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Abstract

Humans and viruses have a long co-evolutionary history. Viral illnesses have and will continue to

shape human history: from smallpox, to influenza, to HIV, and beyond. Animal models of human

viral illnesses are needed in order to generate safe and effective antiviral medicines, adjuvant

therapies, and vaccines. These animal models must support the replication of human viruses,

recapitulate aspects of human viral illnesses, and respond with conserved immune signaling

cascades. The zebrafish is perhaps the simplest, most commonly used laboratory model organism

in which innate and/or adaptive immunity can be studied. Herein, we will discuss the current

zebrafish models of human viral illnesses and the insights they have provided. We will highlight

advantages of early life stage zebrafish and the importance of innate immunity in human viral

illnesses. We will also discuss viral characteristics to consider before infecting zebrafish with

human viruses as well as predict other human viruses that may be able to infect zebrafish.
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1. Introduction

It has been estimated that 90% of the infectious diseases that afflict human beings are caused

by viruses (Norkin, 2010), and over 200 different viruses have been isolated from the human

upper respiratory tract alone (Mackie, 2003). Many viral infections are asymptomatic and

may go unnoticed, but others cause severe or even life threatening diseases in humans. The

immune system has evolved in many species, including humans, to recognize and clear

foreign infectious agents from the body. In vertebrates, there are two branches of the

immune system that work in concert: innate and adaptive. Innate immunity is more
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evolutionarily ancient and functions to initially recognize the threat and limit the spread of

infection. In jawed vertebrates, adaptive immunity triggers cell-mediated and antibody-

mediated responses that can curtail existing infections and provide the host with long-term

immunological memory. The adaptive immune response has been exploited in the

development of vaccines. Through immunizations, some viral illnesses have been essentially

eradicated from the human population. Due to the success of some vaccination programs,

the importance of adaptive immunity in virus infections is widely recognized; however, the

important role of the innate immune response in viral diseases is only now being

appreciated.

Viruses are recognized by the innate immune system upon binding to pattern recognition

receptors (PRRs) on or within host cells. PRRs that recognize viruses include Toll-like

receptors, retinoic acid-inducible gene I-like receptors, nucleotide oligomerization domain-

like receptors, and receptors that detect DNA in the cytosol of cells. Several reviews provide

detailed information on viral detection by PRRs and the signaling pathways elicited (Kawai

and Akira, 2006; Pichlmair and Reis e Sousa, 2007; Saito and Gale, 2007; McCartney and

Colonna, 2009; Shayakhmetov et al., 2009; Takeuchi and Akira, 2009; Pedraza et al., 2010;

Drutskaya et al., 2011; Thompson et al., 2011). Signaling by PRRs through distinct or

overlapping signal transduction pathways culminates in the production of cytokines, such as

interferon (IFN), and chemokines. Through paracrine signaling, IFN is secreted by infected

cells and binds to receptors on nearby uninfected cells in an attempt to wall off the spread of

infection by instructing cells to suspend transcription and translation. Other cytokines and

chemokines are involved in pro-inflammatory signaling cascades that recruit phagocytes to

sites of infection. A better understanding of the innate immune response to viral infections

will be beneficial in developing preventative and adjuvant therapies for viral illnesses

because activation of innate immune signaling pathways and phagocytic cells is common to

all viral infections, potentiates a robust adaptive immune response, has both positive and

negative effects on the health of the host, and can be thwarted by certain viral adaptations.

The dynamics between host immune responses and human viral pathogens can only be

studied in animal models where tissue interactions are intact and where genetics, cell types,

and signaling cascades are homologous to those in humans. Commonly used animal models

of human viral infections include small mammals and non-human primates. In an effort to

reduce, replace, and refine the animal models used in scientific research, the zebrafish

infectious disease model has become an attractive option. Zebrafish are vertebrates that

possess both innate and adaptive immune systems. The conservation of innate and adaptive

immunity between zebrafish and humans has been well-characterized (reviewed in Traver et

al., 2003; Trede et al., 2004; van der Sar et al., 2004; Phelps and Neely, 2005; Jakovlic et al.,

2006; Sullivan and Kim, 2008; Cui et al., 2011; Meijer and Spaink, 2011; Novoa and

Figueras, 2011; Crim and Riley, 2012; van der Vaart et al., 2012). This review will focus on

the use of zebrafish to study human viral illnesses and the host’s innate immune response,

largely because this represents the bulk of current research. Zebrafish phagocytic

macrophages and neutrophils are similar to those in mammals in terms of their morphology,

molecular signatures, and functionality (Bennett et al., 2001). Certain other innate immune

cell types found in mammals, including monocytes, NK cells, dendritic cells, eosinophils,

and basophils, have been identified in zebrafish and are beginning to be characterized

Goody et al. Page 2

Dev Comp Immunol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(Dobson et al., 2008; Moss et al., 2009; Balla et al., 2010; Lugo-Villarino et al., 2010; Da’as

et al., 2011). In addition, innate immune signal transduction pathways downstream from

pathogen receptors, such as IFN signaling, are well-conserved between mammals and

zebrafish (Stein et al., 2007; Langevin et al., 2013). Thus, the zebrafish is a useful model for

the study of the innate immune response to human infectious diseases. Moreover, adult

zebrafish have adaptive immunity and could be used to study the adaptive immune response

to human viruses that are able to infect adult zebrafish. In this review we will discuss the

studies utilizing the four known zebrafish models of human viral illnesses. Roles for

zebrafish neutrophils, macrophages, and IFN signaling in response to these human virus

infections will be described. Given the involvement of other innate immune cell types (e.g.

NK cells, dendritic cells) in these four specific virus infections in mammals and the recent

identification of similar cell types in zebrafish, the zebrafish infection model will likely

contribute additional important insights regarding roles for these cell types in in vivo

infections in the near future. We will also propose additional human viral pathogens that

may be able to infect zebrafish and describe the insights that the zebrafish infectious disease

model can provide due to the unique research opportunities possible in the zebrafish system.

2. Zebrafish models of human viral illnesses

The zebrafish is rapidly gaining in popularity as an infectious disease model. Zebrafish have

been used to study fish-specific infectious diseases that afflict economically important fish

species (reviewed in Trede et al., 2004; van der Sar et al., 2004; Phelps and Neely, 2005;

Sullivan and Kim, 2008; Meijer and Spaink, 2011; Milligan-Myhre et al., 2011; Novoa and

Figueras, 2011; Crim and Riley, 2012). It has recently been shown that zebrafish can be

good models in which to study human infectious diseases as well. It has been suggested that

to be able to preserve and study the complexities of host-pathogen co-evolution when using

animals to model human infectious diseases, it is important to employ the most closely

related pathogen that naturally infects the model species (Baker, 1998; Crim and Riley,

2012; Keebaugh and Schlenke, 2014). However, the natural pathogens of zebrafish are

currently unknown (Crim and Riley, 2012). A different approach, that potentially has more

direct translational impact, is to use an animal model with an immune response similar to

humans that can be infected by human isolates of a pathogen. The first reported human

pathogens that could infect and cause disease in zebrafish were bacteria (reviewed in Trede

et al., 2004; van der Sar et al., 2004; Phelps and Neely, 2005; Sullivan and Kim, 2008;

Meijer and Spaink, 2011; Milligan-Myhre et al., 2011; Novoa and Figueras, 2011). There

are now reports of zebrafish models of human fungal (Chao et al., 2010; Brothers et al.,

2011; Brothers et al., 2013; Chen et al., 2013; Gratacap et al., 2013; Kuo et al., 2013; Y.-C.

