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RESUME SUBSTANTIEL

Le poisson zébre (Danio Rerio) est un petit poisson appartenant a la famille des cyprinidés et déja
largement utilisé pour la recherche associée au développement, a la régénération et a la toxicologie.
L'année dernicre, le poisson zebre a démontré son potentiel dans la recherche sur les interactions
hote-pathogéne. Ce modéele de poisson présente un degré €levé de transparence et un temps de
génération rapide. Ces deux caractéristiques sont fondamentales pour le criblage a haut contenu et
l'observation directe de la dissémination des pathogénes dans des larves vivantes entiéres. En outre,
le systétme immunitaire inné du poisson zebre est composé de leucocytes (c'est-a-dire de
macrophages et de neutrophiles), et sa signalisation est baséee sur des cytokines dont linterféron,
conservant ainsi un degré ¢élevé de similitudes avec I'homme. Une autre caractéristique importante
du poisson zebre est la possibilité de manipuler facilement sa génétique grace a des systémes tels
que le morpholino, la transposase Tol2 et CRISPR. Cela nous a permis de générer des lignées de
poissons zebres transgéniques afin de réguler l'expression de genes cibles ou d'associer des

fluorophores spécifiques (par exemple GFP et mCherry) a des protéines.

Dans cette thése, nous allons confronter ce modele a différents pathogenes (virus Sindbis, SARS-
COV2 et Legionella pneumophila) afin de mettre en lumicre les aspects positifs et négatifs de
I'expérimentation sur le poisson zebre tout en répondant a des questions biologiques importantes

et en développant de nouveaux outils/approches expérimentaux.

Le virus Sindbis (SINV) est un alphavirus 8 ARN positif simple brin transmis par des arthropodes
(principalement des moustiques) et capable d'infecter 'homme. Cet arbovirus est largement utilisé
comme mod¢ele d'encéphalite virale, mais, malgré des études approfondies sur des souris, les

mécanismes d'invasion du cerveau et de réponse immunitaire restent encore largement a ¢élucider.

En utilisant les outils générés par Gabriella Passoni dans le laboratoire, nous nous sommes
concentrés sur : 1) identifier la voie d'invasion du cerveau exploitée par le SINV, 2) le role du
systeme interféron dans le contrdle de l'infection, et 3) explorer la possibilité d'utiliser ce projet
pour développer des modeles mathématiques capables de faire la lumiére sur des parameétres

difficilement mesurables par 1'expérimentation in vivo.



En utilisant des constructions virales exprimant des rapporteurs fluorescents, nous avons suivi la
propagation du SINV de la périphérie au cerveau. Nous avons montré que le SINV préfére infecter
les fibres musculaires au cours de la premiére vague réplicative, ou il génére une infection avec
une propagation de cellule a cellule multidirectionnelle et transitoire. Grace au criblage a haut
contenu et a I'imagerie a haute résolution, nous avons identifi¢ la population cellulaire impliquée
dans la progression de l'infection et nous avons multiplex¢ les données d'imagerie avec la mesure
de l'expression génétique de I'immunité antivirale du poisson-ze¢bre. Nous avons identifié¢ dans les
ganglions rachidiens (DRG) la principale porte d'acces au SNC utilisée par le SINV pour atteindre
le cerveau. Grace aux techniques utilisées, il a été possible d'observer directement la propagation
de l'infection dans les populations du SNC. Outre les DRG, SINV s'est avéré capable d'infecter les
interneurones et les motoneurones, en exploitant le réseau dense d'interconnexions axonales entre
les neurones. Les résultats ont montré la présence de trois systémes différents de propagation
axonale ou de cellule a cellule utilisés par le SINV pour envahir le SNC, ce qui laisse entrevoir la
possibilité d'un role de réservoir viral pour la moelle épini¢re. Nous avons associé ces résultats a
une nouvelle perspective sur l'activité de l'interféron. En utilisant des techniques expérimentales
pour minimiser la réponse de l'interféron a l'infection, nous avons montré que l'interféron de type
I joue un role essentiel dans le controle de l'infection périphérique et de sa résolution. Les données
obtenues ont été traitées et traduites en un modele mathématique d'équations capable de simuler
I'évolution de l'infection dans et hors du SNC, tant en l'absence qu'en présence d'une réponse
interféron. Ce modele nous a permis d'obtenir des informations qu'il n'est normalement pas facile
de mesurer expérimentalement in vivo. Par exemple, nous avons identifié le principal mécanisme
de controle de l'infection par l'interféron et la quantité théorique de virions infectieux générés par
chaque cellule infectée et productive. Pour atteindre ces résultats, de nouvelles approches et
technologies ont été développées. Par exemple, de nouveaux protocoles d'anesthésie combinatoire
permettent de réduire la toxicité des procédures d'imagerie de longue durée et de réduire la
variabilité associée. En outre, pour maximiser l'efficacité expérimentale et réduire le nombre
d'échantillons requis, de nouveaux flux de travail expérimentaux ont été créés pour multiplexer les
protocoles d'imagerie a haut contenu et d'analyse de I'expression génique, associés au
développement de nouveaux supports physiques pour la microscopie et de logiciels pour l'analyse

d'images.



Le SARS-Cov2 est un virus a ARN monocaténaire positif enveloppé qui fait partie de la famille
trés diversifiée des coronavirus (CoVs). Pendant la pandémie, pour répondre au besoin pressant
d'un modele animal capable de répondre rapidement aux questions biologiques posées par ce virus,
nous avons exploré la possibilit¢ d'utiliser des larves de poisson zebre. Pour réaliser des
expériences sur ce pathogéne, nous avons créé¢ un nouveau protocole d'infection et
d'expérimentation du poisson z¢bre dans des laboratoires de niveau de biosécurité 3. Dans un
premier temps, nous avons testé différents critéres d'injection, tels que la position et la
concentration, afin de déterminer la combinaison optimale. Pour tenter de quantifier la présence
de la transcription virale associée a la protéine N, nous avons utilis¢ la qRT-PCR sur les brins
positifs et négatifs de I'ARN viral. Nous avons testé plusieurs souches différentes, ce qui a entrainé
l'absence d'infection et de réplication dans la plupart des sites. En concentrant nos efforts sur la
vessie natatoire, un organe aérien souvent utilis¢é comme modele pour l'infection des poumons,
nous avons réussi a infecter systématiquement la partie caudale de cet organe. Les larves infectées
dans la vessie natatoire présentent des résultats positifs a la fois par marquage par
immunohistochimie et par qRT-PCR de I'ARN viral antisens. Cette derniére montre que le cycle
de réplication du SARS-COV?2 dans la vessie natatoire s'arréte aprés la production d'ARN viral
antisens, ne parvenant pas a achever la réplication du virus. Malheureusement, cela indique une
réplication virale avortée du SARS-COV2, qui réussit a infecter les cellules de la vessie natatoire,
mais ne parvient pas a s'y multiplier et a infecter le reste de la larve. Nous avons étudié I'importance
du récepteur ACE2 dans cette infection. Nous avons partiellement humanisé les larves en utilisant
des plasmides contenant des constructions ACE2 humaines associées au rapporteur mCherry. Nous
avons d'abord testé cette construction sur des cellules, observant une augmentation de 100 fois de
l'infection, puis nous avons injecté cette construction sous le controle d'un promoteur ubiquitiné
dans le poisson zebre, obtenant un modele d'expression mosaique. Chez les larves, 1'expression de

I'"ACE2 humain n'a pas augment¢ le taux d'infection.

Enfin, nous avons généré une nouvelle lignée de poisson zeébre transgénique qui bloque
I'expression des interférons phil, phi2 et phi3, bloquant ainsi complétement la réponse a
l'interféron. La encore, le taux d'infection du SARS-COV2 chez les larves de poisson z&bre n'a pas
augmenté, ce qui démontre que la réplication avortée dans ce modele est due a d'autres facteurs

intracellulaires.



En outre, de nouvelles avancées dans les techniques d'humanisation du poisson zébre ont été
réalisées ces derniéres années, ce qui laisse présager une meilleure manipulation génétique de ce

modeéle.

Bien que le poisson ze¢bre de type sauvage ne se soit pas révélé étre un modele prét a I'emploi pour
I’infection par SARS-CoV2, ce projet nous a permis de définir les bases d'une recherche plus
approfondie visant a identifier la cause de la réplication avortée, car elle pourrait étre utilisée pour

de futures applications thérapeutiques.

Un autre agent pathogéne humain présenté dans cette thése est Legionella pneumophila.
L. pneumophila est une bactérie gram-négative, non sporogéne, non capsulante et aérobie.
L. pneumophila est a 'origine de la maladie du légionnaire (LD) et fait partie de la famille des
Legionellaceae. Cette bactérie est tres dangereuse dans la société moderne, car elle est
extrémement résistante et préfeére se reproduire dans des endroits humides, tels que les systémes
de ventilation ou d'eau. En fait, ce pathogéne est beaucoup plus présent dans les environnements

urbains que dans les environnements ruraux.

Nous avons caractérisé la dynamique d'infection de Legionella chez les larves de poisson zebre.
Nous avons d'abord identifié les voies d'infection militantes pour le poisson zebre et quantifié
l'activité des leucocytes dans la lutte contre cette infection. Les résultats ont montré que la réponse
immunitaire a l'infection par Legionella est médiée par les macrophages. En outre, nous avons
observé la dynamique de la dissémination de ce pathogene dans le corps du poisson zebre. Grace
a cela, nous avons découvert une nouvelle dynamique d'infection du vitellus, jamais observée
auparavant chez Legionella. Le vitellus est un organe essentiel au développement et a la survie du
poisson zébre. Cet organe est organis¢ en une seule macrocellule et est séparé par plusieurs
barrieres du reste du corps du poisson-zebre, avec lequel il échange constamment des nutriments.
En fait, jusqu'a environ 6 jours apres la fécondation, le vitellus est la réserve de nutriments du
poisson-zebre. En fait, le vitellus est imperméable au passage des leucocytes en son sein et peut
représenter un tissu de fuite pour l'agent pathogéne. Myd88 est une protéine adaptatrice de la
réponse immunitaire médiée par les récepteurs Toll-like (TLR). Chez la souris, la présence de cette
protéine est essentielle pour I'activation précoce du systéme immunitaire en cas d'infection par la
légionelle, en activant l'inflammation et en recrutant des leucocytes. Chez I'homme, en revanche,

Myd88 n'a pas de rdle essentiel.
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En nous appuyant sur les similitudes du systéme immunitaire de 'homme et du poisson zebre, nous
avons utilisé une lignée de poisson zebre avec une expression knock-out de Myd88, observant que
méme chez le poisson zebre, cette protéine n'est pas essentielle, comme chez 'homme. De plus,
nous avons constaté que ce type d'infection dépend de la présence du systéme de sécrétion T4SS.
En utilisant des souches bactériennes mutantes pour des génes associés a la virulence et a 1'évasion
du systéme immunitaire, seules les bactéries dépourvues du systéme de sécrétion T4SS étaient
incapables de pénétrer dans le vitellus et étaient éliminées par le systéme immunitaire en peu de
temps. Des études récentes émettent I'hypothése d'un role du T4SS dans la transformation et le
métabolisme des nutriments, en particulier des acides gras, dont le jaune d'ceuf regorge. Ainsi,
l'infection du vitellus que nous démontrons dans cet article pourrait étre associée non seulement a

I'évasion du systéme immunitaire, mais aussi a l'utilisation optimale de nutriments plus complexes.

Dans l'ensemble, cette thése a confirmé le réle du poisson zebre en tant que modele ré-émergent
pour les interactions entre I'hdte et le pathogeéne. Nous avons répondu a des questions biologiques
importantes, tout en produisant de nouveaux moyens d'étudier efficacement les interactions hote-

pathogene et de définir des stratégies a long terme pour ce type d'expérimentation.
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RESUME COURT

Titre :
Un voyage avec un poisson : Explorer le poisson zébre comme modele pour étudier les interactions
héte-pathogene

Résumé :

Le poisson zebre est de plus en plus utilis¢ comme organisme modéle pour I'étude des interactions
héte-pathogene. Cela est dii a un certain nombre d'avantages, notamment son degré ¢levé de
transparence, son temps de génération rapide et son systéme immunitaire conservé. Dans cette these,
nous avons utilisé le poisson zébre pour étudier 'infection par trois pathogeénes différents : le virus
Sindbis (SINV), le SARS-CoV-2 et Legionella pneumophila.

Nous avons d'abord étudi¢ la voie d'invasion du cerveau exploitée par le SINV. En utilisant des virus
marqués par fluorescence, nous avons pu suivre la progression de l'infection de la périphérie au
cerveau. Nous avons identifié les ganglions des racines dorsales comme la porte d'entrée vers le SNC
utilisée par le SINV pour atteindre le cerveau. Nous avons également constaté que le SINV utilise
trois systémes de propagation axonal ou cellule a cellule différents pour envahir le SNC.

Nous avons ensuite exploré l'utilisation du poisson zeébre comme modéle d'infection par le SARS-
CoV-2. Nous avons développé un nouveau protocole d'infection et d'expérimentation du poisson
zeébre dans des laboratoires de biosécurité de niveau 3. Nous avons testé plusieurs souches différentes
de SARS-CoV-2 et avons pu infecter la partie caudale de la vessie natatoire de maniere cohérente.
Cependant, l'infection a entrainé une réplication virale abortive et aucune propagation ultérieure.
Nous avons étudié le role du récepteur ACE2 dans cette infection et généré un modele de poisson
zebre humanisé pour cette protéine, mais cela n'a pas chang¢ le résultat.

