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Abstract 

                                                                                                             

Characterization of a repurposed antiviral for HSV-1 in Neural Progenitor Cells 

and Organoid models 

                                                       Vaishali Muralidaran, M.S. 

 

University of Pittsburgh, 2021 

 

 

ABSTRACT 

 

 

Herpes Simplex virus 1 (HSV-1) infection is a debilitating illness and can lead to severe 

complications such as encephalitis and keratitis if untreated. The global seropositivity rate of this 

virus in the population (ages 0 to 49) is 66.6%, making it a public health concern worldwide. The 

high prevalence of this disease makes the discovery of new treatments for HSV-1 essential. The 

“gold standard” antiviral, acyclovir, is a highly efficacious treatment for HSV-1 infection, 

however, prolonged use may lead to the development of strains of acyclovir-resistant HSV-1. 

These acyclovir-resistant strains have a greater potential to lead to complications especially in 

immunocompromised individuals, thus making the discovery of new antivirals paramount. There 

is an urgent need to identify novel anti-herpetic drugs that can inhibit acyclovir-resistant HSV-1 

strains.  

Herein, we describe a computational method of drug repurposing to elicit potential new 

antivirals for HSV-1. This method was executed by utilizing transcriptomic data from neurons as  

input data to a database known as BaseSpace Correlation Engine (Illumina®) to generate a list of 

correlated pharmacological compounds. This list was then manually filtered to select one 

compound that was positively correlated (Retinoic acid) and supported the host immune system. 

Retinoic acid was tested in both 2D (Neural Progenitor cells) and 3D (organoid models), and 

resulted in no change in the presence of HSV-1 with an MOI of 0.1 in 02SF 2D cultures post-
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HSV-1 infection. Retinoic acid testing on 01SD-derived organoid model sections also showed 

differences with regard to activity when compared to 02SF-derived organoid model sections, as a 

decreased prevalence of virus was observed in 01SD-derived organoid model sections.  

We also observed variability in the activity of Retinoic acid post-HSV-1 infection between 

previous literature on Vero cells and our data from Neural Progenitor cells. HSV-1 is a neurotropic 

virus and our results demonstrated that Neural Progenitor cells (NPCs) and brain organoid models 

did not show decrease in  prevalence of HSV-1 post Retinoic acid treatment. Thus, this dissertation 

demonstrates that several factors should be considered while testing drug candidates' antiviral 

activity in vitro, especially the importance of the utilization of disease-relevant cell types. 
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1.0 INTRODUCTION 

 

1.1 HERPES SIMPLEX VIRUS 1 

1.1.1  Herpesviruses 

 Herpesviruses are double-stranded DNA viruses which are known to infect humans 

(previous studies indicate that 8 out of the more than 100 known herpesviruses have the 

capability to infect humans) (1). They are classified into three major subfamilies: Alpha 

Herpesviridae, Beta Herpesviridae, and Gamma Herpesviridae (2). 

Herpes simplex virus 1 and 2 (HSV-1 and HSV-2) are the two members of the Alpha 

Herpesviridae family, and this family of viruses has an innate ability to cause latent lifelong 

infections in the peripheral nervous system of their hosts (3).This subfamily of viruses is also 

known to replicate in host cells within an extremely short period of time and is distinctive based 

on its ability to establish infections in the sensory ganglia (4).  

1.1.2  Transmission 

Previous literature describes HSV-1 as oral Herpes because the data obtained had 

delineated HSV-1 as a virus primarily transmitted through oral-oral contact (resulting in cold 

sores) and occasionally sexual-oral or sexual contact (5).  HSV-2 was described as a virus 

predominantly transmitted through sexual contact (5).  
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However, recent epidemiological studies have indicated that HSV-1 has resulted in 

significant cases of Genital Herpes (6), which challenges previous beliefs about its 

transmission(6). 

1.1.3  Structure 

      

Figure 1 Structure of Herpes Simplex virus I 

 “Created with BioRender.com.” 

 

Herpesviruses are known to have large genome sizes. Accordingly, HSV-1 has a genome 

size of 152Kb (7). An icosahedral capsid encapsulates this DNA and functions as a shield to protect 

it from surrounding nucleases (7). The tegument (a viral coating composed of protein), further 

surrounds this capsid (7). Glycoproteins play a significant role in viral entry, and hence it is 

important to note that the next layer, which is known as the viral envelope (comprised of a lipid 

bilayer) consists of various types of glycoproteins (known as spike proteins) that further protect 

the viral DNA (7). These glycoproteins also mediate the entry of HSV-1 into host cells (8). Among 

the twelve glycoproteins present within this viral envelope, four play an influential role in 

mediating the entry of the virus into the host cells (gH, gD, gB, and gL) (9). 

glycoproteins 

tegument 

capsid 

Viral DNA 

https://biorender.com/
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1.1.4  Lytic infection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 HSV-1 lytic cycle 

“Created with BioRender.com.” 

 

HSV-1 primarily induces lytic infection in the epithelial cells (10). Binding of the viral 

glycoproteins to the receptors present on the host cell's surface results in the release of the viral 

capsid into the cytoplasm by endocytosis (10). The viral capsid relocates to the nucleus through 

the microtubules, releasing two crucial proteins from the tegument's surface (11). These two 

proteins are VHS (Virion Host Shutoff) which facilitates the degradation of the mRNA molecules 

https://biorender.com/
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present in the host cell, and VP16, which facilitates viral gene expression by acting as a 

transcriptional activator (11).  

The viral DNA independently enters into the nucleoplasm of the host cell and circulates 

(10). VP16 then induces the production of viral immediate-early (IE) proteins such as ICPO and 

ICP4 (12). The production of IE proteins then results in lytic infection by triggering the production 

of Early (E) proteins that then results in the activation of viral replication (12). Viral replication 

can then generate huge concatemers of viral DNA by the method of Rolling circle replication (12).  

These large concatemers are broken down by the presence of poly adenine sequences, 

which contain active sites for the induction of signals for the cleavage of viral DNA (13). The 

breakdown of these concatemers results in the production of late-stage mRNA that further 

relocates from the nucleus to the endoplasmic reticulum for translation (10). The relocation of the 

late-stage mRNA to the endoplasmic reticulum then results in the formation of late-stage proteins 

(L), which migrate back to the nucleus and facilitate the production of viral capsids. A unique 

mechanism followed by HSV is that these viruses have their viral capsids synthesized in the 

cytoplasm and translocated to the nucleus for assembly with the help of Nuclear localization 

sequences (NLS) (14). Also, it is important to note that the assembly of the virion components 

takes place within the nucleus (14). 

After the capsids are generated, they are then engulfed by the vesicles (10). This results in 

the formation of virions which can infect neighboring cells (10). 
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1.1.5  Latency and Reactivation 

 

 

 

 

 

 

 

 

Figure 3 Latency and reactivation within sensory neurons 

“Created with BioRender.com.” 

