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Abstract
RSV is the primary causative agent of lower respiratory tract infections (RTIs) in premature
infants, children below the age of five, elderly and immunocompromised. Reinfections are
common and can give rise to chronic respiratory conditions such as asthma, wheezing and
bronchiolitis. The current therapy for RSV infections is limited to supportive care and specific
antivirals are only administrated for restricted cases such as high-risk infants or
immunocompromised patients. Development of drugs targeting host proteins essential for
completion of viral lifecycle holds potential as a viable strategy for antiviral therapy. Targeting a
host protein, instead of a viral protein, reduces the risk of viral resistance and may be effective
against a range of viruses that utilize the same host factor during different stages of their lifecycle.
Exportin 1 (XPO1; also known as CRM1) is the sole nuclear exporter for almost 200 proteins
involved in several pathways including cell cycle progression, ribogenesis, DNA repair,
inflammatory and apoptotic pathways. RSV Matrix (M) protein utilizes XPO1-mediated nuclear
export to initiate and coordinate viral assembly and budding in a time-dependent manner.
Inhibition of nuclear export using Leptomycin B (LMB), the prototypical XPO1 inhibitor, resulted
in reduced viral replication in vitro, providing proof of principle that inhibition of XPO1 function
reduces RSV replication. However, LMB is unsuitable for therapeutic administration.
The overall aim of this research was to characterize the efficacy of specific XPO1 inhibitors against
RSV and screen selected plant extracts for possible anti-RSV and anti-XPO1 activity. The efficacy
of reversible XPO1 inhibitors called Selective Inhibitors of Nuclear Export (SINE), namely KPT
335, KPT 185 and KPT 301, as antiviral agents against RSV was characterized. KPT 335, also
known as Verdinexor, was the most effective among the selected SINE compounds at reducing
RSV replication in vitro. Treatment with KPT 335 had the following effects: (1) low cytotoxicity
in A549 and Vero cells, (2) increased nuclear localization of XPO1 in treated cells, (3) reduced
amount of XPO1 was present in the treated cells; and (3) induced delayed cell cycle progression
within 24 hours of treatment. Treatment with KPT 335 significantly reduced RSV replication in a
dose- and time-dependent manner. RSV replication was markedly reduced at 48 hours post
infection regardless of duration of treatment with KPT 335. KPT 185 had similar effects on the
cells, however, it is unsuitable for therapeutic administration due to a high SI50 value and was
found to reduce RSV replication only on continuous treatment. KPT 301 had no antiviral efficacy
against RSV.
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Treatment with SINE compounds KPT 185 or KPT 335, but not KPT 301, resulted in selective,
transient inhibition of XPO1-mediated nuclear export. This led to increased nuclear accumulation
of M protein, slowed cell cycle progression and inhibited NFκβ-mediated proinflammatory
signalling. No change in viral filament morphology or number of viral inclusion bodies was
observed in infected cells treated with SINE compounds, suggesting viral replication, budding and
filament formation are not overly affected by SINE treatment. These results suggest treatment with
SINE compounds reduce RSV replication through a combined effect of reduced XPO1, disruption
of M nuclear export and delayed cell cycle progression.
The efficacy of selected naturally occurring XPO1 inhibitors against RSV was also characterized.
The cytotoxicity and antiviral efficacy of Valtrate, Acetoxychavicol acetate, Plumbagin,
Piperlongumine, Curcumin, 18-beta-glycrrhetinic acid and Thymoquinone, were determined.
Thymoquinone and Curcumin were effective against RSV at low doses and had low cytotoxicity
in A549 and Vero cells. Treatment with these compounds also lead to a limited nuclear retention
of nuclear export signal (NES)-carrying Rev protein. Treatment with Curcumin had a dose- and
time-dependent effect on RSV replication and caused cell cycle arrest in the G0/G1 phase in
infected cells.
In contrast to LMB, the reversible inhibition of XPO1 by SINE compounds caused limited/no
damage to the cells and effectively reduced RSV replication. Despite being a cytoplasmic virus
and M protein being the only known RSV protein to interact with XPO1, disruption of XPO1mediated nuclear export is a potentially effective therapeutic strategy against RSV. Treatment with
SINE compounds had a selective effect on XPO1 and on the downstream pathways regulated by
the transporter. In contrast the plant-derived XPO1 inhibitors are likely to have a broad range of
effects on more than one pathway, with XPO1 being one of their targets. This research provides a
pipeline of candidates for future drug development.
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CHAPTER 1:
Introduction

1

Introduction

1.1 Overview of RSV Disease and need for targeted therapy
1.1.1

Prevalence and Clinical Impact of RSV infections

Respiratory Syncytial Virus (RSV) is the primary causative agent of acute lower respiratory tract
infections (RTIs) in humans. The prime demographics of the human population prone to RSV
infections include premature infants, children below the age of five, followed by elderly and
immunocompromised patients (Falsey and Walsh, 2000, Walsh, 2017). The World Health
Organization (WHO) ranks RSV as the leading cause of death worldwide for children under the
age of 5, with approximately 33.8 million new cases being reported worldwide annually. 10% of
these resulted in hospital admissions and 0.2% in-hospital deaths in 2015 (Nair et al., 2010, Shi et
al., 2017, WHO, 2011).
RSV infections represent nearly 7% of all deaths in infants younger than one year of age.
Premature infants and infants <6 months of age are vulnerable to severe RSV disease (Scheltema
et al., 2017). RSV constituted 38%, 18.7% and >20% of lower RTI in infants below the age of one
in Turkey (Hacimustafaoglu et al., 2013), China (Zhang et al., 2015) and England (Taylor et al.,
2016) respectively. Paediatric mortality from RSV infections are several folds higher in
developing countries, with more than 3 million hospitalizations and nearly 200,000 deaths in
children under the age of five (Nair et al., 2010, Shi et al., 2017). 4,920 RSV positive cases in
children below the age of 2 were detected in Western Australia (between 2000 and 2005), among
which 93% were single infections and 7.4% were reinfections (Moore et al., 2014).
The major risk factors for occurrence of severe RSV infections in children include premature birth
(born <35 weeks of gestation), congenital heart disease, abnormalities or dysfunctional airways or
lungs, poor weight (<5kg), low socioeconomic status, neuromuscular disease, compromised
immune system, in utero exposure to smoke or being around siblings or other children less than
the age of 5. The main signs and symptoms of severe disease in infants and children include poor
feeding and respiratory distress characterized by tachypnoea, nasal flaring, and hypoxemia, or
need for mechanical ventilation. 50 to 70% of newborn infants become infected during their first
winter, virtually all children are infected by RSV by the age of 2. Reinfections with RSV continue
throughout childhood although their severity diminishes (Nair et al., 2010, Shi et al., 2015, Shi et
al., 2017, Hall et al., 2009, Parikh et al., 2017).
The prevalence of RSV-induced lower RTI in elderly, living at home, long-term care facilities or
community-based dwellings, has only recently been recognized. Case reports of RSV pneumonia
3
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in adults requiring hospitalization due to respiratory disease indicate that RSV is an underrecognized pathogen. This is probably due to the overlap between the peak of seasonal influenza
and RSV infections in most years. An estimated 177,000 hospitalizations and 14,000 deaths among
adults older than 65 years occur annually in the USA from RSV infections. RSV has also been
found to cause 2 to 5% of adult community-acquired pneumonia. Risk of severe RSV infections
is high in elderly with underlying conditions such as chronic obstructive pulmonary disease
(COPD), cardiac disease or asthma. However, detection and diagnosis of RSV infection in adults
is difficult because the viral titers are too low to be detected using viral culture or antigen detection
in nasal samples. The treatment is generally prescribed for symptomatic relief and specific
antivirals are only administered in rare situations. Statistical analysis of the morbidity and
mortality caused by influenza and RSV between 1975 and 1990 in the UK estimated that the
impact of RSV was greater than that of influenza but still remains undervalued (Falsey and Walsh,
2000, Lee et al., 2013, Walsh, 2017, CDC, 2018).
Individuals with compromised immune systems, including children and adults, due to congenital
immunodeficiency, solid organ transplants, bone marrow transplantation, HIV or leukemia are at
risk of severe RSV infections. RSV infections in these patients rapidly progress from upper RTI
to lower RTI, and subsequently to pneumonia (Colosia et al., 2017, Falsey and Walsh, 2000, Lee
et al., 2013). This leads to 80% mortality rate in immunocompromised patients. Hematopoietic
stem cell treatment (HSCT) patients, solid organ transplantation (SOT) patients, and patients
receiving cancer chemotherapy are at highest risk for mortality from RSV infection (Choi et al.,
2013). Altered immune regulation in immune compromised patients, particularly a subdued or
absent T cell-mediated immune responses, reduces the capability of the immune system to clear
RSV from the body and risk exaggerated inflammatory responses (Openshaw and Chiu, 2013).
The level of immunosuppression, prolonged length of hospitalization, an increase in transfers to
the intensive care unit (ICU), and a reduction in overall outcomes are some of the factors that
determine the severity of the RSV infections in immunocompromised patients (Ison and Hayden,
2002). The treatment of RSV-associated lower RTI is generally supportive, with no definitive
evidence of benefits from administration of antivirals.
1.1.2

Epidemiology of RSV infection

RSV is transmitted primarily by large fomites (nasal secretions), with the virus being stable for
several hours. The virus is easily transmitted by direct contact with contaminated objects or
surfaces; remaining viable on hard surfaces for 6 hours, on rubber gloves for 90 minutes and on
skin for 20 minutes (Hall et al., 1980, Piedimonte and Perez, 2014). Spread of RSV infections is
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prevalent in most urban areas each year including families, hospitals and community-based
dwellings. This is largely because RSV infections only generate immunity for short durations and
do not protect infected individuals from reinfections despite detectable amounts of serum
antibodies (Hall, 1982). In families with children, older children are 60% likely to introduce the
virus into the family. A study of RSV infections in 2014 among 37 households in Kenya found
that 54% of the infants infected with RSV were likely spread from a school-aged sibling in the
family (Munywoki et al., 2014). The ease of spread of RSV in hospital environments also make
them a potential source of nosocomial outbreaks. Prolonged duration of shedding of RSV by
hospitalized patients in addition to crowding in wards during RSV/influenza season, and
transmission through hospital staff and medical equipment increase the risk for a community
outbreak (Hall, 1982, Bracht et al., 2011).
RSV activity consistently peaks during winters in temperate regions while infectious activity is
seen all year around in tropical regions. However, the duration of RSV epidemics remain the same,
around 5 months, in both temperate and tropical locations (Bloom-Feshbach et al., 2013). Most
RSV outbreaks occur during the winter/spring seasons and overlap with the seasonality of other
respiratory viruses including influenza, HMPV and parainfluenza virus (Mizuta et al., 2013). RSV
circulation within a community persists for 6 to 22 weeks and usually overlaps with the more
sharply defined and monitored seasonal influenza epidemics. In the tropical regions, the epidemic
period is less clear-cut, but most cases occur during the rainy season. (Weber et al., 1998, BloomFeshbach et al., 2013).
1.1.3

Pathogenesis and Clinical Manifestations

Transmission of RSV infection begins with the inoculation of the nasopharyngeal or conjunctival
mucosa with infectious particles present in the respiratory secretions of affected individuals. Viral
infection starts in the nasopharyngeal epithelium in the upper RTI and then spreads through
intercellular transmission into the lower RTI. The viral infection is generally limited to the upper
layers of the respiratory epithelium. Ciliated epithelial cells of the bronchioles and type 1
pneumocytes in the alveoli are major targets of infection in the lower airway. The incubation
period ranges from 2 to 8 days and the duration of viral shedding ranges between 8 days and 3
weeks in immunocompetent individuals. This duration can last up to several months in
immunocompromised patients due to an ineffective T cell-mediated immune response (Piedimonte
and Perez, 2014, Collins et al., 2013, Ogra, 2004, van Drunen Littel-van den Hurk and Watkiss,
2012).
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Pathologically, the inflammatory process causes necrosis of the respiratory epithelium, followed
by an influx of immune cells such as neutrophils into the airways. Infiltration of the immune cells
into the peribronchiolar tissues and increased microvascular permeability in the infection site
results in oedema of the bronchiolar wall. Sloughing of the respiratory epithelium and increased
quantity and viscosity of mucus secretions result in plugging of the airways. Bronchoalveolar
lavage (BAL) and respiratory secretions from infected patients have high number of neutrophils
and elevated levels of proinflammatory cytokines such as tumour necrosis factor-α (TNFα),
interleukin-6 (IL-6), IL-1α; CXC/CC chemokines such as IL-8, MIP-1α, MCP-1 and RANTES;
and interferon (IFN)γ, IL-4, IL-5, IL-10, IL-9 and IL-17. Extensive tissue damage and an
exacerbated inflammatory response have short- and long-term impacts on lung function (Borchers
et al., 2013, Ogra, 2004, Paes et al., 2011, Taylor, 2017, Johnson et al., 2006).
The clinical manifestations of infection vary in severity depending on age, co-morbidities,
environmental exposures and previous infections (Piedimonte and Perez, 2014, van Drunen Littelvan den Hurk and Watkiss, 2012, Walsh, 2017). Primary infection with RSV at 6 weeks or 2 years
of age is almost always symptomatic; clinical manifestations range from mild upper RTIs or otitis
media to severe and potentially life-threatening lower RTIs (Hall et al., 2013). Acute inflammatory
response to viral replication leads to obstruction of the airways and air trapping. (Piedimonte and
Perez, 2014, Walsh, 2017).
RSV infections in neonates are often associated with apnoea. Various forms of expiratory
breathing such as wheezing, asthma, bronchiolitis, acute otitis media, croup and pneumonia are
observed in children; while pneumonia is the most common manifestation in elderly subjects. 15
to 50% of infants and young children with primary infection require hospitalization each year, with
5 to 10% requiring admission in the ICU (Deshpande and Northern, 2003, Nair et al., 2010, Shi et
al., 2015). These symptoms may be subdued or absent in immunocompromised patients since the
airway obstruction results from the immune response against the virus particle rather than viral
replication or cytotoxicity. Acute respiratory distress syndrome may be seen in such individuals
(van Drunen Littel-van den Hurk and Watkiss, 2012, Piedimonte and Perez, 2014).
Bronchiolitis is considered the most common manifestation of lower RTIs by RSV, characterized
by rhinorrhoea followed by dry, wheezy cough, tachypnoea, dyspnoea, and often subcostal,
intercostal, and supraclavicular retractions. Occurrence of intermittent episodes of wheezing is
also typical in RSV infections (Borchers et al., 2013, Collins et al., 2013).
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Many patients who experience recurrent wheezing after hospitalization for RSV bronchiolitis are
eventually diagnosed with asthma. Children below the age of 1 hospitalized for RSV-induced
bronchiolitis had a higher risk of developing recurrent wheezing and 38% of these children
developed asthma by the age of 7 (Saglani, 2013). Several studies in infants and children
hospitalized for severe RSV infections have shown a higher prevalence or increased risk of
developing asthma compared to non-hospitalized subjects. Fifty percent or more of infants
hospitalized with RSV lower respiratory tract disease have subsequent episodes of wheezing that
in some cases can persist until 11 years of age or more (Simoes et al., 2007, Knudson and Varga,
2015).
The exact mechanism behind RSV infections and development of asthma is largely unknown.
Increased likelihood of allergic sensitization, the severity of immune response, genetic and
environmental factors are all implicated (Martinez, 2003). Family history of asthma and allergic
sensitization with increased levels of Ig-E also increase the risk for developing asthma. Severe
RSV infections at a young age are associated with increased chances of developing asthma,
recurrent wheezing, allergen sensitization, and allergic rhino conjunctivitis (Knudson and Varga,
2015, Saglani, 2013).
1.1.4

Current Treatment

Currently there is no set standard of treatment against RSV infections. Treatment options against
RSV are limited to supportive care, such as nasal suction, nasogastric or intravenous fluids,
provision of supplemental oxygen and nasogastric feeding. Bronchodilators (α and β adrenergics,
nebulized epinephrine and anticholinergics) are commonly administered by clinicians to control
wheezing or asthma but there is no evidence to support their effect on disease outcome, as only a
fraction of the administered patients had improvements in their condition (Welliver, 2004,
Borchers et al., 2013, Piedimonte and Perez, 2014). The routine use of these medications is not
recommended. Administration of hypertonic saline is recommended for infants and adults
hospitalized for more than 72 hours (Perk and Ozdil, 2018). Vitamin A has been effective
(particularly in developing countries where infants are often deficient in vitamin A) at accelerating
the rate of repair of the damaged respiratory epithelium. Surfactants resist accumulation of liquid
in small airways and prevent blockage and are also found to promote opsonisation of RSV. Their
quantity and function is reduced in RSV-infected infants and replacement therapy with surfactant
was found to slightly improve oxygenation and ventilation. Heliox therapy, which involves
administration of helium-oxygen mixtures to infants with bronchiolitis, is promising as it is
commonly administered to patients with respiratory failure from diverse causes (Welliver, 2004).
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Prescription of antibiotics is also predominant despite evidence that concurrent bacterial infections
in children hospitalized with RSV infections is rare. Antibiotic therapy is only prescribed to
patients with secondary bacterial infections (Perk and Ozdil, 2018, Welliver, 2004).
Two antivirals have been approved by the Food and Drug Administration (FDA) for use in specific
cases of RSV infections, Ribavirin and Palivizumab. Ribavirin is a broad-spectrum antiviral agent
administered exclusively to high risk infants with severe disease. Approved as the only licensed
drug to treat RSV infections in 1993, ribavirin is a synthetic nucleoside analogue that interferes
with viral replication. Routine administration of this drug is restricted due to uncertainties
regarding its effectiveness, difficulty in administration, severe side effects and high costs (Perk
and Ozdil, 2018, Borchers et al., 2013).
Palivizumab (Synagis®) is a highly potent RSV-neutralizing monoclonal antibody approved for
regulated administration against RSV infections since 1998 by the FDA. Effective against both A
and B strains, palivizumab targets the F protein to prevent fusion with the host cell membrane and
to inhibit syncytia formation. This is also administered only to high-risk patients as a prophylactic.
It is administered as a monthly intramuscular injection (dose of 15 mg/kg) over the RSV season
(given up to 5 times per patient). Palivizumab is more effective in infants, particularly infants of
gestational age of <32 weeks, but has limited or no effects in adults and immunocompromised
patients (Welliver, 2004, Resch, 2017).
The high burden of RSV-associated morbidity and mortality means that development of safe and
effective therapeutic agent is a priority. In 2015, WHO has made it a high priority to establish
globally compatible RSV disease burden surveillance systems. Robust age-specific estimates are
particularly in focus in order to target optimal age for immunization (Giersing et al., 2016).

1.2 RSV: The virion, viral proteins and the viral lifecycle
1.2.1

Taxonomy and Antigenic strains of RSV

First isolated in 1955, RSV is an enveloped, non-segmented (-)ss RNA virus of family
Pneumoviridae, belonging to the genus Orthopneumovirus. The origin of the name ‘syncytial
virus’ comes from characteristic giant multinucleated cells or syncytia formed by the fusion of cell
membranes of adjacent cells. There are no known vectors for RSV, transmission is primarily
through aerosols or direct-contact (Afonso et al., 2016, Lamb and Parks, 2006).
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1.2.1.1

Antigenic variations

RSV belongs to a single serotype with two major antigenic subgroups, A and B, which often cocirculate during a single season. The antigenic classification of RSV strains is based on the
nucleotide sequence of the carboxy-terminal ectodomain of the G protein (Peret et al., 1998). The
current genotype classification system factors in both the conserved regions and the hypervariable
regions of the G protein, a gene segment of 629 bp for RSV-A and 724–762 bp for RSV-B (Zlateva
et al., 2004, Zlateva et al., 2005). Based on this system, RSV-A is classified into genotypes BE/A1,
GA1, GA2, GA4 and GA5, while RSV-B is categorized into 13 genotypes (GB1 to GB13) (Zlateva
et al., 2007). There are contradictory reports regarding the association of risk of severe disease
with strain. Most investigations found that subtype A is associated with more severe disease
compared to subtype B. The co-circulation of several strains during any one RSV season makes it
difficult to correlate severity of disease by individual RSV subgroups and genotypes. Even though
infection with one subgroup provides some protection against reinfection with a virus in the same
subgroup, active immunity induced by natural infection is short lived (Walsh et al., 1997,
McConnochie et al., 1990, Hornsleth et al., 1998, Fodha et al., 2007). In vitro and in vivo models
indicate that disease phenotype is co-dependent on viral characteristics and host susceptibility.
Disease caused by subgroup A is more severe compared to that caused by subgroup B likely due
to differences in their ability to induce Nuclear Factor-κβ (NF- κβ) activation, a key proinflammatory signaling factor that induces an antiviral response (Borchers et al., 2013,
Brandenburg et al., 2001, Wyde, 1998).
1.2.2

Virion

The virus is pleomorphic in structure with both spherical and filamentous particles of different
sizes (Figure 1.1). The virion consists of an outer protective coat derived directly from the host
plasma membrane, called the envelope, followed by a protein layer which encapsulates the
nucleocapsid core (Liljeroos et al., 2013, Collins et al., 2013).
The RSV envelope is embedded with three viral transmembrane surface glycoproteins: the large
glycoprotein G, the fusion protein F, and the small hydrophobic SH protein. The viral
glycoproteins form separate homo-oligomers that appear as short (11–16 nm) surface spikes. The
non-glycosylated matrix M protein oligomerizes to form a helical protein layer that brings together
the outer envelope layer and the inner nucleocapsid layer. The nucleocapsid core is a complex of
genomic viral RNA, the nucleocapsid protein (N), the phosphoprotein (P), and the large
polymerase subunit (L) (Figure 1.1) (Lamb and Parks, 2006, Ogra, 2004, Collins et al., 2013).
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Table 1.1. RSV proteins and their known functions.
Protein
Protein
MW
Component of:
Size (aa)
(kDa)
NS1

124

22

NS2

139

18
Non-structural
proteins

N

391

44
Ribonucelocapsid
protein (RNP)

P

241

34
Ribonucelocapsid
protein (RNP)

M

256

28
Inner envelope
protein

SH

64

G

298

Non-structural
90
Outer envelope
Structural protein

F

574

70

Outer envelope
Structural protein

11

Function

References

Regulates viral
replication;
Inhibits Type I IFN
induction and
signalling;
Activate PI3K and
NFκβ;
Inhibits Apoptosis.
Remains bound to
viral genome in
virion;
Binds tightly to the
genome and
antigenome to
facilitate RNA
synthesis.
Polymerase
cofactor;
Acts as Chaperonin
during
transcription.
Several functions
during infection;
Maintains virion
structure.

Borchers et
al., 2013

Regulates viral
replication.
Viral attachment to
host cells;
Induces host
immune response.

Fusion with host
plasma membrane;
Viral entry;

Bian et al.,
2012, Collins
et al., 2013,
Collins and
Melero, 2011

Bakker et al.,
2013

Ghildyal et.
al, 2002,
2003, 2006,
2009; Bajorek
et al., 2014
Collins et al.,
2013
Feldman et
al., 2000,
Ghildyal et
al., 1999,
Johnson et al.,
1987, Levine
et al., 1987
Collins et al.,
2013
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M2-1

194

22

M2-2

90

11

L

2165

~200

Ribonucelocapsid
protein (RNP)

Ribonucelocapsid
protein (RNP)

Syncytium
formation.
Regulation of
transcription;
Act as elongation
and regulatory
factor during
transcription and
replication.
RNA-dependent
RNA polymerase;

Li et al., 2008

Collins et al.,
2013

1.3 Lifecycle of RSV
RSV follows a typical viral infectious cycle consisting of the following steps: attachment and
entry, RNA synthesis, genome replication, assembly, budding and release (Figure 1.2) (Lamb and
Parks, 2006, Collins, 1991). RSV is a cytoplasmic virus, spending most of its lifecycle, including

genome transcription and replication, outside the nucleus except for the nuclear trafficking of M
protein. Studies in non-nucleated cells or infection in the presence of actinomycin D showed that
the virus successfully underwent transcription and replication, indicating a lack of essential nuclear
involvement (Ghildyal et al., 2006, Collins et al., 2013).
1.3.1

Attachment and Fusion

Type I alveolar cells and superficial airway epithelial cells are the main targets of RSV infection
(Zhang et al., 2002). Envelope glycoproteins play a crucial role in viral attachment, entry and
morphogenesis. The glycoproteins G and F are primarily involved in attachment and entry into the
host cell (Figure 1.2). In cultured cells, RSV infection is initiated when the large glycoprotein G
facilitates the attachment of the virion to glycosaminoglycans on the host membrane (Batonick
and Wertz, 2011). Several molecules are suggested to bind to G protein including ICAM1 (Arnold
and Konig, 1996), annexin (Malhotra et al., 2003), toll-like receptor-4 (TLR-4), surfactant proteinA (Hickling et al., 2000) and fractalkine (CX3CL1) receptor, and CX3CR1 (Tripp et al., 2001).
However, it has been shown that mutants lacking G are still capable of causing productive
infections (with lower efficiency compared to wild-type viruses) and that G protein has a general
affinity to bind to negatively charged carbohydrates on the cell surface, suggesting that the virus
may attach onto host cells non-specifically (Techaarpornkul et al., 2002). On the other hand, F
protein is necessary for infection, mutants lacking F protein could not infect on their own and the
viral protein had more specific protein interactions with ICAM1 and nucleolin (Tayyari et al.,
2011).
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Successful attachment is followed by the fusion of the viral envelope with the host membrane.
This step is mediated by the F protein (Srinivasakumar et al., 1991). There is also evidence of entry
by clathrin-mediated endocytosis, although endosomal acidification was not required and thus this
pathway involves the same fusion mechanism as at the plasma membrane (Kolokoltsov et al.,
2007).
1.3.2

Transcription

The RSV genome is 15.2 kb in length and encodes mRNAs from 10 sequentially arranged genes.
The genome and antigenome are bound separately for their entire length by the N protein to form
stable nucleocapsids that remain intact throughout the replicative cycle and in the virion (Figure
1.2). These act as templates for RNA synthesis; N protein protects the RNA from degradation and
shields it from recognition by host cell pattern recognition receptors (Lamb and Parks, 2006,
Collins et al., 2013, Ogra, 2004).
RSV genome is flanked at each end by two extragenic regions: a 3’ leader region, that contains
promoter sequences required for transcription/replication, and a 5’ trailer region, that promotes
genome replication (Figure 1.2). Each mRNA coding unit within the genome contains
transcription gene start (GS) and termination gene end (GE) signals (Kuo et al., 1997, Collins et
al., 2013). RSV mRNAs and proteins can be detected 4–6 hours after infection and seem to remain
at consistent levels during infection (Collins et al., 2013).
The transcriptional machinery of RSV includes N, P and L proteins, that immediately direct the
transcription of the (-)ssRNA genome to generate the primary mRNA transcripts, which are then
translated into viral proteins (Figure 1.2) (Collins, 1991, Lamb and Parks, 2006). L protein begins
transcription at the 3’end of the genome and generates 10 mRNA in a sequential manner through
a stop-start process mediated by the GS and GE signals (Kuo et al., 1997). M2-1 protein also
associates with the viral RNP complex to promote transcription of the genome (Blondot et al.,
2012).
Large cytoplasmic inclusions are clearly observed in RSV-infected cells by 12 hours post infection
and are suggested to be the sites of viral transcription (Figure 1.2) (Collins et al., 2013, Rincheval
et al., 2017). Inclusion bodies have been shown to be composed of N, P, M2-1, and L proteins, as
well as viral RNA. In addition, inclusion bodies also sequester or impound several host factors
involved in the antiviral response, such as Mda5 and MAVS involved in interferon induction
(Lifland et al., 2012), or p38 mitogen-activated protein kinase and O-linked N-acetylglucosamine
transferase involved in stress responses and stress granule formation (Fricke et al., 2013).
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1.3.3

Replication

Transcription and RNA replication of RSV occur concurrently at the cytoplasm (Figure 1.2). The
(-)ssRNA genome is replicated into a full-length complementary copy, the antigenome, which is
then used as a template to direct the synthesis of genomic RNA. This is carried out by the same N,
L and P complex used for mRNA transcription (Lamb and Parks, 2006). RNA replication occurs
when the polymerase switches to a read-through mode in which the GE and GS transcription
signals are not recognized. M2-2 associates with the vRNP, and possibly NS1, to regulate the
transition from transcription to replication and production of genomic RNA (Tran et al., 2009,
Collins et al., 2013). The switch from transcription mode to replication mode remains to be
elucidated.
Nucleocytoplasmic trafficking of RSV M
Depending on the stage of the infection cycle, M protein shuttles into the nucleus and translocates
back into the cytoplasm by interacting with nuclear trafficking transporters (Figure 1.2). It is the
only known protein of RSV to shuttle between the cytoplasmic and nuclear subcellular
compartments. In the early stages of infection, M protein hijacks the nuclear import pathway
mediated by Importin-β (Imp-β) to accumulate in the nucleus (Ghildyal et al., 2005a). In the
nucleus, M is suggested to inhibit host transcription and suppress antiviral responses. This also
enables progression of viral transcription and replication in the cytoplasm (Ghildyal et al, 2003).
In the later stages of infection, M protein exits the nucleus using the XPO1-mediated nuclear
export pathway and translocates into the cytoplasm to initiate assembly and budding (Ghildyal et
al., 2009, Ghildyal et al., 2002, Marty et al., 2004).
1.3.4

Assembly and Budding

M protein is suggested to coordinate viral assembly and budding, though the exact mechanism is
not fully understood. M is suggested to recruit preformed nucleocapsids and envelope
glycoproteins to the plasma membrane and assembles the final form of the virion followed by viral
budding (Marty et al., 2004, Ghildyal et al., 2005a, Ghildyal et al., 2002). The interaction of M
protein with the RNPs in the cytoplasmic inclusions and the glycoproteins synthesized in the
ER/Golgi apparatus initiates the end of viral replication and translation and prompts the beginning
of viral assembly (Ghildyal et al., 2006). The M protein joins the nucleocapsid and the envelope
glycoprotein complexes by anchoring its 110 N-terminal amino acids to the M2-1 protein, which
binds to the P protein, and by binding to the amino acid 2 (serine) and 6 (aspartate) of the amino
terminal of the G protein (Ghildyal et al., 2005, Li et al., 2008b). The release of progeny virus
begins by 10–12 hours post infection, reaches a peak after 24 hours, and continues until the cells
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deteriorate by 30–48 hours. The minimum viral protein requirements for the formation of
infectious virus-like particles is M, F, N and P proteins. Virion production was significantly
reduced in the absence of M or F (Teng and Collins, 1998). The expression of M, F, N and P
proteins were sufficient to induce the formation of viral filaments (Utley et al., 2008). RSV appears
to specifically hijack cellular apical recycling endosomes for budding from the apical surface of
infected cells (Utley et al., 2008, Brock et al., 2003).
1.3.5

Syncytia formation

A major cytopathic effect of RSV infection is the formation of giant multinucleated cells or
syncytia. Though the exact mechanism of syncytia formation is unknown, F protein promotes the
fusion of neighbouring plasma membranes to facilitate cell-to-cell spread of the virus (Morton et
al., 2003). Cell surface glycosaminoglycans and nucleolin are suggested to mediate cell to cell
fusion and formation of syncytia (Tayyari et al., 2011, Hallak et al., 2000). Syncytia formation
leads to destruction of ciliated cells within the respiratory epithelium and lesions in the airway
lining. This in turn promotes local inflammation, epithelial damage and airway obstruction
(Johnson et al., 2006, Neilson and Yunis, 1990, Zhang et al., 2002). The pattern-recognition
receptor, RAGE is constitutively highly expressed by type I alveolar epithelial cells and was found
to inhibit syncytia formation and limit RSV infection by directly interacting with F protein (Tian
et al., 2013).
The following section describes the role of M protein in RSV infection in detail since it plays a
key role in viral assembly and budding, is essential for formation of infectious particles and is the
only known RSV protein that interacts specifically with nuclear transporters during infection to
shuttle between the cytoplasm and the nucleus of the host cell.
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1.4 Structure and function of Matrix protein
1.4.1 Overview
M protein is the only known RSV protein that shuttles between the nucleus and cytoplasm during
infection (Ghildyal et al., 2009). The 256-amino acid M protein is a self-dimerizing, nonglycosylated, phosphorylated protein suggested to be the ‘biological clock’ of RSV as it
coordinates various steps of the viral lifecycle (Bajorek et al., 2014, Ghildyal et al., 2006).
Crystallographic analysis revealed that the M protein monomer is composed of compact Nterminal and C-terminal domains joined by a short linker. The N terminal domain comprises
residues 1–126; while the C terminal comprises residues 140–255. The analysis also showed that
the surface of the protein has an extensive positive charge across both domains and the linker,
which is suggested to enable the protein to interact with negatively-charged membrane surface or
other virion components such as the nucleocapsid (Money et al., 2009). The nuclear localization
sequences

(NLS)

recognized

by

Imp-β

is

located

between

residues

110-183

(TSKKVIIPTYLRSISVRNK) (Ghildyal et al., 2005a), and the nuclear export sequence (NES)
recognized by XPO1 is located between the residues 194-206 (IIPYSGLLLVITV) (Ghildyal et al.,
2009). A recent study has shown M carries a conserved motif YXXL (Y, tyrosine; L, leucine) at
amino acids 197–200 that enables it to hijack vesicular trafficking proteins (Ward et al., 2017).
These functional domains enable M protein to interact with various host and viral proteins at the
inclusion bodies, and with the host membrane to facilitate various processes (described below).
1.4.2

Unique properties of M protein

Two key properties of M that enable it to conduct most of its functions is its capability to form
oligomers and assemble into a two-dimensional lattice, and its interaction with the cytoplasmic
vesicular trafficking and cytoskeletal systems (Ghildyal et al., 2006, Shahriari et al., 2016, Bajorek
et al., 2014). It has been recently shown that the dimeric form of M is the biologically relevant
assembly unit required for viral filament formation and particle release. The two-dimensional
structures of M were shown to possess a degree of stability independent of membrane association
(Liljeroos et al., 2013). Though the exact mechanism by which these structures are formed is not
known, reversible phosphorylation of threonine 205 (Thr205) residue of M has a role in formation
of oligomers and to associate with filaments to successfully mediate virion assembly and budding.
The self-interacting nature of M allows it to organize viral RNPs into tightly packed nucleocapsids
and effectively form filaments (Bajorek et al., 2014, Trevisan et al., 2018).
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The capability of M to interact with various host factors that are part of the vesicular trafficking
system, such as adaptor protein AP-3, Exocyst Complex Component 6 (EXOC6), and the
cytoskeletal proteins, such as actin and myosin, enables M protein to coordinate the translocation
of viral components and assembly of new virions at the plasma membrane. A recent study has
shown M to interact with AP-3, a protein that mediates the sorting of proteins to specific membrane
components of the cell. AP-3 recognizes a conserved YXXL (Y, tyrosine; L, leucine) sorting motif
at amino acids 197–200 in M that enables it to hijack the host cell vesicular trafficking system to
localize to different sites of viral assembly (Ward et al., 2017). In addition to proteins involved in
cellular trafficking, M is known to interact with several host factors involved in host transcription
regulation, the innate immunity response, cytoskeletal regulation, and membrane remodelling.
siRNA knockdown of host proteins such as actin-binding protein cofilin 1, caveolae protein
Caveolin 2, and the zinc finger protein ZNF502 resulted in reduced viral replication (Kipper et al.,
2015, Kipper et al., 2016). This suggests that targeting the disruption of the function of M is a
viable antiviral strategy against RSV.
1.4.3

Assembly and budding

After exiting the nucleus, M accumulates in the cytoplasm at RNPs containing N, P, L and M2-1
proteins (Collins et al., 2013, Ghildyal et al., 2002) (Collins et al., 1996 and Ghildyal et al., 2002).
M also interacts with the cytoplasmic ends of glycoproteins (G and F) and facilitates their transport
to the host plasma membrane possibly through the cytoskeletal system (Ghildyal et al., 2005). M
protein function is complemented by NS1 and M2-1 proteins, that inhibit viral RNA replication
and transcription or regulate the switch between the two processes respectively. Once at the
surface, M protein oligomerizes into a layer that brings together the nucleocapsid on the inside and
the surface glycoproteins assembled on the host plasma membrane on the outside. The monomer
surface contains a large positively charged area that extends across the two domains and may
mediate association with nucleocapsids and the negatively charged plasma membrane (Money et
al. 2009). Although the exact mechanism is not known, the self-interacting property of M is
suggested to be crucial for formation of infectious virions.
1.4.4

Filament formation

RSV is capable of existing in two phenotypes- spherical and filamentous. The filamentous form
of RSV, about 2-8 µm in length, is observed extending out of the infected cell surface in the later
stages of infection and is associated with viral infectivity (Bajorek et al., 2014, Liljeroos et al.,
2013, Mitra et al., 2012). These elongated filaments are composed of both viral proteins and
genome and contribute to cell to cell spread of the virus. The minimal requirement for filament
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formation and budding of virus-like particles (VLPs) is F, N, P, and M protein. Aggregates of G,
F, N and M proteins are usually observed in these filaments (Teng and Collins, 1998). It is
suggested that M protein oligomerizes to form a layer that joins together the outer viral envelope,
studded with G, F and SH protein, and the inner nucleocapsid core to assemble into infectious
virion particles prior to separation from the filaments (Mitra et al., 2012).
The exact mechanism by which M traffics the viral components to the plasma membrane and
coordinates filament formation has yet to be elucidated. Some studies suggest inclusion bodies act
as scaffolds for filament formation, and that M protein utilizes the cytoskeletal proteins such as
actin to mediate the latter half of the infectious cycle (Radhakrishnan et al., 2010).
1.4.5

Nucleocytoplasmic Trafficking

M protein is the only known RSV protein that hijacks the nucleocytoplasmic shutting system to
localize within the nucleus and relocate back into the cytoplasm. This is described in detail in
Chapter 5.
1.4.6

Targeting M protein function

Most of the therapeutic approaches against RSV focus on the outer structural proteins such as G
and F. Although these proteins are effective targets, they are prone to mutations (Collins and
Melero, 2011, Orvell et al., 1987, Sullender, 2000). Targeting one or more host factors that are
crucial for successful infection and spread of the virus may be an effective post-infection
therapeutic option. As discussed above, M protein uses the nucleocytoplasmic transport system to
be present in the appropriate location to perform its functions. Previous studies have confirmed
the cytoplasmic functions of M protein are essential for RSV assembly and budding (Ghildyal et
al., 2006). Any strategy that leads to reduced levels of M protein in the cytoplasm later in infection
would result in reduced viral titre.
The essential roles played by the nucleocytoplasmic trafficking system and its significance in
diseases such as cancer and infectious diseases is described in the following sections.