Wang et al., 2013) and human viral pathogen infections (Burgos et al., 2008; Ding et al.,

2011; Antoine et al., 2013; Palha et al., 2013; K. A. Gabor and C. H. Kim, personal

communication). We will describe the human viral illnesses for which there are currently

zebrafish infection models and then discuss the findings and insights obtained thus far from

these zebrafish models of human viral infections.
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2.1. Human viral illnesses for which there are zebrafish infection models

To date, there are publications of four human viral illnesses that can be modeled in

zebrafish, but we believe that many more zebrafish models of human viral diseases can and

will be developed. The following are descriptions of the diseases that occur in humans

infected with the four human viruses that have been shown to also infect zebrafish.

Herpes simplex virus (HSV)-1 is a DNA virus belonging to the Herpesviridae family of

human herpesviruses that also includes the closely related HSV-2 and varicella zoster virus.

HSV-1 is distributed ubiquitously worldwide throughout human populations, with infection

rates approaching 90%. In the U.S., infection rates are lower but still overwhelming, with

reported rates ranging from 57-65% (Koelle and Corey, 2008; Nicoll et al., 2012). HSV-1

infections can be spread by horizontal transmission via contact with infected individuals

during an active infection state, or by vertical transmission from mother to neonate (Corey

and Wald, 2009). Primary infections typically present as skin blisters on the mouth or

genitals. Recurrent outbreaks of active infection are caused by emergence of the virus from a

latent phase, often in the trigeminal sensory ganglia (Arduino and Porter, 2006). HSV-1 and

-2 infections in neonates can have serious consequences. Approximately one-quarter of

infected neonates will present with disseminated infection involving multiple organs;

approximately one-third will present with central nervous system involvement leading to

seizures, lethargy, tremors, and lack of feeding; and approximately 45% will have

manifestations localized to the skin, ears, and mouth (Kimberlin, 2005). With antiviral

therapies, mortalities have been reduced. However, the development of antiviral therapies,

especially vaccines, has been hampered by the considerable genetic diversity exhibited by

HSV-1 (Szpara et al., 2013).

Hepatitis C virus (HCV) is a positive-sense, single-stranded RNA virus belonging to the

Hepacivirus genus of the Flaviviridae family. HCV infects 130-185 million people

worldwide, with an estimated 5 million people infected in the U.S (Edlin, 2011; Rehermann,

2013; Scheel and Rice, 2013; Simmonds, 2013; Thomas, 2013). HCV is transmitted

between individuals through parenteral routes such as blood transfusion, contaminated

needles and medical equipment, and tattoos (Rehermann, 2013; Simmonds, 2013). There are

also instances of transmission through sexual contact and by perinatal exposure. The acute

phase of HCV infection is usually mild to asymptomatic, with up to one-third of patients

spontaneously clearing the infection (Thomas, 2013). During the acute phase, a small

percentage of patients (approximately 15%) demonstrate symptoms: such as jaundice,

influenza-like illness, dark urine, clay-colored stools, and pain in the upper right abdominal

quadrant (Maheshwari et al., 2008). HCV infects individuals by targeting hepatocytes and

can often establish a chronic liver infection without triggering a robust host antiviral innate

immune response. Chronic infection often leads to liver cirrhosis and/or cancer and is the

leading cause of disease requiring liver transplantation (Horner and Gale, 2013). Chronic

infection can also lead to fibrosis, steatosis, insulin resistance and type 2 diabetes,

hepatocellular carcinoma, and extrahepatic diseases including non-Hodgkin lymphoma,

mixed cryoglobulinemia, and glomerulonephritis (Yamane et al., 2013). There are some

indications that HCV can trigger pathology in the central nervous system (CNS) through

Goody et al. Page 4

Dev Comp Immunol. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



direct infection of CNS tissues. In some individuals, HCV infection can be cleared with

antiviral and IFN therapy; but in other cases, infection persists.

The chikungunya virus (CHIKV) is an enveloped, positive-sense, single-stranded RNA virus

in the Alphavirus genus of the Togaviridae family. CHIKV is an arbovirus spread by Aedes

mosquitoes (A. albopictus and A. aegypti) (Schwartz and Albert, 2010; Tsetsarkin et al.,

2011; Burt et al., 2012). In the Makonde language, native to parts of Tanzania and

Mozambique, chikungunya means “that which bends up,” and this refers to the contorted

postures of affected individuals who are experiencing the extreme arthralgia and myalgia

from this disease that can arise even months or years after initial infection. CHIKV has been

detected in nearly 40 countries, with epidemics in Africa and Asia and documented cases in

Australia and western Europe (Schwartz and Albert, 2010). The most recent epidemic

occurred in 2006 in La Réunion (east of Madagascar) where there were 300,000 cases in a

population of 785,000 people, with 237 deaths. CHIKV disease has acute and chronic

phases (Burt et al., 2012; Dupuis-Maguiraga et al., 2012). The acute phase is typical of viral

infections and marked by robust type I IFN responses. Patients typically present with fever,

arthralgia, myalgia, cephalgia, rash, erythema, and fatigue. In the 2006 outbreak in La

Réunion, a small number of affected individuals with severe, acute CHIKV disease also

presented with encephalitis and hemorrhage. In children, additional symptoms included

diarrhea, vomiting, and convulsions, among others. Symptoms usually last for

approximately two weeks. Interestingly, some infected individuals are asymptomatic for

decades. In its chronic phases, patients may suffer from crippling arthralgia, myalgia, and

arthritis. At this time, no vaccines exist.

Influenza A virus (IAV) belongs to the Orthomyxoviridae family. It has a negative-sense,

single-stranded, and segmented RNA genome. IAV infects human populations on a yearly

basis during seasonal outbreaks and epidemics. Due to antigenic drift, IAV is continually

evolving to cope with antibody-mediated immune selective pressures applied by its hosts

(Medina and García-Sastre, 2011; Palese and T. T. Wang, 2011). On occasion, an antigenic

shift that transforms the virus into a novel subtype with altogether unique antigenic profiles

may occur and this can lead to serious pandemics. At least four such pandemics have

occurred in the past 100 years. In 1918, the Spanish influenza pandemic caused by the H1N1

subtype killed an estimated 50-100 million people around the world. Additional pandemics

occurred in 1957, 1968, and 2009. Individuals infected with IAV typically present with

fever, myalgia, non-productive cough, sore throat, and fatigue (Hamborsky et al., 2007).