 

The process of latency begins in the same manner as the lytic cycle; however, after the 

viral DNA enters the nucleus of the host cell, instead of the production of IE genes, latency-

3A) Latency within sensory neurons 

 

3B) Reactivation within sensory neurons 

https://biorender.com/
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associated transcripts (LAT) are produced (15). This occurs as the capsid containing the viral DNA 

travels via the axon of the sensory neuron through retrograde transport and establishes latency 

within the cell soma (16). LATs are non-coding RNAs that remain active to repress the expression 

of lytic genes within the viral genome, and can trigger the process of latency (15). This halts the 

process of infection, and there is a cessation in the production of virions along with the formation 

of viral DNA (10). However, HSV-1 infection propagates among neighboring neurons (17). 

LATs can induce the transcriptional repression of the viral genome and are concentrated in 

the sensory ganglia (trigeminal ganglia) within the neurons (15). Latency can persist for an entire 

lifetime and the patient would not present with any symptoms during this period of time (10). 

During latency, the viral particles would also remain undetectable by the immune system (18). 

 Reactivation can lead to a change in status from the latent to the lytic cycle and result in 

the production of virions (19). It can be triggered by many factors such as physical or emotional 

stress, fever, UV exposure, or hormonal imbalance (20). This results in the production of 

Immediate Early, Early and Late transcripts triggered by VP16. The virion then travels via 

anterograde transport to infect epithelial cells via lytic infection (16). 

1.1.6  Epidemiology 

Since many infected individuals remain asymptomatic, the prevalence of HSV-1 in the 

population is determined by testing for and detecting anti-HSV-1 antibodies. The seroprevalence 

of HSV-1 is about 65% and thus is considered a Public Health concern in the United States (21). 

The seroprevalence of HSV-1 in Europe is 52% (22), and this hence demonstrates a public 

health concern in both continents. The infection rates do not differ amongst genders but are higher 

amongst African Americans and Asians as compared to other populations (21). 
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1.1.7  Symptoms 

HSV-1 infections can present in the form of cold sores, which are groups of blisters that 

usually appear on the lip and around the mouth (herpes labialis) (23). Oral herpes may be 

associated with fever, muscle pains, and headaches (23).  

 HSV-1 may also present in the troubling form of encephalitis, which results in the inflammation 

of the brain parenchyma. This inflammation can also result in an alteration of a person's mental 

state (24). Encephalitis can also lead to fever, seizures, and neurophysiologic abnormalities (24).  

HSV-1 may also present itself in the form of keratitis, which can result from reactivation 

from neuronal latency (in the trigeminal ganglia) or corneal latency (25). Keratitis can lead to a 

mild ocular infection, however in severe cases it can result in permanent vision loss (25). 

Herpes can lead to complications such as herpetic gingivostomatitis, which can be more 

severe and result in high fever and lesions that can also cause throbbing pain (23). Another 

manifestation of HSV-1 infection is herpes esophagitis, which can cause pain while swallowing 

and is linked to impaired immune function (23). 

1.1.8  Diagnosis 

HSV-1 can be diagnosed through serological tests, which involve collecting blood samples 

from affected individuals to determine the presence of antibodies (26). These tests can also detect 

asymptomatic cases, hence providing helpful information to public health professionals given the 

difficulty of diagnosing asymptomatic HSV carriers (27). 
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 Another method of diagnosis is the use of a molecular assay, such as polymerase chain 

reaction (PCR), which can detect the viral DNA (27). However, the most prevalent method of 

diagnosis is the use of viral culture to ascertain the presence of viral antigens through 

immunofluorescence or enzyme immunoassays (28). 

1.1.9  Current status of Therapy for HSV-1 

Currently, there are specific antivirals that have been developed for HSV-1 (4). The most 

popular antiviral is acyclovir, which can be apportioned through therapeutic or prophylactic 

methods (29). It is effective in treating HSV-1, and while it  is also effective against HSV-2, 

varicella-zoster virus (VZV) and Cytomegalovirus (CMV), its greatest effectiveness is against 

HSV-1 (29). The drug works by targeting cells that have been infected by HSV-1 and is also 

inhibits HSV-1 DNA replication (29). 

Researchers are currently identifying mechanisms to utilize CRISPR-Cas9 to target the 

viral genomes during latent infections caused by HSV-1 (30). They are also working on identifying 

drugs which inhibit viral pathways triggered by HSV-1 infection (4). Although these mechanisms 

are in the initial research stages, they exhibit promise in the expansion of methods used to treat 

HSV-1 infection.



 

  9 

 

1.2 DRUG REPURPOSING 

1.2.1   Description 

The primary focus of drug repurposing is to utilize a drug already intended for a specific 

purpose to treat another condition. This is an exciting strategy, as a single protein can trigger 

several responses. Hence, a drug targeting the protein of interest can serve as a treatment strategy 

for more than one disease (31).This strategy has interested multiple people in the field of science, 

especially after NIH introduced a program called “Discovering of New Therapeutic uses for 

existing molecules” through NCATS (National Centre for Advancing Translational Sciences) to 

help fund such ventures (31). 

This approach has various advantages, primarily as its safety and non-toxicity in the 

population are assured (32). Another prime advantage of this scheme is that there is a reduction in 

the time taken to make this drug accessible to the global population. Also, the costs required to 

develop a drug traditionally, are exorbitant and this methodology optimizes expenses by a colossal 

amount (32).  

Aspirin was the first drug to be repurposed as an antiplatelet aggregation drug, although its 

advertised purpose was to serve as a painkiller (33) .While, the drug repurposing strategy  has been 

in use since the 1900s, it has gained significant popularity as a strategy in the last two decades. 

Drug repurposing has since become more popular and widely used, especially after 

discovering a novel therapeutic use for Sildenafil. This was initially developed with the thought of 
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being used predominantly as a hypertensive drug but ultimately repurposed for use as a drug for 

erectile dysfunction (34). 

1.2.2   Approaches 

There are different strategies in place to develop new methods to repurpose drugs. 

Computational methods involve integrating various data types and different compounds to 

generate comprehensive data to predict new targets for a drug (35).  

The approach can vary based on the type of data used to repurpose the drug (in the case of 

Signature Matching and Phenotype-based repurposing) or type of strategy used to integrate the 

machine learning models to find drug candidates of interest (computational molecular docking). 

1.2.2.1  Signature Matching   

One popular approach or strategy to repurpose drugs is commonly known as the inverse 

genomic signature approach (36). This functions on the principle that an efficacious drug would 

produce a gene expression profile inversely correlated to the host signature associated with a 

disease (37). RNA, proteomic, and metabolomic data or details about these drugs' chemical 

structures could be utilized to determine this signature (37). The foundation for this approach lies 

within the Signature Reversion principle, which states that a drug's efficacy can be assessed based 

on its ability to reverse the expression of a set of upregulated or downregulated genes in a disease 

(36). 

  A significant resource used by a variety of individuals from academicians to 

pharmaceutical industries to help correlate the drug and disease signatures is a publicly available 

reference database known as the Connectivity Map (37). This consists of nearly 6000 signatures 
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(which represent adjustments in the cellular state due to the addition of a drug or presence of a 

disease) along with a query signature and a method to link the query signature to the reference 

database (37). This publicly available database can also calculate the negative correlation or even 

similarity between the query signature and the reference and is represented numerically in the form 

of a connectivity score (37). This method has been beneficial in the generation of antivirals as it 

was previously used to find antivirals for both H1N1 and MERS-CoV viruses that have been 

effective in reducing the presence of the viruses amongst people infected with these conditions 

(37). 

