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ABSTRACT

Introduction: Zebrafishes represent a proven model for human diseases and systems biology, exhibiting
physiological and genetic similarities and having innate and adaptive immune systems. However, they are
underexplored for human vaccinology, vaccine development, and testing. Here we summarize gaps and
challenges.

Areas covered: Zebrafish models have four potential applications: 1) Vaccine safety: The past successes
in using zebrafishes to test xenobiotics could extend to vaccine and adjuvant formulations for general
safety or target organs due to the zebrafish embryos’ optical transparency. 2) Innate immunity: The
zebrafish offers refined ways to examine vaccine effects through signaling via Toll-like or NOD-like
receptors in zebrafish myeloid cells. 3) Adaptive immunity: Zebrafishes produce IgM, IgD,and two IgZ
immunoglobulins, but these are understudied, due to a lack of immunological reagents for challenge
studies. 4) Systems vaccinology: Due to the availability of a well-referenced zebrafish genome, tran-
scriptome, proteome, and epigenome, this model offers potential here.

Expert Opinion: It remains unproven whether zebrafishes can be employed for testing and developing
human vaccines. We are still at the hypothesis-generating stage, although it is possible to begin
outlining experiments for this purpose. Through transgenic manipulation, zebrafish models could
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offer new paths for shaping animal models and systems vaccinology.

1. Introduction

Our two most recent and gravest pandemic threats - Ebola
virus infection, which emerged in The Democratic Republic
of the Congo in 2019, and COVID-19 from Central China -
required global and coordinated efforts to rapidly acceler-
ate, test, and distribute new vaccines. The lead vaccines that
were successfully developed relied on a portfolio approach
using multiple platforms [1]. They included recombinant
vesicular stomatitis virus (VSV) and adenovirus constructs,
inactivated viruses, attenuated viruses, recombinant pro-
teins produced either in mammalian cells or through micro-
bial fermentation, virus-like particles (VLPs), DNAs delivered
through electroporation, and mRNAs in lipid-nanoparticles
[1-4]. The lead target antigens and their adjuvant immunos-
timulants were simultaneously advanced into prototype vac-
cines through such platforms. These prototype vaccines
were then accelerated through preclinical animal testing
before the safest and most efficacious vaccines were
selected for advanced product and clinical development.
This approach, in which identified vaccine targets are
simultaneously advanced in multiple platforms for vaccine
preclinical testing and evaluation, works; we now have
proof-of-concept for its success in addressing pandemic
threats. The vaccines for Ebola virus infection and COVID-

19 saved millions of lives [5]. However, there is always
room to improve preparedness and efficiencies, reduce
costs, and strive for faster development timelines. The
international  Coalition for Epidemic  Preparedness
Innovation (CEPI) aspires to whittle the sequence of vac-
cine discovery, development, and delivery in response to
a pandemic threat down to 100 days [6]. Among the bot-
tlenecks to achieving this objective is the need for labora-
tory animal safety and immunogenicity studies. A second
hurdle in shortening vaccine timelines is a better under-
standing of host immunogenetics and how to apply this
information toward systems vaccinology [7-10]. Here, we
evaluate whether the zebrafish offers advantages for accel-
erating vaccine science or what additional information
would be required to advance zebrafish models as an
alternative for assessing vaccines to counter pandemic
threats. This aspect also includes the potential for zebrafish
models to address the aspirational principles of the ‘3Rs’
(replacement, reduction, and refinement) as advocated by
the US National Institutes of Health and other national or
international research organizations and committees
[11,12]. As a case study, we also evaluate the potential
for the zebrafish in the development of NextGen universal
or mucosal coronavirus vaccines.
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Article highlights

e The zebrafish represents an innovative model for the study of sys-
tems biology and other modern frameworks in biomedicine, but so
far this model has been underexplored for human vaccine develop-
ment and testing.

o The zebrafishes exhibit significant similarity to the human genome -
approximately 70% of human genes have a zebrafish equivalent - as
well as major components of mammalian innate and adaptive
immune systems, with the added advantage of suitability for high-
density animal housing and potentially addressing the principles of
replacement, reduction, and refinement (3Rs).

o For vaccine safety, the zebrafish could be adapted to examine the
effects of vaccines and adjuvants on organ safety due to the optical
transparency of the zebrafish’s embryonic and larval stages.

e For innate immunity, the zebrafish offers refined ways to look at
adjuvants, adjuvant systems, or adjuvanted vaccines on toll-like
receptors (TLRs) or NOD-like receptors (NLRs) on myeloid cells or
their OMICs. This could allow for rationally selecting existing adju-
vants or new synthetic adjuvants through immuno-engineering.

o For studying adaptive immunity, the zebrafish, like other teleost fish,
produces IgM, IgD, and two types of IgZ immunoglobulins. This
aspect of zebrafish immunology is not as well studied due to less
availability of immunological reagents and kits.

o Through a well-referenced zebrafish genome, transcriptome, pro-
teome, metabolome, and epigenome (collectively known as
‘OMICs’), together with transgenic manipulation, the availability of
genetic knock-outs and knock-downs, and possibly artificial intelli-
gence applied to zebrafish bioinformatics, these teleosts have the
potential for the study of systems vaccinology.