Fever and other symptoms typically subside within 2-3 days. The elderly and young children

are at particular risk for incurring serious complications from IAV infections. An average of

approximately 24,000 individuals died each year from influenza complications between

1984 and 2007. Complications include viral or secondary bacterial pneumonia, Reye

syndrome (from inappropriate administration of aspirin to sick children), and

cardiopulmonary events. Individuals suffering from pre-existing ailments including chronic

cardiovascular or pulmonary diseases are at particular risk. Because of antigenic drift and

shift, vaccines provide limited protection against IAV and strains of the virus can rapidly

evolve antiviral resistance.
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The human health and economic burdens posed by these viruses are readily apparent. A

common thread in these four viral illnesses is treatment and prevention difficulties due to

virus genetic diversity and immune evasion strategies. Zebrafish models of these human

viral illnesses will complement other animal models by providing the opportunity to

visualize virus-host dynamics and to conduct genetic and chemical screens, which will

facilitate the development and testing of new antiviral strategies.

2.2. Virological and immunological assays and insights from zebrafish models of human
viral infections

In this section, we will discuss the virological and immunological assays that have been

conducted in zebrafish infected with human viral pathogens. We will highlight those that are

ideally suited to the zebrafish infection model (see Table 1) and discuss the insights that

have been garnered from these experiments.

2.2.1. Virology—Infection kinetics, such as viral gene expression and viral burden, can be

measured in zebrafish and other animal models of viral infections and compared to human

viral infections. Viral DNA or RNA can be quantified by PCR and spatiotemporal

expression can be observed via in situ hybridization (ISH). Amounts of viral protein can be

quantified by western blot or localization can be observed via immunohistochemistry (IHC).

As opposed to fish-specific viruses, many antibodies already exist for the detection of

human viral proteins via IHC. However, it is the unique opportunity to visualize infection

kinetics in vivo using fluorescent human viruses that distinguishes the zebrafish from other

animal models of infectious diseases.

2.2.1.1. Viral gene expression: The expression of viral DNA or RNA has been quantified to

show replication of human viral pathogens in zebrafish. In adult zebrafish infected with

HSV-1 via intraperitoneal injection, DNA was isolated from different areas of the body to

show viral replication, clearance, or persistence and the spread of virus to different tissues

over time. Isolating DNA from different tissues is easier in adult zebrafish due to the size of

the organism, but it is still possible in embryonic/larval zebrafish. Oligonucleotide primers

to amplify thymidine kinase were used to detect viral DNA and alpha-actin was amplified to

detect zebrafish genomic DNA in HSV-1-infected zebrafish. DNA was isolated from the

ventral body (the site of injection/initial infection), the dorsal body (site of the spinal

column), and the head (containing the brain) at different infection doses and multiple time

points. This experiment revealed a peak in HSV-1 viral genomes in the ventral body,

followed by a peak in viral genomes in the dorsal body, followed by the appearance and

persistence of HSV-1 viral genomes in the brain at the highest viral concentration tested

(Burgos et al., 2008). Anti-HSV-1 antibody staining illustrated CNS tissue tropism and

showed that viral proteins were localized to the cytoplasm or microtubules in spinal cord

neurons and axons, encephalon neurons, and pituitary gland cells (Burgos et al., 2008).

These results demonstrated replication of the human viral pathogen HSV-1 in zebrafish,

confirmed CNS tissue tropism for HSV-1 in zebrafish, and showed that the adult zebrafish

brain is a potential viral reservoir.
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PCR quantification of DNA from DNA viruses is a more straightforward indicator of viral

number and replication than is RT-PCR for RNA viruses. Care should be taken when

designing primers to amplify cDNA reverse-transcribed from RNA viruses to determine

whether viral genomic RNA, subgenomic mRNA transcripts, or both will be amplified.

However, the expression profile of viral cDNA from RNA viruses can still provide

information about viral infection kinetics. In CHIKV-infected zebrafish larvae, primers were

designed to detect expression of both genomic RNA and subgenomic mRNA for the E1 viral

spike gene. Viral transcript levels were normalized to host ef1alpha transcripts. Quantitative

PCR results revealed a rapid increase in viral E1 expression up to 24 hpi followed by a slow,

steady decline in viral E1 expression (Palha et al., 2013). The peak timing of CHIKV virus

replication seen via E1 expression was confirmed with viral burden assays as discussed

below.

In zebrafish injected at the one cell stage with a HCV sub-replicon construct, amplification

of the viral sub-replicon was demonstrated by PCR and detection of viral gene products was

confirmed by ISH and western blot. PCR showed that viral core cDNA expression increased

between 4 and 10 dpi and a western blot with anti-HCV core antibody confirmed the

presence of viral core protein in zebrafish. ISH also detected HCV core transcripts and

revealed that the expression of HCV sub-replicon genes was spatially restricted to the

zebrafish liver and intestine (Ding et al., 2011). These assays ((q)PCR, ISH, IHC, and

western blot) can all be used to determine whether human viral pathogens are capable of

replication in zebrafish and thus whether the zebrafish may be a good model organism in

which to study certain human viral infections.

2.2.1.2. Viral burden: As a complement to quantification of viral gene/gene product

expression, viral burden indicates the functionality of replicated viruses as infectious agents.

Homogenates from HSV-1-infected adult zebrafish brains were shown to infect cultured

human neuroblastoma cells; however, viral titer was not quantified or examined over time

(Burgos et al., 2008). The dilution of virus-containing sample that infects 50% of tissue

culture samples (TCID50) provides a measure of viral titer, which can be used to both report

the concentration of virus used for infection and to assess the viral load generated during the

course of infection. Homogenates from CHIKV-infected larvae were added to cultured Vero

cells to quantify viral titer. It was determined that injection of approximately 102 TCID50

CHIKV into the circulating blood of 3 day old zebrafish larvae resulted in disease

symptoms. TCID50/larva was also determined over the course of infection and the peak

production of infectious agents was found to occur between 24 and 48 hpi, which correlated

with the CHIKV viral E1 expression profile observed via qPCR (Palha et al., 2013).

When viruses, such as IAV, are propagated in fertilized chicken eggs, viral titer can be

quantified by determining the dose that infects 50% of exposed embryos (EID50).

Approximately 1×104 EID50 IAV injected into the circulation of 2 dpf zebrafish embryos

achieved systemic infection. TCID50 assays were performed by adding homogenized IAV-

infected zebrafish samples to cultured MDCK cells. Viral load at 0 hpi revealed

2.55-2.80×102 TCID50/mL IAV in infected zebrafish. The viral titer of either IAV strain in

infected zebrafish increased by over 10 fold during the 96 hours it was monitored (K. A.

