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Abstract

TLR2 is known to play controversial roles in host defense against pathogens, especially
Mycobacterium tuberculosis (Mtb). To study the function of TLR2 in mycobacterial
infection, we analyzed a tlr2 zebrafish mutant and infected larvae with Mycobacterium
marinum (Mm), a close relative to Mtb, as a model for tuberculosis. After Mm infection,
bacteria proliferated in tlr2"" fish more than in the heterozygote tlr2"", suggesting that
TIr2 is involved as a protective factor in host defense. We observed a reduced number
of granulomas in tIr2”" larvae when compared to the control. We also found that the
tlr2 mutant (tlr2”") shows a reduced number of macrophages in the absence of
infection. However, the macrophage migration speed and maximum migration
distance from infection sites of phagocytic macrophages, are significantly higher in
tlr2”" than in tIr2*" larvae. These results suggest that Tlr2 might be playing a role in
macrophage congregation and phagocytosis. RNAseq analysis of infection experiments
in mutant versus control showed that the number of upregulated and downregulated
genes in the control was greatly diminished in the tlr2 mutant, with the strongest
effect on the down-regulated gene set. Detailed gene expression analysis using RNAseq
and qPCR showed that Mm infection of tlr2 mutant leads to decreased mRNA levels of
genes involved in inflammation and immune responses, including ilib, tnfb, cxcluaa/ac,
foslia and cebpb. Furthermore, RNAseq analysis revealed that genes for Maf family
transcription factors (Mafb/c-Maf), vitamin D receptors (Vdr) and diverse
immunoglobulin domain-containing proteins (Dicps) are significantly different
regulated in tlr2 mutants with or without infection. This could result from a function
in the control of induction of cytokines and chemokines as well as macrophage
number, migration and phagocytosis. Moreover, our transcriptome analysis revealed
Tlr2-specific pathways involved in Mm infection, which are also related to responses to
Mtb infection in human macrophages. The expression analyses give further support for
a function of TLR2 in host defense.

Introduction

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis (TB), which
infects nearly one-third of the world's population, and kills about 1.5 million people
annually (WHO Global Tuberculosis Report 2015). TB is characterized by the
formation of granulomas not only in the lung but also in other tissues and organs. This
is the result of a concerted action of host innate and adaptive immunity (3, 2).

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 TLRs family to be involved in defense against Mtb by virtue
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of its recognition of cell wall-associated components associated with this pathogen (3-
6). 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 (7), 38-kDa and 19kD mycobacterial glycoprotein (LpgH) (8-10),
phosphatidylinositol mannoside (PIM) (11), and triacylated (TLR2/TLR1) (12, 13) or
diacylated (TLR2/TLR6) lipoproteins (14, 15). Then these heterodimers recruit the
Myd88 and Tirap (Mal) proteins to activate the IRAK(1 and 4)/TRAF6/IKK(x or ()
cascade, which subsequently leads to the ubiquitination of IxBa and the activation of
transcription factor NF-kB or AP-1 to release cytokines and chemokines (16, 17). Finally,
these cytokines and chemokines attract migration of macrophages and neutrophils to
the infection site leading to phagocytosis of bacteria. Tlr2 is shown to be a factor that is
needed for granuloma formation in Mtb infection (18). Some studies have reported
that Tlr2”" mice lose control to high dose infection of Mtb or show higher
susceptibility to Mtb infection compared to the wildtype (19, 20). Tlr2 also mediates
the inhibition of MHC-II expression on the macrophage surface and MHC-II antigen
processing by Mtb bacilli, thereby preventing presentation of Mtb antigens and
decrease recognition by CD4" T cells, which may allow intracellular Mtb to evade
immune surveillance and maintain chronic infection (10, 21). The interaction between
TLR2 and Mtb or other pathogens not only promotes the killing of bacteria, but also
seems to be a part of the bacterium’s strategy to evade the immune system (22-24). For
instance, LprG from Mtb was reported to inhibit human macrophage class II MHC
antigen processing through TLR signaling (22). Furthermore, Tlr2 mutants of mice
have an increased resistance against infection of Candida albicans (25) and Yersinia
pestis (26). It has been proposed that this is the result of Tlr2-dependent induction of
the anti-inflammatory cytokine IL-10 (26). 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 (27) are inhibited after infection of murine
macrophages in a Tlr2-dependent fashion (28). These effects show that TLR2 activation
can yield a bias to T helper Type 2 (Th2) cells (29), and by breaking the Thi1/Th2
balance can lead to less Th1 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 prevailing 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 (30, 31), which gives
the possibility to study the host innate immune response to infection in the absence of
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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, and this is similar to human
TB symptoms (32, 33). 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 (34). 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 Tlr2 pathway, inducing foslia and cebpb gene upregulation (35).