1.5 Therapeutic approaches
Efforts to develop a safe and efficacious RSV vaccine have been ongoing since the discovery of
the virus. In the 1960s, a formalin-inactivated, whole-virus vaccine was tested and failed as the
vaccinated children developed a more severe disease on reinfection. Since then, several attempts
at vaccination, including administration of attenuated vaccines, purified preparations of the F
protein or a subunit of G protein in complex with the Streptococcal G protein, and parenternal
immunization with live virus, have failed to induce virus-specific antibody responses (Wyde,
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1998). This has been recently reviewed by Villafana et al. (2017) and summarized in Figure 1.3.
Currently, the availability of an effective vaccine is not imminent and specific measures against
RSV infections are not available. However, education of parents in basic infection control
techniques (such as instructing the practice of hand washing before contact with their newborns
and keeping older siblings with upper RTIs symptoms away from infants) can prevent serious RSV
infections in infants (Welliver, 2004). Preventive measures can be implemented during RSV
season in high risk sites such as hospitals, community centres, child day care centres, homes for
the elderly and long term care centres to minimise the spread of infection from infected patients
and staff (Bracht et al., 2011)
Extensive research has gone in to development of novel RSV drug inhibitors, mostly targeting
inactivation of infectious virions, inhibition of viral replication/translation, inhibition of
attachment to host cells, inhibition of entry/budding and host modulators of apoptosis. These
antiviral drugs are in various clinical stages, as described in the website www.clinicaltrials.gov
(summarized in Table 1.2). These drugs can be listed under three general categories: (i) nucleoside
inhibitors, (ii) fusion inhibitors, and (iii) non-fusion, non-nucleoside inhibitors; reviewed in
(Jorquera and Tripp, 2017).
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Adapted with permission from (Villafana et al., 2017).

Figure 1.3. History of RSV research, vaccine and monoclonal antibody development.

Table 1.2. Anti-RSV antiviral drugs and monoclonal antibodies in clinical phases of
development.
Drug

Classification

Target

ALS-8176

Nucleoside analog

RdRp

GS-5806

Fusion inhibitor

F protein

VP-14637 (aka
MDT-637)

Fusion inhibitor

F protein

JNJ-53,718,678

Fusion inhibitor

F protein

BTA-C585

Fusion inhibitor

F protein

AK-0529

Fusion inhibitor

F protein

RSV604

Nucleoprotein inhibitor

N protein

ALN-RSV01

Nucleoprotein inhibitor

N protein

Palivizumab

Monoclonal antibody

F protein

REGN2222

Monoclonal antibody

F protein

MEDI8897

Monoclonal antibody

F protein

ALX-0171

Trimeric nanobody

F protein

Adapted and modified with permission from (Jorquera and Tripp, 2017)

1.6 Targeting host factors
Traditional antiviral therapy focuses on induction of an immune response against a structural
protein of an infectious virion or target the disruption of a specific stage of the viral lifecycle such
as replication or protein synthesis. However, this approach often targets a specific viral species or
a subtype, can lead to development of resistance or may become ineffective due to higher rates of
mutation in viruses. Recently, targeting host factors has evolved into a practical alternative since
viruses are obligate intracellular parasites that use host proteins at several stages of their lifecycles.
Host factors, in comparison to viral targets, are less likely to mutate due to high-fidelity
polymerases and slower rate of mutation. Several genomic and protein-based techniques are now
available to identify genes associated with viral susceptibility and resistance, or to detect physical
interactions between viral and host proteins. The correct functioning of these host factors is crucial
for virus replication and, therefore, compounds that dysregulate/interrupt the function of host
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factors in a specific and time-limited manner can be introduced as antiviral agents. The key point
for these drugs would be a mechanism of action that would disrupt viral infection without causing
irreversible damage to the host cells. Currently, targeting host factors involved in viral infection
has proven to be effective against Hepatitis C and HIV (Zlateva et al., 2005, Khattab, 2009).
Microarrays and proteomic methods have been utilized to identify host factors required for RSV
infection and helped understand the molecular mechanism of viral replication (Kipper et al., 2016,
Kipper et al., 2015). Among the diverse host factors that are utilized by RSV, the interaction of M
protein with the nucleocytoplasmic trafficking pathway, as described previously, is the least
complex and shown to be critical for progression into the later stages of viral infection and
determining factor for high viral titre. The current study proposes XPO1-mediated nuclear export
as a suitable target to disrupt the functions of M protein to reduce viral titre. The relevance of this
host factor is described in the following sections.
The following sections were published as part of a review paper in Frontiers of Microbiology
(Mathew and Ghildyal, 2017) (Appendix 3.1), except for sections 1.9 and 1.10.

1.7 Nuclear Pore Complex and Nucleocytoplasmic transport
1.7.1
1.7.1.1

Overview
Nuclear Pore Complex

Spatial partitioning of the nucleoplasm from the cytoplasm by the nuclear envelope (NE) in the
eukaryotic cell allows cellular functions to be restricted to specialized organelles. This enables a
multi-layered functional regulation of fundamental cellular processes such as DNA synthesis,
RNA transcription/transport, protein translation/maturation, cell division and signal transduction
[reviewed in (Weis, 2003; Strambio-De-Castillia et al., 2010)]. The double membrane structure of
the NE contains numerous nuclear pore complexes (NPCs) that are the only conduit of
macromolecular trafficking between the nucleus and the cytoplasm.
1.7.1.2

Nucleocytoplasmic transport

Consisting of a central core structure with nuclear and cytoplasmic extensions, the NPC is a highly
selective molecular sieve that regulates bidirectional transport of macromolecules larger than 60
kDa (Mattaj and Englmeier, 1998; Gorlich and Kutay, 1999). Although passive flux of molecules
<55 kDa can occur, most transport through the NPC is mediated by members of the importin or
karyopherin superfamily, which recognize NLS or NES on cargo molecules for transport into and
out of the nucleus respectively. Shuttling transport receptors mediate all cargo transport and
operate via similar mechanisms. Initiated by the recognition of the signalling peptides (NLS or
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NES) on cargo molecules, the shutting transport receptors, such as importins and exportins, carry
out nucleocytoplasmic exchange from the originating compartment to the target destination. Upon
delivery, the empty receptors cycle back to undergo additional rounds of transport (Gorlich and
Mattaj, 1996; Mattaj and Englmeier, 1998; Khmelinskii et al., 2014).
1.7.2

Importins and Nuclear import

Nuclear import is the movement of molecules, particularly proteins, from the cytoplasm to the
nucleus through the NPC. The cellular factors playing a role in nuclear import are importspecialised nuclear transport receptor (importin), NLS, docking sites at nucleoporins, and GTPase
Ran. One of the most characterized importins is importin β. Importin β binds specifically to the
NLS, which are typically one or two clusters of positively charged basic amino acids (lysine/K or
arginine/R). In translocating the protein, importin docks to specific nucleoporins through the
nuclear pore, characterized by FG/GLFG/FxFG (F = phenylalanine, G = glycine, L = leucine, x =
any amino acids) repeat motifs. Ran binds to importin in its GTP-bound form, RanGTP, and
controls the attachment/detachment of importin with cargo proteins. The nuclear import process
is, in short, a series of docking/undocking of the cargo/importin complex through the NPC,
followed by the disintegration of the complex in the nucleoplasm, where the binding of RanGTP
to importin dispels it from the transport complex, thus releasing the cargo into the nucleus and
bringing importin back to the cytoplasm (Figure 4)(Gorlich and Mattaj, 1996, Nigg, 1997, Terry
et al., 2007, Alberts et al., 2008, Chumakov and Prasolov, 2010).
1.7.3

Exportins and Nuclear export

The cellular machinery involved in nuclear export includes export-specialised nuclear transport
receptor (exportin), NES, docking sites at nucleoporins, and GTPase Ran. Nuclear export signals
are 8-15 amino acids long sequences that direct proteins into the cytoplasm. Leucine-rich or classic
NES, first identified in HIV-1 Rev and PKIα proteins, are a well characterized class of NES. NESs
have been identified in >300 proteins with diverse functions, such as transcription factors, cell
cycle regulators, ribonucleoprotein complexes, translation factors, and viral proteins. The NES
sequences in these proteins are diverse and generally conform to the loose consensus sequence φX2-3-φ-X2-3-φ-X-φ, where φ is L, V, I, F, or M and X is any amino acid. Several databases are
available listing NES-containing proteins, annotated with many detailed features related to the
sequence, structure, and nuclear export activity of the NESs and cargo proteins. NESdb is a
valuable information resource for the biomedical research community to learn about nuclear export
signals that have already been identified. Analysis of the sequences and three-dimensional
structures of NESs in NESdb and false-positive NESs generated from NESdb revealed some
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distinguishing features that might be important for the future development of accurate NES
prediction algorithms (Xu et al., 2012).
Interaction of nuclear transport receptor (exportin) with NES can be up- or down-regulated by
cargo phosphorylation (Hutten and Kehlenbach, 2007). Briefly, nuclear export is essentially the
same as nuclear import, in the opposite direction; with a main difference that RanGTP dissociates
the transport complex in nuclear import but is an integral component of the complex in nuclear
export, transporting the cargo/exportin from the nucleus to the cytoplasm (Figure 4) (Gorlich and
Mattaj, 1996, Nigg, 1997, Hutten and Kehlenbach, 2007, Chumakov and Prasolov, 2010).

Figure 1.4. Model of nuclear import and export pathways.
Adapted with permission from (Nakielny and Dreyfuss, 1999).
1.7.4

Regulation of nucleocytoplasmic transport

The efficiency of nucleocytoplasmic transport is mainly influenced by the affinity of the NLS/NES
to importin/exportin. In many cases, affinity is affected by phosphorylation within the NLS/NES
or in the vicinity of NLS/NES (Alberts et al., 2008, Nigg, 1997). Phosphorylation modulates this
affinity by masking or unmasking the signals and eventually alters the kinetics of nuclear transport
(Chumakov and Prasolov, 2010, Poon and Jans, 2005, Nigg, 1997). One prominent example of
enhanced nuclear transport by phosphorylation is the import of Simian virus (SV) T-antigen (SV40
T-ag), in which the CK2 phosphorylation sites flank the NLS (Jans et al., 2000, Alvisi et al.,
2008a).
In the case of the M protein of RSV, preliminary evidence has shown that the inhibition of CK2
activity leads to the redistribution of the M protein into the nucleus as well as decreased virus
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production, prompting a speculation that the CK2-mediated phosphorylation unmasks NES and
facilitates XPO1-dependent export to the cytoplasm (Bajorek et al., 2014).

1.8 Exportin-1 (XPO1): A crucial target
One of seven human nuclear exporters, XPO1 is one of the most characterized nuclear exporters,
transporting ~220 proteins and certain RNA species across the nuclear envelope to the cytoplasm.
The discovery of XPO1 nuclear export function was accompanied by discovery that LMB, a
natural product inhibitor, was a potent and specific inhibitor of XPO1. XPO1 architecture and
function is conserved across species including humans, mice, fungi and yeast (Fung and Chook,
2014). XPO1-mediated nuclear export has been implicated in many diseases, such as cancer,
inflammation, and viral infections.
1.8.1

XPO1 architecture

XPO1 is a 120 kDa ring shaped protein composed of 21 tandem HEAT repeats, designated H1H21, containing a pair of anti- parallel helices A and B that form the outer convex and inner
concave surfaces. The NES binding groove on the surface of XPO1 is located between H11 and
H12. XPO1 binds to protein cargoes at its outer convex surface through anchoring to key
hydrophobic resides in the NES peptide into the NES binding groove, unlike importins which bind
with resides on their inner surface. Conformational changes involving H21 and H9 loop (a long,
conserved loop that connects H9A and H9B) are key structural elements crucial for XPO1
function. They enable XPO1 to adopt multiple conformations including an inactive ligand-free
state with a closed NES groove and an active state with an open groove and an NES bound
conformation. The Cysteine residue 528 (Cys528) located within the hydrophobic NES-binding
region is the prime target for most XPO1 inhibitors including LMB (Petosa et al., 2004; Monecke
et al., 2009; Sun et al., 2013b; Fung and Chook, 2014; Turner et al., 2014).
1.8.2

XPO1 mediated nuclear export

XPO1 binds to a diverse array of protein cargos through their NES domains. In the nucleus, XPO1
forms a cooperative ternary complex with the NES-bearing cargo protein and Ran-GTP. The role
of Ran-GTP is to mediate export and release of the cargo while RanBP3 promotes nucleotide
exchange by Ran-GEF RCC1 as well as to increase the affinity of XPO1 to RanGTP and the
transported cargo. In the cytoplasm, the combined action of RanGAP and RanBP1 dissociates the
complex (Perwitasari et al., 2014).
1.8.3

Functions

Among the seven known nuclear export proteins in the Karyopherin family, XPO1 is the best
characterized nuclear exporter. XPO1 is the sole nuclear exporter of several cellular growth and
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survival factors including proteins and RNA. XPO1-mediated transport mediates cell proliferation
through several pathways (i) the subcellular localization of NES-containing oncogenes and tumour
suppressor proteins involved in regulating cell division, controlling apoptotic pathways, maintain
genomic integrity by recognizing and repairing DNA damage. Many of these regulatory proteins
are mislocalized in a large variety of tumours (Turner et al., 2014; Sun et al., 2016) (ii) the control
of mitotic apparatus and chromosome segregation through the regulated export of centrosomeassociated proteins. For instance, inhibition of nucelophosmin by LMB results in its dissociation
from centrosomes and premature centrosome duplication (Wang et al., 2005). BRCA1, a tumour
suppressor protein common in breast and ovarian cancer, stimulates DNA repair at the nucleus and
inhibits centrosomal duplication in response to DNA damage (Arnaoutov et al., 2005; Nguyen et
al., 2012). Disruption of XPO1-mediated export has been shown to block the localization of
BRCA1 at the centrosome and failure to detect DNA damage (Brodie and Henderson, 2012) (iii)
the maintenance of chromosomal and nuclear structures has been shown in crm1 mutant yeasts
where altered chromosomal structures which appeared rod-like thickened fibres (Toda et al., 1992)
and in leptomycin treated yeast abnormal nuclear morphology and cell cycle arrest at both G1 and
G2 phases were observed (Nishi et al., 1994).XPO1 levels remain constant throughout the cell
cycle and it is mainly localised to the nuclear envelope in highly specialized cellular bodies called
XPO1 nuclear bodies (CNoBs) that depend on RNA polymerase1 activity, suggesting a role in
ribosome biogenesis (Gravina et al., 2014b).
The structure and functions of XPO1 are dealt with in detail in several excellent reviews and will
not be discussed further here. The following sections look into the role of XPO1 in regulating two
key cellular functions: the cell cycle and the inflammatory response, and how viral interactions
with XPO1 dysregulate these pathways.

1.9 Cell cycle: overview
The mammalian cell cycle is divided into several phases based on the metabolic processes taking
place at each time point that will ultimately lead to ordered cellular growth and cell division. Cell
cycle begins with the first gap or G1 phase, identified with an increase in number of ribosomal
units by the nucleoli and increased rate of translation. Decisive events during G1 phase determine
whether the cell proceeds to division, pauses, or exits the cell cycle and undergoes apoptosis. This
is followed by the S phase where DNA content is doubled from 2N to 4N and is followed by
another check point that ensures cells with damaged DNA do not proceed to the next phase. The
third phase is the G2 phase, where another round of protein synthesis takes place. The final stage
of cell cycle is the M phase where the nuclear content is equally distributed among two daughter
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Figure 1.6. Time dependent formation and degradation of CDK-cyclin complexes are
necessary for the regulation of the cell cycle.
Adapted with permission from Life Science,Life Science Web textbook,CSLS,The University of
Tokyo,Chapter 11 Structure of Cells; csls-text3.c.u-tokyo.ac.jp/active/13_02.html
In addition, negative regulators, such as tumour suppressor proteins p53 and Rb, delay or inhibit
progression at each stage of the cell cycle. They control the activity, availability, subcellular
localization and mRNA levels of different positive regulators. For instance, the protein complex
p21WAF1/CIP1 directly inhibits the activities of CDK4-cyclin D and CDK2-cyclin E complexes
(Barnum and O’Connell, 2014, Johnson and Walker, 1999).
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1.9.2

XPO1-mediated regulation of the cell cycle

XPO1-mediated nuclear export has an important role in modulating the subcellular localization of
CDK-cyclins both directly and indirectly. For instance, XPO1 is the sole nuclear transporter for
cyclin B1 which was found to continually shuttle between the nucleus and cytoplasm at various
points in the cell cycle. The nuclear accumulation of CDK2-cyclin B1 is crucial for transition from
G2 to M phase (Hagting et al., 1999). XPO1 also exclusively ferries several tumour suppressor
proteins including p53, p21, Rb, FOXO etc. all of which can regulate the cell cycle at various
stages by promoting the degradation of CDK-cyclin complexes or inhibiting their transcription or
translation (Baldi et al., 2011). The effect of XPO1-inhibition of the cell cycle has been studied in
detail in cancer cells. Haematological and solid tumours that over express XPO1 are associated
with increased malignancy due to un-regulated proliferation. Treatment of mice with prostate
cancer with XPO1 inhibitors KPT-251 and KPT-330 showed increased nuclear localization of
survivin and cyclin D1 followed by their proteasomal degradation. This lead to cell cycle arrest
and induction of apoptosis (Gravina et al., 2015). In vitro and in vivo administration of KPT 330
resulted in effective downregulation of XPO1-mediated nuclear export in Autosomal-dominant
polycystic kidney disease (ADPKD) cells and showed a dose-dependent cell cycle arrest at the
G0/G1 phase. Inhibition of XPO1 promoted the downregulation of CDK4 and caused cell cycle
arrest with minimal apoptosis (Tan et al., 2014).
Malignant peritoneal mesothelioma (DMPM) cells over express survivin protein to avoid
apoptosis. Survivin utilizes XPO1-mediated nuclear export to localize in the cytoplasm and
conduct its functions. Treatment with KPT-251, KPT-276 and KPT-330 in DMPM preclinical
models impaired cell growth. XPO1 inhibitor induced dose-dependent cell cycle arrest at G1 phase
and caspase-dependent apoptosis due to nuclear accumulation of p53 and CDKN1a. Cell exposure
to XPO1 inhibitors led to a time-dependent reduction of cytoplasmic survivin levels (De Cesare et
al., 2015).
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1.9.3

Viral manipulation of Cell cycle

Viral subversion of the cell cycle machinery is one of the pathways through which viral replication
and production of viral progeny is permitted. Viral proteins interact with various factors involved
in regulating the cell cycle to delay, arrest or progress the transition from one phase of the cell
cycle to the next. This helps the virus to alter the host cell and or increase viral replication. A few
examples of viral subversion of the cell cycle are described below.
The Herpes simplex virus 1 (HSV-1) infected cell protein 22 (ICP22) is a nucleotidylylated and
phosphorylated nuclear protein. It acts as a transcriptional factor required for the expression of a
subset of viral genes. ICP22 has been shown to interact with p78, a cell-cycle dependent protein,
during the S phase of the cell cycle (Bruni and Roizman, 1998). Vmw110 is an early protein of
HSV-1 required for initiating viral infection and for the efficient reactivation of the virus from
latency. The protein is capable of inhibiting the progression of the cell cycle, causing arrest in the
G1 phase, and inhibiting the mitotic phase of the cell cycle by promoting the proteosomal
degradation of a centromeric protein (CENP-C)9 (Lomonte and Everett, 1999).
HIV-1, a retrovirus, interrupts the function of several cell cycle regulators including cyclin B to
cause G2/M phase arrest and promote virus infection. Viral protein R (vpr) forms nuclear foci that
overlap DNA repair foci to activate a DNA damage/stress checkpoint, preventing the activation
of a cyclin B complex required for entry into the M phase causing cell cycle arrest (He et al., 1995).
The measles virus nucleoprotein is a cytosolic protein that is released into the extracellular
compartment after apoptosis and/or secondary necrosis of infected cells in vitro. The protein was
shown to be composed of two separate domains capable of inducing cell cycle arrest or apoptosis.
The protein is responsible for the immunosuppressive effects from infection as it arrests cells in
the G0/G1 phase of the cell cycle by promoting the degradation of proteins involved in the G1
phase transition (Laine et al., 2005).
Among coronaviruses, avian coronavirus-infected cells accumulate in the G2/M phase of the cell
cycle due to downregulation of G1 phase regulatory cyclins (cyclins D 1 and 2). Cell cycle arrest
resulted in increased viral progeny compared to asynchronous cultures or in cells arrested at the
G0 phase (Dove et al., 2006). Coronavirus N protein was shown to conduct cell cycle-dependent
trafficking of viral proteins to the nucleolus, particularly in the G2/M phase, and thereby regulate
viral replication (Cawood et al., 2007). Infection of cells with murine coronavirus results in
G0/G1 phase arrest.
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1.10 Inflammation
1.10.1 Immune response against RSV
1.10.1.1 Humoral and cellular responses

Protection and recovery from RSV infection are mediated by both the humoral and cellular
components of the immune system. The relevance of host immune system in controlling RSV
infection is evident in children who suffer from immunodeficiency diseases and have difficulty in
eradicating the virus, continuously shedding the virus for months rather than the typical 21 days
(Collins et al., 2013, Collins and Melero, 2011). RSV F is the major virus-neutralizing antigen that
is shown to induce the production of effective neutralizing antibodies in the host. RSV G can also
induce a similar effect, but it is not as effective as RSV F. Both serum and secretory antibodies are
produced in response to RSV infection. However, in infants the amount produced is usually low
and may account for their susceptibly to RSV infections relative to older children/adults. In mice,
administration of RSV-specific antibodies during the periods of peak viral replication accelerates
the resolution of the infection but does not seem to play a major role otherwise (Borchers et al.,
2013, Brandenburg et al., 2001, Chang, 2011, Collins et al., 2013).
Cellular immune response plays a major role in viral clearance once RSV infection is established.
CD8+ T lymphocytes are capable of inducing inflammatory responses and clearance of the virus
in murine models and are associated with decreased clinical symptoms in human adults. T
lymphocytes primarily target N, F, and M2 proteins in rodents and humans while SH, M, and NS2
proteins are recognized by human T lymphocytes. RSV possesses multiple evasion strategies that
inhibit T cell function, dysregulate the immune responses to the virus and result in short-lived
protection from re-infections. These are discussed in detail in (Openshaw and Chiu, 2013).
1.10.1.2 Inflammatory response

The primary site of RSV infection is the airway epithelium. Infected cells respond to RSV
replication by the secretion of various immunomodulatory and inflammatory mediators including
chemokines and cytokines. These mediators are part of both the innate and adaptive immune
response and play a crucial role in viral pathogenesis. Inflammatory mediators present in the upper
and lower respiratory secretions in RSV infected patients were found to be quite similar. The
persistence of cytokines and chemokines in fully recovered patients with RSV in the long term
increases the risk of development of subsequent asthma and wheezing cough. Therefore, RSV is
considered as an independent risk factor for the development of asthma and possibly for allergic
sensitization. Excessive production of pro-inflammatory cytokines added to a low interferon (IFN)
response culminates in significant lung damage due to an influx of immune cells at the site of
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infection. Our understanding of the various molecular mechanisms by which RSV interferes with
adaptive immunity is yet unclear but regulation of the inflammatory response induced by viral
infection would be effective in minimizing damage caused to the lungs and in restricting the
severity of disease.
Recent studies have shown RSV infection induces a time dependent increase in the expression of
17 cytokines, falling under three subclasses of chemokines (Table 1.3), in the epithelial cells of
the lower respiratory tract. RSV replication has been shown to primarily activate NFκB to
stimulate its inflammatory response. A brief overview of the NFκB-mediated inflammatory
response is depicted in Figure 1.8.
Table 1.3. Chemokines and cytokines induced by RSV.
Chemokine subclass
Chemokines
CC or β-chemokines

CXC or α-chemokines

References

CCL2, CCL5, and CXCL10,

(Miller et al., 2004, Becker

RANTES, MCP-1, MIP1α, and

et al., 1997, Olszewska-

MIP1β

Pazdrak et al., 1998)

growth-regulated oncogene

(Zhang et al., 2001,

[Gro]-α,-β, and -γ; interleukin-8

Haeberle et al., 2002)

[IL-8]; and I-TAC
C-X3-C chemokine

CX3C fractalkine (CX3C)

(Johnson et al., 2015,
Chirkova et al., 2015)

Cytokines
NFκB-induced

IL-1, IL-2, IL-4, IL-6, IL-10,

(Noah and Becker, 1993,

TNF-α

Bueno et al., 2011)

NFκB is a family of highly inducible cytoplasmic transcription factors that includes the
transactivating subunits (such as Rel-A, Rel-B, and c-Rel) and post-translationally processed
DNA-binding subunits (NF-κB1 (p50) and NF-κB2 (p52)) (Siebenlist et al., 1994). NFκB dimers
remain inactive in the cytoplasm by staying in complex with a group of inhibitory ankyrin repeatcontaining proteins, collectively referred to as IκBs (IκB-α, -β, -ε, p100, and p105). Activation of
NFκB, either through the canonical, non-canonical or alternative pathways (Figure 1.8) results in
proteolytic degradation of IκBs and the release of NFκB which proceeds to form a new complex
with Rel-A/B and shuttles into the nucleus. This leads to the activation of NFκB-dependent genes
and ultimately results in an influx of inflammatory cells into the lung and damages the airway
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NFκB-mediated inflammatory response plays a crucial role in several pathological conditions
including cancer and viral infections. It is also significant to note that XPO1 mediates nuclear
export of several NFκB pathway regulatory proteins including IκBα, IκBε, Rel-A, and p100. In
particular, XPO1 is the sole nuclear exporter for IκBα. Overexpression of XPO1 results in
premature export of IκB into the cytoplasm followed by proteasomal degradation. This upregulates
the transcriptional activity of NFκB and promotes inflammation and tumorigenesis (Lapalombella
et al., 2012). Treatment with SINE compounds such as KPT 350 in cancer cells leads to increased
nuclear accumulation of most of these regulatory proteins and provides anti-inflammatory and
neuroprotective effects. SINE compounds also decreased expression of the pro-inflammatory
cytokines IFN-γ, IL-1β, IL-6 and TNF-α in influenza A H1N1-infected mouse and ferret lungs.
KPT-185 has been found to retain IκB and p53 protein in the nucleus leading to downregulation
of NF-kB and induction of apoptosis in multiple myeloma cells. Similar effects were observed on
treatment with other XPO1 inhibitors such as KPT-249, KPT-330, LMB, and KOS-2464, all of
which resulted in increased levels of IκB and p53 (Bernabe et al., 2013, Das et al., 2015, Gravina
et al., 2015, Gravina et al., 2014, Parikh et al., 2014).

1.11 XPO1 in Cancer
Shuttling regulatory proteins into and out of the nucleus is essential for regulation of cell cycle and
proliferation (Gravina et al., 2014b). Cancer cells utilize nucleocytoplasmic trafficking pathways
to stimulate tumour growth and to evade apoptosis (Gravina et al., 2014b). There are numerous
studies showing that protein up-regulation, or RNA/DNA amplification of XPO1, correlates with
neoplasia and poor cancer prognosis (Senapedis et al., 2014). XPO1 is the sole nuclear exporter of
several tumour suppressor proteins and growth regulatory proteins including p53, p21, p73, Rb1,
Adenomatous polyposis coli (APC), bcr-abl, FOXO and STAT3 (Parikh et al., 2014). Nuclear
export of tumour suppressor proteins in normal cells prevents them from interacting with
transcription factors in the absence of DNA damage or oncogenic stimuli (Parikh et al., 2014).
Overexpression of XPO1 is observed in solid and hematologic malignancies (Turner and Sullivan,
2008; Parikh et al., 2014; Das et al., 2015). Overexpression of XPO1 results in mislocalization of
regulatory factors away from their original site of action in the nucleus and disrupts DNA topology,
tumour suppression, cell cycle and apoptosis (Turner et al., 2012a). This promotes malignancy,
evasion of apoptosis and detection, and drug resistance. For instance, APC is a tumour suppressor
protein that regulates β-catenin, a major component of the Wnt signalling pathway, and suppresses
tumour progression. In a normal cell, APC chaperones β-catenin and promotes its XPO1-mediated
export into the cytoplasm where β-catenin level is regulated by degradation. Mutations in APC
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gene cause malignant colon cancer and the intestinal polyp disorder familial adenomatous
polyposis (Powell et al., 1992). The mutated APC accumulates in the nucleus, becomes less
efficient in binding to β-catenin and retards XPO1-mediated export thereby promoting oncogenic
cellular transformation (Powell et al., 1992; Henderson, 2000).
Elevated XPO1 expression in tumours has been correlated with increased metastasis, histological
grade and increased tumour size (Turner et al., 2012a). Over expression of XPO1 in cervical cancer
cell lines decreased nuclear retention of tumour suppressors including p53, p27, p21 and p18.
siRNA-induced inhibition of XPO1 in cervical cancer cell lines significantly reduced proliferation
and promoted cell death, while the non-cancer cells remained unaffected (van der Watt et al.,
2009). XPO1 is therefore a promising cancer drug target, and the use of small molecule inhibitors
of XPO1 for a variety of cancers has been reviewed in detail (Turner et al., 2012a; Gravina et al.,
2014a; Parikh et al., 2014; Senapedis et al., 2014; Tan et al., 2014; Turner et al., 2014; Das et al.,
2015) and will not be discussed further.

1.12 XPO1 in Viral infections
XPO1-mediated export is co-opted by many viruses during various stages of viral replication
(Elton et al., 2001; Pasdeloup et al., 2005; Cao and Liu, 2007; Sanchez et al., 2007; Ghildyal et
al., 2009; Cao et al., 2012; Liu et al., 2012; Nakano and Watanabe, 2016). XPO1 has a key role in
viruses from diverse families, including retroviruses, orthomyxoviruses, paramyxoviruses,
flaviviruses, coronaviruses, rhabdoviruses and herpesviruses. Interruption of XPO1-mediated
export results in changes in virion protein expression, virion replication, incomplete viral
assembly, reduced infectivity and improved antiviral host immune responses. In the following
sections we review the utilisation of XPO1 and its role in the lifecycle of representative viruses
from selected families.
1.12.1.1 Human immunodeficiency virus type 1 (HIV-1)

A member of the family Retroviridae, HIV-1 encodes nine genes arranged as a series of 12
alternatively spliced exons (Kimura et al., 1996). Retroviral replication requires translation of fully
spliced mRNA encoding Tat, Rev and Nef proteins early in infection followed by cytoplasmic
expression of a set of late-phase unspliced or partly spliced mRNAs encoding structural and
accessory proteins (Kimura et al., 1996; Najera et al., 1999). HIV Rev protein is a 19-kd
phosphoprotein that mediates controlled expression of 4 kb and 9 kb retroviral mRNAs (encoding
the vif, vpr, and vpu/env genes and the gag/pol gene respectively) in the nucleus (Najera et al.,
1999; Fontoura et al., 2005). Rev protein carries an NLS peptide enabling translocation into the
nucleus, an RRE-binding (Rev response element) domain that binds to the unspliced mRNA, as
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well as an “activation” domain which contains the NES peptide which allows the shuttling of the
transcripts into the cytoplasm using XPO1 -mediated export (Kimura et al., 1996; Wolff et al.,
1997; Najera et al., 1999; Urcuqui-Inchima et al., 2011). The binding of Rev to unspliced
transcripts carrying the RRE creates an RNP filament with the NES displayed on the surface and
provides a transient “tag” which directs to XPO1 and RanGTPase (Najera et al., 1999).
HIV-1 Rev is an indispensable regulatory factor for virion protein expression (Cao and Liu, 2007).
The unspliced and partially spliced mRNA will be degraded in the absence of Rev, resulting in the
interception of HIV-1 replication at the same time (Cao and Liu, 2007). XPO1-assisted export of
gag mRNA enables efficient processing of Gag proteins and production of viral particles (NagaiFukataki et al., 2011). Disruption of the Rev RRE-XPO1 complex and inhibition of XPO1 /Revmediated viral RNA transport using XPO1 inhibitors such as LMB, ratjadone A (Fleta-Soriano et
al., 2014b), and a synthetic low molecular weight compound PKF050-638 (Daelemans et al.,
2002b) arrests transcription of HIV-1, inhibits the production of new virions and reduces HIV-1
levels (Urcuqui-Inchima et al., 2011; Perwitasari et al., 2014).
1.12.1.2 Human T-cell leukemia virus type-1 (HTLV-1)

Belonging to the genus Deltaretrovirus of the Retroviridae family, HTLV-1 causes adult T-cell
leukemia, HTLV-I associated myelopathy/tropical spastic paraparesis and HTLV-1 uveitis
(Nakano and Watanabe, 2016). After HTLV-1 entry, the viral genomic RNA is reverse-transcribed
and integrated into the host human genome (Nakano and Watanabe, 2016). HTLV-1 genomic RNA
encodes more than 10 viral proteins and has three alternatively-spliced forms of viral mRNAs,
which are unspliced (encodes Gag, Pro, and Pol proteins), singly (partially)-spliced (encodes Env)
and doubly (fully)-spliced (encodes accessory proteins, such as Tax, Rex, P30II, p12, p13)
(Nakano and Watanabe, 2016). The viral mRNA from the provirus for the first round of
transcription is completely spliced to tax/rex mRNA by the cellular splicing machinery (Nakano
and Watanabe, 2016). Tax stimulates gradual accumulation of Rex in the nucleus which in turn
permits Rex-mediated nuclear export of unspliced and partially spliced viral RNA into the
cytoplasm.
Similar to the HIV-1 Rev protein, HTLV-1 Rex protein recognizes the Rex Responsive Element
(RxRE) on the mRNAs to form a Rex-viral mRNA complex for selective nuclear-export using
XPO1 (Nakano and Watanabe, 2016). Unlike the RRE in HIV-1 mRNAs, RxRE is in all HTLV1 mRNAs but they differ in nuclear export efficiency (Nakano and Watanabe, 2016). Rex is
indispensable for efficient viral replication, infection and spread since it is considered to regulate
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the switch between the latent and productive phases of the HTLV life cycle (Younis and Green,
2005). Without a functional Rex, viral structural and enzymatic post-transcriptional gene
expression would be severely repressed and lead to non-productive viral replication (Younis and
Green, 2005).
1.12.1.3 Influenza

The family Orthomyxoviridae consists of negative sense, single-stranded, segmented RNA
viruses, influenza being the prototypic virus. The replication cycle of orthomyxoviruses consists
of attachment, receptor-mediated endocytosis followed by release of the viral ribonucleoprotein
(vRNP) to the cytoplasm. The vRNP is then imported into the nucleus where it undergoes
transcription and replication. The newly formed vRNPs are exported to the plasma membrane to
complete assembly of viral particles and budding (Knipe and Howley, 2013) The RNA genome of
influenza codes for 11 viral proteins. The transmembrane proteins hemagglutinin, neuraminidase
and M2 protein on the viral envelope assist in attachment and penetration, and M2 proteinmediated release of the vRNP into the cytoplasm. The vRNP consists of the (-)ssRNA, three
polymerase proteins (PB1, PB2 and PBA) that form the viral RNA polymerase complex (3P) and
nucleoprotein (NP). Nuclear import of the vRNP is facilitated by nucleoprotein using Imp-α.
Following transcription and replication in the nucleus, newly synthesized RNA is complexed with
NP to form new ribonucleoproteins; reviewed in (Nayak et al., 2004; Boulo et al., 2007).
Transport of the vRNP into the cytoplasm is coordinated by the NES-containing viral nuclear
export protein (NEP). NEP, formaly called NS2, binds to Ran-GTP and utilizes the XPO1 mediated nuclear export pathway to transport the viral core to the assembly site at the plasma
membrane (Elton et al., 2001). This is a critical step for the formation of mature viral particles and
is conserved in Influenza A, B and C strains (Paragas et al., 2001; Paterson and Fodor, 2012). In
addition to NEP, the viral matrix protein (M1) and NP also play important roles in this step.
Absence of either protein results in retention of vRNP in the nucleus (Bui et al., 2000; Neumann
et al., 2000). XPO1 silencing resulted in reduced replication of influenza viruses, reduced lung
viral loads and proinflammatory cytokine expression (Watanabe et al., 2001; Perwitasari et al.,
2014).
1.12.1.4 Dengue Virus

Dengue viruses are the major causative agents of arthropod-borne viral diseases such as dengue
fever and dengue hemorrhagic fever. A member of the Flaviviridae family, the dengue virus
(+)ssRNA genome encodes ten viral proteins including three structural proteins (capsid, pre-

39

37 | P a g e

membrane/membrane, and envelope) and seven non-structural (NS1, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5) proteins (Fields Virology. Flaviviridae. 2013).
Following adsorption, the virus is internalized via receptor-mediated endocytosis. The acidic pH
of the endosome promotes fusion of the viral endosomal membranes and allows the release and
uncoating of the viral nucleocapsid into the cytoplasm. The RNA genome is then translated and
replicated in the cytoplasm. Viral assembly is conducted at the endoplasmic reticulum following
several rounds of translation followed by maturation of the virion in the Golgi apparatus [reviewed
in (Clyde et al., 2006; Knipe and Howley, 2013)-].
The NS5 protein is the largest and highly conserved among dengue NS proteins. It localises both
in the cytoplasm and nucleus. Comprised of two domains, the N terminal domain of NS5 carries
out two biochemically distinct methylation reactions for RNA capping and the C terminal domain
has an RNA dependent RNA polymerase activity required for synthesis of the viral genome in the
cytoplasm [reviewed in (Lim et al., 2015)]. DENV-2 NS5 possesses two NLSs that capable of
binding Imp-α/β and Imp-β respectively (Pryor et al., 2007). It also carries an NES sequence that
interacts with XPO1 (Pryor et al., 2006). The bidirectional transport of NS5 has been shown to be
critical for modulation of host antiviral responses, particularly IL-8 induction, and viral replication.
The nuclear accumulation of NS5 has been shown to correlate with increased virus production.
Inhibition of XPO1 in dengue virus infections resulted in nuclear accumulation of NS5, reduced
IL-8 induction and altered viral kinetics (Rawlinson et al., 2009).
1.12.1.5 Rabies Virus

Rhabdoviridae consists of a morphologically distinct group of enveloped ss(-)RNA viruses with
an elongated rod-like or bullet-like shape; rabies virus being the prototypic virus. Rabies virus ss()RNA genome encodes five viral proteins and replicates entirely in the host cell cytoplasm. The
nucleoprotein (N), the large protein (L) and the phosphoprotein (P) enclose the genome to form
the virion core that is further enclosed by the matrix (M) protein followed by a viral envelope
embedded with glycoprotein (G). L and P form an RNA-dependent RNA polymerase complex and
are involved in viral transcription and replication. The rabies virus P protein also act as a regulatory
protein that antagonises interferon (IFN)-mediated antiviral responses of the host cell (Knipe and
Howley, 2013).
The P protein is expressed as five isoforms P1 to P5. Among the isoforms of P protein, NLS
containing P3-P5 are suggested to localize in the nucleus while NES carrying P1 and P2 have been
shown to utilize XPO1-mediated nuclear transport (Pasdeloup et al., 2005; Oksayan et al., 2012).
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NES of rabies virus P protein is conserved throughout the Lyssavirus genus (Pasdeloup et al.,
2005). P protein-mediated antagonism of interferon production in the host cell plays a major role
in neuroinvasion and infection of peripheral nerves as it is essential for stable viral replication
(Yamaoka et al., 2013). In normal cells, the phosphorylation of STAT1 enables it to localize in the
nucleus and regulate gene expression. P protein inhibits the phosphorylation, nuclear translocation
and DNA binding activity of STAT1 resulting in inhibition of both type I and II IFN responses
(Vidy et al., 2007). In addition, P protein interferes with the phosphorylation of interferon
regulatory factor 3 (IRF-3) to retard interferon production (Brzozka et al., 2005). Thus, P-protein
is critical to rabies pathogenicity. Interplay between the NLS and NES sequences on P protein in
combination with the phosphorylation and dephosphorylation of the signal peptides regulate the
localization of the viral protein (Gupta et al., 2000; Pasdeloup et al., 2005). Its complex interaction
with the host cell trafficking machinery essentially ensures success of infection and suppression
of host antiviral responses.
1.12.1.6 Human cytomegalovirus (HCMV)

Herpesviruses are highly disseminated in nature with hosts ranging from bivalves to humans.
Named after their characteristic icosahedral architecture, a typical herpesvirus consists of an outer
envelope, tegument or matrix layers, and a capsid enclosed dsDNA genome (Fields Virology.
Herpesviridae. 2013). HCMV, the largest member of the herpesvirus family, is the most significant
cause of congenital disease. The virion is composed of a glycoprotein embedded host-derived
envelope that encloses the tegument layer and the viral core composed of icosahedral protein
capsid and a dsDNA genome. Viral gene expression takes place in three stages: immediate-early,
early and late stages. The tegument (or matrix) layer, lies below the envelope and above the viral
capsid, is composed of nearly 32 proteins that conduct a range of functions including host cell
response and orchestrating viral assembly. These matrix proteins are added to the nucleocapsid
partly in the nucleus and partly in the cytoplasm during viral maturation. In the early stages of
infection, tegument proteins associate with microtubules and the NPC to deliver the viral genome
into the nucleus. In the final stages of infection these proteins coordinate stabilization of the
nucleocapsid, trafficking from the nucleus, assembly at the plasma membrane and budding
(Kalejta, 2008; Knipe and Howley, 2013).
Many tegument proteins are conserved across herpesviruses and are highly immunogenic. The
lower matrix protein phosphoprotein 65 (pp65) is the most abundant tegument protein and a
prominent target for MHC class I–restricted CD8 and MHC class II CD4 T-cell responses
(Frankenberg et al., 2012; Knipe and Howley, 2013). Pp65 localizes in the nucleus immediately
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after viral entry and carries out immune evasion tactics. During the lytic stage of the viral cycle,
pp65 utilises XPO1-mediated transport to shuttle into the cytoplasm (Sanchez et al., 2007;
Frankenberg et al., 2012). Pp65 acts on two fronts, on one side it phosphorylates the viral
immediate-early proteins and thereby protects them from being recognized by the host immune
system (Gilbert et al., 1996). On the other hand, pp65 also retards the expression of both MHC
class 1 and II molecules thus crippling viral recognition by both CD4 and CD8 T Helper cells
(Odeberg et al., 2003; Frankenberg et al., 2012). Another key function of pp65 is to inhibit natural
killer cell cytotoxicity by interfering with their activation (Arnon et al., 2005). Pp65 also retards
the host interferon response, particularly type 1 interferon response, reducing expression of
interferon beta and other cytokines (Abate et al., 2004). Disruption of CRM1-medited export of
pp65 resulted in its nuclear retention and retarded viral replication (Sanchez et al., 2007).
Another tegument protein UL94 is a late protein carrying both NLS and XPO1 dependent-NES
sequences. Mutation in these sequences disrupted its intracellular localization and upset its
shuttling function (Liu et al., 2012). Other tegument proteins play crucial roles during infection
including transcription of the genome (pp71, ppUL35, ppUL69, UL47 and UL48), translocation
of maturing nucleocapsids from the nucleus to the cytoplasm (pp150, and pp28), modifying host
cell response to infection (pIRS1/pTRS1), interfere with host cell cycle (pp71, ppUL69, UL97)
and optimize the nuclear environment for viral replication [reviewed in (Kalejta, 2008; Knipe and
Howley, 2013)].

