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The opportunistic human pathogen Pseudomonas aeruginosa is responsible for a variety
of acute infections and is a major cause of mortality in chronically infected patients with
cystic fibrosis (CF). Considering the intrinsic and acquired resistance of P. aeruginosa to
currently used antibiotics, new therapeutic strategies against this pathogen are urgently
needed. Whereas virulence factors of P. aeruginosa are well characterized, the interplay
between P. aeruginosa and the innate immune response during infection remains unclear.
Zebrafish embryo is now firmly established as a potent vertebrate model for the study of
infectious human diseases, due to strong similarities of its innate immune system with that
of humans and the unprecedented possibilities of non-invasive real-time imaging. This
model has been successfully developed to investigate the contribution of bacterial and
host factors involved in P. aeruginosa pathogenesis, as well as rapidly assess the efficacy
of anti-Pseudomonas molecules. Importantly, zebrafish embryo appears as the state-of-
the-art model to address in vivo the contribution of innate immunity in the outcome of
P. aeruginosa infection. Of interest, is the finding that the zebrafish encodes a CFTR
channel closely related to human CFTR, which allowed to develop a model to address
P. aeruginosa pathogenesis, innate immune response, and treatment evaluation in a
CF context.

Keywords: Pseudomonas aeruginosa, zebrafish, innate immunity, host-pathogen interactions, drug screening

INTRODUCTION

Pseudomonas aeruginosa is a mesophilic Gram-negative bacterium able to thrive in very diverse
habitats, which is linked to its metabolic versatility, impressive number of regulators, and two-
component systems (Arai, 2011). P. aeruginosa can colonize a broad range of hosts, from plants to
animals including humans (de Bentzmann and Plesiat, 2011), where it is considered as an
opportunistic pathogen as it mainly affects compromised patients. This pathogen is a leading
cause of nosocomial contaminations capable of causing a myriad of infection types like bacteremia,
pneumonia, keratitis, wound, and urinary tract infection, in immunodeficient subjects (e.g.,
neutropenic, burn, or oncological patients). In addition, most individuals with cystic fibrosis
(CF), a genetic disorder caused by mutations of the cystic fibrosis transmembrane conductance
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regulator (CFTR) gene, are colonized by P. aeruginosa, which is a
major cause of morbidity and mortality in these patients. In this
autosomal recessive disease, the function of the chloride channel
CFTR is impaired, leading to thick mucus in the lung, providing an
environment particularly favorable for P. aeruginosa multiplication.
CFTR also contributes to the innate immune response, being
involved in the bactericidal activity of macrophages (Di et al., 2006;
Zhang et al.,, 2010; Del Porto et al., 2011).

During acute infection, P. aeruginosa relies on a wide array of
virulence factors, allowing the bacterium to move (flagella),
adhere on host cells (pili), degrade host factors (secreted
proteases), evade innate immune response, or transmigrate
within the organism (Gellatly and Hancock, 2013; Klockgether
and Tummler, 2017). Among these weapons, the type three
secretion system (T3SS) contributes tremendously to virulence
(Hauser, 2009). This nano-syringe allows P. aeruginosa to
intoxicate various cell types through the injection of bacterial
effectors into host cells. Despite being considered an extracellular
pathogen, recent studies have emphasized that P. aeruginosa can
enter host cells in vivo (Belon et al., 2015; Mittal et al., 2016;
Kroken et al., 2018), resulting in a transient phase of intracellular
residence, where T3SS also plays a role (Garai et al, 2019).
Intracellular residence during infection is an important strategy
for bacterial pathogens to hide from the immune system and
antibiotics (Lamberti and Surmann, 2021). During long-lasting
infections in CF lungs, P. aeruginosa is able to shift from a
colonizing toward a persistent state, associated with the formation
of biofilm, which is extremely hard to eradicate since it protects P.
aeruginosa against host immune defenses and antibiotics (Faure
et al, 2018). Biofilm formation relies on active quorum sensing
(QS), a system allowing bacteria to communicate with each other
thanks to the release of small signaling molecules.

Pseudomonas aeruginosa is known to be highly resistant to
many currently used antibiotics, due to efflux systems expelling
intracellular antibiotics, its low outer membrane permeability,
and antibiotic-inactivating enzymes (Pang et al., 2019). The
recent rising of multidrug-resistant isolates and the major
threat they represent at the hospital have led the World Health
Organization to classify P. aeruginosa as a critical priority for
which there is an urgent need for new treatments (Tacconelli
et al., 2018). In this line, anti-virulence strategies and phage
therapy represent appealing alternatives that are currently being
developed to complement antibiotic treatments (Muhlen and
Dersch, 2016; Broncano-Lavado et al., 2021).

