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The recent SARS-CoV-2 outbreak has researchers working tirelessly to understand the virus' pathogenesis and develop an effective vaccine. The urgent need for rapid development and deployment of such a vaccine has illustrated the limitations of current practices, and it has highlighted the need for alternative models for early screening of such technologies. Traditional 2D cell culture does not accurately capture the effects of a physiologically relevant environment as they fail to promote appropriate cell-cell and cell-environment interactions. This inability to capture the intricacies of the in vivo microenvironment prevents 2D cell cultures from demonstrating the necessary properties of native tissues required for the standard infection mechanisms of the virus, thus contributing the high failure rate of drug discovery and vaccine development. 3D cell culture models can bridge the gap between conventional cell culture and in vivo models. Methods such as 3D bioprinting, spheroids, organoids, organ-on-chip platform, and rotating wall vessel bioreactors offer ways to produce physiologically relevant models by mimicking in vivo microarchitecture, chemical gradients, cell–cell interactions and cell–environment interactions. The field of viral biology currently uses 3D cell culture models to understand the interactions between viruses and host cells, which is crucial knowledge for vaccine development. In this review, we discuss how 3D cell culture models have been used to investigate disease pathologies for coronaviruses and other viruses such as Zika Virus, Hepatitis, and Influenza, and how they may apply to drug discovery and vaccine development.
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INTRODUCTION

Viruses, infectious agents, can only replicate in a host organism (Lodish et al., 2000). Prior to infection of a host, viruses exist as independent particles called virions. Virions contain nucleic acids, most commonly DNA or RNA, that allow them to mutate and evolve. A coat consisting of proteins or lipids called a capsid protects their genetic material. Viral infection occurs when proteins on the surface of a virion bind to specific receptor proteins on the surface of host cells. After infection, a virus will hijack the machinery of the host cell to produce and release copies of the virus to infect nearby cells. If a person has not encountered this virus before, their immune system undergoes a process to identify these viral particles as being foreign and then remove them from the body. The immune system then retains memory of that virus. A vaccine is a biological agent that elicits a protective immune response targeting a particular pathogen without requiring the host to acquire the disease (Vetter et al., 2018). There are several types of vaccines, each with different ways of inducing different adaptive immune mechanisms. Live-attenuated vaccines are composed of pathogens that have been adapted to be less virulent than the functional virus. Healthy vaccine recipients develop long-term immunity similar to having recovered from the viral infection (Vetter et al., 2018). Inactivated vaccines use deactivated pathogens that are incapable of causing infection. While inactivation destroys the ability of the virus to replicate, its immunogenicity is retained to allow the immune system to target the pathogen. Subunit and conjugate vaccines use select fragments of a pathogen, such as proteins, polysaccharides, or parts of a virus that may form virus-like particles, to incite an immune response. Toxoid vaccines utilize inactivated toxins that, while no longer harmful, preserve their ability to induce toxin-neutralizing antibodies (Vetter et al., 2018). Modern vaccine designs have been introduced to address limitations of current vaccine types. These technologies include nucleic-acid based vaccines that insert DNA or RNA encoded with antigenic proteins into cells, and recombinant vector vaccines use non-pathogenic vectors, such as a virus or bacterium, to introduce the foreign genetic material into cells (Vetter et al., 2018; NIAID, 2020).

A potential vaccine must be assessed for toxicity, induced immunogenic response, efficacy, and impact on public health while meeting guidelines of regulatory health agencies before being approved for use in humans (Singh and Mehta, 2016). The development process can be divided into the preclinical stages (in vitro and in vivo animal tests) followed by the three clinical stages using human subjects. Only a select few vaccines currently in development will successfully complete the transition from laboratory to clinical trials. The development timeline of vaccines can take anywhere from 5 years at an accelerated rate to upwards of 15 years (Bregu et al., 2011). It was found that only 16.2% of vaccines were able to advance from preclinical trials to Food and Drug Administration approval in the United States from 2006 to 2015 (Thomas et al., 2016). The associated cost of vaccine development from discovery to licensure can come to billions of dollars (Gouglas et al., 2018). With over 100 million people and counting diagnosed worldwide, the COVID-19 pandemic has catalyzed an international effort to produce a vaccine aiming to provide immunity against the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus, resulting in some promising results.

SARS-CoV-2 has affected millions of people globally, resulting in a shift of research toward drug and vaccine development (Draft Landscape of COVID-19 Candidate Vaccines, 2020). On January 11th, 2020 the genetic sequence of the novel coronavirus was identified, catalyzing the search for a suitable vaccine against the virus (Thanh Le et al., 2020). There are currently 66 candidate vaccines against SARS-CoV-2 in clinical trials, and over 100 in preclinical evaluation (Draft Landscape and Tracker of COVID-19 Candidate Vaccines, 2021). The use of 2D cell culture can facilitate drug discovery and optimize the vaccine development process. The process of cell culture grows and maintains living cells in an artificial environment. Cell culture has proved useful in understanding the fundamental molecular and physical processes that allow cells to assemble into tissues and organs, how tissues to function, and how tissues respond to diseases and treatment with drugs (Duval et al., 2017; Kapałczyńska et al., 2018). Life science research often uses mammalian cell culture as a tool for drug discovery, including manufacturing viral vaccines (Hu, 2020; Ryan, 2020). In comparison to traditional 2D cell culture systems, three-dimensional (3D) cell culture can serve as a better model system for vaccine development by providing a microenvironment that replicates the physiological setting of real cells, enabling better identification of toxicity and other unwanted issues earlier in drug development (Ravi et al., 2015). 2D cell cultures only partially exhibit the morphology and biochemical behavior necessary for viral infection while being unable to imitate the intricacies of microenvironment of in vivo (Rosellini et al., 2019). These limitations can be addressed by 3D cultures that create a tissue-specific microenvironment that mimics in vivo microarchitecture, oxygen, nutrient and metabolic waste gradients, cell–cell interactions and cell–extracellular matrix (ECM) interactions. 3D cell culture generates physiologically relevant models that can be used for drug discovery and high-throughput screening (Langhans, 2018), and can thus serve as an alternative technique for studying viral replication, bridging the differences between conventional cell culture and in vivo models (D'Aiuto et al., 2018; Rosellini et al., 2019). A comparison of studies between 2D cell monolayers and 3D cellular aggregates showed that the latter were better predictors of drug responses in vivo (He et al., 2016). Such preclinical models can more accurately predict clinical outcomes, saving both time and cost during the vaccine development process (Peng et al., 2017; Zhu and Ding, 2017; Cairns et al., 2020; Takayama, 2020). Thus, the substitution of 2D cultures by 3D cultures in drug screening requires swift, robust technologies amenable to analysis in a reliable manner (Zhu and Ding, 2017; Bhowmick et al., 2018; Cairns et al., 2020). 3D tissue models can provide insight and understanding into the complex interactions between viruses and their host cells that can be useful in the vaccine development process. 2D and 3D cell culture images are shown in Figure 1 to illustrate the differences between these culture methods. This review will discuss the progress made in the field of viral biology using 3D cell culture methods on various viral infections, such as Zika Virus, Hepatitis, Influenza, and Coronaviruses, as well as outline its potential for the development of viral vaccines with a particular focus on SARS-CoV-2.
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FIGURE 1. SEM (scanning electron microscope) images of 2D and 3D cell cultures that illustrate the difference in cell morphology for three different breast cancer lines. Both BT474 and HCC1954 cells form tightly packed spheroids when grown in 3D, while EFM192A cells form a less organized 3D structure under the same conditions. Scale bars are shown on the images. This figure is reprinted under the terms of the Creative Commons Attribution License from Breslin and O'Driscoll (2016).