Enfin, nous avons utilisé le poisson zébre pour étudier l'infection par Legionella pneumophila. Nous
avons caractérisé la dynamique d'infection de Legionella chez les larves de poisson zebre et observé
une dynamique particuliére d'infection du jaune. Nous avons constaté que la réponse immunitaire a
l'infection par Legionella est médiée par les macrophages. Nous avons également utilisé une lignée
de poisson zebre avec une expression knock-out de Mydd88 pour établir une corrélation avec la
réponse immunitaire humaine et nous avons confirmé que, contrairement aux souris, le poisson zebre
présente le méme phénotype. Enfin, nous avons identifié une nouvelle caractéristique de 1'infection
par Legionella chez le poisson zebre, a savoir que la bactérie peut infecter le jaune de maniére
dépendante du T4SS pour échapper a la clairance par les leucocytes et absorber les nutriments.

Dans I'ensemble, cette thése démontre le potentiel du poisson zebre en tant qu'organisme modéle
pour I'étude des interactions hote-pathogene. Nous avons répondu a des questions biologiques
importantes tout en développant de nouveaux outils et approches pour ce type de recherche.

Mots clefs : Zebrafish, Danio rerio, systéme immunitaire, virus Sindbis, SARS-CoV-2, Legionella
pneumophila, virus, bactérie, leucocytes, macrophages, neutrophiles, neurones, systéme nerveux
central, infection, interféron, systéeme de sécrétion de type IV

12



SUMMARY

In the latest year, Zebrafish (Danio rerio) demonstrated its potential in host-pathogen interaction
research. This fish model has a high degree of transparency and a fast generation time, both these
characteristics are fundamental for high-content screening and direct observation of pathogens
dissemination in whole live larvae. Furthermore, the zebrafish innate immune system is comprised
of leucocytes (i.e., macrophages and neutrophils), and it is interferon-based, conserving a high

degree of similarities with humans.

In this thesis, we will challenge this model with different pathogens (Sindbis virus, SARS-COV2,
and Legionella pneumophila) to highlight light positive and negative sides of zebrafish
experimentation while answering important biological questions and developing new experimental

tools/approaches.

Sindbis virus (SINV) is a single-stranded positive RNA alphavirus transmitted by arthropods
(mostly mosquitos) and able to infect humans. This arbovirus is largely used as a model for viral
encephalitis, but, despite extensive studies on mice, the mechanisms of brain invasion and immune
response are still largely to be elucidated. Using tolls generated by Gabriella Passoni in the lab, we
focused on: 1) identifying the route of brain invasion exploited by SINV, 2) the role of the
interferon system in controlling infection, and 3) exploring the possibility of using this project to
develop mathematical models able to shed light on parameters not easily measurable by in vivo

experimentation.

Using viral construct expressing fluorescent reporters we followed the propagation of SINV from
the periphery to the brain. Through high-content screening and high-resolution imaging, we
identified the cellular population involved in the progression of the infection and multiplexed the
imaging data with genetic expression measurement of zebrafish antiviral immunity. We identified
in dorsal Root Ganglia (DRG) the gateway to access the CNS used by SINV to reach the brain.
Furthermore, results showed the presence of three different axonal or cell-to-cell propagation
systems used by SINV to invade the CNS, hinting at the possibility of a role viral reservoir for the
spinal cord. We coupled these findings with a new perspective on the activity of interferon in
controlling the infection outside the CNS and used the data obtained to recapitulate the dynamics

observed in a mathematical model.
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SARS-Cov2 is an enveloped positive single-strand RNA virus part of the highly diverse
coronaviruses (CoVs) family. During the pandemic, to answer the pressing need for an animal
model able to answer rapidly the biological question created by this virus, we explored the possible
use of zebrafish larvae. To perform experiments on this pathogen we created a novel protocol for
zebrafish infection and experimentation in biosafety level 3 laboratories. We tested several
different strains resulting in a lack of infection and replication in most of the sites. Upon
concentrating our effort on the swim bladder, an organ often used as a model for bladder and lung
infection, we manage to infect consistently the caudal part of this organ. Unfortunately, this
infection resulted in an abortive viral replication and no further propagation of SARS-Cov2. We
investigated the relevance of the ACE2 receptor in this infection, generating a humanized zebrafish
model for this protein, but it didn’t change the outcome. Although wild-type zebrafish didn’t prove
a ready-to-use model, in this project we still defined the basis for further investigation aimed at
pinpointing the cause of the abortive replication, as it may be used for future therapeutic

applications.

Lastly, we used Legionella pneumophila as a pathogen; a gram-negative, non-sporogenous, non-
capsule forming, and aerobic bacteria. Legionella pneumophila is the cause of Legionnaires
disease (LD), and it is part of the Legionellaceae family. We characterized the infection dynamics
of Legionella in zebrafish larvae, observing a peculiar dynamic of yolk infection. Results showed
that the immune response to Legionella infection is macrophage-mediated. Furthermore, we used
a zebrafish line with knock-out Mydd88 expression to correlate with human immune response and
confirmed that contrary to mice, zebrafish show the same phenotype. Lastly, we identified a new
feature of Legionella in zebrafish infection, that can infect the yolk in a T4SS-dependent way to

escape clearance by leucocytes and be able to absorb nutrients.

Altogether, in this thesis, we confirmed the role of zebrafish as a re-emerging model for host-
pathogen interactions. We answered important biological questions while producing new means to
proficiently investigate the host-pathogen interactions and define long-term strategies for this type

of experimentation.
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SHORT SUMMARY

Title :

A journey with a fish: Exploring zebrafish as a model to study host-pathogen interaction.

Abstract :

Zebrafish are increasingly being used as a model organism to study host-pathogen interactions. This is
due to a number of advantages, including their high degree of transparency, fast generation time, and
conserved immune system. In this thesis, we used zebrafish to study infection with three different
pathogens: Sindbis virus (SINV), SARS-CoV-2, and Legionella pneumophila.

We first investigated the route of brain invasion exploited by SINV. Using fluorescently labeled
viruses, we were able to track the progression of infection from the periphery to the brain. We identified
dorsal root ganglia as the gateway to the CNS used by SINV to reach the brain. We also found that
SINV uses three different axonal or cell-to-cell propagation systems to invade the CNS.

We then explored the use of zebrafish as a model for SARS-CoV-2 infection. We developed a novel
protocol for zebrafish infection and experimentation in biosafety level 3 laboratories. We tested several
different strains of SARS-CoV-2 and were able to infect the caudal part of the swim bladder in a
consistent manner. However, infection resulted in abortive viral replication and no further propagation.
We investigated the role of the ACE2 receptor in this infection and generated a humanized zebrafish
model for this protein, but this did not change the outcome.

Finally, we used zebrafish to study Legionella pneumophila infection. We characterized the infection
dynamics of Legionella in zebrafish larvae and observed a peculiar dynamic of yolk infection. We
found that the immune response to Legionella infection is macrophage mediated. We also used a
zebrafish line with knock-out Mydd88 expression to correlate with the human immune response and
confirmed that, contrary to mice, zebrafish show the same phenotype. Lastly, we identified a new
feature of Legionella infection in zebrafish, that the bacteria can infect the yolk in a T4SS-dependent
way to escape clearance by leucocytes and absorb nutrients.

Overall, this thesis demonstrates the potential of zebrafish as a model organism for studying host-

pathogen interactions. We answered important biological questions while also developing new tools
and approaches for this type of research.

Keywords : Zebrafish, Danio rerio, Immune system, Sindbis, SARS-COV2, Legionella, virus,
bacteria, leucocytes, macrophages, neutrophils, neurons, CNS, infection, interferon, T4SS
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A JOURNEY WITH A FISH: EXPLORING
ZEBRAFISH AS A MODEL TO STUDY HOST-

PATHOGEN INTERACTION
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Chapter 1: Introduction
1.1 General introduction to zebrafish

Danio rerio, commonly known as the zebrafish, is a cyprinid fish that was first described by
Francis Hamilton in 1822, in his analysis of all the aquatic species normally living in the Ganges
River, India (Hamilton and Hamilton, 1822). Hamilton noted that the fish was "beautiful," with
"several blue and silver stripes on each side," which led to its colloquial name. The scientific name
of the zebrafish has undergone several changes, but the most recent and accepted name is Danio
rerio. This little fish can be found in most of the Indian subcontinent (Figure 1) including Pakistan,
Bangladesh, Nepal, and Bhutan (Parichy, 2015a). Although Hamilton found this fish in the
Ganges, its natural habitat is slow-paced streams, stagnant pools, and rice paddies. The water in
these habitats can be clear or muddy, and it is often rich in vegetation. This vegetation helps to

camouflage the zebrafish from predators.

Zebrafish are adaptable fish and can survive in a wide range of physical conditions in the wild.
They can live in water with temperatures ranging from 12 to 39 degrees Celsius, they can tolerate
pH levels from 5.9 to 9.8 (Arunachalam et al., 2013; Spence et al., 2006), and they can also survive
in water with low salinity levels. This adaptability makes zebrafish well-suited for use in research.

In stable laboratory conditions, zebrafish require more stringent conditions to remain healthy.
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Figure 1: Zebrafish and their geographic range.

A) Historic and more recent sites where zebrafish have been reported in India, Nepal, Bangladesh,
and possibly Myanmar (Spence et al., 2006, Engeszer et al., 2007b; Spence et al., 2008; Whiteley
et al., 2011; Arunachalam et al., 2013). B) Zebrafish from several populations in northeastern
India (Engeszer et al., 2007b). The upper two fish are males and the lower two fish are females;
males tend to have a slightly yellow cast ventrally. C) A group of zebrafish (a single fish is
highlighted with the arrow) in a stream-side pool in Meghalaya, India, north of Bangladesh. Scale
bar: 5 mm B). Source (Parichy, 2015b)
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Zebrafish are omnivores, eating insects, small zooplankton, and vegetal material (Engeszer et al.,
2007; McClure et al., 2006). In captivity, zebrafish alimentations are standardized depending on
the developmental stage. In the first larval stages zebrafish use the nutrients contained in the yolks
to sustain themselves, but around 6-7 days post fertilization the yolk is depleted (Charles B.
Kimmel et al., 1995). Until 30-40 days post fertilization, when the fish are considered juveniles,
the larvae are fed with rotifers and paramecia, to mimic the zooplankton normally eaten by
zebrafish in nature. At the juvenile sage, the alimentation switches to the pellet, whose size
progressively increases with zebrafish aging. The basic composition of these pellets is
standardized, but it may partially change between different producers, normally it is good practice
to integrate this diet with live food. As nutritional supplements, often used brine shrimps, daphnia,
and bloodworms, although daphnia is preferred as they are easy to cultivate and control in
laboratories (Ramsay et al., 2009). The debate on the optimal nutrition for zebrafish in captivity is
still open, as it is widely accepted that it still needs optimization, as zebrafish have a variegated
and active diet in nature. Indeed, further optimization can further improve the resilience of
zebrafish in captivity, increasing resistance to pathogens and stress (Kent et al., 2009; Tsang et al.,

2020).

Both lab and wild zebrafish have a highly developed sociality, tending to form shoals to protect
themselves from predators (Engeszer et al., 2004; Mahabir et al., 2013; Peichel, 2004). Zebrafish
develop and transmit to their progeny their “social imprinting”, demonstrating a high variability
depending on the pool of zebrafish observed, regardless of their isolation in the wild or in the lab

(Martins and Bhat, 2014; Oswald et al., 2012; Robison and Rowland, 2011).

Even during mating, a stereotyped process, an intricate hierarchical relationship between males
and females can form, affecting embryo production (Paull et al., 2010; Spence et al., 2007). The
female chooses the male, partially depending on the mating ritual (the male quivering and pushing
the female), and drives him to the oviposition sites (Paull et al., 2010; Spence et al., 2007). To add
to this variability, in nature zebrafish procreate every monsoon season, laying thousands of eggs,
but in the laboratory this process can be monthly, if not weekly, affecting the efficiency of embryo

generations.

24



Furthermore, the insensibility of the handler to the fine social and environmental parameters in
zebrafish husbandry generates a relevant variability in oviposition and fecundity of the fishes and
affects, the time, magnitude, and quality of embryos (Abdollahpour et al., 2020; Adatto et al., 2022,
2011).

The life expectancy of zebrafish is fairly long as it can survive 3 years on average in the wild and
over 5 years in laboratory conditions, whereas, at around 3-4 years starts to show muscle
degeneration, cataracts, and other indicators of senescence (Gerhard et al., 2002; Kishi et al.,

2009).

Due to zebrafish inhabiting small ponds, pools, and paddies, it is possible to find many different
species in the sub-family Danioninae, which besides zebrafish include species with high variability
in size and pigmentation. We can go from the big Danio dangila (~13 cm) to the small Danionella

(~1 cm) (Parichy, 2015a).

While many species of this sub-family are yet to be identified, we can ask ourselves the reason
why Danio rerio was chosen as a model for research. The less exciting and realistic answer is that
George Streisinger, pioneer of zebrafish uses for experimentation, selected this minnow mainly
because was readily available, easy to use, and transparent enough, propelling the creation of
facilities in Oregon, Tubingen, and Boston (Grunwald and Eisen, 2002a; Kinth et al., 2013;
Ruzicka et al., 2015).

