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Abstract 
Zika virus (ZIKV) is a vector-borne virus of the family Flaviviridae, which continues to 

spread and remains a major global public health threat. Currently, there are no approved 

vaccines or antivirals against ZIKV. In this study, the anti-ZIKV ability of four iminosugars 

with endoplasmic reticulum α- glucosidase inhibitor (ER-AGI) activity namely, 

deoxynojirimycin (DNJ), N-nonyl deoxynojirimycin (NN-DNJ), castanospermine and 

celgosivir were investigated. None of the four ER-AGIs showed any significant (p>0.05) 

cytotoxicity in Vero and human microglia (CHME-3) cells from 0.01 µM to 100 µM 

concentrations. Iminosugar treatment of Vero or CHME-3 cells infected with ZIKV at a 

MOI of 0.5 or 5 resulted in significant inhibition of ZIKV replication and the reduction in 

ZIKV replication was not associated with any significant change in the expression levels 

of key antiviral genes. Iminosugars protect cells from ZIKV cytopathogenicity as 

iminosugar treated Vero and CHME-3 cells showed little or no cell death, whereas vehicle 

control cells exhibited 50-60% cytopathic effect (CPE) at 72 h following ZIKV infection. 

We further investigated if CPE was the result of apoptosis and/or necrosis. The difference 

in apoptosis was measured using an activated caspase 3 and 7 assay, and necrosis was 

evaluated by using a lactate dehydrogenase (LDH) assay in iminosugar treated and control 

cells following ZIKV infection at a MOI of 1. There was no difference in apoptosis between 

iminosugar treated and control cells at 48 and 72 hours post infection (hpi). Unlike 

iminosugars treated cells, untreated control cells exhibited substantial elevation of necrosis 

at 72 hpi compared with mock-infected cells. In summary, iminosugars with ER-AGI 

function inhibit ZIKV replication without altering the antiviral gene expression of human 

cells. The results of this study strongly suggest that ER-AGIs are promising anti-ZIKV 

antiviral agents and such warrant further in vivo studies.  
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Chapter 1 
Introduction 

 Zika virus 

1.1.1 History of Zika virus 

Zika virus was first discovered in 1947, when a group of researchers conducting 

routine surveillance for yellow fever isolated a previously unknown virus in a captive, 

sentinel rhesus macaque. The name Zika comes from Zika Forest (zika meaning 

“overgrown” in the Luganda language) in Entebbe, Uganda where the rhesus macaque was 

captured. The macaque developed a fever and an infectious agent was isolated from its 

serum which is now called Zika virus (1). In 1952, Zika virus was isolated from its first 

human host in Uganda (2). From its initial discovery until 2007, Zika virus infections were 

rare. In 2007, large outbreaks occurred in Southeast Asia. Several months later, Zika was 

confirmed to be the cause of the outbreak (3). The virus then quickly spread throughout the 

Americas causing more severe symptoms that had not been reported at the time of its 

discovery (4, 5). 

1.1.2 Timeline of Zika virus global spread 

Following its initial isolation from the rhesus macaque in 1947, the following year 

Zika virus was isolated from the Aedes africanus mosquito in the Zika Forest (6). In 2007, 

an outbreak occurred on Yap Island in the Federated States of Micronesia which was the 

first outbreak to occur outside the African and Asian continents. From 2007 to early 2013 

there were no reported seropositive cases in humans. However, in late 2013, an outbreak 
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occurred in French Polynesia and in the following two years, the virus spread from French 

Polynesia to the Cook Islands, New Caledonia, Easter Island and other areas in the Pacific 

region (7). In May 2015, Brazil confirmed its first positive Zika virus case. It is speculated 

that the virus gained entry into Brazil during the 2014 FIFA World Cup or the World Sprint 

Championship canoe race which included participants from four Pacific countries. The 

strain in Brazil was found to be phylogenetically similar to the 2013-2014 strain from 

French Polynesia, confirming that Zika virus had spread from Pacific countries (8). 

Following the outbreak in Brazil, Zika virus gained global attention. On February 1, 2016, 

the World Health Organization (WHO) declared Zika virus a Public Health Emergency of 

International Concern; the virus had been reported in over 20 countries and territories in 

the Americas (9). Zika virus has since been linked to infant microcephaly and Guillain-

Barré syndrome. However, prior to the 2015 outbreak in Brazil, Zika-associated cases were 

considered rare and mild (10). Since late 2015, the number of cases of both infant 

microcephaly and Guillain-Barré has increased which has raised serious concern in health 

officials and the general public. In 2017, 452 cases of symptomatic Zika virus disease cases 

were reported in the United States. A majority of these cases were in travelers returning 

from affected areas. 7 cases were acquired through presumed mosquito-borne transmission 

and 8 were acquired through other routes such as sexual transmission and laboratory 

transmission. Additionally, 666 Zika virus disease cases were reported in US territories.  

665 of these cases were acquired from presumed local mosquito-borne transmission (11). 

In 2018, 46 cases of Zika virus disease was reported from travelers returning from affected 

areas and 98 cases were reported in the US territories, all of which were acquired through 
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presumed local mosquito-borne transmission (12). No local mosquito-borne Zika virus 

transmission has been reported in the continental US in 2018. However, Zika virus is still 

a threat internationally and continues to circulate in the Caribbean, Mexico, the Pacific 

Islands and many countries in Africa, Asia, Central America and South America. There are 

areas with interrupted transmission which means that Zika virus was previously found in 

these locations, but it has been determined that the virus is no longer present. These areas 

include American Samoa, the Bahamas, Cayman and Cook Islands, Guadeloupe, French 

Polynesia, Isla de Pascua, Chile and the Marshall Islands (13).  

1.1.3 Structure and organization of ZIKV 

Zika virus (ZIKV) is an icosahedral, enveloped 10-kilobase, single-stranded RNA 

virus of the flaviviridae family and flavivirus genus. Its genome consists of a linear 

positive-sense RNA encoding one polyprotein in a single, long open reading frame. The 

polyprotein is cleaved into individual proteins which consist of three structural and seven 

non-structural proteins. Structural proteins are encoded at the 5’ end of the genome and 

nonstructural proteins at the 3’ end (14). ZIKV structure and genome organization is shown 

in Figure 1-1 (15). 
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Figure 1-1 ZIKV virion structure and genome organization 

Schematic diagram showing A) the structure of the ZIKV virion that is enveloped and 50 nm 
in diameter. The capsid proteins form an icosahedral capsid shell shown in green. B) Zika 
viral genomic polyprotein that is cleaved by viral and host proteases into 3 structural and 7 
nonstructural proteins. 
Permission to use image granted by SIB Swiss Institute of Bioinformatics, ViralZone (12). 
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1.1.4 Role of ZIKV proteins 

The three structural proteins include the capsid protein (C), 

premembrane/membrane (PrM) and the envelope protein (E). These three proteins are 

responsible for maintaining the structural integrity of the virion as well as preventing 

degradation of viral RNA and other viral components. The capsid protein binds to viral 

RNA during the process of nucleocapsid assembly which forms the core of mature virus 

particles (16). The membrane surrounds the envelope protein and prevents its degradation 

during virion assembly. The premembrane is cleaved to a mature membrane form by a 

furin enzyme (14). The E protein is responsible for many functions including host cell 

attachment and entry, membrane fusion and virus assembly. It is also the primary target of 

neutralizing antibodies in the host (17).  

Most nonstructural proteins localize to the endoplasmic reticulum membrane to 

form the replication complex. NS1 is involved in viral replication and 

pathogenesis.  Additionally, NS1 is responsible for immune evasion by targeting molecules 

downstream of Toll-like receptor 3 (TLR3). NS2A is also involved in immune evasion by 

antagonizing the interferon-a (IFNa) and interferon-b (IFNb) host responses. NS4B also 

inhibits the IFNa/b pathway by inhibiting host STAT1 phosphorylation and nuclear 

translocation. Additionally, NS4B is responsible for inducing ER-derived vesicle 

formation (18). NS3 and NS5 are important pieces to the replication complex as they 

contain catalytic activity. NS3 is a serine protease that is responsible for post-

translationally cleaving the polyprotein. NS2B is critical for NS3’s full protease activity. 
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NS3 also has helicase activity, as it is responsible for unwinding the RNA during the time 

of replication. NS4A regulates the ATPase activity of the NS3 helicase.  

Due the positive-sense nature of the genome, negative-sense anti-genomes are 

produced using the virus-encoded NS5 protein which is an RNA-dependent RNA 

polymerase. NS5 also contains methyltransferase activity responsible for 5’capping of the 

viral genomic RNA. This methyltransferase activity is a necessary step in viral replication. 

NS5 is also important in the evasion of host immune responses by inhibiting IFN signaling 

by binding and degrading STAT signaling molecules (19). The anti-genome template 

produced by NS5 is then used to generate the viral genomic RNA (20). Zika virus proteins 

and their functions are shown in Table 1-1.  

Table 1-1 Zika virus proteins and their functions 

 Protein Encoded protein 
length in amino acids 

Protein Function 

Structural C 122 Encloses nucleic acid and prevents 
digestion 

PrM 178 Prevents E degradation during virion 
synthesis 

E 500 Host cell attachment, entry, 
membrane fusion and virus assembly 

Non-structural NS1 342 Targets TLR3 
NS2A 226 Interferon antagonist protein 
NS2B 130 Regulates NS3 serine protease 

activity 
NS3 617 Serine protease and helicase activity 

NS4A 127 Regulates NS3 ATPase activity 
NS4B 252 Inhibits STAT1 phosphorylation and 

nuclear translocation 
NS5 902 RNA dependent RNA polymerase 

and methyltransferase activity 
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1.1.5 Replication of ZIKV 

Zika virus binds to a proposed set of host cell receptors which include T-cell 

immunoglobulin and mucin domain (TIM) and tyrosine-protein kinase receptor 

TYRO3 (TYRO-3), AXL receptor tyrosine kinase (AXL) and Mer proto-oncogene 

tyrosine kinase (MERTK) (TAM) families of host cell receptors (21). Binding of the 

virus to host cell receptors leads to clathrin-mediated endocytosis. Once the virus is in 

the endosome, the endosome undergoes acidification which triggers a conformational 

change in the glycoproteins of the virion and subsequent virus disassembly. The fusion 

of the viral membrane and the endosomal membrane allows for the release of the 

positive-sense viral genome into the cell cytoplasm. ZIKV RNA acts as a template to 

generate negative-strand viral RNA from which positive-strand RNA is synthesized. 