1.2.2.2 Computational molecular docking 

There has been the development of a method known as TMFS or “Train- Match-Fit- 

Streamline,” which involves using the principle of neural networks to screen drugs across 

signatures and select drug-target interactions (38). However, this approach has several limitations, 

as it may not be easy to obtain three-dimensional structures of drug targets as some drug targets 

are membrane proteins (38). 

1.2.2.3 Phenotype-based repurposing 

 Genome-wide association studies (GWAS) has been a remarkable discovery that has 

changed our perspective regarding linking variants with several conditions. However, when it 

comes to the classification of variants of clinical significance, GWAS data may not be helpful (39). 

Hence to associate relevant phenotypes with genotypes, clinicians decided to utilize electronic 

medical records to develop another approach termed as Phenome-wide Association Studies 

(PheWAS)  (39). PheWAS has been especially helpful in understanding the association of 

pleotropic variants (39). Due to this advantage of PheWAS data in depiction of pleotropic variants, 
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detailed analysis of these records can provide further information to understand alternate strategies 

to discover repurposed drugs related to the condition of interest (40). 

1.2.3  Advantages 

De novo drug development is an expensive and tedious procedure, and the development of 

a drug can take about 13-15 years. Drug repurposing significantly shortens this development time 

and reduces costs substantially (41). 

Out of all the drugs that get through to Phase I clinical trials, only 10% of the drugs further 

get approved to go on to the next stage as 90% of the drugs have toxic effects or are not efficacious 

enough to cause a significant impact for the condition of interest (42). Due to this high failure rate, 

all the resources invested into discovering this novel drug could eventually be fruitless (42). 

1.2.4    Challenges 

Although the success rates for repurposed drugs in passing clinical trials are significantly 

greater than de novo drugs, several repurposed drugs do not pass Phase III clinical trials, possibly 

attributed to the legal hurdles in repurposing a drug (43).  A major legal hurdle is obtaining a 

patent, as a patent cannot be obtained for a repurposed drug unless the person obtaining the patent 

can successfully demonstrate the necessity of using the drug for the condition of interest (43). 

Pharmaceutical companies are also less likely to pursue repurposed drug candidates due to 

difficulty obtaining funding for a repurposed drug (43). 
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1.3 ORGANOIDS 

 

1.3.1  Description 

 The definition of the term organoid has evolved over the years and has been recently 

defined by Shamir and Ewald in 2014 as epithelial and mesenchymal co-cultures modeled from 

embryonic or induced pluripotent stem cells (44). Specific authors also define it as a self-organized 

3D culture model influenced by cells undergoing lineage commitment (45). 

  It is well established that 2D culture models are not illustrative of the in vivo environment 

and are thus incapable of serving as a comprehensive model, although they can be valuable in 

determining the effect of a drug of interest (44).  

Organoids are a remarkable model to understand disease development as the transcriptional 

factors involved in developing these organoids and pathways that play a crucial role in determining 

cell fate can be beneficial in understanding disease pathogenesis (46). 

By deliberately formulating the factors responsible for embryoid organogenesis as 

embryonic stem cells and induced pluripotent stem cells can differentiate into most of the cell 

types within the body, organoids can be designed to further model the effects of disease 

development and understand cellular organization (47). 
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1.3.2   Types of organoid models(based on method of derivation) 

Technology advancement has aided in developing several models that are precisely 

representative of an individual (48).  Specific stem cells such as induced pluripotent stem cells and 

adipose tissue-derived stem cells have been successfully used to generate individual-specific self-

organized 3D models (49). These models can triumphantly demonstrate the interaction and 

communication between the cell types within the organoid (48). 

1.3.2.1  Organoid models derived from Induced Pluripotent Stem cells 

 

 

 

 

 

 

 

 

Figure 4 Derivation of iPSCs from differentiated cells 

“Created with BioRender.com.” 

 

Induced pluripotent stem cells (iPSCs) were discovered in 2007, when it was found that 

the presence of four transcription factors (OCT4, SOX2, KLF4, and c-MYC) can lead to the 

generation of stem cells from adult human fibroblasts as depicted in Figure 4 (50). The organoid 

generation process involves successfully replicating an organ's development from induced 

https://biorender.com/
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pluripotent stem cells under suitable conditions in vitro (48) by providing the necessary 

environment and stimulating the pathways required to differentiate these stem cells (51).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Types of organoid models derived by iPSCs 

“Created with BioRender.com.” 

 

iPSCs can lead to the development of various types of organoids as depicted in Figure 5 

(48). The development of brain organoids from iPSCs involves the formation of Embryoid bodies 

from pluripotent stem cells and the formation of the forebrain region from the Embryoid bodies in 

the presence of growth factors (52). In the other organs, the stem cells develop into spheroids after 

reaching endodermal fates (53). These spheroids further enlarge to become organoids (53). 

https://biorender.com/
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1.3.2.2 Organoid models derived from adult stem cells 

Increasing developments in technology and knowledge over the years have led the 

scientists to discover alternative techniques to generate organoid models from adult stem cells that 

can be maintained and grown for more extended periods. These stem cells are habitually involved 

in the growth and repair of adult tissues (54). 

The steps involved in executing the development of these organoid models are: 1) 

appropriately distinguishing the correct population of adult stem cells; 2) Thoroughly 

understanding the maintenance requirements of these stem cells and niche factors that support their 

activity; 3)  Correctly identifying factors that would support their differentiation into the required 

cell types of interest (48). 

1.3.3  Uses of Organoids as a model 

As the discovery of organoid models has been revolutionary in science, it has several 

applications in research and disease pathogenesis studies (46). 

1.3.3.1 Organoids in the field of medicine 

Organoids play several roles that scientists never thought were initially possible in the field 

of medicine. They play a role in clinical testing for the disease Cystic Fibrosis. In organoid models 

derived from patients with this condition, the CFTR protein was found to be functional post gene 

manipulation of the defective gene and also enabled testing for Precision therapy (46).  

Liver organoids have also been beneficial in studying viral Hepatitis and non-alcoholic 

fatty liver disease and have been used in transplantation (46). 
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1.3.3.2  Organoids in the field of research 

Organoids are considered a comprehensive model compared to 2D cell cultures and have 

thus been used to address questions and understand concepts based on cell differentiation and 

maturation (46). They have also been used to understand regulatory pathways involved in 

developmental studies (55). 

1.3.4  Challenges of using organoids as a model      

Organoids can have further uses as a model, but a lot of this is based around speculation. 

This could be attributed to the recent development of organoids (48). It is necessary to follow a 

high quality standards in the generation of these organoids; else, it is not possible to ensure 

reproducible results (56). There are also a handful of established protocols to generate organoids, 

but these processes can also consume a large number of resources (56). 
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2.0 PUBLIC HEALTH SIGNIFICANCE 

 

 

 

The seroprevalence of HSV-1 is 65% and hence this makes it a public health concern both 

in the United States and Europe (21). HSV-1 can also go undetected as several individuals are 

asymptomatic and hence these individuals may shed the virus unknowingly through urogenital 

mechanisms and in the form of oral Herpes (57). 

