van
beweging van grote deeltjes of in vitro celmigratie. De vorm van cellen in vivo is echter
onregelmatig, wat de segmentatie van de trajecten bemoeilijkt en vaak resulteert in over
segmentatie. Het niet correct segmenteren van de trajecten van cellen is de belangrijkste reden
voor fouten in de tracking. Voorbeelden van fouten zijn dat de trajectuitvoer van de software
niet van een en dezelfde cel afkomstig is of dat het gevolgde traject in verschillende delen is
onderbroken. Bovendien is de beweging van cellen in vivo ingewikkelder dan in vitro, vooral
tijdens dynamische immuun responsen. Modellering van celmigratie in vivo is niet alleen
gebaseerd op Brownse beweging of autoregressieve beweging, maar moet een combinatie van
meerdere complexe bewegingen aannemen. Enkele trackingalgoritmen in sommige
commerciéle softwareprogramma's resulteren in trackingfouten, wat de kwantificatie van het
traject onbetrouwbaar maakt. Daarom is het noodzakelijk om nieuwe algoritmemodellen vast
te stellen op basis van in vivo bewegingen van cellen in een specifieke situatie. In Hoofdstuk 3
onderzochten we het celmigratie gedrag dat wordt gereguleerd door Toll-like

receptorsignalering in staartver wonde zebravislarven door middel van een handmatige
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trackingmethode. Deze handmatige trackinggegevens bieden een solide basis, die de weg
vrijmaakt om betere cel tracking-plug-ins te ontwikkelen voor in vivo cel trackingstudies bij
zebravislarven. Daarom zijn we van plan om verder geoptimaliseerde automatische

trackingmethoden te ontwikkelen op basis van de grote datasets in hoofdstuk 3.

Om de mechanistische basis van de verschillen in cel migratiegedrag te bestuderen, kunnen
wiskundige modellen nieuwe inzichten verschaffen. Partiéle differentiaalvergelijkingen (PDE's)
kunnen chemokine- en ROS-gradiénten modelleren. Deze kunnen worden opgenomen in cel
chemotaxis-modellen, zoals random walk-modellen, faseveldmodellen of het Cellular Potts-
model, met verschillende gradaties van cel resolutie, om leukocytmigratie te bestuderen.
Dergelijke modellen kunnen kwantitatieve inzichten verschaffen in hoe chemokinen en ROS-
gradiénten het migratiegedrag van de leukocyten beinvloeden, en hoe de cellen deze gradiénten
veranderen door chemokines te binden of uit te scheiden of door ROS te absorberen en te
metaboliseren waarvan bekend is dat het de robuustheid van chemotaxis beinvloed. Met behulp
van Bayesiaanse inferentie op trackinggegevens kan men een aantal chemotaxisparameters

afleiden, zoals de stroomsnelheid, diffusiecoéfficiént en productietijd van de chemoattractant.
6. Conclusie

Een breed begrip van het aangeboren immuunsysteem is belangrijk voor gastheergerichte
benaderingen voor de behandeling van ziekten. In dit proefschrift hebben we aangetoond dat
Tlr2 een cruciale rol speelt in het aangeboren immuunsysteem van de gastheer. In Hoofdstuk 2
laten we de rol van TIr2-signalering in de afweer van de gastheer tegen infectie op transcriptoom
niveau en cellulair niveau zien door M. marinum-infectie in een t/r2-mutant te bestuderen.
Bovendien bleek de #/r2”- mutante zebravisstam beschreven in Hoofdstuk 2 zeer nuttig te zijn
voor de studie van aangeboren immuun mechanismen die ten grondslag liggen aan
mycobacteriéle infectie. In Hoofdstuk 3 hebben we gevonden dat #/72 en myd88 betrokken zijn
bij reacties op staartverwonding door het gedrag en de snelheid van leukocytmigratie in vivo te
reguleren. De grote datasets verkregen uit hoofdstuk 3 zullen verder worden gebruikt voor het
ontwikkelen van nieuwe cel tracking algoritmen en wiskundige modellering. In Hoofdstuk 4
hebben we een nieuw M. avium infectiemodel in de zebravis gekarakteriseerd dat verder kan

worden gebruikt om de interactie tussen de gastheer en NTM-bacterién te bestuderen.
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List of abbreviations

AB/TL: AB/Tupfel long fin

CFU : colony-forming units

CLSM: confocal laser scanning microscopy
DEGs: differential expressed genes

Dpf: days post fertilization

Dpi: days post injection

EGPF: enhanced Green fluorescent protein
FDR: false discovery rate

FACS: Fluorescence-activated cell sorting
GSEA: Gene-Set Enrichment Analysis
HDT: host-directed therapies

Hpf: hours post fertilization

Hpi: hours post injection

Hpw: hours post wounding

Mpegl: macrophage expressed gene 1
Mpx: Myeloperoxidase

Mm: Mycobacterium marinum

Mtb: Mycobacterium tuberculosis

MAC: Mycobacterium avium complex
NMD: non-sense mediated mRNA decay
NTM: nontuberculous mycobacteria

qPCR: quantitative polymerase chain reaction
RNAseq: Deep sequencing of cDNA derived from polyA RNA
SNEA: Sub-Network Enrichment Analysis
TB: tuberculosis

Tg: transgenic
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