This positive-sense mRNA is used to synthesize viral proteins. Flaviviruses replicate 

exclusively in the cytoplasm on a virus-induced ER-associated network of membranes 

although Zika virus antigens have also been identified in the nucleus (22, 23). Once the 

RNA genome is in the cytoplasm, it is translated into one polyprotein that is then 

cleaved by viral and host proteases into individual viral proteins. Both the viral genome 

synthesis and protein translation occurs on these ER-associated membranes. Viral 

components such as viral proteins and positive-sense viral RNA subsequently assemble 

at the cytoplasmic side of the endoplasmic reticulum membrane. At the ER, viral 

proteins are processed allowing glycosylated proteins to obtain their mature form. Once 

assembled, immature virions then bud into the lumen of the endoplasmic reticulum and 
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are trafficked through the trans-Golgi-network to undergo virus maturation. In the final 

moments before the virus is secreted from the cell, prM undergoes furin cleavage to 

produce M and Pr peptides. The neutral environment of the extracellular matrix allows 

Pr to dissociate from M allowing the virus particle to finally become fully mature (24). 

The replication cycle of Zika virus is shown in Figure 1-2 (25).  

Figure 1-2 Zika virus replication cycle  

Illustration describing the stages of ZIKV replication. A) ZIKV first binds to host cell receptors 
and enters the cell through clathrin-mediated endocytosis, B) Endosomal acidification and virus 
disassembly, C) Polyprotein translation, D) Viral RNA replication, E) Immature virus assembly 
and budding into the ER, F) Virus maturation and furin cleavage of prM and G) Mature virus 
release 

Permission to use image granted by Richard J. Kuhn, Purdue University (25). 
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 Epidemiology of ZIKV 

1.2.1 Vectors 

Zika virus is classified as an arbovirus which means that it is transmitted by 

arthropods such as mosquitos that act as asymptomatic vectors of ZIKV and transmit the 

virus by biting the next amplifying host. Routes of transmission to humans other than 

mosquitoes include sexual intercourse, perinatal transmission, blood transfusion and 

laboratory exposures (26). The primary arthropod vectors of ZIKV are from the Aedes 

family. ZIKV was first isolated from Aedes africanus in 1948 and has been since isolated 

from Aedes aegypti and Aedes albopictus which are confirmed competent vectors for ZIKV 

transmission (5).  

After Ae. Africanus, Aedes aegypti was the next mosquito that ZIKV was isolated 

from in Malaysia in 1966 and was the first vector found to be competent for ZIKV. It is 

present in tropical and subtropical areas of America, Africa, Asia and Oceania. It may 

colonize southern Europe and Northern America in the near future as the temperatures 

begin to rise in the northern hemisphere (27). Ae. aegypti breeds in both indoor and 

artificial outdoor containers that contain clean water with low salt and organic content. 

These mosquitos need only a shallow area to breed which allows them to exist in many 

containers and environments. However, its activities are inhibited under 14 ºC and 

deposition of eggs is inhibited lower than 17 ºC. Ae. aegypti prefer to feed on humans 

domestically and do not stray from their breeding sites (28).  

The second vector which has been involved in the largest Zika virus outbreaks is 

Aedes albopictus. Ae. albopictus bites humans, domestic animals and livestock in outdoor 
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environments. It is present in tropical, subtropical and temperate climates and has spread 

from Asia to the South Pacific, Africa and Europe as well as Brazil and the Dominican 

Republic (28). Ae. albopictus was first recorded in Brazil in 1986 and has now colonized 

20 of 27 Brazilian states. It breeds in various water-filled sites and is abundant in rural, 

peri-urban and now urban environments. It also prefers to feed on humans but takes a large 

proportion of blood meals from birds (29). Its eggs are resistant to cold and its optimum 

water temperature is 25 ºC (28). Aedes albopictus are opportunistic and invasive when 

Aedes aegypti is absent (23). 

1.2.2 Host range  

Zika virus’s ability to rapidly spread maybe be in part due to its capacity to exist in 

sylvatic and urban cycles. The sylvatic cycle is the proportion of time the virus spends 

circulating between wild animals and mosquito vectors. The sylvatic cycles have existed 

for years between non-human primates and arboreal mosquitos in tropical areas of Africa 

(30). An urban cycle is when the virus cycles between mosquito vectors and urban or 

domestic animals. In the urban cycles, humans are the primary amplification hosts whereas 

in sylvatic cycle, non-human primates are the amplifying hosts (23). ZIKV antibodies have 

also been detected in sheep, goats, horses, ducks, rodents, bats, orangutans and carabaos 

(5).  
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 ZIKV infection 

1.3.1 Pathogenicity of ZIKV 

The majority of clinical Zika virus infections are asymptomatic (80%). However, 

when symptoms are observed they are similar to other flaviviruses such as Dengue virus 

(DENV), West Nile virus (WNV) and Yellow virus fever (YVF) which all produce 

nonspecific symptoms such as arthritis, fever, conjunctivitis, myalgia, retro-orbital pain, 

mild gastrointestinal disorder and headache (31).  

In addition to these symptoms, maculopapular rash is usually observed in Zika virus 

infection. The infection itself is self-limited and only lasts a few days. Its incubation time 

is estimated to be 3 to 14 days with 50% of those infected developing symptoms within 

one week and 99% of those infected developing symptoms within 2 weeks (32).  

 Since its emergence in the Americas, ZIKV has been associated with increased 

infection rates and neurological pathologies such as Guillain-Barre syndrome, 

microcephaly, meningoencephalitis and myelitis. Guillain-Barre syndrome (GBS) is an 

autoimmune disorder in which the immune system attacks the myelin sheath of nerves in 

the peripheral nervous system (PNS). Some of these syndromes include acute 

inflammatory demyelinating polyneuropathy (AIDP), acute motor axonal neuropathy 

(AMAN), acute motor sensory axonal neuropathy (AMSAN) and Miller Fisher syndrome 

(MFS). Symptoms begin with paralysis and can then become fatal if no intervention is 

provided (33). It has been suggested that microcephaly is caused by direct ZIKV infection 

in the brain of fetuses which is also termed as viral pathology (34). Microcephaly is a 

condition in which fetuses are born with small heads due to abnormal brain development. 
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Problems with microcephaly include intellectual disability, speech delay and abnormal 

muscle functionality (14). ZIKV RNA has been found in amniotic fluid as well as the brain 

of fetuses and infants with microcephaly. It has also been established that microcephaly 

has been linked to maternal ZIKV infection due to the high rate of microcephaly among 

infants born to ZIKV-infected mothers (35). It has been shown that ZIKV crosses the 

placenta and that the placenta is the key mediator of vertical transmission from mother to 

fetal brains. Zika virus reaches the fetus by infecting placental cells and disrupting the 

placental barrier and causing placental damage (36). In addition to placental cells such as 

Hofbauer macrophages and trophoblasts, other brain cells are targets of ZIKV infection 

(37). In vitro studies have shown that neural progenitor cells (NPCs) are vulnerable to 

ZIKV infection (38). Additionally, astrocytes, microglia and oligodendrocyte precursor 

cells that are in the developing cortex can be infected by ZIKV. Glial cells have been shown 

to be important for normal brain development (39). The disruption of these cells by ZIKV 

infection may therefore contribute to the neurodevelopmental disorder that is seen in 

microcephaly.  

1.3.2 Pathogenesis 

Currently, there is only one serotype of Zika virus, but phylogenetic analyses show 

two lineages, one African and the other Asian. Phylogenetic analysis revealed epidemic 

ZIKV strains from the Americas clustered together with the Asian lineage of Zika virus, 

indicating a closer relationship to Asian lineages than African lineages. African strains 

have been shown to induce more cytopathic effect in vitro in comparison to Asian strains. 
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It is speculated that Asian strains induce less cytopathic effect to allow more pathogenesis 

while continuing virus replication and maintaining cell viability (40). Comparison of pre-

epidemic and epidemic strains of Zika virus has shown many amino acid substitutions 

among epidemic strains which may be responsible for the increased neuropathogenicity 

(41).  

1.3.3 Host response to ZIKV 

The interferon (IFN) pathway is an important component of the innate immune 

system that helps the host fight viral infection. Viruses are recognized by their viral 

pathogen-associated molecular patterns (PAMPs) such as viral RNA and are sensed by 

cellular pathogen-recognition receptors (PRRs) that are located on the cell membrane and 

within the cytoplasm (MDA5 and RIGI). Once the virus is sensed, the pathway ultimately 

allows for transcription and secretion of Type I IFNs (IFNa/b). Type I IFNs bind to 

neighboring cells to stimulate the transcription of IFN-stimulated genes (ISGs) which then 

limit viral replication (42). ZIKV’s structural and non-structural proteins have been 

implicated in the evasion of host Type I IFN response as described earlier in Table 1-1 and 

section 1.1.4 and contribute to ZIKV’s ability to maintain infection in cells (20).  

 Prevention and control of ZIKV infection 

Prevention and control of Zika virus has been approached from two main angles: 

vector control and symptomatic therapy. Although both approaches have been important 

in reducing ZIKV spread and ZIKV-induced suffering, both approaches have their 

limitations in blocking ZIKV transmission and mitigating disease associated with ZIKV. 
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Currently, there is an urgent need to develop effective prophylactic and therapeutic agents 

for ZIKV infection.  

1.4.1 Vector control 

To-date, traditional vector control practices such as use of outdoor fogging with 

insecticides, insecticide-treated materials at home, such as mosquito nets and medicated 

topical applications are widely used to control malaria and other mosquito-borne viral 

diseases including Zika virus. However, the effect of vector control practices is short-

lasting and its effects can be compromised by the spread of mosquitoes resistant to 

insecticides (43). In recent years, newer approaches such as release of mosquitoes infected 

with a strain of Wolbachia to block transmission of Dengue, Chikungunya, and Zika 

viruses is currently being tested in Southeast Asia and in implementation trials that are 

ongoing against ZIKV in Colombia and Brazil (44). 

1.4.2 ZIKV vaccines and antivirals 

Despite considerable need for novel vaccines and antiviral therapies, there are no 

FDA-approved drugs to prevent or treat ZIKV infection.  

