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Chapter 6

1. The different roles of TLR2, TIRAP and MyD88 in basal metabolism

In Chapter 2, it is shown that TLR2 is a regulator of vertebrate energy metabolism under
unchallenged developmental conditions. Using transcriptomic and metabolomic profiling in
zebrafish larvae, we demonstrated that deficiency of TLR2 leads to elevated glucose, lactate,
succinate and malate levels, accompanied by transcriptional downregulation of key glycolytic
and gluconeogenic enzymes, including gpib, pfkma, pgkl, pgam?2 and pck2. These alterations
indicate that TLR2 maintains glucose homeostasis through transcriptional control of
metabolic pathways. Beyond glucose metabolism, changes in amino acid abundance suggest
broader impacts on metabolic regulation. Importantly, this study provides the first evidence
that TLR2 shapes metabolism in the absence of infection, extending prior work that primarily
focused on immunometabolic interactions during disease or pathogen challenge [1, 2]. The
mechanistic basis for TLR2 activation under basal conditions remains unresolved but may
involve signals derived from the microbiome [3]. This possibility is supported by
accumulating evidence that microbial metabolites influence host immunometabolism and by

previous findings that TLR2 regulates microbiota-suppressed transcription of myd88 [4].

In Chapter 3, the role of TLR signaling in metabolism is further examined by comparing the
distinct contributions of the adaptor proteins TIRAP and MyD88. This comparison shows that
TLR2, TIRAP and MyD88 have specialized functions in host metabolism under unchallenged
conditions. Metabolomic profiling shows that the tirap mutation results in reduced glucose
levels, in contrast to the #/r2 mutant larvae, which display elevated glucose levels. By
comparison, the myd88 mutant larvae exhibited a narrower metabolic signature, with only
modest transcriptional changes in metabolism-related pathways and no detectable differences

in glucose abundance.

Together, these results reveal the complex roles for TLR signaling in controlling basal
metabolic homeostasis and suggest that the absence of TLR2, TIRAP and MyD88 disrupt
both host transcriptional programs and metabolite profiles through distinct mechanisms.
These insights provide a foundation for subsequent chapters, which explore how TLR
signaling coordinates processes during tissue wounding, mycobacterial infection, and

microbiome interactions.
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2. The different roles of TLR2, TIRAP and MyD88 in inflammation

An important emerging theme from this thesis is that metabolic regulation by TLR signaling
might be affecting immune cell behavior. In Chapters 2 and 3, we showed that TLR2 and its
adaptor TIRAP distinctly affect glucose metabolism. These metabolic alterations may have
direct or indirect consequences for immune cell function in inflammatory response during
tissue injury. Immune cells such as neutrophils and macrophages rely on rapid metabolic
rewiring, for instance glycolysis, to fuel migration, phagocytosis and effector functions [5-7].
In zebrafish tail wounding assays, TLR2 and MyD88 deficiency impaired leukocyte
recruitment to the wounds [8]. TLR2 deficiency also resulted in increased free glucose levels,
which might lead to reduced metabolic support for cell motility (Chapter 2). In contrast,
TIRAP deficiency led to accelerated neutrophil migration upon tail wounding. This correlates
with a decreased free glucose level and changes in transcriptional regulation of glycolysis
that are distinct from the changes in a t/r2 mutant (Chapter 3). Therefore, an opposite effect
in migratory ability of neutrophils in the tirap and t/r2 mutant larvae could be explained by
differences in their functions in metabolic regulation. The difference of the effect of mutation
of tIr2 and tirap could be explained in several ways: (i) in the absence of TLR2, other TLR
receptor might compensate for its loss of function (ii) although TIRAP is the only adaptor
known to couple to TLR2, it is not impossible that other adaptors such as TRAM could also
compensate for loss of function of TIRAP, thereby leading to very different downstream
signaling effects. Our findings suggest that the adaptor-specific control of metabolism by
TLR signaling is coupled to leukocyte migration dynamics, providing a mechanistic bridge
between immunometabolism and inflammation. This integrative view positions the TLR2

signaling axis as a key regulator of both cellular energy states and immune cell motility.