In the current study, to further explore the involvement of Tlr2 in Mm infection, we
conducted infection studies using tlrz2 mutant zebrafish. We found that t/r2 mutation
promoted Mm infection, affected macrophage functions and corresponded with
reduced granuloma formation compared to the wildtype. In summary, we
demonstrated 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 Tlr2-specific gene list for the response to Mm infection. In
particular, this revealed that most of the downregulation of genes caused by Mm
infection in the control was abrogated by tlr2 mutation.

Results
1 tlr2 mutation prevents activation of tlr2-dependent genes in zebrafish larvae

The t1r2°9%3 mutant (tIr2”") carries a thymine to adenine point mutation that creates a
premature stop codon (Fig. 1A), which is located in 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) (36,

37).

To confirm whether tlr2 mutation blocks its downstream pathway, we analyzed the
gene expression profiles of zebrafish treated with the TLR2 agonist, Pam3CSKj.
Pam3CSK4 was injected into the blood island of zebrafish embryos at 27 hpf. One hour
after injection (hpi), we collected samples and performed qPCR to analyze the
expression levels of TLR2-downstream effectors, CCAAT/enhancer-binding protein
beta (cebpb) and FOS Like Antigen 1a (foslia), as we previously reported to be specific
targets of Tlr2 signaling (35). In tlr2* %943 heterozygotes (tlr2*"), the expressional
levels of transcription factors cebpb and foslia, and inflammation marker gene ilib were
significantly induced by Pam3CSK4, whereas tIr2”" showed no significant response (Fig.
1B). To confirm that these results are specific for the TLR2 pathway, we injected
flagellin, a TLR5 agonist into 27 hpf embryos. Flagellin induced the non-specific
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FIGURE 1 Characterization of the TIr2 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. B and C, t/r2”" and

tIr2*" embryos were injected at 27 hpf with 1 ng Pam3CSK4 or 0.1ng flagellin and expression levels of

il1b, foslla and cebpb were determined at 1 hour post injection by gPCR. Data (mean + SEM) are

combined from at least three biological replicates (n=10 embryos per group) and expressed relative

to their corresponding mock injection (water) control, which is set at 1. Statistical significance of

differences between mock and Pam3CSK4 groups was determined by two-way ANOVA with Sidak

Multiple Comparison test as a post-hoc test, *p < 0.05, **p<0,01. D, fluorescence relative pixel-count
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analyses of GFP-labeled macrophages in 2dpf t/r2"*/Tg(mpeg1:EGFP) and tir2”/Tg(mpeg1:EGFP)
embryos (at least 35 embryos per group) were performed based on stereo fluorescence images
(green symbols indicate the data point for which representative examples are shown in figure S4). E,
fluorescence relative pixel-count values of neutrophils derived from images of whole mount TSA
immune staining (red symbols indicate the data point for which representative examples are shown
in figure S4). Data (mean + SD) are combined from two individual experiments. Statistical significance

of differences was determined by T-test, **p<0.01, ns, no significant difference.

inflammation marker ilib expression, but not cebpb and foslia expression in both tlr2*"
and tIr2”" larvae (Fig. 1C). Overall, these data show that tlr2 mutation specifically
blocks its downstream pathways.

2 Macrophage and neutrophil phenotype in tlr2 mutant

To study the effects of tlr2 mutation in immune cells, we conducted two individual
experiments of TSA staining with 2dpf tlr2""*'Tg(mpeg1:EGFP) and tlr2""Tg(mpeg1:EGFP)
larvae. TSA staining detects Mpx activity, which is specific for neutrophils in zebrafish
embryos and larvae. The combination of using mpegi-EGFP fish lines and TSA staining
can be used to distinguish macrophages (mpegi:EGFP-positive, TSA-negative) and
neutrophils (mpeg1:EGFP-negative, TSA-positive) (38). The numbers of macrophages
in tir2"" larvae were significantly reduced compared to those in tIr2*’* (Fig. 1D and Fig.
S4) while the numbers of neutrophils was not significantly different between these
groups (Fig. 1E and Fig. S4). We also conducted TSA staining in 2 dpf tIr2"" and tlr2”"
larvae without the mpegi:gfp marker, and confirmed that there was no significant
reduction of neutrophils induced by tlr2 mutation Fig. S1). These results indicate that
tlr2 mutation does not affect the development of neutrophils but may influence
macrophage development.

