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A B S T R A C T

Here we present immunostimulant-loaded nanoliposomes (NLc) as a strategy to protect zebrafish larvae against
bacterial infection. The NLc encapsulate crude lipopolysaccharide (LPS) from E. coli and poly-
inosinic:polycytidylic acid (Poly I:C), a synthetic analogue of viral dsRNA. Fluorescently-labeled NLc were in-
gested by zebrafish larvae 4 days post fertilization, when administrated by bath immersion, and accumulated in
the intestine. RT-qPCR analysis showed the expression of innate immune related genes (tnfα, il1β, nos2a, irf1a
and ptgs2a) was significantly upregulated at 48 h post NLc treatment. A zebrafish larvae infection model for
Aeromonas hydrophila was set up by bath immersion, achieving bacterial-dose-dependent significant differences
in survival at day 5 post infection in both injured and non-injured larvae. Using this model, NLc protected non-
injured zebrafish larvae against an A. hydrophila lethal infection. In contrast, neither the empty nanoliposomes
nor the mixture of immunostimulants could protect larvae against lethal challenges. Our results demonstrate that
nanoliposomes could be further developed as an efficient carrier, widening the scope for delivery of other im-
munostimulants in aquaculture.

1. Introduction

Since the late 1980s, the aquaculture industry has grown strikingly
to meet the demand of fish for human consumption, when fish capture
production reached a plateau. Globally, aquaculture provided 47% of
total fish production in 2016, and this trend is still increasing [1]. To
develop sustainable aquaculture, it is extremely important to avoid
disease outbreaks by implementing preventive immunostimulation or
vaccination strategies [2]. In particular, specific treatments against
pathogens that infect larvae are needed to avoid disease outbreaks. Fish
larvae only have a functional innate immune system at the time of
hatching as their adaptive immune responses are not yet well estab-
lished [3]. Fish larvae are an easy target for pathogens, resulting in
huge amount of infections and mortality in aquaculture. Numerous
pathogenic bacteria have been identified in fish larvae including those
from fresh and marine water species [4–8]. The main symptoms ob-
served in infected larvae are poor growth of individuals, a sudden de-
crease in survival and malformations [3]. Some antibiotics provide a
broad-spectrum antimicrobial activity, but their frequent use has led to
a surge in resistant strains. This is an increasing problem for veterinary
treatment in aquaculture and even a matter for human health [9].

Antibiotics and other drugs are not effective in fish against viral dis-
eases, though they may be used to control secondary bacterial infec-
tions. Viral diseases in larvae or juvenile fish also cause high mortalities
and huge economic losses. Significant reported viruses in fish larvae
include a picorna-like virus in sea bass [10], herpesvirus in Japanese
flounder [11], infectious pancreatic necrosis virus (IPNV) in salmonids
[12] and viral nervous necrosis virus (VNNV) in barramundi [13].
Recently, trained immunity has been proposed as an important me-
chanism for protection, based on epigenetic reprogramming of innate
immune cells (for a review see Ref. [14]). Natural killer (NK) cells and
macrophages have been shown to exhibit memory-like properties
against viruses or against bacteria and fungi, respectively [15–17]. In
fish, few prophylactic strategies have been designed for larvae although
promising protection has been reported both against viral [18,19] and
bacterial infections [20,21]. There is an urgent need to develop sui-
table, efficient prophylactic tools for fish larvae and to find novel ad-
juvants to increase vaccine efficacy for both juveniles and adults,
especially for those vaccines based on recombinant antigens or in-
activated pathogens.

Nanoparticles have been widely used as carriers or delivery systems
to enhance the performance of immunostimulants or prolong release of
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vaccines in aquaculture (reviewed in Ref. [22]). Nanoparticles have
unique physical characteristics in size, shape, surface chemistry, or
targeted surface ligand/receptor that make them highly versatile for
drug delivery. The benefits of nanoparticles as delivery tools include
facilitate the cellular uptake and presentation of antigens, reduce the
doses and improve tissue specific targeting, lessen the toxic or sec-
ondary effects of the drug and increase in the delivery effectiveness
[23,24]. Liposomes have been shown to be promising vaccine and/or
adjuvant carriers aimed to potentiate immune responses through the
induction of antibody and T lymphocyte responses with associated
subunit antigens [25]. They have a hydrophilic core, and an exterior,
self-sealing, hydrophobic bilayer, allowing encapsulation of both lipo-
philic and hydrophilic compounds [26]. They provide the potential for
greater solubility, enhanced bioavailability, improved controlled re-
lease and better precision targeting of the encapsulated material [27].
Liposomes have been used as a carrier, delivering bacterial or viral
antigens to adult fish species achieving promising results [28–33].
However, using liposomes for the delivery of immunostimulants in fish
larvae are poorly studied (see review [22]). Thus, developing nanoli-
posomes encapsulating immunostimulants/antigens would be of great
interest in the prophylaxis of fish larvae diseases.

In previous work, we developed nanoliposomes (NLc) encapsulating
two immunostimulants: bacterial lipopolysaccharide (LPS) and a syn-
thetic analogue of dsRNA viruses (Poly I:C) and evaluated its behavior
in adult zebrafish [34]. The NLc protected adult zebrafish against
otherwise lethal bacterial (Pseudomonas aeruginosa PAO1) and viral
(spring viraemia of carp virus) infections regardless of whether they
were administered by injection or immersion [35]. Zebrafish (Danio
rerio) has been widely used as a model organism for aquaculture pur-
poses for testing prophylactic approaches adapted to different life cycle
stages [36]. We chose zebrafish larvae for the in vivo assays for multiple
reasons: the innate immune system is active by the first day of em-
bryogenesis [37] and the body is transparent at the early stage or can be
depigmented using 1-phenyl 2-thiourea (PTU) allowing real-time vi-
sualization [38], they are easy to breed and handle [39] and there is a
rising number of markers for immune cells and transgenic lines, al-
lowing further identification of the cell types involved in the im-
munisation process [40,41]. Here, we studied the biodistribution and
the immune-stimulating capability of LPS/PolyI:C nanoliposomes in
zebrafish larvae. We also developed an A. hydrophila infection model
using zebrafish larvae according to Saraceni et al. [42]. We tested NLc
to evaluate whether they could protect zebrafish larvae against this
bacterial lethal infection.

2. Materials and methods

2.1. Zebrafish husbandry

Wild type (wt) zebrafish (D. rerio) were housed in an aquarium
system with a photoperiod of 14 h light/10 h dark at 28 °C. One week
before breeding, adult zebrafish (approximately 5 months old) were
separated by gender and fed with a rich supply of food (blood worm or
brine shrimp). Embryos were obtained by a natural spawning method.
Briefly, one female and three males were placed separately in a 3 L
spawning tank with a divider in the late afternoon and the fish were put
together the next morning to trigger spawning. Embryos were collected
and reared in 90×14mm Petri dish (Deltalab) with E3 medium (5mM
NaCl, 0.17mM KCl, 0.33mM CaCl2, 0.33mM MgSO4 and 0.1% me-
thylene blue) until hatching. Debris and chorions were removed using a
Pasteur pipette (Deltalab) 3 times a day. All experimental procedures
involving zebrafish (Danio rerio) were authorized by the Ethics
Committee of the Universitat Autònoma de Barcelona (UAB, CEEH
number 1582) who follow the International Guiding Principles for
Research Involving Animals (EU 2010/63).