1.13 XPO1 Inhibitors
Inhibition of nucleocytoplasmic transport by natural and synthetic products has been pursued as a
therapeutic avenue in cancer based on extensive biologic observations (Niu et al., 2015). Several
small molecule inhibitors of XPO1 have been developed and tested against a variety of neoplastic
cells, primarily in vitro. These targeted therapies work, at least in part, by forcing nuclear
accumulation of tumour suppressor proteins that are mislocalized or expressed at supraphysiologic
levels in cancer cells, to initiate cascades of pathways of apoptosis (Niu et al., 2015). The
successful application of XPO1 inhibitors against cancer gives support to their potential as
antiviral agents.
1.13.1 Leptomycin B: the prototypical CRM1 inhibitor

LMB, also known as elactocin, mantuamycin and NSC 364372, is a polyketide isolated from
Streptomyces and the first specific inhibitor of XPO1 to be discovered (Mutka et al., 2009b; Turner
et al., 2012a). It rapidly induces cytotoxic effects in cancer cell lines via covalent inhibition of
XPO1 (IC50 value 0.1 to 10 nM) (Mutka et al., 2009b). Its nanomolar potency stems from a highly
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specific Michael addition of Cys528 to LMB and subsequent inhibition of XPO1-mediated export
from the nucleus (Kudo et al., 1998; Kudo et al., 1999). The clinical development of LMB was
discontinued amidst a single phase 1 trial in mouse tumour models due to significant toxicity
(anorexia and malaise) without apparent efficacy (Newlands et al., 1996a).
1.13.1.1 Mechanism of action

LMB is chemically defined as an 19-[(2S,3S)-3,6-dihydro-3-methyl-6-oxo-2H-pyran-2-yl]-17ethyl-6-hydroxy-3,5S,7S,9R,11,15R,hexamethyl-8-oxo-2E,10E,12E,16Z,18Enonadecapentaenoic acid. The α,β-unsaturated δ-lactone portion of LMB covalently conjugates to
the Cys528 of CRM1 (or Cys529 in Saccharomyces pombe), hydrolyses the protein and thereby
stabilizes the interaction making it irreversibly bound to XPO1 (Kudo et al., 1998). The alkylation
of XPO1 by LMB induces a dramatic change in the three-dimensional structure. The persistent
shutdown of XPO1 mediated nuclear export and off target activity are possibly the reasons why it
is highly deleterious to the cell (Newlands et al., 1996b; Fung and Chook, 2014; Perwitasari et al.,
2014). LMB has been shown to block the export of influenza vRNPs containing the (-)ssRNA
genome, nucleoprotein and polymerases, from the nucleus into the cytoplasm and thereby inhibit
influenza replication (Perwitasari et al., 2014).
1.13.1.2 Side effects

LMB, binds covalently to a reactive Cys528 located in the NES-binding groove of XPO1,
inactivates it in an irreversible manner and targets the protein for proteasome degradation. Hence,
LMB is highly toxic and in vivo application is not justified (London et al., 2014). LMB alternatives
Ratjadone and Anguinomycin A form virtually identical inhibitor-bound, binding covalently to
Cys528 and occupying 70% of the NES-binding groove (Sun et al., 2013a). They remain bound to
the groove through extensive electrostatic and hydrophobic interactions (Sun et al., 2013a).

1.14 Synthetic CRM1 Inhibitors
1.14.1 Selective Inhibitors of Nuclear Export (SINE)

SINEs are first-in-class, novel selective inhibitors of nuclear export (KPT-SINE) developed by
Karyopharm pharmaceuticals using Concensus Induced Fit Docking (cFID). SINEs are designed
in such a manner that they bind to XPO1 covalently, similar to LMB, but reversibly (Fung and
Chook, 2014; Perwitasari et al., 2014). KPT-SINE compounds are orally bioavailable compounds
developed as chemotherapeutics for various solid and hematologic malignancies, as XPO1 cargo
proteins include numerous Tumour Suppressor Proteins (TSPs) such as p53, p73, p21, p27, FOXO
(1, 3a, and 4), PP2A, BRCA1 and BRCA2, and E2F4 (Turner and Sullivan, 2008; Turner et al.,
2014; Sun et al., 2016). By exporting these proteins from the nucleus of normal cells, XPO1
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prevents multiple TSPs from acting in the absence of DNA damage or other oncogenic insults;
thus, SINEs force the nuclear retention, accumulation, and functional activation of TSPs to limit
oncogenesis (Perwitasari et al., 2014).
1.14.1.1 SINEs are slow-reversible inhibitors of CRM1

Their smaller structures in comparison to LMB translates as 40% occupancy of the NES groove
leaving the remaining portion of the hydrophobic groove open and unoccupied (Fung and Chook,
2014). SINEs bind to the NES groove exclusively through hydrophobic interactions with their
trifluoromethyl groups buried deep within the NES biding groove (Fung and Chook, 2014). Unlike
LMB, the Michael acceptor moieties or reactive enones of SINEs are not hydrolysed after
conjugation probably due to its attachment deep into the NES groove protected from potential
nucleophiles and oxyanions (Fung and Chook, 2014). The conjugation of KPT 185 to XPO1 and
its inhibition activity is reversed by 40-60% after 24 hours most likely due to a lack of the
hydrolysis of its enone (Fung and Chook, 2014). The slow reversibility of SINEs possibly
contributes to their improved tolerance since withdrawal of the drug allows deconjugation of the
drug from XPO1 and essential nuclear export to resume in normal cells (Fung and Chook, 2014).
They bind long enough to kill cancer cells, but their reversible nature allows then to be released in
time to spare normal cells (Fung and Chook, 2014).
In the present study we have characterized the efficacy of three KPT compounds, KPT 185, its
trans-isomer KPT 301 and KPT 335 (Table 2.8). KPT 185 is the lead compound designed
primarily for in vitro experiments, its orally bioavailable analogue KPT 251 has been successfully
shown to have preclinical efficacy against various haematological and solid cancers in mice
models. The anticancer effect of this drug has been extensively analysed in a diverse range of in
vitro and in vivo studies. The main effects of KPT 185 treatment include reduced cell viability in
cancer cell lines in a dose and time dependent manner (between 1 and 5 µM). It reduces protein
expression of XPO1 within 48 hours post treatment but at the same time upregulates the mRNA
expression of the nuclear transporter. KPT 185 prompts a dose-dependent induction of apoptosis
and increase in expression of pro-apoptotic proteins such as caspases 8, 9 and 3, and PARP while
reducing the expression of surviving. KPT 185 causes cell cycle arrest at different stages
depending on the cell type, in pancreatic cancer cells BxPC3 it caused arrest in the G2/M phase
while in lung carcinoma cells NSCLC it caused arrest in the G1 phase. It interacts specifically with
Cys528 of XPO1 to mediate its effects and thereby modulates its downstream targets and
subsequently alters their subcellular localization. For instance, inhibition of XPO1 increases the
nuclear accumulation of several tumour suppressor proteins including p53, p21, FOXO, Rb etc
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which results in induction of apoptotic pathways and inhibition of cell growth. The KPT compound
showed no effect on the expression of NFκB or IκB-α. The antiviral effects of KPT 185 are likely
to be the same as in cancer cells however the impact it would have on viral replication and
assembly or on the normal cells treated with KPT 185 are largely unknown.
KPT 335, also known as Verdinexor, was the first chemotherapeutic agent approved for treatment
of canine lymphoma. Its effects on several different canine tumour cell lines including NonHodgkin Lymphoma (NHL)cells have been extensively studied and are quite similar to the effects
and mechanism of action of KPT 185. In contrast, KPT 335 is an orally bioavailable compound,
has passed clinical trials in canines and is currently in Phase 1 trials as an anti-influenza drug. Its
effects on influenza virus inspired the current work on RSV since both viruses target the same cell
type, cause extensive inflammatory responses and increase risk for chronic lung conditions such
as asthma and bronchitis.
KPT 301, trans-isomer of KPT 185, has shown little or no activity against cancers in previous
studies. It was taken as negative control in several anticancer studies involving KPT compounds
(Lapalombella et al., 2012, Crochiere et al., 2016).

1.15 Naturally Occurring Inhibitors
Several small molecules found in nature have XPO1 inhibiting activity (some of them are listed
in Table 2.9); several such molecules are already in use in mainstream and/or complementary
medicine with bioavailability and in vivo safety data already in hand. These present an attractive
group of drugs for development of antiviral strategies.
Antiviral activities have been reported for numerous medicinal plants and have been extensively
used as part of traditional medicine globally for centuries. Herbal products with confirmed clinical
safety features are attractive starting material for the identification of new antiviral activities.
Recent demonstration of anti-HIV-1 activity of extracts of Pelargonium sidoides, licensed in
Germany as the herbal medicine Umckaloabo® indicates investigation of antiviral activities
among herbal extracts holds immense potential (Niu et al., 2013b; Forouzanfar et al., 2014b; Helfer
et al., 2014; Liu et al., 2014b; Niu et al., 2015; Wang et al., 2015). A selection of naturally
occurring XPO1 inhibitors are listed below.
1.15.1.1 Valtrate and Acetoxychavicol acetate

These are small molecule inhibitors of XPO1 isolated from Valerianae fauriei and Alpinia
galangal. Both compounds were shown to disrupt XPO1-mediated export of HIV-1 Rev protein.
They have also been shown to inhibit nuclear export of influenza viral RNPs (Watanabe et al.,
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2001; Watanabe et al., 2011). Their mechanism of action was demonstrated through competitive
binding assays to be the same as LMB (Murakami et al., 2002; Tamura et al., 2010a; Tamura et
al., 2010b).
1.15.1.2 Piperlongumine

Piperlongumine

(5,6-dihydro-1-[(2E)-1-oxo-3-(3,4,5-trimethoxyphenyl)-2-propenyl]-2(1H)-

pyridinone) is a natural alkaloid of the Long pepper (Piper longum L. – Piperaceae) widely used
in Indian and Chinese traditional medicine. Piperlongumine exhibits multiple biological and
pharmacological activities including antimicrobial, anti-inflammatory, platelet aggregation
inhibitor and antitumor activities (reviewed in (Bezerra et al., 2013)). The electrophilic αβunsaturated carbonyl group of piperlongumine has been shown to covalently modify Cys528 of
XPO1 in a Michael addition manner and inactivate XPO1 -mediated protein export (Niu et al.,
2015). This suggests piperlongumine-induced suppression of constitutive NFκB, AKT/mTOR and
MAPK signal pathways and cytotoxicity in tumorogenic cells demonstrated in several studies
could be explained by its interference with XPO1 -mediated export (Ginzburg et al., 2014; Liu et
al., 2014a; Shrivastava et al., 2014). Piperlongumine was demonstrated to inhibit HeLa cells after
24 hours exposure with an IC50 value of 16.3 µM, showing cellular tolerance and potential for oral
administration (Niu et al., 2015).
1.15.1.3 Plumbagin

Plumbagin, a natural bicyclic naphthoquinone derived from Plumbago zeylanica, is known to have
antimicrobial

(Dzoyem

et

al.,

2007),

anticancer,

antiproliferative,

chemopreventive,

chemotherapeutic and radiosensitising properties (Ahmad et al., 2008; Aziz et al., 2008; Sinha et
al., 2013). It’s known to induce apoptosis and cell cycle arrest by suppressing constitutive the
NFkB signal pathway (Ahmad et al., 2008). Plumbagin has been demonstrated to interfere with
XPO1-mediated export, directly interacting with the transporter protein same as LMB and explain
some of its therapeutic properties mentioned earlier (Liu et al., 2014b). Plumbagin disrupts XPO1
export and retains tumour suppressors such as FOXO1, p21, p53, and p73 suggesting this as a
mechanism for the naphthoquinone’s antitumorigenic effects (Liu et al., 2014b).
1.15.1.4 Curcumin

Curcumin (Diferuloylmethane) is the major constituent of Curcuma longa, an ancient spice widely
used in Indian traditional medicine. Extensive research has showed curcumin as the major
bioactive chemical responsible for a wide array of pharmacological properties that involve
regulation of various cellular growth and transcription, cytokines production or inhibition, protein
kinases, and other enzymes [reviewed in (Aggarwal et al., 2007; Jagetia and Aggarwal, 2007)].
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Suppression of constitutive the NFkB signal pathway (Aggarwal and Shishodia, 2004), myeloid
differentiation protein 2 (MD-2) (Gradisar et al., 2007), Akt/mammalian target of rapamycin
(mTOR) (Beevers et al., 2009) and STAT3 signalling (Kim et al., 2003) has been reported for the
antitumorigenic effects of curcumin. Recently, XPO1 has been confirmed as one of the cellular
targets directly interacting with curcumin (Niu et al., 2013a). Curcumin was shown to covalently
interact with XPO1 at Cys528 and induce the nuclear retention of FOXO1 and detected an
upregulation of tumour-suppressor proteins p73 and p27 in HeLa cells upon treatment. In addition,
XPO1 modulation by curcumin downregulated expression of proinflammatory proteins COX-2
and Cyclin D1in a dose dependent manner (Niu et al., 2013b).
1.15.1.5 Licorice

Licorice (Glycyrrhiza uralensis Fisch.) is a common herb used in traditional Chinese medicine for
airway symptoms that have been proved to have anti-RSV activity (Chang et al., 2011; Wang et
al., 2011; Chang et al., 2012). These prescriptions have been shown to exert antiviral properties
by stimulating anti-viral cytokines such as interferon-β and TNF-α in both upper (HEp-2) and
lower (A549) respiratory epithelial cell lines (Feng Yeh et al., 2013). Licorice contains more than
20 triterpenoids and nearly 300 flavonoids. Among them, glycyrrhizin (GL), 18β-glycyrrhetinic
acid (GA), liquiritigenin (LTG), licochalcone A (LCA), licochalcone E (LCE) and glabridin
(GLD) are the main active components which possess antiviral and antimicrobial activities (Wang
et al., 2015). GL and GA have been shown to inhibit replication of rotavirus, RSV and HIV by
inhibiting virus replication, preventing viral attachment or enhancing host cell activity. But their
mechanism of action is yet to be investigated (Wang et al., 2015).

1.16 Rationale for the project
RSV is the primary cause of morbidity and mortality due to lower RTIs in premature infants,
children below the age of five, elderly and immunocompromised patients. The current therapeutic
options, Palivizumab (an RSV-specific monoclonal antibody) and Ribavirin (nucleoside
analogue), have limited efficacy, are difficult to administer and have severe side effects. There is
currently no vaccine against RSV and the standard of care for infected patients is limited to
supportive therapy (WHO, 2011, Falsey and Walsh, 2000, Bracht et al., 2011). This clearly defines
the need for novel RSV preventative and therapeutic strategies.
Traditional antiviral therapy targets a viral protein to inhibit or disrupt infection. However, this
strategy has three main drawbacks: mutation of the target protein, development of viral resistance
and limited spectrum of antiviral activity. Recent drug development strategies target host factors
utilized by viruses during infection. Viruses utilize a wide range of host proteins and machinery to
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propagate themselves and in most cases these factors play a critical role and are indispensable
during infection. Disruption of the function of one or more of these host factors could provide an
effective therapeutic strategy with minimum risk for the development of viral mutations and
resistance. In comparison, host factors are less likely to mutate and are likely to be effective against
a wide range of viruses that target the same host factor during infection. The key point that has to
be kept in mind for development of drugs targeting these host factors is a minimal impact on
normal/healthy cells while disrupting viral infection (Alvisi et al., 2008b, Caly et al., 2015, Collins
and Graham, 2008, Hill et al., 2014, Hsu and Spindler, 2012).
The RSV Matrix (M) protein is an essential component for RSV replication and budding. Referred
to as the ‘biological clock’ of RSV, M protein coordinates several stages including viral assembly,
filament formation and budding during infection (Ghildyal et al., 2006, Bajorek et al., 2014).
Previous studies have shown that M protein utilizes the nucleocytoplasmic trafficking pathways
to enter into the nucleus in the early stages of infection and later exits the nucleus to initiate viral
assembly and budding (Ghildyal et al., 2009). M protein specifically interacts with Imp β1 to enter
the nucleus, where it is suggested to interfere with host transcriptional activity, and later exits the
nucleus via the XPO1-mediated pathway (Ghildyal et al., 2005a). XPO1 is the sole nuclear
exporter that interacts with M protein. Treatment with LMB, an XPO1 inhibitor, results in nuclear
accumulation of M protein and reduced virus production. Similarly, mutations in the nuclear
export signal (NES) of M lead to increased protein retention in the nucleus and the virus cannot
be released (Ghildyal et al., 2009). These findings suggest disruption of the function of M protein
is a viable therapeutic target.
A novel class of XPO1 inhibitors called the Selective Inhibitors of Nuclear Export (SINE) has
been recently characterized extensively as anticancer agents. Inhibition of XPO1 in malignancies
that overexpress the exporter results in nuclear accumulation of tumour suppressor proteins
(TSPs), pro-apoptotic factors and inflammatory mediators. SINE compounds are effective against
a wide range of solid and haematological cancers (Das et al., 2015, Fung and Chook, 2014, Gravina
et al., 2014, Parikh et al., 2014). The SINE compound KPT 335 was recently reported to inhibit
nuclear export of influenza virus ribonucleoprotein (RNP) complex and thereby limit disease
pathogenesis and viral replication in both in vitro and in vivo models (Perwitasari et al., 2014,
Perwitasari et al., 2016). KPT 335 also inhibited the nuclear export of the VEEV viral capsid
resulting in reduced viral titres (Lundberg et al., 2016).
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In addition to synthetic XPO1 inhibitors, several plant-derived compounds such as Curcumin,
Thymoquinone, Plumbagin, Piperlongumine, Valtrate, Glycyrrhetinic acid, and Acetoxychavicol
acetate have been recently shown to inhibit XPO1. These compounds are reported to have
extensive pharmacological activities ranging from antibacterial, antifungal, anticancer and antiinflammatory properties. These compounds also hold immense potential in mainstream medical
applications since extensive studies have evaluated their availability, in vivo safety and
pharmacokinetics (Mathew and Ghildyal, 2017).

1.17 Hypothesis
Given these findings, we hypothesize that SINE-induced transient inhibition of XPO1-mediated
transport of RSV M protein would reduce viral replication and vial titre with minimal cytotoxicity
under in vitro conditions. Aims
•

In vitro characterization of KPT compounds with respect to cytotoxicity and efficacy.

•

To elucidate the efficacy of KPT compounds against RSV replication.

•

To explain the Mechanism of action of KPT compounds

•

In vitro characterisation of selected natural XPO1 inhibitors with respect to cytotoxicity,
and efficacy against RSV.

1.18 Justification for the project
Currently, there is no effective treatment against RSV infection. Attempts to develop vaccines
against RSV have failed in the past and the antivirals available in the market are non-specific. This
study attempts to examine the efficacy of the novel selective inhibitors of nuclear export against
RSV. Among the synthetic XPO1 inhibitors chosen for this study, KPT 335 was the first FDA
approved drug for treatment of canine lymphoma. Also, it is effective against various strains of
influenza and VEEV. Among the selected plant-derived XPO1 inhibitors, the pharmacokinetics
and biological properties of almost all the compounds are well characterized. They have been
widely used as part of traditional medicines in India, China and Europe. Most of these natural
extracts have been characterized in vivo for their anticancer properties. Both the synthetic and
natural XPO1 inhibitors chosen for this study have been effective against other diseases and most
of these compounds are deemed safe for human therapeutic applications.
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CHAPTER 2:
Materials and Methods

2

Materials and Methods

2.1 Materials
2.1.1

Cell lines and Plasmids

Table 2.1. Cell lines used in this study.
CELL LINE
SOURCE
Vero

ATCC® NUMBER

DESCRIPTION

CRL-1586TM

No functional type 1

Epithelial cells from kidney
of Ceropithecus aethiops

interferon response.

(African green monkey).
A549

CRL-185TM

Carcinoma epithelial cells
from human lungs.

Active type 1
interferon signalling
pathway.

2.1.2

Virus, Plasmids and Bacterial cultures

RSV subtype A2 was obtained from the ATCC (ATCC® VR-1540™). Cytopathic effects induced
on infection include syncytia formation, rounding and sloughing. A2 strain was used for the study
since it is the most prevalent strain in most seasonal outbreaks of RSV and is found globally
(Hacimustafaoglu et al., 2013, Hall et al., 2013). A single replication cycle is completed within
24 hours (Varada et al., 2013) and extensive cytopathic effects are evident within 48 hours post
infection.
Table 2.2. Plasmids used this study.
Plasmid

Bacteria

pGFP-DESTC

Source

Ghildyal et al., Mammalian cell expression
vector, expressing GFP.
2009

pEPI-GFP-M(1-256)

pEPI-GFP-Rev(2-116)

Description

Mammalian cell expression
vector, expressing M with an
N-terminal GFP fusion.

DH10B E.coli
competent

Mammalian cell expression
vector, expressing Rev (2-116)
with an N-terminal GFP
fusion.

cells
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Antibodies

PBST

antibody (B50; gift from Erling Norrby,
1:1000 in 1% Skim milk
powder dissolved in PBST

Mouse anti-Exportin 1

BD Biosciences; Cat#611833

Sweden)

1:1000 in 1% BSA dissolved in

powder dissolved in PBST

Cell Signalling; Cat# 2148S

6.

5.

1:5000 in 1% skim milk powder
or BSA dissolved in PBST.

Invitrogen; Cat# 65-6120

or BSA dissolved in PBST.

Santa Cruz Technology; Cat#: sc-2020

Goat anti-rabbit HRP-Conjugate

1:5000 in 1% skim milk powder

Donkey anti-goat HRP-Conjugate

1:50 in 1X PBS

1:100 in 1x PBS

1:100 in 1X PBS

IFA

Application

Mouse anti-RSV Matrix protein monoclonal

1:1000 in 1% Skim milk

powder dissolved in PBST

Merck Millipore; Cat#: ab1128

Rabbit anti-α/βTubulin monoclonal antibody

1:1000 in 1% Skim milk

Western Blotting

Goat anti-RSV polyclonal antibody

Secondary Antibodies

4.

3.

2.

1.

Primary Antibodies

Table 2.3. Antibodies used in this study.
SNo.
Protein of Interest & Manufacturer

The primary, secondary and fluorescent-secondary antibodies used in this study are listed in the table below.

2.1.3

PBS

1:1000 in 1X

PBS

1:1000 in 1X

Plaque Assay

55

1:5000 in 1% skim milk powder
or BSA dissolved in PBST.

Rabbit anti-mouse HRP-Conjugate

Invitrogen; Cat# 65-6120

11.

10.

9.

8.

Life Technologies; Cat#: A11001

Alexa Fluor 568 rabbit anti-goat

Life Technologies; Cat#: A10037

Alexa Fluor 488 donkey anti-mouse

Life Technologies; Cat#: A10042

Alexa Fluor 568 donkey anti-rabbit

Life Technologies; Cat#: A11004

Alexa Fluor 488 goat anti-mouse

Fluorescent Secondary Antibodies

7.

1:1000 in 1X PBS

1:1000 in 1X PBS

1:1000 in 1X PBS

1:1000 in 1X PBS

2.1.4

Buffers, Media, Solutions and Equipment

Table 2.4. Commercial kits/reagents used in this study.
Commercial Kits/Reagents
Manufacturer
Cytotox 96® Non-Radioactive

Promega Corporation, USA

Cytotoxicity Assay

Cat# G1780

Promega PureYield(TM) Plasmid

Promega Corporation, USA

Midiprep System

Cat# A2492

Tali® Cell Cycle Kit

ThermoFisher Scientific, USA
Cat# A10798

Human IFN β ELISA Kit

Elisa Kit (Elisakit.com), Australia
SKU# elisakit.com-00

Human IL-8 ELISA Kit

Peprotech, USA
Cat# 900-K18

R&D Duoset Human IL-29/IL-28B (IFN

R&D Systems Inc., USA

λ 1/3) ELISA Kit

Cat# RDSDY1598B05

Western Lightning® Plus-ECL,

PerkinElmer, USA

Enhanced Chemiluminescence Substrate

Cat# NEL104001EA

Kit
LipofectamineTM 2000 Transfection

Life Technologies,

Reagent

Cat# 11668019

Genejuice Transfection Reagent

Novagen, Merck, Australia

Prolong gold antifade with DAPI

Life Technologies
Cat# P36931

Hoechst 33342 stain

ThermoFisher Scientific, USA
Cat# Hoechst 33342 stain

Fluorescence mounting media

Dako
Cat# S302380-2
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Table 2.5. List of general reagents used in this study.
Buffers/Solutions Manufacturer
Agarose Astral Scientific
Cat# BIOD0012
Diaminobenzidine (DAB) Peroxidase Sigma-Aldrich
Substrate Cat# D5905-50TAB
and
SIGMAFAST™ DAB with Metal Enhancer Cat# D D0426-5SE
HyperLadder 1kb DNA ladder Bioline
Cat# BIO-33025
HyperPAGE Prestained Protein Marker Bioline
Cat# BIO-33066
(5X) DNA loading dye, blue Bioline
Cat# BIO-37045
PSN Antibiotic Mix, 100X Life Technologies
Cat# 15640055
40% Acrylamide/Bis Solution 37, 5:1 BioRad
Cat# 1610149
β-mercaptoethanol Sigma-Aldrich
Cat# M6250-250mL
VWR Chemicals
Sodium chloride Cat# 27800.360
Glycine Cat# 10119CU
Tris-(hydroxymethyl) aminomethane Cat# 28811.295
Ponceau Red S Sigma
0.1% w/v, 5% Acetic Acid
Cat# 7170
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Table 2.6. List of in-house prepared buffers and solutions.
Buffers/solutions Composition
10X phosphate buffered 1.36 M NaCl
solution (PBS) 101.44 mM Na2HPO4
26.83 mM KCl
16.90 mM KH2PO4
pH 7.5
0.5% PBST 500 µl Tween 20 in 500 ml of 1X PBS
SPGA 218 mM Sucrose
7.1 mM K2HPO4
4.9 mM Sodium Glutamate/ L-glutamic acid
1% BSA
Trypsin/EDTA 2.5% Trypsin
26.5 mM EDTA
*1 ml each of Trypsin and EDTA are added to 48 ml of
1X PBS
50X Tris-acetic acid 2 M Tris
ethylenediaminetetracetic acid 1 M acetic acid
(TAE) 0.05M EDTA
10% Sodium dodecyl sulphate 10 g of SDS in distilled water
(SDS)
Blocking solution (western 4% Skim milk powder or BSA dissolved in 0.5% PBST
blotting)
Wash solution (western 0.5% PBST
blotting)
1X Triton X 0.5 ml of Triton-X 100
(immunofluorescence) 100 ml of 1X PBS
4% Formaldehyde 4 ml Formaldehyde made up to 50 ml using 1X PBS
Blocking solution (ELISA) 1% BSA dissolved in 1X PBS
Tris Buffered Saline (TBS) 6.05 g Tris
8.76 g NaCl
800 mL of H2O
pH to 7.6
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Color solution (ELISA) 15 ml TBS
10 mg DAB
12 µl H2O2
20% Sucrose Solution 20 g Sucrose in 100 ml nanopore water; stored at 4oC
Boiled Casein 0.5% Boiled casein solution
* 2gm of Casein is suspended in 40 ml of 0.1 n NaOH
and boiled with stirring. The dissolved solution was
allowed to cool down and the pH was adjusted to 7.4.
The final volume was made to 400 ml with 1X PBS
Blocking Solution/Solution C Boiled Casein plus 1% Tween 20
for ELISA * 1 ml Tween 20 was added to 100 ml of boiled casein
Diluent for sample/Solution D Boiled Casein plus 0.025% Tween 20
for ELISA * 1 ml of Solution C was added to 39 ml of boiled
casein
Table 2.7. Culture media used in this study.
Media Composition
Cell culture
Foetal bovine serum (FBS) Sigma-Aldrich
Cat# F6765-100mL
Bovine Serum Albumin (BSA) Sigma-Aldrich
Cat# A7906-50G
Complete growth medium Dulbecco’s Modified Essential Medium, DMEM - High
glucose
10% FBS
Infection medium Dulbecco’s Modified Essential Medium, DMEM - High
glucose
2% FBS
Bacterial culture
Luria Bertani (LB) 10g/L tryptone;
5g/L yeast extract;
10g/L NaCl
LB agar LB with 2% bacterial agar
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Acetoxychavicol acetate
MW: 234.251 g/mol
IUPAC Name: [4-[(1S)-1-acetyloxyprop-2enyl]phenyl] acetate

Valtrate
MW: 422.474 g/mol
IUPAC Name: [(1S,6S,7R,7aS)-4(acetyloxymethyl)-1-(3methylbutanoyloxy)spiro[6,7a-dihydro1H-cyclopenta[c]pyran-7,2'-oxirane]-6-yl]
3-methylbutanoate

Curcumin
MW: 368.38 g/mol
IUPAC Name: (1E,6E)-1,7-bis(4-hydroxy3-methoxyphenyl)hepta-1,6-diene-3,5dione

Table 2.10. Preparation of Plant extracts.
Compound

Stock Concentration

Plumbagin

10 mg/ml in DMSO

Thymoquinone

14 mg/ml in DMSO

Piperlongumine

20 mg/ml in DMSO

Glycyrrhetinic Acid

16 mg/ml in DMSO

Acetoxychavicol Acetate

20 mg/ml in DMSO

Valtrate

25 mg/ml in Ethanol

Curcumin

10 g/ml in DMSO
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2.2 Methods
2.2.1

Statement of Compliance

Laboratories, physical containment equipment, laboratory design and procedures followed in this
project were in adherence to the requirements, responsibilities and general guidelines set by the
Australian/New Zealand Standard™ AS/NZS 2243.3:2002 (Safety in laboratories, Part 3:
Microbiological aspects and containment facilities; Available from www.standards.org.au) and
The Office of the Gene Technology Regulator (OGTR) - Handbook on the Regulation of Gene
Technology in Australia (Available from www.ogtr.gov.au).
2.2.2
2.2.2.1

Cell culture
Routine Culturing

Vero and A549 cells were grown in complete medium [DMEM supplemented with 10% (v/v) heat
inactivated FBS and 1X PSN]. Cells were maintained under standard conditions [in a humidified
37oC incubator supplied with 5% CO2] for routine culturing, treatment, infection and transfection
experiments. For subculturing, cells were washed with 1X PBS (pH 7.4) and detached using
trypsin/EDTA solution. Cells were routinely sub-cultured 1-2 times a week, seeded in 1:8 or 1:10
ratio. All media, buffers and solutions were pre-warmed to 37oC before use.
2.2.3
2.2.3.1

Virus propagation
Cell Preparation

Vero cells were prepared as 70 to 80%-confluent monolayer in a 75 m2 flask [Corning Inc., Lowell,
USA], which was approximately between 1.96 and 2.24×106 cells, cultured in complete medium.
2.2.3.2

Virus Inoculation

Prior to infection, the culture medium was discarded, and the monolayer of Vero cells was washed
with 1X PBS and infected with RSV-A2 (500 µl; Source: Section 2.1.2) in 3-5 ml of infection
medium [DMEM supplemented with 2% (v/v) heat inactivated FBS and 1X PSN]. The virus was
adsorbed for 1 hour with agitation every 15 minutes while incubating the flask under standard
conditions. Following absorption, 6 ml of infection medium was added, and the cells incubated for
at least 48 hours or until extensive cytopathic effects were observed, which is when ≥50% syncytia
were formed evenly across the flask with minimal cell death. A flask that was mock ‘infected’,
using infection media alone and incubated alongside the infected flask, served as the control for
the infection.
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2.2.3.3

Harvest

The virus containing supernatant was collected and stored at -80oC. A fresh solution containing 3
ml SPGA (Table 2.6) and 3 ml of Serum Free DMEM was added to the infected cells remaining
in the flask and stored overnight at -80oC. To collect the viral lysate, contents of the flask were
thawed to room temperature and infected cells were detached using a scraper [Corning Inc.,
Lowell, USA]. The cell debris were separated from the viral inoculum by centrifugation at 4000 ×
g at 4oC for 15 minutes.
2.2.4

Virus Titration

The viral inoculum was titrated to determine viral infectivity as previously described (Jorquera
and Tripp, 2016). Slight modifications were made to these procedures and these are detailed below.
Briefly, 1x104 Vero cells were seeded into each well of a 96-well plate in 100 µl of complete media
and grown overnight (less than 24 hours) to obtain an 80% confluent monolayer on the day of
infection/or treatment.
Firstly, 10-fold serial dilutions of virus in infection media were used for inoculation in
quadruplicates. Briefly, the viral inoculum was diluted to 1/10 or 1/50 and made up to 500µl in
infection media. 120 µl of the diluted viral inoculum was aliquoted into the first column of roundbottomed wells in a 96-well. 60 µl of the inoculum was added to 60 µl of infection media in column
2, this diluted the solution to 10-2. This is continued up to column 11. Infection media alone was
taken in column 12. Secondly, the serial dilutions are transferred onto growing cells in another 96well plate. The growth medium was discarded, and the plate was dry blotted. 50 µl of diluted virus
was added to each well. Infection media alone was used as mock (control). The virus was allowed
to adsorb to the cells for 1 hour under standard conditions, agitating every 15 minutes. After 1
hour, the cells were overlaid with 100 µl of infection medium and incubated for 48 hours. The
infection medium was discarded and dry blotted while the infected cells were fixed in 200 µl of
methanol containing 2% hydrogen peroxide solution for 20 minutes. The plate was air-dried at
least overnight and analysed using immunoplaque assays.
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2.2.4.1