3 Mycobacterium marinum infection in tlrz knockdown or mutant larvae

We injected 28 hpf tlr2 morphants, standard control morphants, and tlr2”" and tlr2*"
embryos with ~150 CFU Mmaz2o by blood island injection. The results of stereo
fluorescence microscopy and pixel count analysis show that the bacterial burden in tlr2
morphants was significantly higher than those of control larvae at 3 dpi (Fig. 2A).
Considering the transient effect of morpholinos, we did not test later time points. In
agreement, the bacterial burden was significantly higher in tlr2”" than tir2"" larvae,
with the most pronounced difference at 4dpi (Fig. 2B). Figure 2C represents the typical
phenotype of infection in tlr2*" and tlr2”" larvae observed using confocal laser
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FIGURE 2 Quantification of bacterial burden.
tIr2 morphants (A) or tIr2”" and tIr2”" embryos
(B) were infected at 28 hpf with ~150 CFU
Mma20 strain. Stereo fluorescence images of
Mma20 infected embryos at 3 and 4 days post

injection were used for quantification of

bacterial fluorescence pixels. Data (mean + SD)
tr2/ are combined from three individual
experiments.  Statistical  significance  of
differences was determined by T-test (A) and
one-way ANOVA with Tukey’s Multiple
Comparison method as a post-hoc test (B).
**p<0,01. C, tr2"" and tlr2” embryos were

infected at 28 hpf with ~150CFU Mma20 strain.

scanning microscopy (CLSM) confirming that tlr2 mutation promotes a higher
bacterial burden during Mm infection.

Protective immunity and latent Mm infection in zebrafish are associated with the
formation of mature protective granulomas (39). In mice studies, Tlr2-deficiency
resulted in a defective granulomatous response (18, 20). To test whether tlr2 mutation
also suppresses the granuloma formation in zebrafish, we conducted CLSM imaging of
tlr2""/ Tg(mpeg1:EGFP) and tIr2*"*/Tg(mpeg1:EGFP) with Mmazo infection. We analyzed
bacterial numbers and granuloma formation at several representative highly infected
regions of zebrafish larvae at 4 dpi. We observed that tlr2*""* larvae showed normal
granuloma formation and the majority of the bacteria was inside macrophages.(Fig.
3A-D). In contrast, in two representative locations in tIr2”" larvae (Fig. 3E), a majority
of the bacteria congested together and formed a big cluster without evidence for being
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FIGURE 3 Granuloma formation and macrophage phenotypes in the Tlr2 mutant upon Mma20
infection. The tIr2"*/Tg(mpeg1:EGFP) (A-D) and tir2”/Tg(mpeg1:EGFP) (E-H) embryos were infected
at 28 hpf with ~150CFU Mma20 strain. Confocal laser scanning imaging was conducted using a Leica
SP1 microscope with 10 (A, E) and 63 (B-D and F-H) times magnification lenses. GFP-green,
macrophage; mCherry-red, Mma20; white arrow head indicates the enlarged section of this picture.
The size bar in bright view figure A represents 50um, in fluorescence view figure D represents 10um.
(B-D and F-H) enlargements of the areas indicated in panels A and E. The positions indicated by
arrowheads are the reference points. In the Tlr2 mutant they point to clusters of bacteria that are
not present inside macrophages. In the control they point to macrophages that have ingested
bacteria, which are observed much more frequently than in the mutant. The images are

representative of images from 38 t/r2 mutant and 42 wildtype embryos.
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inside macrophages. (Fig. 3E-H). Furthermore, these results show that the tlr2""
mutant allows higher Mm proliferation and is impaired in granuloma formation
compared to the tlr2"* control.

To further quantify the migration of macrophages after Mm infection, we performed
cell tracking to measure the maximum migration distance from the start of the image
sequence and their average speed from 84 to 96 hpi (Fig. 4). In this study, the location
of the bacteria-containing macrophages in the first frame of the movie was set as the
origin and we then tracked the migration of the macrophages during the following
twelve hours. Our results show that both the maximum distance of migration and the
average speed of macrophage migration in tlr2”" was significantly higher than that in
tlr2*"* (Fig. 4C and D). These results show that tlr2 mutation affects macrophage
migration after infection.