Interestingly this opens the possibility of investigating other members of the species to find more

adapted models depending on the field of research itself.

The history of the use of zebrafish in the laboratory is fragmented and characterized by the

development of tools for this fairly new animal model.

In 1960 zebrafish started to be used as a model for embryological studies, as it offered the
possibility to directly observe embryo development. The first decade of use of zebrafish was
characterized by a rapid turnover in the husbandry approaches, until in 1981 George Streisinger

and colleagues published a paper to standardize this process (Streisinger et al., 1981).

Another big revolution, then further solidified the role of zebrafish as a transversal animal model,

is the advent of large-scale mutagenesis tools to induce mutation and perform phenotypical studies.
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For example, the use of ethyl nitrosourea (ENU) Driever since the early 90s (Driever et al., 1996;
Niisslein-Volhard, 2012). Soon after, Kawakami published the first paper on the tol2 transposable
element (Kawakami et al., 1998). In 2004 Kawakami showed how the Tol2 transgenesis system
can be used to stably integrate exogenous DNA into the zebrafish genome (Kawakami, 2004). This
has become the most popular method to generate transgenic lines by simply injecting the system

into the embryos at the 1-cell stage.

Another genetic tool worth mentioning is the morpholino, patented in 1985 by James Summerton
as a “method for inhibiting gene expression”. This tool demonstrated its efficacy in zebrafish in
2000, becoming one of the most used tools to knock down gene expression in zebrafish (Nasevicius

and Ekker, 2000).

Finally, in 2001, the Wellcome Trust Sanger Institute used Tubingen/AB larvae to start sequencing
the genome of zebrafish. Efforts bore fruit in 2013 with the publication of the Zv9 assembly
containing the 1.412 gigabases of the zebrafish genome (Howe et al., 2013). At the time of writing
this text, the most updated zebrafish genome assembly was the GRCz11.

While, in early 2000, many already envisioned the use of zebrafish as a model for immunology,
toxicology, and pharmacology (Berman et al., 2005; Briggs, 2002; Vascotto et al., 2011), the role
of zebrafish in the pure developmental and embryogenesis field solidified (Grunwald and Eisen,

2002b).

Nonetheless, the tireless work of researchers opened the possibility of using zebrafish as a model
to study cancer, human genetic diseases, neurological disorders (Fontana et al., 2018; Sakai et al.,
2018; Saleem and Kannan, 2018), and cardiovascular disease (Bakkers, 2011; Gonzalez-Rosa,

2022; Wilkinson et al., 2014).

In the field of immunology, the work of many prominent scientists was pivotal in establishing

zebrafish as a model for host-pathogen interaction and immunological research.

One of the pioneers in the characterization of the immune system of zebrafish is Philippe
Herbomel, who leaped forward to the live imaging of zebrafish and discovered the primitive

macrophages of zebrafish (Herbomel et al., 1999).
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Besides the relevant work on innate immunity, he published several papers on host-immune
response with Lalita Ramakrishnan, Jean-Pierre Levraud, and Emma Colucci-Guyon (Colucci-

Guyon et al., 2011; Davis et al., 2002; Levraud et al., 2009).

Other researchers that need to be acknowledged for their work are Annemarie H. Meijer for her
work on inflammation (Meijer et al., 2008), Philip Crosier for the work on hematopoiesis
associated with immunity (Kalev-Zylinska et al., 2002), Herman P. Spaink for the work on
zebrafish response to infection (Meijer et al., 2004), Anne Huttenlocher for her work on the role
of innate immunity in regeneration (De Oliveira et al., 2016) and Stephen A Renshaw for the work

on zebrafish-pathogen interaction (Henry et al., 2013).

Indeed, many other researchers should be put under the spotlight due to their work on zebrafish
immunology, and they took over the responsibility of growing this field with their work and

passion.

Thanks to their work zebrafish are now again under the spotlight as a model that can be adopted
to further investigate the immune system and the host response to infection and to be used to screen

drugs, potentially opening new doors in this field and providing a powerful tool for researchers.
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Chapter 2: Zebrafish Immune System

In the latest years, the attention to the field of host-pathogen research increased, due to the high
number of re-emerging viruses and increasingly resistant bacteria. This allowed researchers

working on zebrafish to show the potentiality of this model and its immune system.

The first question that arises discussing an alternative model immune system is how far it is from
the human immune system. Many different reviews tried to give a clear idea of the distance or
closeness of zebrafish or humans (Meeker and Trede, 2008; Traver et al., 2003), but giving a

definite answer is not biologically possible.

Zebrafish conserve many similarities in terms of tissue and organ structure and presence. For
example, the central nervous system, liver, heart, intestine, and muscle are already used to model

several types of diseases (Teame et al., 2019; X. Wang et al., 2021) (Figure 2).

From the genomic stand, we can observe that at least 70% of the human genome has one or more
direct orthologues, and reciprocally, 69% of zebrafish genes have at least one orthologue. Among
the human orthologues, around 47% have a one-to-one relationship with zebrafish orthologues,
and, the remaining ones, either exhibit one-to-many or many-to-one relationships (Langheinrich,

2003).

When looking at OMIM (Online Mendelian Inheritance in Man) and GWAS (genome-wide
association studies) respectively 82% and 76% of human genes associated with the genetic disease
have orthologues in zebrafish, indicating that zebrafish have a relevant potential as a model to

study genetic human diseases (Howe et al., 2013).
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HUMANS AND ZEBRAFISH ARE SURPRISINGLY SIMILAR

They share many of the same genes and
major organ and fissue systems
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Figure 2: Similarities between Zebrafish and Human.
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Despite these similarities, the genome of zebrafish still underwent a massive duplication due to an
event known as an event known as teleost-specific genome duplication (TSD), believe to have
taken place around 350 million years ago in the evolutionary line of teleost (Bell et al., 2020;
Kassahn et al., 2009; Yoder et al., 2002). It is hypothized that this duplication may have resulted
in an advantage for teleost, duplicating the rapidly evolving elements of the immune system, such
as interferon-associated genes, and enlarging the pool of antipathogenic tools available to the fish

(J.-P. Levraud et al., 2019).

Similarly to other vertebrates, zebrafish develops its immune system in successive waves of

hematopoiesis (Figure 3).

yalk sac

- circulation valley
1 dpf 2 dpf 5 dpf 2 - 4 weeks
| | i _,___1, ______ >
primitive macrophages neutrophils producing immature lymphoblasts maturation of adaptive
phagocytotically active myeloperoxidase (T-cell precursors) immune system

(T- and B-cell responses)
Figure 3: Zebrafish immune system development.

Schematic overview of the development of the zebrafish immune system. Commonly used sites for
systemic bacterial infection of embryos by microinjection are the blood island and the yolk sac

circulation valley at 1-3 dpf. Source(H. Meijer and P. Spaink, 2011).
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Between 12- and 24-hour post-fertilization, zebrafish innate immune system is solely based on
primitive macrophages' phagocytotic activity. These first macrophages emerge from the Rostral
Blood Island of the yolk sac (Murayama et al., 2006) and progressively invade all tissues following
the M-CSF receptor/fims/csf1r genes pathway. Those that reach the brain differentiate in microglia
(Herbomel et al., 2001; Oosterhof et al., 2018).

Between 25 and 48 hours post-fertilization, a transient wave of hematopoiesis starts in the posterior
blood island, generating erythromyeloid progenitor cells (EMPs) that are multipotent
hematopoietic progenitor cells, that will further differentiate in macrophages, neutrophils, and
erythrocytes (Bertrand et al., 2010; Lam et al., 2004). In the aorta-gonad-mesonephros (AGM), a
definitive wave of hematopoiesis takes place and hematopoietic stem cells (HCS) migrate toward
the zebrafish tail and form the caudal hematopoietic tissue (CHT), analog of mammalian fetal liver
(Kissa and Herbomel, 2010). In the CHT, these cells expand and differentiate in myeloperoxidases
producing neutrophils and macrophages, maturing the innate immune system (Le Guyader et al.,

2008) (Figure 4).

An ulterior migration from the CHT starts around 5dpf with the movement of HSCs towards the
thymus and pronephros, where the latter further develop in kidney marrow in adult fish, considered

equivalent to mammalian bone marrow (Murayama et al., 2006).

While at 2dpf, the innate immune system is already in place, it takes around 2-3 weeks for the
adaptative immune system to appear. This allows us to perform studies on the pure innate immune

system response to stimuli and pathogens.

During these successive waves, many human homologous genes are expressed in zebrafish, such
as gatala, scl, and Imo?2 in the erythroid lineage and pu. I in the myeloid lineage. The RUNX, ETs,
and C/EBP family are highly conserved and, for example, the fate towards myeloid versus
erythroid commitment is finely tuned by the Spil (also known as Pu.1) and Gatal, similarly to
humans. Focusing on the markers for macrophages and neutrophils, it is widely used respectively
mfap4 or csflr gene (M-CSF receptor) for macrophages and mpx gene (myeloperoxidase) for
neutrophils. Unfortunately, both largely overlap with other genes making it difficult to perfectly
separate different leucocitary families, especially in the first 24hpf (Zakrzewska et al., 2010).
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Figure 4: Zebrafish hematopoiesis and its key regulators.

Schematic representation of hematopoiesis in zebrafish. The primitive wave commences in two
locations, the anterior lateral mesoderm (ALM) (orange), which gives rise to primitive monocytes, and
the intermediate cellular mass (ICM) (violet), which generates mostly primitive erythrocytes before 24
hpf. A transient ‘intermediate’wave occurs in the posterior blood island (PBI) where both erythrocytes
and heterophils are formed (grey). Definitive hematopoietic stem cells (HSCs) are initially formed by
budding from the hemogenic endothelium on the ventral wall of dorsal aorta (blue). A subset of these
HSCs migrate to the caudal hematopoietic tissue (CHT) (vellow) to produce several cell lineages, and
also the thymus (purple), where T lymphocyte production occurs. Finally, HSCs seed the developing
kidney (green), the final site of definitive hematopoiesis where erythroid, myeloid, and B lymphocyte
production occurs. The lineage-specific transcription factors that serve to regulate this process are in
red. Abbreviations: BP: B cell progenitor, CLP: common lymphoid progenitor, CMP: common myeloid
progenitor, EP: erythroid progenitor, Ery: erythrocyte, GMP: granulocyte-monocyte progenitor,
Hemangio: hemangioblast, Hetero: heterophil, HSC: hematopoietic stem cell, Mono: monocyte, TP: T
cell progenitor. Source (Rasighaemi et al., 2015).
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2.1 Zebrafish adaptative immune system

I this thesis we will focus on the innate immune system of zebrafish, but for the sake of
completeness we decided to provide an complementary introduction to zebrafish adaptative
immune system; to better encompass the potential of this model. The adaptative system starts to
develop during the innate immune system maturation, through increased expression of rag/, rag2,
ikaros, and Ick (used as a reporter for primitive thymus) (Langenau et al., 2007; Willett et al.,
2001). In parallel with the start of the kidney definitive hematopoiesis wave, the first primitive T-
cells start to develop in the thymus and at 8dpf start to circulate. At around 20dpf the B-progenitor
cells appear in the posterior cardinal vein and dorsal aorta (Page et al., 2013). The adaptive immune
system can be considered mature in zebrafish at 3 weeks post-fertilization (Novoa and Figueras,
2012). Furthermore, zebrafish lack lymph nodes, but between 3 and 5 dpf develops a lymphatic
system (Kiichler et al., 2006). Its origins are still not fully clear, but it is potentially formed by LEC
cells originating from the thoracic duct (Yaniv et al., 2006). The main lymphoid organs are the
kidney marrow, and thymus in juvenile larvae, and the spleen in adult fish and, in the latter, we
have the majority of APCs (antigen-presenting cells) interaction with lymphocytes (Renshaw and

Trede, 2012).

Indeed, even though the interactions between the innate immune system and adaptive immune

system are conserved in zebrafish, its cells express both MHC I and MHC II (Fischer et al., 2013).

Similarly to humans, the thymus of zebrafish shrinks with age and its role in T-cell development
leaves space to mature T-cells migration in the kidney marrow of adult fish (Renshaw and Trede,
2012; Traver et al., 2003). The lag in the development of an adaptive immune system is prevalently
correlated to B-cell development, as before 3 weeks post-fertilization, they are not fully mature
yet (Lam et al., 2004). In zebrafish, the immunoglobulins classes are only 3 (IgD, IgM, and IgZ),
but the overall similarity with humans still allows for the use of this model (Zimmerman et al.,
2011). Furthermore, while Page et al. well characterized through direct observation B-cell
population in zebrafish (Page et al., 2013), Liu et al. showed that contrary to humans, in zebrafish
doesn’t exist pre-B cell stage (Liu et al., 2017; Michelle D Penaranda et al., 2019). Yet, zebrafish
B-cells still need to be further explored.
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Zebrafish T-cells were largely investigated as this model was used to characterize tumor

microenvironment response (TME).