3D Cell Culture

3D cell culture can be accomplished by using either a scaffold, cell supporting matrix, or non-scaffold-based culture method (Costa et al., 2016). A variety of 3D culture methods have been used to study viral biology, such as 3D hydrogels, 3D bioprinting, spheroids, organoids, rotating wall vessel (RWV) bioreactors, and organ-on-a-chip (OOAC) platforms (Figure 2). Hydrogels are 3D networks composed of hydrophilic polymer chains that retain their structure due to crosslinking of individual polymer chains (Bahram et al., 2016). With a wide range of natural and synthetic hydrogels, the versatility of hydrogels makes them suitable for designing scaffolds with predefined physiological and mechanical properties that effectively mimic the extracellular matrix, making them useful in the field of tissue engineering and drug discovery (Tibbitt and Anseth, 2009; Ruedinger et al., 2015).


[image: Figure 2]
FIGURE 2. Different methods of 3D cell culture, including 3D hydrogels, spheroids, organoids, 3D bioprinted tissues, organ-on-a-chip (OOAC), and rotating wall vessel (RWV) bioreactors.


3D bioprinting is the additive manufacturing of biological structures that allows for the precise recreation of complex tissue microenvironment. The high resolution obtained by 3D bioprinting is due to the layer-by-layer positioning of biological materials, biochemicals and living cells to fabricate tissues structures (Murphy and Atala, 2014; Ozbolat, 2015). Consequently, 3D bioprinting techniques, with their capability to automate the creation of 3D tissue structures, stands out amongst the different methods for producing biomimetic tissue (Berg et al., 2018; de la Vega et al., 2019). 3D bioprinted models can overcome most of the drawbacks in a 2D in vitro cell model. For instance, in a 2D model where the growth substrate is attached to a hard-plastic surface, cells can lose their characteristics due to limited cell-cell or cell-ECM interaction. However, the 3D structural model allows the cell culture to grow in the same way as within the human body, maintaining single-cell characteristics and analogously replicating the complex structures and physiological functions. The reliability of results from using these tissues is far higher than that of the 2D cell culture models (Peng et al., 2017; Centeno et al., 2018).

Spheroids are micro-sized cellular aggregates that are widely used in the field of oncology (Ryu et al., 2019). They mimic the characteristics of solid tumors from various cancer types in vitro, making them highly suitable for in vitro oncological drug testing. Liquid overlay, hanging drop, microfluidic-based assembly, and spinner flasks can all be used to produce spheroids. Spheroids simulate the communication between cells and interactions between the cells and the ECM better than 2D cell models (Rosellini et al., 2019; Ryu et al., 2019). Cellular spheroids can overcome limitations related to conventional in vitro systems for viral isolation (Rosellini et al., 2019). The sensitivity and efficiency of isolation of three existing viral species, Adenovirus, CMV, and HSV-1, in 2D have been studied in spheroids composed of susceptible cells (Rosellini et al., 2019; Cairns et al., 2020). The results indicate that 3D culture systems allow for earlier and more sensitive virus isolation than in traditional 2D systems, proving the importance of 3D culture systems in the virologic field for the improvement and evolution of more efficient and accurate virus isolation protocols (He et al., 2016). Organoids, mini tissues modeling simplified versions of an organ that are produced in vitro, can replicate the properties of the target tissue. Derived from primary tissues or stem cells, organoids self-organize into a 3D structure due to their differentiation capacity (Yin et al., 2016). With their realistic microanatomy and physiological relevance, organoids have gained attention for their potential in developmental biology, disease pathology, cell biology, regenerative mechanisms, precision medicine, and drug toxicity and efficacy testing (Rossi et al., 2018).

Bioreactors are mechanical devices with the means to influence biological and/or biochemical processes (Plunkett and O'Brien, 2011). With the ability to closely monitor and enable controlled and reproducible changes of specific environmental factors, bioreactors are suitable for the in vitro development of tissue by providing regulatory biological, chemical, and physical cellular signals (Martin et al., 2004; Plunkett and O'Brien, 2011). Initially designed to model microgravity, National Aeronautics and Space Administration's (NASA's) RWV bioreactor has been found to provide an accurate physiological representation of human tissues in vivo. The low-shear environment promotes cell-cell interactions, a more homogenous cell distribution in comparison to 2D culture, the induction of differentiation, and the effects on intracellular signal transduction and gene expression due to the randomized gravitational vectors (Plunkett and O'Brien, 2011; Qian et al., 2016), thus allowing for the formation of complex 3D tissue-like aggregates. These aggregates express cellular architectural and structural features that are vital in analyzing virus-host interactions, such as tight junction proteins, mucus and microvilli, and thus can potentially be used to screen therapeutic agents and antiviral drugs in preclinical studies (Gardner and Herbst-Kralovetz, 2016).