To investigate P. aeruginosa pathogenesis, a plethora of in vivo
infection models have been used, ranging from mammals to non-
mammalian animals like Caenorhabditis elegans or even plants
(Rahme et al., 1997; Lorenz et al., 2016; Kaito et al., 2020). Zebrafish
(Danio rerio) is a non-mammalian vertebrate model that is gaining
increasing interest in infection studies as it fulfills the advantages of
both mammalian and invertebrate models. Zebrafish have a
number of advantages, in terms of methodological, financial, and
ethical issues over mammalians models, and have been widely used
as a model for studying host-pathogen interactions (Torraca and
Mostowy, 2018). As a vertebrate, zebrafish is genetically and
physically closer to humans than invertebrate models and has an

innate immune system closely related to that of humans. In this
review, we will focus on the embryo, which is increasingly
considered for modeling human infections, including lung
diseases, caused by bacterial pathogens (Hernandez et al., 2015;
Gomes and Mostowy, 2020). Importantly, the optical transparency
of the embryonic stages provides unprecedented opportunities to
visualize bacterial infections in real time. Moreover, genetic tools are
available to transiently knock down host genes through the
generation of morphants using translation-blocking antisense
oligonucleotides injected at the one-cell stage or permanently
knock down host genes through the generation of mutated
fish lines.

During the embryonic stage, only the innate immune system
is functional (Masud et al., 2017), making embryos a model of
choice to investigate the contribution of innate immune cells
upon infection (Torraca et al., 2014). The zebrafish infection
model has been used to investigate the involvement of
macrophages and neutrophils, which are highly migratory
cells, capable of phagocytosis and the subsequent killing of
pathogens (Linnerz and Hall, 2020; Rosowski, 2020).
Macrophages are the first immune cells to develop in a
zebrafish embryo, as early as 22 h post-fertilization (hpf), and
both functional macrophages and neutrophils are present by 30
hpf. Transgenic zebrafish lines with fluorescent macrophages or
neutrophils have been generated to visualize specifically the
interaction of pathogenic bacteria with these cell lineages.
Reporter fish lines can also be generated to monitor
the activation of the proinflammatory response in vivo.
Moreover, chemical and genetic tools are available to
selectively deplete macrophages or neutrophils and investigate
their specific role during infection in zebrafish embryos
(Rosowski, 2020).

The zebrafish embryo model has been used for the first time to
follow P. aeruginosa infections and assess its virulence in 2009 by
three different groups (Brannon et al., 2009; Clatworthy et al., 2009;
Llamas et al., 2009), and detailed methodology for this novel model
of infection has been reported (Llamas and van der Sar, 2014). We
review here for the first time the various studies implying P.
aeruginosa carried out in this novel infection model. More
specifically, this subject has relevance in addressing P. aeruginosa
pathogenesis, monitoring interaction with innate immune cells, and
evaluating the efficacy of anti-infectious treatments. In addition, the
interest of zebrafish embryo as CF model is discussed and future
promising studies using this model are underlined.

INFECTION ROUTES FOR
PSEUDOMONAS AERUGINOSA
IN ZEBRAFISH EMBRYOS

Infection in zebrafish embryos is most often established through
microinjection of bacteria into the embryo, either in the
circulation or in closed compartments (Figure 1). The site of
microinjection determines whether the infection will rapidly
become systemic or will initially remain localized. In addition,
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FIGURE 1 | Different infection routes used with Pseudomonas aeruginosa in the zebrafish embryo. Microinjection offers the possibility to induce either a systemic
invasion, by delivering bacteria (in green) directly within the circulation, or a more localized infection, by injecting the pathogen in closed compartments. Immersion of
tail-injured embryos in a bacterial bath induces the colonization of the fish tail fin, mimicking a wound infection. Created with BioRender.com.

a bath immersion method has been developed with P.
aeruginosa (Figure 1).

Microinjection in the Circulation or in
Closed Compartments

In initial experiments, P. aeruginosa infections were established
by microinjecting bacteria into the bloodstream (injection in
caudal vein or duct of Cuvier) of 1 or 2 days post-fertilization
(dpf) old embryos, which causes a rapid systemic infection. The
detailed handling for injection in the caudal vein has been
described (Llamas and van der Sar, 2014).

Microinjection in a closed compartment such as the
hindbrain ventricle (HBV), otic vesicle, or tail muscle provides
a local infection that facilitates live imaging. Notably, injection in
HBV or muscle allowed to visualize in real time macrophages
that migrate at the injection site to phagocytose bacteria
(Moussouni et al., 2021) (Figure 2). Neutrophil recruitment
has also been monitored upon HBV injection (McCarthy et al.,
2017). Interestingly, lines of evidence of the development of P.
aeruginosa microcolonies were reported upon HBV injection 24
hpi, which have been proposed as precursors of biofilm (Rocker
et al,, 2015). Accordingly, microcolonies were less frequent and
of lower size and volume for a psI mutant, which is defective in
the production of Psl exopolysaccharide and thus biofilm
formation (Rocker et al., 2015). This study was, however,
conducted on fixed and not live embryos. To further evaluate
biofilm initiation in vivo, it would be of great interest to follow
the formation of microcolonies in real time on live embryos over
a period longer than 24 h.