Immunostaining and Plaque Assay

The immunoplaque assay used in this study is based on the typical agar/methylcellulose overlaybased plaque assays, with some differences. Each plaque represents a single infectious particle
capable of causing infection and the spread of the plaque indicates spread of infection. RSV does
not form the typical plaques, hence immunostaining is utilised to visualise the infected cells.
Additionally, immunostaining reduces the time required to analyse infectious titre (Bajorek et al.,
2014, Shahriari et al., 2018). For immunostaining, the fixed cells were blocked in blocking solution
(Table 2.1; 200 µl/well) for 30 minutes and dry blotted. Freshly prepared primary antibody (Goat
anti-RSV antibody) diluted (1:1000) in diluent (Table 2.6) was added (100 µl/well) and incubated
at room temperature for 2 hours. The plate was washed four times in 1X PBS and dry blotted. The
cells were probed with the secondary antibody (donkey anti-goat-HRP antibody (1:1000); 100
µl/well) prepared in the same diluent (Table 2.6) and incubated for 2 hours in the dark with
agitation. The plate was washed as previously described and dry blotted. The plaques were
visualized using freshly prepared SigmaFast™ Diaminobenzidine (DAB) Peroxidase Substrate
(Table 2.6). The DAB solution was added to the wells (50 µl/well) and incubated in the dark, at
room temperature, until the colour developed.
Table 2.11. Solutions for Immunostaining and Plaque assay.
Solution
Fixing solution

Method 1

Method 2

Methanol and Hydrogen peroxide

Blocking Solution

200 µl of 1% BSA in 1X PBS

Antibody diluent solution

1X PBS

plus 0.025% Tween20

Buffer Saline containing 12
µl of H2O2

Washing solution

plus 1% Tween20.
0.5% boiled Casein solution

Dissolved in 15 ml of Tris
Preparation of DAB

0.5% boiled Casein solution

Dissolved in nanopore water
along with one tablet of
Metal Enhancer immediately
prior to use

1X PBS
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2.2.4.2

Analysis of PFU/ml

The number of plaques (in triplicates or quadruplicates) in three higher dilutions of the viral

inoculum observed in the 96-well plate were counted and used to estimate the average number of
plaques for each dilution. The average number of plaques for each dilution was multiplied with
the volume of viral inoculum (0.05 ml) and the dilution factor as shown below.
PFU/ml = Average number of plaques per well × 0.05 × Dilution factor
PFU/ml or viral titres were expressed as mean of triplicate +/- standard error of the mean.
Calculations were done on MS-Excel. The difference in viral titre from treated samples relative to
DMSO-treated samples were plotted using GraphPad Prism v.7.02.
2.2.5

Immunoplaque reduction assay

96-well plates were seeded with 1x104 cells/well in complete media and incubated overnight under
standard conditions until 80% confluent. The cells were infected at MOI = 1 or 0.5 for one hour
with agitation. The cells were incubated further in virus-free infection medium for the time
mentioned in each experiment. The media was discarded and replaced with varying doses of test
compounds prepared in infection medium (100 µl/well). The plates were incubated up to a certain
time post infection/treatment, supernatant was discarded, and the plate was dry blotted. The cells
were fixed in methanol with 2% H2O2 for 20 minutes and allowed to dry overnight. The PFU/ml
was determined as described in the previous section.
In the situation where, particularly for Vero cells, the plaques could not be clearly discerned due
to a very high viral titre the OD of the plates was measured at 600 nm using BIO-RAD Benchmark
Plus Microplate Reader. The average intensity from three or four wells treated with each dose of
the test compound was determined and subtracted from the average intensity observed in 100%
lysed (control) wells. The mean±SEM from three independent experiments was calculated on MSExcel. Line graphs depicting the average intensity of the plaques from KPT-treated wells relative
to control was plotted using GraphPad Prism v.7.02.
2.2.6

Lactate Dehydrogenase (LDH) Assay to determine Cytotoxicity

Vero/A549 cells were seeded in 96-well plates at 1x104 cells/well cells per well and incubated
overnight under standard conditions up to 80% confluency. KPT compounds were diluted in
growth medium from a 10 mM stock prepared in DMSO to concentrations between 100 to 0.05
μM and added at 100 μl/well onto cell monolayers in triplicate. The plant extracts were diluted in
growth medium from stock listed in Table 2.12 to concentrations between 100 and 0.25 µg/ml.
The cells were cultured for 48 hours and the supernatant was collected. Lactate dehydrogenase
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(LDH) released by the cells was estimated using PromegaCytoTox 96® Non-Radioactive
Cytotoxicity Assay. The assay was performed according to the manufacturer’s protocol. Briefly,
50 μl of the CytoTox 96® Reagent was added to 50 μl of the supernatant and incubated in the dark
at room temperature for 30 minutes. After incubation, 50 μl of Stop Solution provided by the
manufacturer was added and the absorbance was read at 490 nm using BIO-RAD Benchmark Plus
Microplate Reader.
2.2.6.1

Calculation of Percent Cytotoxicity

The average values of the absorbance for each dose (tested in triplicates) of the compound was
determined and corrected for background by subtracting the average value for absorbance of nontreated (Mock) cells. One set (three wells) of cells was lysed, using the 10X Lysis Solution (10 μl
per well) provided by the manufacturer, to calculate maximum LDH release. Average values of
absorbance from non-treated cells were subtracted from the values for treated cells. Percent
Cytotoxicity was determined using the formula:
%Cytotoxicity = (LDH released from treated cells x maximum LDH release) x 100
Line graphs were plotted with percentage cytotoxicity from three independent experiments against
Log10 of each concentration. CC50 and IC50values of the KPT compounds was determined using
non-linear regression curve fit on GraphPad Prism v.7.02.
2.2.7
2.2.7.1

Immunofluorescence Assay and CLSM
Cell Preparation and Infection

12-well plates containing sterile coverslips were seeded with 4x104 cells/well in complete media
and incubated overnight (less than 24 hours) at 37oC in a humidified incubator supplied with 5%

CO2. The cells were infected with virus at MOI = 1 or 0.5 prepared in infection media for one hour
at standard conditions with agitation. After incubation, the infection medium was discarded and
replaced with virus-free infection media and incubated for mentioned time intervals.
2.2.7.2

Cell fixation and immunofluorescence assay

At the end point of the experiment, the supernatant was discarded, and the cells were washed with
1X PBS. The cells were fixed with 4% formaldehyde, by incubation for 10 minutes at room
temperature. The solution was discarded, and the cells were washed twice with 1X PBS for five
minutes each. The cells were membrane-permeabilized using 0.2% TritonX-100 by incubation at
room temperature for 10 minutes. The cells were washed as described in the previous step. The
cells were probed with one or more primary antibody(ies) (Table 2.3) for 30 minutes at room
temperature. Excess antibody was washed off as in the previous steps followed by incubation in
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the appropriate secondary antibody (Table 2.3) for 30 minutes. Excess antibody was washed off
and the cells were stained with DAPI or Hoechst 3342 stain for 5 to 15 minutes at room
temperature. After washing off the excess stain, the coverslips were mounted onto fluorescence
mounting media and allowed to dry overnight in the dark at room temperature.
2.2.7.3

Image analysis

Confocal images were captured with Nikon Ti-Eclipse confocal system and NIS Elements
software. 60X oil immersion lens was used. ImageJ software was used to determine the
nuclear/cytoplasmic ratio (Fn/c), based on the following equation:
Fn/c = (Fn-Fb)/(Fc-Fb)
where Fn = nuclear fluorescence, Fc = cytoplasmic fluorescence, and Fb = background
fluorescence (autofluorescence).
Average value of Fn/c from at least 10 readings was calculated along with standard error of the
mean and used to plot a histogram using GraphPad Prism v.7.02. Statistical significance was
ascertained with a 2-tailed unpaired t-test, assuming equal variance of standard deviation.
Statistical significance was confirmed using ANOVA and multiple comparisons test, as
mentioned.
2.2.8
2.2.8.1

Transfection-based experiments
Bacterial culture

A starter culture was first prepared by growing the desired bacterial colonies containing the
appropriate plasmids (Table 2.2) in 5 ml of LB supplemented with appropriate antibodies at 37oC,

200 rpm, for 8 hours. A bacterial culture was made by re-culturing 50 µl of the starter culture
overnight in 25 ml of LB broth supplemented with 25 µg/ml of Kanamycin at 37oC, 200 rpm.
2.2.8.2

Plasmid isolation using PureYield™ Plasmid Miniprep System

The culture was pelleted down by centrifugation at 5000 × g at 4oC for 15 minutes and the
manufacturers protocol was followed. Briefly, the pellet was suspended in the provided Cell
Resuspension Solution and Cell Lysis Solution. After incubation at room temperature for 3
minutes, the reaction was stopped using the provided Neutralization Solution. The solution was
incubated at room temperature for 3 minutes to ensure thorough clearing. The lysate was poured
into a PureYield™ Clearing column placed in a 50 ml Falcon tube and then centrifuged at 1500 ×
g for 5 minutes. The lysate was poured into a PureYield™ Binding column placed in a new 50 ml
Falcon tube and centrifuged at 1500 × g for 3 minutes. 5 ml of Endotoxin removal wash (with
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isopropanol) was added to the binding column and centrifuged at 1500 × g for 3 minutes. The
flowthrough was discarded, and the binding column was replaced in the same tube. 20 ml of
Column Wash Solution (containing ethanol) was added to the binding column and centrifuged at
1500 × g for 5 minutes. The flowthrough was discarded, and the binding column was replaced in
the same tube and centrifuged at 1500 × g for 10 minutes. The DNA captured in the binding column
was eluted by adding 600 µl of Nuclease-free water to the binding column in a new tube and
centrifuged at 1500 × g for 5 minutes. The plasmid was stored at -80oC until further use.
2.2.8.3

DNA Quantitation

Plasmid DNA concentration was measured out using Nanodrop-1000 spectrophotometer. 2 µl of
sample was loaded, measured once and repeated with a second sample. DNA concentration was
calculated on the basis that an optical density of 1 equals DNA concentration of 50 µg/ml when
measured at 260 nm, and the formula:
Sample µg/ml = measured A260 X 50 µg/ml
DNA was considered pure when the 260:280 ratio was roughly 1.8.
2.2.8.4

Gel electrophoresis

Agarose gel was prepared using 1% agarose in 1X TAE buffer (Table 2.6). Gels were prepared
by dissolving 1 gram of powdered agarose in 100 ml 1X TAE by boiling in a microwave. 1 µl per
10 ml of gel red nucleic acid stain was added to the dissolved agarose/TAE mixture for gel staining.
2 µl of Hyperladder1 was loaded as marker. 2 µl of sample mixed with 1 µl of 5X loading dye and
2 µl of water. Gel was run at 100-120 volts for 60 minutes then visualized under UV light using a
Transilluminator Universal Hood II (Biorad).
2.2.9

Transfection

6- or 12-well plates containing sterile coverslips were seeded with 8x104 cells/well in complete
medium and incubated overnight (less than 24 hours) under standard conditions. The cells were
70-80% confluent at the time of transfection.
2.2.9.1

Transfection using LipofectamineTM 2000

Lipofectamine 2000 dilution (2 µl of reagent in 100 µl Serum free medium) and 2 µg of plasmid
DNA sample were prepared in serum free DMEM, mixed together and incubated at room
temperature for 20 minutes. Cells were gently washed with PBS before adding the
lipofectamine/DNA mix (100 µl). Growth media was added to the well to make up to 1 ml for 6well plate or 500 µl for 12-well plate. The cells were incubated further under standard conditions
for at least 18 hours. The media was replaced with test compound-containing media or DMSO and
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incubated further under standard conditions before being processed for live cell imaging as
described in the following section.
2.2.10 Live cell confocal laser scanning microscopy (CLSM) and image analysis

The coverslip was transferred into the live cell analysis set-up for the Nikon Ti-Eclipse confocal
system and 1 ml of live cell fluorescence imaging medium (FluoroBrite TM DMEM) was added
onto the coverslip. 60X oil-immersion lens was used and images were captured using NIS
Elements software. Image analysis to determine Fn/c was followed as described in Section 2.2.6.3.
2.2.11 Analysis of Protein Expression
2.2.11.1 Cell Preparation

6-well plates/T25 flasks were seeded with A549/Vero cells in complete medium and incubated
overnight under standard conditions until 80% confluent. The cells were infected/treated as
described for each experiment.
2.2.11.2 Cell Lysate

Whole cell lysates were collected by incubating the cells in freshly prepared 300 µl RIPA buffer
(per flask or per well in a 6-well plate; Table 2.15) at 4oC for 30 minutes with agitation. The lysate
was scraped into a sterile Eppendorf tube and centrifuged at 4oC at 13,000 × g for 30 minutes. The
debris-free supernatant was collected into another sterile Eppendorf tube and analysed using
Western blotting.
2.2.11.3 Sucrose Cushion Centrifugation

The viral titre in the supernatant collected post-treatment was analysed using sucrose cushion
centrifugation. In an ultracentrifuge tube, 1 ml of ice-cold 20% sucrose solution (Table 2.6) was
added directly onto the bottom of the tube without touching the sides of the tube. 2-3 ml of the
supernatant sample was gently layered on top of the sucrose solution. The remaining portion of
the ultracentrifuge tube was filled with ice-cold 1X PBS. The gradient was centrifuged at 20,000
× g for 3 hours at 4oC. The supernatant was discarded, added ice-cold 1X PBS added to the top of
the tube and centrifuged again under the same conditions for 1 hour to remove traces of sucrose
present in the pellet. The supernatant was discarded, and the pellet was lysed with freshly prepared
RIPA buffer (Table 2.13) for 30 minutes on ice with agitation. The lysate was centrifuged at
13,000 × g for 30 minutes and the supernatant was transferred into a sterile Eppendorf tube and
analysed using Western blotting.
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5.3.5
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Effect of KPT compounds on RSV filament formation and inclusion bodies
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done using the tools provided in the Image Studio™ Lite software. The values were normalized to
the total protein present or to corresponding tubulin bands. Values are expressed as arbitrary units
relative to total protein present or to corresponding tubulin.Cell cycle analysis
2.2.11.8 Cell cycle synchronization, treatment and cell fixation

Sub-confluent monolayers of cells grown overnight in 6-well plates were starved for 24 hours in
Serum Free DMEM to synchronize the cell cycle of the growing cells to the G0/G1 phase of the
cell cycle (Langan and Chou, 2011, Langan et al., 2017). At 24 hours, the cell infected at MOI =
0.5 or the medium was replaced with infection medium containing the test compound. Infected
cells were treated from 2 to 24 or 48 hours post infection (h.p.i). Post treatment, the cells were
trypsinized and collected by centrifugation at 1500 × g for 10 minutes at 4oC. The supernatant was
discarded, and the pellet was resuspended in 1 ml of ice-cold 1X PBS. The suspension was
centrifuged again at 5000 × g for 15 minutes at 4oC. The pellet was resuspended in a small volume
of ice-cold 1X PBS and fixed in 80% ice-cold ethanol. Samples were stored at -20oC.
2.2.11.9 Tali™

The fixed cells were analysed using Tali™ Cell Cycle Kit as per the manufacturer’s protocol.
Briefly, the suspended cells were collected by centrifugation at 10,000 × g for 5 minutes at 4oC.
The fixed cells were gently resuspended in ice-cold 1X PBS and centrifuged again at 10,000 × g
for 10 minutes 4oC. Finally, the cells were incubated in 200 µl of Tali® Cell Cycle Solution at a
final cellular suspension of 1×105 –5×106 cells/ml for 30 minutes in the dark. The Tali® Cell Cycle
Solution contains propidium iodide, which enables the Tali® Image-Based Cytometer to quantify
cellular DNA and track cell cycle progression. After incubation, the cells were vortexed briefly
for resuspension and 25 μl of the suspension transferred onto a Tali® Cellular Analysis Slide. The
cells were analysed using Tali® Image-Based Cytometer. The cytometer estimates the percent of
cells in each phase of the cell cycle depending on the amount of cellular DNA. Cells in the G0/G1
phase have one set of paired chromosomes, the amount of DNA doubles during the S phase and
cells in the G2/M phase will have two sets of paired chromosomes. Therefore, the amount of DNA
in cells are directly indicative of the cell cycle phase they are in.
2.2.11.10 Flow Cytometry

The cells fixed in ethanol were pelleted down by centrifugation at 5000 × g for 5 minutes at 4oC.
The fixed cells were washed twice in ice-cold 1X PBS by centrifugation at 5000 × g for 5 minutes.
The cells were incubated in Hoechst 3324 stain for 1 hour, vortexed and analysed via BD LSRII
cytometer BD FACSDiva 8.0.1 and FlowJo 10 were used for data acquisition. Flow cytometry
analysis was conducted at the Microscopy and Cytometry Resource Facility, John Curtain School
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of Medical Research, Australian National University. The average percent of cells in each phase
of the cell cycle from each sample (in duplicates) from two separate experiments was taken to
estimate the changes brought about by treatment compared to DMSO-treated cells.
2.2.11.11 Cell Cycle Data analysis

The threshold gate for each cell cycle phase was set on the Tali® Image-Based Cytometer during
the analysis of each sample (in duplicates). The Tali® Image-Based Cytometer generates a
histogram depicting the percentage of cells in each phase of the cell cycle, namely, SubG0/Apoptotic phase, G0/G1, S and G2/M phases. The total percentage of cells in each of the phases
except for G0/Apoptotic phase was determined. The percentage of cells in each phase was divided
with the total percentage to convert the data in terms of 100%.
The mean percentage of cells (from three independent experiments) within each phase of the cell
cycle post treatment with XPO1 inhibitor or DMSO using Flow Cytometry and Tali was
determined using Ms-Excel. The standard error of mean was also determined and plotted into bar
graphs using GraphPad Prism v.7.02.
2.2.12

ELISA

2.2.12.1 IL-8 and interferon (IFN)-

IL-8 or IFN- concentration in the collected supernatants was determined using Duoset ELISA
development kits from R&D Systems (Table 2.4). The manufacturer’s protocol was followed.
Briefly, the capture antibody provided was diluted to 1 µg/ml in PBS, added to a 96-well plate
(100 µl/well) and incubated overnight at room temperature. The plate was washed as
recommended by the manufacturer and blot dried. The plate was incubated in 300 µl block buffer
for 1 hour at room temperature and washed. The standard (supplied with the kit) was diluted in
1% BSA in PBS from a concentration of 4000 pg/ml down to 62.5 pg/ml. 100 µl of the samples
(culture supernatants) and the samples were added to the plate in duplicates and incubated at room
temperature for 2 hours. The plate was washed and incubated in 100 µl of detection antibody for
2 hours at room temperature. The plate was washed and incubated in 100 µl of streptavidinhorseradish peroxidase (HRP) for 20 minutes at room temperature in the dark. The plate was
washed and incubated in 100 µl of the ABTS substrate solution for 20 minutes in the dark. 50 µl
of stop solution was added to each well and the absorbance was determined at 450 nm using BIORAD Benchmark Plus Microplate Reader.
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2.2.12.2 IFN-

A 96-well plate pre-coated with human IFN-β capture antibody provided by ELISAkit.com (Cat#
0041) (Table 2.4) was used to measure the expression of IFN-β in the culture supernatant samples
collected in the previous section. The manufacturer’s protocol was followed. Briefly, the standards
(supplied with the kit) were prepared as recommended by the manufacturer from 2000 pg to 31.25
pg/ml. 100 µl of the samples and the standards were added to the plate in duplicates and incubated
at room temperature for 2 hours. 100 µl of media was taken as blank, equal to no standard. The
plate was washed as suggested and incubated with 100 µl of the biotin labelled detection antibody
for 1 hour at room temperature. The plate was washed and incubated in 100 µl of freshly diluted
streptavidin-HRP conjugate for 45 minutes at room temperature. The plate was washed and
incubated in 100 µl of 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate for 15-30 minutes in the
dark. 50 µl of stop solution was added per well to stop the reaction and the absorbance was
determined at 570 nm using BIO-RA D Benchmark Plus Microplate Reader.
2.2.12.3 Data analysis

The mean absorbance for each standard, sample and control was calculated and the mean of the
zero standard controls subtracted. The mean corrected absorbance of each standard was used to
plot a standard curve and a best fit curve (linear or polynomial) was obtained. The resultant
equation was used to calculate the concentration of the cytokines in the samples. The mean values
of treated samples from three independent experiments were plotted relative to control in
histograms and the SEM was used to plot error bars. Statistical significance was accepted at P <
0.05 and ascertained with a 2-tailed unpaired t-test, assuming equal variance of standard deviation.
The graphs were plotted using GraphPad Prism v.7.02.

75

71 | P a g e

76

CHAPTER 3:
Characterization of SINE compounds

3

Characterization of SINE compounds

3.1 Introduction

Exportin-1 or XPO1 (also known as Chromosomal Maintenance 1 or CRM1) is the sole nuclear
exporter for nearly 200 cargo molecules involved in the regulation of cell cycle progression,
apoptosis, ribogenesis, tumour suppression and more (Fukuda et al., 1997). The dysregulation of
XPO1 is involved in several diseases including cancer, inflammation and viral infections (Mathew
and Ghildyal, 2017). LMB, a natural compound isolated from Streptomyces, is an irreversible
XPO1-inhibitor (Hamamoto et al., 1985, Nishi et al., 1994). It forms a covalent bond, in a Michael
addition-manner, to the Cys528 residue located in the cargo-NES binding groove of XPO1 and
induces a configurational change resulting in disruption of XPO1-mediated transport (described
in detail in Section 1.13.1) (Kudo et al., 1999, Sun et al., 2013, Wolff et al., 1997). However, LMB
is unsuitable for therapeutic applications as evidenced in a Phase1 clinical trial where its
administration led to severe side effects in humans. 33 patients with advanced refractory cancer
were intravenously administered with LMB (at 1 mg/ml) at various schedules showed doselimiting toxicity in the form of severe anorexia and malaise. The study could not conclude a
suitable administrative schedule that was well tolerated by the patients and recommended
discontinuation of clinical development of the drug (Newlands et al., 1996). The persistent
shutdown of XPO1-mediated export and off-target activity are possibly the reasons for its toxicity
in vivo (Newlands et al., 1996, Fung and Chook, 2014).
Despite failure in clinical trials, the work using LMB inspired Karyopharm Pharmaceuticals, USA
to design a series of slowly reversible XPO1-inhibitors using molecular modelling techniques.
Referred to as Selective Inhibitors of Nuclear Export (SINE or KPT compounds), these drugs are
considerably smaller than LMB but interrupt XPO1-mediated transport by a similar mechanism,
binding to the Cys528. SINEs only occupy 40% of the NES-binding groove in XPO1 and are not
hydrolysed after conjugation, unlike LMB. The slow reversibility of SINEs possibly contributes
to improved tolerance since withdrawal of the drug allows deconjugation of the drug from XPO1
and essential nuclear export to resume in normal cells. SINEs bind long enough to kill cancer cells,
but their reversible nature allows then to be released in time to spare normal cells (Fung and
Chook, 2014, Sun et al., 2013, Dickmanns et al., 2015(Lapalombella et al., 2012).
SINEs have been effective against various haematological and solid tumours that overexpress
XPO1 SINE-mediated XPO1 inhibition induces nuclear retention of tumour suppressor proteins
(TSPs) and anti-apoptotic signals (IκB, Survivin, p53, NPMc mutant, p27, and FOXO) (Figure
3.1). This leads to cell cycle arrest and apoptosis in cancerous cells (Dickmanns et al., 2015,
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Gravina et al., 2014, Hill et al., 2014, Das et al., 2015, Parikh et al., 2014). Their success in both
in vitro and in vivo studies has prompted clinical studies (Figure 3.1). Currently, two SINEs, KPT
330 or Selinexor (NCT03095612, NCT01986348, and NCT01896505) and KPT 335 or
Verdinexor (NCT02431364) are in Phase 1/2 clinical trials for solid and haematological cancers
(see www.clinicaltrails.gov for details).
XPO1-mediated transport also holds relevance in various viral diseases, including RSV infections
(Section 1.12). Matrix (M) protein of RSV utilizes the XPO1-mediated pathway to translocate into
the cytoplasm in the later stages of its infection cycle. Addition of LMB inhibited the export of M
protein and resulted in reduced infectious titres (Ghildyal et al., 2009). Targeting a host factor,
such as XPO1, provides a unique antiviral strategy that does not target a viral protein, which is the
traditional approach, but takes advantage of the interaction of viral proteins with host factors
crucial for infection. Disrupting the function of the host factor would retard or inhibit viral
infection while reducing the risk of development of viral resistance. Such drugs would also have
a broad spectrum of activity against several viruses that target the host factor. The potential
application of SINEs as antiviral agents provides a unique opportunity due to their reversible
nature of interaction with XPO1. Disruption of XPO1-mediated nuclear export using SINEs would
effectively disrupt nuclear export and reduce or inhibit viral replication. This would reduce the
viral titre and limit the spread of infection while the reversible nature of interaction of the drug
with XPO1 would ensure that the cells are able to recover their normal functions.
As the first step toward investigation of the antiviral activity of the SINEs, KPT 185, KPT 335 and
KPT 301 were characterized for their ability to inhibit XPO1 activity in Vero and A549 cell lines.
Characterization in Vero cells, a cell line incapable of a functional type 1 IFN response against
infection, would determine their efficacy in inducing protective effects in a host with an impaired
immune response. In addition, studying the effects of these compounds in A549 cells, a human
epithelial cell line isolated from lung carcinomas represent a clinically relevant model for studying
the effects of SINEs in the presence or absence of infection. The selected SINEs have been
evaluated as anticancer agents against both haematological and solid malignancies. KPT 185 and
KPT 335 are active reversible inhibitors while KPT 301 is a structural analogue of KPT 185 with
unknown activity (Bernabe et al., 2013, Lapalombella et al., 2012). These compounds were
characterised for the following attributes:
1. Cytotoxicity in Vero cells and A549 cells.
2. Effect on XPO1 localization, expression and function.
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3.2 Methods
3.2.1

LDH Assay to Determine Cytotoxicity

Vero/A549 cells seeded in 96-well plates (1x104 cells per well) were treated with KPT compounds
for 48 h. The KPT compounds were diluted in growth medium from a 10 mM stock prepared in
DMSO to concentrations between 100 and 0.05 μM; added 100 μl/well of each dose onto cell
monolayers in triplicates. Lactate dehydrogenase (LDH) released by the cells into the supernatant
was estimated as described in Section 2.2.5. The percent cytotoxicity for each dose was calculated
as described in Section 2.2.5.1. Line graphs were plotted with percentage cytotoxicity from three
independent experiment against Log10 of each concentration. CC50 values of the KPT compounds
was determined using non-linear regression curve fit on GraphPad Prism v.7.02.
3.2.2

Immunofluorescence Assay to determine XPO1 subcellular localization in SINE-treated
cells

Vero/A549 cells grown overnight in 12-well plates until 80% confluent were treated with 1.5 μM
of KPT compound or 0.5 μM DMSO (used as control). After treatment for 16 and 18 hours, the
cells were fixed in 4% formaldehyde for 10 minutes. The fixed coverslips were probed for XPO1
localization using an immunofluorescence assay (described in Section2.2.6). Briefly, the cells
were permeabilized with Triton-X and incubated in mouse anti-XPO1 antibody (1:400 in 1X PBS)
followed by anti-mouse goat AlexaFluor-488 (1:1000 in 1X PBS). Hoechst 3342 was used for
nuclear staining (1:5000). Fn/c was calculated as described in Section 2.2.6.3.
3.2.3

Transfection with GFP and GFP-Rev(Nes)

Cells were grown overnight were transfected with GFP (pEPI-GFP) or GFP-Rev (pEPI-GFPREV(2-116)) constructs (Ghildyal et al., 2009) using Lipofectamine 2000 as described in Section
2.2.8.1. Post-transfection (18 h), the media was replaced with fresh medium containing 1.5 μM of
KPT 335 or KPT 185; 50 μM of KPT 301 or 0.5 µM of DMSO. The cells were analysed by live
cell microscopy 6 hours post treatment (h.p.t) (as described in Section 2.2.9).
3.2.4 Fn/c Analysis
Average value of Fn/c from at least 10 readings was calculated along with standard error of the
mean and used to plot a histogram using GraphPad Prism v.7.02. Statistical significance was
accepted at P < 0.05 and ascertained with a 2-tailed unpaired t-test, assuming equal variance of
standard deviation. Statistical significance was confirmed using ANOVA and multiple
comparisons test, as mentioned. The graphs were plotted using GraphPad Prism v.7.02.
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3.2.5

Protein Analysis to determine changes in XPO1 expression in SINE-treated cells

Cells were grown overnight in T25 flasks until 80% confluent and treated with 1.5 μM of each
KPT compound prepared in infection medium. The cells were treated for either 24 or 48 h. Cells
treated with 0.5 µM of DMSO was used as control (mock). Cells were lysed using 300 µl of RIPA
buffer per flask (Table 2.15).
The lysates were centrifuged at 13,000×g for 30 minutes and the debris-free supernatants were
analysed by Western blotting (Section 2.2.10). Briefly, the lysates were electrophoresed on a
12.5% polyacrylamide gel; 10 µl of each sample was loaded per lane. The separated proteins were
transferred to nitrocellulose membrane and probed with mouse anti-XPO1 antibody (1:1000;
Table 2.3). Bound antibody on the blot was detected with horseradish peroxidase-conjugated
species-specific secondary antibody (1:5000; Table 2.3). The bound antibody was detected using
Enhanced Chemiluminiscence (ECL, Perkin Elmer) kit and imaged using the Licor Odyssey® Fc
Imaging System and Image StudioTM software. Wherever required, blots were stripped of bound
antibody by incubation in stripping buffer (Table 2.12; Section 2.2.10). The stripped blot was
blocked and re-probed with another primary antibody.
3.2.5.1

Analysis of blots

Digital images captured using Image Studio™ Lite software were used to estimate relative protein
levels. Measurement of the intensity of the protein band, taking the background into account, was
done using the tools provided in the Image Studio™ Lite software. The values were normalized to
the total protein present or to corresponding tubulin bands. Values are expressed as arbitrary units
relative to total protein present or to corresponding tubulin.
3.2.6

Effect of KPT compounds on Cell Cycle progression

Sub-confluent monolayers of cells grown overnight in 6-well plates were starved for 24 h as
described in Section 2.2.11. After incubation, the cells were treated with 1.5 μM of each KPT
compound for 24 or 48 h. Cells treated with 0.5 μM of DMSO was used as control. The cells were
trypsinized, fixed in ethanol (see Section 2.2.11) and stored at -20oC. The cells were analysed
using Tali™ Cell Cycle Kit or Flow cytometry, as described in Section 2.2.11.2 and 2.2.11.3
respectively.
3.2.6.1

Data Analysis

The threshold gate for each cell cycle phase was set on the Tali® Image-Based Cytometer during
the analysis of each sample (in duplicates). The Tali® Image-Based Cytometer generates a
histogram depicting the percentage of cells in each phase of the cell cycle, namely, SubG0/Apoptotic phase, G0/G1, S and G2/M phases. The total percentage of cells in each of the phases
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except for G0/Apoptotic phase was determined. The percentage of cells in each phase was divided
with the total percentage to convert the data in terms of 100%.
The mean percentage of cells (from three independent experiments) within each phase of the cell
cycle post treatment with XPO1 inhibitor or DMSO using Flow Cytometry and Tali was
determined using Ms-Excel. The standard error of mean was also determined and plotted into bar
graphs using GraphPad Prism v.7.02.
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3.3 Results
3.3.1

Cytotoxicity of KPT compounds

The concentration of LDH present in the supernatant from A549 and Vero cells treated with KPT
compounds for 48 h was evaluated using PromegaCytoTox 96® Non-Radioactive Cytotoxicity
Assay. This was used to determine the CC50 values of the KPT compounds. All three KPT
compounds caused low or minimal cytotoxicity in both A549 and Vero cells on treatment for 48
h (Figure 3.2 and Table 3.1).
When administered at the highest tested dose (100 µM), KPT 185 and KPT 335 induced different
levels of cytotoxicity in the two cell lines. In Vero cells, KPT 185 was the most cytotoxic (76%)
followed by KPT 335 (53%). While in A549 cells, the situation was reversed, and their values
were 51% and 71% respectively (Figure 3.2). In Vero cells treated with KPT 185 or KPT 335, at
doses between 0.05 and 10 µM, the percentage cytotoxicity was 10% less than that of treatment
with 100 µM (Figure 3.2.A). In A549 cells (Figure 3.2.B), the percent cytotoxicity ranged from
~15% to 6% in cells treated with KPT 185 at doses between 0.05 µM and 1 µM. A549 cells treated
with KPT 335 at doses between 0.05 µM and 2.5 µM had percent cytotoxicity ranging from 2% to
17% respectively. KPT 301 had the least cytotoxicity among the tested KPT compounds, in both
cell lines ranging from 2% to 5%, from the highest dose of 100 µM to the lowest dose of 0.05 µM
respectively.
Percentage cytotoxicity induced by each dose taken against their Log10 concentrations was used
to determine their CC50 values; the concentration of the compound at which 50% of the cells
became cytotoxic. CC50 values for KPT 185, KPT 335 and KPT 301 in A549 cells were 86.03 µM,
44.87 µM and >100 µM respectively (Table 3.1). Their values were 55.04 µM for KPT 185, and
>100 µM for KPT 335 and KPT 301 in Vero cells. A higher CC50 value for a therapeutic compound
is preferred as it reduces the risk of development of drug resistance in pathogens and the risk of
side effects in the host cells.
In both cell lines, treatment with 1.5 µM of KPT 185 or KPT 335 showed less than 40%
cytotoxicity. Taken with their CC50 values, the results demonstrate it is safe to conduct cell culture
experiments using the KPT compounds at a concentration of 1.5 μM with limited or no toxicity
from the drugs.
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3.3.2

Increased nuclear retention of XPO1 in KPT-treated cells

The subcellular localization of XPO1, post-treatment with KPT compounds, was evaluated in
A549 cells. Cells were treated with 1.5 μM of each KPT compound for 16 and 18 h. The nuclear
and cytoplasmic localization of XPO1 was determined using immunofluorescence assay, CLSM
and image analysis. Nuclear retention of XPO1 was significantly higher in A549 cells treated with
either KPT 185 or KPT 335 compared to DMSO-treated cells while treatment with KPT 301 had
no significant effect.
In DMSO-treated A549 cells (top row labelled ‘DMSO’ in Figures 3.3.A and B) XPO1 was
localized primarily to the cytoplasm after 16 or 18 hours post treatment (h.p.t). Visual observation
of the confocal images showed that XPO1 may be more cytoplasmic at certain time points and
nuclear at others. This was expected since the transporter shuttles between the nuclear and
cytoplasmic regions to export its cargo. Therefore, its localization at a given time point would be
dependent on cellular functions.
Treatment with KPT 185 induced significant nuclear accumulation of XPO1 at 16 and 18 h.p.t
relative to DMSO-treated cells (second row labelled ‘KPT 185’ in Figure 3.3.A and B). Nuclear
retention of XPO1 increased with duration of treatment with KPT 185. Similar results were
obtained on treatment with KPT 335 (third row labelled ‘KPT 335’ in Figure 3.3.A and B). This
indicates these compounds can interact with XPO1 and disrupt the nuclear export pathway. The
transient inhibition of XPO1 by KPT 185 or KPT 335 was evident shortly after addition to the
cells and were effective up to at least 24 h. In contrast, no change in XPO1-localization was
observed on treating the cells with 1.5 µM of KPT 301 at both 16 h and 18 h (fourth row labelled
‘KPT 301’ in Figure 3.3.A and B). It is quite likely that KPT 301 has no effect on XPO1.
Quantitative analysis of the images confirmed the above observations. The average Fn/c value of
XPO1 in A549 cells treated with DMSO for 16 and 18 h was 0.7 and 1.1 respectively. This
indicates XPO1 was predominantly localized to the cytoplasm (Figure 3.3.C). In comparison,
treatment with KPT 335 or KPT 185 significantly increased the nuclear localization of XPO1
(Figure 3.3.C). At 16 h, Fn/c of XPO1 for KPT 185-treated cells was 0.9 and was 1.2 at 18 h (p =
>0.0001 for both points). In comparison to KPT 185, KPT 335 was more effective at retaining
XPO1 to the nucleus with Fn/c = 1.2 at 16 h and 1.5 at 18 h (p = >0.0001 for both points). Treatment
with KPT 301 had no effect on the subcellular localization of XPO1 in comparison to DMSOtreated cells (Fn/c = 0.7 at 16 h and Fn/c = 1.1 at 18 h) (Figure 3.3.C).
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Overall, treatment with KPT 185 or KPT 335 for 16 or 18 h resulted in increased nuclear retention
of XPO1. KPT 335 was more effective in comparison to KPT 185, while KPT 301 did not alter
the subcellular localization of XPO1.

89

83 | P a g e

3.3. XP 1

A

P

.