2. Overview and relevant background

The prospect of the zebrafish (Danio rerio) becoming a rapid or
high-throughput laboratory animal model for testing new
vaccine technologies or adjuvant formulations remains
unknown. These teleosts or bony fish are underexplored for
this purpose but offer some theoretical advantages. Although
zebrafishes are more distant phylogenetically to humans than
mice or non-human primates, they still exhibit multiple phy-
siological and pharmacological similarities and a similar gen-
ome, with approximately 70% of human genes having
a zebrafish equivalent [13,14]. In some cases, the zebrafish
can replicate human illness more precisely than mouse or
rodent models, a well-known example is the effects of thali-
domide to replicate human birth defects in zebrafishes but not
in mice [15]. Studies conducted over the last four decades
have shown how the zebrafish exhibits high levels of fertility
and with the capacity for generating large numbers of
embryos (including ones with targeted mutations) suitable
for cost-effective genetic and pharmacological screens, as
well as live imaging technologies [16-18]. As a practical mat-
ter, zebrafishes can also be housed in densities (up to 50 adult
fish per tank) higher than mice (4-6 mice per cage) or other
common laboratory mammals [18].

As zebrafish research has expanded there is increasing
interest in this innovative alternative for animal experimenta-
tion, especially in the areas of infection and immunity [19].
Briefly, teleosts such as the zebrafish exhibit both innate and
adaptive immunity. Regarding the former, the zebrafish pro-
duces essential immunocompetent cell types, including nat-
ural killer cells, macrophages, neutrophils, eosinophils, and
mast cells, in addition to the major cytokine families such as

IFN-y, IL-1B, IL-6, and TNF-a, which are also found in mammals.
They also produce T and B cells required for adaptive immune
responses and have T cell receptors, immunoglobulins, and
genes required for V(D)) recombination. However, the zebra-
fish produces fewer antibody-producing B cells, by several
orders of magnitude according to some estimates, and there-
fore a far smaller antibody repertoire [20]. The capacity for the
zebrafish to mount host immunity varies with their life history
stages. As both embryos and larvae, the zebrafish can mobilize
innate immune responses, but adaptive immunity with speci-
fic immunoglobulin gene rearrangement and antibody pro-
duction does not manifest until around one month [19,20].
Zebrafishes sexually mature by three months, are useful as
a laboratory test system for up to two years, and can live for
five years [21].

3. Evaluating vaccine safety

Zebrafishes have not been studied extensively to evaluate
vaccine safety, but there are elements of zebrafish develop-
ment to indicate that they offer some potential. This is espe-
cially true for zebrafish embryos, which develop through
a series of discrete and observable stages, aided by the fact
that they are transparent (Figure 1) [21].

Optical transparency allows for straightforward microinjec-
tion of vaccine antigens, adjuvants, or other test articles,
followed by observation through cell and organ live imaging
[20]. Organ development following fertilization and embryo-
genesis takes place for approximately 36 hours. During this
period the effects of vaccines or their constituent antigens
and adjuvants can be monitored, either by conventional his-
topathology or through fluorescent-tagged biomarkers
attached to macromolecules or cell types [19].
Immunocompetent cells linked to innate immunity, such as
neutrophils, can also be labeled and followed [20]. Because of
the availability of a detailed and well-annotated reference
genome [14], as well as detailed zebrafish proteomes, meta-
bolomes, transcriptomes, and other OMICs, changes following
immunization or injection can also be assessed [22-32]. These
aspects could allow for the potential assessment or screening
of the biological effects of a new vaccine, with the under-
standing that it might require the pooling of dozens or even
hundreds of embryos together as opposed to assessing inter-
embryo variability. However, a protocol could be potentially
shaped that provides ‘one-stop shopping’ for analyzing the
end-organ effects of immunization (or series of immuniza-
tions) on multiple systems at the whole organ, cellular, sub-
cellular, and biochemical levels.

