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Abstract  

Dissemination and replication of viruses into hosts is a multi-step process where viral 

particles infect, navigate and indoctrinate various cell types. Doing so, viruses can 

reach tissues that are distant from their infection site by building subcellular 

mechanisms which are, sometimes, disruptive. Modeling these steps, at appropriate 

resolution and within animal models, is cumbersome. Yet, mimicking these strategies 

in vitro fails to recapitulate the complexity of the cellular ecosystem. Here, we will 

discuss how the cell biology community established relevant in vivo platforms to 

dissect the cellular and molecular programs governing viral dissemination. We will 

focus on the zebrafish model and will briefly describe how it provides a transparent 

window to unravel new cellular mechanisms of viral dissemination in vivo. 

 

Highlights 

- The zebrafish model allows in vivo investigations of virus-induced molecular 

processes at subcellular resolution 

- Viruses have evolved multiple strategies for disseminating over long distance, 

including by indoctrinating host cell types with high migration potential 

- Organoids derived from stem cells emerge as powerful alternatives to unravel new 

molecular mechanisms of viral dissemination 

 

Main text  

Introduction 

To disseminate into hosts, pathogens had to evolve strategies to navigate and 

indoctrinate complex three-dimensional environments that cannot be fully 

recapitulated in two-dimensional monolayer cell culture. They deploy molecular 

stratagems to hijack resident stromal cells of multiple tissues and favor their 

dissemination and replication. While mimicking these strategies in vitro can be useful, 

established animal models are powerful systems for unraveling cellular and molecular 

programs favoring viral dissemination. Cell biologists have adapted relevant in vivo 

platforms, such as zebrafish embryos and mice, to develop exciting approaches 
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allowing to dissect in vivo subcellular processes that foster viral spreading. More 

recently, ex vivo tissue culture and organoids derived from human embryonic stem 

cells (hESCs) or induced pluripotent stem cells (iPSCs) have been developed to study 

viral dissemination strategies in complex multidimensional settings. While bacterial 

dissemination in vivo was recently reviewed [1], we aim here at discussing recent work 

related to the cell biology of virus dissemination in vivo, list the current technical 

limitations and propose future developments.  

 

Command and conquer 
Viral dissemination into host refers to the ability of viral particles to reach tissular 

compartments remotely located from their initial infection site. This includes fluid-to-

tissue, tissue-to-fluid and tissue-to-tissue dissemination, in addition to cell-to-cell virus 

transmission (see for instance [2, 3]). Such large-scale transitional stages require that 

the virus builds well-orchestrated subversion molecular mechanisms, which can be 

either disruptive or a contrario quiet. In any case, it is critical to decipher the subcellular 

processes involved in viral dissemination at the multi-organ scale, and to this end, 

relevant in vivo models represent instrumental approaches.  

 

Tracking viral dissemination from the bloodstream using zebrafish embryos 

A common way for viruses to disseminate is to use afferent fluid canals that naturally 

irrigate the organism. The bloodstream is the perfect culprit as it provides a fast track 

for distant viral dissemination, which  may occur through various molecular mechanism 

[4]. The zebrafish embryo and larvae (danio rerio) represent a very attractive model to 

study virus dissemination from the bloodstream toward various organs [5]. Indeed, the 

genetic manipulation of zebrafish is straightforward and fluorescent fish lines allowing 

to tracking multiple cell types (endothelial, immune cells, etc..) are readily available 

[6]. Zebrafish display both innate and adaptive vertebrate-type immunity and recent 

developments now offer genetically immuno-compromised strains ideal for 

xenotransplantation of human patient samples and for unraveling the contribution of 

key immune elements to pathophysiology [7]. Moreover, microscopic studies are 

eased by the transparency of the embryo and its small size, avoiding body hindrance 

under the microscope. The model has been widely used in developmental and cell 
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biology, as well as in cancer biology [8, 9] and recently emerged as a powerful system 

to track viral dissemination in vivo [10, 11].  