Asymptomatic carriers are considered as a major public health concern as they are more 

likely to spread disease due to a lack of awareness about having the condition. This indicates that 

it is necessary to study more about HSV-1 to prevent a majority of the cases (57).  

HSV-1 can be fatal in certain cases, and can also manifest in the form of dangerous 

conditions such as Encephalitis. Encephalitis leads to an inflammation of the brain parenchyma 

and neurophysiologic abnormalities as it’s root cause is attributed to the ability of the virus to gain 

entry into the central nervous system (24). If the patient is immunocompromised, Encephalitis can 

lead to mortality in 35.7% of the cases and hence it is important to seek treatment as soon as 

possible (24). HSV-1 can also express itself in the form of Keratitis and this can be dangerous as 

it can lead to blindness if left untreated (25).  

Acyclovir, the most frequently used antiviral for HSV-1 is not always 100% effective and 

a major problem is the development of Acyclovir-resistant Herpes simplex virus strains (58). Thus 

it is imperative to discover alternative antivirals as soon as possible to aid in the treatment for 

HSV-1. The strategy of drug repurposing reduces the time taken for a drug to enter the market 
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hence, this may be an efficient strategy to develop antiviral candidates in a short time frame to aid 

in HSV-1 treatment (32). 
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3.0 SPECIFIC AIMS AND HYPOTHESES 

3.1 HYPOTHESES 

1. Computational comparison between RNA sequence data from HSV-1 infected neurons and 

pharmacologically treated cells will identify anti-Herpetic drugs with a novel mechanism of 

action. 

2. The antiviral activity of the identified drug(s) may differ between 2D and 3D cultures. 

3.2 SPECIFIC AIMS AND OBJECTIVES 

Specific aim I: To find a possible drug of interest to test in vitro by performing in silico 

analysis. This would be performed by utilization of the data on differentially expressed genes 

obtained from analysis of RNA sequence data of HSV-1 infected neurons as the input dataset.  

The input dataset would be used as the search tool for a software known as BaseSpace correlation 

engine(Illumina®). The output dataset of correlated pharmacological compounds would be 

manually filtered to generate one compound of interest to test in vitro. 

Specific Aim II: This will examine the effect of the drug identified in Aim I by testing it on 1) 

NPCs and 2) Organoid models after infection with HSV-1. Considering that 3D cultures are more 

physiologically relevant, the validation of antiviral activity on brain organoids will motivate in 

vivo studies. 
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4.0 MATERIALS AND METHODS 

4.1 COMPUTATIONAL DRUG REPURPOSING 

4.1.1  Base space correlation engine 

RNA sequence data for HSV-1 infected vs. uninfected was previously generated and 

analyzed (59). It contained a list of significantly differentially expressed genes, their respective FC 

(Fold change), and p-values. 

The software (BaseSpace correlation engine), which is a product of Illumina®(   

https://www.illumina.com/products/by-type/informatics-products/basespace-correlation-

engine.html) exercised to generate a "Bioset" using this data. 

A Bioset, is a comprehensive set of preliminary data which is to be further analyzed and 

contains a ranked list of elements(60). 

The data was ranked by the software using the fold change value of these genes, 

irrespective of the direction of this value (positive or negative), and the Bioset was composed of 

the final ranked list of genes(60). 

/Users/vaishalimuralidaran/Desktop/labstuff/%20https:/www.illumina.com/products/by-type/informatics-products/basespace-correlation-engine.html%20)%20was
https://www.illumina.com/products/by-type/informatics-products/basespace-correlation-engine.html
https://www.illumina.com/products/by-type/informatics-products/basespace-correlation-engine.html
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 Figure 6 Depiction of the process of ranking of the Biosets by Base space correlation Engine 

“Created with BioRender.com.” 

 

The Bioset was used as the search title and subsequently, the software immediately went 

through a signature matching process of linking the uploaded Bioset to the associated ontology 

terms. The Pharmaco-Atlas feature of this software was utilized to generate a list of correlated 

pharmacological compounds. This feature consisted of a database with a list of Biosets 

incorporated from publicly accessible sources such as GEO (Gene expression Omnibus) and each 

of these Biosets were tagged with associated ontology terms. The software utilized a process 

known as rank-based directional enrichment (61) to eventually generate a list of correlated 

pharmacological compounds. 

 

 

 

 

 

 

 

 

 

 

 

https://biorender.com/
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The input Bioset was classified into two sets: the upregulated and downregulated genes 

(consisting of positive and negative fold change values). The Biosets in the target database were 

similarly classified, and scores were computed between the two. These Bioset-Bioset scores were 

computed against these ontology terms, which were linked to this Pharmaco-Atlas database to 

generate a list of correlated compounds. This was then, further classified as positively or negatively 

correlated based on the sum of directional scores. A positive directional score implicated that the 

drug had a protective effect and supported the host immune system, while a negative directional 

score implicated that the drug had an antiviral effect. Thus this resulted into classification of each 

Bioset as positively or negatively correlated. A greater number of significant correlations in one 

direction was used as the basis to classify if the compound was positively or negatively correlated. 

 

 Figure 7 Depiction of the overall directional p-value and the process of calculation to obtain this value 

This list of correlated compounds contained: 1) the magnitude of directional enrichment; 

2) the species used for the study; 3) the names of the studies; 4) GEO Accession numbers; 5) p-
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values indicating the significance of the correlations; 6) the data types used by the respective 

studies. This list was then exported to an excel file and downloaded. 
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4.1.2  Manual filtration 

4.1.2.1 Manual Filtration for the Negatively correlated Biosets 

The manual filtration procedure for the negatively correlated compounds was executed as 

described in Figure 6 using Microsoft Excel®. 

 

 

 

             

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 8 Manual filtration procedure and steps followed to filter the top 100 compounds 
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As described by the flowchart above, the Biosets were filtered out starting with data type: 

only Biosets containing RNA expression data that were of the species Homo sapiens and had a 

significant p-value were selected.  

Then, among the negatively correlated Biosets: 1) studies that did not have a control 

dataset; 2) used Biopsies/tissues from patients with other conditions; 3) utilized modified cell lines 

that had the drug of interest as a complex cocktail recipe; 4) used cancer cell lines, were further 

excluded from the list.  

Finally, the Biosets were ranked on the basis of their respective p-values, and the top 100 

Biosets were selected.  

4.1.2.2 Manual Filtration for the Positively correlated Biosets  

The procedure outlined above for the negatively correlated Biosets was similarly replicated 

for the positively correlated Biosets, however, only the top 40 positively correlated Biosets were 

selected.  

4.1.3  Selection of the compound of interest 

Each of the compounds (100 Negatively correlated compounds and 40 Positively correlated 

compounds), were assessed using various criteria to determine the suitability of the compounds 

for in vitro testing.  

The number of studies for each of the compounds were taken into account :1) negatively 

correlated compounds that had greater than ten studies(for compounds ranked 1-40) and greater 

than three studies(for compounds ranked 40-100); 2) greater than three studies for positively 

correlated compounds ranked 1-40, were under consideration for subsequent determination.  
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The mechanism of action for each compound of interest was also considered. Publications 

supporting previous antiviral testing were further examined as supporting evidence for compound 

validation.  