The zebrafish can also be used to evaluate general animal
and organ safety and are potentially suitable for toxicology
analyses that are typically required by global regulatory autho-
rities [33,34]. Such studies could incorporate potential hepa-
totoxicity, nephrotoxicity, neurotoxicity, and cardiac effects
[34]. For this purpose, it is useful to keep in mind the different
ages or stages of the zebrafish to be employed, each with
potential advantages or disadvantages. Therefore, the adult
zebrafish could help evaluate general toxicity but would be
lower in throughput or might not adequately model pediatric
effects. In contrast, zebrafish embryos or larvae exhibit high
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Figure 1. Reprinted from “zebrafish developmental timeline,” by BioRender.com (2024).
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throughput potential but may not be representative of the
toxicities in adults. The Organization for Economic Co-
operation and Development (OECD), which includes the
United States (US), has released guidelines for employing the
zebrafish to evaluate acute toxicity [35], although currently,
the US Food and Drug Administration (FDA) does not list the
zebrafish as a substitute for rodent or other ‘pharmacologi-
cally-relevant species’ for good laboratory practices (GLP) tox-
icology testing [36,37].

Another promising avenue is the study of vaccines or
immunizations for inducing host epigenetic changes [38,39].
Increasingly, zebrafishes are employed to model epigenetic
alterations in a variety of organ systems, especially following
modifications through xenobiotic exposure [40-46], although
we are not aware of studies demonstrating epigenetic
changes in the zebrafish following immunization. There
might also be benefits to comparing the epigenetic changes
that occur following immunization of the zebrafish versus
mammalian models as a means to validate the findings in
the former. Therefore, this gap area might warrant further
study before such approaches can be refined or validated for
examining the effects of immunization or become a cutting-
edge modern tool for monitoring vaccine safety through
epigenetics.

As a practical consideration in the US, the NIH Office of
Laboratory Animal Welfare (OLAW) and Public Health Service
(PHS) policies apply to egg-laying vertebrates such as
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zebrafish ‘only after hatching’ at three days post-fertilization
[47]. Although institutional animal care and use committees
(IACUQ) require stringent protocols for adults or breeding
adults to produce fish embryos (as they would any other
covered animal species), the use of zebrafish embryos could
offer an NIH-supported approach for more ethical use of
animals in scientific research. Specifically, zebrafish embryos
substituting for rodents in toxicology or vaccine screening
constitute an approach for addressing the principles of
the 3Rs.

Still, another promising aspect of zebrafishes is their use for
assessing vaccines or their components for longer-term effects
on reproduction or intergenerational transmission [46,48].
Historically, developmental and reproductive toxicity (DART)
studies in mammals are expensive and generally conducted
only through specialized contractors; there are also limitations
on the availability of some animal species for this purpose
including non-human primates [49,50]. Zebrafish juveniles and
adults have the potential as a vaccine DART model, with
gonad differentiation beginning at around 10days post-
fertilization and oocytes visible around 20days post-
fertilization [51-53]. An example is the evaluation of neural
tubes and other target or end-organ effects [54]. In the case of
neural tube abnormalities, developing zebrafish embryos are
exposed to varying doses of a xenobiotic before the beginning
of neurulation, with development monitored at post-
fertilization time intervals [54,55]. This approach could be
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refined or modified using vaccines and immunizations as test
articles. However, the cellular processes required for zebrafish
neural tube development have been shown to differ substan-
tially from humans [56], so the zebrafish might instead be
employed for preliminary screening studies or as part of
a larger DART initiative alongside more conventional animal
species. This approach could enhance the sensitivity for
detecting teratogenic effects, with phocomelia after thalido-
mide exposure as an example [15]. Another option is to eval-
uate the impact of the zebrafish maternal immunity on
embryogenesis or teratogenicity [57].

4. Adjuvant selection and innate immunity

Zebrafishes have been employed to assess immune responses
to a variety of viral and bacterial pathogens [58], although less
so for vaccines and immunization [20,57]. However, there is
a small but relevant literature examining the effects of immu-
nization using a variety of different antigen or vaccine delivery
routes, including intramuscular or intraperitoneal injections,
oral delivery, or whole fish immersion [57]. Most of these
studies examine innate immunity because of the similarities
between zebrafishes and mammals in their myeloid precursors
and cell types required [19]. However, there are also important
differences. For instance, many fish exhibit low sensitivity to
lipopolysaccharide (LPS), due to negative regulators of LPS
signaling or failures in LPS recognition [59]. Like mammals,
zebrafishes can detect both bacteria and viruses through pat-
tern recognition receptors (PRRs) including toll-like receptors
(TLRs) [60]. TLRs are expressed on multiple immunocompetent
cell types responsible for innate immunity; TLRs are also found
in epithelial and other cell types. At least 20 TLR zebrafish
genes have been identified including those corresponding to
TLR1, TLR3, TLR4, TLR5, TLR7, and TLR11 [19]. Both mammalian
and zebrafish TLR3 recognize double-stranded RNA (dsRNA),
whereas zebrafish TLR4 does not bind to LPS [19]. Therefore,
the zebrafish may not be useful for evaluating TLR-4 agonists
used in some adjuvants such as monophosphoryl lipid A. Both
mammalian and zebrafish TLR5 bind to flagellin, and both
TLR9s bind to CpG oligodeoxynucleotides (CPGs) [19].
However, it is unclear if the zebrafish TLR7 and TLR8 bind to
single-stranded RNA (ssRNA), whereas this is the case for
mammalian TLR7 and TLR8. In addition, zebrafishes have mul-
tiple subfamily members of TLR11. They include TLR20 for
possible parasitic infections; TLR21, which also binds CpGs