The swim bladder shares similarities with the lung, with an
air-epithelial interface that produces epithelial mucus, and
localized microinjection in the swim bladder has been used to
model mucosal mixed infection with Candida albicans and P.

aeruginosa (Bergeron et al., 2017). Infection within the swim
bladder is usually performed at 4 dpf, when the organ starts to
inflate and is visible for microinjection.

Bath Immersion

Microinjection of bacterial cells into zebrafish embryos requires
specific expertise and is time consuming. Bath immersion, which
is easier to handle, is a natural way of infection for aquatic
bacterial pathogens (Rowe et al., 2014), but not for other
pathogens. A lethal infection after bath immersion of 3 dpf
healthy embryos with concentrated P. aeruginosa culture was
reported in one report (Diaz-Pascual et al., 2017), but was not
reproduced in other studies (Clatworthy et al., 2009; van Soest
et al,, 2011; Nogaret et al., 2021). Proteomic analysis indicated
induction of hypoxia response, but no inflammatory response, in
zebrafish embryos exposed to the immersion method, suggesting
that healthy larvae suffered from a lack of oxygen when exposed
to P. aeruginosa by static immersion (Diaz-Pascual et al., 2017).
Moreover, the host response was also likely corresponding to a
response against bacteria that are outside the fish or in contact
with its skin (Diaz-Pascual et al., 2017).

An alternative infection route has been recently proposed
with the bath immersion of tail-injured embryos (Poplimont
et al,, 2020; Nogaret et al., 2021). A rapid (within 24 h) bacterial
dose-dependent mortality was observed when 2 dpf embryos
were injured at the tail fin before static immersion with P.
aeruginosa PAO1 strain. Moreover, a mutant strain known to
be attenuated upon microinjection in the caudal vein is similarly
attenuated upon bath infection of injured embryos (Nogaret
et al, 2021), supporting the reliability of the bath model in
assessing P. aeruginosa virulence. This infection mode, which
could be considered as a model of wound infection, is of interest
for drug screening (see below).
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INTERPLAY OF PSEUDOMONAS
AERUGINOSA WITH THE ZEBRAFISH
INNATE IMMUNE SYSTEM

Infection of zebrafish embryos by P. aeruginosa induces an acute
infection and lethality of embryos, mostly within 24-30 hpi,
suggesting that infection is cleared or controlled in surviving
embryos. The embryo response to P. aeruginosa infection is
strongly related to the initial concentration of infection bacteria.
The zebrafish is relatively resistant to Pseudomonas, and
injection of large inocula (above 1,000 bacteria per embryo) is
required to induce host killing. Macrophages and neutrophils
can rapidly phagocytose P. aeruginosa, suggesting that both
phagocytic cell types play a role in protection against infection
(Brannon et al., 2009; Clatworthy et al., 2009; Cafora et al., 2019).
A P. aeruginosa clinical isolate from a CF patient microinjected
into the duct of Cuvier was also predominantly found to be
associated or engulfed by macrophages within 6 hpi (Kumar
et al., 2018). Figure 2 recapitulates some advantages of the
zebrafish embryo model to address the role of phagocytic cells
during P. aeruginosa infection.

Phagocytosis of P. aeruginosa, injected in the muscle or HBV,
by recruited macrophages has been visualized in real time
(Cafora et al, 2019; Moussouni et al., 2021) (Figure 2).
Depletion of macrophages, through the use of pu.I morphants
or lipochlodronate, increased the susceptibility of larvae to P.
aeruginosa (Brannon et al., 2009; Belon et al., 2015; Moussouni
etal, 2021) (Figure 2), supporting the role of macrophages in the
clearance of P. aeruginosa during acute infection. Survival of

FIGURE 2 | Advantages of zebrafish embryo to assess in vivo the interplay of Pseudomonas aeruginosa with innate immune cells. As shown in the left panel, using
specific transgenic lines carrying fluorescently labeled macrophages [e.g., tg(mfap4:mCherry-F)] or neutrophils [e.g., tg(mpx:GFP)], and thanks to the transparency of
the embryo, migration of professional phagocytes toward infectious foci (here HBV) and phagocytosed bacteria can be visualized in real time. The inserted picture is
a confocal microscopy image where macrophages express mCherry (red labeling), P. aeruginosa PAO1 expresses GFP (green labeling), and phagocytosed bacteria
are indicated by arrows (Moussouni et al., 2021). To assess the respective involvement of macrophages and neutrophils upon P. aeruginosa infection, toxin-based
(lipochlodronate, nitroreductase system) or genetic tools (morphants) are available to specifically deplete one or the other cell population. In the right panel, images
show the efficiency of macrophage depletion by lipochlodronate (lipoCld) in tg(mfap4:mCherry-F) fish line (Moussouni et al., 2021). Survival curves of lipoCld-treated
and non-treated embryos infected with PAO1 wild-type stain or PAO1 AoprfF mutant are shown (Moussouni et al., 2021). Created with BioRender.com.

infected embryos is reduced, in association with increased
bacterial burden, in embryos defective for the mitochondrial
superoxide dismutase 2 (sod2 morphant), which contributes to
generating oxidative stress in phagocytes (Peterman et al., 2015).
In addition, the survival of infected embryos is largely reduced in
the presence of bafilomycin, which inhibits host vacuolar
ATPase, supporting the idea that acid stress within phagocytic
cells is important for host defense (Moussouni et al., 2021).