While single-cell microfluidics have been instrumental in developing an understanding of the molecular and cellular basis of virus–host interactions, the platform does not allow for the study of cell-to-cell spread of a viral infection (Liu et al., 2020). Recently, microfluidic OOAC systems, such as liver and lung chips, have been used to reproduce viral infections such as Influenza and Hepatitis (Tang et al., 2020). OOAC is a biomimetic, microfluidic system that regulates concentration gradients, shear force, cell patterning, tissue-boundaries, and tissue–organ interactions to simulate the physiological environment of an organ or organ system (Wu et al., 2020). OOACs have applications in preclinical drug testing and screening, as well as in drug discovery (Zhang et al., 2018). While there have been limited studies conducted using microfluidics for 3D viral culturing, the combination of a microfluidic OOAC platform and 3D cell culture can better mimic organ-specific responses and create more physiologically relevant models that can be applied to viral studies for vaccine development (Simpson et al., 2018; Tang et al., 2020). Each of the 3D cell culture techniques discussed can and has been employed in the study of various viruses, allowing more accurate modeling of viral behavior in an animal system. The following sections discuss applications of these techniques for specific viruses and models, and how they could be applied to the novel SARS-CoV-2 virus.



Coronaviruses

The scientific and medical communities and vaccine industry are rapidly trying to develop a vaccine to address the recent outbreak of the novel coronavirus SARS-CoV-2. Previous experience with vaccines for H1N1 influenza have highlighted the need for novel design and manufacturing platforms (Tatara, 2020). Coronaviruses, or Orthocoronavirinae, are enveloped viruses with a single-stranded RNA genome. They are generally characterized by five major components: the envelope protein, membrane glycoprotein, spike protein, nucleocapsid protein and a single stranded RNA genome (Tatara, 2020). As a positive single-stranded virus, SARS-CoV-2 replicates in the cytoplasm and does not depend on RNA polymerase for transcription (Tatara, 2020). SARS-CoV-2 is thought to be spread primarily through aerosolized droplets due to coughing, sneezing and talking. The virus primarily affects the epithelial tissue of the lungs and causes acute respiratory distress syndrome in 5–10% of infected individuals (Tatara, 2020). Given the severity of the morbidity and mortality rates associated with SARS-CoV-2, there is an urgent need for a deeper understanding of the viral mechanisms of the virus-host interactions of SARS-CoV-2, and more comprehensive and prompter screening of potential vaccines and other therapeutic strategies.

Although animal models have been instrumental in studying disease and the human lung, given the physiological differences between human and animal lungs, it is unsurprising that animal models cannot effectively model the complete pathophysiology of the human lung. Up to 80% of drug therapies that pass preclinical animal trials fail to treat human diseases during clinical trials (Miller and Spence, 2017). One way to better characterize the host-virus interactions and infection mechanisms and screen therapeutics is with the use of in vitro modeling with human cells. In vitro modeling of viral diseases can assist in identifying and profiling biomarkers and understanding host-virus interactions and mechanisms for transmission—two crucial pieces in the pursuit of hypothesis-based diagnostic and therapeutic objectives. Currently, in vitro antiviral modeling, specifically of Zika and Ebola virus, relies on a monolayer cell culture of Vero cells - kidney epithelial cells isolated from the African green monkey (Johansen et al., 2015; Adcock et al., 2017). These monocultures of Vero cells lack interferon, making them highly susceptible to viral infection and replication. However, interferon plays an important role in host binding for proteins involved in SARS-CoV-2 (Ziegler et al., 2020). Thus, it provides a major challenge when using these cell cultures to model the virus and screen potential therapies for SARS-CoV-2. A drug's usefulness in inhibiting an infection in a primate kidney cell that does not produce interferon will not necessarily provide the appropriate and definitive therapeutic options needed for humans (Tatara, 2020). In general, these static xenograft animal cell cultures cannot always replicate the specific conditions and architectural features of human in vivo tissues that viruses encounter.

In the study of severe acute respiratory syndrome coronavirus (SARS-CoV-1), Suderman et al. engineered 3D tissue assemblies with a RWV bioreactor as a co-culture of human broncho-tracheal cell lines, with a mesenchymal component as the matrix and human broncho-epithelial cells (BEAS-2B) (Goodwin, 2006). Figure 3A shows the NASA designed RWV bioreactor used in the aforementioned study (Gardner and Herbst-Kralovetz, 2016) and 3B shows its different applications. Although no infectious virions were detected in the cell culture over the course of the infection, there was evidence of cross-reactivity between antibodies and viral spike and nuclear proteins in the SARS-CoV-1 infected tissue (Gardner and Herbst-Kralovetz, 2016). However, during the 10-day study of the tissue, cytoplasmic vacuolization, mitochondria loss, and endoplasmic reticula disturbance were also observed, indicating clear signs of infection. Although no virions were observed, these other host response mechanisms indicate a viral infection, suggesting that these cell cultures could provide important information about SARS-CoV-1 pathogenesis and infection. These initial experiments with 3D respiratory tissues could provide valuable information for new novel respiratory viruses, such as SARS-Cov-2 (Gardner and Herbst-Kralovetz, 2016).


[image: Figure 3]
FIGURE 3. The RWV bioreactor used to engineer 3D tissues for the co-culture of human broncho-tracheal cell lines and human broncho-epithelial cells. (A) Confluent cells grown in 2D are combined with media and microcarrier beads in the bioreactor (B) The RWV was used in other studies to form tissue aggregates. It is kept in continuous rotation to prevent detachment and accumulation of cells at the bottom of the bioreactor. This figure is reprinted under the terms of the Creative Commons Attribution License from Gardner and Herbst-Kralovetz (2016).