Table 1. Comparison of TLRs (and NLRs) between humans and zebrafishes.

although possibly with different sequence specificities com-
pared with TLR9; and TLR22, which like TLR3 recognizes
dsRNA, although of shorter length than TLR3 [19]. This infor-
mation has relevance for employing the zebrafish to test
adjuvants and other immunostimulants. Shown in Table 1 is
a comparison between the TLRs of humans and zebrafishes,
their natural ligands, and their corresponding ligands for adju-
vant development. In addition, there are three commonly
used adjuvants for human vaccines — alum, MF59, and QS21
or other saponin derivatives such as Matrix-M - which may not
generate innate immune responses through (membrane-
bound) TLRs [61] but instead may stimulate inflammasome
NOD-like receptors (NLRs) found in the cell cytosol [62,63].
The zebrafishes also possess NLRs [64], as well as novel
immune-type receptors (NITRs) not found in mammals [19].

For innate immune responses to vaccines, zebrafish offer
several attractive features to 1) study the mechanisms of new
or existing adjuvants, and 2) screen new or existing adjuvants
for targeting a specific innate immune response, especially as
the demand for new or specific adjuvants expands. Rational
adjuvant design includes the new field of ‘immuno-
engineering’ for developing new natural or synthetic materials
[65], and the zebrafish could potentially serve as a rapid screen
for these newly engineered products. Conversely, the zebra-
fish could help to down-select adjuvants with undesirable
profiles, such as those that might contribute to Th2 or Th17
immune enhancement as specified by the NIH Accelerating
COVID-19 Therapeutic Interventions and Vaccines (ACTIV)
Working Group for COVID vaccines [66]. The zebrafish could
also be employed to determine whether adjuvants are
required for a particular antigen if the antigen alone is suffi-
cient to trigger adequate innate immunity or determine
whether formulating antigens with adjuvants can alter the
properties of each component as the two are combined.

To date, the zebrafish model has not yet been validated for
innate immune responses to vaccines or adjuvants, but there
is evidence to indicate that it holds promise on this front. Our
best indication is the finding that zebrafish larvae can be
infected with some pathogenic organisms resulting in innate
immune responses that resemble those of humans. One of the
major ones under study in the zebrafish is Mycobacterium
marinum, a slow-growing organism found in salt water that
closely resembles M. tuberculosis and causes human skin infec-
tions, but in fish produces organized granulomas and
a systemic illness that resembles human tuberculosis [67-69].

Present in
TLR Humans Present in Zebrafishes Natural Ligand in Humans Corresponding Adjuvant Ligand
TLR3 Yes Yes dsRNA Poly (I:C)
TLR4 Yes Yes, but does not bind LPS LPS Monophosphoryl Lipid A (MPLA) or
Glucopyranosyl Lipid A (GPLA)
TLR5 Yes Yes Flagellin Flagellin derivatives
TLR7/8 Yes Yes but unknown if these bind to -ssRNAs ssRNA imidazoquinolines, 3M-052
TLR9 Yes Yes CPGs CPGs
TLR11 Yes Yes Multiple ligands N/A
Inflammasomes Yes Yes Bacterial cell wall components Alum
NLRs MF59

QS21, Matrix-M




This infection can be modeled in the zebrafish after they are
infected at 36-48 hours post-fertilization through hindbrain
ventricle injection, although they can also be infected via the
caudal vein inoculations [69]. Assay readouts can include
direct microscopy, macrophage recruitment or other cellular
infiltration, inducible nitric oxide, and other innate cellular
metrics [69]. They could also include innovative assays for
shifts in metabolomics patterns as recently described for
experimental Trypanosoma cruzi infections to cause Chagas
disease in mice [70]. Using a similar approach, the epigenetic
response to shigellosis infections in zebrafish neutrophils has
been evaluated [71].