Many Zika virus vaccines are currently under development. These candidates 

include inactivated Zika virus, attenuated Zika virus strains, live or inactivated viral 

recombinants expressing Zika virus proteins, viral-like particles expressing Zika virus 

membrane proteins, DNA plasmid vaccines, mRNA-based vaccines, protein-nanoparticle 

conjugates and peptide-based vaccines. Some of these vaccines are in phase I clinical trials 

whereas others are still in preclinical animal studies. However, the majority of vaccines are 
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still in the early stages of research (45). Flaviviruses often show antigenic cross-reactivity 

which share immunogenic epitopes that stimulate immune responses. In many cases cross-

reactivity is beneficial to the host. However, antibody-dependent enhancement (ADE) 

which is caused by preexisting poorly neutralizing antibodies can occur, causing enhanced 

disease to the host as seen in DENV infection (46). Further vaccine development studies 

must confirm that this cross-reactivity is protective to make sure vaccines will not 

exacerbate ZIKV disease.  

The search for these antiviral therapies includes looking for novel compounds that 

target major steps in the Zika virus replication cycle.  As of now, ZIKV antiviral research 

has been directed at virus entry and the virus replication pathway. Virus entry is mediated 

by a set of proposed receptors such as T-cell immunoglobulin and mucin domain (TIM) 

and TYRO-3, AXL and MERTK (TAM) families (47). Nevertheless, there may be other 

receptors that allow for ZIKV recognition and entry, therefore circumventing the blockage 

of these proposed receptors.  

A clinically approved antiviral drug sofosbuvir is currently being examined for its 

use in ZIKV infection. Sofosbuvir has shown to be effective in another virus within the 

flaviviridae family, HCV. Sofosbuvir targets a conserved region across flaviviridae viruses 

which is the RNA polymerase protein, NS5. A pronounced reduction in ZIKV production 

has been observed upon sofosbuvir treatment in brain organoids and neuronal cell systems 

(48). Another repurposed drug in development for ZIKV includes favipiravir that also is a 

nucleoside precursor RNA polymerase inhibitor that been shown to be effective across 

many RNA viruses. Anti-ZIKV evaluations of favipiravir include using traditional tissue 
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culture methods, hollow-fiber infection models and mechanism-based mathematical 

modeling (49). 

Virus-directed therapies may lead to drug resistance especially in the case of RNA 

viruses such as Zika virus that have a high mutation rate.  The best antiviral strategy to 

avoid the evolution of ZIKV would be to use a combination of virus-directed and host-

directed antivirals. This thesis examines a host-directed antiviral strategy that targets 

enzymes located in the endoplasmic reticulum that are necessary for processing of N-

glycosylated viral proteins such as ZIKV PrM, E and NS1 proteins.  

1.4.2.1 Endoplasmic reticulum α-glucosidase inhibitors as antivirals (ER-AGIs) 

 
Most virus envelopes contain N-linked glycans in their glycoproteins. These 

glycoproteins undergo maturation in the endoplasmic reticulum. In the case of ZIKV, three 

viral proteins are N-glycosylated and they include the prM, E and NS1 proteins. These 

glycoproteins are substrates for the ER α-glucosidase enzymes during ZIKV replication 

(50).  

In normal processes, ER α-glucosidases I and II are responsible for trimming 

terminal glucose moieties on N-linked glycans attached to nascent glycoproteins. α-

glucosidase I removes the outermost α-1,2-linked glucose residue while α-glucosidase II 

removes the inner two α-1,3-linked glucose residues. These steps are necessary for 

calnexin/calreticulin chaperone interaction which is critical for proper folding and 

transport. Incompletely folded proteins are re-glycosylated by UDP-glucose:glycoprotein 

glucosyltransferase (UGGT) and undergo the process again until they are properly folded. 
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Properly folded glycoproteins then move to the Golgi apparatus for maturation. Improperly 

folded glycoproteins will be retained and accumulate in the ER and will ultimately undergo 

ER-associated degradation (ERAD) (51). The mode of action of ER α-glucosidases I and 

II enzymes on viral glycoproteins and their inhibition by ER-AGIs are shown in Fig. 1-3.    

 

Figure 1-3 Mode of action of ER-AGIs on viral glycoproteins.  

Endoplasmic reticulum (ER) a-glucosidase I and II sequentially cleave off terminal 
glucose moieties on N-glycosylated proteins to allow for subsequent interaction with 
chaperone proteins, calnexin and calreticulin that are required for proper glycoprotein 
processing. If glycoproteins are misfolded UDP-glucose:glycoprotein glucosyltransferase 
(UGGT) re-glycosylate the protein until it is properly folded. Inhibition of endoplasmic 
reticulum a-glucosidase I and II by endoplasmic reticulum a-glucosidase inhibitors (ER-
AGIs) impedes viral glycoprotein maturation and targets proteins for ER-associated 
retention, accumulation and degradation therefore hampering virus particle maturation and 
development.  
   Image adapted from Chang et. al. 2013 
 

Flavivirus particles are extremely reliant on ER glucosidases for trimming of their 

glycoproteins and their following interactions with ER chaperones calnexin and 
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calreticulin. This antiviral approach has been supported by the observations of significant 

reduction of DENV, YFV and ZIKV viral replication in Gluc I knockout and Gluc II 

knockout cell lines in comparison to wild-type cells.  This study also showed that ER α 

Gluc I was more critical in reducing virus replication in comparison to ER α Gluc II (52). 

Additionally, patients deficient in these enzymes had no clinical evidence of recurrent viral 

infections and cells derived from these patients were unable to support infection by 

multiple viruses such as HIV, Influenza, Adenovirus, Poliovirus and vaccinia virus (53, 

54).  

ER α-glucosidase I and II can be inhibited by iminosugars. Iminosugars are sugar 

mimetics in which cyclic oxygen is replaced with a nitrogen.  They mimic endogenous 

sugars and compete with endogenous substrates for binding to ER α-glucosidases. The 

antiviral strategy of targeting ER α-glucosidases with iminosugars has shown to be 

effective in other flaviviridae infections such as Dengue virus (DENV), Japanese 

encephalitis virus (JEV), Yellow Fever virus (YFV), Bovine viral diarrhea virus (BVDV) 

and hepatitis C virus (HCV) (52, 53). Although these antiviral compounds seem to be 

effective in many flaviviruses and other enveloped viruses, few studies have examined the 

role of these compounds in ZIKV infection. Some studies have showed that addition of 

IVHR-19029, a N-alkyl analog of deoxynojirimycin (DNJ) demonstrated broad antiviral 

efficacies against several hemorrhagic fever viruses in vitro and partial protection of EBOV 

and MARV in an in vivo mouse model (55-57). A recent study by Ma et. al., that was 

published when this study was underway, has shown that an iminosugars, IVHR-19029 is 

a potent inhibitor of the replication of a range of flaviviruses which include DENV, YFV 
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and ZIKV by decreasing viral replication and increasing cell viability of HEK 293T cells 

(52). These results show the promising nature of iminosugars as ER α-glucosidase 

inhibitors and their promise as antiviral agents against ZIKV. This evidence warrants 

further studies to investigate the efficacy of mono and bicyclic amines and the differences 

between the parent and the derivative compounds to inhibit ZIKV replication.   

 Hypothesis 

ER α-glucosidase inhibitors (ER-AGIs) reduce Zika virus replication in vitro. 

1.5.1 Objectives 

1. To evaluate the cytotoxicity of iminosugars in vitro. 

To investigate whether iminosugars induce cytotoxicity in either Flaviviridae permissive 

African green monkey kidney cells (Vero) or clinically relevant human microglial cells 

(CHME-3) using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS) assay. 

2. To investigate the role of iminosugars as ER-AGI antivirals in ZIKV-

infection in vitro. 

To understand whether iminosugars are able to reduce virus replication using real-time 

polymerase chain reaction analysis (qRT-PCR) and 50% tissue culture infectious dose 

assay (TCID50). Additionally, to study iminosugars role as ER-AGIs and their effect on 

cellular antiviral gene expression in human microglial cells. 
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3. To characterize the effect of ER-AGIs on ZIKV cytopathogenicity. 

To evaluate ZIKV cytopathogenicity using an MTS assay to study general metabolic 

activity after ZIKV infection and ER-AGI treatment. Additionally, to investigate 

cytopathogenicity mechanisms such as apoptosis and necrosis and the effect of ER-AGIs 

on both mechanisms. 
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Chapter 2 
Materials and Methods 

 Viruses 

Two human ZIKV isolates namely PRVABCB59 (Human/2015/Puerto Rico), 

IBH30656 (Human/1968/Nigeria) and one mosquito ZIKV isolate MEX 2-81 

(Mosquito/2016/Mexico) obtained from BEI Resources (BEI Resources, Manassas, VA) 

were used in this study. All viruses were propagated in Vero cells and virus titration was 

carried out by TCID50 method in Vero cells (58). 

Table 2-1 Viruses used in this study 

 Strain 
lineage 

Year Location Isolated from BEI 
Resources 

Catalog No. 
PRVABC59 Asian 2015 Puerto Rico Human patient NR-50240 
IBH30656 African 1968 Nigeria Human patient NR-50066 
MEX 2-81 Asian 2016 Mexico Aedes aegypti mosquito NR-50280 

 

 Cell lines 

African green monkey kidney Vero (CCL-81) cells were purchased from ATCC 

(ATCC, Manassas, VA) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

(Corning, Corning, NY) supplemented with 10% heat-inactivated fetal bovine serum (FBS) 

(Corning) and 1% antibiotic/antimycotic solution (Corning) at 37 °C incubator under 5% 

CO2. Human microglial cell line CHME-3 was provided by Dr. Pamela Hankey (Penn State 

University, University Park, PA) and cultured in DMEM (Corning) supplemented with 

10% FBS (Corning) and 1% antibiotic/antimycotic solution (Corning) and 0.1% MEM 
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non-essential amino acids (NEAA) (GE Life Sciences, Marlborough, MA) at 37 °C 

incubator under 5% CO2. Medium was changed every three days.  

 Compounds 

Iminosugars, castanospermine, 1-deoxynojirimycin hydrochloride (DNJ) and N-

Nonyldeoxynojirimycin (NN-DNJ) were purchased from Sigma-Aldrich (St. Louis, MO), 

and Celgosivir was purchased from MedChem Express (Monmouth Junction, NJ). 