Beyond the perspective of metabolic regulation, our transcriptomic and metabolomic study in
Chapter 3 suggest several possible explanations for why the tirap mutant exhibits leukocyte
behavior markedly distinct from the myd88 and ¢/r2 mutants in response to tissue wounding.
First, among the three mutants examined, only tirap deficiency was associated with broad
downregulation of ribosomal protein transcripts, suggesting a ribosomal stress response.
Given the established roles of ribosomal proteins such as L13a in translational control of
inflammatory mediators [9-12], these findings point to a link between Tirap signaling,

ribosomal protein expression, and the regulation of inflammatory responses.
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In addition, specifical alterations in calcium channel and myosin-related gene expression
suggest a role for Tirap in calcium-dependent cytoskeletal regulation. Our transcriptomic
analysis showed up-regulation of calcium channels and myosin-related gene expression
specifically in the tirap mutant. Calcium ions act as pivotal second messengers that trigger
actin-myosin interactions, not only in muscle cells but also across diverse cell types [13-15].
Myosin activity is a critical component of defense responses in myeloid cells [16]. Notably,
reactive oxygen species (ROS) have been shown to negatively regulate CACNA S expression
in the context of Mycobacterium tuberculosis infection [17], and ROS are also key
modulators of cell migration during tissue injury [18]. Therefore, the altered expression of
cacnala in the tirap mutant may be mechanistically relevant for its effects on neutrophil
migration. Taken together, these findings suggest that Tirap contributes to the regulation of
calcium-dependent myosin function, which could underlie the increased velocity of

neutrophil migration observed in the tirap mutant following wounding.

Yet another explanation for the distinct effects of tirap deficiency on cell migration,
compared with myd88 and tlr2 mutants, is its differential impact on cytokine and chemokine
regulation. The tirap mutant uniquely displayed downregulation of cxc//2a, a chemokine
with well-established roles in neutrophil responses to inflammation. Consistent with this,
previous work has demonstrated that cxcl/2a mutants exhibit increased neutrophil
recruitment to wounds in zebrafish larvae [19]. Therefore, the enhanced neutrophil
accumulation observed in tirap mutants may, at least in part, be attributable to reduced
cxcll2a expression. However, the absence of an effect on macrophage migration in tirap
mutants, unlike in t/r2 and myd88 mutants, remains unexplained. Addressing this gap will
require higher-resolution approaches such as single-cell transcriptomics and lineage-specific
functional studies to dissect the cell type-specific roles of Tirap in neutrophils, macrophages,

and potentially T cells.
3. TLR2 regulates gut microbial diversity in larval and adult zebrafish

To further explore the role of TLR2 beyond immunity and understand the interaction between
TLR2 and the microbiome, in Chapter 4 we examined the impact of TLR2 on gut microbial
composition across zebrafish developmental stages. Our data show that for the larvae at 5
days post fertilization, #/r2 mutants exhibited increased microbial diversity and enrichment of

genera such as Chryseobacterium and Flectobacillus. Functional predictions revealed
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suppression of glycolysis pathways in the microbiota of #/r2 mutants, paralleling reduced host
glycolytic gene expression (Chapter 2) and highlighting bidirectional metabolic crosstalk

between host and microbiome.

In adults, the trend was reversed. Wild-type zebrafish maintained higher microbial diversity,
with enrichment of genera such as Plesiomonas and Romboutsia, whereas Cetobacterium
dominated in #/r2 mutants. Functional pathways also differed, with glycolysis and TCA cycle
enriched in wild types, while glycan biosynthesis and pentose phosphate pathways were
elevated in mutants. These results reveal the dynamic and stage-dependent influence of TLR2

on microbial diversity and metabolic potential.

Given the links between dysbiosis, barrier dysfunction, and inflammatory bowel disease,
including Crohn’s disease [20], our findings highlight TLR2 as a potential therapeutic target
for many gut diseases. Modulating TLR2 signaling or leveraging TLR2-microbiome
interactions may provide new opportunities to restore intestinal immune balance and improve

disease outcomes.
4. The role of TLR2 and the microbiome in mycobacterial gut infection

4.1 TLR2 and the microbiome modulate mycobacterial localization and dissemination,

and transcriptional responses during gut infection

In Chapter 5, we extend the role of TLR signaling beyond metabolism and inflammation to
the context of host-pathogen and study the role of host-microbiome interactions in
nontuberculous mycobacteria (NTM) gut infection and dissemination. Using zebrafish as an
in vivo model of gastrointestinal infection with Mycobacterium avium and M. marinum, we
demonstrated that TLR2 plays a central role in regulating mycobacterial localization and
dissemination. Immersion infection assays showed that M. avium and M. marinum exhibit
strikingly different colonization patterns in the zebrafish gut, with M. avium preferentially
localizing to the posterior intestine and M. marinum to the anterior region in wild-type,
microbiome-colonized larvae. These species-specific patterns were abolished in #/r2 mutants
or under germ free conditions, highlighting the critical role of both TLR2 signaling and
microbiome-derived cues in determining spatial distribution of NTM. Given the clinical
relevance of M. avium as an enteric pathogen, these observations underscore the need to