Using Ginbuna carp and rainbow trout, it was identified in teleost and cyprinid the presence of
CD8 and CD4 lymphocyte populations, which corresponds to CD8+ cytotoxic cells and CD4 + Th
or Tregs cells (Takizawa et al., 2011; Yamaguchi et al., 2019). Furthermore, in the CD8+, named
CDS8 a+ in trout, it was detected the expression of perforin and granulysin associated with perforin-
mediated cytotoxic activity. In salmon with intestinal tumors, these cells were found to infiltrate
the TME (Bjoergen et al., 2019) and, in Japanese flounder, express Fas ligand (Toda et al., 2011;
Yamaguchi et al., 2019). Furthermore, in salmon was identified a clear antiviral role for this

lymphocyte population (Somamoto et al., 2014).

Besides CD8+ lymphocytes, zebrafish have CD4+ lymphocytes, that in teleosts are cd4-like
paralogs cd4-1 and cd4-2 (Yoon et al., 2015). These 2 genes differ in the Ig domain structure, with
cd4-1 exhibiting four Ig domains like mammalian and cd4-2 having fewer Ig domains (Castro et
al., 2011; Takizawa et al., 2016). Cd4-1 express Thl, Th2, and Thl7-associated transcription
factors and cytokines upon pathogens infection, confirming that in teleost this function is well

conserved (Maisey et al., 2016; Takizawa et al., 2016; Yoon et al., 2015).

In zebrafish, both Thl and Th2 are conserved. Using viral infection and bacterial infection in
zebrafish it was observed the expression of T-bet, the transcription factor expressed by Thl, and

higher expression of IFN y (Igawa et al., 2006; Mitra et al., 2010).

In both cases, this activation is associated with IL-2 and IL22 increased expression, suggesting
that the role of CD4+ Thl in zebrafish is conserved, although yet to be better understood (Takizawa
etal., 2016).

In teleosts, Th2 is better characterized than Thl as a transgenic zebrafish line exists to monitor
Cd4-1+ cells in different compartments, and in salmon was confirmed, that as in humans, Th2+
cells in the gills express il-4/13b and gata3 (Dee et al., 2016; Takizawa et al., 2011). Interestingly,
there are relevant similarities between zebrafish and humans in regards to CD4+ Th2, as we can
observe the same degree of heterogeneity in relationship with a subset of Th2+ cells and the
impairing of TIM-1 and TIM-4 sharply decrease the CD4+ T cells activation in zebrafish and
increases proliferation of CD4+ Th2 subtype (Xu et al., 2016).
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Alongside these subsets, a Th17 and Tregs subset were identified in zebrafish. The ROR
transcription factor family, associated with Th17 differentiation is present in zebrafish (Flores et
al., 2007; Monte et al., 2012). In the zebrafish spleen, upon LPS (lipopolysaccharide) stimulation
and attenuated bacterial pathogen vaccination, we can observe expression of 1I-17 (in particular
the form I1-17A), 11-22 and ROR +t, all markers of Th17 (Gunimaladevi et al., 2006; Zhang et al.,
2013). Large numbers of Th17-like cells can be found in the gut, in association with autoimmune

and inflammatory diseases (Coronado et al., 2019).

Always in the zebrafish gut, we can find CD4+ Tregs with a clear immunosuppressive role
expressing the foxp3a gene (Kasheta et al., 2017; Quintana et al., 2010). Different zebrafish
reporters and knock-downs for this gene were produced to study the Treg-like cells and further
investigate their role in tissue regeneration (Dee et al., 2016; Kasheta et al., 2017). Many of these
cells were seen migrating to injured organs and damaged areas to aid in tissue regeneration,

whereas Treg ablation impaired this process (Hui et al., 2017).

Lastly, recent studies show that zebrafish have a yo T cells-like population, that can recognize
antigens regardless of the MHC, and have a cytotoxic activity, as in humans (Miao et al., 2021).
The evidence for the presence of this cell population is related to the presence of conserved
elements in the zebrafish genome assembly and the isolation by flow cytometry of T cells
exhibiting the CD4-/CD8+ surface markers and patterns/morphology scatter of human y3 T cells
(Seelye et al., 2016; F. Wan et al., 2017). As in humans, these cells are mainly located in the gut
(Picchietti et al., 2011).
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2.2 Zebrafish's innate immune system

As we introduced before, zebrafish's innate immune system is comprised of well-conserved

leucocytes.

After the first wave of primitive macrophages, already able to phagocyte pathogens, the mature
innate immune system of zebrafish, established as early as 3 days post fertilization, is mainly

comprised of neutrophils, macrophages, and microglia.

Starting from neutrophils, they are the first line of defense in zebrafish, but besides being able to
phagocyte pathogens and cellular debris, they have many other functionalities. From secreting
cytokines, growth factors, and lipid signaling molecules, to orchestrate the behavior of immune

cells in the microenvironment.

Starting from 12 hours post-fertilization, the Pu.1-expressing myeloid cells are identified. During
the primitive hematopoiesis wave these cells migrate over the yolk and differentiate in primitive
macrophages at 20hpf, from primitive macrophages further differentiation in neutrophils takes
place at around 30 hours post fertilization (Harvie and Huttenlocher, 2015). Starting with the
definitive (or multilineage) hematopoiesis wave (24hpf) subsequent population of cells migrate
and differentiate in the CHT, ultimately becoming the precursors of neutrophils, that will appear
at 48hpf (Henry et al., 2013). Besides the neutrophils emerging from the CHT, a part of the global
neutrophils population in zebrafish larvae is represented by randomly migrating neutrophils in the
head mesenchyme. Starting from 4dpf, the kidney marrow will mature becoming the definitive site
of hematopoiesis. From 3 days post-fertilization, the neutrophils can emit a burst of ROS and
perform NETosis, the ejection of decondensed chromatin, histones, and antimicrobial proteins to
trap microbes and kill them (Rosowski et al., 2018). Furthermore, the role of neutrophils in
regeneration is essential and they can reverse migrate from the wounded area to continue their
activity. More recent findings demonstrated that neutrophils play an important role in controlling
invasive infection in late-stage infection by Aspergillus fumigatus, Cryptococcus neoformans, and

mycobacterium (Davis et al., 2016; Rosowski et al., 2018; Yang et al., 2012).
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Reducing neutrophil activity in late-stage infection by mucosal candidiasis in zebrafish, through
inhibition of CxCr2, allows for easier tissue invasion and increases the host-death ratio (Gratacap
et al., 2017). Interestingly, while the role of neutrophils in contrasting cancer is usually more
known, recent studies show that neutrophils, in the Kras™ astrocytes tumor line of zebrafish, can
increase the proliferation of cancer cells (Antonio et al., 2015; Giese et al., 2019; Powell et al.,

2018)w. The main marker of neutrophils is myeloperoxidase (mpx) and lysozyme (lyz).

While neutrophils require minimal PU.1 expression, macrophages require higher and constant
PU.1 expression. As we said at 20 hpf we have the first wave of primitive macrophages, able to
proliferate and perform phagocytosis. Phagocytic activity is relevant both for the removal of
apoptotic cell debris and to eliminate microbes. Indeed, neutrophils are more apt in clearing
surface-associated bacteria, while macrophages can eliminate blood-circulating microbes. As
previously explained, successive hematopoietic waves progressively substitute the embryonic
macrophages with tissue-resident macrophages and kidney marrow macrophages. Macrophages,
like neutrophils, are involved in microbes control during infection. Depending on the pathogen,
neutrophils may be more relevant in clearing the surface bacteria, but in others, the role of
macrophages is more fundamental. For example, infections by Salmonella and C. neoformans
(high-virulence H99 strain) are controlled by macrophages, as their depletion increases the
magnitude of the infection and host death ratio (Masud et al., 2019; Tenor et al., 2015). In C.
neoformans the fungal pathogen can replicate in the macrophages, but they are needed to control
the infection (Bojarczuk et al., 2016). Instead, in zebrafish infection with a less virulent strain of
C. neoformans, macrophages act as a proliferative niche for the pathogens, that can replicate in the
macrophages themselves (Davis et al., 2016). This was observed also for Burkholderia
cenocepacia and Talomyces marneffei infections (Mesureur et al., 2017; Rosowski et al., 2018).
Interestingly, infection by a faster-growing strain of 4. fumigatus not only demonstrated the role
of a proliferative niche of macrophages but the role of protection from neutrophils' phagocytic

activity (Ellett et al., 2018).

Another fundamental role of macrophages is relative to regeneration. Damaging vessels in

zebrafish highlighted how macrophages mediated vascular repair (Liu et al., 2016).
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Macrophages wrap around damaged vessels in the injured site and, stimulate the regeneration
process by priming the microenvironment and performing vessel pruning at later stages (Britto et

al., 2018; Gurevich et al., 2018; Liu et al., 2016).

Even in the presence of nerve injury, there is evidence regarding the importance of recruited
macrophages in the damaged area, as they are necessary to speed up the regeneration process

(Carrillo et al., 2016; Tsarouchas et al., 2018).

Like neutrophils, macrophages can modulate the immune environment, and this is associated with
the ill-named process of macrophage polarization either toward pro-inflammatory or anti-
inflammatory phenotype (Tsarouchas et al., 2018). Upon injury or infection resident macrophages
and neutrophils start to release cytokines and other paracrine factors to induce inflammation and,
migrating macrophages that arrive in a second wave, sustain this inflammatory state until
resolution of the problem, whereupon these macrophages switch to anti-inflammatory/pro-
regenerative paracrine signaling (Tsarouchas et al., 2018; Villalta et al., 2008). This staple
inflammatory scenario is well-conserved in zebrafish. Upon damage, macrophages start to express
il1b and tnfa genes to spin up inflammation and induce proliferation in the blastemal cells, and
recruit more leukocytes (Loynes et al., 2018; Nguyen-Chi et al., 2017). Furthermore, macrophages
regulate neutrophils' local activation, avoiding further damage induced by the neutrophils

themselves (Tsarouchas et al., 2018).

Another important leukocyte population is represented by the highly heterogenic microglia.
Microglia originates from either rostral blood island and aortic gonad mesonephros (AGM) or
exclusively AGM. The ccl34b.1" ameboid microglia originating from precursors from both sides
is prevalent in developing brains, it migrates to the midline optic tectum exhibiting enhanced
phagocytose capacity against bacteria and an important role in brain development. The ccl34b."
population has a more ramified and complex morphology, acting more as a “sentinel” in the adult
brain and can switch back to ameboid upon DAMPs or PAMPs stimuli (Ferrero et al., 2018; Lyons
and Talbot, 2015; Wu et al., 2020; Xu et al., 2015). Interestingly, the brain population of microglia
can be divided into neurogenic associated microglia (NAM), located in the OT and expressing
ccl34b.1, ctsa and ctsb, and synaptic-region associated microglia (SAM), located in the hindbrain

and expressing c/qga and clqc (Silva et al., 2021).
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Due to the high heterogeneity of the microglia-like populations, the marker used to visualize
microglia is often mpegl, but this marked is expressed in macrophages too, leaving the

discrimination of the two leukocyte populations to the sole anatomic position of the cells.

To solve this problem a large effort in RNA transcriptomic is being done to identify a specific set
of markers for microglia, but at the moment is possible to partially distinguish the microglia from
other population using Apoeb (also expressed in other brain cells), P2ry12 and 4C4 (Butovsky et
al., 2013; Mazzolini et al., 2020; Oosterhof et al., 2017).

Notably, already exists several different zebrafish transgenic lines labeling leukocytes (Figure 5)

and the list is continuously expanding.
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Transgenic line(s)

Experimental use

Myeloid-progenitors Tg(spil:EGFP)P4301
Tg(zpu.1:EGFP)>

Neutrophils Tg(mpx:EGFP)11#
Tg(zMPO:GFP)
Tg(mpx:DendraZ2)
Tg(mpx:Gal4)?*?;UAS-E1b:Kaede)*#°**
Tg(lyz:GAL4.VP16)"?%?; (UAS-E1b:Kaede)'?%
Tg(mpx:EGFPCAAX)?"7
Ty(lyz:EGFP)"?115; Ty(lyz:DsRED2)"=5¢

Macrophages Tg(mpeg1:EGFP)9'22
Tg(mpeg1:mCherry)é'3
Tg(mpeg1: mCherryCAAX)* 378
Tg(mpeg1: mCherry-F)4me?
Tg(mpeg1:Dendra2)
Ty(csflra:GFP)sh377
Ty(mpeg1:tdTomato-CAAX)*®
Tg(mfap4:mTurquoise2 )%’
Ty(mfap4:tdTomato )**12
Tg(mfap4-tdTomato-CAAX)*
Tg(mfap4:dLanYFP:CAAX)*!

Eosinophils Tg(gata2™e":eGFP)

Cell labeling (whole cell)

Cell labeling (whole cell)

Cell tracking (photoconversion)

Cell labeling (cell membrane)
Cell labeling (whole cell)
Cell labeling (whole cell)

Cell labeling (cell membrane)
Cell labeling (cell membrane)
Cell tracking (photoconversion)
Cell labeling (whole cell)

Cell Iabeling (cell membrane)

Cell labeling (whole cell)

Cell labeling (cell membrane)

Cell labeling (whole cell)

Figure 5: Examples of transgenic lines routinely used to visualize phagocytes in larval

zebrafish.