2.2. Preparation and lyophilization of fluorescent NLc

The nanoliposomes (NLc) encapsulating LPS (L2630, Sigma-Aldrich)
and Poly I:C (InvivoGen) were prepared as previously described in
Ruyra et al. [34]. Liposomes were prepared by the thin film hydration
method [43] with some modifications. Briefly, 1,2-didodecanoyl-sn-
glycero-3-phosphocholine, cholesterol, cholesteryl and cholesterol-
PEG600 were dissolved in chloroform solutions (100mg/ml) and mixed
at the desired molar ratios (0.5:0.35:0.1:0.05), which we refer to as the
lipid mixture. To obtain fluorescent liposomes, fluorescein-DHPE (Life
technologies) was mixed into the lipid mixture (at 0.01M ratio). The
organic solvent was then evaporated by rotary evaporation to obtain a
lipid film (fluorescent nanoliposomes, NLs). The loaded fluorescent NLc
was made by hydrating the dry lipid film with 1.0mg/ml LPS and
0.5 mg/ml Poly I:C (immunostimulants) in phosphate buffered saline
(PBS) as described previously [35]. The resulting lipid suspensions were
then vigorously shaken and homogenized by means of an extruder
(Lipex Biomembranes) through 2 stacked polycarbonate membranes
(200 nm pore size, Avanti Polar Lipids) to finally obtain unilamellar
liposomes. Then, non-encapsulated immunostimulants were removed
from the liposome preparation by ultracentrifugation at 110,000×g for
30min at 10 °C. For long term conservation, the cryoprotectant treha-
lose was incorporated into the liposomes. The dry lipid film was hy-
drated with a solution containing the immunostimulants and trehalose
at a lipid/carbohydrate ratio of 1:5 (2.7%, w/v). The resulting NLs and
NLc were frozen in liquid nitrogen, lyophilized for 48 h at −80 °C and
stored at 4 °C. When needed, the lyophilized samples were re-suspended
in PBS, the particle size distribution and zeta potential (ζ) were mea-
sured by dynamic light scattering (DLS) using a Zetasizer Nano ZS
(Malvern Instruments) and the morphology was examined by Cryo-TEM
(JEOL-JEM1400, Japan) before use in the experiments.

2.3. Bath immersion of fluorescent NLc in zebrafish larvae

The in vivo biodistribution of the fluorescent NLc in zebrafish larvae
were studied using bath immersion administration. Zebrafish larvae at
2 days post fertilization (dpf) were treated with fluorescent NLc at
concentrations of 0.75, 1.0 and 1.5mg/ml prepared in E3 medium. E3
only and E3 containing 10% PBS groups were used as controls. At 24
and 48 h post immersion, larvae were anaesthetized with 160mg/l MS-
222 and examined using a fluorescent microscope (Nikon Eclipse 80i).
Images were prepared using Fiji software [44].

2.4. RNA extraction and cDNA synthesis

Zebrafish larvae (2 dpf) were immersed with either 10% PBS, a
mixture of 25 μg/ml LPS and 50 μg/ml Poly I:C, fluorescent NLs (0.75,
1.0 and 1.5 mg/ml) or fluorescent NLc (0.75, 1.0 and 1.5 mg/ml) in E3
medium. At 48 h post immersion, 20 larvae from each group were
sampled for RNA extraction. Total RNA was extracted from the pooled
larvae homogenized by a polytron homogenizer (Kinematica) using the
Maxwell RSC simplyRNA Tissue Kit (Promega) according to the man-
ufacturer's instructions. The RNA concentration was determined with
Nanodrop 1000 (Thermo scientific) and the quality was assessed using
the Agilent 2100 Bioanalyzer system (Agilent Technologies). Then
cDNA (0.5 μg) was synthesized using the iScript cDNA synthesis kit
(Bio-Rad).

2.5. Analysis of immune gene expression by RT-qPCR

RT-qPCR was performed in a CFX384 Touch Real-Time PCR
Detection System (Bio-Rad) using the iTaq universal SYBR green su-
permix kit (Bio-Rad) following manufacturer's instructions. In brief,
each PCR mixture consisted of 5 μl SYBR green supermix, 0.5 μM spe-
cific primers (Table 1), 2.5 μl diluted cDNA and 1.5 μl water (Sigma-
Aldrich) in a final volume of 10 μl. Elongation factor 1 alpha (eef1α1)
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was used as a reference gene [45]. Dilutions 10−2 and 10−1 of cDNA
were used for amplification of the eef1α1 gene and immune-related
genes, respectively. All the samples were from 3 independent

experiments. The relative expression levels were calculated using the
2−ΔΔCT method [46].

2.6. A. hydrophila culture and zebrafish larvae infection

The A. hydrophila strain (AH-1) was provided by Dr. Juan Tomás
from the University of Barcelona. For experimental infection, bacteria
were grown on LB agar plates overnight at 28 °C. The bacteria were
collected from the plates in an Eppendorf tube, washed with PBS and
finally resuspended with PBS to obtain a stock solution containing ap-
proximately 1010 colony-forming units (CFUs)/ml (OD620 nm=1.3).
Dilutions at the desired concentration were all prepared from the stock
solution. The A. hydrophila infection was carried out by bath immersion
using injured and non-injured larvae following the protocol of Saraceni
et al. [42] with some modifications. Briefly, injured and non-injured
larvae at 5 dpf were prepared for infections. To obtain injured larvae,
animals were anesthetized and placed on a Petri dish. A small trans-
ection of the tail fin was done using a sterile surgical blade (Albion)
under a stereomicroscope (Nikon). Groups of 12 injured and non-in-
jured larvae were distributed on 96-well plates (ThermoFisher) with
one larva per well containing 200 μl E3 medium or diluted bacterial

Table 1
Primers for RT-qPCR analysis.

Gene name Primers Accession n°

eef1α1 Forward: CTTCTCAGGCTGACTGTGC AY422992
Reverse: CCGCTAGCATTACCCTCC

tnfα Forward: TGCTTCACGCTCCATAAGACC NM_212859.2
Reverse: CAAGCCACCTGAAGAAAAGG

nos2a Forward: GAGCAGGCCCAATGCATTT NM_001104937.1
Reverse: TGCGCTGCTGCCAGAAAC

il1β Forward: CATCAAACCCCAATCCACAG NM_212844.1
Reverse: CACCACGTTCACTTCACGCT

irf1a Forward: GAGACACGGCTGGAACATCG NM_001040352.1
Reverse: ACCCTGAAGGCGTTGTGGC

ptgs2a Forward: ACACATGGCATCCGCAACAT NM_153657.1
Reverse: TGGGCAGCCAGATCTTTGTC

gig2e Forward: AGGGTACGACACTGCCTGGT NM_001245991.1
Reverse: AGGGTCACCAAAGCCACAAT

Fig. 1. Characterization of lyophilized NLc and NLs liposomes. (A) DLS analysis of LPS/Poly I:C loaded (NLc) and non-loaded nanoliposomes (NLs). (B)
Representative Cryo-TEM image of lyophilized NLc after re-hydration with PBS (i) and the image with a higher magnification (ii). (C) Representative Cryo-TEM image
of lyophilized NLs after re-hydration with PBS (i) and the image with a higher magnification (ii).
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suspensions. For infection, the bacteria were diluted from the stock
solution using E3 medium in serial 100-fold dilutions from 10−2 to
10−6. The bacteria dilutions were kept in each well throughout the
whole experiment at 28 °C. Injured and non-injured larvae immersed in
10% (v/v) PBS in E3 medium were used as controls. The bacterial di-
lutions of 10−7 and 10−8 (100 μl of each) from stock solution were
inoculated on LB plates and incubated overnight at 28 °C to calculate
the real CFUs during the infection. The survival curves were analyzed
and statistical differences were assessed using the log-rank test
(GraphPad Prism v7.0).