For analyzing vaccines and responses to immunizations,
zebrafish do not have lymph nodes but they possess
a hindbrain ventricle, a cavity filled with cerebrospinal fluid
into which immune cells can be recruited [72,73]. This is
a convenient injection site to study host and viral factors
involved in local and whole-body immune response and
innate immunity [73]. For vaccine adjuvants, these are injected
in zebrafish larval hindbrains and compared, either alone or
formulated with antigens. As one example, polyinosinic:poly-
cytidylic acid or ‘poly (I:C)’ forms a synthetic dsRNA and TLR3
agonist that has been employed as a powerful experimental
vaccine adjuvant in mammals. In zebrafish larvae, poly (I:C)
was shown to induce epigenetic modifications, while influen-
cing macrophage (but not neutrophil populations) [74]. To
validate the zebrafish as a model for studying TLR3 agonists,
such modifications might need direct (head-to-head) compar-
isons with injections in mice or other animal models, or
human immune responses. Similar studies could be employed
to assess a range of immunostimulants used in both experi-
mental and licensed vaccines. They might include components
of the adjuvant system 01 (ASO1) used in GlaxoSmithKline
vaccines for shingles (Shingrix) or respiratory syncytial virus
(RSV, Arexvy), containing monophosphoryl lipid A (MPLA) and
QS21 [75], or some of the TLR and NLR agonists currently
added to recombinant protein vaccines such as CPGs, 3 M-
052, or alum [76]. As highlighted above, the zebrafish could be
used to analyze new adjuvants, including NextGen adjuvants
from immune-engineered materials [65], and at least one
study has used zebrafishes to look at post-exposure sequelae
of protective mycobacterial vaccines [77]. For each adjuvant,
adjuvant system, or adjuvant-formulated vaccine, myeloid, or
other immunocompetent cell populations could be counted
and assessed. In this approach, readouts could incorporate
transcriptomics, proteomics, metabolomics, or epigenomics.
Because of the complex data sets that are likely to emerge
from such studies, there could be opportunities to employ
machine learning and meta-analysis tools or artificial intelli-
gence (Al) to create analytic and predictive models [78].

5. Antigen selection and adaptive immunity

For antibody responses, the adult zebrafish, like other teleost
fish possess IgM and IgD immunoglobulin isotypes, and two
recently discovered IgZ-like isotypes — IgZ-1 and IgZ-2; both
IgM and 1gZ-2 are also found on zebrafish B cell surfaces [79].
In some teleosts, IgZ is named IgT (T for teleost) although
there are calls to harmonize this nomenclature [80]. The
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relative expression and amounts of these isotypes change
over the zebrafish lifespan [81]. There is no zebrafish 1gG or
IgA. Although zebrafish immunoglobulin genes do not
undergo class switching [19], there is some evidence for adap-
tive immunological memory, including enhanced protection
and pathogen clearance correlating with a secondary immune
response upon reinfection, which is comprised of accelerated
antibody production, the expression of igm and igz2 heavy
chain immunoglobulin genes, and an il13 Th2 signature cyto-
kine gene [82]. Overall, however, adaptive immune responses
are slower in teleosts compared to mammals, with IgM secre-
tion not detected until 4 weeks following post-immunization
(using the intraperitoneal route) and antigen-binding B cells
appearing not until 10-14 days post-immunization [19]. There
are also observed differences in the tissue distribution of the
different antibody isotypes, with evidence for mucosal immu-
nity [57]. Mucosal infection or immunization is also possible,
and results in the recruitment of B and T cells that resemble
mucosa-associated lymphoid tissue (MALT) [57]. Elevated IgZ
levels occur in the peripheral serum and skin MALT, while IgZ2
is found in the skin and gill MALTSs; these isotypes also vary in
terms of their complement dependence or requirement for
CD4+ T cells [83]. Zebrafishes also generate cell receptor
diversity and there are major histocompatibility complex
(MHCI and MHCII) genes [19].

Studies on the role of adaptive immunity and its use to
measure humoral immunity to vaccine antigens are hindered
by a general absence of both specific immunologic reagents
and techniques. Even collecting blood as a survival procedure
from the zebrafish is problematic, as only a few microliters can be
collected from the adult zebrafish by inserting a heparinized
glass capillary tube behind the gills (Dr. Jeff Yoder, personal
communication). Greater volumes, however, can be obtained
through non-survival methods [84], or possibly by using the
entire fish to collect all soluble protein after homogenization in
buffer, centrifugation, and analysis of the supernatant, but the
feasibility of this approach is unknown. Another challenge is the
availability of reagents or kits to measure zebrafish antibodies.
Our search identified only just a few vendors offering secondary
antibodies or ELISA kits to measure zebrafish IgM antibodies,
although there are more reagents and ELISA kits available to
measure zebrafish cytokines. In rainbow trout, it was shown that
these fish can develop IgM-neutralizing antibodies against
a rhabdovirus known as viral hemorrhagic septicemia virus
(VHSV) [85]. In this case, only IgM but not IgT exhibited virus-
neutralizing properties.