4 Tlr2-specific gene expression profiles after Mycobacterium marinum infection

To assess the general inflammation and specific immune responses in tlr2 mutants, we
studied mRNA expression levels of ilib, tnfa, tnfb, irgil , and tlr2 specific transcription
factors foslia and cebpb in tlr2”" and tIr2*" larvae upon Mmazo infection by qPCR at
4dpi. Our results show that the expression levels of ilib and tnf in tlr2"" larvae are
significant reduced (Fig. 5A-C). The induction of cebpb and foslia was inhibited in tlr2
/larvae (Fig. 5E, F). The expression of irgil showed no significant difference between
infection and non-infection in the tIr2” larvae (Fig. 5D). In previous work from our
laboratory, Cxclu-like chemokines were shown to play a crucial role in macrophage-
mediated granuloma formation upon Mm infection (40). We therefore conducted
gPCR to characterize the expression level of cxclii-like genes, previously shown to be
infection inducible (40), including cxclizaa and cxcliac (Fig.5G and H). The expression
level of gene cxcliaa and cxcliac was significantly higher in tIr2*" larvae than in tlr2”
upon Mm infection (Fig. 5G, H). These results indicate that t/r2 mutation results in a
defective immune or inflammatory response to Mm infection.
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FIGURE 4 Cell tracking of macrophages in (A) tir2"*/Tg(mpegl:EGFP) and tir2”/Tg(mpegl: EGFP) (B)
larvae with Mm infection. Embryos were infected with ~150 CFU Mma20 strain at 28hpf, imaging
was performed using a Nikon Eclipse Ti-E inverted microscope (40x) from 84hpi to 96hpi. There are

+/+

46 frames from tir2"* (A, bottom panel) and 70 from t/r2”" (B, bottom-panel) that were analyzed,
resulting in the reconstruction of 23 macrophage tracks in the wildtype and 12 in the mutant. The
upper-panel in A and B shows the track of macrophages in 2D view, the insets are the original
representative images and the bottom-panel shows that in 3D view. C and D, the maximum
migration distance from the original site of infection in the first frame of the movie and the average
speed of macrophages after phagocytosis of bacteria. The statistical significance of differences was

determined by T-test. **p<0.01.
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(n = 10 embryos per group) and expressed relative to their corresponding mock injection (PBS)
control, which is set at 1. Statistical significance of differences was determined by two-way ANOVA
with Sidak Multiple Comparison test as a post-hoc test. *p<0.05, **p<0.01, ****p<0.0001

To further study the function of tlr2 in defense against mycobacterial infection, we
performed RNAseq of tlr2*"and tlr2"" larvae infected with 150 CFU Mmazo at 4dpi and
PBS-injected controls. We summarized the number of differentially expressed genes
(DEGs) according to p-value (Fig. 6A, B). tlr2*" induced an increased number of DEGs
than tIr2”" with Mmazo infection at any given p-value or false discovery rate less than
0.05, or any given fold-change with a p-value less than o0.05. The data also shows that
most of the downregulation of genes caused by Mm infection in the control was
abrogated by tlr2 mutation (Fig. 6A, B). To further analyze these RNAseq data, we
chose the genes with a threshold of a p-value less than o0.05 in tIr2"" with Mmazo
infection (1102 up- and 827 down-regulated genes, Fig. 6A). Then, for these 1102 and
827 genes, we calculated the ratio of the fold-change of tlr2*" versus tlr2"", after that,
the genes with ratio greater than 2 or less than o.5 were screened (Fig. 6C). As a result,
97 and 92 genes were selected as tlr2 specific up- and down-regulated genes,
respectively. We conducted gene ontology (GO) analysis (Fig. 6D, E) showing that
genes that grouped into the immune system category are the most prominently
deregulated (36%) in the whole tlr2 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 process related categories, many up-regulated
genes fell in the categories oxidation-reduction process, DNA repair, transcription
regulation and apoptotic process regulation (Fig. Sz). In the tlr2 down-regulated 92-
gene set, the immune related genes also were the largest portion (15%; Fig. 6E, 7F). The
categories of non-immune related genes are listed in Fig. S3. Our results show that tlr2
mutation leads to far less immune response genes that are upregulated upon Mm
infection in zebrafish larvae.

To show the relationship between the genes that are differentially expressed, we
constructed networks based on common expression targets in the 97 up- and 92 down-
regulated genes (41). The involved networks with the up-regulated genes contain LIPC,
NRoBz2, HMGCR, ITLN1, FGF23, VDR, IRAK3 and TLR8 (Fig. Ss5). In the tIr2*" control
we observed positively regulated HMGCR, FGF23, VDR and TLRS8, and negatively
regulated NRoB2, whereas tlr2”" shows an opposite regulation for most of them.
However, LIPC and IRAK3, were positively regulated in both tlr2*"" and tlr2"". For the
92 downregulated genes, a network containing NROB2 and MAFB was constructed
(Fig. S6). NRoB2 and MAFB were positively regulated in tlr2”" zebrafish and down
regulated in tIr2*".
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FIGURE 6 Overview of RNAseq results. A, B the number of DEGs of tIr2*"" and tlr2”" strains infected
with Mm compared to the control at different p-value and fold change. C, the work flow of screening
genes of which the regulation by infection is dependent on t/r2. D, GO analysis of the 97 upregulated
genes. E, GO analysis of the 92 down-regulated genes. FC, fold-change. F, the DEGs number of t/r2”"

versus tIr2*"" at different FDR p-value in the uninfected mock-injected condition.