A

90

84 | P a g e

3.3.3

Nuclear retention of GFP-Rev(NES) in KPT-treated cells

HIV-Rev protein uses XPO1-depdendent nuclear pathway to mediate the export of viral
components into the cytoplasm; a GFP fused to the NES domain of Rev has been used effectively
to study the efficacy of XPO1 inhibitors (Ghildyal et al., 2009, Daelemans et al., 2002). A549/Vero
cells were transfected to express GFP-Rev(NES) or GFP alone (control) and treated with KPT
compounds or DMSO for 6 h. Digital images were taken using live cell CLSM and were analysed
with ImageJ (Figure 3.4). Overall, significant nuclear localization of GFP-Rev(NES), but not GFP
alone, was observed on treatment with KPT 185 or KPT 335 in both cell lines. KPT 335 was most
effective in inhibiting the nuclear export of GFP-Rev(NES), followed by KPT 185, while KPT
301 had the least.
GFP alone was present diffused throughout the whole cell, as expected, in DMSO-treated samples.
Similarly, there was no change in localization of GFP on treatment with KPT compounds in both
Vero and A549 cells expressing GFP, indicating that the their effect on GFP-Rev(NES) was
selective to the NES-carrying protein (Figure 3.4 and Figure 3.5).
In DMSO-treated A549 (top row labelled ‘DMSO’ in Figure 3.4.A) and Vero (Figure 3.5.A)
cells, GFP-Rev(NES) was localized mainly to the cytoplasm. The subcellular localization of GFPRev(NES) became more nuclear on treatment with the KPT compounds in both cell lines. KPT
185-induced nuclear accumulation GFP-Rev(NES) was several folds higher in Vero cells
compared to A549 cells (second row labelled ‘KPT 185’ in Figure 3.4.A and 3.5.A). Cytoplasmic
fluorescence was absent in Vero cells treated with KPT 185 while some fluorescence could be
observed in A549 cells. Treatment with KPT 335 also showed similar effects to KPT 185, nuclear
retention of GFP-Rev(NES) was several folds higher in Vero cells. In KPT 335-treated cells, GFPRev(NES) was localized primarily to the nuclear and nucleolar regions. Almost no fluorescence
was observed in the cytoplasm of the treated cells (third row labelled ‘KPT 335’ in Figure 3.4.A
and 3.5.A). Treatment with KPT 301 (50 µM) had no effect on GFP-Rev(NES) in A549 cells
relative to DMSO-treated cells (Figure 3.5.A). Significant nuclear accumulation of GFPRev(NES) was observed in KPT 301-treated Vero cells but the amount was the lowest compared
to the other KPT compounds (Figure 3.5.A).
Quantitative image analysis using ImageJ confirmed the above observations. The nuclear
localization of GFP-Rev(NES) was significantly higher in A549 cells treated with KPT
compounds relative to DMSO-treated cells (Fn/c = 0.24) (Figure 3.4.B), with Fn/c = 3.12 and 4.6
on treatment with KPT 185 and KPT 335 respectively. In contrast, treatment with KPT 301 had
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no significant effect on the subcellular localization of GFP-Rev(NES), with Fn/c = 0.24, similar
to that of DMSO-treated cells. The compound was added at a higher dose (50 μM) compared to
the other compounds (which were added at 1.5 μM) since it had no significant effect on XPO1
(described in the previous section). KPT 301 did not have a significant effect even at high doses,
suggesting that it is not an effective XPO1 inhibitor.
GFP-Rev(NES) was mainly localized to the cytoplasm in Vero cells in presence of DMSO (Fn/c
= 0.24) and became significantly more nuclear on treatment with either KPT 185 or KPT 335.
GFP-Rev(NES) was localized to the nuclear and nucleolar regions in cells treated with KPT 185
(Fn/c = 43) or KPT 335 (Fn/c = 55) (Figure 3.5.B). KPT 335 was most effective in both cell lines,
with higher retention of GFP-Rev(NES) in Vero cells relative to A549 cells. No fluorescence could
be observed in the cytoplasm of cells treated with KPT 335 while some fluorescence could in
observed in most of the cells treated with KPT 185.
Overall, disruption of XPO1-mediated nuclear export by KPT 335 or KPT 185 significantly
retained GFP-Rev(NES) to the nuclear and nucleolar regions within 6 h.p.t. KPT 335 was more
effective than KPT 185 in both A549 and Vero cells. This was evidenced by the lack of
cytoplasmic fluorescence in KPT 335-treated cells compared to low cytoplasmic fluorescence in
most of the KPT 185-treated cells. In contrast, KPT 301 was only effective at 50 μM and was still
the least effective among the tested compounds.
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Treatment with KPT compounds markedly reduces the amount of XPO1 in treated cells within 24
hours (Figure 3.6), extending up to 48 hours of treatment. Since XPO1 is the sole nuclear exporter
for nearly 200 proteins, its crucial to determine if the expression of XPO1 would recover on
removing the compounds. This could confirm the selective reversibility of the compounds, the
recovery of XPO1 function and confirm previous literature that treatment with KPT compounds
would cause minimal effects on non-infected cells (London et al., 2014).
The expression of XPO1 in the treated cells showed some recovery within 24 h.p.r ( hours post
removal) of the compounds (Figure 3.7). This was confirmed for A549 cells treated for 48 h (the
longest period of treatment carried out in this study and covers two viral multiplication cycles of
RSV (Varada et al., 2013)) and incubated further without the compounds for 24 and 48 h. In
DMSO-treated cells, the XPO1 levels remained similar after incubating the cells without the
control for 24 and 48 h. Some differences in the amount was expected since the cells were over
confluent by the fourth day of the experiment, which probably slowed down cell division or had
more dead cells. Figure 3.6 clearly shows markedly reduced levels of XPO1 in A549 cells treated
with KPT 185 for either 24 or 48 h. In the absence of the inhibitor, the cells recovered most of
their XPO1 expression within 24 hours and almost all of it by 48 hours. This was as expected since
KPT 185 is a transient XPO1 inhibitor and had a lower efficiency against XPO1 compared to KPT
335. The previous figure also showed that KPT 335 was more effective at reducing XPO1
expression in treated cells. Removal of the compound did increase XPO1 expression, but it was
low compared to DMSO-treated or KPT 185-treated cells. This could indicate the effect of KPT
335 lasts longer than KPT 185 or the recovery of XPO1 expression requires more time in KPT
335-treated cells. Previous studies have shown that KPT compounds interact reversibly with XPO1
(Das et al., 2015, Fung and Chook, 2014), and the effects of KPT 335 seem to last longer in
comparison to KPT 185. This may account for higher efficacy against RSV. This makes KPT
compounds, like KPT 335 in particular, suitable for antiviral purposes as they would effectively
reduce the production and spread of viral particles and enable non-infected cells to recover their
function and possibly have minimal side effects on the host.
Overall, treatment with KPT 185 or KPT 335 markedly reduced the amount of XPO1 present in
treated cells. This effect is not permanent, the selective and reversible nature of interaction of these
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3.3.5

Treatment with KPT compounds delays cell cycle progression

Previous studies with KPT compounds have shown reduced cell division in cancer cells (D Gibbs
et al., 2009). The effect of KPT compounds on cell cycle progression in uninfected A549 cells was
determined using Tali and FACS. Overall, treatment with KPT 185 or KPT 335 retained the cells
in the G0/G1 phase longer in comparison to DMSO-treated cells. The cell cycle distribution in
KPT-treated cells at 48 h resembled that of DMSO-treated cells at 24 h; indicating a delayed
progression of the cell cycle in treated cells.
At 24 h.p.t, the cell cycle distribution in DMSO-treated A549 cells was 73% in the G0/G1 phase,
10% in the S phase and 17% in the G2/M phase, as expected (D Gibbs et al., 2009, Liu et al.,
2017). Majority of the cells were in the G0/G1 phase of the cell cycle followed by the G2/M phase
and then the S phase (Figure 3.7.A). On treatment with KPT 185, the distribution shifted to 84%
in G0/G1, 4% in S and 12% in G2/M phase. Majority of the cells were in the G0/G1 and G2/M
phases of the cell cycle on treatment with KPT 185 while the percentage of cells in the S phase
was dramatically reduced (Figure 3.7.A). In contrast, treatment with KPT 335 resulted in 81% of
cells being in the G0/G1 phase, 18% in S phase and only 1% in the G2/M phase. The percentage
of cells in the G2/M phase post-treatment with KPT 335 was almost nil at 24 h.p.t. Treatment with
KPT 301 had no significant effect on cell cycle distribution, which appeared similar to that of
DMSO-treated cells. 77% in G0/G1, 10% in S and 13% in G2/M phase (Figure 3.7.A). This
suggests KPT 301 does not significantly impact cell cycle progression at 1.5 µM.
At 48 h.p.t, percentage of DMSO-treated A549 cells in G0/G1 phase were 80%, 8% were in S
phase and the remaining 12% were in G2/M phase (Figure 3.7.B). Cell cycle distribution in KPT
185- and KPT 335-treated cells were 73% in G0/G1, 8% in S and 19% in G2/M phase. The cell
cycle distribution was similar at 48 h.p.t, indicating that KPT treatment induces a delay in cell
cycle progression rather than a permanent cell cycle arrest. The pattern of distribution of the cells
in KPT-treated cells at 48 h.p.t was similar to that of DMSO-treated cells at 24 h.p.t. Cell cycle
distribution in cells treated with KPT 301 was similar to DMSO-treated cells with 87% in G0/G1,
9% in S and 4% in G2/M.
Overall, treatment with KPT 185 resulted in reduced percentage of cells in the S while treatment
with KPT 335 treatment resulted in reduced percentage of cells in the G2/M phase within 24 h.p.t.
However, at 48 h.p.t the cell cycle distribution was similar in both KPT 185- and KPT 335-treated
cells and resembled that of DMSO-treated cells at 24 h.p.t. Continuous treatment with KPT
compounds seems to delay cell cycle progression Probably due to reduced amounts of XPO1 on
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3.4 Discussion

The in vitro effects of KPT compounds, KPT 185, KPT 335 and KPT 301, on A549 and Vero cells
were characterized with regards to their cytotoxicity, on the subcellular localization and the protein
levels of XPO1, and finally their effect on the cell cycle. Overall, all three compounds had low
cytotoxicity, KPT 185 and KPT 335 induced the nuclear accumulation of XPO1 and reduced its
protein levels in the treated cells and delayed cell cycle progression in cells within 24 h.p.t. KPT
185 and KPT 335 were shown to selectively interact with XPO1 and inhibit nuclear export of GFP
Rev(NES) in transfected cells. KPT 301 had no significant effect on XPO1 and is therefore
unlikely to be effective against RSV.
Cancer cells utilize nucleocytoplasmic trafficking pathways to stimulate tumour growth and to
evade apoptosis (Figure 3.8). Cancers overexpressing XPO1 are more likely to become malignant
and have poor prognosis (Gravina et al., 2014, Sun et al., 2013, Das et al., 2015, Parikh et al.,
2014). Treatment with LMB caused irreversible inhibition of nuclear export and lead to increased
nuclear accumulation of tumour suppressor proteins (TSPs). LMB treatment effectively inhibited
tumour growth, progression and malignancy (Sun et al., 2013, Fung and Chook, 2014). However,
LMB is unsuitable for therapeutic use in humans due to severe side effects (Newlands et al., 1996).
KPT compounds or SINEs were designed on the structural basis of LMB with a similar mechanism
of action, disruption of XPO1-mediated transport by binding to the NES-binding groove and
preventing the cargo from binding to XPO1. These small molecular inhibitors occupy a smaller
but selective region of the NES-binding groove of XPO1 and form a stable interaction (Fung and
Chook, 2014). In addition, KPT compounds were designed to interact reversibly with XPO1, in
contrast to LMB, where disruption of nuclear export would be fatal for cancerous cells while
causing limited or no damage to healthy cells. KPT-treatment in normal cells causes a temporary
pause in cellular activities followed by recovery and normal functioning (De Cesare et al., 2015).
KPT compounds have been effective against several haematological and solid cancers that over
express XPO1 to become malignant and evade apoptosis (Gravina et al., 2014, Das et al., 2015,
Turner et al., 2012). Summary of anticancer effects of KPT 185, KPT 335 and KPT 301 is shown
in Table 3.2.
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Figure 3.9. Nuclear transport systems and their impact on the hallmarks of cancer.
The ten hallmarks of cancer are shown with associated importins and exportins that were reported
to be involved in cancer onset and progression. Adapted with permission from (Çağatay and
Chook, 2018)

XPO1 is a key host factor that pays a critical role in viruses from diverse families, including
retroviruses, orthomyxoviruses, paramyxoviruses, faviviruses, coronaviruses, rhabdoviruses and
herpesviruses. Viruses co-opt XPO1 mediated transport at various stages of their lifecycle. As
described in Section 1.12 disruption of XPO1-lead nuclear export using LMB has shown
significant alterations in virion protein expression, replication, incomplete viral assembly, reduced
infectivity and improved antiviral host responses. Disruption of the function of XPO1 would be
an effective therapeutic strategy against a broad range of viruses that subvert nuclear export
pathways. The key factor to keep in consideration would be to interrupt XPO1 function long
enough to disrupt viral lifecycles but not affect the functioning of non-infected cells.
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Table 3.2. Summary of anticancer effects of KPT 185, KPT 335 and KPT 301.
Effect onKPT 185
KPT 335
KPT
References
301
Oral bioavailability

IC50

Cell viability in
cancer cells
Protein expression
of XPO1
mRNA expression
of XPO1

No, it’s analog Yes
KPT 251 is
bioavailable.
Variable between cell lines;
found effective against cancer
cells between 20 and 800 nM.
Reduced in a dose- and timedependent manner (conc.)
Reduced

2015, De
Cesare et al.,
2015,
Gravina et
al., 2014,
Lapalombella
et al., 2012,

Increased

Parikh et al.,

Apoptosis

No
Dose-dependent selective induction
of apoptosis in tumor cells
change

Cell cycle

Dose-dependent cell cycle arrest or at 1-10
delayed progression
µM
Yes, increased accumulation of tumor
conc.
suppressor proteins and reduced
expression of anti-apoptotic proteins
such as survivin etc.
Inhibits
Inhibits
colony
cell
formation in cancer
migration
cells at concentrations
and
≥0.1µM
reduces
invasive
potential in
a
dose
dependent
manner

Altered subcellular
localization
of
XPO1
‘cargo’
proteins
Cell growth

Das et al.,

2014

The cytotoxicity of antiviral drugs, i.e. the 50% cytotoxicity concentration (CC 50), is the
concentration of a drug inducing 50% cytotoxicity between the baseline and maximum (Gu et al.,
2013). LMB irreversibly disrupts XPO1-mediated nuclear export at nanomolar concentrations.
Several studies have elaborated the effect of LMB in cancer cells overexpressing XPO1. LMB
binds onto the Cys528 residue of XPO1 to disrupt the formation of the nuclear export complex
with a ‘cargo’ protein. In addition, LMB alters the subcellular localization of XPO1, causing it to
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accumulate in the cytoplasm by inhibiting its nuclear import (Rahmani and Dean, 2017). Inhibition
of XPO1 allows for increased nuclear retention of pro-apoptotic and tumor suppressor proteins
and thus contributes to its anti-cancer effects. This, however, amounts to severe side effects in
humans (Newlands et al., 1996).
In comparison, all three KPT compounds characterized in this study have been designed to produce
low cytotoxicity in cells. Each compound was found to differ in toxicity depending on the cell
lines used. KPT 185 had CC50 value of 55.04 µM and 86.03 µM in Vero and A549 cells
respectively. KPT 335 had CC50 value of 137.7 µM and 44.87 µM respectively. This was higher
than the value shown by Perwitasari et al. (2014) where CC50 of KPT 335 was 26.8 µM in A549
cells. Lundberg et al. (2016) have shown that the CC50 values of KPT 185 and KPT 335 were
greater than 10 µM while KPT 301 had an effective concentration (EC50) >3 µM. These differences
could be due to variances in the kits used to evaluate cell viability or in the source and environment
in which the cells were grown. In contrast to KPT 185 and KPT 335, KPT 301 had a very high
CC50 value in both Vero and A549 cells, correlating to the data shown by Lundberg et al. (2016),
probably due to little or no effect of the compound on the cells.
To evaluate the effect of these KPT compounds on the subcellular localization of a viral protein,
cells transfected with GFP-Rev(NES) were treated with the compounds for 6 hours. KPT 185 and
KPT 335 showed significant nuclear retention of GFP-Rev(NES) to the nuclear and nucleolar
regions of the transfected cells. Their effect was similar to those of LMB (Ghildyal et al., 2009).
Both KPT 335 and KPT 185 were effective at retaining the NES-carrying protein to the nucleus at
1.5 µM. On the other hand, KPT 301 showed increased retention of GFP-Rev(NES)only at 50 µM.
The dose for this compound was increased in comparison to the others due to very low activity
observed at 1.5 µM and based on its CC50 value and its effect on XPO1 localization. Nuclear
localization of GFP-Rev(NES) was several folds higher in Vero cells on treatment with the KPT
compounds in comparison to A549 cells. These results indicate that KPT 335 is more effective in
retaining an NES-carrying protein to the nucleus followed by KPT 185. It also shows potential for
use as antiviral drugs since they are effective at low concentrations to disrupt or inhibit nuclear
export of NES-carrying proteins.
The subcellular localization of XPO1 is nearly equally distributed between the nucleus and
cytoplasm. XPO1 levels are shown to remain constant throughout the cell cycle and is mainly
localized to the nuclear envelope in highly specialized cellular bodies called CRM1 Nuclear bodies
(CNoBs) (Gravina et al., 2015, Gravina et al., 2014). Several KPT compounds, including KPT
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185, KPT 249 and KPT 330 have shown increased nuclear retention of tumour suppressor proteins
and growth regulators such as p53, FOXO, Rb, p65 etc. in cancer cells (Gravina et al., 2014, Das
et al., 2015, Sun et al., 2013). In the present study, treatment with KPT 185 and KPT 335 in A549
cells shown increased nuclear retention of XPO1 at 24 h.p.t. Nuclear retention of the exporter was
highest on treatment with KPT 335 followed by KPT 185. Accumulation of XPO1 to the nucleus
was observed 16 h.p.t with KPT 185 and KPT 335, but not with KPT 301. The Fn/c of XPO1
showed a further increase at 18 h.p.t with these compounds. KPT 301 showed no significant effect
on subcellular localization of XPO1, suggesting that the compound is ineffective at 1.5 µM. The
effect on XPO1 localization on treatment with KPT 185 and KPT 335 were observed shortly after
addition and consistently throughout the analysed time periods.
Over expression of XPO1 in cancer cells is associated with increased risk of malignancy and
reduced chances of survival. Expression of XPO1 protein was downregulated in several cell lines
including six NSCLC (non-small cell lung carcinoma) cell lines treated with KPT 185 (Wang et
al., 2014). The study also showed increased XPO1 mRNA expression and concluded that the
inhibitory effect exerted by KPT 185 was not on a transcriptional level rather it involved activation
of the ubiquitin/proteasome pathway to deplete XPO1. In addition, nuclear accumulation of EGFR,
Iκ-B, NF-κB and p53 was observed in the treated cells in comparison to control. Similar results
were also observed on treatment with Selinexor (KPT 330) against various cancer cell lines (Das
et al., 2015, Gravina et al., 2015, Gravina et al., 2014). Analogous reduction in XPO1 expression
was observed both in A549 and Vero cells treated with KPT 185 and KPT 335 in this study. They
were equally effective at reducing XPO1 expression over 24- and 48-hour treatments at 1.5 µM
concentrations. In comparison to A549 cells, the expression of XPO1 was downregulated more in
Vero cells at both time points. This suggests the compounds have a cell dependent effect.
XPO1 regulates the nuclear export of several signalling molecules involved in cell cycle
progression, including cyclins, tumor suppressor proteins, growth regulators as well as mRNA
(Gravina et al., 2014, Turner et al., 2012). Studies in cancer cell lines and in vivo studies have
shown cell cycle arrest on treatment with SINE compounds (De Cesare et al., 2015) (Crochiere et
al., 2015). Downregulation of XPO1 by Selinexor (KPT 330) was followed by dose-dependent
inhibition of cell proliferation through G0/G1 arrest associated with downregulation of CDK4,
with minimal apoptosis, in ADPKD (Autosomal-dominant polycystic kidney disease) cell lines
(Tan et al., 2014). KPT 185 induced NSCLC cells to arrest in the G1 phase and promote apoptosis
in a dose-dependent manner (Wang et al., 2014). Treatment with KPT 335 and KPT 276 showed
reduced growth in tumour size in mouse models for various cancers (London et al., 2014b, Subhash
104

98 | P a g e

et al., 2018, Turner et al., 2012). In this study, treatment KPT 185 and KPT 335 showed
significantly reduced percentage of cells in the S phase within the first 24 hours of treatment. On
treatment for 48 hours, the proportion of cells in each phase of the cell cycle resembles that of the
control for 24 hours. This suggests the SINE compounds, KPT 185 and KPT 335, slow down the
progression of the cell cycle. A typical eukaryotic cell divides approx. every 24 hours during which
11 hours is spent in the G1 phase, 8 hours in S phase, 4 hours in G2 phase and 1 hour in the M
phase (Harper and Brooks, 2005). Treatment with DMSO (control) for 24 hours showed that
majority of the cells were in the G0/G1 phase, followed by the G2/M phase and the S phase. This
proportion was changed drastically on treatment with KPT 185 and KPT 335, with reduced
percentage of cells in the S phase and M phase respectively. Further incubation up to 48 hours
showed the percentage of cells in each phase of the cell cycle resembled to that of the control.
Treatment with 1.5 µM KPT 301 showed no difference in the percentage of cells in each phase of
the cell line with that of the control at both 24 and 48 hours.

3.5 Conclusion
Among the KPT compounds characterized in this study KPT 185 and KPT 335 but not KPT 301,
have potential therapeutic applications as antiviral drugs due to limited cytotoxicity, increased
nuclear retention followed by downregulation of XPO1 expression, selective inhibition of XPO1mediated transport of NES-carrying protein Rev and induction of cell cycle arrest in the G0/G1
phase of the cell cycle. In the next chapter, the efficacy of these compounds against RSV-A2 will
be investigated.
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CHAPTER 4:
Efficacy of SINE compounds against
RSV Replication

4

Efficacy of SINE compounds against RSV Replication

4.1 Introduction

RSV is responsible for approximately 33 million lower respiratory tract illnesses, three million
hospitalizations, and up to 199,000 childhood deaths worldwide; the majority of deaths are in
resource-limited countries (Nair et al., 2010, Shi et al., 2017). Thus far, current therapy is limited,
as described in Section 1.1.4.
Traditional antiviral drugs targeting viral proteins lose their efficacy with time due to three main
reasons. (1) Development of drug resistance in viruses as a result of mutations from low fidelity
polymerases. (2) The expression of viral proteins targeted by most antivirals are found in limited
viral species or subtypes, which limit their applications. (3) Limited set of viral proteins are capable
of inducing an effective immune response. Disruption of regular function of key host factors
hijacked by viruses during infection is a potentially effective antiviral therapeutic strategy. Host
proteins are largely conserved and are less likely to mutate in comparison to viral proteins. In
addition, this strategy would be effective against a broad range of viruses that utilise the same host
factors at different stages of their lifecycle (Hsu and Spindler, 2012, Collins and Graham, 2008).
As described previously, XPO1-mediated nuclear export plays a crucial role in the lifecycle of
viruses belonging to diverse families.
LMB irreversibly binds to XPO1 specifically and disrupts nuclear export in the host cell (Figure
4.1). The compound binds to the cysteine 528 residue located in the NES-binding groove of XPO1
and inhibits the exporter from binding to its cargo (Kudo et al., 1999, Sun et al., 2013). LMB
reduces viral replication on treatment against HIV, influenza and RSV (Ghildyal et al., 2009,
Mathew and Ghildyal, 2017). The HIV-1 Rev protein regulates the nuclear export of unspliced
and incompletely spliced viral mRNA into the cytoplasm using the XPO1 export pathway. LMB
disrupted Rev-dependent export of mRNA at nanomolar concentrations and retained Rev to the
nucleus within 30 minutes of treatment (Figure 4.2). This resulted in inhibition of Rev-dependent
gene expression and suppressed HIV-1 replication in primary human monocytes (Wolff et al.,
1997). The effect of LMB in retarding malignancy in tumors over expressing XPO1 and against
viruses such as HIV and influenza prompted the investigation of LMB as a potential anticancer
and antiviral agent. Promising results were obtained in vitro and in animal models. However, LMB
is unsuitable for therapeutic applications due to severe side effects induced by the permanent
shutdown of XPO1 activity. The irreversible mechanism of action exerted by LMB compromised
several cellular functions regulated by XPO1 which accounted for its toxicity (Newlands et al.,
1996). As described previously, in contrast to LMB SINE compounds interact reversibly with
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XPO1 to disrupt nuclear export in the cell without causing damage to the host cell. These small
molecule inhibitors have proven their efficacy against various types of cancers that overexpress
XPO1, with limited toxicity for non-malignant cells. They have been extensively studied in vitro
and in vivo against both haematological and solid tumors that over express XPO1 and were found
to be effective (Sun et al., 2013, Mathew and Ghildyal, 2017). KPT 330 (Selinexor) is currently in
Phase1/2 clinical trials, while KPT 335 was the first KPT compound to be approved for treating
lymphoma in dogs (Bernabe et al., 2013, Gravina et al., 2015). Thus, the potential repurposing of
KPT compounds as antiviral agents is very promising.

Figure 4.1. XPO1- or CRM1-inhibition by LMB.
XPO1 or CRM1 mediates the nuclear export of macromolecules across the NE. LMB, a
polypeptide synthesized by Streptomyces, is a natural compound that specifically binds to XPO1
in a Michael addition-manner and disrupts the nuclear export pathway. LMB binds to the cysteine
528 (Cys528) residue located in the NES-binding groove of XPO1 and inhibits the binding of the
cargo. Thereby, retaining the cargo to the nucleus (Mathew and Ghildyal, 2017).
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Figure 4.2. Rev-mediated nuclear export of HIV mRNAs.
Rev binds to importin-β (Imp-β) using its Nuclear Localization Signal (NLS) to translocate
through the Nuclear Pore Complex (NPC). In the nucleus, Rev binds to the Rev-responsive
element (RRE) of the HIV mRNA. This interaction exposes the Nuclear Export Signal (NES) of
Rev for recognition by CRM1. The CRM1-Rev-mRNA complex is stabilized by the
phosphorylated form of Ran (RanGTP) and crosses the nuclear pore into the cytoplasm where Ran
is dephosphorylated (RanGDP) and the complex is disassembled making HIV mRNAs available
for translation. Adapted with permission from (Fleta-Soriano et al., 2014)

Influenza is a global health concern, causing death, morbidity and economic losses. Though
vaccines are the main weapon of treatment against influenza, the rapid rate of mutation requires
manufacture of new batches of vaccines on a yearly basis and influenza is still a potential epidemic
risk. Post-infection therapy could effectively reduce the severity of the disease and be an
alternative or addition to vaccines (Hajj Hussein et al., 2015). The replication cycle of influenza
virus consists of attachment, receptor-mediated endocytosis followed by release of the viral
ribonucleoprotein (vRNP) in the cytoplasm. The vRNP is then imported into the nucleus, using
Importin β (Imp-β), where it undergoes transcription and replication. XPO1-mediated export is
utilized to transport newly formed vRNPs to the plasma membrane to assemble viral particles and
induce budding (Lamb and Parks, 2006). Treatment with KPT-335 had significant efficacy against
influenza virus both in vitro and in vivo. KPT 335 potently and selectively inhibited vRNP export
resulting in reduced replication of various influenza virus A and B strains in cell culture, including
111

102 | P a g e

H1N1 virus, H5N1 avian influenza virus, and the H7N9 strain. Oral administration of KPT 335 in
mice, administered to test subjects 24 h prior to infection (as a prophylactic) or 2 h post infection
(as therapeutic drug), reduced viral loads and proinflammatory cytokine expression significantly
against various strains including A/California/04/09 or A/Philippines/2/82-X79 (Perwitasari et al.,
2014). KPT 335 was effective against influenza infections in mice and ferrets and showed reduced
virus shedding, pulmonary pro-inflammatory cytokine expression and leukocyte infiltration into
the bronchoalveolar regions as well as nasal wash exudates (Perwitasari et al., 2016).

Figure 4.3. KPT compounds interfere with XPO1 mediated export of the Influenza A virus
vRNPs.
KPT compounds interfere with XPO1 mediated export of the Influenza A virus (IAV) viral
ribonucleoproteins (vRNPs), thereby sequestering them to the nucleus and inhibiting late stage
assembly processes. From (Pickens and Tripp, 2018).
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The New World alphavirus, Venezuelan equine encephalitis virus (VEEV), belongs to the
Togaviridae family. The virus is endemic to North, central and South America and causes febrile
illness which can progress to encephalitis with high morbidity and mortality rates in humans and
equines. This virus is of global concern as a naturally emerging infectious disease. The capsid
protein of VEEV interacts with the host nuclear transport proteins importin α/β1 and XPO1.
Inhibition of XPO1 with LMB lead to nuclear accumulation of the nucleocapsid, resulting in
reduced viral titers of both the VEEV vaccine strain, VEEV-TC83, and the wild-type strain,
Trinidad Donkey (VEEV-TrD). This resulted in reduced cell death in LMB-treated cells compared
to non-treated cells. Increased nuclear accumulation of the viral capsid was observed on inhibition
of XPO1 in the presence of 2.5 µM of KPT 185, KPT 335 or KPT 350 (Lundberg et al., 2016).
The efficacy of KPT compounds, including KPT 335, against HIV, influenza and VEEV, all
viruses that interact with XPO1 in a decisive stage of their lifecycle, suggests that KPT treatment
could be effective against RSV as well. Classified under Orthopneumovirus, RSV replicates and
transcribes its proteins in the cytoplasm (Afonso et al., 2016, Lamb and Parks, 2006). Matrix (M)
protein is the only known RSV protein that possesses both NLS and NES sequences enabling it to
shuttle in and out of the nucleus in the early and late stages of infection. Inhibition of XPO1 by
LMB induces nuclear accumulation of M protein and reduced virus production. In addition,
mutations in the XPO1 recognition site (NES signal) prevented successful nuclear export of M
protein, which eventually halted virus production due to the failure of M protein to localize at the
assembly sites (Ghildyal et al., 2009, Ghildyal et al., 2006). This indicates that timely XPO1dependent nuclear export of M protein is central to RSV infection.
This leads to the hypothesis that transient inhibition of XPO1 using SINEs is a potentially effective
therapeutic strategy against RSV. Since SINEs exert a mechanism of action similar to LMB,
inhibition of XPO1-mediated nuclear export would disrupt the timely subcellular shuttling the
RSV M protein. This might lead to disruption of viral replication and potentially reduce the viral
titre (Figure 4.4).
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The data in the previous chapter showed treatment with KPT 335 and KPT 185 significantly
retained XPO1 to the nucleus and reduced the amount of the nuclear exporter present in treated
cells. In this chapter we aim to determine the following effects of these KPT compounds:
1. Efficacy in reducing RSV titre.
2. Efficacy in reducing RSV infectious titre on short term therapeutic treatment in the early
or late stage of viral infections; and on continuous therapeutic treatment.
3. Effect on RSV protein levels in infected cells compared to non-treated cells.
4. Effect on viral release from treated cells.
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4.2 Methods
4.2.1
4.2.1.1

Determination of dose-dependent efficacy of SINE compounds against RSV-A2
replication in infected cells
Plaque Reduction Assay

Vero/A549 cells were seeded (1x104 cells/well) in 96-well plates and grown overnight under
standard conditions until 80% confluent. The cells were infected with RSV-A2 for one hour at
MOI = 0.5 after which the inoculum was replaced with infection medium. KPT compounds were
diluted in infection medium from a 10 mM stock prepared in DMSO to concentrations from 100
μM down to 0.01 μM and added 100 μl/well. The cells were treated in triplicate from 6 h.p.i. to 18
h.p.i. At 18 h.p.i, the medium was replaced with infection medium and incubated up to 48 h.p.i.
The cells were fixed in Fixing solution (Methanol + 2% H2O2) for 20 minutes and left to dry
overnight. The percentage of the 96 well covered with plaques was determined by measuring the
intensity of the brown coloured plaques at 600 nm using BIO-RAD Benchmark Plus Microplate
Reader. The average intensity from three or four wells treated with each dose of KPT compound
was determined and subtracted from the average intensity obsrrved in DMSO-treated (control)
wells. The mean±SEM was calculated on. MS-Excel and a line graph depicting the average
intensity of the plaques from KPT-treated wells relative to control was plotted using GraphPad
Prism v.7.02.
4.2.2
4.2.2.1

Determination of time-dependent efficacy of SINE compounds against RSV-A2
replication in infected cells
Short-term treatment with SINE compounds at the Early or Late stage of RSV infection

Vero/A549 cells were grown overnight in 6-well plates until 80% confluent. The cells were
infected (MOI = 1) for one hour, inoculum replaced with fresh infection medium and incubated
under standard conditions up to 48 h.p.i. Cultures were treated with KPT 185 (1.5 µM), KPT 335
(1.5 µM) or DMSO (0.5 µM) for 12 hours at early (6 – 18 h.p.i) or late (18 – 30 h.p.i.) times in
infection. At 30 h.p.i, one set of the cultures were frozen at -80oC while the rest were frozen at 48
h.p.i. The viral titre in these samples were determined by immunoplaque assay (described in
Section 2.2 3.1).
4.2.2.2

Long-term treatment with SINE compounds from 2 h.p.i to 24 or 48 h.p.i

Vero/A549 cells were grown overnight in 6-well plates until 80% confluent. The cells were
infected (MOI = 0.5) for one hour, the inoculum was replaced with infection medium and
incubated under standard conditions. The cells were treated with KPT 185 (1.5 µM), KPT 335 (1.5
µM) or DMSO (0.5 µM) from 2 h.p.i until 24 h.p.i or 48 h.p.i. The cells were frozen at -80oC and
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viral titre in these samples were determined by immunoplaque assay (described in Section 2.2
3.1).
4.2.2.3

Analysis of PFU/ml

The number of plaques (in triplicates or quadruplicates) in three higher dilutions of the viral
inoculum observed in the 96-well plate were counted and used to estimate the average number of
plaques for each dilution. The average number of plaques for each dilution was multiplied with
the volume of viral inoculum (0.05 ml) and the dilution factor as shown below.
PFU/ml = Average number of plaques per well × 0.05 × Dilution factor
PFU/ml or viral titres were expressed as mean of triplicate +/- standard error of the mean.
Calculations were done on MS-Excel. The difference in viral titre from treated samples relative to
DMSO-treated samples were plotted using GraphPad Prism v.7.02.
4.2.3

Effect of SINEs on RSV protein expression

A549/Vero cells grown overnight in T25 flasks until 80% confluent were treated with 1.5 μM of
each KPT compound prepared in infection medium at 2 h.p.i up to 30 h.p.i or 48 h.p.i. 0.5 μM of
DMSO was used as control. Cells were lysed in 300 µl of RIPA buffer per flask (composition
described in Table 2.6), centrifuged at 13,000× g for 30 minutes and the debris-free supernatant
used for Western blotting, as described in Section 2.2.10.4. Images were captured using Li-Cor
Odyssey Fc infrared imaging system and Image StudioTM software. The blots were stripped and
re-probed as required (described in Section 2.2.10.6.
4.2.4

Blot Analysis

The intensity of all the RSV proteins and that of each protein detected in the whole cell lysate was
determined using Image Studio™ Lite. The percentage of each RSV protein present in the lysate
was determined for different time periods of treatment. The total percentage of RSV N, P and M
protein present in treated and non-treated cells were plotted using MS-Excel. Data shown are
mean±SEM of triplicate samples from three independent experiments.
4.2.5

Effect of SINE compounds on viral release from infected cells

Vero cells were grown overnight in T25 flasks until 80% confluent and treated with 1.5 μM of
KPT 335 prepared in infection medium at 2 h.p.i up to 48 h.p.i. 0.5 μM of DMSO was used as
control. The cell lysates were collected as described above using RIPA buffer. The supernatant
was subjected to a sucrose cushion assay (described in Section 2.2.10.3), and used for Western
Blotting (Section 2.2.10.4). Images were captured using Li-Cor Odyssey Fc infrared imaging
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system and Image StudioTM software. The blots were stripped and re-probed as required (described
in Section 2.2.10.6).
Blot analysis
Same as in Section 4.2.4.
4.2.6
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4.3 Results
4.3.1

Dose-dependent efficacy of SINE compounds against RSV-A2

To determine the concentration at which KPT compounds were effective at reducing RSV
replication, plaque reduction assays were carried out in both A549 and Vero cells. Infected cells
were treated with different doses of KPT compounds from 6 h.p.i to 18 h.p.i, the medium was
replaced with infection media and incubated further until 48 h.p.i. Fixed cells were analysed using
immunoplaque assay. The percentage of plaques formed in cells treated with each dose was
compared to that of non-treated cells to estimate the antiviral efficacy of each compound.
The percentage reduction in number of plaques in the KPT-treated A549 cells in comparison
to non-treated cells is shown in Figure 4.5.A and representative images of the plaques in
treated and untreated wells is shown in Figure 4.5.B.
Compared to non-treated A549 cells, treatment with 0.1 µM of all the KPT compounds had no
effect on viral titre/ plaque formation. Almost 100% of the well was occupied by plaques.
Treatment with 1 µM of KPT 185 reduced the viral titre by 10% in comparison to non-treated cells
(100%). The plaques occupied nearly 80% of the well and appeared to have fewer plaques in
comparison to non-treated cells. Treatment with 10 µM of KPT 185 reduced % plaque formation
by ~60% with significant reduction in number of plaques in comparison to non-treated cells. 100%
inhibition of plaque formation was observed on treatment with 100 µM.
Treatment with 1 µM of KPT 335 reduced the % plaque relative to non-treated cells by 20%.
Visually, the distribution of plaques throughout the wells appeared similar to KPT 185-treated
cells however on closer inspection the plaques were rounder and less scattered in comparison to
KPT 185-treated and non-treated cells. This suggests reduction of RSV replication on addition of
1 µM KPT 335 is evident after several replication cycles. Treatment with 10 µM of KPT 335
reduced plaque formation by 30% and no plaques were observed in cells treated with 100 µM of
KPT 335. Treatment with KPT 301 showed limited or no change in % plaques in comparison to
non-treated cells.
IC50 values for the KPT compounds were determined using GraphPad Prism v.7.02 (Table 4.1).
KPT 185 had IC50 = 11.37 µM while the value was 9.6 µM for KPT 335. The IC50 value for KPT
301 was >100 µM, suggesting that the compound has inconsistent effects against RSV-A2.
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The IC50 and CC50 values (determined in previous chapter) of the KPT compounds were used to
calculate the Selectivity Index (SI50) for these compounds in A549 cells. SI50 is the ratio of
CC50/IC50, which determines the specificity of antivirals against virus-induced cytopathic effects
(Gu et al., 2013). SI50 of 7.6 for KPT 185 suggests that the compound is unsuitable for in vivo use
while KPT 335 had a value of 0.02, making it highly suitable for in vivo administration.
KPT 301 also had a very low SI50 value of 0.11. This indicates that the compound has little or no
effect as an antiviral agent despite producing lower cytotoxicity because it did not reduce viral
replication significantly even at the highest dose tested (100 µM). This confirms that KPT 301 is
ineffective as an antiviral agent against RSV-A2 and will be analysed in limited experiments.
Table 4.1. IC50 and SI50 values of SINEs.
Mean±SEM values of the percent cytotoxicity of increasing doses of KPT compounds against RSV
in A549 cells for 48 hours were plotted using a non-linear regression curve using GraphPad Prism
v.7.02. The ratio of IC50 and CC50 values were used to determine the SI50 value of the KPT
compounds. These are shown below. *NA- not available
Compounds

A549 cells
IC50 (µM)

SI50

KPT 185

11.37

7.6

KPT 335

0.96

0.02

KPT 301

>100

NA

The reduction in % plaques in KPT-treated Vero cells in comparison to non-treated cells is shown
in Figure 4.6.A and representative images of the plaques in treated and non-treated cells is shown
in Figure 4.6.B. Compared to non-treated cells, treatment with 0.1 µM of all three KPT
compounds showed a significant reduction in plaques/well. On average, nearly 30% of the wells
were covered with plaques after treatment with 1 µM or 10 µM of KPT 185. 100% inhibition of
viral replication was observed in treatment with 100 µM of KPT 185. Treatment with 1 µM or 10
µM of KPT 335 reduced viral replication by almost 70%. 100% inhibition of viral replication was
observed in treatment with 100 µM of KPT 185. Treatment with KPT 301 showed limited or no
change in plaques on treatment with different doses of the compound, ranging from 0.1 µM to 100
µM.
Overall, based on the results obtained 1.5 µM of KPT 185 and KPT 335 will be used for further
experiments. The high SI50 value of KPT 185 makes it unsuitable for therapeutic administration
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and will be used as positive control while KPT 301 will not be used in further experiments since
it has no antiviral effect against RSV. KPT 335 seems to be the most suited candidate for
therapeutic administration against RSV-A2 since it has a low SI50 value and is more effective
against RSV compared to KPT 185.
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4.3.2