elucidate the molecular determinants of localization, which are likely to involve complex
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host-pathogen interactions mediated through the TLR2 pathway [4]. At the whole organism
gene expression level, qRT-PCR analyses demonstrated distinct host responses to M. avium
and M. marinum, with differences dependent on microbiome status. Interestingly, markers
such as fos/la and cebpb, which are downstream of TLR2, exhibited divergent expression
profiles, suggesting that additional pathways and mediators contribute to strain-specific host
responses [4]. Possible candidates for this include other TLR family members and host-
derived factors from the intestinal mucosal environment, such as uromodulin, glycoprotein 2
(GP2), and omcins, which have been implicated in host-microbiome interactions in zebrafish
and are conserved in mammalian systems [4]. These results point to a multilayered regulatory
network in which TLR2 integrates microbial signals with mucosal factors and microbiome-

derived cues to orchestrate the outcome of gut mycobacterial infections.

4.2. Macrophages contribute to the phagocytosis and dissemination of mycobacteria to

distal tissues during gut infection

Our study in Chapter S demonstrate that following immersion infection with M. avium and
M. marinum, bacteria are not confined to the gut but also appear in peripheral tissues,
including the tail. Blocking oral entry by embedding the head in agarose confirmed that
bacteria cannot invade through intact skin, and gill colonization was rare, confirming the
importance of the oral-gut route of bacterial entry. This finding aligns with previous reports
that cutaneous diseases caused by mycobacterial skin infections usually result from
hematogenous dissemination or spread from underlying wounding foci [21]. Besides, gut
microinjection experiments clearly established the intestine as an efficient primary site of
entry, from which mycobacteria subsequently disseminate systemically shortly after infection.
How mycobacteria disseminate from the gut, particularly to distal tissues, remains an
important question in understanding their pathogenesis. Live imaging revealed that bacteria
detected in distal tissues were almost exclusively located within macrophages, supporting the
view that these cells serve as principal vehicles for pathogen dissemination. This is consistent
with earlier studies in mice and zebrafish model demonstrating that macrophages can
phagocytose mycobacteria at mucosal surfaces and transport them to distal tissues via the
circulation [22]. Our macrophage ablation experiments further substantiated this model, as

dissemination was nearly abolished in the absence of macrophages.
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Previous studies have shown that M. tuberculosis and M. marinum preferentially recruit and
infect permissive macrophages while evading microbicidal subsets. One host strategy to
counteract this immune evasion is the TLR2-dependent recruitment of microbicidal
macrophages [22]. Consistent with this, our results demonstrate that TLR2 deficiency
significantly reduces the number of macrophages harboring M. avium and M. marinum,
underscoring the importance of TLR2 in regulating macrophage function during
mycobacterial infection. To further explore this mechanism, future studies should focus on
distinguishing permissive from microbicidal macrophages in vivo. Advanced approaches such
as single-cell transcriptomics and ultrastructural electron microscopy will be particularly
valuable for resolving macrophage heterogeneity and for uncovering how TLR2 shapes host-

pathogen interactions within the gut microenvironment.

4.3. Macrophage behavior and TLR2-microbiome interactions during mycobacterial

gut infection

In Chapter 5, we demonstrate that TLR2 plays a pivotal role in regulating macrophage
recruitment and motility during intestinal mycobacterial infection. Using gut microinjection
of M. avium and M. marinum, we observed that #/r2 mutants displayed reduced macrophage
accumulation at infection sites and diminished migratory speed. These findings are consistent
with earlier zebrafish tail fin infection models and extend the role of TLR2 to natural gut-
associated infection [23]. Furthermore, macrophage motility defects were also evident after
PBS injection in t/r2 mutants, indicating a broader role for TLR2 in wounding responses and
aligning with findings from previous zebrafish tail fin wounding models [8]. Notably, this
effect was dependent on microbiome colonization. Wild-type larvae under conventionalized
conditions showed enhanced macrophage motility compared with germ free larvae, whereas
this microbiome-dependent modulation was absent in the #/r2 mutants. These results suggest
that TLR2 signaling is required for microbiome-mediated modulation of innate immune cell
dynamics at the systems level. Analogous studies have shown that M. tuberculosis initiates
infection in the relatively sterile lower airways, rather than in the microbe-rich upper tract,
where microbiota-derived signals promote recruitment of microbicidal macrophages through
TLR-dependent pathways [24]. Our findings support this perspective and extend it to the
intestinal context, highlighting a potential mechanism by which the microbiome, through