2.7. A. hydrophila challenge of zebrafish larvae after NLc administration

Zebrafish larvae (2 dpf) were immersed in either 10% PBS, a mix-
ture of 12.5 μg/ml LPS and 25 μg/ml Poly I:C, 0.75mg/ml NLs or
0.75mg/ml NLc prepared in E3 medium for 48 h. The immersion ex-
periments were performed in 6 well plates with 50 larvae per group. At
48 h post immersion, the larvae were washed with E3 medium and the
uptake of nanoliposomes was confirmed by observing the larvae under
the fluorescent microscope. The larvae were kept in E3 medium for an
additional 24 h. At 5 dpf, the larvae were challenged with A. hydrophila
(around 108) and survival was monitored during the following 5 days.
A. hydrophila was inoculated overnight on a LB plate one day before the
infection experiments. The actual CFUs for infection were counted by
inoculating 100 μl of diluted 10−7 and 10−8 bacterial suspension on LB
plates overnight at 28 °C. All the experiments were done in triplicate
and 24 larvae/group were used in the infection experiments. A Kaplan-
Meier survival plot was generated and statistical differences were
evaluated using the log-rank test (GraphPad Prism v7.0).

3. Results

3.1. Characterization of lyophilized nanoliposomes

To characterize the physicochemical structure of the lyophilized
liposomes after long-term storage at 4 °C, NLs and NLc were assessed by
dynamic light scattering (DLS) and Cryo-TEM. The DLS result showed
that the average size of both lyophilized NLs and NLc (Fig. 1A) are
slightly bigger than those freshly prepared (182.7 ± 8.4 nm and
125.8 ± 6.6 nm, respectively) as described previously [34,35]. In
contrast, the ξ potential values of both NLs and NLc were maintained as
positive and neutral (Fig. 1A), respectively. The Cryo-TEM showed that
the morphology of NLs and NLc were mostly maintained as small uni-
lamellar vesicles (Fig. 1B and C). A proportion of NLs and NLc were
multilamellar vesicles and were slightly larger than the unilamellar
vesicles. These results were confirmed with DLS data showing that the
monodisperse size distribution of liposomes is slightly larger and has an
average diameter of around 200 nm.

3.2. Fluorescent NLc were ingested by zebrafish larvae

Zebrafish larvae (2 dpf) were immersed into three different con-
centrations of NLs and NLc for 24 and 48 h. E3 medium and 10% PBS
treated larvae were used as controls. Fluorescent microscopy images
showed that NLs and NLc are mainly found in the intestine of zebrafish
larvae at 48 h post immersion (Fig. 2). Interestingly, some NLc were also
found in the pharynx between the eyes and yolk (Fig. 2B: NLc 1.5 mg/
ml). No fluorescence was observed in the PBS treated and non-treated
larvae after 48 h of immersion. Moreover, no fluorescence was observed
in the larvae treated with either NLs or NLc at 24 h post immersion (data
not shown). These results suggest that the nanoliposomes might be
ingested by larvae through the oral system and then accumulated into
the digestive system.

3.3. NLc up-regulate the expression of immune-related genes

Zebrafish larvae (2 dpf) were immersed either in PBS (control), a
mixture of LPS and Poly I:C (the same amount of immunostimulants
encapsulated in the 1.5mg/ml NLc), and three concentrations of both
NLs and NLc for 48 h. We observed a significantly higher expression of
the tnfα and il1β gene in the 0.75, 1.0 and 1.5mg/ml NLc groups
(Fig. 3). The expression of nos2a showed a very high fold-change pat-
tern in 0.75 and 1.0mg/ml NLc groups and a significant higher fold
change in 1.5mg/ml NLc group than the control. The means of fold-
changes were ∼165, 125 and 30 in the 0.75, 1.0 and 1.5 mg/ml NLc
groups, respectively. The expression of irf1a was significantly higher in
all the NLs and NLc groups compared to the control with an approxi-
mately 20 fold-changes except in 0.75mg/ml NLc group. In addition,
we also examined the pro-inflammatory (ptgs2a) and anti-viral genes
(gig2e) and the expression of these two genes was slightly upregulated
(Fig. 3).

Fig. 2. Biodistribution of fluorescent NLc and NLs in zebrafish larvae.
Zebrafish larvae (2 dpf) were immersed in 0.75, 1.0 and 1.5 mg/ml of both NLc
and NLs for 48 h. E3 water and 10% PBS immersed larvae were used as controls.
(A) Representative light transmission images. (B) Representative fluorescent
images.
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3.4. A. hydrophila infection model in zebrafish larvae

To test whether the nanoliposomes could protect larvae against
bacterial infection, we firstly set up the A. hydrophila infection in larvae
by immersion administration. We used both injured and non-injured
larvae (5 dpf) and three doses of bacterial suspension (104, 106 and
108 cfu/ml). The mortality was calculated within 5 days after infection.
The survival curves are shown in Fig. 4A and B. In the non-injured
larvae experiments, the survival was significantly lower in the 108 cfu/
ml infection group than the control. No significant differences were
found in the 106 and 104 cfu/ml infection groups compared to the

control. In injured larvae experiments, the mortality was significantly
higher in the 108 cfu/ml infection group than the control. No significant
differences were found in the 106 and 104 cfu/ml infection groups
compared to the control. However, the variabilities of the three biolo-
gical replicates (standard deviation of the means) were much higher in
the injured group than in the non-injured group of all three infection
doses. The relative higher standard deviation in injured group may due
to the variable real infection doses among the experiments and the
additional manipulation of the larvae. Therefore, we used the non-in-
jured larvae for our further experiments to minimize the handling of
larvae and to obtain reliable results.

Fig. 3. Immune-related gene expression analysis by RT-qPCR. Zebrafish larvae (2 dpf; n= 25 larvae) were immersed in PBS, a mixture of free LPS and Poly I:C,
NLs (0.75, 1.0 and 1.5 mg/ml) and NLc (0.75, 1.0 and 1.5 mg/ml) for 48 h. The gene expression levels of pooled samples are shown as fold change using the Livak
method (2−ΔΔCt). Statistical significance used a one-way unpaired t-test to compare each gene's mean CT values with control using Welch's correction for unequal
variances (GraphPad). Results are from 3 independent experiments.
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3.5. NLc protect zebrafish larvae against A. hydrophila lethal challenge

Having confirmed that zebrafish larvae at 4 dpf could ingest NLc and
larvae at 5 dpf could be infected with A. hydrophila, both being ad-
ministered by immersion, we evaluated the NLc protection to zebrafish
larvae against this bacterial lethal challenge. The RT-qPCR analysis
showed that the lowest dose (0.75 mg/ml) exhibits highest fold changes
among 0.75, 1.0 and 1.5mg/ml groups and we did not observe any
toxicity at 0.75mg/ml (data not shown). Thus, we chose the dose of
0.75mg/ml for the immunostimulation of larvae. Larvae at 2 dpf were
immersed with 0.75mg/ml NLc for 48 h. After the confirmation of in-
gestion at 4 dpf, the larvae at 5 dpf were challenged with 108 cfu/ml A.
hydrophila. The mortality was calculated within the next 5 days after
infection and a representative survival curve is shown in Fig. 5. The
result showed that the larvae survival was significantly higher in the
NLc treated group than in the non-treated group. In contrast, no sig-
nificant differences were found in either free LPS and Poly I:C

treatments or in NLs treated groups compared to the non-treated con-
trol.