Finally, one interesting drug candidate, which was determined to be Retinoic acid (part of 

the list of positively correlated drug compounds) based on a summation of all of the analyses, was 

selected to be tested in vitro. 

It is essential to note that this repurposing strategy was utilized previously by the laboratory 

team (62) to discover other antiviral compounds for HSV-1.  
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4.2 TESTING OF THE ANTIVIRAL CANDIDATE IN TWO DIMENSIONAL 

CULTURES 

4.2.1  Cell lines and virus strain 

Human NPCs were derived from hiPSCs previously by the laboratory and were of the 02SF 

cell line (representative of a phenotypically normal sample and derived from the mother of a 

patient with Schizophrenia) (63) and were established at the National Institute of Mental Health 

(NIMH). 

The virus was a KOS-derived (VR-1493, ATCC) recombinant strain, found to express 

EGFP (enhanced Green Fluorescent Protein) from the ICPO promoter and RFP (Red fluorescent 

protein) derived from the glycoprotein expression associated promoter. 

4.2.2  Cell culture and infection 

The Neural Progenitor cells (NPCs) were of Passage number 6 and seeded into two 

Matrigel coated 96 well plates with a cell density of 17,800 cells/well and pretreated with the drug 

compounds of interest two days after seeding the 96 well plates and one day before infection as 

the cells were confluent. The cells were maintained in supplemented mTESR plus medium 

(StemCell Technologies).        
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4.2.2.1 Design of experiment and preparation of compounds 

 The scheme of the experiment was such that, Acyclovir (Spectrum) was considered as the 

positive control due to it being a successful antiviral for eliminating HSV-1 (64), Retinoic acid 

(Sigma Aldrich) was the antiviral candidate of interest and DMSO was used as the control due to 

dissolution of Retinoic acid in DMSO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 The scheme of the experiment for drug pre-treatment prior to infection 

   “Created with BioRender.com.” 
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Figure 10 The scheme of the experiment for drug pre-treatment prior to infection for the control plate 

“Created with BioRender.com.” 

 

Acyclovir (Spectrum) and Retinoic acid (Sigma Aldrich) were made as per the 

concentrations described in the scheme, along with the same DMSO concentrations to ensure that 

DMSO did not lead to toxic effects for the cells. The antiviral powders were diluted in DMSO and 

were further diluted in mTESR plus medium. They were pretreated 24 hours prior to infection with 

HSV-1. 

https://biorender.com/
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4.2.2.2 HSV-1 infection  

The execution of the infection occurred as follows: 1) The HSV-1 strain was diluted in 

mTESR plus medium to achieve a final MOI (Multiplicity of infection) of 0.1; 2) One plate was 

infected with an MOI of 0.1, containing 50ul of mTESR plus media  per well with or without 

antivirals for one hour;  3) The control plate was maintained in 50ul of mTESR plus media per 

well containing antivirals of the required concentrations or DMSO for one hour; 4) After one hour, 

both the plates were washed with 200ul of PBS and maintained in 200ul of media with or without 

antivirals. 

4.2.3  Flow cytometry 

The plates were prepared for flow cytometry 72 hours after infection with HSV-1, which 

was performed as per the protocol below: 

•The media was discarded from the plates, and 50ul of Accutase (Biolegend) was added to each 

well to dissociate the cells from the plates after repeated pipetting, and then the cells were 

transferred to V-Bottom 96 well plates. 

•The plates were centrifuged twice at 2500rpm for 20 minutes, and the media was discarded after 

obtaining the pellets. The pellet was then suspended in 50ul of life stain buffer (1ul of aqua dye 

for 1ml of PBS)  per well, and incubation of the plates was done for 20 minutes in the dark.  

•After 20 minutes of incubation in the dark, resuspension of the cells in 150ul of PBS was done.  

•Then, the cells were centrifuged at  2500rpm for 20 minutes, the supernatant discarded, then the 

cells were resuspended in formalin (Sigma Aldrich). 

The plates were wrapped in foil and sent to Dr. Paolo Piazza for Flow cytometry. 
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4.2.4  Statistical analysis 

The data obtained from flow cytometry were analyzed using GraphPad Prism. The IC50 of 

Acyclovir was determined, and cells' viability with regards to different treatment regimes assessed 

to determine the activity and effectiveness of the drug of interest (Retinoic acid). This was 

compared to the positive control (Acyclovir).  

The percentage of EGFP positive cells was calculated from the data and compared to assess 

the drugs' activity. The IC50 value of Acyclovir was determined using the magnitude of EGFP 

positive cells.  
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4.3 TESTING OF THE ANTIVIRAL CANDIDATE IN THREE DIMENSIONAL 

CULTURES FOR COMPARISON OF THE FLORESCENCE LEVELS AMONG 

DIFFERENT TREATMENT CONDITIONS 

4.3.1   Organoids and virus strain 

HSV-1 infection was performed using Sixteen Day old 02SF organoids. These organoids 

were derived from hiPSCs by Dr. Leonardo D’Aiuto and Wenxiao Zheng (65). 

The virus was a KOS-derived (VR-1493, ATCC) recombinant strain, which expresses 

EGFP (enhanced Green Fluorescent Protein) and RFP (Red fluorescent protein) under the control 

of ICP0 and glycoprotein C, respectively. 
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4.3.2   Design of the experiment 

 

Figure 11 The antiviral treatment scheme for organoid infection 

“Created with BioRender.com.” 

 

Five organoids were taken for each condition, and one concentration of each antiviral was 

used (50uM for both Acyclovir and Retinoic acid), and four organoids were taken for the healthy 

control condition. 

4.3.3   HSV-1 infection 

HSV-1 Infection was performed at a concentration of 1000pfu in Eppendorf tubes. After 

one hour, the organoids were washed with 500ul of DMEF12 (Hyclone) and transferred into 24 

well plates into media containing antivirals. 

 

https://biorender.com/
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4.3.4  Fluorescence levels among different treatment conditions 

The pictures were taken using a fluorescent microscope with the assistance of Dr. Leonardo 

D'Aiuto and Wenxiao Zheng for each of the conditions 72 hours post-infection. 
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4.4 TESTING OF THE ANTIVIRAL CANDIDATE IN THREE DIMENSIONAL 

CULTURES FOR IMMUNOSTATINING OF THE SECTIONS 

4.4.1  Organoids and virus strain 

Seventeen Day old 02SF and 01SD organoids were used for HSV-1 infection. These 

organoids were derived from hiPSCs by Dr. D’Aiuto and Wenxiao Zheng (65). The virus was of 

the KOS strain (VR-1493, ATCC). 

4.4.2  Design of the experiment 

 

 

 

 

 

 

 

 

 

 

  Figure 12 The antiviral treatment scheme for organoid infection 

“Created with BioRender.com.” 
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Five organoids were taken for each condition and strain (02SF/01SD), and one 

concentration of each antiviral was used (50uM for both Acyclovir and Retinoic acid). 

4.4.3  HSV-1 infection 

Infection was performed at a concentration of 3000pfu, and the infection  in Eppendorf 

tubes  (Five organoids for each Eppendorf tube).  After 1 hour, the organoids were washed with 

500ul of PBS and maintained in 1 ml of media containing antivirals for 72 hours. 