Treatment with KPT compounds in early or late stage of infection reduces RSV viral
titre

Previous studies using LMB have shown that short-term treatment in the early or late stage of RSV
infection reduces viral replication (Ghildyal et al., 2009). To determine the efficacy of the KPT
compounds against RSV over the same time periods, A549/Vero cells were treated with 1.5 µM
of KPT 185 or KPT 335, and DMSO was used as control. These doses were chosen based on the
CC50 and IC50 values determined in the previous sections (Table 3.1, 4.1). The cells were treated
either from 6-18 h.p.i, the early stage, or 18-30 h.p.i, the late stage of infection. Then the
compound-containing medium was replaced with infection medium and incubated up to 30 h.p.i
or 48 h.p.i. The viral titer in the lysate was determined by immunoplaque assay. Morphology of
the plaques and the dilution of lysates of Vero and A549 cells is described in Tables 4.2-4.4 and
additional figures are in Appendix 1.
The plaque morphology for dilutions of Vero cell lysates treated in the early and late stages of
RSV-A2 infection is summarized in Table 4.2 and Table 4.3. Viral culture plaque morphology in
human cell lines are markers for growth capability and cytopathic effect; and are used to assess
viral fitness (Kim et al., 2015). In wells containing less than 150 plaques, distinct comet-shaped
plaques were typically observed along with small to pin-point sized plaques spread throughout the
96-well (Table 4.2 and Figure 4.7). In order for a comet to become visible, virus must infect a
sufficient number of contiguous cells {Lindsay, 2012 #576}. The comets became shorter and
rounded with increasing dilutions, indicating fewer infectious particles and limited spread of
infection. Comparison of plaque number and morphology between treated and non-treated samples
are clear indication of the efficacy of treatment.
Viral titre in dilutions of Vero cell lysates was higher at 48 h.p.i after treatment with DMSO in
comparison to 30 h.p.i, which was expected. The wells with dilutions 10-6 to 10-8 had <150 plaques
(Figure 4.7.A and B) and were used to estimate PFU/ml. Less than 150 plaques were observed in
dilutions 10-5 and above in the lysates collected at 30 and 48 h.p.i after treatment with KPT 185 or
KPT 335. Plaque morphology was similar in DMSO-treated and KPT-treated lysates, with cometshaped plaques predominant in lower dilutions and stunted plaques with shorter tails in the higher
dilutions. Dot- to pin point-sized plaques were observed in all dilutions (Figures 4.7 and 10.1).
Lower number of plaques were observed in dilutions of the lysates collected at 30 h.p.i after
treatment with DMSO in comparison to those collected at 48 h.p.i (Figure 4.7 C and D). 20 to
50% of the wells were occupied by plaques around dilutions 10-5 and 10-6 of the lysates treated
with KPT 335 or KPT 185 at both time points (additional images in Figure 10.2). Fewer comet
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shaped plaques were observed in the lysates treated with KPT 335 in comparison to KPT 185 at
both time points.
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KPT 335

KPT 185

DMSO

Time of treatment

0-10%

20-50%

Few rounded or pin point plaques or None

Medium to pin point sized plaques

Stunted comet shaped plaques,

small to pin-point shaped plaques

Comet shaped plaques, distinct irregular to rounded shaped as well as

Unclear

100%

80-60%

Few rounded or pin point plaques or None

Medium to pin point sized plaques

Stunted comet shaped plaques,

0-10%

20-50%

small to pin-point shaped plaques

Comet shaped plaques, distinct irregular to rounded shaped as well as

Unclear

100%

80-60%

Few rounded or pin point plaques or None

Medium to pin point sized plaques

Stunted comet shaped plaques,

small to pin-point shaped plaques

Comet shaped plaques, distinct irregular to rounded shaped as well as

Unclear

Plaque morphology

0-10%

20-50%

80-60%

100%

occupied by plaques

Percentage of well

Early stages of infection (6-18 h.p.i)

10-7

10-5& 10-6

10-3& 10-4

10-1 and 10-2

10-8 to 10-11

10-5 to 10-7

10-3 and 10-4

10-1& 10-2

10-11

10-6 to 10-10

10-4& 10-5

10-1 to 10-3

30h

10-8 to 10-11

10-6 to 10-7

10-3 to 10-5

10-1 and 10-2

10-9 to 10-11

10-7& 10-8

10-4 to 10-6

10-1 to 10-3

10-9 to 10-11

10-6 to 10-8

10-1 to 10-5

48h

Dilutions of Cell lysates collected at:

Figure

335’

top labelled ‘KPT

Third lane from the

185’

top labelled ‘KPT

Second lane from the

‘DMSO’

Top lane marked

S.Figure 1

Figure 4.3 A and B

Table 4.2. Plaque morphology in cell lysates treated with KPT compounds in the early stages of RSV-A2 infection in Vero cells.
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KPT 335

KPT 185

DMSO

Time of treatment

0-10%

20-50%

Few rounded or pin point plaques or None

Medium to pin point sized plaques

Stunted comet shaped plaques,

small to pin-point shaped plaques

Comet shaped plaques, distinct irregular to rounded shaped as well as

Unclear

100%

80-60%

Few rounded or pin point plaques or None

Medium to pin point sized plaques

Stunted comet shaped plaques,

0-10%

20-50%

small to pin-point shaped plaques

Comet shaped plaques, distinct irregular to rounded shaped as well as

Unclear

100%

80-60%

Few rounded or pin point plaques or None

Medium to pin point sized plaques

Stunted comet shaped plaques,

small to pin-point shaped plaques

Comet shaped plaques, distinct irregular to rounded shaped as well as

Unclear

Plaque morphology

0-10%

20-50%

80-60%

100%

occupied by plaques

Percentage of well

Early stages of infection (6-18 h.p.i)

10-5to 10-7
10-8 to 10-11

10-7 to 10-11

10-3& 10-4

10-1& 10-2

10-7to 10-11

10-5& 10-6

10-3& 10-4

10-1& 10-2

10-9to 10-11

10-6to 10-8

10-4& 10-5

10-1to 10-3

48h

10-5& 10-6

10-4

10-1to 10-3

10-7to 10-11

10-5& 10-6

10-3& 10-4

10-1& 10-2

10-7to 10-11

10-5& 10-6

10-3& 10-4

10-1& 10-2

30h

collected at:

Dilutions of Cell lysates

labelled ‘KPT 335’

Third lane from the top

top labelled ‘KPT 185’

Second lane from the

‘DMSO’

Top lane marked

S.Figure 1

Figure 4.3 C and D

Figure

Table 4.3. Plaque morphology in cell lysates treated with SINE compounds in the late stages of RSV-A2 infection in Vero cells.
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Plaque morphology for dilutions of A549 cell lysates treated in the early stages of RSV-A2
infection are summarized in Table 4.4. In comparison to Vero cells, the viral titre was lower in
A549 cells. Viral titre was lower in the lysates collected at 48 h.p.i after treatment with both the
KPT compounds compared to that in Vero cells. The wells with dilutions 10-5 to 10-7 and wells
with dilutions 10-3 to 10-5 had less than 150 plaques and were used to estimate PFU/ml for the time
points 30 h.p.i and 48 h.p.i respectively (Figure 4.8 A and B). Plaque morphology was similar in
both DMSO-treated and KPT-treated lysates, with comet shaped plaques predominant in the lower
dilutions which appeared stunted with shorter tails in the higher dilutions. Dot to pin point sized
plaques were observed in all dilutions (additional figures in Figure 10.3).
Plaque morphology for dilutions of A549 cells treated in the late stages of infection are
summarized in Table 4.5. Lower number of plaques were observed in the lysates collected at 48
h.p.i after treatment with KPT 335 compared to both DMSO-treated and KPT 185-treated lysates.
20 to 50% of the wells were occupied by plaques around dilutions 10-5 and 10-6 of the lysates
treated with KPT compounds at both time points (additional figures in Figure 10.4). Fewer comet
shaped plaques were observed in cells treated with KPT 335 in comparison to KPT 185 at both
time points (Figure 4.8 C and D).
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KPT 335

KPT 185

DMSO

Time of treatment

0-10%

20-50%

80-60%

Unclear

100%

Few rounded or pin point plaques or None

Medium to pin point sized plaques

Stunted comet shaped plaques,

small to pin-point shaped plaques

Comet shaped plaques, distinct irregular to rounded shaped as well as

Few rounded or pin point plaques or None

Medium to pin point sized plaques

Stunted comet shaped plaques,

small to pin-point shaped plaques

0-10%

20-50%

80-60%

Unclear

100%
Comet shaped plaques, distinct irregular to rounded shaped as well as

Few rounded or pin point plaques or None

Medium to pin point sized plaques

Stunted comet shaped plaques,

small to pin-point shaped plaques

Comet shaped plaques, distinct irregular to rounded shaped as well as

Unclear

Plaque morphology

0-10%

20-50%

80-60%

100%

occupied by plaques

Percentage of well

Early stages of infection (6-18 h.p.i)

10-10& 10-11

10-7 to 10-9

-6

10 to 10
-3

10-1& 10-2

10-9 to 10-11

10-7& 10-8

-6

10 to 10
-4

10-1 to 10-3

10-9 to 10-11

10-7& 10-8

-6

10 & 10
-5

10-1 to 10-4

30h

at:

10-6 to 10-11

10-3 to 10-5

-2

10 & 10
-1

10-7 to 10-11

10-3 to 10-6

-2

10 & 10
-1

10-7 to 10-11

10-5& 10-6

-4

10 & 10
-3

10-1& 10-2

48h

Dilutions of Cell lysates collected

335’

top labelled ‘KPT

Third lane from the

185’

top labelled ‘KPT

Second lane from the

‘DMSO’

Top lane marked

S.Figure 2

Figure 4.4 A and B

Figure

Table 4.4. Plaque morphology in cell lysates treated with KPT compounds in the early stages of RSV-A2 infection in A549 cells.
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KPT 335

KPT 185

DMSO

Time of treatment

0-10%

20-50%

Few rounded or pin point plaques or None

Medium to pin point sized plaques

Stunted comet shaped plaques,

small to pin-point shaped plaques

Comet shaped plaques, distinct irregular to rounded shaped as well as

Unclear

100%

80-60%

Few rounded or pin point plaques or None

Medium to pin point sized plaques

Stunted comet shaped plaques,

0-10%

20-50%

small to pin-point shaped plaques

Comet shaped plaques, distinct irregular to rounded shaped as well as

Unclear

100%

80-60%

Few rounded or pin point plaques or None

Medium to pin point sized plaques

Stunted comet shaped plaques,

small to pin-point shaped plaques

Comet shaped plaques, distinct irregular to rounded shaped as well as

Unclear

Plaque morphology

0-10%

20-50%

80-60%

100%

occupied by plaques

Percentage of well

Early stages of infection (6-18 h.p.i)

10-10& 10-11

10-6 to 10-9

10-3 to 10-5

10-1& 10-2

10-9 to 10-11

10-5 to 10-8

10-3& 10-4

10-1& 10-2

10-11

10-7 to 10-10

10-5& 10-6

10-1 to 10-4

30h

48h

10-6 to 10-11

10-3 to 10-5

10-1& 10-2

10-8 to 10-11

10-6& 10-7

10-4& 10-5

10-1 to 10-3

10-9 to 10-11

10-6 to 10-8

10-4& 10-5

10-1 to 10-3

collected at:

Dilutions of Cell lysates
Figure

labelled ‘KPT 335’

Third lane from the top

top labelled ‘KPT 185’

Second lane from the

‘DMSO’

Top lane marked

S.Figure 2

Figure 4.4 C and D

Table 4.5. Plaque morphology in cell lysates treated with KPT compounds in the late stages of RSV-A2 infection in A549 cells.
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Short term treatment in Vero cells with 1.5 µM KPT 185 in the early stages of infection followed
by incubation without the compound from 18 h.p.i to 30 h.p.i. caused no change in viral titre
relative to DMSO-treated cells (Figure 4.9 A). In comparison, further incubation without the
compounds up to 48 h.p.i effectively reduced the viral titre by several folds relative to DMSO.
Short term treatment in the late stages of infection from 18-30 h.p.i caused no change in the viral
titre. However, further incubation without the compound from 30 to 48 h.p.i significantly reduced
the viral titre (Figure 4.9 B).
Treatment with 1.5 µM KPT 335 in infected Vero cells during the early stages of infection
followed by incubation up to 30 h.p.i brought about almost 50% reduction in viral titre relative to
DMSO-treated cells (Figure 4.9 A). Incubation for up to 48 h.p.i, resulted in a further 10%
reduction in viral titre. KPT 335 was more effective against RSV within the first round of infection
and consistently reduced viral titre even after multiple rounds of infection in contrast to KPT 185
whose effects were prominent only after several rounds of infection (Figures 4.8 and 4.9).
Short term treatment in A549 cells with 1.5 µM KPT 185 in the early stages of infection followed
by incubation in infection medium from 18 to 30 h.p.i caused no reduction in viral titre (Figure
4.9 C). In contrast, incubation up to 48 h.p.i reduced the viral titre by almost 50%. Treatment in
the late stages of infection with KPT 185 followed by incubation up to 30 h.p.i caused a marginal
reduction in viral titre. However, treatment with the compound was more effective on further
incubation up to 48 h.p.i, with almost 50% reduction in viral titre (Figure 4.9 D).
Treatment with 1.5 µM KPT 335 in infected A549 cells during the early stage of infection and
incubation up to 30 h.p.i resulted in no change in viral titre relative to DMSO-treated cells (Figure
4.9 C). In contrast, incubation up to 48 h.p.i reduced the viral titre by almost 50%. A marginal
reduction in viral titre was observed on treatment with KPT 335 in the later stages of infection
followed by incubation up to 30 h.p.i. Almost 50% reduction in viral titre was observed in
incubation up to 48 h.p.i (Figure 4.9 D).
This suggests that the effect of the KPT compounds against RSV is not dependent on the stage of
infection. Irrespective of whether treatment occurred in the early or late stages of infection,
reduction in viral titre was prominent on extended periods of incubation. Incubation without the
compound or treatment with the compounds from 18-30 h.p.i showed no change in viral titre
(Figures 4.8 and 4.9). This is probably because most of RSV M proteins would have shuttled out
of the nucleus and localized in the cytoplasm (Ghildyal et al., 2009). However, extended
incubation from 18 to 48 h.p.i brought about almost 50% reduction in viral titre regardless of the
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stage in which the cells were treated. This suggests that the benefits of treatment with KPT
compounds are more prominent after several rounds of infection (Figures 4.8 and 4.9). It is likely
that treatment with these compounds reduces the infectivity of newly formed virions with each
replication cycle.
Overall, the data shows that the effect of the KPT compounds against RSV is not dependent on
treatment during a particular stage of infection. Short-term treatment followed by incubation for
up to 48 h.p.i, regardless of early or late stage treatment, effectively reduces RSV replication. Both
KPT compounds had similar effects on the viral titre, with KPT 335 having almost equal effects
in both cell lines.
4.3.3

Long term treatment with KPT compounds reduces RSV viral titres

Short-term treatment for 12 hours during a particular stage of the viral infection is not
therapeutically applicable. This prompted investigation of the effects of a long-term treatment with
the KPT compounds. A549/Vero cells were infected and treated from 2 h.p.i to 24 or 48 h.p.i. The
cells were treated with 1.5 µM of KPT 185 or KPT 335 or 0.5 µM of DMSO. The viral titer in the
cell lysate was determined by immunoplaque assays.
4.3.3.1

Plaque visualization on treatment with KPT compounds from 2-24 h.p.i

The plaques in DMSO-treated Vero cells (Figure 10.5) covered almost 100% of the 10-1 wells.
The plaques in wells 10-2 to 10-6 were visually fewer by 10-20% and had a mix of large comet
shaped, distinct almost round large to dot sized plaques scattered throughout the well (lane marked
‘DMSO’ in Figure 4.10.A). The plaques were mostly large to medium sized, rounded or short
comet shaped at higher dilutions (10-7 to 10-11).
The number of plaques in 10-1 dilutions of KPT-treated lysates were lower in comparison to that
in DMSO-treated cells (Figure 10.5). The plaques in wells 10-2 to 10-4 were similar to the initial
dilutions in the control, with several comet shaped, almost rounded and dot to pin-point sized
plaques seen scattered throughout the well. A 10-20% reduction in the space occupied by plaques
was observed with increasing dilutions (lane marked ‘KPT 185’ in Figure 4.10.A). The plaques
in wells 10-5 to 10-7 were mostly comet shaped or dot sized and significantly fewer in numbers
compared to the previous dilutions. The plaques in dilutions above 10-7 became more rounded and
pin-point sized. The plaques observed in cells treated with KPT 335 (lane marked ‘KPT 335’ in
Figure 4.10.A) were similar to that of KPT 185-treated cells in wells 10-1 to 10-5. The plaques
observed in dilutions 10-6 and above were rounded and large to pin-point sized.
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The plaques in DMSO-treated A549 cells (lane marked ‘DMSO’ in Figure 4.10.C; Figure 10.6)
appeared large and irregularly shaped in 10-1 wells, covering nearly 90% of the well. Some plaques
were comet shaped with smudgy tails of various lengths extending behind while others were
clearly seen as distinct, almost rounded, large to pin-point sized plaques. Similar plaques were
observed in 10-2 to 10-4 wells, covering nearly 70 and 60% of the wells respectively. With
increasing dilutions, there were fewer comet shaped plaques. Plaques were observed scattered
around the wells. Pin-point plaques were seen in dilutions >10-7. On treatment with KPT 185 (lane
marked ‘KPT 185’ in Figure 4.7.C) fewer plaques were observed in 10-1 wells in comparison to
control. Large comet shaped plaques along with dot to pin point sized plaques were observed in
10-2 to 10-4 wells, reducing in number with each higher dilution. In the wells with dilutions >10-5
the plaques were fewer in number, becoming more rounded and smaller in size in the higher
dilutions. KPT 335 (lane marked ‘KPT 335’ in Figure 4.10.C; Additional figures in Figure 10.6)
had plaque formation similar to KPT 185 up to the wells with 10-3 dilutions of the cell lysates.
4.3.3.2

Plaque visualization on treatment with KPT compounds from 2-48 h.p.i

The number of plaques in DMSO-treated Vero cells was very high in number in comparison to
A549 cells, which was expected since RSV infects more efficiently in Vero cells. The plaques
covered almost 100% of the wells with dilutions 10-1 to 10-3 (Figure 10.5). A mix of large comet
shaped, distinct almost round shaped large to dot sized plaques were observed scattered throughout
dilutions 10-4 to 10-6 (lane marked ‘DMSO’ in Figure 4.10.B). The plaques in dilutions 10-7 and
higher were fewer in number, scattered and varied in size from large to medium rounded or dot to
pin point sized plaques.
In KPT 185-treated cells the plaques were similar to that of control from dilutions 10-1 to 10-7 (lane
marked ‘KPT 185’ in Figure 4.10.B; Figure 10.5). Less than 5 plaques were observed in the
higher dilutions. In comparison to the viral titre in KPT 185-treated cells, the titre was significantly
lower in KPT 335-treated cells (lane marked ‘KPT 335’ in Figure 4.10.B; Figure 10.5). Less than
100 plaques were observed in the wells with 10-1 dilution of the cell lysate. The plaque numbers
were nearly 10-fold lower in dilutions 10-2 and above. Very few rounded or pin sized plaques were
observed in the higher dilutions.
The plaques in DMSO-treated A549 cells were higher in number in comparison to those treated
from 2-24 h.p.i, which was expected. A mix of large comet shaped, distinct almost round shaped
large to dot sized plaques were observed scattered throughout, covering 100-70% of the well in
dilutions 10-1 to 10-5 (lane marked ‘DMSO’ in Figure 4.10.D; Figure 10.6). In the higher dilutions
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the plaques were fewer in number, scattered around and varied in size from large and rounded to
dot or pin-sized. On treatment with KPT 185 (lane marked ‘KPT 185’ in Figure 4.7.B; Figure
10.6), the plaques were fewer in number in comparison to the same dilutions in the control. The
plaques in the wells with dilutions 10-4 and above were more rounded and dot sized; fewer comet
shaped plaques were observed. In comparison to the plaques in KPT 185-treated cells, fewer
plaques were observed from the initial dilutions of KPT 335-treated cells. The plaques were less
than 10 in number in the dilutions 10-5 and above (lane marked ‘KPT 335’ in Figure 4.7.B; Figure
10.6).
4.3.3.3

Viral titre is reduced in infected cells treated with KPT compounds from 2 to 24 or 48 h.p.i

Treatment with 1.5 µM of KPT 185 in infected Vero cells from 2 h.p.i to 24 h.p.i did not reduce
the viral titre relative to DMSO-treated cells (Figure 4.10.E). However, treatment with KPT 185
from 2 h.p.i to 48 h.p.i brought about almost 50% reduction in viral titre (Figure 4.10.E).
Treatment with 1.5 µM of KPT 335 in infected A549 cells showed a 50% decrease in viral titre
relative to DMSO-treated cells at 24 h.p.i. The viral titre was reduced by another 10% on
incubation up to 48 h.p.i (Figure 4.10.E).
Treatment with KPT 185 in infected A549 cells from 2 h.p.i to 24 h.p.i reduced the viral titre by
40% (Figure 4.10.F) which was further reduced by another 20% on incubation up to 48 h.p.i.
Treatment with KPT 335 on the other hand was equally effective on treatment from 2 h.p.i to 24
or 48 h.p.i, reducing the viral titre by 60% relative to DMSO-treated cells (Figure 4.10.F).
4.3.3.4

Summary

Immunoplaque assays of cell lysates from infected cells treated with KPT compounds from 2 h.p.i
to 24 or 48 h.p.i showed that both compounds are effective at reducing the viral titre on incubation
for long, continuous periods. These results support those mentioned in the previous section where
effect of treatment with KPT compounds is evident after multiple rounds of replication. Among
the two tested compounds, KPT 335 was effective in both cell lines and at 24 and 48 h.p.i. KPT
185, in contrast, was more effective on incubation up to 48 h.p.i.
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Figure 4.10. RSV replication in cells treated with KPT compounds from 2 h.p.i to 24 or 48
h.p.i.
Cells were infected at MOI = 1 and treated with 1.5 μM of KPT 185 or KPT 335 from (A) and
(C) 2 h.p.i to 24 h.p.i or (B) and (D) from2 h.p.i to 48 h.p.i. 0.5 μM of DMSO was used as control.
(E) and (F) The viral titre and plaque morphology of the infectious particles in the samples were
determined using immunoplaque assays. Representative images were taken using Leica EZ24W
stereomicroscope and Leica Application Suite software. Comet shaped plaques (black arrow) were
predominant in the lower dilutions which appeared more rounded in the higher dilutions. Pin point
(yellow arrow) and dot sized (green arrow) plaques were seen in all the dilutions of the cell lysate
in the immunoplaque assay. The data shown are mean ± SEM from quadruplicate samples from
two independent experiments. Graph was plotted using GraphPad Prism v.7.02 and analysed using
t-test.
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4.3.4

Effect of SINEs on RSV protein expression

KPT compounds effectively reduce viral titre, to determine whether this is due to reduced RSV
protein expression during infection, Vero/A549 cells were treated with 1.5 µM of KPT 185 or 335
or 0.5 µM DMSO from 2 h.p.i to 30 or 48 h.p.i and the cell lysates were analyzed using Western
Blotting.
As shown in Figure 4.11.A, the polyclonal antibody to RSV recognizes G (~125-80 kDa), F (70
and 50 kDa), P (34 kDa), N (44 kDa) and M (28 kDa) RSV proteins. The percentage of the key
structural RSV proteins, P, N and M, present in the total protein collected at 30 and 48 h.p.i after
treatment with KPT compounds are shown in Figures 4.11.B and C respectively.
In DMSO-treated Vero cells, at 30 h.p.i G and F proteins formed 28.5% (Table 4.6) of the whole
protein which decreased slightly to 22.16% at 48 h.p.i. F and G proteins were higher (33.34%) at
30 h.p.i and 48 h.p.i on treatment with KPT 185. This suggests KPT 185 increases the relative
proportion of G and F protein. KPT 335-treatment resulted in a slight reduction in the amount of
G and F proteins from 34% at 30 h.p.i to 28% at 48 h.p.i.
P protein remained almost the same, between 14-17%, at 30 and 48 h.p.i respectively in DMSOtreated samples (Table 4.6). Treatment with KPT 185 showed the same percentage of 16% at 30
h.p.i but was reduced to almost 9% at 48 h.p.i. The percentage of P protein in KPT 335 treated
cells at 30 h.p.i was higher (24%) in comparison to control and remained almost the same (23%)
at 48 h.p.i.
Percentage of N protein increased from 14.5% (at 30 h.p.i) to 20.9% (at 48 h.p.i) (Table 4.6) in
DMSO-treated cells. The percentage of N protein also increased over time on treatment with the
KPT compounds. N protein increased from 15% (at 30 h.p.i) to 19% (at 48 h.p.i) on treatment with
KPT 185. Similar increase in N protein expression, from 21% to 26% was observed on treatment
with KPT 335.
In DMSO treated Vero cells, the amount of M protein remained the same (7%) at both time points,
30 and 48 h.p.i (Table 4.6). Treatment with KPT 185 showed time dependent increase in M from
9% to 13%. Treatment with KPT 335 showed an average of 14% expression of M protein in the
lysate at both time points.
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4.3.4.1

Expression of N, P and M proteins in KPT-treated cells relative to DMSO-treated cells

N, M and P proteins are involved in mediating the transition of the viral lifecycle from replication
into viral assembly. These proteins are known to localize to cytoplasmic inclusion bodies,
considered to be sites of viral replication (Förster et al., 2015). On exiting the nucleus, M protein
localizes to these inclusion bodies, oligomerize to form a two-dimensional lattice (future M layer
of the virion) and initiate filament maturation and elongation by interacting with F protein (Bajorek
et al., 2014, Förster et al., 2015). Treatment with KPT compounds did not inhibit the synthesis of
the major RSV proteins, including M protein (Figure 4.11.A). However, treatment with KPT
compounds markedly reduced RSV replication by 48 hours of treatment (shown in previous
sections). This indicates that XPO1-inhibition might have an effect on viral protein synthesis,
delay in the cytoplasmic localization of M may induce increased protein synthesis and
delay/disrupt viral assembly. This was evident in infected Vero cells treated with DMSO, at 30
h.p.i N and P protein amounts were equal to each other (15% each) while M protein was 7% of the
whole RSV protein present in the lysate (Figure 4.11 B). Similar proportion of proteins was
observed in the KPT 185 and KPT 335-treated lysates. However, the percentage of all three
proteins was higher in the KPT 335-treated cells with nearly double the amount seen in DMSOtreated cells, expressed as percentage of total RSV protein. In comparison 30 h.p.i, a decrease in
M protein and an increase in N protein was observed in DMSO-treated cells at 48 h.p.i (Figure
4.11.B and C). The P protein remained the same at both time points in DMSO-treated cells. M
protein was almost double that of control in KPT 185-treated cells while P protein was nearly half
relative to control. N protein decreased slightly in comparison to control. Treatment with KPT 335
increased the level of all three proteins. M was nearly double that of control while N and P protein
expression increased by almost 6% in comparison to DMSO-treated cells. This effect was
prominent in KPT 335-treated cells because it was more effective relative to KPT 185 as shown
in Figure 4.11. Overall, treatment with KPT compounds, both KPT 185 and KPT 335, alters the
relative proportion of RSV proteins to a limited extent. Since these compounds specifically disrupt
XPO1-mediated nuclear export, this could delay the function of M in the late stages of infection
in the cytoplasm which could affect viral replication, assembly and budding.
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Figure 4.11. RSV protein amounts in cell lysates of Vero cells treated with KPT compounds
for 30 and 48 hours.
Vero cells in 6-well plates were infected at MOI = 1 and were treated with 1.5 μM of KPT 185 or
KPT 335. DMSO was used as control. The cells were treated from 2 h.p.i to 30 h.p.i or 48 h.p.i
and the cell lysates were collected using RIPA buffer. The cell lysates were separated by SDSPAGE and transferred onto nitrocellulose membrane by Western blotting. The blot was probed for
A) Goat α-RSV (1:1000) and B) Rabbit α-Tubulin (1:1000), bound antibody was detected with
horseradish peroxidase-conjugated secondary antibody (1:5000) and an Enhanced
Chemiluminiscence (ECL, Perkin Elmer) kit. Images were taken and quantified using Li-Cor
TM

Odyssey Fc infrared imaging system and Image Studio software. Tubulin was used as loading
control. Band intensities of proteins in (A) and (B) were quantitated using Image Studio™ Lite.
The percentage intensity of each protein band in the whole lysate was determined and plotted using
MS-Excel. Data shown are mean±SEM from three independent experiments.
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Table 4.6. Quantitative analysis of percentage of each RSV protein in the whole cell lysate of Vero cells treated with KPT compounds from
2-30 or 48 h.p.i.
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Table 4.7. Quantitative analysis of percentage of each RSV protein in the lysate from Vero cells treated with KPT compounds from 2-48 h.p.i.

4.3.5

Effect of KPT compounds on virus release from infected cells

To determine the effect of treatment with KPT compounds on virus release and protein expression
in infected cells, Vero cells were treated from 2 to 48 h.p.i. with 1.5 µM of KPT 335 or 0.5 μM of
DMSO. The cell lysate was collected using RIPA buffer and the virus in the supernatant was
pelleted down using sucrose cushion. Both the lysate and pelleted virus were analyzed by Western
Blotting. Blot for the whole cell lysate was probed with anti-RSV, anti-XPO1 and anti-tubulin
while the blot for the pelleted virus was probed only with anti-RSV.
Figure 4.12.A and Table 4.7 (shown in previous page) depict the percentage of RSV proteins
present in the whole cell lysate of DMSO-treated and KPT 335 treated Vero cells at 48 h.p.i. G
and F proteins formed 62% of the total protein in DMSO-treated cells, while reducing to 52% in
the KPT 335-treated cells. P protein was 7% in both control and KPT 335 treated cells. N protein
formed 5% of the total protein on the control while it was nearly double on treatment with KPT
335. M protein was nearly the same at around 15-16% in both DMSO- and KPT 335-treated cells.
XPO1 expression was significantly lower on treatment with KPT 335 (Figure 4.12.B). The
percentage of proteins present in the pelleted virus collected at 48 h.p.i post treatment with DMSO
or KPT 335 is shown in Table 4.8 (shown in previous page). G and F protein formed 31% and
42% in DMSO- and KPT 335-treated cells respectively. P protein was 17% in control and
increased almost 10% in KPT 335 treated cells. N protein reduced by 10% in the KPT 335 treated
cells while M protein remained the same at 16% in both control and KPT 335 treated cells.
M protein was equally distributed in the lysate and pelleted virus of control and KPT 335 treated
cells (Figure 4.11. B). N protein was found in a higher percentage in the pelleted virus of DMSOtreated cells while it was nearly equal in the KPT 335 treated cells. P protein had a similar pattern
of distribution between the lysate and pelleted virus in both control and KPT 335 treated cells,
with higher amount seen in the pelleted virus.
Overall, treatment with KPT 335 did not alter the production or the release of infectious particles
post-treatment. However, data from the immunoplaque assays in the previous sections clearly
showed a significant decline in viral titre with multiple rounds of viral replication. A noticeable
alteration in the relative proportions of the viral proteins in KPT-treated cells relative to DMSOtreated cells was observed in both the cell lysate and the pelleted virus. This suggests disruption
of XPO1-mediated nuclear export of M results in a limited interruption in the timeline of the viral
lifecycle, possibly causing delay in transition from viral replication to assembly, resulting in
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Figure 4.12. RSV protein levels in infected Vero cells treated with KPT 335 from 2 to 48 h.p.i.
Vero cells were infected at MOI = 1 and from 2 h.p.i they were treated with 1.5 μM of KPT 335.
0.5 μM of DMSO was used as control. The viral particles present in the supernatant was clarified
using sucrose cushion assay. Both the sucrose cushion lysate and the whole cell lysates were
separated by SDS-PAGE and transferred onto nitrocellulose membrane by Western blotting. The
blots for the cell lysates were probed for A) goat α-RSV (1:1000) or B) Mouse α-XPO1 (1:1000)
or C) Rabbit α-Tubulin (1:1000). D) The sucrose cushion lysate was probed with goat α-RSV
(1:1000). Bound antibody was detected with horseradish peroxidase-conjugated secondary
antibody (1:5000). The blots were detected using Enhanced Chemiluminiscence (ECL, Perkin
Elmer) kit. Li-Cor Odyssey Fc infrared imaging system and Image StudioTM software were used
to image and quantify the blots. Data shown are mean±SEM from three independent experiments.
Band intensities of proteins in (A) and (B) were quantitated using Image Studio™ Lite
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4.4 Discussion
In this chapter, the effects of transient inhibition of XPO1 on RSV replication and protein
expression on treatment with KPT compounds, KPT 335 and KPT 185, was characterized. Overall,
both compounds have a dose-dependent and a time-dependent effect against RSV replication. Low
SI50 value of KPT 335 makes it suitable for administration in therapeutic applications. The impact
of short-term treatment with both compounds was evident after multiple replication cycles, but
long-term treatment was most effective for post-infection treatments.
A key factor for drug candidates is limited cytotoxicity. IC50 (or EC50), CC50 and SI50 values are
critical measures to determine whether an antiviral compound is potent and selective for further
drug development. LMB was effective against cancer cells at very low doses (IC50 = 0.1–10 nM)
both in vitro and in vivo but the compound failed in clinical trials due to poor tolerability (Roberts
et al., 1986). The highest tested dose of 100 μM and the lowest tested dose of 0.1 μM of the KPT
compounds were tested (Figures 4.5 and 4.6) to note their effect on RSV replication at both
extremes. Treatment with 1.5 μM of the KPT 335 and KPT 185 was chosen as the ideal dose for
testing since its effective against RSV at a concentration several folds below the CC50 value.
The irreversible inhibition of XPO1 had severe downstream effects which caused dose-limiting
toxicity and presented as severe anorexia and malaise (Newlands et al., 1996). The antiviral effect
of LMB against RSV was effective at low doses of 2.8 ng/ml or 520 nM (Ghildyal et al., 2009)
and proved that the disruption of XPO1-mediated nuclear export of M led to decline in viral
replication and titre. KPT compounds, in contrast to LMB, reversibly bind to XPO1 to disrupt
nuclear export. Selinexor, the first clinical KPT compound has IC50 = 40 nM and is currently being
evaluated in Phase I and II clinical trials in many different cancers (NCT03095612,
NCT01986348, and NCT01896505; see clinicaltrials.gov for details). The drug has shown good
tolerability with manageable side effects (Garzon et al., 2013, Wei et al., 2017).
KPT 185 and KPT 335 have been widely studied as anticancer agents and are being repurposed as
antiviral agents in recent times (Mathew and Ghildyal, 2017). KPT 185 was shown to be effective
against RSV at low doses (around 1-10 µM) but is unsuitable for therapeutic administration due
to a very high SI50 value. KPT 301, a structural analog of KPT 185, on the other hand, had very
low cytotoxicity and SI50 values even at very high doses but did not have any effect against RSV.
KPT 335 was the best of the analysed KPT compounds, effective against RSV at low doses (similar
to KPT 185), with low cytotoxicity and a very low SI50 value. Treatment with the KPT compounds
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showed that these drugs affected RSV replication in a dose-dependent manner, particularly KPT
185 and KPT 335, irrespective of the cell line infected.
Vero cells had a higher rate of infection compared to A549 cells, but this was expected since they
are a more vulnerable cell line with a weak antiviral response. Throughout this study the effect of
KPT compounds against RSV was tested in cells infected at MOI = 0.5 or 1, both of which
produced similar levels of infection in both cell lines and was a sufficiently high MOI to determine
the impact of KPT treatment on RSV replication. Irrespective of the MOI, the inhibitory effect of
the KPT compounds was similar, with regards to the relative difference between the control and
treated cells.
The lifecycle of RSV can be divided into the early and late stages of infection based on the
subcellular trafficking of the M protein. RSV is a cytoplasmic virus that replicates and transcribes
post fusion within the cytoplasm of the host cell. M protein of RSV shuttles into the nucleus in the
early stages of infection (5-6 h.p.i) using the importin-β nuclear import pathway. The viral protein
accumulates within the nucleus up to 16-18 h.p.i, where it is suggested that the M protein inhibits
host transcriptional activity and inhibits the hosts antiviral immune response. In the later stages of
infection (>18h.p.i.) M protein hijacks the XPO1-mediated nuclear export to return to the
cytoplasm and initiate viral assembly and budding (Ghildyal et al., 2006, Ghildyal et al., 2005a,
Ghildyal et al., 2009).
This timeline was used for short-term treatment with the KPT compounds, KPT 185 and KPT 335,
to determine the stage at which XPO1 inhibitors would be most effective at disrupting RSV
replication. Short-term treatment in the early or late stages of infection had minimal impact on
RSV replication in both Vero and A549 cells. However, the duration of treatment showed a marked
reduction in RSV replication in comparison to non-treated cells. Regardless of treatment in the
early or late stages infection, significantly higher reduction in viral titre was observed on
incubation up to 48 h.p.i. The short interval of treatment with KPT compounds was sufficient to
affect RSV assembly/budding which becomes more evident with increased periods of incubation
or multiple rounds of infection. This was supported by the reduction in viral titre on continuous
treatment with the KPT compounds 2 h.p.i. Viral titre was significantly reduced on treatment from
2 to 48 h.p.i compared to 2 to 24 h.p.i. This was evident in both cell lines.
KPT treatment markedly reduces the amount of XPO1 in Vero cells in comparison to A549 cells
within 24 hours of treatment, however, the viral titre remains at around 40 to 60% in cells treated
with KPT 185 or KPT 335 within the same time period. In addition, the effect of continuous KPT
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treatment on viral protein production from 2 h.p.i to 30 or 48 h.p.i showed both KPT 185 and KPT
335 affect the relative proportion of viral proteins in comparison to DMSO-treated cells. The
overall levels of most of the RSV proteins seemed to have increased in the presence of KPT
compounds. This was not expected since treatment with KPT 335 against VEEV and influenza
showed clear inhibition of viral replication (Perwitasari et al., 2014, Perwitasari et al., 2016,
Lundberg et al., 2016). However, it should be noted that both viruses replicate within the nucleus
in contrast to RSV, which is a cytoplasmic virus, and that only M protein is known to interact with
XPO1 (Ghildyal et al., 2006). Protein expression analysis showed M protein amounts were the
same at 30 h.p.i and at 48 h.p.i, but the data does not indicate the subcellular localization of the
protein which is a crucial factor affecting viral replication rather than amount. The timely exit of
M from the nucleus initiates viral assembly and budding. Inhibition of XPO1 during KPT treatment
likely delays or disrupts the exit of M protein which in turn causes a miscommunication with the
structural proteins being synthesized in the ER and Golgi apparatus, and with the synthesis of
RNPs in the inclusion bodies. Previous studies have shown that RSV with a mutated NES in M is
not viable (Ghildyal et al., 2009). Similar observations are seen in this study, where a marked
decline in viral titre is observed by disrupting XPO1-mediated export but the effect of treatment
does not seem to inhibit viral protein synthesis.