4. Discussion

Millions of microorganisms are present in the aquatic environment
and are especially threatening to fish during the early developmental
stages when the immune system is still immature. Although a mixed
passive immunity exists during vitellogenesis and oogenesis [47,48],
fish larvae survival depend fundamentally on their innate defense me-
chanisms, since adaptive immunity develops later. An active innate
immune system is detectable in zebrafish larvae at 1 dpf whereas a
functionally mature adaptive immune system is not active until 3 weeks
post fertilization [37,49]. This different maturation time allows us
studying innate immune responses to immunostimulation or/and in-
fection independently from the adaptive immune system. Also in
aquacultured fish species such as gilthead sea bream, most of the innate

Fig. 4. Zebrafish larvae A. hydrophila infection.
Zebrafish larvae (5 dpf; n=12) were infected with A.
hydrophila by bath immersion. Survival was recorded
every 24 h for 5 days. (A) Non-injured larvae infec-
tion with (1.2 ± 0.7)× 108, (1.2 ± 0.7)× 106 and
(1.2 ± 0.7)× 104 cfu/ml A. hydrophila. (B) Injured
larvae infection with (1.2 ± 0.7)× 108,
(1.2 ± 0.7)× 106 and (1.2 ± 0.7)× 104 cfu/ml A.
hydrophila. The results show the mean ± SD of 3
independent experiments and the differences were
analyzed using Two-way ANOVA post Dunnett test
(**, p˂0.01; ****, p˂0.0001).

Fig. 5. Representative survival of the treated
zebrafish larvae challenged with A. hydrophila.
Zebrafish larvae (2 dpf; n=24) were immersed in
NLc, NLs, a mixture of LPS and Poly I:C and PBS for
48 h. After 24 h, the larvae (5 dpf) were challenged
with A. hydrophila at the dose of
(1.1 ± 0.3)× 108 cfu/ml. Larvae immersed with
PBS followed by A. hydrophila challenge was used as
a mortality control. Cumulative survival curves were
constructed using GraphPad. Significant differences
were analyzed using Log-rank (Mantel-Cox) Test.
*p˂0.05.

J. Ji, et al. Fish and Shellfish Immunology 92 (2019) 421–429

426



immune genes are already expressed at hatching, including those
coding for innate immune receptors (tlr5 and tlr9), pro-inflammatory
(il-1β, tnfα and cox2) and anti-inflammatory (tgf-β1) molecules, anti-
viral (mx, irf1, irf-9, ifi-30 and prt-1) and antibacterial (c3, lyz, hamp and
lbp/bpi) molecules and phagocyte markers (m-csfr and ncf4) [50]. It had
been proposed that the immunomodulation of fish larvae could be a
potential method for improving larvae survival by increasing the innate
responses [50]. In other words, the immune defenses of fish larvae
against pathogens could be enhanced by stimulating the innate immune
system.

After an extensive characterization of the response to NLc in adult
zebrafish [35], we evaluated NLc as an immunostimulants carrier in
larvae. Firstly, we confirmed that the nanoliposomes remained intact
after the lyophilization procedure allowing long-term conservation (up
to two years). The stability of vaccines and adjuvants during storage
and distribution is a critical issue for potential commercialization, re-
gardless of how effective a vaccine is in the laboratory [51]. Next, we
showed that the fluorescent NLc were ingested by zebrafish larvae
through bath immersion. We focused on bath immersion because is the
only convenient method for immunostimulation of fish larvae due to
their small size and fragility when handled. In addition, due to larvae's
intrinsic vulnerability any prophylactic approach should be non-toxic.
A degree of toxicity of cationic liposomes has been described pre-
viously, caused by their cationic nature [34,52]. We did not observe
any toxic effects using NLc cationic liposomes at the doses tested but a
certain level of toxicity has been observed at higher doses (more than
1.5 mg/ml, data not shown). After immersion, the NLc nanoliposomes
were found in the pharynx and intestine of 4 dpf larvae but not of 3 dpf
larvae. This is probably because the mouth of the zebrafish larvae is not
widely open until 3 dpf [53]. Nikapitiya et al., had shown that chitosan
nanoparticles were ingested by zebrafish larvae and stimulated the
expression of several innate immune genes [54]. Successful absorption
of immunostimulants or antigens to the intestine could be very im-
portant to develop strong mucosal and systemic responses against a
later infection through natural routes.

In adults, the main immune tissue involved in pathogen recognition
is the gut-associated lymphoid tissue (GALT) which has a diffuse or-
ganization and contains lymphoid cells, macrophages, eosinophils and
neutrophils [55]. In larvae there is scarce information about the
structure and functionality of GALT since its ontogeny is not well un-
derstood. However, some works point out the importance of this tissue
in the early recognition of pathogens [56] and for example in meagre,
GALT is already present at 12 dph [57]. At present no information
about the ontogeny of GALT in zebrafish larvae is available but IgZ gene
expression has been reported at initial stages of embryonic develop-
ment (6 dpf) [58]. The innate immune system of zebrafish larvae is
functional since 1 dpf [59]. The activation of the immune system is
highly dependent on whether the immune cells could recognize the
pathogens/immunostimulants as potential risk molecules. Mature
neutrophils and macrophages are present at 24–30 hpf [60], which are
the primary actors in the larvae innate immune system [61].

To understand the effect of NLc on the innate immunity of zebrafish
larvae, we examined the differential expression of certain immune
genes. The selection was made according to their different functions in
the innate immune system and to the fact that these genes are already
expressed as mentioned in Ref. [62]. Tnfα and il1β are key markers of
proinflammatory and antibacterial activity [63], mainly produced by
activated macrophages in different immune activation pathways [64].
Nos2a is an early feature of inflammation expressed in macrophages
and other phagocytes [65]. Irf1a and gig2e are markers of the immune
response to viral infection [66–68]. Ptgs2a is an inflammatory related
enzyme and its expression can be induced by LPS [69]. The up-reg-
ulation of the immune-related genes tnfα, il1β, nos2a and irf1a indicates
a strong stimulation of the zebrafish larvae immune system by NLc.
However, other genes, namely ptgs2a and gig2e, showed a slight up-
regulation. These differences in gene expression could be due to the

highly tolerogenic environment of the intestine under development
[70]. It may also explain that the changes of some genes were variable
among triplicates, such as tnfα and nos2a genes. It is worth mentioning
that similar results were also found in our previous studies in vitro in
which NLc elicited variable pro-inflammatory and anti-viral responses
in zebrafish hepatocytes [34]. Such variable effects of liposomes en-
capsulating immuostimulants on the modulation of immune responses
need to be further studied.