Table of main transgenic zebrafish reporters adapted from (Linnerz and Hall, 2020).
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2.3 Zebrafish PRRs

The activation of the immune system upon viral infection is PAMP-dependent (pathogen-
associated molecular patterns. These are elements of pathogens that, often evolutionary conserved,
can be detected by PRRs (pattern recognition receptors) and activate the immune response. PRRs
can directly sense pathogens when they form DAMPs (danger-associated molecular patterns). For
example, double-strand RNA, normally not present in cells, but produced by RNA viruses during
the replication, can be sensed by intracellular PRRs and start the immune response. PRRs can be
located on the cell surface, on the endosome membrane, or in the cytoplasm, and depending on the

position, they elicit a different response (Figure 6).

As PRRs, we can find Toll-like receptors (TLR), Nod-like receptors (NLR), RIG-I-like receptors
(RLR), Scavenger receptors, and C-Type lectins.

TLRs are the most studied family of PRRS and in humans encompass a family of 10 proteins. In
general, TLRs are glycoproteins with an extracellular ligand-binding domain with leucine-rich
repeat motifs (LRR) and an intracellular domain called TIR (Toll/Interleukinel receptor homology
domain). Virtually, in mammals most cells can express TLRs in response to infection, but the cells
normally expressing TLRs are macrophages, dendritic cells, and B lymphocytes. Each form of
TLR is specialized in detecting a specific pathogen. For example, TLR4 recognizes Gram-negative
bacteria via LPS, TLR2 Gram-positive bacteria via LTA and TLRS recognizes the flagellin
apparatus. Some TLRs can detect viruses, such as TLR3 which detects dSRNA, TLR7/8 detects
single-strand viral RNA, and TLR9 unmethylated CpG DNA in both viruses and bacteria.
Orthologs of TLRs have been identified in zebrafish and due to gene duplication, there are TLRs
with two or more counterparts (i.e., for TLR4 there are #t/r4ba/tlr4bb). Of all the TLRs in zebrafish,
only a few identified the ligand. Nonetheless, the ligand specificity of TLR2, TLR3, and TLRS is
well conserved. Besides these orthologues, there are some fish-specific TLRs, like TLR22, that
have shown sensibility to dSRNA and Polyl:C.
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Figure 6: Pattern recognition receptors and effector mechanisms of the innate immune
system.

The localization of Tlrs on the cell surface or on endosomes is hypothetical and based on the
known or proposed functions of their homologs in other fish or mammals. The ability of PRRs
(depicted in green) to recognize PAMPs present on various types of microorganisms, like
bacteria, viruses, and fungi, has been simplified here by depicting microorganisms as rod-like
bacteria (in blue). PAMP recognition by PRRs leads to activation of transcription factors
(TFs), which translocate to the nucleus and initiate transcription of cytokine genes,
antimicrobial genes, and other immune-related genes. Defense mechanisms such as autophagy,
ROS and NO production, and degranulation can be immediately activated upon microbial

recognition, without de novo gene transcription. Source (Van Der Vaart et al., 2012).
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Downstream, the adaptors identified in zebrafish are Myd88, Mal/Tirap, Trif/Ticam1, and Sarm.

NLRs are intracellular receptors with conserved structure and their family comprises 23 proteins
in humans. They have a C-terminal ligand binding domain and an N-terminal interaction domain
like CARD (caspase recruitment domain), PYD (pyrin domain), or BIR (baculovirus inhibitor
repeat) domain. In mammals, NOD1 recognizes Gram-negative bacteria and NOD2 both Gram
types of bacteria, but both can recognize other type of pathogens too. In zebrafish NOD1, NOD2,
and NOD3 are conserved, and their antibacterial role was confirmed with Salmonella enterica.
Furthermore, there is a subfamily of NLRs specific to teleosts and a subfamily resembling NALPs;

associated with inflammasome oligomerization.

Another anti-viral PRR is the RLRs. They are cytosolic PRRs able to sense a broad range of viral
RNA and activate the interferon (IFN) cascade. As in humans, the zebrafish RLRs family is
comprised of 3 proteins: RIG-I, MDAS, and DXHS58. The structure of these proteins in zebrafish
is different and whilst in humans RIG-I has two CARDs domains, in zebrafish we have a single
CARD domain. IPS-1/MAVS is the mitochondrial adaptor of RLR in zebrafish, which induces the

expression of ISGs (interferon-stimulated genes).

Upon activation, MAVS associates with TRAF3 (tumor necrosis factor (TNF) receptor-associated
factor) and via phosphorylation of IRF3/7 (IFN regulatory factor) activates TBK1 (Tank binding
kinase 1), which leads to the production of type I IFN and subsequent ISGs.

Scavenger receptors (SR) are the least studied in zebrafish. This family of surface receptors is
highly heterogenous and mainly expressed by macrophages, dendritic cells, mast cells, and in a
subset of endothelial/epithelial cell types. This family is normally associated with the uptake of
LDL (low-density lipoproteins), but it can act as PRRs for LPS, LTA, microbial surface protein,
yeast, and CpG DNA. Upon activation, the scavenger receptors increase phagocytotic activity and
cooperate with TLRs receptors to activate cytokine release. In zebrafish, the SRs MARCO
(macrophages receptor with collagenous structure), able to sense for example Streptococcus
pneumoniae, and CD36, able to sense LTA and possibly Hepatitis C virus, are conserved. MARCO
is used as a marker for adult macrophages and cd36 expression was upregulated in zebrafish
infected with hemorrhagic septicemia rhabdovirus and downregulated in Mycobacterium marinum

infection.
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Lastly, only a few C-type Lectins (CLRs) have been described in zebrafish. For example, the CLRs
MBL (mannose-binding lectin) is present in zebrafish and plays a role in Listonella anguillarum
resistance. DC-SIGN homolog in zebrafish has been proposed as a receptor for tissue infection by
Aeromona anguillarum. Other CLRs specific as NK cells receptor and myeloid cell receptors were

individuated but are yet to be characterized.
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2.4 Zebrafish Interferon response to viral infection

The following is an extract from: “IFN-Stimulated Genes in Zebrafish and Humans Define an
Ancient Arsenal of Antiviral Immunity” (J.-P. Levraud et al., 2019). I had the fantastic

opportunity to contribute to this paper and you can find the full text in the Annex 2.

Interferon response is the hallmark of antiviral response in vertebrates, marking a largely
conserved system that evolved from the RNA interference system of plants (Figure 7) (Guo et al.,
2018; Jean-Pierre Levraud et al., 2019). The interferon system is the first line of defense against
viral infection, and interferons (IFNs) are class II helical cytokines. Their main function is to relay
the detection of viruses in a paracrine fashion, inducing the expression of many interferon-
stimulated genes (ISGs). The proteins associated with ISGs prime the micro- and macro-

environment, making them resilient to viral infection. (Schoggins and Rice, 2011).

Mammalian IFNs have been classified as type I (a, B, o, €, and ), type II (y), and type III (A) IFNs.
Only type I and III IFNs have a marked antiviral role, while type II IFNy is an adaptive immunity

regulatory cytokine that is mostly expressed upon intracellular bacterial infection.

In zebrafish, thanks to the increasing quality of the genome assembly and functional studies, four
interferon genes (IFN¢ 1-4) have been identified. These genes conserve a degree of structural
similarity to mammalian type I IFNs. However, the debate on the subclassing and nomenclature
of zebrafish IFNs is still open, as convergent evolution in functionality is not associated with
structure homology. In general, the IFN@ genes can be divided into type I IFN 1/4, using the IFN
receptors CRFB 1/5, and type II IFN 2/3, using the IFN receptors CRFB 2/5 (Figure 8) (Gan et al.,
2020).

45



zebrafish human

Type | IFN 3 Group Il IFN Type Il IFN
R, L IF ype
(IFN$1-4) %%fm PGS e (IFNA1-3)
N ]
_ \ _ \ 5 .‘-_ /. Type | IEN

Group | IFN {many IFNas,
(IFNg1, IFN$4) & tlf!-:m
.-"'-. ™ s
e
-
- 5 £ I Tv{:-: l.‘IJI I;=|'~.|
A I IFNy
W }:, nﬂ I M_ﬁ%‘% .
] F T Adakza 1 e e
X .' -a‘ 2 ! %ﬁ’w‘k .‘\
¢ LA o 2 iy
LTS :
Type I1IFN ,“( A “f : h%
(IFNy1-2) % 3

Figure 7: Schematic representation of zebrafish IFNs and their receptors.

Tridimensional representations of IFNs are from the Protein Data Bank (accession
numbers: 3PV, zebrafish IFNo1; 3PIW, zebrafish IFN¢2; SHHC, human IFN13; 14U,
human IFNp; 1HIG, human IFNy). Source (Christelle Langevin et al., 2013).
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Figure 8: Signaling and ligand-receptor models for type I IFNs in fish.

The two groups of type I IFNs, two cysteine-containing group I and four cysteines-containing
group Il IFNs, bind to receptor complexes with a common short cytoplasmic receptor chain
CRFBS, but two distinct long cytoplasmic receptor chains, CRFBI1 and CRFB2. The interaction
between type I [FNs and their receptors triggers the recruitment and activation of TYK2 and JAK 1.
Subsequently, these activated kinases promote the phosphorylation of STAT1 and STAT2, which
are dimerized and assembled with IRF9 to form a complex called ISGF3. This trimolecular
complex translocates to the nucleus and binds to ISREs, thus activating the transcription of ISGs.

Source (Gan et al., 2020).
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Downstream, many components of the pathway components are conserved with 1 to 1 or 1 to 2
orthologues between zebrafish and humans. In mammals, upon IFN binding to its receptor
(IFNAR), JAK1 and TYK2 are recruited to IFNAR and induce the phosphorylation of STAT1 and
STAT2. The phosphorylated STAT1 and STAT2 oligomerize and recruit IRF9, forming the IFN-
stimulated gene factor 3 complex (ISGF3), that induces the transcription of ISGs. In zebrafish, we
can find the kinases JAK1, TYK2, STAT2, and IRF9, while for STAT1 we have two paralogues,
statla and stat1b.(Stein et al., 2007).

Further regulators of ISG expression are IRF1, IRF3, and IRF7. These three factors can bind and
activate type I IFN, increasing the expression of interferons and ISGs (Gan et al., 2020).
Furthermore, these 3 IRFs can hetero- or -homo dimerize to recruit MyD88, further regulating the

type I interferon response involving more intracellular pathways (Li et al.,, 2016;

Wickramaarachchi et al., 2014).

Levraud et al. 2019 demonstrated that even by inducing only a response IFN ¢1-dependent, 200
out of the 361 zebrafish ISGs have human homologs and most of the homologs are ISGs (J.-P.
Levraud et al., 2019). This means that there are still ISGs for whom we have yet to understand
their functionality. Nonetheless, we can identify in MX, ISG15, TRIMS, RSAD2/VIPERIN/VIGI,
and PKR the main ISGs induced by the interferon upon viral infection (Gan et al., 2020; C.
Langevin et al., 2013). Besides disrupting the viral infection, some ISGs have ancillary roles in
controlling either positively (RSAD2 and MAVS) or negatively (SOCS1/2) the IFN signaling itself
(Chen et al., 2015; Nie et al., 2014; L. Zhang et al., 2016). Furthermore, the induction of ISGs,
regardless of the meaning of their acronym, is not exclusively interferon dependent. For example,
MX and RSAD?2 can be directly expressed upon sensing viral infection by other cellular sensors

(Altmann et al., 2004; Li et al., 2016).

Besides type I interferon, in zebrafish two different genes for type II interferon, commonly called
interferon gamma, have been found. The nomenclature of these two genes is yet to be standardized
and not much is known about the role of these interferons (Igawa et al., 2006). While in mammals
there is a single IFNy receptor, in zebrafish there are two. IFNGR1-1/crfb13 preferentially binds
IFNy1 and IFNGR1-2/crfb17 binds IFNy2 (H. Meijer and P. Spaink, 2011).
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Not much is known about the function of IFNYy, but structural and functional studies showed that
STAT1, STAT2, and STAT3 are still pivotal in the downstream pathway of IFNGR, hinting that
the signal transduction is conserved between humans and zebrafish (Gan et al., 2020). Type II
interferon is tissue- (Grayfer and Belosevic, 2009) and developmental-staged dependent, as it is
mainly expressed in adults, but conserves an antiviral and pro-inflammatory role (Lopez-Muiioz

etal., 2011).

Type II interferon plays a role in antibacterial response too: infection by the bacterium Yersinia
ruckeri in fish under or over-expressing IFNy showed that its regulation is necessary for controlling

the infection and level of inflammation (Aggad et al., 2010; Sieger et al., 2009).

Taken together, all the information points towards a regulatory role of interferon response, immune

system, and inflammation for IFNy in zebrafish, similar to the regulatory role in humans.

Proof that the zebrafish immune system is still mostly unexplored is the recent discovery of a new
interferon, called IFNv. This interferon shares structural and genetic similarities with other already
known interferons, and the first experiments with grass carp reovirus (GCRV) attributed an
important role in the ISGs-based antiviral response (Chen et al., 2022). This interferon may play a
role in adaptive immunity too, as it was recently shown that IFNv is significantly expressed in B

cells in response to SVCV infection (Hu et al., 2023).

For both IFNy and IFNv, more research is needed to further characterize their role in zebrafish.
However, their existence reinforces the potential of using zebrafish as a model for host-pathogen

studies.