5 Enrichment analysis of Tlr2 specific genes after Mycobacterium marinum 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 genes of which the
ratios of Mm infection and control in tlr2*" or tIr2”" zebrafish are significantly different
without considering fold-changes. This method derives its power by focusing on gene
sets, that is, groups of genes that share common biological function, chromosomal
location, or regulation (42). Because the numbers 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. The GSEA predicted
61 pathways in tlr2*" and 67 pathways in tlr2”" zebrafish responsive to Mmazo
infection (Supplementary Table 2A and 2B). Interestingly, most of these pathways are
common in tlr2*" and tlr2”", 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 2C). We also
performed Sub-Network Enrichment Analysis (SNEA) (43) to identify possible key
genes that are responsible for the difference in response of the tlr2+/- and tlr2-/- group
to Mm infection (p < 0.05). SNEA predicted 565 and 503 pathways for tlr2*"" and tlr2""
zebrafish that are linked to the response to infection, respectively (Supplementary
Table 2D and 2E), and 264 and 202 of them are specific for the response in tlr2"" and
tlr2”" fish, respectively (Supplementary Table 2F). 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 tlr2 expression. Therefore,
we downloaded DNA microarray data (GDS4781) of human macrophages transfected
with M.tuberculosis from Gene Expression Omnibus (44). SNEA analysis of human
macrophages shows that 659 pathways are linked to Mtb infection (Supplementary
Table 2G). By comparing human SNEA result to tlr2"" specific pathways in zebrafish,
56 pathways were defined as tIr2""-specific (Supplementary Table 2H). Of these, the
pathway of TLR8, which has the lowest p-value in both zebrafish and human
enrichment, and its network is depicted as example in Figure S7. In general these
analysis show that the tlr2-/- mutant has a very different immune response of which
many pathways that are linked to human tuberculosis are differently responding.
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FIGURE 7 Overview of fold changes of representative genes selected from the gene categories
resulting from GO-term analysis. A-E: tIr2-dependent genes with upregulation corresponding to Fig.

6D. F: tir2 specific genes with downregulation corresponding to Fig. 6E.

6 Comparison of gene expression profiles of tlrz homozygote mutant with heterozygote

We compared basal levels of gene expression in the absence of infection between tlr2
homozygote and heterozygote mutants. These results show that there is a large group
of genes that are expressed differently even at extremely stringent p-values (Fig. 6F).
To get possible indications 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 p-value of 10™ (Supplementary Table
3). Our results show that there is a large enrichment of genes belonging to the GO
terms related to neural development. In addition, we have also analyzed differences
with a fold change criterion of two and FDR p-value of 0.05 (Supplementary Table 4).
These analyses indicated that under the GO category transcription factor genes only
two categories of genes including the c-Maf transcription factor (Supplementary Table
4) were present. Finally, the RNAseq analysis showed that the mpegii gene is
expressed approximately 2 fold higher in the tIr2"" control than in the tIr2” mutant
(Supplementary Table s5), consistent with the observation of reduced macrophage
numbers in the ¢/r2 mutant (Fig. 1D, Fig. S4).

Discussion

Our study created a systemic tlrz2 deficiency-Mm infection model in zebrafish larvae to
study Tlr2 function in the innate immune system during mycobacterial infection. In
alternative model systems for human tuberculosis that use mice, it is difficult to
perform systemic studies at the genomic and microscopic level. As a result all the
studies performed in mice have been carried out with isolated tissues. Furthermore,
there are only a few RNA sequencing results of TB studies in rodents (45, 46), human
serum (47), human pulmonary epithelial cells (48), and bovine systems (49-52). In
zebrafish larvae it is possible to combine the advantage of studying the entire system
using transcriptomics and zooming in on mechanisms of the infection process using
fluorescence microscopy. Furthermore, as in rodents, the zebrafish offers excellent
genetics tools for obtaining mutants such as the tlr2 mutant described in this study.
The deep sequencing data provided the chance to study the whole transcriptome
profile in our mycobacterial infection model and revealed the panorama of tlr2
signaling-related gene expression. Importantly, taking advantage of this model we

66



were able to document in vivo the impact that lack of Tlr2 has in the interaction
between infecting bacteria and macrophages.