Studies investigating the cell biology of fish viruses have obviously used the zebrafish 

model extensively [12]. However, in the case of mammalian-tropic viruses, zebrafish 

embryos are mostly employed to study immune responses as well as pathogenesis, 

antiviral agents potency and toxicity (see for instance [13-19]). This model is also 

powerful to identify viral tropism, as it has recently been exemplified for the human 

norovirus (HuNoV), which can be detected in cells of the hematopoietic lineage and 

the intestine [14]. Hence, this powerful in vivo model offers exciting opportunities to 

decipher molecular mechanistic of pathogen dissemination.  

The bloodstream carries a number of viruses and bacteria, but this environment is very 

hostile, as it contains a large number of host defenses, including immune cells, 

antibodies, proteins of the complement, and DNA traps (for review see [20]). To quickly 

escape the bloodstream, the easiest strategy is probably to infect endothelial cells 

lining blood vessels. Although relatively efficient at first, endothelial leakage or 

disfunction is permanently under tight surveillance, and thus, this strategy does not 

preserve the virus from the host’s immune defenses. The Tg(fli1:GFP) zebrafish line 

exhibiting fluorescent endothelial cells is an ideal model to study such process, as 

exemplified with the Infectious Hematopoietic Necrosis Virus (IHNV), which strongly 

disrupt the blood vessels for dissemination [21]. To a lesser extent, Chikungunya virus 

(CHKV) was also shown to infect endothelial cells of the brain vasculature of zebrafish 

larvae, leading to neuroinvasion [10]. In contrasts, the authors of this latter study found 

that Sindbis virus (SINV) was infecting the central nervous system (CNS) 

independently of endothelial infection. This represents one of the first study to our 

knowledge investigating various routes of neuroinvasion, which was made possible 

thanks to advanced zebrafish embryo imaging. In contrast, the invasion of the CNS by 

Zika virus (ZIKV) was recently investigated in IFNAR-deficient mice, but the outcome 

was less evident [22]. Indeed, the authors nicely showed that the blood-brain barrier 

(BBB) was not disrupted, but it remains to be determined whether the virus reach the 

CNS through basolateral release, transcytosis or transinfection processes. Such 

information requires high resolution intravital imaging, which are technically difficult to 

implement in mice (see Text Box 1). 
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Viruses also evolved a subtler method to invade remote organs, which consists of 

hiding into blood cell components, such as platelets or monocytes for instance [11, 

23], conferring a protective shell to them. When hiding, the virus may either replicate 

into the host cell, or just be carried in an intracellular compartment of the circulating 

host cell. This latter strategy however is also hazardous for the virus, as the particles 

will need to escape the cell later on to disseminate, while avoiding being directed 

toward degradative endolysosomes [24]. Nevertheless, an associated benefit from 

subverting a blood cell is the possibility to hitch a ride incognito over long distances, 

opening the door to long-range dissemination. It also allows the virus to sneakily cross 

tight endothelial barriers usually impermeable to microbes without disrupting it and 

thus, without inducing a strong immune response. This phenomenon is referred to as 

the Trojan Horse hypothesis [4, 25] and was described more than 35 years ago [26]. 

Recent work highlighted that ZIKV could be carried by human circulating monocytes. 

Tracking the behavior of these monocytes into the bloodstream of zebrafish embryos 

revealed key cellular strategies used by ZIKV to favor distant dissemination [11] (See 

Fig.1). Indeed, molecular mechanistic insights revealed that intravascular arrest of 

ZIKV-exposed monocytes was increased when compared to their non-exposed 

counterparts. These findings correlated with the increased expression of adhesion 

molecules at the surface of ZIKV-exposed monocytes, suggesting that the virus 

promotes cell attachment to the endothelial cells. Interestingly, ZIKV not only favors 

the intravascular arrest of infected monocytes, it further stimulates their extravasation 

which is a step that is instrumental for viral dissemination. This in vivo experimental 

approach was originally developed for tumor metastasis  [27], highlighting the 

successful adaptation of powerful tools designed by cell biologists to unravel key 

strategies of viral dissemination. 