To see whether the successful uptake and immune stimulation
provided by NLc could indeed protect fish larvae from a bacterial in-
fection, we investigated the survival rate of challenged zebrafish larvae
against A. hydrophila administrated by bath immersion. The zebrafish
larvae infection model with A. hydrophila at 4 dpf had been established
by micro-injection administration and bath immersion [42]. We chose
bath immersion route because it is a suitable and convenient adminis-
tration method for both immunostimulation and challenge in fish
larvae. It is less labor-intensive and mimics the natural exposure to
infection. We modified the protocol from Saraceni et al. [42] to be
suitable for testing the immunostimulation by NLc followed by A. hy-
drophila infection. The 5 dpf larvae infected with A. hydrophila showed
significantly higher mortality in both injured and non-injured groups.
The data also showed a high variability of survival in triplicates. Na-
kanishi et al. pointed out that antigen uptake was highly influenced by
the duration of exposure, total biomass, age, pH, and salinity of the
water used for immersion and the uptake of antigen among individuals
is variable comparing to injection route [71]. We used the non-injured
infection method for further experiments due to the easier manipula-
tion of infection and the smaller deviation in the mortality. The same
approach was used to test immunomodulation and survival after chit-
osan nanoparticle treatment and A. hydrophila infection [54]. We
achieved consistent high survival in NLc group comparing to the con-
trols (Fig. 5) and thus we demonstrated that NLc protected zebrafish
larvae against an A. hydrophila lethal infection.

Summarizing, here we present a novel system based on liposomes
encapsulating immunostimulants suitable to protect fish larvae.
Nanoliposomes could encapsulate not only immunostimulants but also
could be further modified to enclose vaccines or fragile antigens for
both the larvae and adult stage. We show that NLc could be ingested by
zebrafish larvae by bath immersion and stimulate the innate immune
system involved in anti-viral and anti-bacterial responses. We also show
that NLc protected zebrafish larvae against A. hydrophila infection.
Accordingly, we propose that a nanoliposomes encapsulation strategy
could be incorporated in aquaculture for the delivery of im-
munostimulants or antigens to reduce susceptibility to diseases, espe-
cially in fish larvae. Future studies should focus on investigating the use
of nanoliposomes to deliver other immunostimulants or vaccines, and
should look into cost-effectiveness, efficacy and long-term protection.

Authorship

NR and JJ designed the study. JJ performed all the experiments. SM
and JTM provided the A. hydrophila strain and helped with the A. hy-
drophila infection model. JJ and NR wrote the manuscript and prepared
all the tables and figures. All authors contributed to the preparation of
the final manuscript.

Declarations of interest

None.

Acknowledgements

This work was supported by grants from the Spanish Ministry of
Science, Innovation and Universities, European Commission and
AGAUR funds to NR (AGL2015-65129-R and 2014SGR-345 AGAUR). JJ
was supported by a PhD fellowship from the China Scholarship Council

J. Ji, et al. Fish and Shellfish Immunology 92 (2019) 421–429

427



(201306300075), NR is supported by the Ramón y Cajal program (RYC-
2010-06210, 2010, MINECO). JTM is supported by BIO2016-80329-P.
The authors thank Rosemary Thwaite for English correction.

References

[1] FAO, The State of World Fisheries and Aquaculture 2018 - Meeting the Sustainable
Development Goals, (2018) doi:issn 10.

[2] Ø. Evensen, Development in Fish Vaccinology with Focus on Delivery
Methodologies , Adjuvants and Formulations, Options Méditerranéennes, 2009.

[3] O. Vadstein, Ø. Bergh, F.-J. Gatesoupe, J. Galindo-Villegas, V. Mulero, S. Picchietti,
G. Scapigliati, P. Makridis, Y. Olsen, K. Dierckens, T. Defoirdt, N. Boon, P. De
Schryver, P. Bossier, Microbiology and immunology of fish larvae, Rev. Aquacult. 5
(2013) S1–S25, https://doi.org/10.1111/j.1753-5131.2012.01082.x.

[4] Y.J. Silva, L. Costa, C. Pereira, C. Mateus, Â. Cunha, R. Calado, N.C.M. Gomes,
M.A. Pardo, I. Hernandez, A. Almeida, Phage therapy as an approach to prevent
Vibrio anguillarum infections in fish larvae production, PLoS One 9 (2014)
e114197, , https://doi.org/10.1371/journal.pone.0114197.

[5] T.J. Bowden, I.R. Bricknell, B.M. Preziosi, Comparative pathogenicity of Vibrio spp
., Photobacterium damselae ssp. damselae and five isolates of Aeromonas salmonicida
ssp. achromogenes in juvenile Atlantic halibut ( Hippoglossus hippoglossus ), J. Fish
Dis. (2017), https://doi.org/10.1111/jfd.12679.

[6] N. Sandlund, Ø. Bergh, Screening and characterisation of potentially pathogenic
bacteria associated with Atlantic cod Gadus morhua larvae: bath challenge trials
using a multidish system, Dis. Aquat. Org. 81 (2008) 203–217, https://doi.org/10.
3354/dao01934.

[7] P. Katharios, H.M.B. Seth-Smith, A. Fehr, J.M. Mateos, W. Qi, D. Richter, L. Nufer,
M. Ruetten, M. Guevara Soto, U. Ziegler, N.R. Thomson, R. Schlapbach, L. Vaughan,
Environmental marine pathogen isolation using mesocosm culture of sharpsnout
seabream: striking genomic and morphological features of novel Endozoicomonas
sp, Sci. Rep. 5 (2015) 17609, https://doi.org/10.1038/srep17609.

[8] N. Sandlund, O. Rødseth, D. Knappskog, I. Uglenes Fiksdal, Ø. Bergh, Comparative
susceptibility of turbot, halibut, and cod yolk-sac larvae to challenge with Vibrio
spp, Dis. Aquat. Org. 89 (2010) 29–37, https://doi.org/10.3354/dao02176.

[9] V. Voolaid, A. Jõers, V. Kisand, T. Tenson, Co-occurrence of resistance to different
antibiotics among aquatic bacteria, BMC Microbiol. 12 (2012) 225, https://doi.org/
10.1186/1471-2180-12-225.

[10] G. Breuil, J.R. Bonami, J.F. Pepin, Y. Pichot, Viral Infection (Picorna-like Virus)
Associated with Mass Mortalities in Hatchery-Reared Sea-Bass (Dicentrarchus
labrax) Larvae and Juveniles, Aquaculture, 1991, https://doi.org/10.1016/0044-
8486(91)90258-9.

[11] Y. Iida, K. Masumura, T. Nakai, M. Sorimachi, H. Matsuda, A viral disease in larvae
and juveniles of the Japanese flounder Paralichthys olivaceus, J. Aquat. Anim.
Health (1989), https://doi.org/10.1577/1548-8667(1989)001<0007:AVDILA>2.
3.CO;2.

[12] R.J. Roberts, M.D. Pearson, Infectious pancreatic necrosis in Atlantic salmon, Salmo
salar L. J. Fish Dis. (2005), https://doi.org/10.1111/j.1365-2761.2005.00642.x.

[13] B.L. Munday, J. Kwang, N. Moody, Betanodavirus infections of teleost fish: a re-
view, J. Fish Dis. (2002), https://doi.org/10.1046/j.1365-2761.2002.00350.x.

[14] M.G. Netea, L.A.B. Joosten, E. Latz, K.H.G. Mills, G. Natoli, H.G. Stunnenberg,
L.A.J. ONeill, R.J. Xavier, Trained immunity: a program of innate immune memory
in health and disease, Science (80-. ) 352 (2016), https://doi.org/10.1126/science.
aaf1098 aaf1098–aaf1098.

[15] E. Kugelberg, Immune memory: inflammasomes drive NK cell memory, Nat. Rev.
Immunol. 16 (2016) 405.