4.4.4  Embedding of Organoids into OCT Blocks 

According to the protocol below, the organoids fixed using 4% Paraformaldehyde solution 

(PFA) and embedded into OCT blocks (Tissue-Tek) (66). 

•The media was discarded, and the organoids were washed with 1ml of PBS. They were then fixed 

in 500ul of PFA for 30 minutes and kept at 4°C. 

•After 30 minutes, the PFA was removed and the organoids were washed with PBS at RT. 

•1ml of 30% sucrose was added to the organoids and this was kept overnight at 4°C. 

•They were then embedded in plastic molds using an embedding solution (1:1,30% Sucrose: OCT) 

, snap frozen and kept at -80°C. 
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4.4.5   Cryo-sectioning 

The OCT blocks were removed from their molds, and all of the blocks were sectioned with 

a cryostat. These sections were transferred to glass slides and stored at -80°C for later use in 

immunofluorescence experiments.  

4.4.6   Immunostaining experiments 

The immunostaining experiments were performed for all the condition (one slide per 

condition and one slide for Negative control) according to the protocol below: 

•The Pap pen was used to mark the area around the tissue of interest. 

•The slides were washed three times with PBS. 

•The Blocking buffer (10% Goat serum and 0.2% of Triton X) was added, and the slides were kept 

at Room Temperature for 30 minutes. 

•The primary antibody solution (anti HSV-1 ICP4 antibody,1:500 diluted with goat serum; 

Abcam) was made and added to the slides, and for each condition, there were slides where only 

Goat serum (the primary antibody diluent) was added. All the slides were kept overnight at 4°C. 

•The slides were washed three times with PBS. 

•The secondary antibody solutions: Alexa Fluor 488 goat anti-mouse (Thermo Fisher 

Scientific,1:250 dilution) or Alexa Flour 594 goat anti-mouse secondary antibody (Thermo Fisher 

Scientific,1:250 dilution) was added to all the slides and kept for an hour at RT. 

•The slides were washed three times with PBS. 

•Hoechst solution (Invitrogen) was added with a dilution of 1:1000 in PBS and kept for 5 minutes. 

•The slides were washed three times with PBS 
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•The slides were then fixed with coverslips and observed under the fluorescent microscope. 

4.4.7   Fluorescence Microscopy 

            The pictures were taken using a Fluorescent microscope using the LAS AF software with 

the assistance of Dr. Leonardo D’Aiuto.  
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5.0 RESULTS 

 

5.1 COMPUTATIONAL DRUG REPURPOSING 

5.1.1  Negatively correlated compounds 

5.1.1.1  The list GSE of numbers and Studies for the top 100 negatively correlated 

compounds 

The GSE numbers and study details  of the top 100 negatively correlated compounds were 

obtained based on manual filtration, after filtration up till Bioset 3857. This is depicted in Tables 

1, 2 and 3. It is a possibility that there may be a few drug candidates within this list; however, 

further analysis needs to be done to determine whether these compounds are good candidates for 

testing in vitro. 
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Table 1 Accession numbers and Study names for the top 20 negatively correlated compounds 

 

 

 

 

 

 

 

 

 

 
 



 42 

Table 2 Accession numbers and Study names for the negatively correlated compounds ranked 21 to 60 
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Table 3 Accession numbers and Study names for the negatively correlated compounds ranked 61 to 100 
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5.1.1.2 Evaluation of individual p values and gene numbers 

Individual and correlation p-values were determined for all of the top 100 negatively 

correlated compounds and are depicted in Tables 4, 5, 6, 7 and 8.  

This determination was important to ascertain the correlation of a drug in a certain direction 

(either negative or positive).  

It was notable information that for example in the case of Bellinostat the overall p-value 

for was high (Table 6) however, the drug was significantly both positively and negatively 

correlated (although more negatively correlated).  

This thus implicated the drug may not be persuasive as a negatively correlated drug 

candidate. This factor was assessed for all the compounds in this list; hence this was one of the 

factors taken into account for further testing in vitro. 
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Table 4 The individual and correlational p-values for the top 20 negatively correlated compounds 

.  

 

Table 5 The individual and correlational p-values for the compounds ranked 21 to 40 
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Table 6 The individual and correlational p-values for the compounds ranked 41 to 60 

Table 7 The individual and correlational p-values for the compounds ranked 61 to 80 
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Table 8 The individual and correlational p-values for the compounds ranked 81 to 100 

  

 

5.1.1.3 Research by compound 

An additional method to convincingly determine if the compound was a good candidate to 

evaluate in vitro was to exclude compounds that had less than 10 studies in the top 40 negatively 

correlated compounds and less than 3 studies among the compounds ranked 41 to 100. This was 

used to determine whether there was significant convincing information and studies to validate the 

compound's effect as an antiviral.  

Then, for further analysis, the number of negatively correlated Biosets among the total 

number of studies (Tables: 9, 10, 11, 12 and 13) was determined to evaluate the suitability of the 

compound as an antiviral.  
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Table 9 The number of total studies for the top 20 negatively correlated compounds and the number of 

negatively correlated Biosets for the compounds with  greater than 10 studies 

Table 10 The number of total studies for the compounds ranked 21 to 40 and the number of negatively 

correlated Biosets for the compounds with  greater than 10 studies 
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Table 11 The number of total Studies for the compounds ranked 41 to 60 and the number of negatively 

correlated Biosets for the compounds with greater than 3 studies 

Table 12 The number of total Studies for the compounds ranked 61 to 80 and the number of negatively 

correlated Biosets for the compounds with greater than 3 studies 
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    Table 13 The number of total Studies for the compounds ranked 81 to 100 and the number of negatively 

correlated Biosets for the compounds with greater than 3 studies 

5.1.1.4 Summary 

Then, details about the compounds were summarized, and their mechanism of action was 

studied based on previous literature (Tables 14 to 18). The activity of these compounds on cell 

lines and their toxicity on various cells was considered along with the total number of antiviral 

trials for each compound determined from information present on clinicaltrials.gov (Tables 19 to 

23).  

This would eventually determine that most compounds in the list: 1) Did not have 

convincing evidence to be tested in vitro;  2) Were found to be toxic according to the mechanism 

of action;  3) Had less than 3 studies for the compounds ranked 40 to 100 or less than 10 Studies 

for the compounds ranked 1 to 40;  4) Did not have sufficient previous antiviral trials.  
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   Table 14 Summary of the number of studies and the mechanism of action of the compounds ranked 1 to 20 

Table 15 Summary of the number of studies and the mechanism of action of the compounds ranked 21 to 40    
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  Table 16 Summary of the number of studies and the mechanism of action of the compounds ranked 41 to 60  

Table 17 Summary of the number of studies and the mechanism of action of the compounds ranked 61 to 80 
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Table 18 Summary of the number of studies and the mechanism of action of the compounds ranked 81 to 100 

Table 19 The total number of antiviral trials for each compound ranked 1 to 20 with the number of studies 

greater than 10 
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Table 20 The total number of antiviral trials for each compound ranked 21 to 40 with the number of studies 

greater than 10 

 

  

 

 

 

 

 

 

 

 

 

   Table 21 The total no. of antiviral trials for each compound ranked 41 to 60 with the number of studies greater 

than 3 
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Table 22 The total no. of antiviral trials for each compound ranked 61 to 80 with the number of studies 

greater than 3 

 

   

 

 

 

 

 

 

 

Table 23 The total no. of antiviral trials for each compound ranked 81 to 100 with the number of studies greater 

than 3 
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Eventually a decision was made to pursue positively correlated drug candidates for further 

analysis to select an antiviral of interest as this approach is usually neglected but is, however, 

important as these candidates support the host immune system and may play a significant role in 

shielding the host immune defense system from HSV-1. 