The recruitment of neutrophils at the site of infection has also
been observed (Diaz-Pascual et al., 2017; McCarthy et al., 2017).
The effect of neutrophil depletion in the outcome of P.
aeruginosa in zebrafish embryos has not been investigated, but
defects in neutrophil migration greatly sensitize embryos to P.
aeruginosa infections (Rosowski et al., 2016; Houseright et al.,
2020). More precisely, embryos defective for Rac2 function,
which have neutrophils that are unable to migrate, are highly
susceptible to P. aeruginosa (Rosowski et al., 2016). Upon
localized otic infection with P. aeruginosa, systemic activation
and mobilization of neutrophils from hematopoietic tissues is
also mediated by Cxcr2 signaling, a receptor enabling
neutrophils to sense the IL8 chemokine (Deng et al., 2013). In
addition, the increased susceptibility to P. aeruginosa infection
observed in zebrafish deficient for c3a.1, which is homologous to
the C3 component of human complement, is likely due to a
neutrophil-intrinsic function of C3, possibly its ability to recruit
neutrophils at the infection site (Houseright et al., 2020).

In parallel to the recruitment of phagocytic cells, P.
aeruginosa triggers a potent proinflammatory response in
zebrafish, with an increased expression of cytokines TNF-o
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and IL-B that was monitored by RT-qPCR (Clatworthy et al.,
2009; Cafora et al,, 2019). However, even though a correlation
has been made between the intensity of the TNF-o response and
the virulence of strains (Clatworthy et al., 2009), it is still unclear
whether the mortality of embryos is due to a cytokine storm. An
inflammatory response is also supported by global expression
profile (see below).

Interestingly, the diguanylate cyclase SadC and the
methyltransferase WarA, which interact with the LPS biosynthesis
machinery of P. aeruginosa to modify the distribution of LPS O
antigen, have been involved in neutrophil recruitment (McCarthy
et al, 2017). SadC and warA mutants are slightly but significantly
attenuated during zebrafish infection at early time post-infection (12
hpi), without being associated with a reduced bacterial load
(McCarthy et al.,, 2017). During infection with sadC or warA
mutant in HBV, more neutrophils were recruited to the site of
infection, and a higher expression of the LPS-associated
proinflammatory cytokine TNF-o. was measured as compared to
larvae infected with the wild-type strain, suggesting that SadC/WarA
modifications of LPS mediate immune evasion in vivo.

Taken together, these studies show the strong contribution of
zebrafish’s innate immune system in the outcome of P.
aeruginosa infection and highlight the powerful tools available
to decipher the interplay between pathogen and host
components. These findings corroborate the role of innate
immunity in humans with the increased sensibility of
immunocompromised patients, such as neutropenic patients,
to P. aeruginosa infection (Sadikot et al., 2005).

PSEUDOMONAS AERUGINOSA FACTORS
INVOLVED IN PATHOGENESIS
IN ZEBRAFISH

The zebrafish infection model has been used to assess the
virulence of various P. aeruginosa mutant strains, thus
allowing us to evaluate the role of different bacterial factors in
this model. The mutants identified as attenuated in this model
are summarized in Table 1. Of specific interest, several mutants
are as virulent as a wild-type strain in macrophage-depleted
embryos, indicating an interplay between these bacterial factors
and phagocytes.

T3SS, QS, and Other Classical

Virulence Factors

A PA14 mutant lacking T3SS-structural protein PscD is attenuated
upon microinjection into the yolk circulation valley at 2 dpf
(Clatworthy et al., 2009). Accordingly, a PAK mutant strain
lacking ExsA, which positively regulates T3SS, is also attenuated
upon microinjection in the caudal vein of 2 dpf embryos (Brannon
etal,, 2009). The first effect of T3SS was reported between 4 and 8
hpi, when the PAK strain, but not an exsA mutant, began to
proliferate despite an initial phase of bacterial clearance, probably
by phagocytes (Brannon et al., 2009).

The virulence of P. aeruginosa strains lacking a functional
T3SS can be restored upon phagocyte depletion, suggesting that
T3SS influences virulence through its effects on phagocytes
(Brannon et al., 2009). The dramatic dependence of P.
aeruginosa on the T3SS to overcome normal phagocyte
defenses in the absence of adaptive immunity suggests that the
zebrafish may be a useful and relevant model to understand the
details of T3SS-phagocyte interactions. The specific involvement
of T3SS effectors during infection in the zebrafish model still
remains to be investigated.