In February of 2020, Monteil et al. isolated the SARS-CoV-2 from a sample from patient in Sweden to study therapeutic options for COVID-19 (Monteil et al., 2020). The study investigated whether inhibiting the interaction of angiotensin converting enzyme 2 (ACE2), the key receptor for the spike glycoprotein of SARS-CoV-2, and SARS-CoV-2 may be a viable option for treating patients of COVID-19. The report concluded that clinical grade-human recombinant soluble ACE2 (hrsACE2) can reduce viral load in Vero cells by a factor of between 1,000 and 5,000. After culturing Vero E6 cells, the virus was sequenced using next-generation sequencing. It was determined that hrsACE2 both inhibits the attachment of the virus to the cells and that this inhibition is dose dependent. The primary infection site of COVID-19 is the lungs, which may be the source of the spread of infection to other tissues like the kidney and intestine (Monteil et al., 2020). The researcher hypothesized that to infect larger local tissues, capillaries must first be infected. Human capillary organoids were established from induced pluripotent stem cells (iPSCs) (Figure 4A) and infected with SARS-CoV-2. The experiment demonstrated that viral RNA could be detected in the blood vessel organoids and that the viral RNA increased from day 3 to day 6, suggesting active replication of the virus (Figure 4B). A similar experiment was run on human kidney organoids. In both experiments, the infected organoids were then used to successfully infect Vero E6 cells, showing that the infected blood vessel and kidney organoids could produce infections in other tissues (Figure 4C). When hrsACE2 was added, infections in the human organoids were reduced in a dose-dependent way (Figure 4D). The data from this research shows that human engineered organoids can be infected with SARS-CoV-2, and during early stages, the infection can be inhibited significantly by hrsACE2 (Monteil et al., 2020). Thus, these engineered tissue models provide important insight in virus interactions.


[image: Figure 4]
FIGURE 4. (A) Vascular capillary organoids imaged using light microscopy (upper) and blood vessel organoids using imaged with immunostaining to detect endothelial cells and pericytes (lower). (B) Viral RNA recovered from organoids at day 3 and 6 after SARS-CoV-2 infection. (C) The supernatant from SARS-CoV-2 infected organoids 6 days after infection were used to infect Vero E6 cells. (D) Effect of hrsACE2 on vascular organoids infected with SARS-CoV-2 after organoids were infected with 106 infectious particles and hrsACE2 for 1 h 3 days after SARS-CoV-2 infection. Results were measured using qPCR. Scale bars are 500 and 50 mm. This figure is reprinted under the terms of the Creative Commons Attribution License from Monteil et al. (2020). ** indicates a significant difference between the conditions.


Another useful resource in determining the pathophysiology of coronavirus infections and providing potential for drug screenings are the development of 3D in vitro human engineered lung tissue models. In recent years, primary human lung cells have been cultured into 3D tissue arrangements resembling multiple structures of the human lung. Although many of these models have not been used to study coronaviruses directly, they provide insight into various tissue-engineered technologies can be leveraged to study respiratory viruses and viral infections. For example, a 3D environment of human “bronchospheres” has been developed from a population of primary human bronchiolar epithelial cells (Rock et al., 2009). This in vitro clonal sphere-forming assay isolated mouse basal stem cells and human epithelial tissue and embedded them into a 3D ECM gel (Rock et al., 2009). These experiments looked at cell behavior, primarily regeneration and differentiation, and found that the mouse basal stem cells were capable of self-renewal and generation of differentiated daughter cells. The assays developed in these experiments revealed potential mechanisms that regulate basal cells and allowed for comparison to other epithelial stem cells, they can also facilitate the study of the development, maintenance, and repair of epithelial airways and the mechanisms that regulate them (Rock et al., 2009). Bronchiolar epithelial cells have also been co-cultured with lung microvascular endothelial cells and lung fibroblasts in a 3D culture to create airway organoids (Tan et al., 2018). The study demonstrated that the randomly mixed cell populations underwent rapid self-organization and cell condensation into epithelial and endothelial structures. The structures remained stable and mechanically robust over the long-term culture. Interestingly, despite the proximal source of epithelium, both proximal and distal epithelial properties were observed, demonstrating the high-level plasticity of the organoid. The results demonstrated that the 3D airway organoid culture offers a new tool for the study of lung-based diseases and cell-based therapy (Tan et al., 2018). Biological scaffolds can also be used to generate 3D cell models. These consist of ECM from decellularized rodent and human lungs reseeded with human lung cells (Booth et al., 2012; Gilpin and Ott, 2015). Researchers have also bioengineered structural scaffolds to mimic the human lung environment (Miller and Spence, 2017). Many studies have succeeded in seeding primary murine lung cells onto natural ECM material, such Matrigel (Andrade et al., 2007) or collagen (Mondrinos et al., 2007), and synthetic materials, such as polylactic-co-glycolic acid (PGLA) and polyglycolic acid (PGA) (Cortiella et al., 2006). All of these approaches provide significant advantages over 2D monolayer cell cultures.