5.1.2  Positively correlated compounds 

5.1.2.1 The list GSE of numbers and Studies for the top 40 positively correlated compounds 

Manual filtration was conducted and the GSE numbers and the study details of the top 40 

positively correlated compounds were obtained. This information is demonstrated in in Table 24 

and 25. 

There are a few possible drug candidates; however, further analysis needs to be done to 

determine whether these compounds would be good candidates for testing in vitro. 
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  Table 24 Accession numbers and Study names for the top 20 positively correlated compounds 
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Table 25 Accession numbers and Study names for postively correlated compounds ranked 21 to 40 

 

5.1.2.2 Evaluation of individual p values and gene numbers 

The individual and correlational p-values provide significant information in determining 

how strongly a compound is positively correlated and this information is outlined in the Tables 26 

and 27. The individual p-values for each direction were also calculated, thus providing further 

evidence to validate a drug candidate. 
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Table 26 The individual and correlational p-values for the compounds ranked 1 to 20 

 

Table 27 The individual and correlational p-values for the compounds ranked 21 to 40 

 

 

 

 



 60 

 

 

5.1.2.3 Research by compound 

Another way to convincingly determine if the compound was a good candidate to evaluate 

in vitro was to exclude compounds that had less than 3 studies among the top 40 positively 

correlated compounds. This would determine whether there would be significant convincing 

information and studies to validate the compound's effect as a drug candidate to support the host 

immune system. Then, for further analysis, the number of positively correlated Biosets among the 

total number of studies as visualized in Tables 28 and 29  was determined to evaluate whether the 

compound could be a suitable drug candidate for in vitro testing.  

 

Table 28 The number of total studies for the top 20 positively correlated compounds and the number of 

positively correlated Biosets for the compounds with greater than 3 studies 
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Table 29 The number of total studies for the positively correlated compounds ranked 21 to 40 and the number 

of positively correlated Biosets for the compounds with greater than 3 studies 

 

5.1.2.4 Summary 

Then, details about the compounds were summarized, and their mechanism of action was 

studied using previous literature as displayed in Tables 30 and 31. It was determined that Retinoic 

acid would be a suitable candidate to test in vitro as: 

•It ranked in the top 5 based on p-value criterion on the list of positively correlated compounds.  

•All-Trans-Retinoic-Acid is a non-toxic metabolite of Vitamin A (67). 

•32 previous studies emerged for this compound, and a significant number of them were 

determined to consist of Biosets that were positively correlated.  

•Previous antiviral trials were established for this compound. 
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•Retinoic acid was tested previously on Vero cells and was demonstrated to reduce the yield of 

HSV-1. 

Table 30 The total number of antiviral trials for each compound ranked 1 to 20 with the number of studies 

greater than 3 

 

 

 

 

 

 

 

 

 

 

Table 31 The total number of antiviral trials for each compound ranked 21 to 40 with the number of studies 

greater than 3 
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5.2 TESTING OF THE ANTIVIRAL CANDIDATE IN TWO DIMENSIONAL 

CULTURES 

5.2.1  The percentage of viable cells across different treatment conditions 

The viability of the cells was calculated after analysis of flow cytometry data post infection 

and treatment of cells with different antivirals.  

Reduced cell viability post HSV-1 infection treatment with Retinoic acid was observed as 

depicted in Figure 13. There was also no observed comprehensive pattern linking the concentration 

of Retinoic acid and cell viability. 

Increased cell viability after HSV-1 infection and treatment with Acyclovir at a 

concentration of 100uM and 50uM as compared to a concentration of 10uM which resulted in a 

decreased cell viability as demonstrated in Figure 14.  

Non-toxicity of Acyclovir and Retinoic acid was illustrated in the Figures 15 and 16 due 

to no effect of the compounds in reduction of cell viability without the presence of HSV-1. 

DMSO treatment results in no significant effect on cell viability thus demonstrating no 

presence of DMSO toxicity as visualized in Figure 17. 

This data overall concludes and confirms the effect of acyclovir as an efficient antiviral as 

described by previous literature however simultaneously demonstrates the ineffectiveness of 

Retinoic acid as an antiviral.  
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 Figure 13 Difference in cell viability with Retinoic acid and Acyclovir as antivirals for HSV-1 

 

 

                      

p < 0.0001 
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        Figure 14 Difference in % cell viability with different concentrations of Retinoic acid after HSV-1 infection 

     

           

 

 

 

 

 

 

 

 

        Figure 15 Difference in % cell viability with different concentrations of Acyclovir after HSV-1 infection 
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   Figure 16 Differences in cell viability with different concentrations of Retinoic acid without HSV-1 infection. 

 

 

   

 

 

 

 

 

 

 

         Figure 17 Differences in cell viability with different concentrations of Acyclovir without HSV-1 infection. 
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Figure 18 Differences in cell viability with Retinoic acid and DMSO after infection with HSV-1 
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5.2.2  EGFP positive cells across different treatment conditions 

The percentage of EGFP positive cells were calculated after analysis of flow cytometry 

data across different treatment regimes.  

No reduction of EGFP positive cells after addition of Retinoic acid was observed as 

depicted in Figure 18 hence implicating the ineffectiveness of the drug candidate in reduction of 

the prevalence of HSV-1 as compared to the infected control. This data provides convincing 

evidence against the usage of Retinoic acid as an antiviral candidate for HSV-1. 

A significant reduction in the prevalence of HSV-1 post-infection at a concentration of 

100uM and 50uM was observed as visualized in Figure 19 thus indicating the antiviral effect of 

acyclovir.  

The IC50 of a compound is described as the concentration of a drug required to inhibit the 

prevalence of HSV-1 by half of its original magnitude(68) and this value was determined to be 

11.91 as represented in Figure 20.  
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Figure 19 Differences in %  of EGFP positive live cells across different concentrations of Retinoic acid 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        

 
Figure 20 Differences in %  of EGFP positive live cells across different concentrations of Acyclovir 
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Figure 21 Graphical representation of the %EFP positive live cells with the log (Acyclovir concentrations) for 

determination of the IC50 value 
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5.3 TESTING OF THE ANTIVIRAL CANDIDATE IN THREE DIMENSIONAL 

CULTURES FOR COMPARISON OF THE FLORESCENCE LEVELS AMONG 

DIFFERENT TREATMENT CONDITIONS 

The pictures were taken with a fluorescence microscope 72 hours post HSV-1 infection 

and 96 hours post infection for one organoid from each of the antiviral conditions.  