Gabor and C. H. Kim, personal communication). TCID50 assays provide additional
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demonstration of human viral pathogen replication in zebrafish and show whether increased

viral gene expression leads to the production of more functional (i.e. infectious) virions.

2.2.1.3. Visualization of human viral infection in zebrafish: The virological assays and

results discussed thus far could be obtained from any animal model of an infectious disease.

The zebrafish infectious disease model is an ideal system in which to visualize fluorescent

viruses or viral sub-replicons in vivo. Fluorescence can be visualized and imaged effectively

in early life stage zebrafish because they are transparent; however, chemical and genetic

strategies for reducing pigmentation in older zebrafish are available (e.g. use of zebrafish

pigmentation mutant lines, 1-phenyl-2-thiourea treatment). Infection of a transparent host

with a fluorescent virus allows for direct observation of viral cell tropism, infection kinetics,

and viral burden in living animals. A strain of CHIKV was engineered to express GFP.

Infection of zebrafish larvae with CHIKV-GFP revealed a wide tissue tropism, including

fluorescence observed in liver, jaw, gills, vascular endothelium, eyes, fins, red blood cells,

muscle fibers, brain, spinal cord, swim bladder, and the yolk syncytial layer. The range of

zebrafish tissues infected by CHIKV is similar to the wide cellular tropism observed in vitro.

CHIKV-GFP fluorescence, corresponding to the emergence of newly infected cells of all

cell types, reached a peak at about 14 hpi. This was followed by a reduction in fluorescence

in certain cell types at different times, depending on the degree of apoptosis brought about

by CHIKV. Liver cells were found to undergo apoptosis upon CHIKV infection with the

highest frequency, whereas brain cells were found to be the most refractory. CHIKV-GFP

fluorescence was still detectable in the brain of infected zebrafish at 7 dpi. A CHIKV

capsid-specific antibody was used to confirm that cells expressing GFP co-localized with

CHIKV viral proteins detected via IHC and GFP was determined to be a reliable read out of

the presence of virus (Palha et al., 2013). Certain symptoms of CHIKV infection can persist

for months to years in humans, leading to the speculation that a viral reservoir exists. These

studies, using zebrafish as a model for CHIKV infection, suggest that brain tissue might be a

potential viral reservoir. This result, combined with the fact that more than half of CHIKV-

infected human neonates develop encephalopathy and infected adults do not, suggests that

early life stage human and zebrafish brain tissue can be infected by CHIKV and adult brain

tissue cannot. Alternatively, the brain of adult humans and zebrafish larvae may harbor a

latent reservoir of CHIKV, whereas CHIKV in human neonate brain tissue causes an

immune response. These possibilities can be further studied in the zebrafish CHIKV

infection model by attempting to infect adult zebrafish brain tissue with CHIKV or by

manipulating host or viral factors to try to cause encephalopathy in early life stage zebrafish.

A strain of human IAV that results in translation of GFP in infected cells has been generated

(NS1-GFP, (Manicassamy et al., 2010)). This virus was developed to visualize IAV

infection in mouse lungs in vivo but, due to background autofluorescence, only ex vivo

imaging was possible. In mice, NS1-GFP virus was found to be significantly attenuated

compared to wild-type IAV (approximately 100-fold less infectious); yet infection with a

high titer of NS1-GFP was still lethal (Manicassamy et al., 2010). Zebrafish were infected

with this fluorescent reporter strain of IAV to observe in vivo infection kinetics and tissue

tropism. In NS1-GFP-infected zebrafish larvae, fluorescence was first observed at 6 hpi and

then declined after reaching a peak at approximately 24 hpi (unpublished observation).
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Fluorescence was observed in the yolk syncytial layer, heart, skeletal muscle, blood vessels,

and swimbladder (K. A. Gabor and C. H. Kim, personal communication). The IAV infected

tissues observed in zebrafish paralleled the epithelial and endothelial cellular tropism of IAV

observed in vitro.

The HCV sub-replicon constructs injected into zebrafish were engineered in such a way that

translation of the virally encoded RNA-dependent RNA polymerase generated red

fluorescence and translation of the viral core gene product generated green fluorescence.

These constructs were injected separately and in combination. Red fluorescence (viral RNA-

dependent RNA polymerase) was observed when this construct was injected alone;

however, given the requirement for the viral RNA-dependent RNA polymerase in the

production of HCV viral gene products, green fluorescence was only observed with red

fluorescence if the constructs were co-injected. Green and red fluorescence were observed at

8 and 12 dpi in the zebrafish liver (Ding et al., 2011), suggesting that these sub-replicon

constructs show a similar tissue tropism to HCV in humans. These reports illustrate some of

the virological parameters that can be observed or quantified through visualization of a

fluorescent human viral pathogen in an animal host. In addition to infecting zebrafish with

fluorescent human viral pathogens and visualizing in vivo infection kinetics and tissue

tropism, fluorescence could also be used to compare the relative viral burden after

experimental manipulations.

2.2.2. Host response—There are always two opposing forces during viral infections:

viral exploitation of the host and the host’s response. Studying viral infections in animal

models allows observation and manipulation of the dynamic interplay between virus and

host, as both pursue their mostly conflicting agendas. Both the virus and the host’s immune

response can contribute to the symptoms and the severity of viral illnesses. While the

immune response protects the host by recognizing pathogens, limiting their spread, and

ultimately killing them, the mechanisms employed by the immune system can result in host

tissue damage. Understanding the beneficial and the deleterious effects of the immune

response in each viral illness will inform new ways to improve treatment of viral diseases

and to mitigate unwanted effects. We have previously described assays to measure the

success of viruses in terms of replication and spread and now we will discuss assays to

examine the success of the hosts. We will summarize what has been done in this regard in

zebrafish infected with human viral pathogens and focus on the opportunities unique to the

zebrafish infection model to learn about host immunology.

2.2.2.1. Mortality, gross pathology, and histology: One measure of defense against a viral

pathogen is survival of the host. Mortality was monitored in zebrafish infected with HSV-1,

CHIKV, or IAV. In adult zebrafish infected via intraperitoneal injection with 106 pfu

HSV-1, 4.3% of the zebrafish died within 4 dpi whereas none of the controls died during

this same period (Burgos et al., 2008). Less than 10% of the zebrafish larvae infected via tail

vein injection with 102 TCID50 CHIKV died. Greater than 90% of CHIKV-infected

zebrafish larvae that survived had recovered by 5 dpi (Palha et al., 2013). Mortality was

observed within the first 24 hpi in zebrafish larvae injected in the Duct of Cuvier with 1×104

EID50 IAV. Cumulatively, after 5 dpi, infection with H1N1 or H3N2 strains of IAV resulted
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in 54% and 59% mortality, respectively; whereas over 90% of the mock-infected zebrafish

larvae survived (K. A. Gabor and C. H. Kim, personal communication). These studies show

how infection dose, site of infection, and the life stage of the zebrafish at time of infection

could be impacting mortality. They also suggest that the relative pathogenicity of human

viruses may be maintained in the zebrafish infection model (i.e. zebrafish recover from viral

illnesses from which humans are likely to recover and zebrafish die from viral illnesses that

are more likely to be lethal to humans).