TLR2 signaling, modulates macrophage behavior and influences host responses to
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mycobacterial infection. To further examine transcriptional responses, we analyzed mmp9
gene, a marker linked to granuloma formation during M. marinum infection [25]. Induction of
mmp9 was partly dependent on TLR2, suggesting that macrophages may be recruited to gut
epithelial sites through TLR2-dependent MMP9 secretion, possibly in coordination with
other TLRs such as TLR8 [3, 25]. Future studies using single-cell transcriptomics and
emerging in situ bacterial transcriptome approaches will be critical to dissect the complex

interplay between host macrophages, invading mycobacteria, and the TLR2-microbiome axis.

5. Additional data on the function of TLR2: Absence of TLR2 and the microbiome

facilitate the proliferation of mycobacteria after systemic infection

In addition to oral-gut infection, we examined the contribution of TLR2 and the microbiome
to systemic host defense using blood injection of nontuberculous mycobacteria through the
Duct of Cuvier which is not included in this thesis but is relevant for this discussion section.
This approach bypasses the intestinal barrier and directly exposes circulating immune cells to
infection. Using microinjection of M. avium and M. marinum into Duct of Cuvier, we
observed that #/r2 mutants displayed higher Mma20 bacterial burden compared with the wild
type, aligning with findings from previous zebrafish caudal vein infection through blood
island injection [26]. Moreover, consistent with our gut infection data, both #/»2 mutant and
germ free larvae exhibited enhanced bacterial proliferation and burden following systemic
injection with MAC 101 and Mma20, underscoring the protective role of TLR2 and the
microbiome in restricting mycobacterial growth (Figure 1 and 2). These findings indicate that
TLR2-dependent signaling provides a conserved defense mechanism overarching distinct
routes of infection, while the microbiome enhances systemic resistance by modulating innate
immune response. Together, these results complement our gut infection model and highlight
the broad protective functions of the TLR2-microbiome axis in controlling mycobacterial

pathogenesis.
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Figure 1. Absence of TLR2 as well as the microbiome facilitate the proliferation of MAC 101

after systemic infection. (A) Schematic of the experimental workflow. Germ-free (GF) and

conventionalized (CONVD) zebrafish larvae derived from t/r2 wild-type and mutant lines were injected with

mCherry-labeled M. avium complex (MAC 101) bacteria into Duct of Cuvier and put back to respective media.

Confocal imaging was performed at 2.5 days post injection. (B) Representative fluorescence images showing

MAC 101 dissemination to anterior and posterior regions. Bacteria are shown in magenta. Scale bar: 100 um. (C)

Survival rates for all groups after MAC 101 infection showing no significant differences between genotypes or

microbial conditions. The results are based on 3 independent experiments. Error bars represent mean + SD. (D-F)

Quantification of full body (D), anterior region (E) and posterior region (F) bacterial burden (fluorescent pixel
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count) reveals higher MAC 101 load in #/r2 mutants compared to the wild type under both GF and CONVD
conditions. the data from GF ¢r2** (n = 27) group, GF Ir2"- (n = 26) group, CONVD #r2*"" (n = 23) group and
CONVD tlr2" (n = 20) group are based on three independent experiments Statistical significant difference was
determined by one-way ANOVA, red arrows point to the median, ns, non-significant, *, P < 0.05, **, P <0.01,

*axx P <0.0001.
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Figure 2. Absence of TLR2 as well as the microbiome facilitate the proliferation of Mma20 after
systemic infection. (A) Schematic of the experimental workflow. Germ-free (GF) and conventionalized

(CONVD) zebrafish larvae derived from ¢/r2 wild-type and mutant lines were injected with DsRed-labeled M.
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marinum (Mma20) bacteria into Duct of Cuvier and put back to respective media. Confocal imaging was
performed at 2.5 days post injection. (B) Representative fluorescence images showing Mma20 dissemination to
anterior and posterior regions. Bacteria are shown in magenta. Scale bar: 100 um. (C) Survival rates for all
groups after Mma20 infection showing no significant differences between genotypes or microbial conditions.
The results are based on 3 independent experiments. Error bars represent mean = SD. (D-F) Quantification of
full body (D), anterior region (E) and posterior region (F) bacterial burden (fluorescent pixel count) reveals
higher Mma20 load in #/r2 mutants compared to the wild type under both GF and CONVD conditions. the data
from GF t/r2""* (n = 24) group, GF tr2”- (n = 22) group, CONVD #r2** (n = 20) group and CONVD #r27 (n =
22) group are based on three independent experiments Statistical significant difference was determined by one-
way ANOVA, red arrows point to the median, ns, non-significant, *, P < 0.05, ** P < 0.01, *** P < 0.001,
kP <(0.0001.