Castanospermine, Celgosivir, and DNJ were dissolved in sterile nuclease free water 

whereas NN-DNJ was dissolved in dimethyl sulfoxide (DMSO). Compounds structures are 

shown in Figure 2-1. Compound stock volumes and concentrations are shown in Table 2-

2.  

 

Figure 2-1 Iminosugar structures and solvents 

Iminosugars can be subgrouped into monocyclic amines and bicyclic amines. Deoxynojirimycin 
(DNJ) and its derivate N-nonyldeoxynojirimycin (NN-DNJ) were representative monocyclic 
amines. Castanospermine and its derivative Celgosivir were representative bicyclic amines. DNJ, 
castanospermine and Celgosivir were dissolved in water whereas NN-DNJ was dissolved in 
DMSO. Chemical structures were obtained from manufacturer websites. 
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Table 2-2 Compound stock volumes and concentrations 

Compound Amount 
(mg) 

Solvent Molar 
mass of 

compound 
(g/mol) 

Stock 
concentration* 
(mg/mL) and 

(µM) 

Working 
concentration 

(µM) 

Volume 
of stock 
solution 

Supplier 
and 

Catalog 
No. 

A Castanospermine 100 Water 189.21 20 mg/mL 
105702.6 µM 

1000 33.11 Sigma-
Aldrich 
C3784-
5MG 

B Celgosivir 5 Water 295.76 200 mg/mL 
676223.9 µM 

1000 5.18 MedChem 
Express 

HY-
16134A 

C DNJ 5 Water 199.63 20 mg/mL 
100185.3 µM 

1000 34.94 Sigma-
Aldrich 
D9305-
5MG 

D NN-DNJ 5 DMSO 289.41 10 mg/mL 
34553.0 µM 

1000 101.29 Sigma-
Aldrich 
N6414-
5MG 

*Ideal stock concentration according to manufacturer’s protocol 

 General in vitro ZIKV infection model 

Cells were washed twice with PBS before infection with Zika virus at various MOI. 

The infection media for different types of cells are listed in Table 2-3. For antiviral 

screening and ZIKV cytopathogenicity mechanism assays, cells were incubated 

concurrently with both virus and compound. For virus quantification and gene expression 

studies, cells were incubated with ZIKV at 37 °C with 5% CO2 for 2 h before being washed 

with PBS and treated with 1 µM of compounds. Supernatants were harvested and 

centrifuged at 8000 g for 5 min to remove cellular debris. Supernatants were stored at -80 

°C until further use.  
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Table 2-3 The composition of infection medium for cells used in this study 

 Cell-type 
Vero Cells CHME-3 Cells 

Medium DMEM DMEM 
Supplements 5% fetal bovine serum, 1% 

penicillin and streptomycin 
5% fetal bovine serum, 1% 
penicillin and streptomycin 
0.1% non-essential amino 

acids 
 

 High-throughput cytotoxicity and antiviral screening assay 

2.5.1 MTS assay 

A cell viability assay was used to initially screen cytotoxicity and determine the 

effect of ER-AGIs on ZIKV cytopathogenicity. This was carried out by using the 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

(MTS) assay which is a colorimetric assay used for assessing a cell’s metabolic activity. 

Cellular NADPH oxidoreductase enzymes are the basis of this assay and reduce 

tetrazolium dye into insoluble formazan which has a purple color. The intensity of purple 

color detected through spectrophotometry reflects the number of viable cells present under 

certain conditions. Therefore, this assay was used to determine the effect of ER-AGIs on 

ZIKV cell viability.  

A cell viability assay previously described by Fletcher et. al. (59), was used. The 

assay was performed using CellTiter 96® AQueous One Solution Cell Proliferation Assay 

(MTS) (Promega, Madison, WI) following the manufacturer’s instructions. At 60-70% 

confluence, Vero cells and CHME-3 cells were treated according to the plate layout shown 

in Figure 2-2. Four biological replicates were used to assess cytotoxicity, and four 
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replicates were used to assess the effect ER a-glucosidase inhibitors on ZIKV 

cytopathogenicity with concentrations ranging from 0.01 µM to 1000 µM. Vero cells 

treated with ER a-glucosidase inhibitors or vehicle control were infected with ZIKV strain 

PRVABC59, IBH30656 or MEX 2-81 at a multiplicity of infection (MOI) of 1 in infection 

medium containing DMEM supplemented with 5% FBS, 1% antibiotic/antimycotic 

solution. CHME-3 infection medium was additionally supplemented with 0.1% NEAA. At 

72 h post infection (hpi), MTS solution was added to the wells and after 2 h the optical 

density was measured at 490 nm using a microplate reader (ELx800; BioTek).  Each assay 

was repeated three times and the data was analyzed using Microsoft Excel and graphed on 

Prism 7. 

 

Figure 2-2 Plate layout for testing cytotoxicity and efficacy of ER a-glucosidase inhibitors 
against Zika virus replication 

Controls included color controls with drugs and media, toxicity controls with drugs, cells and 
media, cell controls with cells and media, virus controls with virus, cells and media, media controls 
with media alone, efficacy wells with drug, cells and virus and blank wells. ER-AGIs were tested 
in concentrations ranging from 0.01 µM and 1000 µM. 

Adapted from Fletcher et. al.  
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 Characterizing the effect of ER-AGIs on ZIKV-induced cytopathogenicity 

2.6.1 Caspase-Glo assay 

The levels of activated caspase 3 and 7 in Vero and CHME-3 cells was measured 

using luminescent Promega Caspase-Glo® 3/7 Assay (Promega) following the 

manufacturer’s instructions. Vero and CHME-3 cells seeded in 96-well white-walled cell 

culture plates (Greiner Bio One, Monroe, NC), were treated with compounds and infected 

with ZIKV at a MOI of 1 in the same manner as the initial high-throughput antiviral 

screening plate layout as shown in Figure 2-2. Negative controls were performed without 

the virus. After 72 hpi, 100 µl of Caspase-Glo® Reagent (Promega) was added to all wells 

containing cells and reagent blanks with no cells. After incubating the plates at room 

temperature in the dark for 30 min, a microplate reader was used to record the 

luminescence. Each sample was read five times and the average was taken (Spark; 

TECAN) at an interval of 15 sec. Each assay was repeated three times and the data was 

analyzed using Microsoft Excel and graphed on Prism 7. 

2.6.2 Lactate dehydrogenase (LDH) assay 

The levels of lactate dehydrogenase in Vero and CHME-3 cells was measured using 

the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega) following the 

manufacturer’s instructions. Vero and CHME-3 cells seeded in 96-well cell culture plates 

(Denville Scientific Inc.) were treated with compounds and infected with virus at a MOI 

of 1 in the same manner as the initial antiviral screening as shown in Figure 2-2. Negative 

controls were performed without the virus. 48 hpi and 72 hpi, 50 µl of supernatant was 

added to a new 96-well white-walled cell culture plate with the addition of 50 µl of 
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CytoTox 96® Reagent (Promega) in each well. The plate was incubated in the dark at room 

temperature for 30 min. After 30 min incubation, 50 µl of Stop Solution (Promega) was 

added to each well and the optical density was measured at 490 nm using a microplate 

reader (ELx800; BioTek). Each assay was repeated three times and the data was analyzed 

using Microsoft Excel and graphed on Prism 7.  

 Investigating the effect of ER-AGIs on ZIKV replication 

ZIKV yield reduction following treatment with the ER a-glucosidase inhibitors was 

assessed by measuring NS1 gene by relative quantitative reverse transcription PCR (qRT-

PCR) assay and infectious virus titration in Vero cells and CHME-3 cells. 

2.7.1 Quantification of viral RNA 

Vero and CHME-3 cells were infected with PRVABC59 ZIKV either at a MOI of 

0.5 or 5 in infection medium. After 2 h of pre-incubation with the virus, medium from cells 

was removed, cells were washed with PBS and fresh infection medium containing 1 µM 

of castanospermine, Celgosivir, DNJ or NN-DNJ was added to the wells. At 48 hpi, culture 

supernatants were harvested and used for measuring virus yield. Three biological replicates 

were maintained at each time point along with corresponding water or DMSO vehicle 

controls. Each experiment was repeated three times and the data was analyzed and graphed 

using Prism 7. 

2.7.1.1 Viral RNA extraction and isolation 

Viral RNA was extracted using the MagMAXä Express Viral RNA Isolation kit 

using a MagMAXä Express-96 (Applied Biosystems (ABI), Foster City, CA) equipped 



 

 28 

with a Deep Well Magnetic Head. According to the manufacturer’s protocol, first, 20 µl of 

Bead Mix was added to the processing plate followed by the addition of 50 µl of sample. 

Then 130 µl of Lysis/Binding solution was added to the Sample/Bead Mix in the processing 

plate. In this automated process, paramagnetic beads bound nucleic acids while other 

contaminants were washed away with Wash Solution 1. The beads were then washed again 

with Wash Solution 2 to remove any residual binding solution. Finally, nucleic acids were 

eluted in 50 µl of elution buffer.  