Other observations that can be made regarding the physical condition of virus-infected hosts

include gross pathology and histopathology. Adult HSV-1-infected zebrafish showed

changes in pigmentation, swimming, and opercular ventilation. HSV-1 infection caused

hemorrhaging under the dermis in muscle, infiltration of lymphoid cells, and degeneration of

secondary oocytes (Burgos et al., 2008). There is some controversy as to whether HSV-1

infection impacts human fertility. Studies have found a correlation between HSV-1 infection

and sperm abnormalities, such as reduced sperm count (Monavari et al., 2013).

Histopathological analyses of HSV-1-infected zebrafish suggest female infertility may be

compromised and that zebrafish could be used to further study whether a causal link exists

between HSV-1 and infertility. In CHIKV-infected zebrafish larvae, opacification of the

yolk was observed along with delayed swim bladder inflation, abnormal heartbeat and blood

flow, edema, loss of equilibrium, and impaired swimming (Palha et al., 2013). Zebrafish

larvae infected with IAV were lethargic and displayed edema that worsened over time. IAV-

infected larvae also had pigmentation and craniofacial abnormalities. Histology revealed

pericardial edema and necrosis in the liver, gills, and hematopoietic tissue of the head

kidney in IAV-infected zebrafish (K. A. Gabor and C. H. Kim, personal communication).

Comparative pathology and histology between humans (or other animal models) and

zebrafish infected with human viral pathogens will help to determine the translational

validity of the model. Analysis of histopathological changes in the entire body of virus-

infected model organisms may also reveal changes in tissues not previously known to be

affected in humans during certain viral infections.

2.2.2.2. Visualizing phagocyte behavior in zebrafish: Similar to exploiting the

transparency of zebrafish and fluorescent viruses to study viral infection kinetics, cell

tropism, and viral burden in vivo, there are opportunities ideally suited to the zebrafish

model to generate fluorescent tools to learn about immunology and the host response to viral

infection. The ability to visualize, track, and image fluorescently labeled components of the

host immune response in the zebrafish infection model renders this system ideal for

immunological research. Transgenic zebrafish lines have been generated to express

fluorescent proteins under the control of innate immunity cell-specific promoters or as a read

out of immune cell signaling pathway activation.

Neutrophils and macrophages involved in the innate immune response are known to cause

both beneficial and undesirable effects during the course of human viral infections.

Deregulated neutrophil behavior was recently reported to be predictive of host mortality in

IAV-infected mice (Brandes et al., 2013). Zebrafish lines with fluorescent neutrophils and/or

macrophages have been engineered to allow direct visualization of phagocyte behavior

under normal or infection conditions in vivo (Lawson and Weinstein, 2002; Mathias et al.,
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2006; Renshaw et al., 2006). Using the Tg(mpx:GFP) or Tg(fli1:GFP) zebrafish lines to

visualize neutrophils or macrophages, respectively, we observed that the localization of

neutrophils and macrophages changed dramatically in IAV-infected zebrafish larvae by 24

hpi/72 hpf (Fig. 1A-D1). In uninfected Tg(mpx:GFP) zebrafish, neutrophils congregated in

the caudal hematopoietic tissue (Fig. 1A, white arrowhead). In IAV-infected mpx transgenic

zebrafish, neutrophils were dispersed throughout the body by 24 hpi (Fig. 1B). The fli1

promoter is expressed in zebrafish macrophages as well as endothelial cells lining blood

vessels. In uninfected fli1 transgenic zebrafish, the vasculature was readily observed and

macrophages were difficult to distinguish, but likely residing in the caudal hematopoietic

tissue (Fig. 1C, white arrowhead). In IAV-infected Tg(fli1:GFP) zebrafish at 24 hpi,

vascular architecture appeared severely disrupted and macrophages (amorphous GFP+ cells

in Fig. 1D) were observed throughout the body. In zebrafish, at 24 hpi, it appeared that IAV

had a greater impact on neutrophil localization than on total cell population; however, total

numbers of neutrophils per larva could be quantified by flow cytometry. It will be important

to observe and quantify neutrophils at other time points during IAV infection in zebrafish

because total neutrophil numbers were found to reach a peak at 72 hpi in CHIKV-infected

zebrafish (Palha et al., 2013).

The increase in total neutrophil number due to an infection (infection-induced

granulopoiesis) is known to be regulated by granulocyte colony stimulating factor (GCSF)-

dependent and –independent mechanisms (Basu et al., 2000; Panopoulos and Watowich,

2008). In zebrafish, it has been shown that an inducible nitric oxide synthase gene (nos2a)

and IFN are required for infection-induced granulopoiesis (Hall et al., 2012; Palha et al.,

2013). Determining how the expression and/or activity of these genes differs between IAV-

or CHIKV-infected zebrafish could shed light on potential differences observed in infection-

induced granulopoiesis in zebrafish models of these viral diseases. Interestingly, while the

total number of neutrophils was reported to increase in CHIKV-infected zebrafish, their

spatial distribution was found to be unaltered (Palha et al., 2013). This observation is in

contrast to what is shown during IAV infection in zebrafish in Figure 1A-B1. Thus,

regulation of neutrophil motility during these human viral infections could be studied in

zebrafish and may contribute to differing disease symptoms and severity. Transgenic

zebrafish with fluorescent phagocytes will be an important tool for determining how

phagocytes respond to infection with a range of human viral pathogens and how their

differential responses impact viral illnesses.

2.2.2.3. Measuring and visualizing IFN signal transduction in zebrafish: In addition to

their use in visualizing and tracking phagocyte behavior in response to viral infection,

transgenic zebrafish can also be generated to show spatiotemporal induction of immune cell

signaling pathways. A component of innate immune antiviral signaling, IFN, is known to

play a major role in controlling CHIKV infection in mammals (Schwartz and Albert, 2010)

and viral infection-inducible IFN genes have been identified in zebrafish (Altmann et al.,

2003; Aggad et al., 2009; Sieger et al., 2009). For a detailed discussion of IFN signaling in

fish and mammals, we refer readers to reviews on the topic such as Langevin et al., 2013.