6. Potential translational role of TLR2 and the microbiome in the mycobacterial gut

disease

Our results establish TLR2 as a critical regulator of macrophage function during intestinal
mycobacterial infection. In zebrafish, ¢/r2 deficiency impaired macrophage phagocytosis and
migration, leading to increased bacterial burden, consistent with its protective role described
in pulmonary infection models [27-30]. These findings support the broader view of TLR2 as
a potential therapeutic target for mycobacterial disease, with most previous work focusing on
the lung. We further demonstrate that the microbiome strongly influences the outcome of gut
mycobacterial infection. Germ free larvae showed increased bacterial colonization, reduced
macrophage motility and altered host transcriptional responses compared to conventionalized
larvae, effects that were dependent on TLR2 signaling. This identifies a TLR2-microbiome
axis that regulates immune defense in the intestine, extending earlier gnotobiotic zebrafish
studies that linked TLR2 to systemic inflammatory control in the absence of pathogens [4].
The clinical relevance of these findings is supported by parallels to Johne’s disease in
ruminants and Crohn’s disease in humans [31, 32]. TLR2 polymorphisms have been
associated with susceptibility to Johne’s disease, while Crohn’s disease is marked by TLR2
dysregulation, microbiome imbalance, and chronic inflammation [33-36]. Our zebrafish
model provides a powerful platform to dissect these connections, offering high-throughput
infection assays, live imaging, and genetic manipulation. Importantly, the observation that the
TLR2 inhibitor C29 phenocopies #/r2 mutants underscores the potential of chemical
screening in this system to identify therapeutic strategies that limit early dissemination of

mycobacteria in the gut.
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7. Towards future understanding of TLR2 signaling

The work presented in this thesis identifies TLR2 as a central regulator at the intersection of
metabolism, inflammation, microbiome interactions, and infection. Despite significant
progress, many mechanistic questions remain unresolved. The following sections outline
potential directions for future research that could expand the current understanding of TLR2-

mediated immune and metabolic regulation.
7.1 TLR2 signaling in metabolic regulation

The mechanisms linking TLR2 activation to glucose and lipid metabolism under basal
physiological conditions remain to be fully elucidated. While our data demonstrate metabolic
alterations in t/r2 mutants, the precise endogenous or microbiota-derived ligands that engage
TLR2 and modulate host metabolism are yet to be identified. Future studies should employ
targeted metabolite profiling and metabolomic-transcriptomic integration to pinpoint such
ligands and signaling intermediates. Furthermore, coupling metabolic flux analysis with
single-cell transcriptomics could uncover how TLR2 orchestrates cell type-specific metabolic
programs and coordinates systemic energy balance. These approaches will help delineate
whether TLR2 functions primarily as a metabolic sensor or as a downstream effector of

immune-metabolic cross-talk.
7.2 Adaptor-specific control of inflammation

Our findings show that adaptor-specific signaling through TIRAP and MyD88 leads to
distinct transcriptional, metabolic, and inflammatory outcomes. This adaptor specificity raises
key questions about how different downstream pathways determine the quality and
magnitude of inflammation. Future research should apply high-resolution multi-omics,
including single-cell RNAseq, proteomics, and spatial imaging, to dissect the cell type and
tissue-specific contributions of these adaptors in vivo. Particular attention should be given to
the ribosomal stress and calcium-dependent signaling signatures observed upon TIRAP
deficiency, as they may represent unconventional immune-regulatory axes linking stress

responses to inflammation.
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7.3 TLR2 and the microbiome interface

The zebrafish model established in this work provides a tractable system to explore how
TLR2 shapes host-microbiome symbiosis. Future investigations should move beyond mono-
association studies and explore complex microbial communities using gnotobiotic
recolonization and defined bacterial consortia. Integrating single-cell host transcriptomics
with bacterial metatranscriptomics will enable a spatially resolved understanding of host-
microbe communication at the mucosal barrier. Such approaches may identify specific
microbial taxa, metabolites, or pattern-recognition signatures that drive tolerance versus

inflammation through TLR2-dependent mechanisms.
7.4 TLR2 in mycobacterial infection and translational relevance

Our zebrafish infection models revealed that the TLR2-microbiome axis influences
mycobacterial dissemination and immune control in the gut. Extending these findings to
different Mycobacterium species, and to co-infection or antibiotic-perturbed microbiota
contexts, will clarify the generality of these mechanisms. From a translational perspective,
TLR2 and its adaptor network represent promising therapeutic targets for nontuberculous
mycobacterial infections and inflammatory bowel diseases. Future research combining host
genetic modulation with microbiome-based interventions such as probiotic consortia or
metabolite supplementation may pave the way toward precision immunometabolic therapies

that restore mucosal balance without compromising antimicrobial defense.