Using 3D Culture Models to Study the Influenza A Virus

Influenza is a major cause of death worldwide, claiming between 250,000 and 50,000 lives per year globally (Bhowmick et al., 2018). More specifically, the influenza A virus (IAV) is one of the leading causes of severe respiratory diseases worldwide (Berg et al., 2018). IAV infections are associated with high morbidity and mortality worldwide (Berg et al., 2018; Bhowmick et al., 2018). Influenza A, B, and C are characterized by negative-strand segmented RNA genomes then further categorized by the antigenicity of two surface glycoproteins, the hemagglutinin (HA) and neuraminidase (NA) subtypes (Bouvier and Palese, 2008; Bhowmick et al., 2018). Although there are many distinctive genetic subtypes, nine subtypes for NA and 16 subtypes for HA, only two NA (N1 and N2) and three HA (H1, H2, and H3) have led to widespread, epidemic-like person-to-person transmission in humans (Bouvier and Palese, 2008). The H1N1 IAV strain that emerged in 2009 marked the first influenza pandemic of the 21st century, with over 61 million people falling ill in the United States alone (Bhowmick et al., 2018). Additionally, the CDC estimates that between 151,700 and 575,400 people died worldwide during the first year of H1N1 circulation (CDC, 2021). The segmented genome in the influenza virus supports antigenic shift, allowing influenza virus strains to obtain HA and NA segments from an influenza virus of different subtype. Step-wise mutations yield periodic changes in the amino acid substitutions in the RNA segments and therefore the antigenic characteristics of the HA and NA called antigenic drift (Radigan et al., 2015). When two viruses infect a single host, the antigenic shift of these segments can lead to the formation of novel strains of influenza that encode antigenic proteins to which immune systems are unable to fight (Bouvier and Palese, 2008; Radigan et al., 2015). Influenza viruses target human epithelial cells throughout both the upper and lower respiratory tracts (Radigan et al., 2015). Currently, there are several models available to study the immunopathology of IAV including animal models, ex vivo human tissue models, 2D cell culture models, and more recently, 3D cell culture models.

A study conducted in 2018 by Bhowmick et al. marked the first step in designing and creating a complete 3D-Human Tissue-Engineering Lung Model (3D-HTLM) (Bhowmick et al., 2018). The study described the 3D culture of primary human small airway epithelial cells (HSAEpCs) on a 3D chitosan-collagen scaffold (Figure 5C) to determine the immunophenotype of the IAV infection in response to two IAV strains, H1N1 and H3N2 (Figure 5A) (Bhowmick et al., 2018). When compared to 2D cultures of HSAEpCs (Figure 5B) in terms of viability, cell differentiation, morphology, and cell marker protein expression, the results confirmed that the 3D cultured HSAEpCs yielded a higher number of viable cells (25.6% higher than in 2D cultures; Figure 5D), closely resembled and displayed characteristics of the in vivo airway epithelium in morphology and marker protein expression. When taken together, the results show that the 3D cultured HSAEpCs provide an adequate environment for 3D-HTLM development (Bhowmick et al., 2018). This study takes the first step in developing a complete 3D-HTLM that could have broad applicability in the study of the pathology of respiratory diseases and the development of vaccines or other therapies.


[image: Figure 5]
FIGURE 5. 3D tissue engineering lung model and comparative analysis of 2D and 3D culturing of HSAEpCs (A) 3D culturing of HSAEpCs on chitosan-collagen scaffolds. (B) 2D culturing of HSAEpCs on membrane inserts. (C) SEM images showing the thickness (i) and pores (ii) of the chitosan-collagen scaffolds. (D) Cell viability of HSAEpCs from 2D and 3D culturing. This figure is reprinted under the terms of the Creative Commons Attribution License from Bhowmick et al. (2018). * indicates a significant difference was detected between conditions.


Another study performed in 2018 by Berg et al. looked at how efficiently different 3D bioprinted cultures were infected by IAV and compared the results to a natural lung and a conventional 2D cell culture model (Berg et al., 2018). Researchers used optimized 3D printed cell-laden alginate, gelatin and Matrigel hydrogels (Figure 6) to print human alveolar epithelial (A549) cells into a spatially controlled model. The study drew comparisons between the 2D and 3D models, highlighting that 2D cultures adhere to a flat surface, limiting the physiological condition of the cells. Additionally, they noted that infection of a homogenous 2D culture is unlike an IAV infection in the human respiratory tract because in the respiratory tract, not all alveolar cells are homogeneously affected by the IAV (Berg et al., 2018). The suitability for infection was assessed by infecting the bioink models with the IAV strain H3N2, a strain of seasonal influenza. Overall, the study concluded that, although both 2D and 3D culture types productively infected the A549 cells, the clustered infection pattern of the 3D culture more closely resembles the natural biological condition observed in the cells of the human lung than the evenly distributed infection seen in the 2D culture. Additionally, the 3D printed cells produced an immune response by releasing the antiviral IL-29. Overall, the results of this study can be used to help develop a powerful model that is suitable for studying IAV infections, but may also help study other viruses and the development of new therapies and antiviral strategies.


[image: Figure 6]
FIGURE 6. 3D printed cultures of A549 cells. (A) Various shapes of constructs made through extrusion printing. (B) Illustration of 3D printing setup. (C) Viscosity of uncrosslinked bioinks at a shear rate sweep of 1–100 s−1 at 24°C. (D) Storage and loss modulus of bioink formulas at 1 Hz, 24°C, and 1% shear strain after the addition of CaSO4. This figure is reprinted under the terms of the Creative Commons Attribution License from Berg et al. (2018).




Using 3D Culture Models to Study the Zika Virus

Since the effects of SARS-CoV-2 fetal development and the brain are still being researched, the ZIKV study models can be directly translated to study the effects of SARS-CoV-2 infection in the brain, pregnancies, and fetal development. During pregnancy, hormonal levels and immune system function are changed to reduce the potential of fetal rejection, allowing fetal development. This causes higher mortality rates and complications due to viral infection in pregnant women compared to the general population (Alberca et al., 2020). The specific effects of SARS-CoV-2 on pregnancies and fetal development are currently largely unknown. It is important to investigate the effects of SARS-CoV-2 on this population as pregnant women are more susceptible to viral infection. Evidence has also shown that SARS-CoV-2 can invade cells through the angiotensin-converting enzyme 2 (ACE2) receptor (Baig et al., 2020; Cheng et al., 2020; DosSantos et al., 2020; Hoffmann et al., 2020; Ni et al., 2020). The lungs, kidney, prostate, liver, pancreas, intestines, heart, and brain (predominantly in neurons) all express the ACE2 receptor, which has been thought to contribute to multiple organ system failure with SARS-CoV-2 infection (Ni et al., 2020). With several reports showing that SARS-CoV-2 induces neurological manifestations such as headaches, dizziness, anosmia, and ageusia, as well as more severely stroke, seizure, encephalopathy, and encephalitis (Baig et al., 2020), more research must be conducted to better understand the underlying neurological mechanisms that occur with infection of SARS-CoV-2. Zika virus (ZIKV), a mosquito-borne flavivirus that has been documented to infect humans since 1954. Since a major outbreak in 2007 in the Western Pacific Island of Yap, additional outbreaks have been reported worldwide, with 59 countries and territories having reported ZIKV cases since 2015. Areas worst affected by the virus have warm, humid climates in which the Aedes mosquitos that spread the virus thrive (Agumadu and Ramphul, 2018). The symptoms of the viral infection in humans are often relatively mild such as fever, joint pain, red eyes, headache, and a maculopapular rash usually lasting less than a week with most cases showing no symptoms at all (Musso et al., 2014). Although no mortality has been recorded as a result of ZIKV exposure, infection in pregnant women poses significant developmental risks to the fetus and has been linked to major teratogenic effects such as microcephaly, cerebral calcifications, ventriculomegaly, cerebellar hypoplasia, arthrogryposis, diaphragm paralysis, and visual and hearing impairments (Meneses et al., 2017). The severity of these conditions has made ZIKV a global focal point in recent years and there is increasing motivation to understand the mechanism through which the ZIKV affects developing brain structures.