Given the importance of antiviral IFN signaling in controlling mammalian CHIKV

infection, an Tg(IFNphi1:mCherry) transgenic zebrafish line was generated to identify the
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cellular source of IFN during CHIKV infection. At 2 dpi, mCherry fluorescence was

observed in hepatocytes and motile leukocytes. The authors compared IFN expression

observed in their transgenic line to ISH detection of IFN expression and found the

transgenic line to be a faithful, although slightly delayed, reporter of IFN expression. An

experiment was conducted in which CHIKV-GFP virus was injected into

Tg(IFNphi1:mCherry) zebrafish, and it was found that IFN was produced in non-CHIKV-

infected cells (Palha et al., 2013). Along with visualizing IFN signal transduction in

zebrafish infected with human viruses, the expression of genes involved in IFN signal

transduction can be quantified by PCR. The expression of IFN phi 1 and a downstream

target (viperin) were induced nearly 100-fold at 24 hpi in CHIKV-infected zebrafish larvae

(Palha et al., 2013). In IAV-infected zebrafish larvae, IFN phi 1 expression and the

expression of a downstream target (MxA) increased approximately 10- and 5-fold,

respectively, and peaked at approximately 48 hpi (K. A. Gabor and C. H. Kim, personal

communication). The difference in the degree of IFN phi 1 induction between CHIKV- and

IAV-infected zebrafish larvae could reflect a lesser involvement of IFN in controlling IAV

infection or the ability of certain IAV viral gene products to inhibit IFN expression and

activity (Hale et al., 2008). The latter is thought to be one of the major reasons why IAV

infections can cause such serious illness. The zebrafish will likely be a good model for

dissecting out the different roles of IFN in human viral illnesses and the application of

current and future transgenic zebrafish tools to visualize innate immune signal transduction

will enable roles for IFN and other signal transduction components in human viral illnesses

to be illuminated.

2.2.2.4. Manipulating IFN signal transduction or phagocytes with genetic or chemical
treatments in zebrafish: Along with transgenesis, the zebrafish model is amenable to

reverse genetic experimental approaches and chemical exposures. Injection of specifically

designed morpholino oligonucleotides into 1-4 cell stage zebrafish embryos can block

translation or splicing of specific transcripts, which results in temporary knockdown of a

protein of interest. Vivo morpholinos contain a moiety that enables them to enter cells after

the earliest stages of development and thus can be used for protein knockdown in older life

stage zebrafish. Targeted mutagenesis strategies have been shown to be effective in the

zebrafish model and are now being improved upon and their use is becoming more feasible

in this system (Meng et al., 2008; Huang et al., 2011; Hwang et al., 2013). Morpholinos can

cause non-specific side effects and must be validated before being used for experimentation.

Even so, morpholinos can and have been used in the context of zebrafish infection studies to

elucidate roles of certain gene products and cell types during the course of infection. The

importance of the role of IFN phi 1 in CHIKV-infected zebrafish, suggested by drastically

increased expression, was definitively demonstrated in zebrafish upon morpholino-mediated

knockdown of MAVS (a signaling component upstream of IFN) or CRFB1 and CRFB2

(IFN receptor subunits, downstream of IFN). These morpholinos blocked either IFN

production and downstream target expression or downstream target expression alone,

respectively. Both manipulations significantly increased the number of viral genomes/

transcripts and the percent mortality in CHIKV-infected zebrafish (Palha et al., 2013).
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Since IFN was found to be necessary to control CHIKV infection and neutrophils,

macrophages, and hepatocytes were determined to be the main cell types producing IFN in

zebrafish, the authors chemically or genetically depleted each cell type individually and

assessed the impact on CHIKV-infected zebrafish. The nitro-reductase system has proven to

be a powerful tool for conditional, chemical ablation of certain cell types in zebrafish

(Pisharath and Parsons, 2009). A transgenic zebrafish strain for macrophage-specific

ablation was generated using this strategy (Davison et al., 2007; Palha et al., 2013). When

zebrafish with ablated macrophages were infected with CHIKV, disease was slightly worse

but mortality did not occur (Palha et al., 2013). Therefore, macrophages are not crucial to

host protection against CHIKV infection. This tool could easily be used in the context of

other human viral infections to determine whether the contributions of macrophages result in

host protection. The development of zebrafish lines in which other immune cell types can be

ablated will be extremely useful. Genetic depletion of certain cell types can also be achieved

in zebrafish using morpholinos. Tom22 knockdown, which results in hepatocyte depletion,

led to the production of more CHIKV viral transcripts but did not increase mortality in

zebrafish. Depletion of predominately neutrophils with Csf3r morpholinos or blocking the

CHIKV infection-induced increase in neutrophil numbers in zebrafish with Nos2a

morpholinos resulted in more severe disease phenotypes, increased viral transcripts, and

high mortality (Palha et al., 2013). CHIKV infection has previously been shown to induce

neutrophilia in humans (Chow et al., 2010) but this zebrafish infection study was the first to

report that increased numbers of neutrophils protect the host against CHIKV infection and

mortality, possibly through increased IFN production. The association between increased

IFN and neutrophilia in CHIKV infection is interesting because IFN expression can be

associated with neutropenia (Navarini et al., 2006; Rønneseth et al., 2006). Increased

numbers of neutrophils have been hypothesized to be involved in the extreme joint pain

associated with CHIKV infection in humans (Chow et al., 2010), as the presence of

neutrophils also seems to be correlated with joint pain and damage in rheumatoid arthritis

(Pillinger and Abramson, 1995). These results together suggest that increased neutrophils

protect the host during CHIKV infection, likely through increasing IFN production, but that

joint pain may be an undesired consequence of CHIKV-induced neutrophilia. Therefore,

future studies aimed at maximizing the benefits and minimizing the side effects of

neutrophilia could improve treatments for CHIKV infection and other diseases. The relative

ease with which neutrophils or macrophages or other cell types can be chemically or

genetically depleted in zebrafish will make it possible to discern positive from negative roles

for individual cell types in the immune response.

2.2.2.5. Using zebrafish models of human viral infections to screen for novel antiviral
compounds: In addition to using chemical treatments to ablate cell types, chemical

treatments can be used to activate or inhibit signaling pathways or can be tested for antiviral

activity. IAV infections can be treated with certain antiviral compounds; however, antiviral-

resistant IAV strains are rapidly emerging and necessitate the discovery of new antiviral

therapies. Zebrafish are an ideal model system in which to conduct large-scale chemical

screens to test the efficacy and safety of water-soluble compounds. Amantadine HCl is used

to ameliorate H1N1, H2N2, and H3N2 infections but has little or no activity against

influenza B virus isolates. As a proof of concept that the zebrafish model of human IAV
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infection can be used to screen for chemicals with anti-IAV activity, IAV-infected zebrafish

were immersed in Amantadine HCl at 24 hpi. Amantadine HCl treatment of IAV-infected

zebrafish significantly reduced viral burden and mortality (K. A. Gabor and C. H. Kim,

personal communication). A similar experiment was performed in HCV sub-replicon

injected zebrafish. Two anti-HCV medications, ribavirin and oxymatrine, were shown to

reduce HCV core RNA and protein levels in zebrafish injected with the HCV sub-replicon

(Ding et al., 2011). Immersion can be an effective method for exposing early life stage

zebrafish to a range of chemical agents, but these agents may have to be injected into adult

zebrafish. Adult zebrafish were co-injected with HSV-1 and either an antiviral (acyclovir) or

an immunosuppressant (cyclophosphamide) compound. Co-injection with the antiviral

compound significantly reduced the number of viral genomes in all of the parts of the body

that were analyzed, but did not reduce mortality. HSV-1 infection in combination with

immunosuppression resulted in a dose-dependent increase in mortality and an increase in

viral genomes in the ventral trunk region of the body (Burgos et al., 2008). The assays done

thus far using zebrafish to test the efficacy of chemicals against human viral pathogens have

been largely proof-of-concept experiments. The success of these experiments has laid the

foundation for the exciting possibility of using fluorescent virus-infected zebrafish to

conduct automated, large-scale chemical screens to rapidly detect novel compounds with

antiviral activity.