We acknowledge that the zebrafish model has limitations to study pathogenesis and 

long-term dissemination in the case where the zebrafish cells are not permissive to 

the infection. Although there is no evidence to our knowledge that ZIKV can efficiently 

infect zebrafish, this latter study took advantage of the relative permissiveness of this 

in vivo model for xenografts to investigate virus-induced cell extravasation across the 

vascular wall [11]. Similarly, the human Cytomegalovirus (HCMV) was shown to 

induce monocyte adhesion to endothelial cells and transmigration [28], and while the 

zebrafish is not permissive to HCMV infection [29], one could for instance propose of 
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injecting HCMV-infected human cells in zebrafish to monitor virus-induced cell 

migration in an in vivo context. Transplanting cells into adult zebrafish has recently 

been made possible thanks to the development of immuno-compromised models (i.e. 

rag2 mutant zebrafish [30]) where subcellular imaging can be envisioned upon further 

generation of optically-cleared zebrafish that lack T, B, and natural killer cells (i.e. the 

prkdc-/-, il2rga-/- zebrafish [31]). Nevertheless, such advantage comes with the 

drawback that it does not allow to understand the immune response to viral infection, 

which shapes viral illness allowing the development of antiviral medicine [32]. 

Concluding remarks 

The benefits of detailed in vivo cell biology analyses that the transparent zebrafish 

embryo has to offer should not be overlooked. Indeed, zebrafish allows in vivo 

investigations of virus-induced molecular processes at subcellular resolution, including 

studies addressing the mechanism of attachment, rolling and extravasation through 

the endothelial cell wall, the adhesion molecules involved and drastic actin 

rearrangements and the influence of a natural sheer stress in these processes. Yet, 

this model has limitations and future development are still needed (see Outstanding 

Questions box). In addition, the zebrafish embryo represents a powerful platform to 

develop correlative imaging approaches designed to track viral dissemination at 

nanoscale and thereby identify mechanisms of viral subversion leading to dramatic 

intracellular membranous rearrangement [33]. Correlative Light and Electron 

microscopy has recently been used in this system for tracking the dissemination and 

uptake of extracellular vesicles [34] that are similar in many aspects (size, morphology, 

content, etc...) to viral particles. Alternatively, it would be exciting to apply such CLEM 

strategies to mouse models of viral infection [35]. The zebrafish embryo not only allows 

to capture cellular behavior of viruses, it also allows to discover new viruses. A recent 

study reported the creation of a strain that expresses green fluorescent protein (GFP) 

under an interferon-stimulated gene promoter. Here, GFP expression can be used to 

track immune antiviral response and thereby provides an ideal platform to develop 

new strategies for discovering viruses while testing their impact on vertebrate models 

[36]. 
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Text Box 1. Beyond the zebrafish: the mouse model to study viral dissemination.  

The mouse represents an attractive model to study virus-host interactions [37], 

However, they are more difficult to image than zebrafish embryos and because viruses 

can target various tissues, intravital microscopy (IVM) requires specific settings 

according to the organ to be imaged. A detailed protocol for IVM of the lung to study 

influenza virus infection was recently released [38], and while this protocol could be 

adapted to study SARS-CoV-2 infection for instance, it is less relevant to viral 

infections targeting other organs. Moreover, a large number of mouse models of viral 

infection requires immunocompromised or humanized mice, which makes this 

approach non-trivial and not fully relevant to human disease. Yet, the mouse model 

has the advantage to have an immune system more closely related to humans than 

zebrafish and to better recapitulate pathogenesis of viral infections. A pioneering study 

developed IVM in mouse lymph nodes to monitor the dissemination of the human 

immunodeficiency virus type 1 (HIV-1) through virus-induced migration of T cells [39], 

after a CD169-dependent virus transfer from sinus-lining macrophages [40]. 

Visualization of fluorescently-tagged vesicular stomatitis virus (VSV) particles in live 

mice showed circulating leukocytes transporting the oncolytic virus toward tumors [41]. 