Because of the dearth of available reagents and techniques,
it remains unclear whether it might be possible to employ the
zebrafish to measure specific antibodies. Using as an example
some of the recently developed COVID-19 antigens and vac-
cines, in the zebrafish, there is uncertainty regarding exactly
which antibodies to measure, the optimal time for blood
draws, and whether to use survival or non-survival analyses.
During the pandemic, our Texas Children’s Hospital Center for
Vaccine Development (CVD) developed two recombinant pro-
tein COVID-19 vaccine technologies leading to the develop-
ment and authorization of Corbevax and Indovac that were
scaled for production and delivery in India and Indonesia,
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respectively [76]. Almost 100 million doses were administered
in those two countries. Currently, our Texas Children’s CVD is
developing NextGen coronavirus vaccines incorporating multi-
epitope universal and prime-boost strategies. Over the last
decade, our group has produced multiple coronavirus anti-
gens corresponding to different beta-coronaviruses or variants
using both different adjuvant formulations of recombinant
protein and mRNA technologies [86-97]. These antigens can
now be evaluated in combination to optimize immunogenicity
and epitope broadening, durability, and safety.

Employment of the zebrafish to study either human coro-
navirus infections or vaccines is still at an early stage, and it is
unclear whether a humanized zebrafish producing the appro-
priate angiotensin-converting enzyme-2 (ACE-2) receptor for
virus entry will be required. A human angiotensin-converting
enzyme-2 (ace-2) orthologous gene is present in the zebrafish,
and zebrafishes respond to both SARS-CoV-2 pseudovirus host
entry (through their neuromasts and olfactory organs) and
coronavirus recombinant protein antigens through both
innate and adaptive immunological mechanisms [73,98-102].
Moreover, recombinant SARS-2 coronavirus spike proteins (or
antigens corresponding to their receptor binding domains)
induce inflammatory cytokines through both TLR-dependent
and independent signaling pathways, recruit neutrophil and
macrophages, trigger myelopoiesis, and elicit IgM antibodies
[73,98-102]. However, despite the presence of an ACE-2 ortho-
logous receptor in the zebrafish, these animals remain resis-
tant to SARS-2 infection and therefore unsuitable as a virus
challenge model for evaluating protective immunity [99].
Accordingly, efforts are underway to generate humanized
zebrafish through xenotransplantation of human alveolar
epithelial cells or transgenic zebrafish expressing the human
ACE-2 receptor [99]. An alternative would be to develop
a zebrafish-adapted SARS-2 virus similar to how a mouse-
adapted SARS virus was successfully produced [94]. However,
even without the availability of transgenic zebrafishes or zeb-
rafish-adapted coronaviruses, it may be possible to evaluate
adaptive immunity to new coronavirus vaccine antigen candi-
dates including the ones generated in our laboratories. The
advantages of employing the zebrafish for this aspect of
COVID-19 vaccine development are similar to those outlined
previously for zebrafish vaccine development by de Andrade
Belo and Charlie-Silva and include high reproductive capacity -
with large numbers of individual animals from a single

spawning - to minimize genetic differences in host immunity;
transparent embryos; low breeding costs; and significant over-
lap between human and fish innate and adaptive immune
responses [57].

Shown in Table 2 is a potential list of experiments needed
to evaluate adaptive immunity, using COVID-19 antigens as
a real-life example. Most likely, this approach would require
finding ways to measure specific IgM antibodies, including
neutralizing antibodies versus pseudoviruses, and determining
whether there are heightened antibody responses following
multiple injections. These results would be compared across
multiple antigen and adjuvant combinations, with studies to
determine the advantage of combining these antigens in ways
to induce epitope broadening. In this way, the zebrafish could
be accelerated as an innovative model for assessing universal
or pan-betacoronavirus vaccines.

6. Conclusion

Four decades of zebrafish research have yielded important new
insights in the fields of genetics, genomics, and bioinformatics
with relevance to human physiology and increasingly, transla-
tional biomedicine for new therapeutics [17]. There are also suc-
cesses in advancing the zebrafish to address fundamental
questions in human infection and immunity, including break-
throughs in the use of the zebrafish for examining host-
pathogen relationships for mycobacteria, Shigella, and other bac-
terial pathogens that can infect both mammals and fish [67-
69,71]. Such model systems have tapped into the full range of
OMICs capabilities of the zebrafish, including genomics, proteo-
mics, metabolomics, and the study of the vertebrate epigenome.