3. Predictions and considerations regarding zebrafish infection with human

viral pathogens

We have discussed how zebrafish models of human viral infections complement other

animal models by providing the unique opportunity to visualize virus-host interactions in a

small, simple host with a relatively well-conserved immune system. However, given the

millions of years of evolution separating zebrafish and humans and the aspect of human-

virus co-evolution that cannot be recapitulated in this model system, zebrafish will not be

able to host or provide these insights for all human viral infections. In an effort to predict

which human viral pathogens can infect zebrafish, we stress the necessity for considering

viral incubation temperature, breadth of host range, and the expression of zebrafish

orthologs of known viral receptors. To help determine whether zebrafish may be a good

infection model for a certain human viral pathogens, a flow chart of essential questions to

ask about the human viral pathogen is provided in Figure 2. Accounting for the constraints

imposed by temperature, host range, and conservation of receptors, we believe zebrafish are

most likely to be able to host certain viruses that infect the human upper respiratory tract,

examples of which are listed in Table 2.

3.1. Incubation temperature

Viruses are typically able to replicate only in defined temperature ranges. This is a much

more limiting factor for some viruses than others. An issue that arises when attempting to

use zebrafish to host human viral pathogen infections is that human body temperature is

warmer than the ideal temperature for rearing zebrafish. The core body temperature of

humans is approximately 37 °C. Therefore, human isolates of viral pathogens are likely to

be adapted to thrive at this temperature. The optimal temperature for rearing zebrafish is
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28.5 °C. However, zebrafish are poikilotherms so their body temperature will vary with the

temperature of their surroundings. Zebrafish embryos/larvae can be reared between 25-33

°C without temperature-induced abnormalities (Kimmel et al., 1995) and adult zebrafish can

be slowly acclimated to an even wider temperature range. While the core body temperature

of humans is 37 °C, the respiratory tract, which is exposed to the outside environment, can

be closer to 33 °C (Massin et al., 2001). Thus, there is overlap between the temperature of

the human respiratory tract and the temperature range over which zebrafish can be raised.

Propagation of human IAV was shown to be more successful at 33 °C than 37 °C (Stern and

Tippett, 1963). Human viruses, such as IAV, that can replicate at the cooler end of the

human body temperature spectrum are good candidates for zebrafish infection.

3.2. Host range

The species that viral pathogens are able to infect depends on a variety of factors; including

temperature, which must be in a range that is permissible for viral replication. The broader

the host range of a viral pathogen, the more likely it may be able to infect zebrafish. CHIKV

has a broad host range, spanning insects to humans. IAV has a narrower host range than

CHIKV, infecting birds and mammals. HSV-1 infections are limited to humans; however,

other herpesviruses can infect mollusks, fish, reptiles, birds, and mammals. HCV

specifically infects humans and chimpanzees. Of the four human viruses attempted thus far,

HCV was the only virus that required generation of sub-replicon constructs for viral gene

expression in zebrafish. This alternative approach may be effective when zebrafish cannot

be infected with certain human pathogens. The generation and injection of fluorescent sub-

replicon constructs still allows the advantages of the zebrafish infection model to be

exploited. Analysis of the HCV sub-replicons in zebrafish revealed viral tissue tropism and

viral burden in response to chemical treatments. Viral sub-replicon constructs and the

zebrafish infection model have the potential to provide valuable insights into infectious

diseases even when the human viral pathogen is unable to replicate in zebrafish.

3.3. Viral receptors

An important attribute to consider before attempting to infect zebrafish with human viruses

is whether the human viral pathogen’s receptor is conserved and expressed in zebrafish.

Viruses are obligate intracellular parasites that require entry into host cells and access to

host cell machinery for replication and spread of infection. The necessary viral receptors

must be present on zebrafish cells in order for human viral pathogens to be able to infect

zebrafish. For some human viral pathogens, the receptors may be unknown, their identity

debated, or they may be only partially characterized. A cellular receptor for HSV-1 is a

modified heparin sulfate proteoglycan. The zebrafish enzyme responsible for this specific

modification is 3-O-sulfotransferase-3. Expression of this enzyme was shown to be

necessary for HSV-1 infection of zebrafish fibroblast cells and sufficient for HSV-1 entry

into CHO-K1 cells (Hubbard et al., 2013). This enzyme is known to be expressed in the

CNS and other tissues in embryonic zebrafish (B. Thisse and C. Thisse, 2004), which

supports the observation that HSV-1 can infect zebrafish embryos in addition to adult

zebrafish (Burgos et al., 2008). Host proteins mediating CHIKV binding were unknown

until Prohibitin (PHB) was recently identified (Wintachai et al., 2012). Zebrafish have an

ortholog of the human PHB gene and a possible ortholog of the human PHB2 gene. Both of
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these genes are highly expressed and ubiquitous in zebrafish embryos/larvae (B. Thisse and

C. Thisse, 2004). The zebrafish expression data support the idea that PHB is involved in

CHIKV infection of zebrafish larvae, a hypothesis that can easily be tested in the zebrafish

infection model with PHB morpholinos. Human isolates of IAV and several other human

viral pathogens bind to host proteins with terminal alpha2,6-linked sialic acids. These

specific sialic acid linkages were identified in 48 hpf zebrafish embryos (K. A. Gabor and C.

H. Kim, personal communication), suggesting that the subset of human viral pathogens that

bind this moiety may also be able to infect 48 hpf zebrafish embryos. Many human viruses

bind host proteins with alpha2,3 sialic acid linkages. Sialic acids linked in the alpha2,3

conformation were not detected in 48 hpf zebrafish embryos (K. A. Gabor and C. H. Kim,

personal communication). However, 48 hpf zebrafish express sialyltransferase enzymes to

attach sialic acids in the alpha2,3 confirmation, so it may still be possible to infect early life

stage zebrafish with human viral pathogens that utilize alpha2,3 linked sialic acid receptors.