4.5 Conclusion
In conclusion, KPT 335 was the most effective KPT compound against RSV, with low cellular
cytotoxicity, low IC50 value, and a low SI50 value. Treatment with KPT compounds, KPT 185 or
KPT 335, significantly reduced viral titre in a dose-and time-dependant manner. But treatment
during a stage of infection did not make a large difference since decline in viral titre was evident
with multiple rounds of infection irrespective of when the compounds were added. Treatment with
KPT compounds altered the relative proportion of viral proteins which could impact the infectivity
of newly formed virions.
In the following chapter, the effect of KPT-treatment on the subcellular localization of M protein
was investigated. Restriction of M protein to the nucleus would be expected to result in continued
viral transcriptase activity in the cytoplasm and higher levels of viral proteins as observed here.
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CHAPTER 5:
Effect of SINE compounds on
Subcellular Localization of M protein

5

Effect of SINE compounds on Subcellular Localization of M protein

5.1 Introduction
Data reported in the previous chapters have shown that KPT 185 and KPT 335 significantly retain
NES-carrying proteins dependent on XPO1-mediated transport to the nucleus and reduce XPO1
levels in treated cells. Treatment with non-cytotoxic doses of these compounds resulted in reduced
RSV titres in a dose-and time-dependent manner. However, treatment with KPT compounds led
to an increase in the relative amounts of RSV proteins despite the decline in viral titre. Taken
together with previous work showing that M protein has an inhibitory effect on viral transcription,
this suggests transient inhibition of XPO1 retains M protein to the nucleus, which allows viral
transcription to continue unabated. Since M protein has a key role in viral assembly, restriction of
M protein to the nucleus would delay or disrupt viral assembly and budding and lead to a fall in
viral titre. In this chapter the effect of KPT 335 and KPT 185 on the subcellular localization of M
protein was evaluated.
The M protein plays a key role in RSV infection, assembly and budding (Figure 5.1). (1) The
dissociation of the underlying M layer from F protein on the envelope during fusion of the virion
with the host plasma membrane induces a structural change in F protein that enables RSV to infect
cells. (2) M protein translocates into the nucleus during the early stages of infection (>6 hours post
infection) using the Imp- pathway (Ghildyal et al., 2005a). Although its exact function within the
nucleus is yet to be described, moderate inhibition of host transcription has been shown (Ghildyal
et al., 2003). (3) In the later stages of infection, M shuttles back into the cytoplasm through the
XPO1-mediated pathway. Its exit from the nucleus signals inhibition of viral replication and
induction of viral assembly (Ghildyal et al., 2009). (4) M protein co-localizes with G and F proteins
synthesised in the Golgi/ER as well as within inclusion bodies containing nucleocapsids (Ghildyal
et al., 2002). (5) M protein mediates the trafficking of the surface proteins and the nucleocapsids
to the plasma membrane and assemble them into infectious virions. Although M does not appear
to initiate filament formation, absence of M leads to stunted filament formation (Mitra et al., 2012,
Ghildyal et al., 2002, Marty et al., 2004) (Figure 5.1).
Nucleocytoplasmic trafficking of M protein plays a crucial role in RSV assembly and budding. In
the early stages of infection (>6 hours post infection), M protein localizes within the nucleus using
Imp-β-mediated import and through diffusion across the nuclear membrane to a small extent.
Substitution of the basic amino acids 156 and 157 (KK) of NLS with threonine (T) led to the failure
155

145 | P a g e

of M to localise to the nucleus and reduced viral replication (Ghildyal et al., 2009, Ghildyal et al.,
2005a).
The exact role of M protein within the nucleus remains to be understood, however, its nuclear
import is associated with reduced host transcriptional activity in vitro and is suggested to mediate
the phosphorylation of M protein which in turn enables it to coordinate the latter half of the viral
lifecycle (Ghildyal et al., 2003, Ghildyal et al., 2006, Bajorek et al., 2014).
In the later stages of infection (>18 h.p.i), M exits the nucleus specifically using the XPO1mediated nuclear export pathway and translocates to inclusion bodies in the cytoplasm. Inhibition
of XPO1-mediated nuclear export by LMB showed increased nuclear accumulation of M protein
and reduced viral replication (Ghildyal et al., 2009).

Nuclear export is regulated by

phosphorylation by CK2, probably at amino acid 205 (threonine) (Alvisi et al., 2008, Bajorek et
al., 2014). Mutations in the XPO1 recognition site prevent successful nuclear export, which
eventually halts virus production due to the failure of RSV M to localise at the assembly sites.
These show that the timely nucleocytoplasmic transport of M protein is important for successful
viral replication (Ghildyal et al., 2009, Ghildyal et al., 2006).
In the latter half of the viral lifecycle, M protein functions as an adaptor protein which brings
together viral components from different compartments of the cytoplasm to lipid rafts on the
plasma membrane and coordinate the assembly of infectious virions. On exit from the nucleus, M
protein independently associates with newly synthesized G proteins at the Golgi and the F proteins
located on the plasma membrane to coordinate viral (Harcourt et al., 2006, Ghildyal et al., 2002).
M protein also colocalizes at the inclusion bodies, which are sites of viral RNA synthesis, along
with N, P and M2-1 and is suggested to mediate their transport to the plasma membrane (Lifland
et al., 2012, Ghildyal et al., 2002, Li et al., 2008a, Rincheval et al., 2017). Disruption of the nuclear
import and/or export of M protein, through mutations in the NLS or NES regions of the protein,
attenuated or inhibited virus production entirely (Ghildyal et al., 2009, Ghildyal et al., 2006,
Ghildyal et al., 2005a). Addition of LMB to selectively inhibit nuclear export of M protein also
effectively reduced viral titre. Treatment with LMB in cells infected with mutant M protein-RSV
resulted in attenuation of virus production (Ghildyal et al., 2009). Targeting the disruption or
inhibition of the nucleocytoplasmic trafficking of M protein and disrupting its cytoplasmic
functions in the later stages of infection is thus a viable therapeutic strategy against RSV.
In this chapter, we characterize the following:
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1. The efficacy of KPT compounds to induce nuclear accumulation of GFP-M in transfected
cells.
2. The effect of varying doses and time of treatment with KPT compounds on M localization
in infected cells.
3. Changes in filament formation or number of inclusion bodies in infected cells treated with
KPT compounds.
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5.2 Methods
5.2.1

Effect of SINE compounds on the nuclear export of GFP-M plasmid

A549 cells were seeded onto 6-well plates containing sterile round coverslips and grown overnight
until 80% confluent. The cells were transfected to express GFP-M or GFP (Ghildyal et al., 2009)
using Lipofectamine 2000. The manufacturers’ protocol was followed as described in Section
2.2.6. 18-20 hours post transfection, the medium was replaced with that containing KPT 185 or
KPT 335 (1.5 µM) or DMSO (0.5 µM) prepared in infection medium. Cells transfected to express
GFP were taken as control. At 6 and 24 h.p.t, live cell CLSM was conducted as described in
Section 2.2.9.
5.2.2
5.2.2.1

Immunofluorescence Assays to determine effect of KPT compounds on M localization
in infected cells
Short-term treatment with different doses of KPT compounds

Sub-confluent monolayer of A549 or Vero cells grown overnight on coverslips in 12-well plates
were infected at MOI = 1 for one hour, viral inoculum was replaced with fresh infection medium
and the cells were incubated under standard conditions up to 48 h.p.i. Cultures were treated with
varying doses of the KPT compounds from 100 µM to 0.01 µM for 12 hours at the early (6 – 18
h.p.i) stages of infection. The cells were fixed at 48 h.p.i. in 4% formaldehyde for 10 minutes,
permeabilised with 0.5% Triton X-100 for 10 minutes and probed with mouse anti-M antibody,
anti-mouse goat Alexafluor secondary antibody (Red); goat anti RSV, donkey anti-goat Alexafluor
antibody (Green) and DAPI (Blue).
5.2.2.2

Short-term treatment with KPT compounds at the Early or Late stage of RSV infection

A549 or Vero cells grown (80% confluent) overnight on coverslips in 12-well plates were infected
at MOI = 1 for one hour, viral inoculum was replaced with fresh infection medium and the cells
were incubated under standard conditions up to 48 h.p.i. Cultures were treated with 1.5 µM of
KPT 185 or KPT 335 or 0.5 µM of DMSO for 12 hours at early (6 – 18 h.p.i) or late (18 – 30
h.p.i.) times in infection. At 30 h.p.i, and 48 h.p.i, one set of cells were fixed and probed with goat
anti-RSV (Green), mouse anti-M antibody (Red) and counterstained with DAPI (Blue).
5.2.2.3

Long-term treatment with SINE compounds from 2 h.p.i to 24 or 48 h.p.i

A549 or Vero cells grown (80% confluent) overnight on coverslips in 12-well plates were infected
at MOI = 0.5 for 1 h, viral inoculum was replaced with fresh infection medium and the cells were
incubated under standard conditions. The cells were treated with 1.5 µM of KPT 185 or KPT 335
or 0.5 µM of DMSO from 2 h.p.i to 24 or 48 h.p.i. The cells were fixed in 4% formaldehyde for
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10 minutes and probed with goat anti-RSV (Red), mouse anti-M antibody (Green) and
counterstained with DAPI (Blue).
5.2.3

Image Analysis

Fn/c of the target protein was determined as described in Section 2.2.7. GraphPad Prism v.7.02
was used to conduct t-test statistical analysis and determine significant differences. ns – nonsignificant. RGB profiling of subcellular localization of selected proteins were determined using
ImageJ. This was obtained by drawing a line (yellow) across the nuclear and cytoplasmic
compartments of the selected cell and generating a histogram depicting the intensity of the protein
across the nuclear and cytoplasmic regions of the cell.
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5.3 Results
5.3.1

KPT compounds increase the nuclear retention of GFP-M

To determine the effect of KPT compounds on the subcellular localization of M protein, A549
cells were transfected with pGFP-M and treated with 1.5 µM of KPT 185 or KPT 335 or 0.5 µM
of DMSO for 6 or 24 hours. Cells transfected with pGFP and treated with the same compounds
were taken as control. The cells were imaged by Live cell confocal microscopy and the nuclearcytoplasmic ratio of pGFP-M was determined.
24 hours post treatment (h.p.t), no change in subcellular localization of GFP was observed in KPTtreated cells compared to DMSO-treated cells. This was as expected and confirmed via RGB
profiling and Fn/c calculations (Figure 5.2.A and B). RGB profiling shows the intensity of the
accumulated protein was almost the same in both the nucleus and the cytoplasm, with Gray value
peaked at 1500 (in the cytoplasm) and around 1000 (in the nucleus) (Figure 5.2.A). Fn/c of GFP
in both DMSO- and KPT-treated cells was between 1.07 and 1.19 and had no statistical difference
(Figure 5.2.B).
In A549 cells expressing GFP-M, the protein was primarily localized in the cytoplasm at 6 h.p.t in
DMSO-treated cells (Fn/c =0.44; Figure 5.2.C and D). The intensity of GFP-M was several folds
higher in the cytoplasmic regions in comparison to the nuclear region (top row labelled DMSO in
Figure 5.2.C).
Treatment with KPT 185 showed a mild increase in nuclear amount of GFP-M (Fn/c = 0.64; p =
0.0369 relative to DMSO; Figure 5.2.C and D). The Gray value of the protein measured by RGB
profiling peaked at 1500 in the cytoplasmic region while it peaked just over 1000 in the nuclear
region (second row labelled KPT 185 in Figure 5.2.C; steep decline in the peaks depict vacuoles
or spaces in the cytoplasm/nucleus not occupied by the protein).
In KPT 335-treated cells an increased nuclear retention of GFP-M was observed (Fn/c = 0.82; p =
0.0076 relative to DMSO and Figure 5.1.C and D). The Gray value of GFP in the cytoplasm
peaked at 2000 while that in the nucleus peaked at 1500 region (third row labelled KPT 335 in
Figure 5.2.C).
At 24 h.p.t, GFP-M was found localized to the nucleus in slightly higher amounts (Fn/c =0.71;
Figure 5.2.E and F) in DMSO-treated cells in comparison to the same at 6 h.p.t. However, GFPM was still primarily localized to the cytoplasm in DMSO-treated cells. Relative to DMSO treated
cells, treatment with both KPT 185 and KPT 335 increased the nuclear retention of GFP-M almost
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equally (Fn/c = 0.9). Relative to DMSO-treated cells, this change was significant (p = 0.0027 and
0.0063 respectively) (Figure 5.2.F). RGB profiling of KPT 185- and KPT 335-treated cells
showed almost equal subcellular distribution of GFP-M between the nucleus and cytoplasm at
almost the same intensity (rows labelled KPT 185 and KPT 335 in Figure 5.2.E and F). At this
point of treatment, both KPT 185 and KPT 335 seem to be equally capable of retaining GFP-M to
the nucleus.
In comparison to the amount of GFP-Rev(NES) retained in the nucleus after KPT treatment
(Section 3.3.3), the relative amount of GFP-M restricted to the nucleus was low. In A549 cells
transfected with GFP-Rev(NES), Fn/c was 3.12 and 4.6 respectively on treatment with KPT 185
and KPT 335 for 6 hours. In contrast, Fn/c of GFP-M was approximately 1 after 24 h.p.t with both
compounds at the concentration of 1.5 µM. This difference in retention is most likely due to
differences in the NES sequences of the viral proteins. Previous studies have shown that the
affinity of XPO1 to a cargo protein is largely dependent on the residues in its NES peptide (Fu et
al., 2018). Rev(NES) probably has a higher affinity and stronger binding capacity to XPO1 in
comparison to M(NES) (Xu et al., 2012, Fu et al., 2018). The Fn/c of GFP-M retained to the
nucleus after treatment with KPT 185 or KPT 335 was similar to the effects of LMB (Ghildyal et
al., 2009). This supports the hypothesis that retention of significant amounts of GFP-M, if not all,
to the nucleus results in reduced viral titres.
Overall, a limited yet significant amount of GFP-M is retained in the nucleus in a time dependent
manner on treatment with either KPT 185 or KPT 335. KPT 335 has an immediate effect on
accumulating GFP-M in the nucleus as early as 6 h.p.t. However, both KPT 185 and KPT 335
were almost equally effective at restraining GFP-M to the nucleus at 24 h.p.t.
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Figure 5.2. Live cell imaging of A549 cells transfected with GFP or GFP-M and treated with
KPT compounds for 6 and 24 h.
Cells were transfected with GFP or GFP-M using Lipofectamine 2000 (followed manufacturers
protocol). 18 hours post transfection, the cells were treated with 1.5 µM KPT 185 or KPT 335 or
0.5 µM of DMSO for 6 hours and 24 hours. Digital images were captured with Nikon Ti-Eclipse
confocal system and NIS AR Elements software. RGB profiling of subcellular localization of A)
GFP 24 hours post treatment (h.p.t) and B) its nuclear/cytoplasmic ratio (Fn/c) were determined
using ImageJ. The same was used to determine (C and D) GFP-M at 6 h.p.t. and (E and F) GFPM at 24 h.p.t. respectively. Confocal images are shown in green, RGB profiling of images (shown
in black and white) was obtained by drawing a line (yellow) across the nuclear and cytoplasmic
compartments of the transfected cell. Dotted line in graphs D and F shows Fn/c =1, the values
great than 1 would represent nuclear localization. Representative images are shown. Data shown
are mean±SEM, n ≥25 cells each. GraphPad Prism v.7.02 was used to conduct unpaired t-test and
determined significant differences using ANOVA and Dunnets multiple comparisons. ns – nonsignificant.
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5.3.2

Subcellular localization of M protein in presence of different doses of KPT compounds

To determine the effect of different doses of KPT compounds on the subcellular localization of M
protein after short-term treatment, A549 cells were infected and then treated with KPT compounds
from 6-18 h.p.i, the medium was replaced, and the cells were incubated up to 48 h.p.i. The cells
were treated with 0.1 µM to 100 µM of each KPT compound. The fixed cells were analyzed using
immunofluorescence assay and confocal microscopy. Fn/c of M protein was determined using
ImageJ and GraphPad Prism v.7.02.
Treatment with DMSO (top row labeled DMSO in Figure 5.3.A and B) did not result in significant
nuclear localization of M protein. Treatment with the lowest tested dose of 0.1 μM of both KPT
185 and KPT 335 showed similar subcellular localization of M protein as in DMSO-treated cells,
suggesting that this concentration was too low to induce nuclear accumulation (Figures 5.3.A and
C). Treatment with 1 and 10 μM of KPT 335 showed a significant retention of M protein to the
nucleus in comparison to DMSO-treated cells (Figure 5.3.C). Treatment with KPT 185 on the
other hand showed increased retention of M protein to the nucleus at 1 µM but not at 10 µM.
Treatment with the highest tested dose of 100 μM of either KPT compounds was cytotoxic to the
cells (last row labeled 100 μM in Figures 5.3.A and C).
At 48 h.p.i, M protein was predominantly localized to the cytoplasm with a small fraction present
in the nucleus in DMSO-treated cells (Fn/c = 0.15) (Figure 5.3). Treatment with 0.1 µM of KPT
185 and KPT 335 induced limited nuclear retention of M protein in comparison to DMSO-treated
cells (p = 0.0179; Fn/c = 0.22 and p = 0.0313; Fn/c = 0.19 respectively). Treatment with 1 µM of
KPT 185 had similar effect on M localization as treatment with 0.1 μM (p = 0.0179; Fn/c = 0.22).
Treatment with 1 µM of KPT 335 on the other hand significantly increased the amount of M
protein being retained to the nucleus (p = 0.0011; Fn/c = 0.25). Treatment with 10 µM of KPT 185
showed no significant effect (Fn/c = 0.18) while treatment with KPT 335 showed the highest
amount of retention of M protein to the nucleus among all the treated doses (p = <0.001; Fn/c =
0.31). Treatment with 100 µM of both the KPT compounds was cytotoxic.
Overall, treatment with 1 µM KPT 335 or KPT 185 induced limited yet significant nuclear
accumulation of M protein.
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Figure 5.3. Subcellular localization of M protein in A549 cells treated with different doses of
KPT compounds in the early stage of infection and incubated further up to 48 h.p.i.
Sub-confluent monolayers of A549 cells grown overnight in 12-well plates and infected with RSVA2 at MOI = 0.5. The cells were treated with A) 0.5 μM of DMSO (0 µM) or B) 0.1 to 100 µM of
KPT 185 or C) KPT 335 from 6-18 h.p.i and further incubated up to 48 h.p.i. The cells were probed
for M protein (Red), RSV (Green; seen in merged images) and DAPI (Blue). Digital images were
captured with Nikon Ti-Eclipse confocal system and NIS AR Elements software. D) M protein
localization in KPT-treated A549 cells. ImageJ was used to determine nuclear/cytoplasmic ratio
(Fn/c) of XPO1 in the treated cells at 48 h.p.i. Fn/c was calculated. Data shown are mean±SEM,
n=>50 cells. GraphPad Prism v.7.02 was used to conduct unpaired t-test and determined significant
differences using ANOVA and Tukeys multiple comparisons. ns – non significant.
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5.3.3

Nuclear accumulation of M protein is seen on treatment with KPT compounds in the
early and late stages of infection

To determine the effect of KPT compounds on the subcellular localization of M protein after shortterm treatment in the early or late stages of infection, A549 cells were treated with 1.5 μM of KPT
compounds from 6-18 h.p.i or 18-30 h.p.i, the medium was replaced, and the cells were incubated
up to 30 or 48 h.p.i. The fixed cells were analyzed using immunofluorescence assay and confocal
microscopy. Fn/c of M protein was determined using ImageJ and Prism GraphPad Prism v.7.02.
In cells treated with DMSO during the early stages of infection followed by incubation in infection
medium alone up to 30 h.p.i, M protein was almost completely cytoplasmic (Fn/c = 0.15) (Figure
5.4.E). Treatment with KPT 185 or KPT 335 had no significant effect on the subcellular
localization of M protein in comparison to DMSO-treated cells (Fn/c = 0.18 and 0.19 respectively)
(Figure 5.4.E). In contrast, further incubation up to 48 h.p.i showed a significantly higher and
almost equal retention of M protein to the nucleus on treatment with either KPT 185 (p = 0.0189
and Fn/c = 0.23) or KPT 335 (p = 0.0138 and Fn/c = 0.23) (Figure 5.4.E). This suggests the
nuclear retention of M protein increases significantly with time and becomes evident after multiple
rounds of replication. This also correlates to the viral titre observed on similar treatment in Chapter
4 Section 4.3.2 and Figure 4.9.
Treatment with DMSO during the late stages of infection had Fn/c = 0.2 for M protein at both 30
h.p.i and 48 h.p.i (Figure 5.4.F). Treatment with KPT 185 or KPT 335 had no significant effect to
retain M to the nucleus (Fn/c = 0.18) at 30 h.p.i (Figure 5.4.F). In contrast, treatment with KPT
335 was effectively able to retain M to the nucleus in significant amounts (Fn/c = 0.42 and p =
<0.0001) at 48 h.p.i (Figure 5.4.F). But treatment with KPT 185 seemed to have no significant
effect on retaining M protein to the nucleus. The data correlates to the reduction in viral titre
observed on similar treatment in Chapter 4 Section 4.3.2 and Figure 4.9.
Overall, a limited yet significant retention of M protein to the nucleus was observed on treatment
with KPT compounds in either the early or late stages of infection particularly at 48 h.p.i. This
suggests increased accumulation of M protein to the nucleus with each round of replication and
correlates to the pattern on reduction in viral titre on similar treatment.
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5.3.4

Significant nuclear retention of M protein on continuous treatment with KPT
compounds

To determine the effect of continuous treatment with KPT compounds on the subcellular
localization of M protein, A549/Vero cells were treated with 1.5 μM of KPT compounds from 2
h.p.i to 24 or 48 h.p.i. The fixed cells were analyzed using immunofluorescence assay and confocal
microscopy. Fn/c of M protein was determined using ImageJ and GraphPad Prism v.7.02.
The subcellular localization of M protein in DMSO-treated cells at 24 h.p.i was predominantly
cytoplasmic with a small fraction remaining in the nucleus in both A549 and Vero cells (Figure
5.5). At 24 h.p.i, Fn/c of M protein was 0.26 in DMSO-treated Vero cells while that of KPT 185treated cells was 0.21, showing no significant effect on the subcellular localization of the viral
protein. However, treatment with KPT 335 led to significant nuclear accumulation of M protein
within the nucleus (Fn/c = 0.37 and p = 0.0240; Figure 5.5.B). In A549 cells, Fn/c of M protein at
24 h.p.i was 0.20 in DMSO-treated cells while that of KPT 185-treated cells was 0.25. However,
treatment with KPT 335 led to a significant nuclear accumulation of M protein, with Fn/c = 0.39
and p = <0.0001 (Figure 5.5.C). Treatment with KPT 185 did not alter the subcellular localization
of M protein (Fn/c ~ 0.2) at 24 h.p.i in both Vero and A549 cells. This correlates to the lack of
reduction of viral replication in the previous chapter (Section 4.3.3), where similar treatment with
KPT 185 had no effect on viral titer in comparison to DMSO-treated cells.
Treatment with KPT 335 in either Vero or A549 cells led to almost 2-fold increase in the nuclear
localization of M protein in comparison to DMSO-treated cells. Delayed exit of M protein from
the nucleus of KPT 335-treated cells could be sufficient to disrupt viral assembly and budding with
each round of replication, resulting in reduced viral titre as observed in Section 4.3.3.
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At 48 h.p.i, both KPT compounds were almost equally effective at retaining M to the nucleus while
at 24 h.p.i KPT 335 was more effective. This suggests KPT 185 requires a longer period of
incubation to induce significant changes in the subcellular localization of treatment both in shortand long-term treatment in either of the tested cell lines. On the other hand, KPT 335 is more
effective at inhibiting XPO1-mediated nuclear export almost immediately after addition to cells
and significantly delays/disrupts the subcellular trafficking of M protein during infection. The
increased nuclear retention of M protein at 48 h.p.i correlates to significantly reduced viral titre
(Section 4.3.3) on treatment with either KPT compounds in both cell lines.
Overall, treatment with KPT compounds had a time-dependent effect on the nuclear retention of
M protein. Treatment with KPT 335 significantly increased the amount of M protein within the
nucleus in comparison to DMSO-treated cells at 24 h.p.i and at higher amounts at 48 h.p.i. In
contrast, treatment with KPT 185 significantly accumulated M within the nucleus at 48 h.p.i., but
not at 24 h.p.i.
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5.3.5

Effect of KPT compounds on RSV filament formation and inclusion bodies

The previous sections describe how treatment with KPT compounds retains M protein to the
nucleus in comparison to non-treated cells. This suggests the possibility that viral assembly and
budding may be affected due to disruption in the subcellular trafficking of M protein. The presence
of inclusion bodies in the cytoplasm and morphology of filaments extending from the budding site
can be used to evaluate progress in viral assembly. M protein localizes at inclusion bodies, which
are believed to be sites of viral replication to initiate viral assembly while mutations in M protein
results in stunted filaments extending from the cell (Mitra et al., 2012).
To determine the downstream effects of KPT treatment on these morphological features, A549
cells were infected with RSV-A2 and treated with KPT compounds from 6-18 h.p.i and incubated
further up to 48 h.p.i. The cells were fixed and analyzed using immunofluorescence assay and
confocal microscopy.
Manual count of the number of large to small sized spherical M-labelled inclusion bodies localized
in the cytoplasm of infected cells was used to determine the average number of inclusion bodies
in treated and non-treated cells (summarized in Table 5.1; Figure 5.7; additional figures in
Appendix 2). The typical number of inclusion bodies observed in DMSO treated as well as KPTtreated cells ranged between 3 to 5 medium- to large sized inclusion bodies. In some cells
numerous small sized inclusion bodies was seen scattered throughout the cytoplasm, which were
not included in the count. A slight reduction in the average number of inclusion bodies was
observed in cells treated with 10 µM of KPT 185 and KPT 335, to about 3 per cell. Since the
accumulation of M protein in the nucleus is dose dependent, particularly for KPT 335, it is possible
that the delay in exit of M protein from the nucleus reduces its accumulation at the inclusion
bodies. No inclusion bodies were seen in cells treated with 100 µM of either KPT compounds
probably due to their cytotoxicity.
Confocal analysis of filament morphology in treated and non-treated cells stained with anti-M
antibody (red) at 48 h.p.i is shown in Figure 5.8-5.10. M protein was found co-localizing with
other viral proteins, as observed in Figures 5.8-5.10. Comparison between the merged image and
the image for M protein shows M protein also being included in the filament in all the images. The
infected cells treated with KPT 185 at 1 µM (Figure 5.9.A) showed thick needle-like extensions
of filaments, which could be observed spreading out all around the cell surface spanning out to
near-by cells (Figure 5.9.A; white arrows). Similar patterns of filament formation were observed
in cells treated with 1 µM of KPT 335 (Figure 5.10.A).
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Table 5.1 Number of inclusion bodies in A549 cells treated with different doses of KPT
compounds.

Compound
DMSO

Concentration
(µM)

Number of
infected cells
counted

0.5

Number of inclusion
bodies/ cell (range)

50

0.1
KPT 185

KPT 335

3-5
3-5

1

50

10

3-5
3

100

0

0.1

3-5

1

50

10
100

3-5
3
0

Treatment with 10 µM of KPT 185 seemed to cause slight disruption in filament formation, with
stunted, less extensive filaments observed (Figure 5.9.B). M protein can be seen accumulating in
clumps and shorter fragments extending from the cell surface. Similar observations were seen on
treatment with 10 µM of KPT 335 (Figure 5.10.C). Treatment with KPT compounds seem to
disrupt the localization of M protein in filaments, as the protein does not appear to be localized
throughout the filament. Similar observations were shown in mutations in the T205 residue located
within the NES sequence of M protein (Bajorek et al., 2014).
Overall, treatment with KPT compounds did not affect formation or number of inclusion bodies
in infected cells. Filament formation did not appear to be affected on addition of 1 µM of either
KPT compounds. On the other hand, stunted and scattered clumps of M protein extending out
infected cells were observed on treatment with 10 µM of either compound.
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5.4 Discussion
In this chapter, the effects of transient or continuous inhibition of XPO1 on the subcellular
localization of M protein was characterized. Overall, both compounds have a dose-dependent and
a time-dependent effect on the nuclear retention of M protein. Limited but statistically significant
nuclear accumulation of M protein was observed after both short- and long term-treatments with
KPT compounds. Between KPT 185 and KPT 335, the latter had a faster effect on the nuclear
accumulation of M protein and had a consistently higher effect in comparison to KPT 185.
M protein is the only RSV protein known to interact with the nucleocytoplasmic trafficking
system in the host cell. This protein localizes between the cytoplasm and the nucleus in a timedependent manner which led to the proposition that it acts as a biological clock for RSV infection.
The transit of M into the nucleus is suggested to alter host transcription to promote viral
replication and its exit from the nucleus would initiate viral assembly and budding only when
sufficient viral protein has accumulated in cells. (Ghildyal et al., 2006, Ghildyal et al., 2003,
Ghildyal et al., 2009, Ghildyal et al., 2005a).
In this study, the transient inhibition of XPO1 using either KPT 185 or KPT 335 resulted in
significant reduction in viral titre after both short- and long-term treatment (Sections 4.3.2 and
4.3.3). The decrease in viral titre was evident after multiple replication cycles along with
significant reduction in the amount of XPO1 in the treated cells. Since KPT compounds are highly
specific in their interaction, the decline in viral titre may be attributed to disruption of the nuclear
export of M protein. Delay in nuclear exit of M protein probably had an accumulating effect on
viral assembly and budding which lead to decreased infectivity with each viral replication cycle.
To elucidate the mechanism of action of KPT treatment on RSV replication, the effect of these
compounds on the subcellular localization of M protein was analysed using immunofluorescence
assays. The efficacy of KPT compounds to induce nuclear accumulation of GFP-M in transfected
cells showed increased nuclear localization of M protein in treated cells in comparison to nontreated cells. The limited amount of GFP-M retained in the nucleus, although correlates with
changes in RSV titre, is probably not sufficient to explain the changes in viral titre. It is possible
that inhibition of XPO1 may affect other pathways including the cell cycle and NFκβinflammatory pathways which may contribute to the inhibition of RSV replication and decline in
viral titre.
Treatment with KPT 335 required a shorter period of time to induce nuclear retention of M protein
in contrast to KPT 185 regardless of short- or long-term treatment with the compound. This
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correlates to the viral titre during the same time period of treatment (Sections 4.3.2 and 4.3.3).
The amount of M detected within the nucleus of infected cells parallels the values observed in
transfected cells, confirming that nuclear accumulation of M is one of the effects of treatment
with KPT compounds.
Treatment with either KPT compounds brought about no change in the number of inclusion
bodies and caused limited changes in the morphology of the filaments seen on infected cells.
Stunted filaments were observed in higher doses but not at the treatment dose of 1 µM. This
correlates to the protein expression data shown in Chapter 2, where no change in the amount of
M protein was observed among treated and non-treated cells. This could be because only a small
fraction of M translocates from the cytoplasm to the nucleus, the remaining M protein could still
be involved in filament formation and for coordinating viral assembly if there was a delay in the
nuclear exit of the protein. Since KPT compounds do not induce 100% retention of M to the
nucleus, M present in the cytoplasm could initiate viral budding. This also suggests transient
inhibition of XPO1 could alter downstream sequences of other host pathways such as the cell
cycle and the cytokine responses that depend on XPO1 and thus exerts a limiting effect on RSV
titre. This is the focus of the following chapter.

5.5 Conclusion
Treatment with KPT compounds, KPT 185 or KPT 335, had a time- and dose-dependent effect
on the nuclear retention of M protein. M protein is the sole RSV protein known to interact with
the nucleocytoplasmic trafficking system to localize between the cytoplasm and the nucleus in a
time-dependent manner. Treatment with KPT compounds led to increased nuclear accumulation
both in GFP-M transfected cells as well as RSV infected cells. Treatment with KPT 335 induced
nuclear accumulation of M protein within a short duration of treatment and the effect was
consistent at 24 and 48 h.p.t. While KPT 185 was more effective on longer durations of treatment.
Treatment with either KPT compounds brought about no change in the number of inclusion
bodies and caused limited changes in the morphology of the filaments seen on infected cells.
Taken together transient inhibition of XPO1 could alter downstream sequences of other host
pathways such as the cell cycle and the cytokine responses that depend on XPO1 and thus exerts
a limiting effect on RSV titre. This is the focus of the following chapter.
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CHAPTER 6:
Effect of KPT compounds on Cell
Cycle Progression and Cytokine
Production

6

Effect of KPT compounds on Cell Cycle Progression and Cytokine
Production

6.1 Introduction

The previous chapters describe the efficacy of KPT compounds against RSV in vitro. Short or
long-term treatment with KPT compounds resulted in reduced viral titre, evident after multiple
replication cycles. The initial assumption for the mechanism of action for these compounds was
the nuclear accumulation of M protein. The preceding chapter showed significant nuclear
accumulation of M protein on treatment with KPT compounds. XPO1 also mediates nuclear
export of intermediates of the cell cycle and inflammatory pathways implicated in RSV infection
(Yang and Kornbluth, 1999, Hagting et al., 1999). This chapter elucidates the effect of KPT
compounds on cell cycle progression and production of selected cytokine in infected cells.
6.1.1

Cell cycle progression

Viral subversion of the cell cycle machinery is one of the tactics to promote viral replication and
production. This includes inducing delay, arrest or disruption of cell cycle progression by
mimicking, inhibiting or promoting various regulatory molecules of the cell cycle (Nascimento et
al., 2012). RSV manipulates the progression of the cell cycle at both mRNA and protein levels
(Bian et al., 2012, Groskreutz et al., 2007). It inhibits the production of p53 and promotes the
function of TGF-β (a growth factor) in infected cells to retard induction of apoptosis and promote
cell division. In addition, RSV M causes cell cycle arrest in the G0/G1 phase of both A549 cells
and primary epithelial cells to permit viral replication. In the later stages of infection, RSV F was
shown to induce apoptosis to cause release of newly formed progeny (Bian et al., 2012, Groskreutz
et al., 2007). There remains a lot to be understood about the effect of RSV on the cell cycle, but
it is evident as a necessary mechanism for viral infection.
Based on the effect of KPT compounds in cancer cells, it can be suggested that in RSV infected
cells treatment with KPT compounds would arrest cell cycle at a stage that does not support RSV
replication, leading to reduced viral titres.
6.1.2

Inflammatory response

RSV primarily infects the epithelial cells of the nasopharynx and the airways and induce a broad
range of immune responses that contribute to damage to the airways and exacerbated disease on
reinfection (Collins et al., 2013). RSV infection sets off a local inflammatory response in the early
stages of infection through the interaction of G protein with the fractalkine receptor CX3CR1 and
interaction of F protein with TLR4 which induces chemotaxis and NF-kB-mediated transcription
of genes promoting an antiviral response respectively (Borchers et al., 2013, Bueno et al., 2008,
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Collins et al., 2013). In both in vitro and in vivo conditions, RSV infection promotes the production
of proinflammatory and immunoregulatory cytokines (such as IL-1, IL-6, TNF-α) and chemokines
(such as RANTES, MCP-1, MIP1-α, MIP1-β, IL-8 and eotaxin), and recruits eosinophils, NK cells
and CD4+ T cells to the site of infection (Chang, 2011, Ogra, 2004).
Several cytokines produced in response to RSV by airway epithelial cells are regulated at the
transcriptional level by NF-kB, which uses XPO1 for nuclear export. One of the main cytokines
induced by NF-kB in response to RSV is IL-8, a potent chemoattractant and neutrophil activator.
Increased IL-8 levels have been detected in the airways of infants with severe RSV disease in
comparison to healthy controls. Higher levels of IL-8 have been positively correlated to severe
RSV infections and is therefore a good target to analyse the effect of the KPT compounds on RSV
replication (Fiedler et al., 1995, Fiedler et al., 1996, Zhou et al., 2014).
RSV also countermeasures the IFN response initiated by the host cell. A major arm of innate
antiviral immunity is the Type I/III IFN family, which includes IFN α and β; and IFN λ
respectively. IFN secretion is induced through several pathways including TLR-3, -4 and -7; IRF3 and -7; NFκβ and the RIG-I pathways that promote the expression of IFNs (Figure 6.1) (Le Page
et al., 2000). Several studies have shown RSV proteins NS1 and NS2 to work in a coordinate
fashion to inhibit the interferon regulatory factor 3 (IRF3) mediated transcription of type I and II
IFNs, i.e., IFNα, IFNβ and IFNγ (Hastie et al., 2012). They also regulate the activation and
expression of IFN genes by inducing suppressors of cytokine signalling (SOCS) proteins-1 and -3
(Zheng et al., 2015). RSV G protein is also capable of inducing SOCS proteins and inhibit TLR
activation pathways (Bakre et al., 2017).
Among the several signalling pathways involved in activation of IFN, XPO1 regulates the nuclear
export of the IRF 3, 7 and 5 and NFκβ (Lin et al., 2005, Zhu et al., 2002). IRF5 is involved in the
upregulation of IFN, cytokine and chemokine gene regulation. Its nuclear localization is induced
in presence of viral infection and is also activated by IκB, produced on activation of NFκβ, leading
to release of Type 1 IFNs (Lin et al., 2005). Since IFN production is indicative of viral replication
and the intensity of the immune response to viral infection, determination of the effect of KPT
treatment on IFN-β and λ production in particular would be essential.
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A major hallmark of RSV disease is excessive secretion of proinflammatory cytokines leading to
immune infiltration and lung damage. The severe immune responses to viral proteins result in a
weakened immune system making the patient prone to sequelae such as pneumonia, bronchiolitis
and asthma (Openshaw and Chiu, 2013, Ogra, 2004). It is therefore important to evaluate the effect
of antivirals in controlling the inflammatory response induced during infection that is strong
enough to eliminate the virus while causing limited/no damage to the lungs.
To understand the effect of KPT compounds on the cell cycle and on the production of selected
inflammatory mediators, in this chapter the following are analysed:
1. Effect on cell cycle progression in RSV-infected cells.
2. Effect on IL-8 levels in infected A549 cells.
3. Effect on IFN-β and IFN-λ production in infected A549 cells.
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6.2 Methods
6.2.1