Two bacterial factors, the inner membrane protein MgtC and
the outer membrane porin OprF, which are involved in the
intramacrophage survival of P. aeruginosa, have been involved in
the regulation of T3SS genes (Garai et al., 2019). Similar to T3SS
mutants, mgtC and oprF mutants (in the PAO1 background)
have been shown to be attenuated after microinjection in the
caudal vein of 2 dpf embryos in a macrophage-dependent
manner (Belon et al., 2015; Moussouni et al., 2021) (Figure 2).
Attenuation of oprF mutant has also been reported upon
infection by immersion of tail-injured embryos (Nogaret et al.,
2021). Interestingly, the infection defect of oprF mutant in
zebrafish embryo can be suppressed upon the addition of
bafilomycin, an inhibitor of phagosomal acidification, which
correlates with a preferential association of oprF mutant with
acidified compartments in cultured macrophages (Moussouni
et al., 2021).

LasR and MvfR are transcriptional regulators of QS that
control many genes encoding virulence factors. P. aeruginosa
lasR and mvfR mutants (PA14 background) are attenuated in
zebrafish embryos infected at 2 dpf into the yolk circulation
valley (Clatworthy et al., 2009).

TABLE 1 | Pseudomonas aeruginosa mutants attenuated in the zebrafish embryo infection model.

Gene name

Site of injection

References

exsA®, pscD (T3SS)

oprF® CV, HBV, immersion
mgtC? cv

mviR, lasR (QS) Duct of Cuvier
phz1/2 Duct of Cuvier
sarA/warA HBV

retS, gacS, phoR, copS, bgsS, kinB (TCS) Duct of Cuvier
PA2206 (LysR regulator) cv

vreR cVv

CV, duct of Cuvier

Brannon et al. (2009); Clatworthy et al. (2009)
Moussouni et al. (2021); Nogaret et al. (2021)
Belon et al. (2015)

Clatworthy et al. (2009)

Chand et al. (2011)

McCarthy et al. (2017)

Chand et al. (2011)

Reen et al. (2013)

Llamas et al. (2009)

AAttenuation in a macrophage-dependent manner.
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Among other putative virulence genes tested, a phz1/2 mutant
defective in phenazine-1-carboxylic acid biosynthesis (whose
main derivative is pyocyanin) was attenuated for virulence in
the zebrafish embryo infection model, suggesting that pyocyanin
is a critical virulence factor in this model (Chand et al., 2011),
which may interfere with bacterial clearance by phagocytes. In
contrast, mutants deficient for elastase production (lasB), flagellar
motility (flgK), alginate (algD), or Pel exopolysaccharide (pelA)
production were not attenuated during acute infection in zebrafish
embryos (Chand et al.,, 2011).

Two-Component Systems and
Transcriptional Regulators

The role of 60 two-component sensors (PAl4 genetic
background) has been systematically tested with individual
mutants in 50 hpf zebrafish embryos microinjected into the
bloodstream through the yolk circulation valley. Six sensors that
are required for P. aeruginosa virulence were identified (GasS,
RetS, PhoR, CopS, BgsS, KinB) (Chand et al,, 2011). A deeper
analysis of kinB mutant showed that KinB is required for acute
infection in zebrafish embryos and regulates a number of
virulence-associated phenotypes, including QS, pyocyanin
production, biofilm formation, and motility (Chand et al., 2011).

Extracytoplasmic function sigma factors are important signal-
responsive regulatory proteins in P. aeruginosa, and a member of
this family, 6", promotes the transcription of secretion systems
and secreted proteins. The VreR anti-sigma factor, involved in
the regulation of ¥, is required for P. aeruginosa virulence in
zebrafish embryos, possibly through the modulation of bacterial
toxicity toward host cells (Llamas et al., 2009; Otero-Asman
et al., 2020).

The non-classical LysR-type transcriptional regulator PA2206
is required for an effective oxidative stress response in P.
aeruginosa (required for tolerance to H,O, in vitro) and was
found to be important for the lethality of zebrafish embryos
injected at 26 hpf in the blood island (PAO1 derivative) (Reen
et al, 2013). Whether the attenuated phenotype of PA2206
mutant in the zebrafish infection model is directly linked to its
reduced tolerance to oxidative stress remains to be determined.
In addition, the implication of phagocytic cells in the attenuated
phenotype has not been investigated.

Cumulatively, the use of diverse mutated strains indicates that
the relevance of P. aeruginosa factors, such as T3SS and QS,
during pathogenesis in zebrafish embryo model is consistent
with the results reported in acute models of mice infection
(Rumbaugh et al., 1999; Vance et al., 2005; Kumar et al., 2009).
In addition, virulence phenotypes in zebrafish corroborate
clinical observations in humans, since T3SS has been shown to
increase the infection risk and is associated with poor clinical
outcomes (Hauser et al., 2002; Ledizet et al., 2012), similar to
pyocyanin production upon bloodstream infections (Gupte et al.,
2021). On the other hand, similar to what is observed in
zebrafish, swimming motility and protease secretion have not
been associated with increased pathogenicity and disease severity
in humans (Ledizet et al., 2012; Gupte et al., 2021).