Knowing the spatiotemporal expression patterns of viral receptors will inform the life stage

at which zebrafish can most likely be infected as well as the viral tissue tropism expected. If

the receptor for a human viral pathogen is not conserved or expressed in zebrafish, this

obstacle could potentially be circumvented with the use of the viral sub-replicon strategy.

4. Conclusions and future perspectives

We believe that the zebrafish infectious disease model is at an exciting time in its history.

The idea of exploiting certain zebrafish characteristics to learn about human pathogen

infections is gaining widespread acceptance, the toolkit for the genetic manipulation of

zebrafish is largely in place and expanding, and proof-of-concept experiments have already

provided results indicating that zebrafish infectious disease models are likely to have

important translational impacts. The zebrafish system as a host for human pathogens is

poised to quickly make meaningful contributions to the better understanding of and

improved therapies for human infectious diseases.
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Abbreviations

HSV-1 Herpes simplex virus type 1

CHIKV Chikungunya virus

IAV Influenza A virus

HCV Hepatitis C virus
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(q)PCR (quantitative) polymerase chain reaction

ISH in situ hybridization

IHC immunohistochemistry

CNS central nervous system

TCID50 50% tissue culture infectious dose

EID50 50% embryo infectious dose

MDCK Madin-Darby canine kidney

IFN interferon

Hpi/dpi hours post-infection/days post-infection

Hpf/dpf hours post-fertilization/days post-fertilization

MAVS mitochondrial antiviral signaling protein

CRFB1/CRFB2 cytokine receptor family member b1/b2

PRR pattern recognition receptor

PHB prohibitin

PFU plaque forming units

NS1-GFP strain of human IAV engineered to express GFP fused to the non-

structural NS1 gene product

mpx myeloid-specific peroxidase

mpeg1 macrophage expressed 1

fli1 friend leukemia integration 1

mxa myxovirus (influenza) resistance a
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Highlights

There are unique opportunities to learn about virus-host interactions in zebrafish.

Innate immunity can be both beneficial and detrimental in human viral illnesses.

Temperature, host range, and receptors are human virus characteristics to consider.
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Figure 1.
Visualizing the phagocyte response to human IAV infection using transgenic zebrafish lines.

(A-D1) Side oriented, anterior left, dorsal top, live, 72 hpf transgenic zebrafish larvae. (A-

B1) Tg(mpx:GFP) line in which neutrophils are fluorescent. (C-D1) Tg(fli1:GFP) line with

fluorescent endothelial cells (vascular endothelial cells and macrophages). (A) Fluorescent

micrograph of mock-infected Tg(mpx:GFP) zebrafish at 24 hpi. White arrowhead points to

neutrophils localized to the caudal hematopoietic tissue. (A1) Merge of fluorescent and DIC

images of mock-infected Tg(mpx:GFP) zebrafish. (B) Fluorescent micrograph of IAV-

infected Tg(mpx:GFP) zebrafish at 24 hpi. Note the altered distribution of neutrophils

throughout the body in response to IAV infection. (B1) Merge of fluorescent and DIC panels

of IAV-infected Tg(mpx:GFP) zebrafish. (C) Fluorescent micrograph of mock-infected

Tg(fli1:GFP) zebrafish at 24 hpi. The architecture of the vasculature can be clearly

observed. White arrowhead again denotes the caudal hematopoietic region. (C1) Merge of

fluorescent and DIC images of mock-infected Tg(fli1:GFP) zebrafish. (D) Fluorescent

micrograph of IAV-infected Tg(fli1:GFP) zebrafish at 24 hpi. Note that fluorescence in the
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vasculature is faint and fluorescent macrophages are easily visualized and have a different

distribution in response to IAV infection. (D1) Merge of fluorescent and DIC images of

IAV-infected Tg(fli1:GFP) zebrafish.
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Figure 2.
A flow chart of questions to ask when predicting whether a human viral pathogen can infect

zebrafish. Human viral pathogens of the upper respiratory tract with broad host ranges and

receptors that are conserved and highly expressed in zebrafish are good candidates to test in

the zebrafish infectious disease model.
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Table 1

The advantages of using zebrafish to model human viral infections

Research Areas Tools/Techniques Insights Example References

Virology Fluorescent human viral
pathogens

In vivo infection kinetics, cell
tropism, and viral burden

Ding 2011; Palha
2013; K. A. Gabor
and C. H. Kim,
personal
communication

Immunology

Transgenic lines
Phagocyte behavior,
spatiotemporal induction of
antiviral signaling

This review; Palha
2013

Morpholino knockdown Gene products regulating
infection Palha 2013

Chemical treatment Druggable signaling
pathways regulating infection

Ding 2011; Palha
2013; K. A. Gabor
and C. H. Kim,
personal
communication
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Table 2

Selected viruses found in the upper respiratory tract of humans and predictions whether they can infect

zebrafish.

Human Virus Viral Receptor/
Binding Moiety Ensembl Prediction Zebrafish Expression Data

Human influenza B
virus

N-linked α2,6
sialic acid N/A

Present at 48 hpf (K. A. Gabor
and C. H. Kim, personal
communication)

Reovirus serotype 3 N-linked α2,6
sialic acid N/A

Present at 48 hpf (K. A. Gabor
and C. H. Kim, personal
communication)

JC virus N-linked α2,6
sialic acid N/A

Present at 48 hpf (K. A. Gabor
and C. H. Kim, personal
communication)

Human parainfluenza
virus 3

N-linked α2,6
sialic acid N/A

Present at 48 hpf ( K. A. Gabor
and C. H. Kim, personal
communication)

SARS, Human
coronoavirus NL63 ACE2

One-to-one orthologous
relationship with
zebrafish ace2 gene

Uncharacterized

Coxsackieviruses and
adenoviruses CXADR

One-to-one orthologous
relationship with
zebrafish cxadr gene

Embryonic central nervous
system (Thisse et al., 2001)

Respiratory syncytial
virus NCL

One-to-one orthologous
relationship with
zebrafish ncl gene

Identified as zebrafish
embryonic-essential gene
(Amsterdam et al., 2004).
Mutant phenotype in central
nervous system, head, eye,
heart, liver, and gut.

Poliovirus PVR/CD155

Many-to-many
orthologous
relationship with
zebrafish pvr genes

Isoforms expressed in
embryonic/larval central
nervous system and eye
(Helvik et al., 2009; Thisse et
al., 2008).

Echovirus CD55

Many-to-many
orthologous
relationship with
zebrafish cfh gene

Unspecified embryonic
expression (Thisse et al., 2004). Expressed in adult eye,
fin, gill, heart, intestine, liver,
and muscle (Sun et al., 2010).

Rhinoviruses ICAM-1 No zebrafish ortholog N/A

Epstein Barr virus CR2 No zebrafish ortholog N/A

Human
coronoaviruses HKU1 HLA-C No zebrafish ortholog N/A

Human
coronoaviruses 229E ANPEP

One-to-many
orthologous
relationship with
zebrafish anpep genes
and others

Uncharacterized
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