2.7.1.2 qRT-PCR analysis 

The amount of ZIKV NS1 was measured by qRT-PCR using SuperScript® III One-

Step RT-PCR System with Platinum® Taq DNA Polymerase on an ABI 7500 Fast 

machine (ABI) as previously described by Goebel et. al (60). The primers and probes were 

provided by Integrated Device Technology (IDT, San Jose, CA) and are shown in Table 2-

4. The qRT-PCR cycling condition included an initial cDNA synthesis for 30 min at 50 ºC, 

followed by 2 min at 95 ºC and 45 cycles of 2-step cycling at 95 ºC for 15 s, then 55 ºC for 

30 s and this program is shown in Table 2-5. The cell culture supernatant from infected 

cells was subjected to one-step qRT-PCR assay to detect the ZIKV NS1 gene. The data 

was measured as relative equivalent units (REU) against a 10-fold dilution series of RNA 

purified from 107 TCID50 of ZIKV PRVABC59. A standard curve was plotted using ABI 

7500 software and the standard curve was used to calculate the REU viral RNA of test 

samples. The standard curve is shown in Figure 2-3. 
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Table 2-4 Primers for Zika virus gene NS1 

Genes Primer/Probe Sequence (5’-3’) Reference 
IBH 

30656 
NS1 

Forward ATATCGGACATGGCTTCGGA (60) 
Reverse GTTCTTTTACAGACATATTGAGTGTC 
Probe FAM 

−TGCCCAACA/ZEN/CAAGGTGAAGCCTACCT-
BHQ 

 
Table 2-5 Program for Taq-based qRT-PCR 

Step cDNA synthesis  Cycle (45 cycles) 
  Denature Anneal/Extend 

Temperature (°C) 50 °C 95 °C 95 °C 55 °C 
Time 30 minutes 2 minutes 15 

seconds 
30 seconds 

 

Figure 2-3 Standard curve for the calculation of REU Viral RNA from threshold cycle (Ct) values 

Standard curve with slope of -3.624 and efficiency of 88.786% showing linear relation (R2=0.994) 
between 10-fold dilution series of RNA purified from 107 TCID50 of ZIKV PRVABC59 and Ct value of 
RT-PCR assay, indicating TCID50 quantity (values on X axis) can be accurately predicted using average 
Ct values (values on Y axis) 
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2.7.2 Infectious virus quantification by TCID50 

To determine amount of infectious virus, supernatants were titrated using Vero cell 

infection. Vero cells were seeded in a 96-well plate (Denville Scientific Inc.) and grown to 

be 100% confluent. Cells were washed with PBS before addition of 146 µl of supernatant 

in sextuplicate in column 1. This was followed by serially diluting 46 µl of the supernatant 

across the 96-well plate to create half-log dilutions. Tips were changed after each dilution. 

Following the final dilution, 46 µl was removed from column 12 and transferred to the 

waste container. The plate was cultured at 37 °C and was observed for cytopathic effect 

for 3-4 days. Titer was expressed as TCID50/ml calculated using the Reed-Muench method 

(58).  

 Quantification of antiviral gene response 

Human microglial cells, CHME-3 cells were used to study cellular antiviral gene 

expression. The cells were grown in 6-well plates and pre-incubated with PRVABC59 at a 

MOI of 1 for 2 h. After 2 h of pre-incubation with the virus, medium from cells was 

removed, cells were washed with PBS and fresh infection medium containing 1 µM of 

Celgosivir was added. The cells were then incubated for 24 h, 48 h and 72 h. Three 

biological replicates were maintained at each time point along with three corresponding 

uninfected-untreated controls, three infected-only controls and three compound treated-

only controls.  
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2.8.1 Total RNA extraction  

Total RNA was extracted from cells using the RNeasy Plus Minikit (Qiagen, 

Germantown, MD) according to the manufacturer’s protocol. Cells were lysed with RLT 

buffer with b-mercaptoethanol after complete removal of the media and the lysates were 

homogenized by QIAshredder (Qiagen) and centrifuged for 2 min at 8000 g. The flow-

through was transferred to a gDNA eliminator spin column placed in a 2 ml collection tube 

and centrifuged for 30 s at 8000 g. A volume of 70% ethanol was added to the flow-through 

and mixed well by pipetting. The mixture was then transferred to a RNeasy spin column 

placed in a 2 ml collection tube and centrifuged for 15 s at 8000 g. The flow through was 

discarded and 500 µl of RPE buffer was added to the RNeasy spin column and centrifuged 

for 2 min at 8000 g. After discarding the flow through, the spin column was placed in a 

new collection tube and centrifuged for 1 min at 8000 g. The spin column was placed in a 

1.5 ml Eppendorf tube and 20 µl of RNase-free water was added directly onto the column. 

Ultimately, to elute RNA, the spin column was centrifuged for 1 min at 8000 g. The total 

RNA concentration was determined by NanoDrop Lite spectrophotometer (Thermo 

Scientific, Waltham, MA), according to the manufacturer’s protocol. 

2.8.2 Conversion of total RNA to cDNA 

cDNA was synthesized from 1 µg of total RNA using 4 µl of qScript cDNA 

SuperMix (5x) (QuantaBio, Beverly, MA). qScript cDNA SuperMix contains reaction 

buffer with MgCl2, dNTPs, ribonuclease inhibitor protein (RIP), qScript reverse 

transcriptase and titrated concentrations of random hexamer and oligo(dT) primers.  

Volumes of RNA template and RNase-free water varied depending on each sample’s total 
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RNA concentration with each reaction system subsequently totaling 20 µl. The reaction 

was incubated at 25 ºC for 5 min, followed by incubation at 42 ºC for 30 min in the Veriti 

96-well thermal cycler (ABI). The reaction was terminated by heating at 85 ºC for 5 min 

and was held at 4 ºC at the end of the run. The program for total RNA to cDNA conversion 

is shown in Table 2-6. Each synthesized cDNA sample was then diluted 1:25 in 

RNase/DNase free water for real-time PCR analysis.  

Table 2-6 Program for Thermal Cycler PCR reaction for RNA to cDNA conversion 

Step 
Temperature (°C) 25 °C 42 °C 85 °C 4 °C 

Time 5 minutes 30 minutes 5 minutes Hold 
 

2.8.3 qPCR analysis of relative gene expression 

qPCR was performed based on SYBR chemistry using the ABI 7500 Fast real-time PCR 

system (ABI). Reaction components and qPCR program are shown in Table 2-7 and 2-8, 

respectively. For normalization, HPRT1 was chosen as the house-keeping gene. qRT-

PCR data was normalized using a relative standard curve method using HPRT1 as a 

house keeping gene as previously described (61). Serial dilutions of a pooled cDNA 

sample (combination of virus and mock infected samples and Celgosivir-treated and 

untreated samples) were used to plot a standard curve. Using the slope of the standard 

curve, raw Ct values were converted to relative quantities using the equation obtained 

from the standard curve which are then normalized to HPRT1 values by taking the ratio 

of treated samples to control samples. Human gene primers are shown in Table 2-9. 
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2.8.4 House-keeping gene selection 

Several house-keeping genes including GAPDH, HMBS, HPRT1 and 18s rRNA 

were evaluated for their suitability for qPCR normalization in human microglial CHME-3 

cell lines infected with ZIKV strain, PRVABC59 and Celgosivir treatment. The least 

variant gene among these genes tested was found to be HPRT1.  

 Data analysis 

Prism 7 (GraphPad) was used to generate graphs and perform statistical analysis. 

A one-tailed Welch’s T-test was used to compare treated and untreated samples within a 

group, with a=0.05.  

Table 2-7 SYBR-green real-time PCR reaction components 

SYBR-green chemistry  
Components Volume used per reaction (µl) 

Nuclease-free water 6.5 
Reaction mix 12.5 

Forward Primer (10 µM) 0.5 
Reverse Primer (10 µM) 0.5 

Template cDNA (1:25 dilution) 5 
Total volume 25 

 
Table 2-8 Program for SYBR-based qPCR 

Step Hold Cycle (40 cycles) 
 Denature Anneal/Extend 

Temperature (°C) 95 °C 95 °C 60 °C 
Time 10 minutes 15 seconds 60 seconds 
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Table 2-9 Primers for human genes 

Human genes Primers Sequence (5’-3’) Reference 
Human 

GAPDH 
Forward GCAAATTTCCATGGCACCGT (62) 
Reverse GCCCCACTTGATTTTGGAGG 

Human HMBS Forward CTGTTTACCAAGGAGCTGGAAC (63) 
Reverse TGAAGCCAGGAGGAAGCA 

Human 
HPRT1 

Forward GACCAGTCAACAGGGGACAT (63) 
Reverse CCTGACCAAGGAAAGCAAAG 

Swine 18s 
rRNA 

Forward GTAACCCGTTGAACCCCATT (64) 
Reverse CCATCCAATCGGTAGTAGCG 

Human IFNb Forward ACCTCCGAAACTGAAGATCTCCTA (65) 
Reverse TGCTGGTTGAAGAATGCTTGA 

Human IRF7 Forward CCCCATCTTCGACTTCAGAG (66) 
Reverse AAGGAAGCACTCGATGTCGT 

Human RIG-I Forward GCCATTACACTGTGCTTGGAGA (67) 
Reverse CCAGTTGCAATATCCTCCACCA 

Human MDA5 Forward GGCACCATGGGAAGTGATT (68) 
Reverse TTTGGTAAGGCCTGAGCTG 

Human MX-1 Forward CCAGCTGCTGCATCCCACCC (69) 
Reverse AGGGGCGCACCTTCTCCTCA 

Human ISG15 Forward AGCTGAAGGCGCAGATCACCC (70) 
Reverse GCGCAGATTCATGAACACGGTGC 
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Chapter 3 
Results 

 Evaluation of ER-AGI cytotoxicity in Vero cells or CHME-3 cells  

A total of four iminosugars namely, castanospermine, Celgosivir, DNJ and NN-

DNJ were tested for cytotoxicity in Vero and CHME-3 cells at concentrations ranging from 

0.01 µM to 1000 µM by a previously described high-throughput drug screening assay (59). 

Cytotoxicity of the compounds was first explored to ensure that no cytotoxicity was 

induced in either cell line. If cytotoxicity was seen at low concentrations, we would not be 

able to proceed with further studies looking into ER-AGI efficacy against ZIKV infection. 

Secondly, the cytotoxicity screen was used to determine the range of concentrations to use 

for further efficacy studies. There was no reduction in absorbance in compound-treated 

cells in comparison to vehicle controls. No decrease in cell viability in iminosugar-treated 

cells in comparison to vehicle-treated cells showed that castanospermine, Celgosivir, DNJ 

and NN-DNJ did not induce cytotoxicity in Vero (Fig. 3-1A) or CHME-3 cells (Fig. 3-1B) 

at concentrations ranging from 0.01 µM to 100 µM.  At 1000 µM concentrations of 

castanospermine, Celgosivir and DNJ, absorbance levels were below water vehicle-treated 

cells indicating that there was some cytotoxicity. However, more severe cytotoxicity was 

noted at 1000 µM of NN-DNJ in both Vero and CHME-3 cells as evidenced by a notably 

low absorbance value in comparison to vehicle treated samples.  
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Figure 3-1 Cytotoxicity of iminosugars in Vero cells and CHME-3 cells 

A) Cytotoxicity in Vero cells and B) CHME-3 cells. Cells were treated with castanospermine, Celgosivir, 
DNJ and NN-DNJ in concentrations ranging from 0.01 µM to 1000 µM and quantified by MTS assay at 
72 hours post treatment. No cytotoxicity was found in cells treated with compounds in concentrations 
ranging from 0.01 µM to 100 µM in comparison to vehicle controls. Moderate toxicity was seen in cells 
treated with 1000 µM of castanospermine, Celgosivir and DNJ. More severe cytotoxicity was seen in cells 
treated with 1000 µM of NN-DNJ. Absorbance was measured at 490 nm. Data represents mean absorbance 
of four biological replicates. Error bar = SD 
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 Effects of ER-AGI treatment on virus replication 

To evaluate the ability of ER-AGIs to inhibit ZIKV replication, we compared viral 

RNA and infectious virus in culture supernatants of PRVABC59 infected Vero and 

CHME-3 cells at 48 hpi. Based off previous research we would expect to see a reduction 

in viral RNA and infectious virus titers upon the addition of ER-AGIs due to the fact that 

ER-AGIs are blocking the proper folding and maturation of viral glycoproteins which 

contain functions critical to ZIKV replication cycle. Significant reduction (p<0.05) ZIKV 

RNA were seen in supernatants of Vero cells treated with 1 µM of castanospermine (Fig. 