[16] M.G. Netea, Immunological memory in innate immunity, J. Innate Immun. 6 (2014)
117–118.

[17] E. Kugelberg, Macrophages: controlling innate immune memory, Nat. Rev.
Immunol. 15 (2015) 596.

[18] M.H. Chien, S.Y. Wu, C.H. Lin, Oral immunization with cell-free self-assembly virus-
like particles against orange-spotted grouper nervous necrosis virus in grouper
larvae, Epinephelus coioides, Vet. Immunol. Immunopathol. (2018), https://doi.
org/10.1016/j.vetimm.2018.01.012.

[19] Y.-H. Kai, S.-C. Chi, Efficacies of inactivated vaccines against betanodavirus in
grouper larvae (Epinephelus coioides) by bath immunization, Vaccine 26 (2008)
1450–1457, https://doi.org/10.1016/j.vaccine.2007.12.043.

[20] R.M.C. Udayangani, S.H.S. Dananjaya, B. Fronte, C.H. Kim, J. Lee, M. De Zoysa,
Feeding of nano scale oats β-glucan enhances the host resistance against
Edwardsiella tarda and protective immune modulation in zebrafish larvae, Fish
Shellfish Immunol. (2017), https://doi.org/10.1016/j.fsi.2016.11.035.

[21] J. Skjermo, Bergh, High-M Alginate Immunostimulation of Atlantic Halibut
(Hippoglossus hippoglossus L.) Larvae Using Artemia for Delivery, Increases
Resistance against Vibriosis, Aquaculture, 2004, https://doi.org/10.1016/j.
aquaculture.2004.05.038.

[22] J. Ji, D. Torrealba, À. Ruyra, N. Roher, Nanodelivery systems as new tools for
immunostimulant or vaccine administration: targeting the fish immune system,
Biology 4 (2015), https://doi.org/10.3390/biology4040664.

[23] T.N. Vinay, S. Bhat, T. Gon Choudhury, A. Paria, M.-H. Jung, G. Shivani Kallappa,
S.-J. Jung, Recent advances in application of nanoparticles in fish vaccine delivery,
Rev. Fish. Sci. Aquac. (2017) 1–13, https://doi.org/10.1080/23308249.2017.
1334625.

[24] M. Shaalan, M. Saleh, M. El-Mahdy, M. El-Matbouli, Recent progress in applications
of nanoparticles in fish medicine: a review, Nanomed. Nanotechnol. Biol. Med.
(2016), https://doi.org/10.1016/j.nano.2015.11.005.

[25] D.S. Watson, A.N. Endsley, L. Huang, Design considerations for liposomal vaccines:
influence of formulation parameters on antibody and cell-mediated immune re-
sponses to liposome associated antigens, Vaccine 30 (2012) 2256–2272, https://
doi.org/10.1016/j.vaccine.2012.01.070.

[26] R.A. Schwendener, Liposomes as vaccine delivery systems: a review of the recent
advances, Ther. Adv. Vaccines. 2 (2014) 159–182, https://doi.org/10.1177/
2051013614541440.

[27] M.R. Mozafari, Nanocarrier Technologies: Frontiers of Nanotherapy, Springer,
2006, https://doi.org/10.1007/978-1-4020-5041-1.

[28] E.N. Faikoh, Y.H. Hong, S.Y. Hu, Liposome-encapsulated cinnamaldehyde enhances
zebrafish (Danio rerio) immunity and survival when challenged with Vibrio vul-
nificus and Streptococcus agalactiae, Fish Shellfish Immunol. 38 (2014) 15–24,
https://doi.org/10.1016/j.fsi.2014.02.024.

[29] R. Harikrishnan, J.S. Kim, C. Balasundaram, M.S. Heo, Vaccination effect of lipo-
somes entrapped whole cell bacterial vaccine on immune response and disease
protection in Epinephelus bruneus against Vibrio harveyi, Aquaculture 342 (2012)
69–74, https://doi.org/10.1016/j.aquaculture.2012.01.038.

[30] T. Irie, S. Watarai, T. Iwasaki, H. Kodama, Protection against experimental
Aeromonas salmonicida infection in carp by oral immunisation with bacterial an-
tigen entrapped liposomes, Fish Shellfish Immunol. 18 (2005) 235–242, https://
doi.org/10.1016/j.fsi.2004.07.006.

[31] T. Irie, S. Watarai, H. Kodama, Humoral immune response of carp (Cyprinus carpio)
induced by oral immunization with liposome-entrapped antigen, Dev. Comp.
Immunol. 27 (2003) 413–421.

[32] A.N. Nakhla, A.J. Szalai, J.H. Banoub, K.M.W. Keough, Serum anti-LPS antibody
production by rainbow trout (Oncorhynchus mykiss) in response to the adminis-
tration of free and liposomally-incorporated LPS from Aeromonas salmonicida, Fish
Shellfish Immunol. 7 (1997) 387–401, https://doi.org/10.1006/fsim.1997.0093.

[33] S. Yasumoto, Y. Kuzuya, M. Yasuda, T. Yoshimura, T. Miyazaki, Oral immunization
of common carp with a liposome vaccine fusing koi herpesvirus antigen, Fish
Pathol. 41 (2006) 141–145, https://doi.org/10.3147/Jsfp.41.141.

[34] A. Ruyra, M. Cano-Sarabia, S.A. MacKenzie, D. Maspoch, N. Roher, A novel lipo-
some-based nanocarrier loaded with an LPS-dsRNA cocktail for fish innate immune
system stimulation, PLoS One 8 (2013) e76338, , https://doi.org/10.1371/journal.
pone.0076338.

[35] A. Ruyra, M. Cano-Sarabia, P. Garcia-Valtanen, D. Yero, I. Gibert, S.A. Mackenzie,
A. Estepa, D. Maspoch, N. Roher, Targeting and stimulation of the zebrafish (Danio
rerio) innate immune system with LPS/dsRNA-loaded nanoliposomes, Vaccine 32
(2014) 3955–3962, https://doi.org/10.1016/j.vaccine.2014.05.010.

[36] L. Ribas, F. Piferrer, The zebrafish (Danio rerio) as a model organism, with emphasis
on applications for finfish aquaculture research, Rev. Aquacult. 6 (2014) 209–240,
https://doi.org/10.1111/raq.12041.

[37] P. Herbomel, B. Thisse, C. Thisse, Ontogeny and behaviour of early macrophages in
the zebrafish embryo, Development 126 (1999) 3735–3745.

[38] J. Karlsson, J. von Hofsten, P.E. Olsson, Generating transparent zebrafish: a refined
method to improve detection of gene expression during embryonic development,
Mar. Biotechnol. 3 (2001) 522–527, https://doi.org/10.1007/s1012601-0053-4.

[39] C. Sullivan, C.H. Kim, Zebrafish as a model for infectious disease and immune
function, Fish Shellfish Immunol. (2008), https://doi.org/10.1016/j.fsi.2008.05.
005.

[40] F. Ellett, L. Pase, J.W. Hayman, A. Andrianopoulos, G.J. Lieschke, mpeg1 promoter
transgenes direct macrophage-lineage expression in zebrafish, Blood 117 (2011).

[41] S. Renshaw, C. Loynes, A transgenic zebrafish model of neutrophilic inflammation,
Blood 108 (2006) 3976–3978.