EXPRESSION OF HOST AND
PSEUDOMONAS AERUGINOSA
GENES DURING INFECTION

The transparency of the zebrafish embryos can be used to
monitor bacterial gene expression in vivo using strains with
transcriptional fusions with fluorescent reporter genes.
Expression in vivo of a P. aeruginosa gene regulated by the
¢ transcriptional factor was observed upon bacterial injection
in HBV (Otero-Asman et al., 2020). How activation of "™ in
response to the host occurs remains to be investigated.

The use of a zebrafish embryo model also allows us to assess
the global gene expression of both host and microbe in parallel.
This provides a unique opportunity to investigate the molecular
mechanisms underlying the interaction between the host’s innate
immune system and the pathogen.

A global proteomic approach was used to track
simultaneously in vivo the pathogen response and host
immune response at 22 hpi using 3 dpf zebrafish larvae
infected with P. aeruginosa PAO1 by immersion (without tail
injury) or microinjection (Diaz-Pascual et al, 2017). Some
zebrafish metabolic pathways, such as hypoxia response, as
well as the integrin signaling pathway and angiogenesis, were
exclusively enriched in the larvae exposed by static immersion. In
contrast, inflammation mediated by chemokine and cytokine
signaling pathways was exclusively enriched in the larvae
exposed by injection. Important virulence factors from P.
aeruginosa, involved in toxin production, T3SS, QS, and the
production of extracellular polymeric substances, were enriched
only after exposure by injection, which is consistent with the role
of these factors during acute infection in this model (Table 1).

A dual host-pathogen transcriptomic analysis was also
conducted at a later infection time (3 dpi) on embryos surviving
infection using a CF clinical isolate (PASS1) microinjected into the
duct of Cuvier at 2 dpf (Kumar et al,, 2018). PASS1 displayed
increased expression of an array of genes shown previously to be
important in pathogenesis, including genes encoding pyoverdine
biosynthesis, flagellin, non-hemolytic phospholipase C, proteases,
superoxide dismutase, and fimbrial subunits. In addition,
phosphate and iron acquisition genes are significantly
upregulated in PASSI, suggesting that phosphate and iron are
limiting nutrients within the zebrafish host. Regarding the host,
proinflammatory genes as chemokine receptors, IL-1f3, Toll-like
receptors, and TNF receptor signaling family were activated.
Transcriptional regulators of neutrophil and macrophage
phagocytosis were also upregulated, highlighting phagocytosis as
a key response mechanism to P. aeruginosa infection.

Real-time imaging using zebrafish transgenic lines carrying
reporters of inflammatory genes and a cohort of clinical isolates
could increase the relevance of these observations, notably by
shedding light on the ability of strains from different origins to
escape immune detection. In humans, host responses to chronic
P. aeruginosa infections are indeed complex, ranging from
vigorous inflammation ineffective at eradicating infecting
bacteria, to relative host tolerance through a dampened
activation of host immunity (Faure et al., 2018).
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ROLE OF HOST FACTORS DURING
PSEUDOMONAS AERUGINOSA
INFECTION: THE CASE OF CFTR

As indicated above, P. aeruginosa infections are a major cause of
mortality and morbidity in patients with CF. The CFTR channel
has a broad cellular distribution and CF affects multiple organs in
humans including the lung, gastrointestinal tract, liver, male
reproductive tract, and pancreas.

CFTR in Zebrafish

The amino acid sequence of zebrafish CFTR (zCFTR) is 55%
identical to human CFTR (hCFTR), and 42 out of 46 sites of
mutations found in patients with CF are conserved in zCFTR.
The structure of ZCFTR was the first CFTR structure to be solved
(Zhang and Chen, 2016; Zhang et al., 2017) and is essentially
identical to the structure of hCFTR (Liu et al., 2017). Zebrafish
cftr is expressed in the liver, kidney, spleen, and intestine, and cftr
transcripts are detected in cells of the myeloid lineage that
includes macrophages and neutrophils (Phennicie et al., 2010).

The role of CFTR in zebrafish was addressed by generating a
fish line with frameshift mutation in the cftr gene (Navis et al.,
2013; Liao et al,, 2018). In zebrafish, left-right asymmetry
requires cilia-driven fluid flow within the lumen of Kupffer’s
vesicle (KV), and a reduced fluid secretion in ¢ftr mutant impairs
KV lumen expansion leading to defects in organ laterality (Navis
et al,, 2013). Due to male infertility (Liao et al., 2018), the lines
have to be maintained at heterozygous stage, and homozygous
embryos are screened based on the altered KV morphogenesis
(Navis et al., 2013). Interestingly, deregulation of cftr function in
zebrafish causes a phenotype that mirrors other defects present
in the human disease such as severe pancreatic dysfunction
(Navis and Bagnat, 2015) and hematopoietic defects (Sun
et al., 2018), which may correlate with anemia presented by
patients with CF.