3-2A), Celgosivir (Fig. 3-3A) and DNJ (Fig. 3-4A) in comparison to vehicle controls. 

Similar reductions in viral RNA were seen between cells infected at a MOI of 0.5 as well 

as a MOI of 5. While a similar significant reduction of viral RNA was also observed in 

CHME-3 cells infected at MOI of 0.5 (Fig. 3-2C, 3-3C, and 3-4C), the reduction in viral 

RNA was not significant between castanospermine treated and control cells infected at 

MOI of 5.0 (Fig. 3-2C).  

Upon quantification of infectious ZIKV particles by TCID50 method, 

castanospermine, Celgosivir and DNJ were able to reduce infectious ZIKV particles by a 

half-log to log in both Vero and CHME-3 cells in comparison to vehicle controls (Fig. 3-

2B and D, 3-3B and D, 3-4B and D). The reduction in infectious virus particles was not 

significant between castanospermine-treated CHME-3 cells and control cells infected at 

MOI of 0.5 (3-2D). No significant reductions in viral RNA and infectious virus particles 

was seen in Vero cells treated with NN-DNJ (3-5A and 3-5B). In CHME-3 cells with NN-
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DNJ treatment, a significant reduction of viral RNA (3-5C) but not infectious virus 

particles (3-5D) was observed.  

Figure 3-2 Quantification of ZIKV NS1 gene and infectious virus titers in cell culture 
supernatants of Vero and CHME-3 cells after PRVABC59 infection and Castanospermine 
treatment. 

 
A) Vero cells and C) CHME-3 cells infected with PRVABC59 at MOI of 0.5 or 5 with and without 
1 µM castanospermine treatment were harvested at 48 hpi and relative equivalent units (REU) viral 
RNA levels were determined by real-time PCR quantitation of ZIKV NS1 gene in culture 
supernatants of African green monkey kidney Vero cells and human microglial CHME-3 cells. 
Data are representative of one of three independent experiments and values are expressed as means 
of three biological replicates. Error bar = SD. 
 

Infectious ZIKV titration in supernatant of B) Vero cells and D) CHME-3 cells infected with 
PRVABC59 at MOI of 0.5 or 5 with or without 1 µM castanospermine treatment at 48 hpi was 
determined by TCID50 assay method. Data shown were means of three biological replicates, Error 
bar = SD * p< 0.05, ** p<0.01, *** p<0.001 
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Figure 3-3 Quantification of ZIKV NS1 gene and infectious virus titers in cell culture 
supernatants of Vero and CHME-3 cells after PRVABC59 infection and Celgosivir 
treatment. 

 
A) Vero cells and C) CHME-3 cells infected with PRVABC59 at MOI of 0.5 or 5 with and without 
1 µM Celgosivir treatment were harvested at 48 hpi and relative equivalent units (REU) viral RNA 
levels were determined by real-time PCR quantitation of ZIKV NS1 gene in culture supernatants 
of African green monkey kidney Vero cells and human microglial CHME-3 cells. Data are 
representative of one of three independent experiments and values are expressed as means of three 
biological replicates. Error bar = SD. 
 

Infectious ZIKV titration in supernatant of B) Vero cells and D) CHME-3 cells infected with 
PRVABC59 at MOI of 0.5 or 5 with or without 1 µM Celgosivir treatment at 48 hpi was determined 
by TCID50 assay method. Data shown were means of three biological replicates, Error bar = SD * 
p< 0.05, ** p<0.01, *** p<0.001 
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Figure 3-4 Quantification of ZIKV NS1 gene and infectious virus titers in cell culture 
supernatants of Vero and CHME-3 cells after PRVABC59 infection and Deoxynojirimycin 
(DNJ) treatment. 

 
A) Vero cells and C) CHME-3 cells infected with PRVABC59 at MOI of 0.5 or 5 with and without 
1 µM DNJ treatment were harvested at 48 hpi and relative equivalent units (REU) viral RNA levels 
were determined by real-time PCR quantitation of ZIKV NS1 gene in culture supernatants of 
African green monkey kidney Vero cells and human microglial CHME-3 cells. Data are 
representative of one of three independent experiments and values are expressed as means of three 
biological replicates. Error bar = SD. 
 

Infectious ZIKV titration in supernatant of B) Vero cells and D) CHME-3 cells infected with 
PRVABC59 at MOI of 0.5 or 5 with or without 1 µM DNJ treatment at 48 hpi was determined by 
TCID50 assay method. Data shown were means of three biological replicates, Error bar = SD * p< 
0.05, ** p<0.01, *** p<0.001 
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Figure 3-5 Quantification of ZIKV NS1 gene and infectious virus titers in cell culture 
supernatants of Vero and CHME-3 cells after PRVABC59 infection and N-Nonyl 
Deoxynojirimycin (NN-DNJ) treatment.  

 
A) Vero cells and C) CHME-3 cells infected with PRVABC59 at MOI of 0.5 or 5 with and without 
1 µM NN-DNJ treatment were harvested at 48 hpi and relative equivalent units (REU) viral RNA 
levels were determined by real-time PCR quantitation of ZIKV NS1 gene in culture supernatants 
of African green monkey kidney Vero cells and human microglial CHME-3 cells. Data are 
representative of one of three independent experiments and values are expressed as means of three 
biological replicates. Error bar = SD. 

Infectious ZIKV titration in supernatant of B) Vero cells and D) CHME-3 cells infected with 
PRVABC59 at MOI of 0.5 or 5 with or without 1 µM NN-DNJ treatment at 48 hpi was determined 
by TCID50 assay method. Data shown were means of three biological replicates, Error bar = SD * 
p< 0.05, ** p<0.01, *** p<0.001 
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 Regulation of human cell antiviral gene expression upon ZIKV infection 

Virus infection of most cells results in an upregulation of antiviral gene expression. 

Hence, we first investigated the effect of ZIKV infection on the antiviral gene response in 

human microglial cells, CHME-3 cells were infected with PRVABC59 at MOI of 1 and 

expression levels of antiviral genes namely MDA5, RIGI, MX1, IRF7, IFNb and ISG15 

were quantified by qPCR in virus and mock infected cells at 24, 48 and 72 hpi. All of the 

genes were significantly upregulated (p<0.05) at 48 and 72 hpi. No significant difference 

was observed between virus and mock infected cells at 24 hpi. The difference between 

PRVABC59-infected and mock-infected cells was most clear with IFNb at 72 hpi (Fig. 3-

6E), RIGI at 48 hpi (Fig. 3-6B) and MX1 at 72 hpi (Fig. 3-6C). Of all the genes studied 

only RIGI was reduced in both PRVABC559 and mock-infected at 72 hpi (Fig. 3-6C).  
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Figure 3-6 Human CHME-3 cell antiviral gene expression profiles upon PRVABC59 

infection.  

Relative mRNA expression profiles of A) MDA5, B) RIGI, C) MX1, D) IRF7, E) IFN, F) ISG15 
at 24 hpi, 48 hpi and 72 hpi. Antiviral gene levels are increased in comparison to mock samples, 
most notably at 72 hours post infection, with the exception of RIGI. This data is derived from 
triplicate RNA samples and the data points are the ratio between ZIKV-infected to mock-infected 
samples normalized to HPRT1 gene expression with error bars showing standard deviation. * p< 
0.05, ** p<0.01, *** p<0.001 
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 Effects of ER-AGIs on human cell antiviral gene expression following ZIKV 

infection 

Several phytochemicals and other antiviral compounds have been known to cause 

immunomodulatory as well as antiviral effects in vitro. For example, resveratrol potently 

inhibited both NF-κB activation and NF-κB-dependent gene expression (71, 72). ER-

AGIs are known to reduce virus replication by inhibiting viral glycoprotein maturation and 

not by altering the cellular antiviral response. To further ensure that the immune gene 

regulation of ER-AGI-treated cells was not altered, the effect of ER-AGIs on infected and 

uninfected CHME-3 cells was observed. If ER-AGIs were in fact altering the cellular 

antiviral response, we would expect to see a difference in relative mRNA expression of 

key antiviral genes in cells that were treated with ER-AGIs in comparison to those that 

were not.  Untreated PRVABC59-infected CHME-3 cells were compared to Celgosivir-

treated, PRVABC59-infected cells and no difference was found in relative mRNA levels 

between the two groups (Fig. 3-7). As seen previously in Figure 3-6, mRNA levels of 

antiviral genes increased from 24 hpi to 72 hpi in both groups in response to ZIKV 

infection. As shown in Figure 3-6B, RIGI did not follow this trend and had decreased 

relative mRNA levels at 72 hpi (Fig. 3-7B) as seen in Fig. 3-6B. The effect of ER-AGIs on 

uninfected CHME-3 cells treated with and without 1 µM of Celgosivir was investigated 

(Fig. 3-8). Following previous trends, ER-AGIs do not have an effect on human antiviral 
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gene expression, even at basal levels. Relative mRNA levels were low due to the fact that 

cells were not infected with Zika virus.  

Figure 3-7 Human CHME-3 cell antiviral gene expression profiles following PRVABC59 
and Celgosivir treatment. 