We have shown in this study that tlr2 mutant leads to increased mycobacterial
infection in zebrafish larvae. This result is similar to results from studies in Tlr2
knockout mice, where infection with Mtb resulted in increased lung infection and
highly increased mortality (19, 20). However, in these works a role of Tlr2 could only be
shown at high doses of infection, whereas at a low dose no effect was observed of the
mutation (19,20). In the study of Drennan et al (20) it was shown that infection of the
TIr2 mutant leads to a decrease of the number of granulomas formed in the lungs. This
is in line with our results where we found that the clustering of macrophages in pre-
granuloma structures was strongly decreased. In addition, the study in mice showed
that in the Tlr2 mutant there was an increased T cell response that was ineffective in
combating progression of infection. Since in our larval system there is no adaptive
response present, we can therefore not address this point and need to perform studies
in adults in future studies. However, it is important that we can conclude that the role
of Tlr2 in granuloma formation is not dependent on T cell activity. Furthermore, we
can now also conclude that the function of Tlr2 in granuloma formation is at the very
early steps of the infection process. We also observed that Tlr2 mutants in zebrafish
larvae result in a decreased number of macrophages even in the absence of infection
and this might attributed to the emergence and differentiation of hematopoietic stem
and progenitor cells. He et al. (53) demonstrated that Tlr signaling-dependent
inflammatory signaling is necessary and sufficient for hematopoietic stem and
progenitor cells emergence in zebrafish, in the absence of infection or pathological
inflammation. TLR2 agonist Pam3CSK4 was also shown to induce a large proportion of
hematopoietic stem cells to express markers of the myelomonocytic lineage (54). On
the other hand, Herman et al. (55) showed that systemic exposure of mice to a TLR2
agonist leads to an expansion of bone marrow and spleen phenotypic hematopoietic
stem cells and progenitors, but a loss of hematopoietic stem cell self-renewal capacity.
We also observed that the Tlr2 mutation in zebrafish larvae induces an increased speed
and the maximal distance of macrophage migration in the presence of infection (Fig.
4). These results might indicate that macrophages in the mutant might be less
differentiated than those in the wildtype. These factors could contribute to the
proliferation of infection.

Since the molecular mechanisms that underlie the role of TLR2 in the control of
infection are still unknown we have performed RNAseq of entire larvae with our
infection system. We also analyzed the basic expression levels of the mutant versus the
control and noted a strong difference of the expression of a large group of genes in the
absence of infection. Since little is known about the variations in basal gene expression
levels in larvae from different crosses it is hard to speculate whether these differences
are related to the Tlr2 mutation. Although we analyzed pools of 10 larvae there are
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undoubtedly differences in development of individual larvae that are not filtered away
by pooling and that will provide differences in organ development and metabolism
that will lead to large variations in gene expression levels. In addition, also differences
in the genetic makeup of the parents used for obtaining the batches of larvae are
unknown and therefore it will not be possible to obtain solid conclusions. However,
the largest category of genes that was significantly affected, namely neurological
system process, might still be linked with a function of Tlr2. Many recent studies show
that a mutation in Tlr2 in mice resulted in effects of neuronal development and
responses to injury (56, 57). Some of these studies show a connection of Tlr2 in
neuronal defects to be related to ILio and possibly autophagy (58, 59). When focusing
on the possible signaling pathways that could be involved we observed that there was a
significant effects in the GO category of transcriptions factor, namely the c-Maf factors
that totals up to 546 representatives that were affected (Supplementary Table 4). As
members of Maf family transcription factors, c-Maf and Mafb are specifically expressed
in monocyte and macrophage lineages (60, 61), in addition, c-Maf is also expressed in T
helper cells (61). c-Maf was also reported to directly regulate IL-10 expression induced
by LPS in macrophages (62). Double deficiency of Mafb/c-Maf promotes self-renewal
of differentiated macrophages (63), which might indicate a link to the effect of the Tlr2
mutation on the number of macrophages in the absence of infection.

An analysis of the difference of induction and repression of genes during infection
showed that that is a very pronounced effect of mutation of the Tlr2 gene. With
respect to the number of genes affected, The strongest effect was observed on the
genes that are down regulated during infection, since this category was strongly
affected in the Tlr2 mutant (Fig. 6A, B). This category of genes includes several genes
that are related to innate immune response and also many unknown genes. This
indicates that Tlr2 has an important function in anti-inflammatory responses. This is in
line with previous reports of studies in mice that showed a strongly decreased anti-
inflammatory response in Tlr2 knockouts (64, 65). In a further analysis on the
quantitative effects on the differences in expression levels of the genes that are affected
in both the up regulated as down regulated groups we selected a group of genes that
were most significantly affected for Gene Ontology 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 showing that the tlr2-/- mutant
has a very different immune response than the heterozygote control line and that
many signaling pathways that are linked to responses to human tuberculosis infection
are differently responding. Most significantly, activation of the TIr8 pathway was
strongly affected (Fig. S7). This suggests that the Tlr2 signaling is strongly connected
with TIr8 function. TLR8 mutations (polymorphisms) increase susceptibility to
mycobacteria (66, 67). These predictions from integrated transcriptome analysis are
very valuable, and we would like to study them in our future work. In addition to
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known immune genes we want to discuss three other very interesting categories of

genes.