In 2016, Tang et al. linked ZIKV exposure to microcephaly by confirming its inhibitory action in the formation and growth of Neuronal Progenitor Cells (NPCs) derived from induced Pluripotent Stem Cells (iPSCs) in 2D cell cultures (Hengli Tang et al., 2016). This landmark study mobilized the world health authorities to recognize the link between brain defects and fetal exposure to ZIKV, and subsequent studies have made use of 2D cultures for their ease of manipulation and isolation of experimental variables to determine which cells are most susceptible to infection by the virus (Chan et al., 2016). Despite these successes, 2D cell cultures offer little insight into the development of complex structures in the brain due to the fact that the organization of progenitor layers and neuronal layers in the developing cortex cannot be appropriately modeled using 2D monolayer or neurosphere cultures. 3D brain organoids derived from iPSCs are well-suited to this task, and Lancaster et al. (2013) showed they mimic human brain organization, properties and molecular signatures with high fidelity. Dang et al. (2016) were able to demonstrate that developing organoids created using the Lancaster et al. method could be analyzed for their phenotypic and transcriptomic responses to ZIKV exposure, allowing for parallels to be drawn between the stunted growth of the infected organoids and TLR3-mediated dysregulation of neurogenesis and axon guidance. In recent years, techniques for creating 3D whole brain organoids have greatly improved, with a 2016 study by Qian et al. (2016) notably outlining a novel method involving a 3D printed spinning bioreactor (“SpinΩ”) that can produce brain region specific organoids cheaply and in an easily reproduced manner (Figure 7). In the study, cultures were formed from iPSCs treated with dual SMAD inhibitors for 7 days, followed by 7 days embedded in Matrigel after which the organoids were either left in stationary cultures, spun in a SpinΩ bioreactor or in an orbital shake bioreactor under similar rotation to the SpinΩ. At day 42, organoids in the stationary culture and in the orbital shaker showed significant neuronal cell death, whereas the spun organoids exhibited increased cell viability. In addition to demonstrating the effectiveness of the spinning reactor method for creating 3D forebrain organoids, the Qian et al. group was able to miniaturize the reactor design allowing for significantly reduced culture medium and incubator space over existing spinning reactor designs. Aside from reducing costs, which allows for scalability and more efficient use of media and growth factors, the design allows for several reactors to be easily set up simultaneously for examining multiple conditions in parallel. The Qian et al. study used these methods to compare the effects of ZIKV exposure at various stages in organoids development to assess the danger at various stages of pregnancy. They found that ZIKV exposure for only 1 day at early stages of organoid development caused many detrimental effects consistent with microcephaly, such as decreased neuronal layer thickness and enlarged lumen/ventricles as well as increased cell death and suppressed proliferation of infected NPCs. The same ZIKV exposure to organoids at day 80 (which are more complex and resemble second trimester fetal development) also showed preferential infection of SOX2 NPCs. The results suggest that it is the preferential infection of NPCs by ZIKV that leads to the characteristic features of microcephaly in the developing brain. The study demonstrates the usefulness of 3D organoids, particularly when cultures can be produced large scale under consistent conditions. It also highlights the state of current technology that allows such work to be done at comparatively low cost compared to animal studies.


[image: Figure 7]
FIGURE 7. (A) Design of spinning bioreactor used to produce brain organoids. (B) diagram of the organoid protocol and images at the different stages of development (scale bars are 200 mm). (C,D) Organoids after immunostaining (scale bars are 100 mm). This figure is reprinted under the terms of the Creative Commons Attribution License from Qian et al. (2016).


Although 3D culture techniques have greatly improved when accurately recapitulating in vivo cell-cell and cell-extracellular matrix interactions by more closely approximating living tissue, generation and study of complex and organized structures has remained difficult until recent technological advancements. The most prominent challenges with prior methods involve the death of inner cells in larger organoids due to the lack of vascularization (blood vessel formation) (Zhuang et al., 2018). Spinning bioreactors facilitate better nutrient exchange, which allows for organoids up to a few millimeters in size. Accordingly, Takebe et al. (2013) demonstrated that co-culture with endothelial cells can create vascular-like networks, but more progress is needed for the creation of viable organoids of significant size or complexity. While the issue of vascularization has not yet been solved for creating large brain organoids, methods have been proposed to address this deficiency. Bioinks can be infused with multicellular aggregates called spheroids that are formed either through spontaneous self-arrangement or forced cell adhesion without scaffolds. Spheroids can be adapted to more accurately recapitulate human brain features such a cell diversity, electrical properties and mechanical stiffness (Zhuang et al., 2018). Hsu et al. used spheroids composed of neural and vascular progenitor cells formed by the chitosan (CS)-based substrates or other methods. The resulting co-spheroids are suspended in growth factors and an appropriate bioink for both types of progenitor cells and can be printed using available methods (Han and Hsu, 2017). This approach could lead to more accurate and functionally relevant brain organoids and offers a way to study developing neuronal structures for the purposes of therapeutics and understanding disease progression. Recent advances in 3D printing technology have generated significant interest in this topic, which could lead to more accurate viral models.