Relative mRNA expression profiles of A) MDA5, B) RIGI, C) MX1 D) IRF7, E) IFNβ and F) 
ISG15 at 24 hpt, 48 hpt and 72 hpt. Cellular antiviral gene levels did not differ between 
PRVABC59-infected Celgosivir-untreated or treated samples. This data is derived from triplicate 
RNA samples and the data points are the ratio between ZIKV-infected and Celgosivir treated 
samples to ZIKV-infected untreated samples normalized to HPRT1 gene expression with error bars 
showing standard deviation. * p< 0.05, ** p<0.01, *** p<0.001 
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Figure 3-8 Human CHME-3 cell antiviral gene expression profiles following Celgosivir 
treatment. 

Relative mRNA expression profiles of A) MDA5, B) RIGI, C) MX1, D) IRF7, E) IFN and F) 
ISG15 at 24 hpt, 48 hpt and 72 hpt. Cellular antiviral gene levels did not differ between Celgosivir-
untreated or treated samples. This data is derived from triplicate RNA samples and the data points 
are the ratio between Celgosivir-treated samples to untreated control samples normalized to HPRT1 
gene expression with error bars showing standard deviation. * p< 0.05, ** p<0.01, *** p<0.001 
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 ER-AGI treated cells show significantly less cytopathogenicity following ZIKV 

infection  

Iminosugars were further evaluated for ER-AGI activity against three ZIKV 

isolates in Vero cells, 1) PRVABC59, an Asian strain isolated from a human patient in 

Puerto Rico in 2015, 2) IBH30656, an African strain isolated from a human patient in 

Nigeria in 1968 and 3) MEX 2-81, an Asian strain isolated from an Aedes aegypti mosquito 

in Mexico in 2016. ZIKV replication induces cytopathic effect which can be examined 

under the microscope. Since it was established that ER-AGIs decreased virus replication 

in section 3.2, we subsequently wanted to see if the cytopathic effect was also decreased. 

All four ER-AGIs were similar in their ability to reduce cell death induced by all 

three ZIKV strains. Vero cells infected with PRVABC59, IBH30656 or MEX 2-81 showed 

50-55% cell death at 72 hpi. ER-AGIs ranging from 0.01 µM to 1000 µM were able to 

rescue the extent of cell death by 30-40% (Fig. 3-9A-D). These isolates represent strains 

isolated from 1968 to 2016 from different geographic locations, time periods, hosts and 

lineages, and results show that ER-AGIs similarly inhibit cell death induced by all three 

isolates. 

ER-AGI activity was further assessed against PRVABC59 in CHME-3 cells (Fig. 

3-10). 1-10 µM of each compound was the most effective in reducing ZIKV-induced cell 

death. Generally, PRVABC59-infected CHME-3 cells alone underwent 21-45% cell death. 

ER-AGIs were able to rescue the quantity of viable cells by approximately 40% as 

compared to untreated PRVABC59-infected CHME-3. DNJ was most efficacious in 

reducing PRVABC59-induced cell death in CHME-3 cells. DNJ in concentrations ranging 
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from 0.01 µM to 100 µM resulted in complete reduction of cell death at 72 hpi compared 

to untreated PRVABC59-infected CHME-3 cells (Fig. 3-10). 

  

Figure 3-9 Cell viability of ZIKV strain-infected Vero cells with iminosugar treatment 

Vero cell viability of A) castanospermine B) Celgosivir C) DNJ and D) NN-DNJ-treated or 
untreated cells infected with ZIKV strain PRVABC59, IBH30656 and MEX 2-81 measured by 
MTS assay at 72 hpi. ER-AGIs were similar in their ability to effectively rescue cell viability of 
Vero cells infected with either PRVABC59, IBH306556 or MEX 2-81. Uninfected vehicle controls 
were set at 100% viability. Absorbance was measured at 490 nm. Data represents mean percent 
viability of four biological replicates. 
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Figure 3-10 Cell Viability of PRVABC59-infected CHME-3 cells with iminosugar 
treatment. 

CHME-3 cell viability of castanospermine, Celgosivir, DNJ and NN-DNJ-treated or untreated cells 
infected with ZIKV strain PRVABC59, measured by MTS assay at 72 hpi. ER-AGIs were similar 
in their ability to effectively rescue cell viability of CHME-3 cells infected with PRVABC59. 1000 
µM of NN-DNJ did not rescue ZIKV-infected CHME-3 cells. Uninfected vehicle controls were set 
at 100% viability. Absorbance was measured at 490 nm. Data represents mean percent viability of 
four biological replicates. 
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 ER-AGIs do not alter levels of activated caspase 3/7 

ZIKV has been shown to induce apoptosis in different sets of cells, such as fetal neural 

progenitor cells (NPC), Cranial Neuro Crest cells, peripheral neurons, dendritic cells and 

microglia (73-79). The association between ZIKV infection and neuropathologies in 

humans is well established. To understand the underlying effects of ER-AGIs on ZIKV 

cytopathogenicity, an activated caspase 3/7 assay was used to study apoptosis, programmed 

cell death. CHME-3 infection with strain PRVABC59 at MOI 1 substantially increased 

activated caspase 3 and caspase 7 levels at 48 and 72 hpi. Celgosivir and DNJ were chosen 

as the representative ER-AGIs of the bicyclic and monocyclic iminosugar groups, 

respectively. Both ER-AGIs did not significantly reduce levels of activated caspase 3/7 in 

comparison to untreated CHME-3 cells infected with PRVABC59 at both 48 hpi and 72 

hpi (Fig. 3-11A and B and 3-11C and D). At both 48 hpi and 72 hpi, 1000 µM of Celgosivir 

and DNJ slightly decreased activated caspase 3/7 levels but not significantly (p > 0.05).  
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Figure 3-11 Measurement of activated caspase 3/7 in CHME-3 cells following PRVABC59 
infection and ER-AGI treatment. 

ER-AGIs in concentrations ranging from 0.01 µM to 1000 µM did not reduce activated caspase 3/7 
levels after PRVABC59 infection at a MOI of 1 at 48 or 72 hours post infection. Luminescence of 
CHME-3 cells treated with A) Celgosivir 48 hpi, B) DNJ 48 hpi, C) Celgosivir 72 hpi and D) DNJ 
72 hpi. Luminescence of each sample was measured using a microplate luminometer. Data 
represents mean luminescence of four biological replicates with error bars showing standard 
deviation. 
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 ER-AGIs reduce lactate dehydrogenase levels 72 hours post infection 

ZIKV has been shown to cause necrosis in human brain microvascular endothelial cells 

(HMBECs), especially at 48, 72 and 96 hpi (80). Additionally, histopathological changes 

such as necrosis have been seen in congenitally ZIKV-infected newborn brains (81).  

Therefore, the effect of ER-AGIs on cytopathogenicity was further characterized by a 

lactate dehydrogenase (LDH) activity assay to detect necrosis. CHME-3 cells were infected 

at a MOI of 1 with PRVABC59 and treated with either 1 µM of Celgosivir and DNJ. 

CHME-3 infection with strain PRVABC59 alone substantially increased LDH levels at 48 

and 72 hpi. 48 h post infection both ER-AGIs tested did not reduce levels of LDH at any 

observed concentration (Fig. 3-12A and B). However, at 72 hpi DNJ reduced LDH levels 

by 0.1 absorbance units (Fig. 3-12D) and Celgosivir reduced LDH activity by 0.15 

absorbance units (Fig. 3-12C) in comparison to untreated CHME-3 cells infected with 

PRVABC59. Celgosivir treatment at 72 hpi significantly reduced LDH levels at all 

concentrations tested (3-12C). DNJ significantly reduced LDH at 72 hpi at 100 and 1000 

µM concentrations (p < 0.05) (Fig. 3-12D).  
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Figure 3-12 Measurement of lactate dehydrogenase in CHME-3 cells following PRVABC59 
infection and ER-AGI treatment. 

ER-AGIs in concentrations ranging from 0.01 µM to 1000 µM did not reduce activated LDH levels 
after PRVABC59 infection at a MOI of 1 at A) and C) 48 hpi. However, at B) 72 hpi Celgosivir 
showed a higher reduction in LDH levels than D) DNJ after PRVABC59 infection. Absorbance 
was measured at 490 nm. Data represents mean absorbance of four biological replicates with error 
bars showing standard deviation. * p< 0.05, ** p<0.01, *** p<0.001 
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Chapter 4 
Discussion and Conclusions 

 

Although Zika virus (ZIKV) continues to spread throughout the world and 

continues to be a major health concern worldwide, no specific interventions are currently 

available except for supportive care such as antipyretics and analgesics. No vaccines or 

antivirals to prevent devastating neurological syndromes such as meningoencephalitis and 

microcephaly exist (9). Hence, there is an urgent need to investigate and evaluate novel 

antiviral therapies for ZIKV infection. In this study, we selected four iminosugars with ER 

a-glucosidase inhibitor (ER-AGI) activity with different chemical structures to investigate 

their ability to inhibit ZIKV replication in Vero and human microglial CHME-3 cells.  

The results of this study are consistent with other published data showing the 

potential of ER-AGIs as potent antivirals not only against flaviviruses but other enveloped 

viruses such as HIV, EBOV, MARV, IAV, HBV, HCV, JEV, WNV, DENV, BVDV, VSV, 

CMV, Sindbis virus, HSV and ZIKV (50, 52, 55-57, 82-88). Flaviviruses are extremely 

reliant on ER alpha-glucosidases I and II for N-linked oligosaccharide trimming of their 

glycoproteins which allow for subsequent interactions with ER chaperones calnexin and 

calreticulin.  ER alpha-glucosidase I removes the terminal a(1,2)-linked glucose from 

Glc3Man9GlcNAc2, and a-glucosidase II removes the second and third glucose before 

further processing to become a mature virion (89). These enzymes were shown to be 

important for virus replication when ER alpha-glucosidases I and II knockouts were 

generated in Huh7.5 cells. ER alpha-glucosidases I and II knockouts had significantly less 

virus replication of DENV, YFV and ZIKV in comparison to wildtype Huh 7.5 cells which 
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further confirm ER alpha-glucosidases I and II enzymes as antiviral targets for these three 

flaviviruses (52). 

We observed that three out of four iminosugars inhibit virus replication in both 

Vero and CHME-3 cells when infected at a MOI of 0.5 and 5 (Fig. 3-2, 3-3 and 3-4). This 

is in concordance with other studies that showed that ER-AGIs inhibit replication of several 

enveloped viruses such as hepatitis C virus, dengue virus (DENV), human 

immunodeficiency virus (HIV), influenza A virus, cytomegalovirus  and bovine viral 

diarrhea virus  (51).  