A notable reduction in GFP and RFP signal was observed after treatment with Acyclovir 

as depicted in figure 21 and 22. This however also demonstrated the ineffectiveness of Acyclovir 

in complete elimination of HSV-1 post-infection. The brightfield images in figures 21 and 22 

indicated the spherical shape of the organoids and portrayed the robustness and health of the 

structure of the organoid post Acyclovir treatment.  

Complete elimination of the prevalence of HSV-1 was observed after infection with HSV-

1 and treatment with Retinoic acid, however the Brightfield images in figures 21 and 22 revealed 

the progressive detoriation of the organoid structure and shape from day 3 to day 4 post infection.  

This implies that although Retinoic acid is thoroughly eliminating the presence of HSV-1, 

it is resulting in toxic effects and hence is not a suitable antiviral to use for the ailment of this 

condition. 
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     Figure 22 Day 3 post infection at 1000pfu after addition of antivirals                              
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          Figure 23 Day 4 post infection at 1000pfu post addition of antivirals 
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5.4  TESTING OF THE ANTIVIRAL CANDIDATE IN THREE DIMENSIONAL 

CULTURES FOR IMMUNOSTATINING OF THE SECTIONS 

Immunostaining experiments were performed after sectioning the fixed organoid to 

determine the localization of the infection around the sectioned area of the organoid, and to 

recognize the effect of antiviral treatment on each individual organoid section.  

As visualized in the Figures 23 and 24 the ICP4 positive cells (the infected cells) were 

observed around the edges of the sectioned organoid and this pattern was prevalent in all of the 

sections where organoid infection with HSV-1 was executed.  

Among  the 02SF organoid sections, the organoid infected with HSV-1 and treated with 

Retinoic acid displays no effect after treatment and thus shows a greater infection spread as 

compared to the infected control.  

However the 01SD organoid section infected with HSV-1 and treated with Retinoic acid 

shows a reduced infection spread as compared to the infected control.  

Both the 02SF and 01SD organoids after HSV-1 infection and treatment with Acyclovir 

show a reduced spread of infection as compared to the control, however the antiviral is not 

completely effective due to the presence of ICP4 positive cells within the edges of the sectioned 

organoid.  
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           Figure 24 Immunostaining results after fixation and cryosectioning of the 02SF organoids. Organoid 

staining with: 1) Acyclovir treatment; 2) no antiviral treatment or HSV-1 infection (Healthy control);  3) HSV-

1 infection;  was done with the primary antibody (ICP4) and anti-mouse green antibody. Organoid staining 

with retinoic acid was done with the primary antibody (ICP4) and anti- mouse red antibody.  
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           Figure 25 Immunostaining results after fixation and cryosectioning of the 01SD organoids. Organoid 

staining with: 1) Acyclovir treatment; 2) no antiviral treatment or HSV-1 infection (Healthy control); 3) HSV-

1 infection; was done with the primary antibody (ICP4) and an anti-mouse green antibody. Organoid staining 

with retinoic acid was done with the primary antibody (ICP4) and anti- mouse red antibody.   
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6.0 DISCUSSION 

 

The computational mechanism of selecting repurposed antivirals involved utilization of a 

commercially available software known as Base space correlation engine(Illumina®).This was 

used to gather information regarding various compounds from publicly accessible databases. This 

software was utilized to eventually obtain a list of pharmacological compounds that best correlated 

with the input dataset. Subsequently, manual filtration based on the previously discussed criterion 

was executed independently among both the positively and negatively correlated candidates to 

eventually test one positively correlated drug candidate in vitro. 

This strategy involved correlation of input data from software that has curated data from 

various publicly accessible reliable sources such as Gene expression Omnibus, PubMed, etc. It 

was also evident that this strategy seemed promising since several criteria were taken into account 

to assess a compound's reliability to be tested in vitro. 

Although several compounds were generated by this software, even after multiple rounds 

of manual filtration they could not be utilized to test in vitro. This was due to high levels of toxicity 

or attributed to the fact that there was insufficient evidence for some compounds to be tested in 

vitro. Also only one of the top 40 positively correlated compounds were tested in vitro as it would 

not be resourceful to test several compounds due to a lack of significant evidence to validate their 

effects.  

It is notable that despite the promising nature of the strategy, it only took into account 

transcriptomic data to find correlated antiviral drug candidates. This may not be sufficient to 

ascertain the activity of the drug in vitro. This is possible, as the proteomics data may considerably 

more reliable to outline the impact of a drug candidate as an antiviral (69). 
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This was an intriguing strategy to test, however it resulted in selection of a compound 

(Retinoic acid) that was not effective in eliminating the presence of  HSV-1 in Neural Progenitor 

cells. This was observed despite the copious amounts of evidence available for this compound in 

support of the host immune system and especially considering its antiviral activity in Vero cells 

(70). It is important to recognize that, this outlined key factors such as cell line differences that 

had to be taken into account during the process of in vitro validation of drug candidates. This was 

inferred as, Retinoic Acid had an inhibitory effect on HSV-1 with regards to Vero cells but didn’t 

display the same inhibitory effect for HSV-1 in Neural Progenitor cells.  

HSV-1 is a neurotropic virus, and Retinoic acid did not show any effect in decreasing the 

prevalence of HSV-1 in NPCs. Hence this outlines the importance of taking disease relevant cell 

types into account while testing antiviral candidates post viral infection. Furthermore, our follow-

up evaluations did not include the testing of the identified drug for its potential role in 

immunomodulation. 

Research, especially testing of drug candidates, is transitioning from 2D to 3D culture 

models as 2D models may not be representative of the environment in vivo despite their several 

other advantages (71). Hence, we thought it was necessary to test Retinoic acid on 3D culture 

models to validate its activity and confirm its ineffectiveness in reduction of the presence of HSV-

1.  

Retinoic acid resulted in eliminating the prevalence of HSV-1 post-infection when the 

whole 02SF organoid was taken into account, however; it led to toxic effects resulting in the 

disintegration and breakdown of the organoid. However when the 02SF organoids were sectioned, 

different results were observed, which can be attributed to differences in infection localization 
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within each section as compared to the depiction of the overall presence of the viral signal within 

the organoid.  

It is also notable that drug candidates have divergent effects on 3D models derived from 

different cell lines. This was inferred, as Retinoic acid eliminated the presence of HSV-1 in the 

organoid model derived from the 01SD cell line: however, it was unable to cause an impact in 

decreasing the prevalence of HSV-1 in the organoid model derived from the 02SF cell line. This 

can possibly be explained by differences in patient phenotypes, and the correlation of 

Schizophrenia with the rates of HSV-1 infection (72). 

It is important to note that the data obtained from both the experiments concerning the 2D 

and 3D culture models delineated some crucial factors to be taken into account while testing an 

antiviral on different culture models.  

To begin with, these experiments clearly signified the importance of testing antivirals on 

both 2D and 3D culture models due to the inconsistency of the effect of some of the antivirals on 

both models after infection with HSV-1.  

It is also important to take into consideration that despite Acyclovir being a popularly used 

antiviral drug and its currently utilization in HSV-1 treatment, it was not found to be completely 

effective in eliminating of the presence of HSV-1 in both 02SF and 01SD organoid models.  
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