The vitamin D receptor pathway genes that are normally up-regulated during
infection in zebrafish larvae were down regulated in the Tlr2 mutant. Furthermore,
pathway analysis (Fig. S5 and S7) also implicated the expression of the Tlr8 pathway
connected to vitamin D signaling as being strongly affected in the Tlr2 mutant.
Vitamin D has been shown to be an important regulatory factor during tuberculosis
(68) and has been linked previously to TLR2 function in studies in cell cultures (69).

Tlr2 showed to be essential for the up-regulation of a group of genes that encode the
Diverse Immunoglobulin Domain-Containing Proteins (DICPS). This group is as novel
multigene family encoding diversified immune receptors. Haire et al (70) 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 proteins appear to be
dependent on Tlr2, such as dicpi.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 Il by gut microbiota. However, the DICP
gene family lacks easily recognizable genetic orthologues in mammals, making a
translation to a function in mammalian tuberculosis and other diseases currently not
yet possible (71).

Another highly relevant large category of genes of which the induction or repression
during infection is dependent on Tlr2 includes the chemokines. In a previous study of
our laboratory, Torraca et al. (40) demonstrated the function of the CXCR3-CXCLn
axis in macrophage recruitment and showed that disruption of this axis by cxcr3.2-
mutation increases the resistance to mycobacterial infection. They also showed that
Cxcr3.2 deficiency limited the macrophage-mediated dissemination of mycobacteria
and attenuated the formation of granulomatous lesions and led to a reduction in the
total bacterial burden (40). In our study, the tlr2 mutant shows a significantly lower
expression of cxcliaa and cxclizac during Mm infection (Fig. 5). Considering the large
number of other chemokines that are controlled by Tlr2 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. However, we can state that the phenotypes of the tlr2 mutant, at the
microscopic 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 migration. This does not exclude that Tlr2 has many other functions in
macrophage behavior during infection such as phagocytosis. For instance, Blander et al.
(72) and Rahman et al. (73) showed that phagocytosis of bacteria and phagosome
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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 Tlr2 is
also worth studying in more detail in future studies.

In conclusion, our study shows that TLR2, as a part of innate immunity, plays an
important role in controlling mycobacterial infection as observed on the transcriptome
and infection level. This may be mediated by several strategies, including macrophage
migration and clustering, and other anti-mycobacterial effect like vitamin D signaling.
The anti-inflammatory function of TLR2 as indicated by our study could be mediated
by IL10. The gene ilio is also controlled by other bacteria, yeasts or viruses to mediate
immune evasion through TLR2 and therefore seems to have an opposing function as to
what we report for mycobacterial infection (25, 26, 74). The TLR2 mutant is therefore
highly suitable for further studies using the published infection models for other
microbes and viruses in zebrafish larvae. This will make it possible to compare the
possibly different roles of TLR2 in interactions with various microbes in one infection
model.

Materials and methods
Zebrafish husbandry

The tIr2****> 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 twice
against wildtype (AB strain), and were subsequently incrossed twice. Heterozygous fish
of the resulting family were used to produce embryos. Homozygous mutants were
outcrossed to the Tg(mpegi:EGFP)?>* transgenic line, and the offspring with GFP
florescence were subsequently incrossed to produce tir2"" / Tg(mpeg1:EGFP) line.

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.

Bacterial strain preparation
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The bacterial strain, Mycobacterium marinum mz2o0 (Mmaz2o) expressing mCherry
fluorescent protein (75), was used in this study. For the infection to zebrafish larvae,
the bacteria were prepared as previously described (76). The infection inoculum was
prepared in 2% polyvinylpyrrolidonego 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 (77).

Ligands injection

Purified Pam3CSK4 (InvivoGen, France) and flagellin from S. typhimurium (Flagellin
FliC VacciGrade™, Invitrogen, France) were diluted in 1 mg/ml and 100 pg/ml in sterile
water, respectively. For injection, 1 nl of the ligand solutions were injected into the
blood stream at 28hpf. Sterile water was injected as a control experiment. Injections
were performed using a FemtoJet microinjector (Eppendorf, the Netherlands)
equipped with a capillary glass needle.

Morpholino injection

Morpholino oligonucleotides (Gene Tools, Philomath, US) were diluted to desired
concentrations in 1x Danieau’s buffer (58 mM NaCl, 0.7 mM KCI, 0.4 mM MgSO4, 0.6
mM Ca(NO3)z, 5.0 mM HEPES[pH 7.6]) containing 1x phenol red (Sigma-Aldrich, the
Netherlands). For knockdown experiments, tlr2 ATG-morpholino (tlr2 mo, s5'-
AGTCATTG TTCCTACGAGTCTCATC-3') was injected with the optimal concentration
at o.5mM and 1nl volume per embryo at 1-2 cell stages. Control larvae were injected
with the standard control morpholino (Ctrl mo, 5-CCTCTTACCTCAGTTACAATTTA
TA-3').