[42] P.R. Saraceni, A. Romero, A. Figueras, B. Novoa, Establishment of infection models
in zebrafish larvae (Danio rerio) to study the pathogenesis of Aeromonas hydro-
phila, Front. Microbiol. 7 (2016) 1219, https://doi.org/10.3389/fmicb.2016.
01219.

[43] A. Papagiannaros, A. Kale, T.S. Levchenko, D. Mongayt, W.C. Hartner,
V.P. Torchilin, Near infrared planar tumor imaging and quantification using na-
nosized Alexa 750-labeled phospholipid micelles, Int. J. Nanomed. 4 (2009)
123–131, https://doi.org/10.2147/IJN.S5520.

[44] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch,
S. Preibisch, C. Rueden, S. Saalfeld, B. Schmid, J.-Y. Tinevez, D.J. White,
V. Hartenstein, K. Eliceiri, P. Tomancak, A. Cardona, Fiji: an open-source platform
for biological-image analysis, Nat. Methods 9 (2012) 676–682, https://doi.org/10.
1038/nmeth.2019.

[45] A.T. McCurley, G.V. Callard, Characterization of housekeeping genes in zebrafish:
male-female differences and effects of tissue type, developmental stage and che-
mical treatment, BMC Mol. Biol. (2008), https://doi.org/10.1186/1471-2199-9-
102.

[46] T.D. Schmittgen, K.J. Livak, Analyzing real-time PCR data by the comparative CT
method, Nat. Protoc. 3 (2008) 1101–1108, https://doi.org/10.1038/nprot.2008.73.

[47] I. Mulero, A. García-Ayala, J. Meseguer, V. Mulero, Maternal transfer of immunity
and ontogeny of autologous immunocompetence of fish: a minireview, Aquaculture
268 (2007) 244–250, https://doi.org/10.1016/j.aquaculture.2007.04.046.

[48] P. Swain, S.K. Nayak, Role of maternally derived immunity in fish, Fish Shellfish
Immunol. 27 (2009) 89–99, https://doi.org/10.1016/j.fsi.2009.04.008.

[49] S.H. Lam, H.L. Chua, Z. Gong, T.J. Lam, Y.M. Sin, Development and maturation of
the immune system in zebrafish, Danio rerio: a gene expression profiling, in situ
hybridization and immunological study, (n.d.). doi:10.1016/S0145-305X(03)
00103-4.

[50] I. Bricknell, R.A. Dalmo, The use of immunostimulants in fish larval aquaculture,
Fish Shellfish Immunol. (2005), https://doi.org/10.1016/j.fsi.2005.03.008.

[51] G.D.J. Adams, Lyophilization of vaccines: current trends, Vaccine Protoc. Humana
Press, New Jersey, 2003, pp. 223–244, , https://doi.org/10.1385/1-59259-399-

J. Ji, et al. Fish and Shellfish Immunology 92 (2019) 421–429

428

http://refhub.elsevier.com/S1050-4648(19)30663-1/sref1
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref1
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref2
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref2
https://doi.org/10.1111/j.1753-5131.2012.01082.x
https://doi.org/10.1371/journal.pone.0114197
https://doi.org/10.1111/jfd.12679
https://doi.org/10.3354/dao01934
https://doi.org/10.3354/dao01934
https://doi.org/10.1038/srep17609
https://doi.org/10.3354/dao02176
https://doi.org/10.1186/1471-2180-12-225
https://doi.org/10.1186/1471-2180-12-225
https://doi.org/10.1016/0044-8486(91)90258-9
https://doi.org/10.1016/0044-8486(91)90258-9
https://doi.org/10.1577/1548-8667(1989)001<0007:AVDILA>2.3.CO;2
https://doi.org/10.1577/1548-8667(1989)001<0007:AVDILA>2.3.CO;2
https://doi.org/10.1111/j.1365-2761.2005.00642.x
https://doi.org/10.1046/j.1365-2761.2002.00350.x
https://doi.org/10.1126/science.aaf1098
https://doi.org/10.1126/science.aaf1098
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref15
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref15
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref16
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref16
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref17
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref17
https://doi.org/10.1016/j.vetimm.2018.01.012
https://doi.org/10.1016/j.vetimm.2018.01.012
https://doi.org/10.1016/j.vaccine.2007.12.043
https://doi.org/10.1016/j.fsi.2016.11.035
https://doi.org/10.1016/j.aquaculture.2004.05.038
https://doi.org/10.1016/j.aquaculture.2004.05.038
https://doi.org/10.3390/biology4040664
https://doi.org/10.1080/23308249.2017.1334625
https://doi.org/10.1080/23308249.2017.1334625
https://doi.org/10.1016/j.nano.2015.11.005
https://doi.org/10.1016/j.vaccine.2012.01.070
https://doi.org/10.1016/j.vaccine.2012.01.070
https://doi.org/10.1177/2051013614541440
https://doi.org/10.1177/2051013614541440
https://doi.org/10.1007/978-1-4020-5041-1
https://doi.org/10.1016/j.fsi.2014.02.024
https://doi.org/10.1016/j.aquaculture.2012.01.038
https://doi.org/10.1016/j.fsi.2004.07.006
https://doi.org/10.1016/j.fsi.2004.07.006
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref31
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref31
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref31
https://doi.org/10.1006/fsim.1997.0093
https://doi.org/10.3147/Jsfp.41.141
https://doi.org/10.1371/journal.pone.0076338
https://doi.org/10.1371/journal.pone.0076338
https://doi.org/10.1016/j.vaccine.2014.05.010
https://doi.org/10.1111/raq.12041
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref37
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref37
https://doi.org/10.1007/s1012601-0053-4
https://doi.org/10.1016/j.fsi.2008.05.005
https://doi.org/10.1016/j.fsi.2008.05.005
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref40
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref40
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref41
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref41
https://doi.org/10.3389/fmicb.2016.01219
https://doi.org/10.3389/fmicb.2016.01219
https://doi.org/10.2147/IJN.S5520
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1186/1471-2199-9-102
https://doi.org/10.1186/1471-2199-9-102
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1016/j.aquaculture.2007.04.046
https://doi.org/10.1016/j.fsi.2009.04.008
https://doi.org/10.1016/j.fsi.2005.03.008
https://doi.org/10.1385/1-59259-399-2:223


2:223.
[52] K. Romøren, X.T.L. Fjeld, A.B.S. Poléo, G. Smistad, B.J. Thu, Ø. Evensen,

Transfection efficiency and cytotoxicity of cationic liposomes in primary cultures of
rainbow trout (Oncorhynchus mykiss) gill cells, Biochim. Biophys. Acta Biomembr.
(2005), https://doi.org/10.1016/j.bbamem.2005.09.011.

[53] C.B. Kimmel, W.W. Ballard, S.R. Kimmel, B. Ullmann, T.F. Schilling, Stages of
embryonic development of the zebrafish, Dev. Dynam. 203 (1995) 253–310,
https://doi.org/10.1002/aja.1002030302.

[54] C. Nikapitiya, S.H.S. Dananjaya, B.C.J. De Silva, G.-J. Heo, C. Oh, M. De Zoysa,
J. Lee, Chitosan nanoparticles: a positive immune response modulator as display in
zebrafish larvae against Aeromonas hydrophila infection, Fish Shellfish Immunol.
76 (2018) 240–246, https://doi.org/10.1016/J.FSI.2018.03.010.