In other work developing 3D models of brain tissues, Kador et al. developed a technique in 2016 to construct 3D printed scaffolds from electrospun polylactic acid (PLA) nanofibers suspended in hydrogel to guide the formation of retinal ganglion cell structures (Kador et al., 2016). Retinal ganglion cells were 3D printed in an alginate bioink and shown to adhere and organize along the scaffold while maintaining cell viability, neurite outgrowth and their electrophysical properties. A separate study constructed 3D scaffolds from laminin functionalized nanofibers in hyaluronic acid hydrogels and recorded and average increase in length of neurites per cell of 66% compared to laminin nanofibers on 2D surfaces and with a 213% relative increase in proportion of neurite lengths directed along the 3D scaffold compared to the 2D scaffold (Johnson et al., 2014). A remaining challenge with these approaches is that cells seeded onto the scaffolds often grow along the surface resulting in unnatural constraints in morphology that makes the construction of 3D networks difficult. Creation of complex 3D neuronal structures has been aided by the use of sacrificial scaffolds containing guide cavities and micropores that are designed to be dissolved of melted away after the cultures have fully developed (Antill-O'Brien et al., 2019). The resulting models have been shown to more closely model human brain tissues and show great promise for the study of brain development and response to viral infection.

Many existing studies focus on clinical outcomes or therapeutics, few consider viral transmission or mobility. 3D bioprinting and organoid cultures have the potential to produce more accurate models of biological interfaces. In the case of ZIKV, the contagion must cross a maternal-fetal interface which is most commonly the blood-placenta barrier or BPB, although intrauterine transmission is also possible, with ZIKV having been detected in the amniotic fluid of effected pregnancies (Costa, 2016). For reasons already mentioned, traditional models typically fail to accurately recapitulate the complex physiology and properties of the BPB. In vivo studies during pregnancy of these tissues are difficult or impossible due to safety and ethical concerns surrounding the mother and fetus, making the availability of accurate and reproducible engineered models a necessity. While many studies exist that demonstrate the effects of ZIKV exposure to both neural and placental cells, in 2018 Arumugasaamy et al. appear to have been the first to use 3D models to study neural cell outcomes following transmission of ZIKV across the BPB (Figures 8A–C) (Arumugasaamy et al., 2018). In this instance, the BPB model was fabricated via casting gelatin methacrylate and crosslinking to form a hydrogel (Figures 8D,E). BeWo B30 cells and human umbilical vein endothelial cells were then seeded on the hydrogel using manual methods (Figure 8F). The resulting model (Figure 8G–K) achieved a glucose transfer rate of 35.9% compared to a value of 26.5–38.3% noted in ex vivo perfused placenta (Blundell et al., 2016) which suggests that the model performs comparably to the current “gold standard” within the placental transport field. Additionally, the researchers were able to observe preferential interaction of ZIKV with placental tissue, offering support for prior studies that suggest that the placenta plays a modulating role in transmission (Miner et al., 2016). These findings highlight the potential for better understanding of viral transmission and pathogenesis through biomimetic organoid cultures, and the techniques through which they are created lend themselves well to recent advances in bioprinting technology.


[image: Figure 8]
FIGURE 8. A model of the BPB, and the system used to culture BeWO b30 and HUVEC cells to perform a transport assay. (A) A diagram of the maternal decidua, along with the (B) maternal side and the (C) maternal-fetal interface. A (D) diagram and (E) image of the BPB model used. (F) A timeline of culturing BeWo b30 cells (day 0) and HUVEC cells (day 7) before the performed assays (day 10). (G) Schematic transport assay, (H,I) plug used in transwell insert, (J) transwell insert, and (K) image of transport assay. This figure is reprinted under the terms of the Creative Commons Attribution License from Arumugasaamy et al. (2018).




Using 3D Culture Models to Study the Hepatitis Virus

Hepatitis often refers to an inflamed liver. It can be caused by several factors, most notably, alcohol abuse and Viral Hepatitis. The five types of viral hepatitis are Hepatitis A, B, C, D, and E virus (HAV, HBV, HCV HDV, HEV). The World Health Organization estimates that 325 million people worldwide live with HBV or HCV (Hepatitis, 2020). HAV and HBV currently have effective vaccines while the rest do not. Hepatic models usually utilize one of three categories of cell line each derived from different sources, including cancer-based cell lines, primary or patient derived cell lines, or stem cell derived models. Cancer derived cell lines are immortalized liver-derived cells that are often utilized for their availability, relative stability, and reproducibility since the cell lines can reproduce indefinitely (Jeon et al., 2017). Common hepatic cancer-based cell lines include HepG2 and Huh7. Hepatocytes in 2D cell cultures do not usually sustain hepatic like functionality over long-term trials in vitro. Nguyen et al. compared patient-derived hepatocytes and non-parenchymal cells in 2D cell culture with a 3D bioprinted culture it was shown that ATP, albumin, and drug induced enzyme levels decreased after 2 weeks in the 2D culture while they stayed consistent in the 3D culture over a 4 week period (Nguyen et al., 2016). Histologic analysis of the 3D tissues indicated that the tissues condense and remodel over time, providing stable 3D structures with dense cellularity and no necrosis. The same study showed higher metabolism in the 3D culture evident by CYP3A4 expression from exposure to Rifampicin following day14 of the trial providing further evidence of the advantage of the 3D culture over 2D. While the study was intended to show the viability of the 3D culture for drug toxicity testing, the results are promising for testing the ability of viruses to infect liver tissue.