49



2.5 Zebrafish antibacterial response

Bacterial infection of zebrafish larvae started as a tool to study this model organism's immune
system, but the incredible results obtained pushed the researchers to exploit this model in a holistic
host-pathogen manner. Many different bacteria were tested during the past decade to define which

ones could use zebrafish as a model organism.

As introduced before, the response to infection starts with the detection of PAMPs by PRRs.
Although we tried to provide an extensive list of PRRs and their role, as we saw with the IFNs, in
zebrafish there is still work that needs to be done to fully characterize all the PRRs available. An
example is the recent discovery of an intracellular LPS sensor called ALPK1. Briefly, this kinase
results able to directly bind ADP-heptose, one of the sugars in the core regions of LPSs, and
activate independently through phosphorylation of TIFA/TRAF6 dimers, that forms oligomerized
complex called TIFAsomes, able to induce an inflammatory response (Garcia-Weber et al., 2018;

Garcia-Weber and Arrieumerlou, 2020).

Due to the high heterogeneity of downstream pathways activated, resulting from the intrinsic
complexity and variability of pathogenic bacteria, in the following paragraph, we will focus on

introducing the antibacterial effectors in innate immunity.

First and foremost, we can find the secreted peptides and lipid mediators of the innate immune
system. These lipid mediators are cytokines, interleukins, chemokines, IFNs, and small secreted
proteins, that, altogether can prime and polarize the micro- and macro-environments in the
different phases of infection response and resolution (Commins et al., 2010). Cytokines are a
family of peptides involved in a multitude of biological functions. To summarize their function,
they are produced by cells to “communicate” with themselves (autocrine), close cells (paracrine),
or at long distances (endocrine). This communication is as relevant as hormone production and
their dysregulation during infection can induce a “cytokine storm” (Figure 8), a loss of control
with overproduction of proinflammatory factors, and ultimately increase tissue damage like in
Covid-19 (Darif et al., 2021). Pathologically speaking, cytokines are involved in many different
diseases (i.e., autoimmune disease, cancer, and infection) (Liu et al., 2021; Propper and Balkwill,

2022).
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Cytokines are produced by many different cells, but the main ones are the cells of the immune
system (i.e., macrophages, neutrophils, and monocyte) and epithelial and endothelial cells (Kany

etal., 2019).

The hallmarks of inflammation in mammals are TNF-a, IL13, IL6, IL8, and IL2, while IL10 has
an anti-inflammatory, pro-regenerative role. Interestingly, all these mediators are synthesized as
precursors (Bottiglione et al., 2020). Upon activation of the immune response, they are cleaved

and activated as a secretory faction to steer the environment.

In zebrafish, many of these factors and their receptors are conserved, although, due to gene
duplication, we can find many more peptides to still characterize (Figure 9). Indeed, IL1p, IL8 and
IL10 have been well studied and it was confirmed that their receptors, CXCR1/2 and IL10R1
respectively, are well conserved (Huising et al., 2004; Oehlers et al., 2010; van der Aa et al., 2010;
Varela et al., 2012). TNF-a is another well-characterized protein, as different studies confirmed its
role in zebrafish and the receptor structure (Campos-Sanchez and Esteban, 2021; Duan et al.,
2021). Work on Mycobacterium marinum suggests that TNF plays a proinflammatory role, well
counterbalanced by lipoxins' anti-inflammatory role, during infection; similarly, to IL12 and IL10
balance. A pivotal role of TNF-a is the recruitment of leucocytes at the site of infection (Roca et

al., 2008; Tobin et al., 2010).

51



Cytokine Percentage of identity amino acid Sequence number reference (Genbank; Entry Uniprot)
sequence corresponding
to human cytokine
Zebrafish Human

IL—1|3 24 24% NP_998009.2; EGN152 AAMBEBE3.1; PO15E4
IL-4 19.62% CAL4B253.2; D1YSMI AAHTO123.7; POSTI2
IL-6 18.44% NP_001248378.1; HRADIS AAKABIET.1; PO523
IL-8/Cxcls 33% XP_009305130.7; ADADG2ZKYHS AAHT3615.7; P10145
IL-10 29.12% AAIGI038.1; Q5EFQE AAABDIO4N; P22301
IL-11ex 21.55% CAIG1346.1; Q49405 AAHT2506.1; P20B09
IL-11 B 19.09% CAIG1347.1; Q49404 AAHT2506.1; P20B09
IL-12c¢ (IL-12 p35) 17.84% BAD26596.1; QGFIR0 AAKE4425.1; P29459
|L—'|2B ({IL-12 p40) 24% AAIGA5TT; QOVI4T AAGI2620.1; P29460;
IL-13 17.58% BAGS0536.1; B3IIWZ9 AAHD6139.1; P35225
IL-15 22% AAIG2843.1; Q15KG7 AAIDDSG4.1; P4D933
IL-17_5 31.36% AAINS0E2.1; QSTKTD AAHGT505.1; Q16552
IL-17_3 25.24% BAD7278B.1; Q5TKT2 AAHGD152.1; Q9POM4
IL-17_4 52.53% AAIG2897.1; Q5TKT1 AAH3IG6243.1; QBTADZ
IL-21 16.46% ABM46913.7; ATYYPS AAHG9124.1; O9HBE4
IL-22 15.35% BAD72867.1; Q5TLE4 AAKG2468.1; Q9GIXG
IL-23 p19 18.90% CBM41294.1; LONBG0D AAQBS442.1; QINPFT
IL-26 17.03% AAIG3119.0; Q5TLES AAHG62T0.1; Q9NPHI
IL-34 24.23% BAM7TS187.1; LBAZTS AAHZ9E04.1; DGZMI4
IFM type | 2263% AAMI5448.1; QBAY12 EAWSB611.1; PO1563
IFN-B 22.63% BAD20663.1; Q75522 EAWST7180.1; POI579
TNF-0oi 25.93% AARDGZBG.1; Q6TICT CAAZGG69.1; PO1375
TNF—B 25.40% AARDGZBG.1; Q11040 CAA26670.1; PD1374
C5F1a 17.29% CAPS8787.1; A9JRDG AAHZ1117.7; POSG03
C5F1b 12.06% CAP5878B.1; BOUYROD AAHZT1117.7; POSG03
C5F3a 19.01% CADG4749.1; BBZHI7 AAKGZ469.1; POS919
C5F3b 22.58% ABX57823.1; B5L332 AAKE2469.1; POS919
TGF-[:".'I 42.21% AAIG2366.1; QFTZIUT7 AAH2224217; PO1137
TGF-BZ 78.50% AAQIB012.1; QF5ZV4 AAH99635.1; P61B12
TGF-B?- 73.36% AAWGETIT.1; Q66123 AACTIT27.1; P10600D

* Percentages obtained by alignment using UniProt Proteome 1211

Figure 9: Amino acid sequence identity between the zebrafish cytokine and the
corresponding human cytokine.

Table of inflammation hallmark cytokines conserved between zebrafish and human.

Source(Zanandrea et al., 2020).
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Lastly, as introduced before, IFNs may play a role in bacterial infection too, although it still needs

to be better investigated.

If the Cytokines are the messengers and the guides of the immune system, leucocytes are the
effectors of these messages. We have already introduced before neutrophils and macrophages.
Both are attracted by chemokines (a class of cytokines) and partially activated by the cytokines
while producing more to keep the dynamic shift of the environment toward pro- or anti-

inflammatory polarization.

Neutrophils are sensitive to a wide array of stimuli, as they express more than 30 different
receptors, that can modulate their recruitment and programming (Futosi et al., 2013). Their
recruitment can be triggered by a wide range of chemotactic signals, including danger signals
(ATP, H2O2, NO (nitric oxide), HMGBI), cytokines (IL8, IL13, TNFa), and other chemokines
(Leiba et al., 2023).

Upon recruitment, neutrophils can activate phagocytosis, apoptosis, NETosis, degranulation, and

Ros production.

Neutrophils are highly proficient in phagocytosis and once arrive in the infected area, they start to
phagocyte bacteria and cellular debris. In comparison to macrophages, their phagocytosis is more
active and “vacuum” rapidly the surface of tissues. Although the efficiency of this process is high,
bacteria evolved systems to elude or take advantage of it. Once bacteria are phagocytosed, they
are subjected to different autophagic processes, like xenophagy, LC3/SLR membrane repair
process, Antimicrobial peptide delivery, and LC3- associated phagocytosis (LAP) (Figure 10)
(Mufoz-Sanchez et al., 2020a). To understand the variability associated with the phagocytosis
process and bacterial biology, we can use the LAP as an example. This type of phagocytosis is
beneficial for the Salmonella typhimurium host response, but the same mechanism is detrimental
for Staphylococcus aureus, which is responsible for delivering this bacteria to a replication niche

(Mufoz-Sanchez et al., 2020b).
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As explained before, neutrophils can perform NETosis, where through the ejection of chromatin
and granular protein can form a physical and chemical structure that physically traps and kills
bacteria. This process can be vital or suicidal (Burgener and Schroder, 2020). In the suicidal
NETosis, neutrophils start to overproduce myeloperoxidases and Ros, while the GaderminD-p30
complex initiates a cascade that induces cytoplasmic degranulation, histone deactivation and
creates pores on the nuclear and cellular membrane (Hakkim et al., 2010; Kambara et al., 2018;
Sollberger et al., 2018). Upon the pore formation, the NET shoots out of the exploding cells,
together with the granules, ROS, and myeloperoxidases (Li et al., 2010; Metzler et al., 2014). Vital
NETosis can be canonical or noncanonical, depending on the sensing pathways stimulated. In
canonical vital NETosis, the neutrophils are stimulated by bacteria, bacterial product, and TLR4-
activated platelets, while in the noncanonical happens by cytosolic LPS sensing. Both these
pathways are caspase and Gasdermin D dependent, but the neutrophils can survive the NETosis
and keep operating normally (Byrd et al., 2013; Chen et al., 2018; T. Wan et al., 2017). In zebrafish,
this system is conserved and dependent on caspy2-Gasdermin Eb, two paralogs mammalians of
caspase and gasdermin, and it is activated during infections from bacteria like Edwardsiella piscida
(Chen et al., 2021). The role of NETosis in zebrafish was confirmed for S. aurus, Shigella flexneri,
S. typhimium, Escherichia coli, and Candida albicans (Pijanowski et al., 2013).

Degranulation is associated with NETosis and it is induced by the same signals (Figure 11).
Granulopoyesis is conserved between mammals and zebrafish (Bennett et al., 2001). The main
content of granules is antimicrobial peptides (i.e., cathepsin G and lactoferrin), neutrophil elastase

(NE), MMP-9, myeloperoxidase, and ROS (Pijanowski et al., 2013).
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Figure 10: Neutrophils deliver multiple anti-microbial molecules.

Microbicidal products arise from most compartments of the neutrophil: azurophilic granules (also

known as primary granules), specific granules (also known as secondary granules) and tertiary

granules, plasma and phagosomal membranes, the nucleus and the cytosol. BPI, bactericidal

permeability increasing protein, H202, hydrogen peroxide;, HOBr, hypobromous acid; HOCI,

hypochlorous acid;, HOI, hypoiodous acid;, MMP, matrix metalloproteinase; 102, singlet oxygen,

02—, superoxide; O3, ozone; OH, hydroxyl radical; phox, phagocyte oxidase. Source (Nathan,

2006).
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Associated with both NETosis and degranulation, there is ROS production, through oxidative
burst, highly reactive oxygen species, such as H>O», are produced. In zebrafish, P2y receptors are
activated by ATP released by damaged cells, inducing the activation of PIC and subsequently the
production of IP3 and Ca?" release from the endoplasmic reticulum. Ca®" activates Duox1, which
promotes H>O» production. Part of the H>O> produced is released during the infection (along with
other oxygen-reactive species), while cytoplasmatic HoO» activates NF-kb, Erk, and Jnk. This
activates the transcriptional factor Jun and Fos, expressing proinflammatory genes such as cxcl8
(IL8) (Martinez-Navarro et al., 2020). Furthermore, H>O; and IL8 are powerful chemoattractants
and activators of neutrophils themselves (Figure 11), eliciting the proinflammatory polarization of

the environment (De Oliveira et al., 2016; Martinez-Navarro et al., 2020).

The neutrophil’s activity must be regulated to stop the release of granules and ROS upon infection
resolution. Different signals contribute to the shifting of the environment towards pro-regenerative,
but oxygen plays again a major role for neutrophils. The depletion of oxygen in the infected area
particularly stress neutrophils, induces the stabilization of hypoxia-inducible factor 1 (HIF1). This
factor determines the destiny of neutrophils after the release of the granules and ROS. At the end
of the infection, a consistent fraction of neutrophils is dead due to apoptosis, and its debris gets
removed by other leucocytes, but, upon stabilization of HIF1, a considerable fraction of
neutrophils can reverse migrate, surviving and leaving the infected area (Nathan, 2006; Schild et
al., 2020). Furthermore, while IL8 is a powerful chemoattractant, it is known that at higher
concentrations in vitro, it has the opposite effect. Data demonstrates that increases in IL8 can
induce internalization of surface receptors on neutrophils, impairing further activation and
recruitment (Buckley et al., 2006). Furthermore, as macrophages increase in the area, they can
reduce neutrophil activation by redox and src kinases signaling, promoting reverse migration

(Tauzin et al., 2014).
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Figure 11:Proposed models showing the role of H202 in acute inflammation in zebrafish.