Overall, the translational relevance of TLR2 signaling should be further explored in
mammalian models and human systems. The parallels between our zebrafish findings and
pathological processes in Johne’s disease and Crohn’s disease suggest that TLR2 modulation
could be harnessed for therapeutic benefit. Chemical screening in zebrafish, as demonstrated
with the TLR2 inhibitor C29, could provide a pipeline for identifying novel host-directed
therapies against metabolic disorders, chronic inflammation, and mycobacterial infections.
Future research should aim to integrate molecular, cellular, and ecological perspectives to
build a systems-level understanding of TLR2 signaling. Such integrative approaches will not
only deepen our knowledge of host physiology but also advance the development of targeted

therapies that exploit the TLR2-microbiome-metabolism axis to improve human health.
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8. Concluding remarks

The work presented in this thesis establishes TLR2 as a central coordinator of vertebrate
physiology, linking metabolic regulation, inflammatory signaling, infection control, and host-
microbiome interactions. We show that TLR2 and its adaptor protein TIRAP maintain
glucose homeostasis under unchallenged conditions, couple metabolic state to leukocyte
migration during wounding, and especially TLR2 regulates macrophage behavior and
dissemination dynamics during nontuberculous mycobacterial infection. Extending beyond
immunity, TLR2 also shapes the diversity and functional potential of the gut microbiome
across developmental stages, highlighting its role as a molecular interface between host

metabolism, microbial communities, and immune defense.

By integrating microbial sensing with metabolic regulation, leukocyte dynamics, and
microbiome control, the TLR2 signaling axis emerges as a central hub in vertebrate
immunometabolism. Using zebrafish transcriptomic, metabolomic, and gnotobiotic models,
this work demonstrates that TLR2 modulates both immune responses and microbial
communities, underscoring its potential as a therapeutic target in metabolic disorders,

inflammatory diseases, and mycobacterial infections in humans.

206



Chapter 6

References

[1] R.W. Himes, C.W. Smith, TIr2 is critical for diet-induced metabolic syndrome in a murine
model, FASEB J 24(3) (2010) 731-9.

[2] AM. Caricilli, P.H. Nascimento, J.R. Pauli, D.M. Tsukumo, L.A. Velloso, J.B.
Carvalheira, M.J. Saad, Inhibition of toll-like receptor 2 expression improves insulin
sensitivity and signaling in muscle and white adipose tissue of mice fed a high-fat diet, J
Endocrinol 199(3) (2008) 399-406.

[3] W. Hu, H.P. Spaink, The Role of TLR2 in Infectious Diseases Caused by Mycobacteria:
From Cell Biology to Therapeutic Target, Biology (Basel) 11(2) (2022).

[4] B.E.V. Koch, S. Yang, G. Lamers, J. Stougaard, H.P. Spaink, Intestinal microbiome
adjusts the innate immune setpoint during colonization through negative regulation of
MyD88, Nat Commun 9(1) (2018) 4099.

[5] L.A. O'Neill, R.J. Kishton, J. Rathmell, A guide to immunometabolism for immunologists,
Nat Rev Immunol 16(9) (2016) 553-65.

[6] R.LK. Geltink, R.L. Kyle, E.L. Pearce, Unraveling the Complex Interplay Between T Cell
Metabolism and Function, Annu Rev Immunol 36 (2018) 461-488.

[7] A. Viola, F. Munari, R. Sanchez-Rodriguez, T. Scolaro, A. Castegna, The Metabolic
Signature of Macrophage Responses, Front Immunol 10 (2019) 1462.

[8] W. Hu, L. van Steijn, C. Li, F.J. Verbeek, L. Cao, R.M.H. Merks, H.P. Spaink, A Novel
Function of TLR2 and MyD88 in the Regulation of Leukocyte Cell Migration Behavior
During Wounding in Zebrafish Larvae, Front Cell Dev Biol 9 (2021) 624571.