Zebrafish embryos with cftr-loss-of-function (also called “CF
embryos”) thus represent a promising model to study the
implication of CFTR in innate immune response and mucin
secretion. Another way to generate a CF zebrafish model, which
has been used in the context of P. aeruginosa infection, is
through the injection of morpholino that transiently knocks
down cftr gene expression.

Pseudomonas aeruginosa Infection in CF
Zebrafish Embryos

CF zebrafish embryos (cftr morphants) have a 3.5-fold higher
number of P. aeruginosa PA14 bacterial cells after 8 h of infection
than control embryos (Phennicie et al., 2010). A similar pattern
of differences in bacterial burden at early time post-infection was
observed with a P. aeruginosa CF clinical isolate. However, no
effect was reported at later times, and this difference early in the
course of infection did not result in higher mortality in the cftr
morphants compared with that of the control. On the other
hand, in another study carried out with PAO1 strain
microinjected in the duct of Cuvier at 48 hpf, the mortality of
the CF embryos was slightly, but significantly, increased at 20 hpi

comparative to control embryos (Cafora et al., 2019). Time laps
analyses after HBV injection by confocal microscopy showed
several microcolonies at 18 hpi (Rocker et al., 2015), and
interestingly, the area of microcolonies formed in CF embryos
was reported to be higher than in wild-type fish (Cafora et al,
2019). A deeper analysis of the formation of these microcolonies
over a long period would be of interest to determine if they
persist, increase in size and harbor biofilm characteristics, or
are eliminated.

The production of reactive oxygen species is significantly
dampened in cftr morphants compared with control embryos,
and a reduction of neutrophil migration toward the injection site
is observed in the case of local injection (HBV), supporting a link
between CFIR and innate immune response (Phennicie et al.,
2010). Moreover, CF embryos present a reduced proinflammatory
immune response following bacterial infection in comparison with
the wild-type, as shown by significantly reduced TNF-or and IL-1§
responses (Phennicie et al., 2010; Cafora et al., 2019).

Taken together, these results indicate that zCFTR contributes,
to a moderate extent, to the resistance against P. aeruginosa
infection. This is likely linked to an alteration of the
inflammatory response and could also be related to an
alteration of the bactericidal action of innate immune cells
(Bernut et al., 2019). Such findings corroborate a reduced
clearance of P. aeruginosa in the CF mouse model and in
patients with CF, which is in part linked to the altered ability
of CF macrophages to properly control the inflammatory
response and kill bacteria (Hartl et al., 2012). The results in
zebrafish rely on a morphant-based CF model and it would be of
interest to carry out P. aeruginosa infection with a mutated fish
line, to strengthen the invalidation of the cftr gene.

VALIDATION OF ANTI-PSEUDOMONAS
STRATEGIES IN ZEBRAFISH

Aside from being of interest as an infection model, the zebrafish
embryo is also suitable for in vivo chemical screening (Zon and
Peterson, 2005; Rennekamp and Peterson, 2015), with the
advantage that permeability of the larvae allows the entry of
small compounds added directly to the fish water. This model,
which allows also to address drug toxicity (Eimon and
Rubinstein, 2009), has been successfully used for drug testing
in the context of infectious diseases (Bernut et al., 2014b). The
mode of infection with bath immersion of cut-tailed embryos in
96-well plates is of particular interest for the screening of anti-
infectious compounds.

Test of Clinically Used Antibiotics

Treatment of infected embryos, microinjected at 50 hpf with
PA14 in the circulation, with ciprofloxacin (50 pg/ml) or
imipenem (50 pg/ml) added in the bath medium, could rescue
embryos from lethality (Clatworthy et al., 2009). Protection with
ciprofloxacin (50 pg/ml) was also observed with the infection
mode of tail-injured embryos (Nogaret et al., 2021). In this case,
an antibiotic was added in the bath 2 h after injury and bacterial
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immersion, at a time when the wound was closed. Interestingly, a
significant protective effect, of lower amplitude, was also shown
at a much lower dose of 1 pug/ml, supporting the pertinence of the
model for drug testing.

Validation of Novel Antibacterial Strategies
Phage therapy using a phage cocktail, found to be efficient to treat
P. aeruginosa acute infections in mouse and Galleria mellonella
larvae, was used in zebrafish embryos (Cafora et al., 2019; Cafora
et al., 2020b). Phage therapy, done by injecting a phage cocktail in
the yolk sac of PAOl-infected embryos, was shown to reduce
lethality, bacterial burden, and the proinflammatory response
caused by PAOLI infection at 20 hpi both in wild-type and CF
zebrafish (Cafora et al., 2019). In addition, phages alone mitigate
inflammation in wild-type and CF zebrafish by reducing the
expression levels of proinflammatory cytokines and the
neutrophilic recruitment to the infection site (Cafora et al., 2020a).