The production of 3D hepatic structures to more closely mimic in vivo conditions is often sought for potential transplants. Recent advances in 3D bioprinting of liver models showed promising results and possibilities for future viral treatment and testing. A 2018 study by Mazzocchi et al. (2019) used a novel method of forming an extrusion collagen bioink by mixing a ratio of collagen I with hyaluronic acid to print a robust extracellular matrix for liver models. Primary human hepatocytes and liver stellate cells were used to form the hepatic model and testing showed promising cell viability as well as retaining the desired printed shape. The study also tested the tissue model's response to acetaminophen and found appropriately decreased levels of albumin and urea secretion responding to toxicity and implying good metabolism properties. Another 2018 study by Hiller et al. (2018) found promising results of infection from an adeno-associated virus vector in a 3D bioprinted liver model using an alginate/gelatin-based bioink to form the extracellular matrix. An issue observed in the past has been the density of hepatic spheroids have prevented adequate virus transduction, this 3D model would thus improve testing in these cases. The model showed lower levels of albumin and CYP3A4 in the 3D cultures compared to the monolayer samples. Over a 7-day period, an increase in albumin and CYP3A4 was seen the 3D model was seen while there was a decrease in the monolayer model. The results of this study showed the 3D model was an adequate hepatic model and demonstrates infection from the test virus. Ortega-Prieto et al. (2018) produced a 3D microfluidic system using primary human hepatocyte cultured in a bioreactor (Figure 9). The culture model described allows for the formation of hepatic microtissues that mimic hepatic sinusoid microarchitecture including tight junctions, functional bile canaliculi, and complete cell polarization. The model showed better albumin and CYP3A4 secretion than 2D monolayers and simple 3D spheroids, and additionally demonstrated an HBV infection for over 40-days. A similar 2018 study tested a novel method of generating liver organoids using a microwell system with human iPSCs to test HBV infection (Nie et al., 2018). The study compared the differences between liver organoids, which were established through a culture of hiPSC-derived endodermal, mesenchymal, and endothelial cells, with simple hiPSC-derived hepatic-like cells especially with regards to their infection ability. Liver organoids displayed more hepatic like features, such as tight junctions and bile capillaries between hepatic cells. The liver organoids, once infected, showed increased fibrosis and markers believed to play a role in cancer development. Prolonged maintenance in hepatic functionality was also noted in both studies with each mentioning a possible study period of 40-days. As well, when infection of HBV was tested, both show increase in HBV covalently closed circular DNA (cccDNA) compared to simpler models. A 2019 study by Zhang et al. utilized decellularized human liver scaffolds engrafted with human hepatocytes cultures to derive a 3D hepatic model for HBV testing (Zhang et al., 2019). The study argues that using primary human hepatocytes (PHH) with decellularized human liver scaffolds mimic in vivo conditions more closely than liver organoid hiPSC and are thus a better candidate for HBV testing. The method showed much higher secretions of albumin and CYP3A4 than 2D models over 14-day periods. The study also noted that the cccDNA of HBV was 30-folds higher than in 2D counterparts 7 days after infection. Overall, these models serve as an excellent starting point for modeling the effects of viral infection in the liver.


[image: Figure 9]
FIGURE 9. 3D microfluidic system with primary human hepatocytes cultured in a bioreactor. (A) Illustration of the bioreactor showing continuous pumping of media and a collagen-coated scaffold. (B) Cell viability 13 days after seeding 3D cultures. (C) Comparison of the various cell cultures: 2D hepatocytes, 3D spheroids, hepatic and mouse fibroblasts (SACC PHH), and 3D hepatocytes. (D) Immunofluorescence of cell cultures 14 days after seeding. (E) Albumin secretion from cultures 14 days after seeding from ELISA. White scale bars are 200 mm and gray scale bars are 500 mm. This figure is reprinted under the terms of the Creative Commons Attribution License from Ortega-Prieto et al. (2018).





CONCLUSION

Modeling biological systems in vitro remains a difficult task, built on reducing complexity so that the effect of various conditions can be observed, while replicating in vivo morphology and biochemistry in a meaningful way. This review illustrates the benefits of using 3D tissue culture techniques over 2D tissue culture when studying viral infections and the implications with regards to studying COVID-19. Techniques like spheroid cultures and organoids have been shown to replicate systems of viral infection more accurately than 2D cultures and to produce morphology and biochemical behaviors required to allow for viral infection in cases where 2D cultures do not. Bioprinting and OOAC allow for high throughput drug screening and antibody testing on systems that more accurately replicate human tissue than 2D counterparts.

3D culture methods, however, are not without their limitations. The greatest concern with 3D tissue models for the purpose of drug and vaccine development remains to be the ability of the culture model to fully embody the biological, chemical, and physical microenvironmental parameters that mimic in-vivo tissue and disease pathology. Spheroids cultures have been known to exhibit hypoxia and necrosis at their core. The incorporation of spheroids into a microfluidic system that is oxygen and growth factor-permeable can mitigate these limitations (Ryu et al., 2019). The use of an OOAC microfluidic system can mitigate these limitations while also providing a physiologically relevant microenvironment.

Similarly, the incorporation of a rotating or spinning vessel, such as the RWV bioreactor, can help provide the necessary oxygenation and nutrients for development and polarization as described previously. Organoid cultures are typically formed with only the epithelial layer and lack the surrounding tissue microenvironment. Due to this, organoids as well as spheroids lack tissue-tissue interactions, limiting their functionality. This can be addressed by conducting more extensive studies on organoid co-culture systems. Organoid cultures are also commonly dependent on the use of batch-varying xeno-derived ECM or basement membrane, making them that are inapt for human drug studies (Xu et al., 2018). However, there is great potential in the field of personalized medicine for patient-derived organoids to provide robust personalized data, including patient-specific mutation profiles and drug responses (Kim et al., 2020).

Moreover, streamlined processes have not been established for culture methods, which can result in variability within studies especially in regard to high throughput and high content screening. There is also a lack of automated imaging techniques of 3D cultures that provide satisfactory images. The size of 3D constructs, material transparency, and depth of microscopes available all limit the ability to achieve clear, representative images (Anton et al., 2015). These techniques must be further developed to continue to advance 3D culturing research. Still, the current progress made on these technologies are especially important during the current SARS-CoV-2 pandemic and will allow us to assess the virus's behavior more accurately in human patients and study treatments and vaccines at a pace never before possible.
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