ATP released from damaged cells activates purinergic P2y receptors, which promotes the
activation of Plc, the production of IP3 and Ca2+ release from the endoplasmic reticulum.
Cytosolic Ca2+ activates Duox1, which produces H2OZ2 that then activates NF-kB, Jnk and Erk,
promoting the phosphorylation of Jun and Fos and the expression of target pro-inflammatory
genes, including cxcl8. The mechanism of how these molecules is activated by H2O2 is still
unknown. Additionally, H2O02 is also able to modulate cxcl8 expression via covalent chromatin
modifications, such as acetylation of H3K9 and trimethylation of H3K4. Newly synthesized Cxcl8
is then secreted to the extracellular matrix, forms a gradient, and together with H202 gradient,
induces Cxcr2-and Lyn-mediated neutrophil recruitment. Source (Martinez-Navarro et al., 2020).

57



Interestingly, pathogens can alter the recruitment and pro-reverse migration pathway to affect
neutrophil activity and escape the immune system in the first stage of infection (Abtin et al., 2013;

Gonzalez et al., 2015; Spinner et al., 2016).

While neutrophils are the first leukocytes to be recruited upon infection, they work in tandem with
resident macrophages, that reside in different tissues to “guard” them, and subsequently recruited
macrophages (Hall et al., 2009; Lazarov et al., 2023; Yu et al., 2017). A simplification of this
system tries to order the leucocyte response in successive waves, with resident macrophages
activating first, neutrophils wave following, and macrophages slowly replacing neutrophils during
infection (Novais et al., 2009; Silva, 2010; Silva and Correia-Neves, 2012). The same can be said
regarding the role of macrophages during infection and damage, which can polarize towards pro-
inflammatory (M1) or pro-regenerative (M2) programming (Nguyen-Chi et al., 2015a; Rougeot et
al., 2019; Wiegertjes et al., 2016).

Focusing again on macrophages, these cells are pivotal in the innate immune response. Like
neutrophils, they have a strong phagocytotic activity, are activated upon PAMPs and DAMPs
sensing (Kapellos et al., 2016; Petrovski et al., 2007), and are recruited through the CCL2/CCR2
and CXCL11aa/CXCR3.2 axes (Sommer et al., 2021, 2020). Once internalized in the phagosomes,
the majority of the pathogens are eliminated by lumen acidification, nutrient restriction, and release
in the phagolysosome lumen of antimicrobial agents and ROS(Kinchen and Ravichandran, 2008;
Slauch, 2011). Not all pathogens are eliminated by this system, and many can survive (i.e.,
Mycobacterium tuberculosis and S. typhimurium) (Aderem and Underhill, 2003; Flannagan et al.,
2012; Ray et al., 2009).

Furthermore, some pathogens can breach the phagolysosome and invade the cytosol (i.e. Listeria
monocytogenes) (Ray et al., 2009). Due to this, even in macrophages, there is a highly conserved
autophagy system, based on the detection of ubiquitinated substrates (i.e. bacterial membranes),
non-self antigen containing phagosomes (IRGs and GBPs mediated or NLRs detection) (Yoshida
et al., 2017). In all cases, the activation of these mechanisms contributes strongly to macrophage

polarization toward pro-inflammatory phenotype.

The ability of macrophages to change their nature depending on the situation of the environment
is bound to their great genetic plasticity, which allows them to assume a variety of different gene

expression patterns (Stout and Suttles, 2004).
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While we will often refer to M1 and M2 to address the two extremes of macrophage expression
profiles for the sake of simplicity, we are aware that there is a broad spectrum of macrophage
activation (Xue et al., 2014). This is even more true when we look at the different “shades” of
phenotypical commitment of macrophages in vivo (Ginhoux et al., 2016; Nguyen-Chi et al.,

2015b).

The molecular markers of M1 and M2 macrophages are conserved and the most important are
nitric oxide synthase 2 (NOS2), I[FNg, TNFa, IL1b, MHC class I and II, IL13, IL4, ARG2, and
IL10 (Figure 12) (Leiba et al., 2023).

In zebrafish, different signals that can elicit activation or polarization of M1 macrophages are
conserved. Besides the different DAMPs and PAMPS, calcium can trigger M1 macrophage
activation and ROS sustains M1 polarization through NF-kB and Lyn. Furthermore, HIFla
activates COX2, which induces the production of PGE2, resulting in the upregulation of TNFa and
IL1B. Upon activation, M1 increases substantially the production of ROS and No, with the latter
produced by upregulation of induced No-synthase (iNOS). This is associated with the release of a

wide range of signals and increased phagocytotic activity and upregulation of MHC molecules.
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Figure 12: Macrophages polarization and its role.

Macrophages originate from monocytes or tissue-resident macrophages. In response
to different microenvironmental stimuli macrophages polarize towards an M1-like or
M2-like phenotype, and the excessive accumulation of macrophages with a particular

phenotype has been correlated with a poor prognosis in some diseases (on the right).

Source (Lazarov et al., 2023).
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Instead, M2 macrophages are poorly characterized in zebrafish, as the marker of this range of
subpopulations is poorly conserved and, in general, less studied. In general, the M2 macrophage
denomination represents a group of different phenotypes with a minor IL12 and a major IL10
expression (Mosser and Edwards, 2008). Cumulatively, their role is to “clean” the affected area
from remaining debris and regulate tissue regeneration and remodeling (Leiba et al., 2023).
Recently, it was discovered that the Wilms Tumor 1b (WT1b) factor can be found in a high level
of expression in macrophages subpopulations that accumulate in regenerating tissue, suggesting
that this factor may be one of the markers of M2 macrophages (Sanz-Morejon et al., 2019).
Furthermore, Denans et al. used single-cell RNAseq to try to differentiate the different
macrophagic populations and their expression profile in zebrafish. Interestingly they observed that
the glucocorticoid (GR) pathway is activated in parallel with the induction of anti-inflammatory
markers and negative regulation of ROS. During the first hour post-injury, IL10 pathway
expression increases, and at 3 hours post-injury there is upregulation of IL4 and polyamine
signaling, which are markers of anti-inflammatory macrophages (Denans et al., 2022).
Nonetheless, further studies are needed to better define the anti-inflammatory macrophage

populations, especially in post-infection environments.
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Chapter 3:
Zebrafish as a model for host-pathogen
studies: advantages and constraints

When performing host-pathogen studies, the careful choice of an animal model is necessary to
obtain useful data that can enrich the puzzle of information already available on both the host

response and the pathogen.

When mammal models are used, a mix of different approaches are used that span from intravital
imaging to the more classic tissue biopsy to infer the data necessary. Using these methods, the
result obtained is tiled corresponding to different organs' susceptibility to pathogens, the host's
local response, and the global clinical signs of the infection. After that it is the work of researchers
to patch together these tiles to have a global view of the host-pathogen interactions. Furthermore,

this process is time-consuming, requires a high number of specimens and communal effort.

This is where arises a gap that can be filled by other models, and zebrafish is one of these. As we
explained, the immune system of zebrafish is close enough to mammalians to be usable as a model.
Furthermore, zebrafish husbandry is cheaper and offers the possibility to have hundreds of samples

for a week when working on larvae.

Indeed, the use of larvae offers three great advantages: 1) we can observe and manipulate the host
immunity, 2) a small size (1 mm length for 500 um thickness) that can be used for high-content
studies, and 3) a fully transparent system (David M. Tobin et al., 2012; Torraca and Mostowy,
2018).

The transparency of zebrafish, mixed with the facility in genetic manipulation, offer the possibility
to generate reporter organism to directly observe pathogen dissemination and immune system
response in a whole live organism. This means that it is possible to extrapolate kinetical data and
identify tissue interactions, the cell population involved in the infection, and the interaction

between the cells of the immune system and the pathogen.

This less invasive system can be leveraged to perform direct observations not possible on other

animal models and it is a clear advantage of zebrafish (Figure 13).
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Limitations of In Vitro Phagocyte Challenge Advantages of Larval Zebrafish Model

Purification of immune cells can perturb function Purification unnecessary

Media does not recapitulate tissue-specific in vivo nutrients In vivo nutrients

No soluble factors (e.g., opsonins, cytokines) from other cell types Normal soluble components

No contact activation or inhibition by other cell types Normal tissue environment

No effect of extracellular matrix interactions Normal extracellular environment

Cannot monitor dissemination of infection Tissue-to-tissue dissemination can be imaged
Limitations of In Vivo Mouse Infection Advantages of Larval Zebrafish Model
Too large to examine infection host-wide at high resolution Possible to image entire live fish

Opaque skin and organs limit fluorescent imaging below ~100 pm Fish larvae are transparent

Elimination of macrophage function pleiotropic Temporary macrophage ablation feasible

Very limited high-resolution, non-invasive imaging of pathogen or immune High-resolution, non-invasive imaging facile throughout the host
morphology

doi:10.1371/journal.ppat.1002349.t001

Figure 13: Advantages of embryonic zebrafish model for study of innate immune-pathogen
interaction. Source (David M. Tobin et al., 2012).
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Nevertheless, it is possible to multiplex the imaging data with RNA expression patterns by RT-

gqPCR, to spatially associate gene expression to specific patterns of infection and host response.

Furthermore, the relatively easier genetic manipulability of zebrafish allows for specific cell
population depletion, gene expression manipulation (knock-down, knock-in, or over-expression),

and humanization.

All of this translates into the possibility to perform high-content screening of the whole
population's trend of host-pathogen interaction without the need to piece tiles of a puzzle, but

directly observe all the dynamics in vivo (Carvalho et al., 2011).
Indeed, as with all animal models, zebrafish are still far from the perfect model.

One of this model's biggest limits is the tools available, while the massive investment and attention
to mammals’ experimentation (first and foremost mice) resulted in the creation and optimization
of tools for experimentation; for zebrafish, as an alternative model, the investment was, and still
is, marginal, resulting in fewer tools available for experimentation. For example, the number of
antibodies available for zebrafish is a fraction of the one for mice, and the same can be said for

other tools.

Nonetheless, in the latest year, the interest in zebrafish as a model is increasing and new tools

appear on the market by the day (Figure 14).
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Figure 14: Research done in zebrafish.

There are more than 3250 institutions working with zebrafish around the world, in more than
100 countries. The number of publications using zebrafish has increased over the years, being
the main topics: developmental biology, biochemistry, cell biology and neuroscience. Source

(https://bionomous.ch/articles/what-are-zebrafish/).
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Another important limitation of zebrafish is that it is an aquatic model and, inevitably, some organs
reflect these anatomical differences from mammals. For example, we lack a true pulmonary
system. Indeed, the swim bladder can act both as a model for bladder disease (for example is amply
used for C. albicans studies) and partially as a model for lung (Chao et al., 2010; Y. Zhang et al.,
2016).

Furthermore, zebrafish larvae rear between 24°C and 33°C. This range of temperatures makes
zebrafish an ill model for pathogens that need a temperature of 37°C to maintain their biology.
Recently, it was demonstrated that elevating the water oxygenation to 150% air saturation
(hyperoxia), makes larvae more resilient to higher temperatures, pushing the limit for their rearing
to 36-37°C (Andreassen et al., 2022). Although this result is exciting, there is still the need to
conduct more studies and selective breeding to effectively have zebrafish strains more tolerant to

higher temperatures.

Lastly, as we explained, the adaptive immune system fully develops solely in juvenile fish, while
zebrafish larvae have only an innate immune system. For some types of host-pathogen studies, this
could be a limitation, as it would give only partial feedback on the host's immune response to
pathogens. Indeed, in other cases can represent an advantage if the purpose is to study only innate

Immunity response.

Nevertheless, the use of zebrafish in host-pathogen studies is expanding and recently, researchers
are embarking on the development of adult zebrafish as models for more complex host-pathogen
studies (White and Patton, 2023). In the history of use of zebrafish larvae as a model for host-
pathogen studies (Lopez Herndndez et al., 2015; Sullivan et al., 2021), this model gave important
contributions. For example, the work of Lalita Ramakrishnan on tuberculosis and zebrafish
demonstrated that zebrafish could recapitulate mechanisms observed in humans and primates, that

are not replicated in other mammal models (Ramakrishnan, 2013).

To conclude, zebrafish represents an alternative model that can complement more established
mammal and primate models to enrich the possibilities of researchers that conduct host-pathogen

studies, offering possibilities not offered by other models.
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Chapter 4: Aim of the work

The red line binding together the papers presented in this thesis is the exploration of zebrafish
larvae as a model for host-pathogen interaction, using either human viruses or bacteria. An
important aspect of this exploration is the development and testing of new approaches and

techniques to unveil the potential of this alternative animal model.

I focused on the transparency of zebrafish, already a well-established advantage to develop new
physical systems and strategies to maintain fragile infected fish under intensive imaging and
combined this to extrapolate as much data as possible regarding the kinetics associated with the
pathogen dissemination and host response. Multiplexing the data obtained with the genetic
expression patterns, it was possible to effectively recapitulate the holistic dynamics associated with
host-pathogen interactions. A further step forward was the “test” application of simple
mathematical modeling to encompass the data obtained and demonstrate both the validity of
zebrafish as a model for infection, able to recapitulate population dynamics and infer hidden

information that could not be easily obtained experimentally.

Indeed, I wanted to demonstrate that this model could be used to either observe cellular level
immune system-pathogen interactions in vivo or obtain a large amount of multiplexable global
dynamics data with a low variability; perfect for future application in the training of Al systems

for in silico experiments.