These studies could track the migratory properties of infected cells, but underlying 

molecular mechanistic was not proposed. Murooka & colleagues intriguingly showed 

that the HIV-infected T cells exhibited unusually elongated, thin and branched trailing 

edges [39], which must result from dramatic cytoskeletal rearrangements, which 

remain to be fully characterized in vivo. Using IVM and electron tomography in the 

bone-marrow of HIV-infected mice, the description of several scenario leading to HIV 

cell-cell transfer was further depicted (Figure 1, [42]), and here again, host proteins 

involved in these complex processes remain to be identified. Recently, the vaccinia 

virus (VACV) was shown to enhance rapid and directed cell motility through the 

subversion of EGFR signaling [43]. The authors could highlight in vitro that inhibitors 

of the host factors ADAM10, EGFR, MAPK and FAK reduced the radial velocity and 

directional migration of infected cells and that depletion of the viral-encoded protein 

VGF also decreases virus-induced cell migration. Mouse IVM revealed that VGF was 

responsible for virus spread and lesion formation in mice ear pinnae. Because FAK is 

involved in focal adhesion formation, one may envision that VACV controls the 

dynamics of focal adhesion of infected cells to promote cell migration. Finally, 
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Drosophila melanogaster has been used to track and understand viral dissemination 

of the Nora virus, notably through the creation of transgenic reporter lines that emit 

fluorescence upon infection [44]. However, flies have not been used to study 

mammalian viruses as relevance would rightfully be questionable. In contrast, 

investigating the cell biology of viral dissemination in mosquitoes represent a highly 

relevant in vivo model for arboviruses, but we could not identify such studies. 

Text Box 2. Alternatives to animal models.  

With current ethical concerns regarding animal research, non-animal models 

mimicking complex 3D environments have been developed. Human explants probably 

represent the most relevant alternative to measure physiological viral infection ex vivo 

(see for instance [45-47]), but the administrative and technical difficulties to obtain 

human-derived samples, associated to the complicated methods required to image 

and genetically manipulate it, makes such approach cumbersome to implement in cell 

biology studies. In contrast, stem cell derived organoids represent attractive 

alternatives to study physiological viral dissemination in-a-dish [48, 49]. Nature, size, 

genetics, imaging and reproducibility are properties justifying why organoids are 

acclaimed. Recently for instance, intestinal organoids were used to study SARS-CoV-

2 intracellular replication [50]. They observed viral particles in double membrane 

vesicles (DMV), Golgi apparatus and inside the endomembrane system, while virus 

secretion was occurring both from the apical and basolateral side (see Figure 1), which 

is consistent with the observation that virus particles shed in feces from infected 

patients [51]. Organoids can also be adequately used to study apoptosis or cell 

division, as exemplified with ZIKV-infected cerebral organoids [52, 53], but should 

prove useful in a variety of other subcellular studies. As opposed to animal models, 

organoids offer a unique human system, while working in tissue-like conditions. 

Although it is not fully appropriate to study adaptive immune responses or inter-organ 

physiopathology, they should be considered as relevant animal-free models to 

address the cell biology of viral dissemination in greater details.  

 

Figure Legend: Strategies to track viral dissemination in vivo 

Viruses employ several strategies to disseminate and reach adjacent tissues (Central 

scheme). They either freely diffuse through the vascular wall when its integrity is 
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altered; they may infect endothelial cells and are released in the extravascular space; 

they can be transported across the vascular wall without infection or they can be 

transported upon infection of circulating immune cells that can stop and cross the 

endothelium layer. Animal models such as the zebrafish embryo, the mouse model 

and the versatile organoids provide very useful imaging and analysis platforms for 

tracking, at high spatio-temporal resolution, the dynamics and cellular strategies of 

viral dissemination. For example, intravascular behavior of ZIKV-infected monocytes 

can be tracked in real time in zebrafish embryos (see Ayala-Nunez et al. 2019). 

Budding of HIV-1 from a T-cell can be tracked with electron tomography in mice (See 

Ladinksky et al.) profile emanating from the surface of a little cytoplasm between the 

nuclear envelope (NE) and the budding plasma membrane. Dissemination of SARS-

CoV-2 can be tracked in enterocytes of intestinal organoids (see [50]). 
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