Immunohistochemistry

Larvae were fixed in 4% paraformaldehyde in PBS overnight at 4°C. Myeloperoxidase
(Mpx) activity was labeled using TSA-Plus Systems (Perkin Elmer, Waltham, MA, US)
as previously described (78).

Imaging and quantification of bacterial loads

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, info)
equipped with the Leica DC500 camera (Leica Microsystems). Bacterial loads were
analyzed using dedicated pixel counting software as previously described (79).
Experiments were performed in triplicate.

Confocal microscopy imaging

Larvae (4 or 5 dpf) were embedded in 1% low melting point agarose (Sigma Aldrich),
and image acquisition was performed by using a Leica TCS SPE confocal microscope

71




(Leica Microsystems) or a Zeiss LSM exciter on an Axio Observer confocal microscope
(info) with 10 or 63 times objectives. Acquisition settings and area of imaging (in the
caudal vein region) were kept the same across the groups for quantification of the
bacterial burden.

Macrophage tracking

To visualize the granuloma formation and the leukocyte phenotype, tlr2”" zebrafish
were crossed with macrophage-specific reporter line Tg(mpegi:EGFP), leading to
tlr2*"*/Tg(mpeg1i:EGFP) and tlr2” Tg(mpegi:EGFP) fish lines. tIr2"* and tlr2”" -
Tg(mpeg1:EGFP) embryos were injected with 150 CFU Mmazo at 1dpf. They were
anesthetized and mounted in 1% low-melting agarose and subsequently imaged using a
Nikon Eclipse Ti-E inverted microscope (40x) as described previously (80) from 84 hpi
to 96 hpi. Images were taken every 6.5 min, extracted, and converted to movies using
NIS-Elements AR software. Image] (NIH, Bethesda, ML, USA) was used to align all the
frames. CellTracker (ver. 1.1, Copyright (©) 2015 Peter Horvath and Filippo Piccinini)
was employed to analyze the moving tracks of infected macrophages.

RNA isolation, cDNA synthesis and gPCR

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 (81). Results were analyzed using the AACt method (82). Primer
sequences are described in Supplementary Table 1.

Deep sequencing and data analysis

Triplicates of 10 larvae of tlr2*" and tlr2”" with PBS (as control) or Mmazo injection,
were homogenized in 300ul of TRIzol reagent, and total RNAs were purified as
described above. RNAseq was performed using Illumina Hi-Seq 2500 as previously
described (83). The RNAseq data were mapped on zebrafish genome (GRCz1o version)
and tag counts were performed by Bowtie 2 using GeneTiles software (http://www.
genetiles. com) (84, 85). Then, we performed normalization and gene expression

analysis using the R package and DESeq2 (86). After statistical tests, we performed
further bioinformatics analyses Gene-Set Enrichment Analysis (42), Sub-Network
Enrichment Analysis (43) and Pathway Enrichment Analysis (87). For creating gene
networks based on common regulatory targets, we used Pathway Studio 9.0 (Elsevier,
Amsterdam, the Netherlands) as previously described (41).
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Supplementary data

Supplementary figure 1 Relative pixel count analysis for TSA staining of neutrophils in 2dpf

tIr2*"" and tIr2”” embryos.
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Supplementary figure 2 t/r2-dependent up regulation of other process related specific genes.
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Supplementary figure 3 t/r2-dependent down regulation of other process related specific

genes.
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Supplementary figure 4 Representative images of Fig. 1D and 1E. Green signal represents
macrophages, red signal represents neutrophils.

A tir2+/+ B tir2-/-

C tir2+/+ D tir2-/-

Supplementary figure 5 Sub-network enrichment analysis. The networks of common targets
of the 97 up regulated genes (Fig.6D) in tIr2*" (A) and tir2”" (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 6 Sub-network enrichment analysis. The networks of the common
targets of the 92 down regulated genes (Fig. 6E) in tir2*" (A) and tir2” (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 7 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 Table 1 List of primers

Supplementary Table 2 A-H Gene lists of GSEA and SNEA analysis

Supplementary Table 3 GO analysis of genes that have a different basal expression level in
the absence of infection in the Tlr2 mutant versus the heterozygote control. Shown is the GO
analysis of the group of 878 genes that were different with a FDR p value of 10"'? indicated in
Fig. 6F.

Supplementary Table 4 List of transcription factors under GO category in absence of
infection

Supplementary Table 5 List of basal expression levels of gene mpx and mpeg1
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