[9] Y. Luan, N. Tang, J. Yang, S. Liu, C. Cheng, Y. Wang, C. Chen, Y.N. Guo, H. Wang, W.
Zhao, Q. Zhao, W. Li, M. Xiang, R. Ju, Z. Xie, Deficiency of ribosomal proteins reshapes the
transcriptional and translational landscape in human cells, Nucleic Acids Res 50(12) (2022)
6601-6617.

[10] M. Caterino, C. Corbo, E. Imperlini, M. Armiraglio, E. Pavesi, A. Aspesi, F. Loreni, L.
Dianzani, M. Ruoppolo, Differential proteomic analysis in human cells subjected to
ribosomal stress, Proteomics 13(7) (2013) 1220-7.

[11] D. Poddar, A. Basu, W.M. Baldwin, 3rd, R.V. Kondratov, S. Barik, B. Mazumder, An
extraribosomal function of ribosomal protein L13a in macrophages resolves inflammation, J
Immunol 190(7) (2013) 3600-12.

[12] A. Basu, D. Poddar, P. Robinet, J.D. Smith, M. Febbraio, W.M. Baldwin, 3rd, B.
Mazumder, Ribosomal protein L13a deficiency in macrophages promotes atherosclerosis by
limiting translation control-dependent retardation of inflammation, Arterioscler Thromb Vasc
Biol 34(3) (2014) 533-42.

[13] M. Vicente-Manzanares, J. Zareno, L. Whitmore, C.K. Choi, A.F. Horwitz, Regulation of
protrusion, adhesion dynamics, and polarity by myosins IIA and IIB in migrating cells, J Cell
Biol 176(5) (2007) 573-80.

[14] A.D. Doyle, M.L. Kutys, M.A. Conti, K. Matsumoto, R.S. Adelstein, K.M. Yamada,
Micro-environmental control of cell migration--myosin IIA is required for efficient migration
in fibrillar environments through control of cell adhesion dynamics, J Cell Sci 125(Pt 9)
(2012) 2244-56.

207



Chapter 6

[15] K. Bera, A. Kiepas, I. Godet, Y. Li, P. Mehta, B. Ifemembi, C.D. Paul, A. Sen, S.A. Serra,
K. Stoletov, J. Tao, G. Shatkin, S.J. Lee, Y. Zhang, A. Boen, P. Mistriotis, D.M. Gilkes, J.D.
Lewis, C.M. Fan, A.P. Feinberg, M.A. Valverde, S.X. Sun, K. Konstantopoulos, Extracellular
fluid viscosity enhances cell migration and cancer dissemination, Nature 611(7935) (2022)
365-373.

[16] M. Pillon, P. Doublet, Myosins, an Underestimated Player in the Infectious Cycle of
Pathogenic Bacteria, Int J Mol Sci 22(2) (2021).

[17] C. Antony, S. Mehto, B.K. Tiwari, Y. Singh, K. Natarajan, Regulation of L-type Voltage
Gated Calcium Channel CACNAIS in Macrophages upon Mycobacterium tuberculosis
Infection, PLoS One 10(4) (2015) e0124263.

[18] M. Mittal, M.R. Siddiqui, K. Tran, S.P. Reddy, A.B. Malik, Reactive oxygen species in
inflammation and tissue injury, Antioxid Redox Signal 20(7) (2014) 1126-67.

[19] S. Paredes-Zuniga, Morales, R. A., Mufioz-Sanchez, S., Mufioz-Montecinos, C., Parada,
M., Tapia, K., Rubilar, C., Allende, M. L., & Pefia, O. A., CXCL12a/CXCR4b acts to retain
neutrophils in caudal hematopoietic tissue and to antagonize recruitment to an injury site in
the zebrafish larva, Immunogenetics 69 (2017) 9.

[20] L. Chen, L. Zhang, H. Hua, L. Liu, Y. Mao, R. Wang, Interactions between toll-like
receptors signaling pathway and gut microbiota in host homeostasis, Immun Inflamm Dis
12(7) (2024) e1356.

[21] D. Bonamonte, De Vito, D., Vestita, M., Delvecchio, S., Ranieri, L. D., Santantonio, M.,
& Angelini, G., Aquarium-borne Mycobacterium marinum skin infection. Report of 15 cases
and review of the literature, European journal of dermatology : EJD 23 (2013) 7.

[22] M. Nguyen-Chi, B. Laplace-Builhe, J. Travnickova, P. Luz-Crawford, G. Tejedor, G.
Lutfalla, K. Kissa, C. Jorgensen, F. Djouad, TNF signaling and macrophages govern fin
regeneration in zebrafish larvae, Cell Death Dis 8(8) (2017) €2979.