To do this I created a new physical system to stabilize environmental conditions during live
imaging of parallel samples, while lowering anesthetic toxicity, by combinatorial anesthesia, and
physical burden by special mounting. The large amount of data obtained pushed me to develop a
coherent data management system and image analysis pipelines. Regarding the latter, I adopted
the same philosophy of the paper in the Annex 1, creating a modular pipeline focused on a solid
and adaptable approach that accounts for a certain degree of error as a tradeoft in the simplicity of
use and variability of input. The idea is to create tools that can be accessible for everyone over

minimal self-training and would not turn in abandonware.
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Finally, all of this was under the umbrella of relevant biological questions aimed at unraveling the
dynamics of pathogens and host response in a holistic way in a live organism, observing which
tissue is affected, in which way, and how the immune system behaves differently in these

compartments.

In conclusion, as stated at the beginning of the paragraph, in each paper I dwelt on both the role of
zebrafish as a model and the important biological questions I was posed and developed the first,

to answer the questions and further investigate the biological mechanism highlighted using
zebrafish.

Some of the biological questions you will encounter in the following articles are: How does Sindbis
virus propagate in zebrafish larvae? Zebrafish can be used as an animal model for SARS-COV2

and Legionella? How does zebrafish innate immune system counter these infections?
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Spatial dynamics of peripheral and
central nervous system infection by an
interferon-inducing neuroinvasive virus

Chapterl: Introduction

1.1 Sindbis virus

One of the most widely spread viruses in Eurasia and Africa is the Sindbis virus (SINV), a zoonotic
alphavirus of the Togaviridae family. This virus is part of the arthritogenic alphavirus, that can
induce chronic arthritis in humans, like the Chikungunya virus and Ross River virus. From the
phylogenetic point of view, SINV is an “Old World” virus (accordingly to geographical placement)
and belongs to the Western Equine Encephalitis virus complex (WEEV). Notably, SINV is the only
Encephalitic alphavirus of the WEEV complex outside America (Adouchief et al., 2016a).

SINV is an enveloped spherical ssSRNA-positive virus, of 70 nm in diameter. The capsid is formed
by 240 monomers and assumes an icosahedral shape, while the lipid-based envelope is host cell-
derived and covered with 80 trimeric spikes consisting of three heterodimers of E1 and E2
glycoproteins. The genome size is 11.7kB and has two open reading frames, generating separate
mRNA replicons for 2 types of proteins: 4 nonstructural (NSP1-4) and 5 structural (C, E1, E2, E3
and 6K) (Figure 15) (Strauss et al., 1984; James H Strauss and Strauss, 1994).
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Figure 15: Schematic representation of the synthesis of SINV non-structural and structural

proteins.

SINV has two different mRNAs that are translated at different times during infection. SINV genomic
RNA (gRNA) codes both for non-structural proteins (nsPs) and structural proteins. The first two
thirds of the SINV genome is translated to nsP1-nsP4, which are required for transcription and
replication of SINV RNA; the remaining one-third of the genome codes for the viral structural
proteins. This subgenomic mRNA (sgRNA) is transcribed from an internal promoter in the minus
strand RNA derived from the replication of the gRNA, and is translated to a polyprotein that will
be processed to C (capsid)-E3-E2-6K-El. ORF: open reading frame. Source (Carrasco et al.,
2018).
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SINV is internalized by clathrin-mediated endocytosis and upon low-ph-mediated fusion the
capsid is released in the cytoplasm. After capsid disassembly, the first replication of non-structural
polyproteins (nsPS) takes place using the 5’ ORF. The structural proteins are produced a second
time from the subgenomic 26S unit using the 3’ ORF. The USPS forms a replication complex with
host proteins and viral RNA. nsP1 has guanine-7-methyltransferase and guanylyl transferase
activities, necessary for the capping and methylation of the synthesized genome. nsP2 has on the
N-terminal domain helicase and triphosphatase and C-terminal domain protease activity. nsP3 acts
as a phosphatase too and, lastly, nsP4 has RNA-dependent RNA-polymerase (RARP) activity. The
nsPs forms a replication complex with host proteins and viral RNA to synthesize full-length minus
strand, which will be utilized as a template to produce copies of positive strands RNA and sub-
genomic RNA. The structural proteins are transferred as pre-cleaving polyproteins to the Golgi,
where furin cleaves the E2-E3 bond. The E1-2-3 heterotrimers interact with the C protein on the
plasma membrane, forming an envelope-like structure around the forming nucleocapsid. The
emerging capsid pulls with them the newly host-derived envelope, budding from the cells (Figure

16) (Carrasco et al., 2018; Leung et al., 2011).

The viral adhesion proteins (VAPs) and their cell surface receptor are still now well characterized,
with scientists proposing laminin and heparan sulfate as two co-receptors for this virus (Adouchief
et al., 2016a). Nonetheless, VAPs that could give cell specificity to SINV were suggested in the
past years. For example, slcl11a2/Nramp2 iron transporter is necessary for infection in drosophila
and U20S (isolated from bone sarcoma) cells, but its role has yet to be confirm on more complex

systems(Rose et al., 2011).
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Figure 16: Models of the alphavirus life cycle and the virus-induced structures in

mammalian cells.

Following attachment and receptor binding (steps 1 and 2), SINV is internalized by clathrin-
mediated endocytosis (step 3). Low-pH-mediated fusion (step 4) in the late endosome releases
nucleocapsid (NC), and after disassembly (step 5), nonstructural polyproteins are translated (step 6)
from viral mRNA. Replication proteins and host proteins along with the viral RNA form replication
complexes (step 7) that replicate and transcribe (step 8) viral RNA and induce spherule structures
on endosomal and plasma membranes. Internalization of replication spherules from the plasma
membrane via vesicles and subsequent fusion of these vesicles with lysosomes generate CPV-1
structures. Structural polyprotein translated from the subgenomic RNA (step 9) is processed into
capsid protein (CP), and envelope polyproteins that are translocated (step 10) to the ER, processed
by signalase (step 11) and glycosylated and transported through the Golgi complex, where fuin
cleavage removes E3 from E2 (step 12) to the PM via the secretory pathway. CP binds genome RNA
to form NC (step 13) that binds the glycoprotein spikes on the PM and virus buds from PM (step 14).
CPV-II structures that contain glycoprotein spikes and attached NCs originate from the Golgi

complex and accumulate in the cells at the late stage of infection.Source (Jose et al., 2017).



The zoonotic cycle of SINV use mosquitos as vector and birds as amplifying hosts, but this virus
can infect humans, small marsupials, hamsters and frogs, making its control almost impossible
(Al-Khalifa et al., 2007; Bell-Sakyi et al., 2016; Hubalek, 2008; Kostiukov et al., 1981; KOZUCH
et al., 1978; Lundstrom, 1999).

The vector used by SINV is mainly mosquitos from Culex spp. and Aedes spp., but recently, in
Germany, this virus was isolated in Anopheles maculipennis (Ziegler et al., 2019). The wide range
of vectors and migratory birds that can be infected allows for the rapid spread of SINV in different
continents and global warming is pushing this virus in the rest of Europe (Figure 17). The last

outbreak of SINV was in Finland in 1995 with the isolation of more than 1500 patients.

SINV is largely used as a model for viral encephalitis in mice (Sherman’ And and Griffin’, 1990),
but its pathogenesis is still largely not known. Nevertheless, the clinical symptoms in adult humans
are characterized. After a mosquito bites the first symptoms appear in four days, with an acute
phase resolving in an average of 2 weeks and a hospitalization rate of 6% (Sane et al., 2011).
Viremia in SINV infection is low with less than 103 RNA copies/ml, in comparison to 10E9-10E10
RNA copies/ml for chikungunya (Adouchief et al., 2016a).

The acute symptoms include itching rash, fatigue, fever, and headache, with a low percentage of
cases with nausea, lymphadenopathy, and dizziness. After a few days, musculoskeletal symptoms
start to appear, consisting mainly of joint symptoms (considered hallmarks of SINV disease) and
myalgia (considered more common of arthralgia) (Adouchief et al., 2016a; Espmark and
Niklasson, 1984). In rare cases, it is possible to observe hemorrhagic fever and viral meningitis,
with the latter being more prominent in younger patients (Guard et al., 1982; Laine et al., 2000;

Meno et al., 2022).

Myalgia remains a long-lasting symptom up to more than 6 months after infection and the duration
of this symptom depends on muscle regeneration. SINV can infect myotubes, myoblast, and
connective tissue, inducing tissue necrosis. Interestingly, even after the resolution of muscle
infection, the antibody titer remains high for months after the infection, hinting at the possibility

of a yet-to-identify viral reservoir in the body (Gylfe et al., 2018; Sane et al., 2012).
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Figure 17: Geographical distribution of SINV.

Regions with serological, virological or clinical evidence of human infections are marked in green.
Regions with signs of SINV in non-humans (mosquitoes, birds, etc) are marked in blue. Black stars
indicate regions with known disease outbreaks because of SINV infection. Colored triangles
indicate virus isolates belonging to genotypes I to 6 shown in red, orange, cyan, green, black and

blue, respectively. Source (Adouchief et al., 2016a).
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1.2 Introduction to zebrafish CNS

To have a clearer understanding of the following paper, it is necessary to briefly introduce zebrafish

larvae' central nervous system (CNS).
Zebrafish CNS comprises the brain and the spinal cord.

Zebrafish brain is very similar in structure to that of other vertebrates and it is divided into 5
regions: telencephalon, diencephalon, mesencephalon, metencephalon, and myelencephalon.
Anatomically, the brain can be divided into the forebrain (telencephalon and diencephalon),
midbrain (mesencephalon), and hindbrain (metencephalon and myelencephalon) (Figure 18)

(Mueller et al., 2016).
In order, the general function of each region is:

e Telencephalon, connected in the anterior part to the olfactory bulb. This region controls
vision, olfaction, memory, feeding, and reproductive behavior.

e Diencephalon, composed of epithalamus, thalamus, and hypothalamus. The complete role
of this region has yet to be discovered, but in general, it oversees sensory inputs. In
comparison to mammals, this region lacks some characteristics in zebrafish, such as a
connection to the isocortex (Mueller et al., 2016).

e Mesencephalon, on the dorsal-exterior part there is the optic tectum, further divided into
two parallel structures. The optic tectum oversees, vision, as it is connected to the optic
nerves originating from each eye. In the ventral-interior part of the mesencephalon, there
is the tegmentum.

e Cerebellum, also known as the metencephalon, oversees the movement, coordinating
proprioceptive and balance stimuli.

e Myelencephalon, the most caudal part of the brain, from where originates the medulla
oblongata, which connects to the spinal cord which is responsible for the autonomic

nervous system function (respiration, cardiac and reflexes function).
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Figure 18: Anatomy of the larval zebrafish brain.

Schematic representation of a 4-5-day-old larval zebrafish brain seen from dorsal (a), lateral (b),
or transverse (c—e) views. Brain areas are represented in different shades of grey, ventricles in
blue, neurogenic zones in magenta and motile cilia generating CSF flow in green. (c—e) Transverse
sections through the telencephalon (c), di—/mesencephalon (d), and rhombencephalon (e) as
indicated in panels (a) and (b) show the various brain regions and the distribution of
Tg(her4:GFP) positive radial glia (Yeo, Kim, Kim, Huh, & Chitnis, 2007) obtained by confocal
microscopy. Note the radial organization of radial glia with their nuclei located along the
ventricles and processes reaching the pial surface. A: anterior, P: posterior, D: dorsal, V: ventral,

R: right, L: left. Scale bar: 100 um. Source (Jurisch-Yaksi et al., 2020).
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It is important to briefly explain that the brain is protected by a barrier of continuous capillaries
and specialized endothelial cells, which takes the name of the blood-brain barrier (BBB). At 3 days
post fertilization, the BBB can block high molecular weight dyes over 900 Da; effectively blocking

out many pathogens too (Quifionez-Silvero et al., 2020).

The anatomical structure of the larval zebrafish spinal cord is a meticulously organized framework
that underlines its essential role in motor coordination and sensory processing. At the cellular level,
the spinal cord is made up of various distinct populations of neurons and glial cells, each
contributing to complex neural circuitry (Figure 19). The neurons of the spinal cord are organized
into functional domains called segments, which correspond to different regions of the body. These
segments are further divided into dorsal, intermediate, and ventral regions, each housing specific
neuronal populations responsible for sensory relays, inter-neuronal communication, and motor
output. Within segments of the zebrafish spinal cord, highlight the presence of diverse excitatory
and inhibitory interneurons, motor neurons, and sensory projection neurons (Cigliola et al., 2020;

Goulding, 2009; Lewis and Eisen, 2003; Pedroni and Ampatzis, 2019):

- In the dorsal region we can find sensory neurons that branch on the long somatosensory
axons that go from the tip of the tail to the hindbrain, transporting sensory information to
the brain.

- In the intermediate region, some interneurons form interspinal circuits necessary to
coordinate movement and process sensory reflexes.

- In the ventral region, there are motoneurons and axons transmitting signals from the brain

to the periphery.
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Figure 19: Identified spinal interneurons in the embryonic mouse and zebrafish spinal

cord.

Similar neuronal cell types are present in the embryonic spinal cords of aquatic and terrestrial
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