Anti-virulence strategies have emerged as attractive novel
therapeutic approaches that would apply less selective pressure
to develop resistance and better preserve microbiota than
traditional antimicrobial therapy (Muhlen and Dersch, 2016).
In this context, the zebrafish embryo is suitable for testing the
efficacy of specific inhibitors of virulence factors that are
important for P. aeruginosa infection in this model (Table 1).
This is the case of QS, which has been proposed as an attractive
target to fight P. aeruginosa infections using alternative therapies
(Smith and Iglewski, 2003). The bath immersion model of
injured embryos was used to show the anti-infective potential
of a novel anti-QS compound, without exhibiting any toxicity
(Nogaret et al., 2021). This compound is an antagonistic analog
of C4-HSL (Furiga et al., 2016) that was not previously tested in
an animal model. In vitro, C11 was shown to inhibit P.
aeruginosa biofilm formation and reduce the expression of QS
regulatory/regulated genes (Furiga et al., 2016). Further studies
are required to determine how C11 addition in vivo reduces
embryo mortality, which can be due to its ability to downregulate
QS gene expression and impair virulence and/or to the fact that
initiation of infection at the injured tail shares properties with the
initiation of biofilm formation.

Importance of bacterial factors in
P, aeruginosa virulence

P, aeruginosa pathogenesis ¢ ’/ @
in a CF context { aul

Host factors involved in the
protection against P, aeruginosa

BioRender.com.

Taken together, these studies support the relevance of
zebrafish as a first-intention vertebrate model to validate
molecules that reduce P. aeruginosa pathogenicity and to
perform drug screening. In addition, therapeutic molecules can
also be tested in a CF context.

CONCLUSION AND PERSPECTIVES

In the present review, we have recapitulated the multiple points of
interest of using zebrafish embryos as an infection model for P.
aeruginosa (Figure 3). This model appears as a potent first-
intention vertebrate model to monitor P. aeruginosa pathogenesis
and test novel therapeutic strategies. Importantly, this model offers
unprecedented opportunities to investigate the role of phagocytic
cells and inflammatory response during infection. Whereas the role
of alveolar macrophages in internalization and early clearance of P.
aeruginosa in mouse lung remains controversial (Kooguchi et al,
1998; Cheung et al., 2000), macrophages play a key role during
P. aeruginosa infection in the zebrafish model, thus allowing to
investigate how intraphagocytic stage contributes to dissemination,
persistence, and susceptibility to drug treatment.

In addition to these multiple points of interest, zebrafish
embryos also offer perspectives to study P. aeruginosa clinical
isolates and polymicrobial infections (Figure 3). While reference
laboratory strains causing acute infections (PAOI, PAl4, and
PAK) have been widely used in the zebrafish model to gain
insights on the host-P. aeruginosa interaction in vivo,
investigation of the pathogenesis of clinical isolates in this
vertebrate model remains very scarce, with only two CF isolates
used (Phennicie et al., 2010; Kumar et al., 2018). In the future, a
broader and deeper analysis of the behavior of clinical acute or
chronic strains would shed light on their pathogenesis and on the
pertinence of the model to assess persistence strategies used by CF
isolates, as well as investigate in vivo their ability to induce or
reduce the production of proinflammatory cytokines.

Zebrafish embryo has been proposed as a novel vertebrate CF
model, but the increased sensitivity of cftr morphants to

Interaction of P aeruginosa with
the host innate immune system

Drug screening to test
new anti-P. aeruginosa
T therapeutics

\ Assess the pathogenicity of
P, aeruginosa clinical isolates

In vivo study of
polymicrobial interactions

FIGURE 3 | Insights from infecting zebrafish embryo with Pseudomonas aeruginosa (GFP-expressing bacteria are shown in the inserted picture). Insights presented
in this review, using diverse infection routes, are represented in green, while new appealing perspectives that are clinically relevant are highlighted in red. Created with
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P. aeruginosa infection remains moderate, suggesting that the
model should be improved, possibly with the use of mutated fish
lines. Importantly, zebrafish embryo has been reported as a suitable
model for other opportunistic bacterial pathogens found in patients
with CF, such as Staphylococcus aureus, Burkholderia cenopacia,
and Mycobacterium abscessus (Prajsnar et al., 2008; Vergunst et al.,
2010; Bernut et al., 2014a). The zebrafish embryo offers interesting
opportunities for future studies of P. aeruginosa in the context of
microbial communities, as well as in the immune response against
polymicrobial infection (Bergeron etal., 2017). It is well known that
multiple microbial species can interact together within a given
microenvironment, particularly within mixed biofilms, and that it
can contribute to increased disease severity during polymicrobial
infections (Briaud et al., 2019). Co-infection of C. albicans and P.
aeruginosa in zebrafish swim bladder, proposed as a suitable site to
model mucosal lung, showed increased proliferation of both
pathogens, as well as potentiated hyphal penetration through
epithelial barriers and increased the host inflammatory response
(Bergeron et al.,, 2017). This suggests in vivo cross talk that benefits
both organisms to the detriment of the host and sheds light on the
effect of cross-kingdom interactions on infection outcome. In
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