Preliminary research of ER-AGIs on ZIKV infection have shown that IHVR-

19029, a leading iminosugar inhibited ZIKV replication shown by a decrease in ZIKV 

RNA in comparison to untreated cells. The EC50 of IHVR-19029 was 30 µM in ZIKV-

infected HEK293 cells. Cytotoxicity of IHVR-19029 was assessed and showed a CC50 

greater than 100 µM (52). These results were similar to our study in which cytotoxicity 

was not seen up to 100 µM for three of the ER-AGIs tested: castanospermine, Celgosivir 

and DNJ. Additionally, cytotoxicity was only seen at 1000 µM of NN-DNJ. 

ER-AGIs are known to interfere with viral protein synthesis as well as maturation 

of viral particles (56). While this study did not investigate the mechanism underlying the 

ability of ER-AGIs to inhibit ZIKV replication, the data is in accordance with the earlier 

studies. Our results suggest that ER-AGIs act by reducing secretion of infectious virus 

particles or by secreting particles that are less infectious. We found that ER-AGI treatment 

resulted in reduced viral RNA and infectious virus in cell culture supernatant compared 

with control cells suggesting there is less virus particles produced by ER-AGI treated cells 
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suggesting impaired virus replication. Notably, the reduction in infectious virus titer is 

much greater than reduction in viral RNA. This observation suggests that there are also 

defective particles which would indicate inefficient virus maturation in ER-AGI treated 

cells. It was proposed that viral RNA measured by qRT-PCR that is not accounted for by 

infectious virus particles, represents viral RNA encapsulated in non-infectious virions (90). 

The only ER-AGI tested that did not follow this observation was NN-DNJ shown in Figure 

3-5. The results of the high-throughput MTS assay show that NN-DNJ increases the cell 

viability of ZIKV-infected cells from 0.01 to 100 µM at 72 hpi when significant cell death 

is seen (Figure 3-9D). However, the virus replication analysis done at 48 hpi show no 

significant reduction in viral RNA or infectious titers in Vero cells (Figure 3-5A and 3-

5B). While the exact reasons for the discrepancy is not known, a potential possibility is 

that the concentration of the compound used and the duration of treatment may have 

contributed to this effect. The MTS assay measured cell death at 72 hr with multiple 

concentrations whereas the virus replication was assessed at 48hrs with a 1 µM 

concentration of NN-DNJ. Hence, it is possible that the reduction in virus replication could 

be seen much later i.e., at 72h or it may need higher concentration than 1 µM of NN-DNJ 

to see a difference at 48h. This would allow us to assess if the MTS screening is a true 

reflection of the antiviral activity of these compounds. Notably, there was a significant 

reduction of viral RNA at 48hr with 1 µM concentration of NN-DNJ in CHME-3 cells 

(Figure 3-5C). This highlights that there could be compound specific and cell type specific 

difference in the efficacy of ER-AGI. Therefore it is important to consider and test various 

concentrations and timepoints for each compound to determine its individual efficacy.  
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It is well-known that infection of cells with ZIKV induces upregulation of antiviral 

genes (91). Our study results also showed that ZIKV infection results in upregulation of 

key antiviral factors. These antiviral genes include interferon regulatory factor (IRF7), 

pattern recognition receptors RIGI and MDA5, interferon-simulated genes namely MX-1 

and ISG15 and Type I IFN, IFNb.  

We further studied the effect of ER-AGIs on the human microglial cell antiviral 

response upon ZIKV infection and saw that they have no effect on antiviral gene expression 

when comparing Celgosivir-treated ZIKV-infected CHME-3 cells to untreated ZIKV-

infected cells (Fig. 3-7). The effect of ER-AGIs on uninfected CHME3 cells was also 

studied. We saw that ER-AGIs do not affect basal expression of antiviral genes (Fig. 3-8). 

This further confirms the established idea that ER-AGIs antiviral activity is due to their 

inhibition of a-glucosidase enzymes at the endoplasmic reticulum and excludes the idea 

that they act by regulating antiviral gene expression.  

ZIKV infection is characterized by damaging neurological syndromes such as Guillain-

Barre syndrome and microcephaly which are multifactorial disease that still need to be 

studied in depth. It has been widely demonstrated that ZIKV leads to high levels of 

neuronal cell death (92, 93). This study has also examined the effect of ER-AGIs on ZIKV 

cytopathogenicity.  

Our preliminary high-throughput screen allowed us to study both cytotoxicity and 

antiviral activity of compounds efficiently. In a previous study, monocyte-derived 

macrophages (MDMΦ) did not experience cytotoxicity up to 10000 µM for DNJ and 31.6 

µM for NN-DNJ. Additionally, comparison of celgosivir and NN-DNJ showed similar 
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antiviral activity (90). These results were similar to our study in which three compounds, 

castanospermine, Celgosivir and DNJ did not induce cytotoxicity up to 100 µM. More 

moderate cytotoxicity was seen in cells treated with 1000 µM of each compound as 

assessed by MTS assay. Treatment of cells with 1000 µM of NN-DNJ showed severe 

toxicity. After determining that ER-AGIs did not induce cytotoxicity at clinically relevant 

concentrations, our general cytopathogenicity MTS assay showed that ER-AGIs were able 

to reverse the decrease in metabolic activity and percentage of viable Vero and CHME-3 

cells that was caused by ZIKV infection.  

Earlier studies have shown that ER-AGIs are able to inhibit replication of DENV 

regardless of serotype. For example, Rathore et. al. showed that Celgosivir had similar 

EC50 values ranging from 0.22 µM to 0.65 µM against all DENV serotypes (DENV 1-4) 

(94). Additionally, castanospermine was able to inhibit viral spread and virion secretion by 

all four serotypes of DENV (95). Since there is only one subtype of ZIKV, we hypothesized 

that ER-AGIs would cause similar antiviral effects against different ZIKV isolates. The 

results of this study were in strong support of our hypothesis as a decrease in 

cytopathogenicity was seen upon addition of castanospermine, Celgosivir and DNJ, 

regardless of the ZIKV strain used. We further investigated the effect of ER-AGIs on 

apoptosis and necrosis in CHME-3 cells following ZIKV infection.  

We found a significant increase in caspase 3/7 in ZIKV infected CHME-3 cells 

compared with mock infected cells at 48 hpi and 72 hpi indicating significant activation of 

apoptosis in virus infected cells. Our findings are in accordance with an earlier report that 

showed significant activation of caspases in neural progenitor cells at 24 hours after 
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infection with ZIKV (73).  Notably, there was no difference in the levels of caspase 3/7 

between Celgosivir and DNJ treated cells, and vehicle treated cells after ZIKV infection. 

This clearly indicated that ER-AGI treatment has no effect on cellular apoptotic pathways. 

A key pathogenicity factor in viral infection is necrosis of virus infected cells which 

leads to pro-inflammatory response due to the leakage of cellular contents.  Our data 

showed that ZIKV infection of CHME-3 cells results in substantial necrosis as evidenced 

by significantly elevated LDH levels which indicates that ZIKV infection of neuronal cells 

results in necrosis in vitro. In contrast to our findings, a previous study found that LDH 

levels in Neuro-2a murine cell lines infected with DENV2 at MOI of 1, are not significantly 

elevated until 96 hpi (96) indicating the differences in cytopathogenicity between DENV 

and ZIKV in neuronal cells. Further, we found that celgosivir is able to decrease necrosis 

induced by ZIKV at 72 hpi which could limit inflammatory responses in vivo and help limit 

the clinical disease associated with ZIKV infection. 

Of all four compounds studied, celgosivir is the most promising as evidenced by its 

ability to reduce viral RNA and infectious virus particles in both Vero and CHME-3 cells 

at both a MOI of 0.5 and 5 with no effect on cellular apoptosis and antiviral responses. 

Celgosivir is alkylated on its ring nitrogen which has been shown to be more effective as a 

chemical target than its parent compound or compounds that have no modification on their 

ring nitrogen (90). Recently, studies have begun to characterize the effect of Celgosivir for 

Dengue virus in humans and a recent study showed that Celgosivir was efficacious using 

a 50 mg/kg dose twice. Additionally, Celgosivir was recently assessed in human trials in 

which it was administered with an initial loading dose of 400 mg/kg followed by 200 mg/kg 
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twice daily orally. In contrast to the previous study, it was shown that Celgosivir failed to 

reduce viral load or fever burden in Dengue virus patients. Other studies have changed the 

dosing regimen to find an optimal strategy for ER-AGI antivirals in vivo. In a mouse model 

of antibody-enhanced DENV infection, viral RNA was significantly reduced in mice 

treated with 33.3 mg/kg/dose of Celgosivir. While untreated mice had 103 more viral RNA 

than Celgosivir treated mice, infectious virus production was not significantly decreased 

in celgosivir-treated mice (90). Other studies must look at Celgosivir efficacy in ZIKV 

infection and see if discerning dosing regimens will be an issue. However, the results of 

our study show that Celgosivir may be a promising ER-AGI to treat ZIKV. 

Thus far, we have shown here three ER-AGIs that are active against ZIKV in a dose-

dependent manner in vitro. These results are encouraging and are important as a starting 

point for further validation in vivo mouse model. In conclusion, the results of this study 

raise a possibility that ER-AGIs may be a promising therapeutic against ZIKV infections.  
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Conclusions 
The rapid geographic spread of ZIKV and the devastating neurological 

pathogenesis associated with epidemic strains, have made ZIKV an urgent global public 

health concern. The current lack of antiviral therapeutics and vaccination strategies makes 

research into novel antivirals a priority. This investigation is centered on exploring the 

ability of a class iminosugars to inhibit ZIKV replication. The data generated from this 

study show that ER-AGIs decrease ZIKV replication without affecting other key cellular 

functions namely antiviral response and apoptosis. ER-AGI treatment significantly reduced 

ZIKV cytopathogenicity in Vero and human microglial CHME-3 cells. All of these features 

strongly support the potential antiviral and therapeutic efficacy of three compounds against 

ZIKV and future in vivo studies are warranted. The project also validated the high-

throughput cell-based screening assay that could be reliably used to screen novel 

compound libraries for   anti-Zika viral activity.  
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