For vaccinology, however, we are at a much earlier stage.
There are multiple components in place to exploit the zebrafish
model for vaccine safety studies, much as already happened for
small molecule drug toxicology, especially for DART studies, but
refinements are still required to make this approach work speci-
fically for vaccines. Similarly, zebrafishes have much to offer for
evaluating current and novel vaccine adjuvants or antigen-
adjuvant formulations and their effects on host innate immunity,
whereas there is still much to do to accelerate the zebrafish for
examining adaptive immune responses. Summarized in Table 3
are some potential uses and limitations in each development
stage discussed in the body of the article.

Table 2. Gap areas for evaluating acquired immunity to COVID-19 antigens in the adult zebrafish.

Activity Rationale Expected/Potential Outcomes
Reagents To generate reagents (secondary antibodies) vs. all zebrafish antibody Labeled antibodies against zebrafish IgM, IgD, 19Z/T
isotypes
ELISA antibody To develop ELISA kits for measuring zebrafish isotypes Ability to quantitate zebrafish antibody isotypes in response to
immunization
Immunization To optimize the immunization route for antibody measurement Assessing oral (mucosal), immersion, intraperitoneal, intramuscular
route routes

Antibody kinetics

Functional To measure zebrafish virus neutralizing antibodies vs pseudoviruses
antibody

Epitope To measure zebrafish cross-neutralizing antibodies vs pseudoviruses
broadening

Challenge studies To measure protection vs live sarbecoviruses or beta-coronaviruses

Mechanistic To generate transgenic zebrafish and markers
studies

To measure the time kinetics of zebrafish antibody responses

Assessing adaptive immunity and more rapid responses upon
restimulation

Assessing protective immune responses and surrogate correlates of
protection

Assessing the effects of antigen mixing and combining antigens

Assessing protective immunity
Assessing underlying mechanisms and NextGen correlates of
protection
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Table 3. Summary table of advantages and disadvantages of embryos versus adults for evaluating vaccine safety as well as innate and adaptive immunity.

Life History Stage Vaccine Safety Innate Immunity Adaptive Immunity Other Considerations
Embryos Advantages: Advantages: An adaptive immune system is NIH OLAW policies apply to egg-
Optical transparency Zebrafish embryos can be infected not developed or present in laying vertebrates such as
Observation through cell and with some pathogenic embryos. zebrafish “only after hatching”
organ live imaging organisms resulting in innate at three days post-fertilization.
Effects on all organs except for immune responses that Potential microinjection sites (1-
the gonad can be studied in resemble those of humans. 3 days post-fertilization):
embryos. Optical transparency: Vaccines Hindbrain ventricle
Embryos can be used to assess the  and adjuvants monitored Duct of Cuvier
acute toxicity of any small through fluorescent-tagged Caudal vein
molecule, protein, or mixture biomarkers attached to Tail muscle
that is water soluble or can be macromolecules or transgenes Notochord
delivered via embryo injection. expressed in restricted cell Otic vesicle
This “Fish Embryo Toxicity Test”  types to study mechanisms.
is sanctioned by the OECD. Screen new or existing adjuvants
Epigenetic and other OMICs for targeting a specific innate
studies immune response.
Potential for substituting for Rational adjuvant design includes
rodents in toxicology or vaccine  the new field of “immuno-
screening for identifying engineering” for developing
molecules or mixtures that are new natural or synthetic
toxic and should not be materials.
developed further for use in Epigenetic and other OMICs
humans studies
Availability of genetic mutants, Availability of genetic mutants
ease of generating new Disadvantages:
mutants, to study interactions  Not yet validated for innate
between genes and vaccine immune responses to vaccines
components or adjuvants
Addresses the 3Rs for the more  Zebrafish TLR4 does not bind LPS;
ethical use of animals in other TLRs may or may not
scientific research bind other commonly used
Disadvantages: adjuvants.

For safety/toxicology, not
approved by the FDA currently
to substitute for mammalian
vertebrate species.

Molecules that are non-water
soluble must be administered
via embryo injection, which is
lower throughput than adding
chemicals to embryo water