[23] W. Hu, B.E.V. Koch, G.E.M. Lamers, G. Forn-Cuni, H.P. Spaink, Specificity of the
innate immune responses to different classes of non-tuberculous mycobacteria, Front
Immunol 13 (2022) 1075473.

[24] C.J. Cambier, K.K. Takaki, R.P. Larson, R.E. Hernandez, D.M. Tobin, K.B. Urdahl, C.L.
Cosma, L. Ramakrishnan, Mycobacteria manipulate macrophage recruitment through
coordinated use of membrane lipids, Nature 505(7482) (2014) 218-22.

[25] H.E. Volkman, T.C. Pozos, J. Zheng, J.M. Davis, J.F. Rawls, L. Ramakrishnan,
Tuberculous granuloma induction via interaction of a bacterial secreted protein with host
epithelium, Science 327(5964) (2010) 466-9.

[26] W. Hu, Yang, S., Shimada, Y., Miinch, M., Marin-Juez, R., Meijer, A. H., & Spaink, H. P.,
Infection and RNA-seq analysis of a zebrafish tlr2 mutant shows a broad function of this toll-
like receptor in transcriptional and metabolic control and defense to Mycobacterium marinum
infection, BMC genomics 20 (2019) 878.

[27] A. Gopalakrishnan, P. Salgame, Toll-like receptor 2 in host defense against
Mycobacterium tuberculosis: to be or not to be-that is the question, Curr Opin Immunol 42
(2016) 76-82.

208



Chapter 6

[28] M.L. Donovan, H. Bielefeldt-Ohmann, R.F. Rollo, S.J. McPherson, T.E. Schultz, G.
Mori, J.C. Kling, A. Blumenthal, Distinct contributions of the innate immune receptors TLR2
and RP105 to formation and architecture of structured lung granulomas in mice infected with
Mycobacterium tuberculosis, Immunology 169(1) (2023) 13-26.

[29] C. Jani, Solomon, S. L., Peters, J. M., Pringle, S. C., Hinman, A. E., Boucau, J., Bryson,
B. D., & Barczak, A. K., TLR2 is non-redundant in the population and subpopulation
responses to Mycobacterium tuberculosis in macrophages and in vivo, mSystems 8 (2023).
[30] T.L. Lin, Y.L. Kuo, J.H. Lai, C.C. Lu, C.T. Yuan, C.Y. Hsu, B.S. Yan, L.S. Wu, T.S. Wu,
J.Y. Wang, CJ. Yu, H.C. Lai, J.C. Shu, C.C. Shu, Gut microbiota dysbiosis-related
susceptibility to nontuberculous mycobacterial lung disease, Gut Microbes 16(1) (2024)
2361490.

[31] R.J. Chiodini, W.M. Chamberlin, J. Sarosiek, R.W. McCallum, Crohn's disease and the
mycobacterioses: a quarter century later. Causation or simple association?, Crit Rev
Microbiol 38(1) (2012) 52-93.

[32] T.J. Borody, S. Dolai, A.W. Gunaratne, R.L. Clancy, Targeting the microbiome in
Crohn's disease, Expert Rev Clin Immunol 18(9) (2022) 873-877.

[33] Y. Yaman, R. Aymaz, M. Keles, V. Bay, C. Un, M.P. Heaton, Association of TLR2
haplotypes encoding Q650 with reduced susceptibility to ovine Johne's disease in Turkish
sheep, Sci Rep 11(1) (2021) 7088.

[34] A. Qasem, A.E. Naser, S.A. Naser, Enteropathogenic infections modulate intestinal
serotonin transporter (SERT) function by activating Toll-like receptor 2 (TLR-2) in Crohn's
disease, Sci Rep 11(1) (2021) 22624.

[35] D. Zapico, J. Espinosa, M. Criado, D. Gutierrez, M.D.C. Ferreras, J. Benavides, V. Perez,
M. Fernandez, Immunohistochemical expression of TLR1, TLR2, TLR4, and TLR9 in the
different types of lesions associated with bovine paratuberculosis, Vet Pathol 62(3) (2025)
305-318.

[36] D.J. Weiss, C.D. Souza, O.A. Evanson, M. Sanders, M. Rutherford, Bovine monocyte
TLR2 receptors differentially regulate the intracellular fate of Mycobacterium avium subsp.
paratuberculosis and Mycobacterium avium subsp. avium, J Leukoc Biol 83(1) (2008) 48-55.

209