[55] J.H.W.M. Rombout, L. Abelli, S. Picchietti, G. Scapigliati, V. Kiron, Teleost in-
testinal immunology, Fish Shellfish Immunol. 31 (2011) 616–626, https://doi.org/
10.1016/j.fsi.2010.09.001.

[56] S. Picchietti, M. Mazzini, A.R. Taddei, R. Renna, A.M. Fausto, V. Mulero,
O. Carnevali, A. Cresci, L. Abelli, Effects of administration of probiotic strains on
GALT of larval gilthead seabream: immunohistochemical and ultrastructural stu-
dies, Fish Shellfish Immunol. (2007), https://doi.org/10.1016/j.fsi.2006.03.009.

[57] C. Campoverde, K.B. Andree, D.J. Milne, A. Estévez, E. Gisbert, F. Carella, Ontogeny
of lymphoid organs and mucosal associated lymphoid tissues in meagre
(Argyrosomus regius), Fish Shellfish Immunol. 84 (2019) 509–520, https://doi.org/
10.1016/J.FSI.2018.09.033.

[58] N. Danilova, J. Bussmann, K. Jekosch, L.A. Steiner, The immunoglobulin heavy-
chain locus in zebrafish: identification and expression of a previously unknown
isotype, immunoglobulin Z, Nat. Immunol. 6 (2005) 295–302, https://doi.org/10.
1038/ni1166.

[59] B. Novoa, A. Figueras, Zebrafish: model for the study of inflammation and the in-
nate immune response to infectious diseases, Adv. Exp. Med. Biol. 946 (2012)
253–275, https://doi.org/10.1007/978-1-4614-0106-3_15.

[60] A. Zapata, B. Diez, T. Cejalvo, C. Gutierez-De Frıás, A. Corte, Ontogeny of the im-
mune system of fish, Fish Shellfish Immunol. 20 (2006) 126–136, https://doi.org/
10.1016/j.fsi.2004.09.005.

[61] J.A. Yoder, M.E. Nielsen, C.T. Amemiya, G.W. Litman, Zebrafish as an im-
munological model system, Microb. Infect. 4 (2002) 1469–1478, https://doi.org/
10.1016/S1286-4579(02)00029-1.

[62] S. Dios, A. Romero, R. Chamorro, A. Figueras, B. Novoa, Effect of the temperature
during antiviral immune response ontogeny in teleosts, Fish Shellfish Immunol.
(2010), https://doi.org/10.1016/j.fsi.2010.08.006.

[63] C.J. Secombes, T. Wang, S. Hong, S. Peddie, M. Crampe, K.J. Laing, C. Cunningham,
J. Zou, Cytokines and innate immunity of fish, Dev. Comp. Immunol. 25 (2001)
713–723.

[64] N.L. Vujanovic, Role of TNF superfamily ligands in innate immunity, Immunol. Res.
(2011), https://doi.org/10.1007/s12026-011-8228-8.

[65] L.N. Vojtech, G.E. Sanders, C. Conway, V. Ostland, J.D. Hansen, Host immune re-
sponse and acute disease in a zebrafish model of francisella pathogenesis, Infect.
Immun. (2009), https://doi.org/10.1128/IAI.01201-08.

[66] Y.B. Zhang, T.K. Liu, J. Jiang, J. Shi, Y. Liu, S. Li, J.F. Gui, Identification of a novel
Gig2 gene family specific to non-amniote vertebrates, PLoS One (2013), https://doi.
org/10.1371/journal.pone.0060588.

[67] S.M. Altmann, M.T. Mellon, M.C. Johnson, B.H. Paw, N.S. Trede, L.I. Zon, C.H. Kim,
Cloning and characterization of an Mx gene and its corresponding promoter from
the zebrafish, Danio rerio, Dev. Comp. Immunol. (2004), https://doi.org/10.1016/
j.dci.2003.09.001.

[68] T. Taniguchi, A. Takaoka, The interferon-α/β system in antiviral responses: a
multimodal machinery of gene regulation by the IRF family of transcription factors,
Curr. Opin. Immunol. 14 (2002) 111–116, https://doi.org/10.1016/S0952-
7915(01)00305-3.

[69] J. Zou, N.F. Neumann, J.W. Holland, M. Belosevic, C. Cunningham, C.J. Secombes,
A.F. Rowley, Fish macrophages express a cyclo-oxygenase-2 homologue after acti-
vation, Biochem. J. (1999), https://doi.org/10.1042/0264-6021:3400153.

[70] I. Salinas, D. Parra, Fish Mucosal Immunity: Intestine, (2015), https://doi.org/10.
1016/B978-0-12-417186-2/00006-6.

[71] T. Nakanishi, M. Ototake, Antigen uptake and immune responses after immersion
vaccination, Dev. Biol. Stand. 90 (1997) 59–68.

J. Ji, et al. Fish and Shellfish Immunology 92 (2019) 421–429

429

https://doi.org/10.1385/1-59259-399-2:223
https://doi.org/10.1016/j.bbamem.2005.09.011
https://doi.org/10.1002/aja.1002030302
https://doi.org/10.1016/J.FSI.2018.03.010
https://doi.org/10.1016/j.fsi.2010.09.001
https://doi.org/10.1016/j.fsi.2010.09.001
https://doi.org/10.1016/j.fsi.2006.03.009
https://doi.org/10.1016/J.FSI.2018.09.033
https://doi.org/10.1016/J.FSI.2018.09.033
https://doi.org/10.1038/ni1166
https://doi.org/10.1038/ni1166
https://doi.org/10.1007/978-1-4614-0106-3_15
https://doi.org/10.1016/j.fsi.2004.09.005
https://doi.org/10.1016/j.fsi.2004.09.005
https://doi.org/10.1016/S1286-4579(02)00029-1
https://doi.org/10.1016/S1286-4579(02)00029-1
https://doi.org/10.1016/j.fsi.2010.08.006
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref63
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref63
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref63
https://doi.org/10.1007/s12026-011-8228-8
https://doi.org/10.1128/IAI.01201-08
https://doi.org/10.1371/journal.pone.0060588
https://doi.org/10.1371/journal.pone.0060588
https://doi.org/10.1016/j.dci.2003.09.001
https://doi.org/10.1016/j.dci.2003.09.001
https://doi.org/10.1016/S0952-7915(01)00305-3
https://doi.org/10.1016/S0952-7915(01)00305-3
https://doi.org/10.1042/0264-6021:3400153
https://doi.org/10.1016/B978-0-12-417186-2/00006-6
https://doi.org/10.1016/B978-0-12-417186-2/00006-6
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref71
http://refhub.elsevier.com/S1050-4648(19)30663-1/sref71

	Nanoliposomes encapsulating immunostimulants modulate the innate immune system and elicit protection in zebrafish larvae
	Introduction
	Materials and methods
	Zebrafish husbandry
	Preparation and lyophilization of fluorescent NLc
	Bath immersion of fluorescent NLc in zebrafish larvae
	RNA extraction and cDNA synthesis
	Analysis of immune gene expression by RT-qPCR
	A. hydrophila culture and zebrafish larvae infection
	A. hydrophila challenge of zebrafish larvae after NLc administration

	Results
	Characterization of lyophilized nanoliposomes
	Fluorescent NLc were ingested by zebrafish larvae
	NLc up-regulate the expression of immune-related genes
	A. hydrophila infection model in zebrafish larvae
	NLc protect zebrafish larvae against A. hydrophila lethal challenge

	Discussion
	Authorship
	Declarations of interest
	Acknowledgements
	References