Larvae/Adults Advantages: Advantages: Advantages: Zebrafishes can be housed in
Evaluate general animal and Zebrafishes can be infected with  Evidence for immunological densities (up to 50 adult fish
organ safety and are potentially ~ some pathogenic organisms memory, including enhanced per tank) higher than mice (4-
suitable for toxicology analyses, resulting in innate immune protection and pathogen 6 mice per cage) or other
particularly for identifying responses that resemble those clearance correlating with common laboratory mammals.
molecules or mixtures that are of humans. a secondary immune response Zebrafish possess a hindbrain
toxic and should not be Study the mechanisms of new or upon reinfection, ventricle, a cavity filled with
developed further for use in existing adjuvants. IgM and IgD immunoglobulin cerebrospinal fluid into which
humans Screen new or existing adjuvants isotypes immune cells can be recruited.
Hepatotoxicity, nephrotoxicity, for targeting a specific innate 2 recently discovered IgZ-like This is a convenient injection
neurotoxicity, and cardiac immune response, isotypes — 1gZ-1 and IgZ-2 site to study host immunity;
effects. Rational adjuvant design includes Both IgM and IgZ-2 are also other routes are as above.
Epigenetic and Other OMICs the new field of “immuno- found on zebrafish B cell
Studies engineering” for developing surfaces
DART Studies: Embryogenic & new natural or synthetic Accelerated antibody production,
teratogenic effects materials. the expression of igm and igz2
Disadvantages: Epigenetic and other OMICs heavy chain immunoglobulin
No optical transparency studies genes, and an il13 Th2
Lower throughput than embryos.  Availability of genetic mutants signature cytokine gene.
For safety/toxicology, not Disadvantages: MHC1 and MHCII genes
approved by the FDA currently The Zebrafish model has not yet  Evidence for mucosal immunity
to substitute for mammalian been validated for innate and MALT
vertebrate species. immune responses to vaccines Disadvantages:
or adjuvants. No zebrafish 1gG or IgA.
Lack of optical transparency No class switching.
Zebrafish TLR4 does not bind LPS; Adaptive immune responses are
other TLRs may or may not slower in teleosts compared to
bind other commonly used mammals.
adjuvants. Survival blood collection is
No lymph nodes technically challenging.

Minimal availability of ELISA Kits
and other reagents for
measuring antibody




542 (&) P.J.HOTEZ ET AL.

Overall, the biomedical literature on these topics is scant, but
given the numerous experimental advantages of the zebrafish in
terms of high-density animal housing, optical transparency for
organ and cell imaging, the availability of a high-quality refer-
ence genome, and comprehensive OMICs capabilities, the future
f the zebrafish for next-generation vaccine testing could become
significant pending the future availability of specific reagents for
this purpose.

6.1. Expert opinion

We are entering the post-COVID-19 era and now preparing for
future pandemic threats. We should anticipate an urgent need
for future vaccines to prevent the zoonotic viruses emerging
from bats or other intermediate animal hosts, including cor-
onaviruses, influenza viruses, Nipah viruses, and filoviruses, as
well as the arbovirus infections currently accelerating because
of climate change and urbanization [103]. New vaccines to
counter this next generation of emerging viruses will rely on
accelerating a portfolio of new vaccine technologies and
rapidly evaluating them for safety, immunogenicity, and pro-
tection either through animal challenge studies or clinical
trials. Zebrafishes to date have not been a major resource in
vaccine and pandemic preparedness, but because of increas-
ing interest in systems vaccinology — the application of sys-
tems biology to the study of vaccines [104] - and the
adaptability of the zebrafish to study systems biology, there
would be potential benefits for examining the zebrafish as
a model for systems vaccinology. Zebrafish models are posi-
tioned to explore many of these elements, but beyond the
urgent need for specific immunological reagents and techni-
ques for measuring adaptive immunity, we may face a reality
that the zebrafish system in its current form is still too limited
without additional transgenic lines to monitor the different
immune lineages. This may require stepped-up efforts to
accelerate CRISPR technologies to generate these lines (J.
Yoder, personal communication), or other ways to create fish
embryos with knocked-out or knocked-down genes required
to assess host immunity [19], together with fluorescent labels
to examine immunocompetent cell populations and the com-
plex interactions between zebrafish development, exogenous
infection, and host metabolism [105].

Systems vaccinology could enhance our current approaches
to developing and testing new vaccines. It is too soon to say
whether the zebrafish could be the spark that ignites a new
tipping point in vaccinology breakthroughs but given this mod-
el’s previous track record to date in systems biology, it is worth-
while to begin directing the zebrafish in this yet uncharted
direction and path. To begin, the zebrafish could be tapped
for examining antigen and adjuvant toxicology and for analyz-
ing innate immunity to new and existing adjuvants, either alone
or formulated with vaccine antigens. Examining adaptive immu-
nity to new vaccines is at an earlier stage. The zebrafish com-
munity, much like the Caenorhabditis elegans biologists, is
collegial, interactive, and enthusiastic about seeing the zebrafish
advance in new areas of biomedicine. Taking the first steps in
vaccine safety testing, exploring how new information about
vaccine antigens and adjuvants can affect zebrafish innate and
adaptive immune systems, and using the abundance of specific

reagents and OMICs capabilities could lead to new insights in
vaccinology. Pending some of the next steps outlined here, the
prospect of the zebrafish for shaping the next wave of systems
vaccinology studies could become clearer.
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