Effect of SINE compounds on Cell Cycle progression

Overnight sub-confluent monolayers of A549 cells seeded in 6-well plates were incubated for 24
h in Serum Free DMEM. Immediately after serum starvation, the cells were infected with RSVA2 at MOI = 0.5 and incubated for 1 h. Then the viral inoculum was replaced with infection media
and incubated further. At 2 h.p.i, the cells were treated with 1.5 μM of KPT 185 or KPT 335 for
24 or 48 h. 0.5 μM of DMSO was used as control. The cells were collected, fixed and analysed
using Tali™ Cell Cycle Kit as per the manufacturer’s recommendation (described in Section
2.2.1).
6.2.1.1

Cell Cycle Data analysis

The threshold gate for each cell cycle phase was set on the Tali® Image-Based Cytometer during
the analysis of each sample (in duplicates). The Tali® Image-Based Cytometer generates a
histogram depicting the percentage of cells in each phase of the cell cycle, namely, SubG0/Apoptotic phase, G0/G1, S and G2/M phases. The total percentage of cells in each of the phases
except for G0/Apoptotic phase was determined. The percentage of cells in each phase was divided
with the total percentage to convert the data in terms of 100%.
The mean percentage of cells (from three independent experiments) within each phase of the cell
cycle post treatment with XPO1 inhibitor or DMSO using Flow Cytometry and Tali was
determined using Ms-Excel. The standard error of mean was also determined and plotted into bar
graphs using GraphPad Prism v.7.02.
6.2.2
6.2.2.1

Cytokine and Interferon Expression in infected cells treated with KPT compounds
Effect of Long-term treatment

A549 cells were grown overnight in 6-well plates until 80% confluent and infected with RSV-A2
at MOI = 0.5. The cells were treated with a single dose of 1.5 µM of KPT 185 or KPT 335 or 0.5
µM of DMSO at 2, 4, 6 or 8 h.p.i. The supernatant was collected at 24 h.p.i. and analysed for
cytokines as described in the following sections.
6.2.2.2

Effect of Short-term treatment in the early or late stages of infection

A549 cells were grown overnight in 6-well plates until 80% confluent and infected with RSV-A2
at MOI = 0.5. The cells were treated with 1.5 µM of KPT 185 or KPT 335 or 0.5 µM of DMSO
from either 6-18 h.p.i or 18-30 h.p.i. After incubation, the medium was replaced with infection
medium and incubated further up to 30 or 48 h.p.i. The supernatant was collected and analysed for
cytokines as described in the following sections.
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6.2.3
6.2.3.1

ELISA
IL-8 and interferon (IFN)-

IL-8 or IFN- concentration in the collected supernatants was determined using Duoset ELISA
development kits from R&D Systems. The manufacturer’s protocol was followed as described in
Section 2.2.12.
6.2.3.2

IFN-

A 96-well plate pre-coated with human IFN-β capture antibody provided by ELISAkit.com (Cat#
0041) was used to measure the expression of IFN-β in the culture. The manufacturer’s protocol
was followed as described in Section 2.2.12.
6.2.3.3

Data analysis

The mean absorbance for each standard, sample and control was calculated and the mean of the
zero standard controls subtracted. The mean corrected absorbance of each standard was used to
plot a standard curve and a best fit curve (linear or polynomial) was obtained. The resultant
equation was used to calculate the concentration of the cytokines in the samples. The mean values
of treated samples from three independent experiments were plotted relative to control in
histograms and the SEM was used to plot error bars. Statistical significance was accepted at P <
0.05 and ascertained with a 2-tailed unpaired t-test, assuming equal variance of standard deviation.
The graphs were plotted using GraphPad Prism v.7.02.
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6.3 Results
6.3.1

Delay in cell cycle progression in KPT-treated cells post infection

Treatment with KPT compounds causes a delay in cell cycle progression at 24 h.p.t and the cells
regain their cellular distribution on treatment for 48 hours (described in Section 3.3.5). RSV is
known to disrupt cell cycle progression and cause cell cycle arrest in the S phase in infected cells
(Bian et al., 2012, Yuan et al., 2015). To determine if the decline in RSV replication (Chapter 4)
could be due to the effect of KPT compounds on the host cell cycle, A549 cells were starved in
serum free medium to synchronize their cell cycles to the G0/G1 phase and then infected with
RSV-A2 at MOI = 0.5. The cells were treated with a single dose of 1.5 µM of KPT 185 or KPT
335 or 0.5 µM of DMSO from 2 to 24 or 48 h.p.i. The cell cycle distribution was determined using
Tali.
At 24 h.p.i, majority of the RSV infected A549 cells treated with DMSO alone were in the G0/G1
(73%) phase followed by 14% in the S phase and 13% in the G2/M phase. Treatment with KPT
185 increased the number of cells in G0/G1 phase (84%) in comparison to DMSO-treated cells.
The percentage of cells in the S phase was reduced to 10% compared to DMSO-treated cells. The
percentage of cells in G2/M phase was reduced to nearly half (6%) in comparison to control cells.
These results are somewhat in contrast to the effect of KPT 185-alone on A549 cells (Figure 3.5).
In presence of RSV infection, addition of KPT 185 seems to result in higher percentage of cells in
the S phase (in contrast to 4% on treatment with KPT 185 alone) and fewer cells in the G2/M
phase (in contrast to 12% on treatment with KPT 185 alone).
Treatment with KPT 335 also showed increased proportion of cells in G0/G1 phase (82%) in
comparison to control. The remaining cells were equally distributed between the S and G2/M
phases (9% each). This was in contrast to the distribution of cells in those treated with KPT 335
alone, where the percentage of cells in the S phase was markedly reduced. This is likely due to the
effect of the virus on the infected cells.
At 48 h.p.i, the majority of DMSO-treated cells were in G0/G1 phase (76%) followed by S phase
(13%) and G2/M phase (11%). The proportion of cells treated with KPT 185 at G0/G1 phase was
77% similar to DMSO-treated cells at 48 h.p.i.; the other phases were also similar to DMSOtreated cells with 12% in S phase and 11% in G2/M phase. Treatment with KPT 335 still retained
the cells in G0/G1 phase (82%) and reduced the number of cells in S phase (7%) and 11% of cells
in G2/M phase. This suggests that even though majority of the cells are arrested in the G0/G1
phase or have delayed cell cycle entry; the reversible nature of the compound enables some of the
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cells to escape the arrest and move onto the next phase, which may be why the proportion of cells
in M phase was slightly higher at 48 hp.i. in comparison to 24 h.p.i.
Overall, treatment with KPT compounds in infected cells retained the cells in the G0/G1 phase in
the first 24 hours of treatment. KPT 335 had a consistent effect even at 48 h.p.i while KPT 185treated cells had cell cycle distribution similar to DMSO-treated cells at 24 h.p.i.
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6.3.2

IL-8 levels are significantly reduced on treatment with KPT compounds

IL-8 is a proinflammatory cytokine that is produced in excess in response to RSV infections. To
determine whether treatment with KPT compounds alters the level of secreted IL-8 in infected cell
cultures, A549 cells were treated for different time points post infection and the supernatant was
collected and analysed for IL-8 using ELISA.
IL-8 was detected in culture supernatants of DMSO-treated cells from 2 h.p.i (Figure 6.3.A)
similar to previous studies that have shown infection of A549 cells by RSV results in increased
IL-8 mRNA expression and IL-8 protein release from the cells as early as 2 h.p.i. (Fiedler et al.,
1995). Relative to DMSO treated cells, treatment with KPT compounds significantly reduced IL8 levels on treatment from 2 or 4 h.p.i to 24 h.p.i. Treatment with KPT 335 from 2 h.p.i
significantly brought down the amount of IL-8 produced (p = 0.0010) relative to DMSO treated
cells. Similar effects were observed on treatment with KPT 185 during the same time period (p =
0.0088; Figure 6.3.A). Treatment from 4 h.p.i with KPT 335 or KPT 185 also significantly reduced
IL-8 levels (p = 0.0021 and p = 0.0389 respectively) compared to DMSO-treated cells (Figure
6.3.A).
On the other hand, IL-8 amounts in cells treated with KPT 185 from 6 to 24 h.p.i showed no
significant effect (p = 0.0034) relative to DMSO-treated cells, while treatment with KPT 335 still
significantly reduced IL-8 amounts (p = 0.0238; Figure 6.3.A). Treatment with either of the KPT
compounds from 8 h.p.i to 24 h.p.i brought about no significant change in IL-8 levels relative to
DMSO-treated cells (Figure 6.3.A). This suggests that treatment with KPT compounds reduces
level of IL-8 secreted and that RSV infection induces secretion of IL-8 early in infection, in the
first 4-6 h.p.i.
Comparing the effectiveness of KPT 185 to that of KPT 335 on the amount of IL-8 produced
during the above-mentioned time points, KPT 335 was significantly more effective at 2 and 4 h.p.i
(p = 0.0039 and p = 0.0315 respectively; Figure 6.3.A). At later time points (6 and 8 h.p.i) both
compounds had no significant differences in their effect on IL-8 produced (Figure 6.3.A).
Short term treatment with the KPT compounds in the early stages of infection (6-18 h.p.i) and
further incubation without the compounds significantly reduced IL-8 levels at 30 and 48 h.p.i.
Relative to the IL-8 produced in DMSO treated cells at 30 h.p.i, treatment with KPT 335 or KPT
185 significantly reduced IL-8 levels (p = 0.0076 and p = 0.3594 respectively; Figure 6.3.B).
Significant decrease in IL-8 levels was also observed at 48 h.p.i with p = 0.0011 and p = 0.0960
in KPT 335 and KPT 185-treated cells respectively relative to DMSO only samples (Figure 6.3.B).
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Compared to KPT 185-treated cells, treatment with KPT 335 induced a bigger reduction in IL-8
amounts at both 30 h.p.i (p = 0.0019) and at 48 h.p.i (p = 0.0014). These results taken together
with the significant reduction in viral titers during the same time periods suggests treatment with
KPT compounds brings about an effective decrease in the viral titer after multiple rounds of
infection which leads to reduced production of IL-8 in the treated cells.
Short term treatment with KPT compounds during the early (6-18 h.p.i) or late (18-30 h.p.i) stages
of infection and further incubation without the compounds up to 48 h.p.i significantly decreased
the amount of IL-8 produced relative to DMSO-treated cells (Figure 6.2.C). Treatment with KPT
335 significantly reduced IL-8 levels in the early stages of infection (p = 0.0011). Its effect was
more significant in the later stages of infection (p = 0.0010) relative to that of early stages of
infection (Figure 6.3.C). Compared to DMSO-treated cells, KPT 185 only had a small but
significant reduction in IL-8 (p = 0.0960 at early stages and p = 0.0023 at the late stages of
infection; Figure 6.3.C). Relative to each other, KPT 335-treatment significantly brought down
IL-8 levels at both early and late stages of infection (p = 0.0014 and p = 0.0019 respectively;
Figure 6.3.C). This supports the results described above, where a further reduction in viral titre
was observed on treatment with KPT compounds in the later stages of infection which correlates
to reduced levels of IL-8 seen here. Treatment with KPT 335 was particularly effective at reducing
the number of virions produced after multiple rounds of infection and is likely why reduced levels
of IL-8 are produced in cells treated with the compound.
Continuous treatment with KPT 185 or KPT 335 from 2 h.p.i to 24 or 48 h.p.i showed a significant
decrease in the amount of IL-8 produced (Figure 6.3.D). Treatment with KPT 185 was effective
at 2 to 24 h.p.i, reducing IL-8 levels (p = 0.0088), but it had no significant effect at 48 h.p.i (Figure
6.3.D). KPT 335 was almost equally effective at reducing IL-8 levels at 24 h.p.i and 48 h.p.i (p =
0.0010 and p = 0.0283 respectively). Previous studies have shown RSV replication induces a
steady state of IL-8 production (Fiedler et al., 1995). Treatment with KPT 335 significantly
reduces viral titre on treatment from 2 to 48 h.p.i relative to the titre at 24 h.p.i (as described
previously in section 3.3.x). This reduction in viral replication is reflected in lower levels of IL-8
produced.
Overall, in comparison to DMSO-treated cells, a significant decrease in the amount of IL-8 was
observed in KPT 335-treated cells during both short and long-term treatment up to 48 h.p.i. KPT
185 was also similarly effective but appeared to have a shorter life in culture, with effects observed
up to 30 h.p.i. but not at 48 h.p.i.
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6.3.3

IFN-β production is not affected by KPT-treatment

RSV infection in vitro is known to dysregulate the expression of Type I IFNs including IFN α and
β. These interferons are crucial for providing antiviral resistance to host cells. To determine
whether treatment with 1.5 µM of KPT 185 or KPT 335 alters the expression of IFN-β in infected
cells, A549 cells were treated at different time points post infection and the supernatant was
collected and analysed for IFN-β using ELISA.
Treatment with KPT 185 or KPT 335 within the first round of infection (24 h.p.i) had no significant
effect on the amount of IFN-β produced relative to that of DMSO-treated cells (Figure 6.4.A).
This was seen at all the time points (2, 4, 6 and 8 h.p.i) tested within the first 24 h.p.i.
Short term treatment in the early stages of infection followed by incubation without the compounds
up to 30 or 48 h.p.i significantly reduced IFN-β produced in comparison to DMSO-treated cells
(Figure 6.4.B). At 30 h.p.i, KPT 185 significantly reduced IFN-β (p = <0.0001) and the same was
observed on treatment with KPT 335 (p = 0.0013; Figure 6.4.B). Both KPT compounds
significantly reduced IFN-β levels at 48 h.p.i as well (p = <0.0001) (Figure 6.4.B). These results
were unexpected since no overall change was observed in subsequent experiments with long term
treatment (Figure 6.4.D). In this experiment, IFN-β levels were assayed from 18 h.p.i while in the
long-term treatment the levels were assayed from 2 h.p.i. The variation could indicate some effect
on IFN-β production on treatment with KPT compounds, however, probably reflects the reduced
viral titres at 30 h and 48 h as shown in Sections 4.3.2 and 4.3.3 Fewer infectious particles in the
KPT treated samples would induce a lower IFN response compared to the DMSO only infected
sample.
Short term treatment in the early or late stages of infection followed by incubation without the
compounds up to 48 h.p.i significantly brought down the amount of IFN-β relative to DMSOtreated cells (Figure 6.4.C). Treatment with KPT 185 or KPT 335 in the early stages of infection
brought about higher reduction in IFN-β (p = <0.0001 and p = 0.0013 respectively; Figure 6.4.C)
in comparison to treatment at the later stages of infection (p = 0.006 and p = <0.0001 respectively;
Figure 6.4.C). Both KPT compounds were equally effective in reducing IFN-β in the early stages
of infection but only KPT 335 consistently lowered the amount of IFN-β produced in the later
stages of infection (Figure 6.4.C).
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Continuous treatment with the KPT compounds showed that both compounds had limited effects
on IFN-β production on treatment from 2 h.p.i to 24 or 48 h.p.i. No significant effect was observed
on treatment with the KPT compounds in the first round of infection relative to DMSO-treated
cells (Figure 6.4.D). A marginal yet significant reduction was observed on treatment with KPT
335 at 48 h.p.i (p = 0.0299; Figure 6.4.D).
Overall, no or limited change in IFN-β production was observed in KPT-treated cells. This
was probably because IFN-β production involves several pathways, some of which are not
dependent on XPO1. The transient inhibition of XPO1 may only have a short-lived effect which
was evident on short-term treatment. But this temporary disruption was not sufficient to have an
overall impact on IFN-β production.
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6.3.4

IFN-λ production is not affected by KPT-treatment

IFN-λ has antiviral properties similar to type I IFNs but is expressed significantly in limited cell
types including, epithelial cells. IFN-λ primarily exerts its protective properties at epithelial
surfaces (Mordstein et al., 2010). To determine whether treatment with 1.5 µM of KPT compound
alters the expression of IFN-λ in infected cells and contributes to reduction in RSV replication,
A549 cells were treated for different time points post infection and the supernatant was collected
and analysed for IFN-λ using ELISA.
Treatment with KPT compounds within the first round of RSV replication, between 2 h.p.i and 24
h.p.i, did not induce a reduction in IFN-λ (Figure 6.5.A). No significant change in the amount of
IFN-λ produced was observed in KPT-treated cells relative to DMSO-treated cells on treatment
from 2, 4, 6 or 8 h.p.i. to 24 h.p.i. (Figure 6.5.A). Slight decrease in the amount of IFN-λ in KPTtreated cells relative to DMSO-treated cells is likely momentary and does not bring out any change
overall.
Marginal yet significant reduction in IFN-λ production was observed on short term treatment with
KPT 335 in the early stages of infection followed by further incubation without the compounds
for up to 30 or 48 h.p.i (Figure 6.5.B). Treatment with KPT 335 significantly reduced the amount
of IFN-λ at 30 h.p.i (p = 0.0054) and 48 h.p.i (p = 0.0007) (Figure 6.5.B). No significant change
in the amount of IFN-λ in KPT 185-treated cells was observed during this time period relative to
DMSO-treated cells (Figure 6.5.B). This suggests disruption of XPO1 mediated nuclear export
does not significantly impact the induction of IFN-λ.
Similar results were obtained on treatment with the KPT compounds in the early or late stages of
infection followed by further incubation without the compounds up to 48 h.p.i (Figure 6.5.C).
Treatment with KPT 335 marginally yet significantly reduced IFN-λ production in the early (p =
0.0007) and late stages of infection (p = 0.0283) relative to DMSO-treated cells. Treatment with
KPT 185, on the other hand, had no significant effect on the production of IFN-λ relative to DMSO
treated cells (Figure 6.5.C).
A marginal yet significant reduction in IFN-λ production was observed on continuous treatment
with the KPT compounds from 2 h.p.i to 48 h.p.i relative to DMSO-treated cells (Figure 6.5.D).
KPT 185 treatment was slightly more effective at reducing IFN-λ levels (p = 0.0283) relative to
DMSO-treated cells. KPT 335 also significantly reduced IFN-λ (p = 0.0299) compared to DMSOtreated cells.
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Figure 6.5. Effect of KPT treatment on IFN-λ expression.
A549 cells were infected with RSV-A2 at MOI = 1 and treated with 1.5 µM KPT 185 or KPT 335
or 0.5 µM DMSO (control) at indicated times. Culture supernatants were collected at 24, 30 or 48
h.p.i and the IFN-λ level measured by ELISA. Data shown are mean±SEM relative to the control.
GraphPad Prism v.7.02 was used to conduct unpaired t-test and determined significant differences
using Tukeys multiple comparisons;. ns- non-significant. Each experiment was performed in
triplicate and data report are from ≥ 2 independent experiments.
A. Infected cells were treated from 2, 4, 6 or 8 h.p.i and samples collected at 24 h.p.i.
B. Infected cells were treated from 6 to 18 h.p.i and samples collected at 30 and 48 h.p.i.
C. Infected cells were treated from 6 to 18 h.p.i or 18 to 30 h.p.i. and samples collected at
48 h.p.i.
D. Infected cells were treated from 2 h.p.i and samples collected at 24 or 48 h.p.i.
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6.4 Discussion
Two key pathways manipulated during RSV infection are the cell cycle and the release of
inflammatory mediators. Treatment with KPT compounds in infected cells resulted in delayed cell
cycle progression by almost 24 hours and significantly reduced IL-8 levels. No change in
interferon production was observed in the treated cells. This suggests inhibition of XPO1 by KPT
compounds alters several downstream pathways regulated by the transporter which may have an
accumulative effect in reducing RSV replication. Since the compounds do not interact with any of
the viral proteins, delay in functioning of one or more host factors could affect viral replication
and decrease viral titre.
XPO1-mediated nuclear export regulates the subcellular localization of CDK-cyclin complexes
both directly and indirectly throughout the cell cycle. The subcellular localization of these
complexes is crucial in determining entry or exit to/from each stage of the cell cycle (Yang and
Kornbluth, 1999). For instance, XPO1 is the sole nuclear transporter for cyclin B1 and its cdk2cyclin B1 complex, its nuclear localization is crucial for transition from G2 to M phase (Hagting
et al., 1999). XPO1 also exclusively ferries several tumor suppressor proteins including p53, p21,
Rb, FOXO, all of which can regulate the cell cycle at various stages by promoting the degradation
of Cdk-cyclin complexes or inhibiting their transcription or translation (Baldi et al., 2011).
Treatment with KPT compounds in non-infected cells retained the cells in the G0/G1 phase or the
S phase for 24 hours longer compared to non-treated cells. Treatment with KPT 335 increases the
percentage of cells in the G0/G1 and S phases of the cell cycle while KPT 185 retains most of the
cells in the G0/G1 phase within the first 24 hours of treatment. After 48 hours of treatment the
KPT-treated cells have the similar proportion of cells in each stage of the cell cycle as the nontreated cells. In infected cells, treatment with KPT compounds showed predominant arrest of cells
in the G0/G1 phase at 24 h.p.i. the percentage of cells in the S phase and G2/M phases were higher
in infected cells treated with KPT compounds. This could be due to cumulative effects of addition
of KPT compounds on the viral subversion of the cell cycle.
Inhibition of XPO1 by KPT compounds also interferes with downstream immunomodulatory
responses triggered by early stages of RSV infection. KPT compounds are particularly effective at
reducing the release of NFκB-mediated cytokines and chemokines (Perwitasari et al., 2014,
Perwitasari et al., 2016). Inhibition of XPO1 retains NF-κB longer in the nucleus and leads to the
inactivation of NFκB signalling. This translates to the reduced levels of IL-8, RANTES, and
growth regulated protein alpha (GROα) and MCP-1 from this and another parallel study conducted
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at the University of Georgia using KPT 335 (Appendix 3.2). The significant reduction in
inflammatory mediators regulated by NF-κB could result in decline of pro-inflammatory cytokines
and infiltration of immune cells to sites of infection, which is a major factor determining the
severity of disease and the tissue damage associated with RSV infections.
In contrast, treatment with KPT compounds had almost no effect on IFN production. A brief
reduction in the amount of IFN-β was observed on short term treatment. However, no change was
observed on continuous treatment, which suggests the decrease in amount was a temporary effect
that is lost with time. No change in the levels of IFN-λ support the conclusion that alternate
pathways, not involving XPO1, are able to overtake or induce IFN production. KPT compounds
were more effective at regulating the release of NFκB-mediated cytokines and chemokines in
comparison to IFNs. This is probably beneficial in an in vivo setting since the overall inflammatory
response would be reduced but the antiviral response to detect and eliminate viral particles would
not be affected. The current experimental design is limited to conclude this point.

Figure 6.6. SINE compounds may also act as immunomodulatory drugs.
RSV and influenza A virus (IAV) ssRNA and dsRNA moieties are detected by PPRs, triggering
the downstream production of pro-inflammatory and interferon responses. SINE compounds may
also act as immunomodulatory drugs disrupting the activation and regulation of IκB (inhibitor of
NF-κB), as well as other transcriptional factors initiated during viral infection. Adapted from
(Pickens and Tripp, 2018)
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6.5

Conclusion

Transient inhibition of XPO1 results in several downstream effects including the progression of
cell cycle and NFκB-mediated cytokine/chemokine release, which are two key pathways affected
by RSV infection. Treatment with KPT compounds delays progression of the cell cycle in infected
cells without inducing apoptosis. This protects normal cells from damage and disrupts viral
replication after multiple replication cycles. In addition, the production of NFκB-mediated
cytokines and chemokines are significantly reduced during KPT treatment. However, no change
in IFN production was observed. This suggests an overall reduction in the inflammatory response
to infection with no alteration in the antiviral responses induced by the infected cell.
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CHAPTER 7:
Effect of Natural XPO1 Inhibitors

7

Effect of Natural XPO1 Inhibitors

7.1 Introduction

Antiviral activities have been reported for numerous medicinal plants that have been extensively
used as part of traditional medicine globally for centuries. Herbal products with confirmed clinical
safety features are attractive starting material for the identification of new antiviral activities (Lin
et al., 2014, Becker, 1980). The effect of LMB, a natural compound isolated from Streptomyces,
on RSV replication instigated a literature search for small molecules in nature that are capable of
inhibiting XPO1. Many of these compounds are already transitioning from complementary
medicine to mainstream medical applications with their bioavailability and in vivo safety data
already in hand. A selection of naturally occurring XPO1 inhibitors listed below were chosen from
previous studies that have shown their capability to disrupt XPO1-mediated nuclear export and/or
RSV replication (Mathew and Ghildyal, 2017). These compounds were investigated for their
cytotoxicity in A549 and Vero cells and for their anti-RSV activity.
Valtrate and Acetoxychavicol acetate are small molecule inhibitors of XPO1 isolated from
Valeriana fauriei and Alpinia galangal respectively. They have been shown to inhibit the nuclear
export of HIV-1 Rev and influenza viral ribonucleoproteins without cytotoxicity against the host
cells. Their mechanism of action was demonstrated to be same as LMB (Murakami et al., 2002,
Tamura et al., 2009, Tamura et al., 2010, Watanabe et al., 2011).
Plumbagin, a naphthoquinone derived from Plumbago zeylanica has been shown to exert anticancer and anti-proliferative activities in vitro using XPO1 as a direct cellular target (Liu et al.,
2014b). Its shown to increase the nuclear accumulation of tumour suppressor proteins in cancer
cells that over express XPO1 (Liu et al., 2014). Its anti-viral property against RSV is unknown.
Piperlongumine, an alkaloid from Long pepper, has been used widely in Indian and Chinese
traditional medicine. It has been shown to inactivate XPO1-directed protein export by the same
mechanism as LMB, inducing nuclear retention of tumour suppressor proteins (Niu et al., 2015)
Licorice is a common herb which has been used in traditional Chinese medicine for centuries.
Licorice contains more than 20 triterpenoids and nearly 300 flavonoids. Among them, glycyrrhizin
(GL), 18β-glycyrrhetinic acid (GA), liquiritigenin (LTG), licochalcone A (LCA), licochalcone E
(LCE) and glabridin (GLD) are the main active components which possess antiviral and
antimicrobial activities. GL and GA have been shown to inhibit replication of rotavirus, RSV and
HIV by inhibiting virus replication, preventing viral attachment or enhancing host cell activity.
But their mechanism of action is yet to be investigated (Wang et al., 2015).
209

193 | P a g e

Thymoquinone, the main constituent of the volatile oil from Nigella sativa (black cumin) seeds is
reported to protect laboratory animals against chemical toxicity and induction of carcinogenesis.
Being a quinine compound, thymoquinone reacts in vitro with glutathione through a spontaneous
and rapid reaction that produces a dihydrothymoquinone-thioether via 1,4-Michael addition
mechanism. This mechanism of action is similar to the above mentioned XPO1 inhibitors
suggesting that thymoquinone may be capable of inhibiting XPO1.
Curcumin is the major constituent of Curcuma longa, an ancient spice widely used in Indian
cuisine and traditional herbal medicine. Recently, the potential medical use of curcumin as anticancer and anti-inflammatory agent has set off an upsurge in research into the mechanism for its
broad biological effects. Among its cellular targets, curcumin directly interacts with XPO1 to
induce accumulation of FOXO1 in the nucleus. Recent studies have also shown that Curcumin is
capable of inhibiting RSV replication and was suggested to disrupt the NFκβ pathway to exert its
antiviral effects. Since both the virus and the NFκβ pathway depend on XPO1-mediated nuclear
export, it would be interesting to look into this aspect in detail.
As shown in the previous chapters, XPO1 plays a crucial role in regulating RSV replication in
vitro. It is probable that there are natural compounds with already known biological and
pharmacological activities that may be suitable candidates as anti-RSV drugs if they have a similar
effect on XPO1 as the SINE compounds and LMB. The purpose of this chapter is to characterise:
1. Cytotoxicity of selected natural compounds in vitro.
2. Inhibitory effects of selected natural compounds on RSV replication in vitro.
3. Efficiency of selected natural XPO1 inhibitors in retaining GFP-Rev(NES) to the nucleus.
4. Choosing one candidate compound, Curcumin, and analysing its effect on:
a. XPO1 expression in treated cells.
b. RSV protein expression in treated cells.
c. Cell cycle progression in treated cells.
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7.2 Methods
7.2.1

LDH Assay to Determine Cytotoxicity

The same methodology and analysis of percent cytotoxicity was followed as described in Section
2.2.5 of Materials and Methods and Section 3.2.1 of Chapter 3. The addition being, the cells were
infected with RSV-A2 (MOI = 1). The natural compounds were serially diluted in growth medium
and used to treat the cells for 48 hours.
7.2.2

Plaque Reduction Assay to determine dose-dependent efficacy of selected natural
compounds against RSV-A2 replication

The procedure described in Section 2.2.4 of Materials and Methods was followed.
7.2.3

Transfection with GFP and GFP-REV to determine nuclear retention of Rev in presence
of selected natural compounds

Live cell CLSM and image analysis was followed as described in Section 2.2.7 of Materials and
Methods. Transfected cells were treated with 8 µg/ml Curcumin, or 5 µg/ml Thymoquinone for 6
hours before live cell CLSM.
7.2.4

Cell cycle progression in cells treated with Curcumin for 24 hours

Effect of Curcumin on cell cycle progression of RSV-infected A549 and Vero cells was analysed
as described in Section 2.2.11 of Materials and Methods.
7.2.5

RSV protein expression on treatment with different doses of Curcumin from 2 h.p.i to
24 and 72 h.p.i

A549 cells were infected with RSV (MOI = 0.5) were treated with 16, 10 or 5 µg/ml Curcumin or
0.5 µM of DMSO at 2 h.p.i. Cell lysates were analysed by Western blotting as described in Section
2.2.10 of Materials and Methods.
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7.3 Results
7.3.1

Cytotoxicity and Antiviral activity of Plumbagin

The cytotoxicity of Plumbagin (Figure 7.1.A and B) was determined in both A549 and Vero cells
after 48 hours of treatment with varying doses from 1.33 µM up to 531.44 µM. The antiviral effect
of Plumbagin against RSV-A2 was determined in Vero cells using plaque reduction assay.
LDH assay of the supernatants from A549 and Vero cells treated with varying doses of Plumbagin
for 48 hours was used to determine the concentrations at which the compound would cause low or
less than 50% cytotoxicity in the treated cells. In Vero cells, almost no toxicity was observed on
treatment with 1.33 to 5.31 µM of Plumbagin (Figure 7.1.C). More than 50% toxicity was
observed on treatment with doses higher than 7 µM of Plumbagin. In contrast, Plumbagin was very
toxic in A549 cells even at the lowest dose of 1.33 µM (Figure 7.1.C). 100% cytotoxicity was
observed in both cell lines treated with Plumbagin in doses higher than 7 µM (Figure 7.1.C). Since
Plumbagin was more toxic to A549 cells compared to Vero cells, the antiviral effect of the
compound was analysed only in Vero cells.
Plaque reduction assay was carried out in Vero cells infected with RSV-A2 and treated with
varying doses of Plumbagin ranging from 0.04 to 26.57 µM (Figure 7.1.D). Relative to non-treated
cells, addition of Plumbagin at doses from 0.04 to 1.59 µM reduced viral titre by almost 40%
(Figure 7.1.D). 100% inhibition of viral replication was observed at doses between 6.64 and 26.57
µM. However, this is more likely attributed to the toxicity of the compound on the cells (compare
with Figure 7.1.C).
In conclusion, Plumbagin is more suited to study antiviral activity in Vero cells at concentrations
lower than 5.31 µM and is unsuitable for A549 cells. Continuous treatment with 0.04 to 1.59 µM
of Plumbagin in infected Vero cells can effectively reduce viral titre by 40% over 48 h.p.t.
.
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Figure 7.1. The cytotoxic and antiviral effects of Plumbagin in vitro.
A) The molecular structure of the active component of Plumbagin (Source:
https://pubchem.ncbi.nlm.nih.gov). B) The compound is sourced from Plumbago zeylanica
(https://www.gettyimages.in/). C) Cells were infected with RSV-A2 and treated with varying
doses of Plumbagin from 2 h.p.i up to 48 h.p.i. The concentration of LDH present in the
supernatant was analysed using Promega CytoTox96® Non-radioactive Cytotoxicity assay.
Percentage cytotoxicity in the treated cells was calculated relative to lysed cells (100%
cytotoxicity). The dotted line in the graph shows 50% cytotoxicity in the treated cells. D) Vero
cells were infected with RSV-A2 (MOI = 0.5) and treated with different doses of Plumbagin at 2
h.p.i. The cells were fixed at 48 h.p.i and the percentage of plaque forming units observed post
treatment was determined using immunoplaque assay. Data shown is shows mean ± SEM; n=3.
The graphs were plotted and analysed using GraphPad Prism v.7.02 and MS-Excel.
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7.3.2

Cytotoxicity and Antiviral activity of Thymoquinone

The cytotoxicity of Thymoquinone (Figure 7.2.A and B) was determined in both A549 and Vero
cells after 48 hours of treatment with varying doses from 1.52 µM up to 609 µM. The antiviral
effect of Thymoquinone against RSV-A2 was determined in Vero cells.
LDH assay of the supernatants from A549 and Vero cells treated with varying doses of
Thymoquinone for 48 hours was used to determine the concentrations at which the compound
would cause low or less than 50% cytotoxicity in the treated cells. In Vero cells, 10 to 30%
cytotoxicity was observed on treatment with 1.52 and 3.05 µM of Thymoquinone (Figure 7.2.C).
The cytotoxicity induced by Thymoquinone at concentrations between 6 µM and 609.01 was
consistently at almost 90% in these cells (Figure 7.2.C). In comparison, Thymoquinone was more
cytotoxic in A549 cells, with 40% cytotoxicity observed at the lowest tested dose of 1.52 µM
(Figure 7.2.C). Treatment with Thymoquinone at 3 µM and above resulted in 100% cytotoxicity
in A549 cells (Figure 7.2.C). Therefore, the antiviral effect of the compound was analysed only
in Vero cells.
Plaque reduction assay was carried out in Vero cells infected with RSV-A2 and treated with
varying doses of Thymoquinone ranging from 0.04 to 6.09µM (Figure 7.1.D). Relative to nontreated cells, addition of Thymoquinone at doses 0.04 and 0.18 µM reduced viral titre by almost
20 and 40% respectively (Figure 7.2.D). Nearly 60% inhibition was observed on addition of 0.76
µM of Thymoquinone. 100% inhibition of viral replication was observed at doses 3 µM and 6 µM.
Thymoquinone was shown to have high binding affinity to NF-κB inhibitor (IκB) and thereby
inhibit NF-κB activation (Wayan Agung et al., 2016). It would be beneficial to determine if
Thymoquinone could disrupt translocation of NES-carrying proteins.
In conclusion, Thymoquinone is effective at reducing RSV-A2 replication in Vero cells at very
low doses (less than 3 µM). Continuous treatment with 0.04 to 3 µM of Thymoquinone can
effectively reduce viral titre by 60% over 48 h.p.t.
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Figure 7.2. The cytotoxic and antiviral effects of Thymoquinone in vitro.
A) The molecular structure of the active component of Thymoquinone (Source:
https://pubchem.ncbi.nlm.nih.gov). B) The compound is sourced from Nigella sativa (Image
Source: https://www.alamy.com/). C) Cells were infected with RSV-A2 and treated with varying
doses of Thymoquinone from 2 h.p.i up to 48 h.p.i. The concentration of LDH present in the
supernatant was analysed using Promega CytoTox96® Non-radioactive Cytotoxicity assay.
Percentage cytotoxicity in the treated cells was calculated relative to lysed cells (100%
cytotoxicity). The dotted line in the graph shows 50% cytotoxicity in the treated cells. D) Vero
cells were infected with RSV-A2 (MOI = 0.5) and treated with different doses of Thymoquinone
at 2 h.p.i. The cells were fixed at 48 h.p.i and the percentage of plaque forming units observed post
treatment was determined using immunoplaque assay. Data shown is shows mean ± SEM; n=3.
The graphs were plotted and analysed using GraphPad Prism v.7.02 and MS-Excel.
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7.3.3

Cytotoxicity and Antiviral activity of Piperlongumine

The cytotoxicity of Piperlongumine (Figure 7.3.A and B) was determined in both A549 and Vero
cells after 48 hours of treatment with varying doses from 0.79 µM to 315 µM. The antiviral effect
of Thymoquinone against RSV-A2 was determined in Vero cells.
LDH assay of the supernatants from A549 and Vero cells treated with varying doses of
Piperlongumine for 48 h was used to determine the concentrations at which the compound would
cause low or less than 50% cytotoxicity in the treated cells. In Vero cells, treatment with the low
doses of Piperlongumine (0.79 up to 3.15 µM) induced almost no cytotoxicity (Figure 7.3.C).
Addition of 15 µM of Piperlongumine induced almost 40% cytotoxicity while cytotoxicity of
≥50% was observed on treatment with doses higher than or equal to 31.52 µM. In contrast,
Piperlongumine was more toxic to A549 cells at the lowest dose tested (0.79 µM), inducing nearly
30% cytotoxicity. The same was observed on addition of 1.58, 3.15 and 15 µM of Piperlongumine
in A549 cells. More than 50% cytotoxicity was observed on treatment with doses of
Piperlongumine higher than or equal to 31.52 µM (Figure 7.3.C). 100% cytotoxicity was observed
in both cell lines on addition of doses higher than or equal to 78 µM. Since Piperlongumine was
more toxic to A549 cells compared to Vero cells, the antiviral effect of the compound was analysed
only in Vero cells.
Plaque reduction assay was carried out in Vero cells infected with RSV-A2 and treated with
varying doses of Piperlongumine ranging from 0.04 to 27 µM (Figure 7.1.D). Relative to nontreated cells, addition of Piperlongumine at doses from 0.04 to 6.64 µM reduced viral titre by
almost 30% (Figure 7.3.D). 100% inhibition was observed only on addition of 26.5 µM of
Piperlongumine.
In conclusion, Piperlongumine is effective at reducing RSV-A2 replication in Vero cells but only
at a concentration of 26.5 µM and higher. It is effective at inhibiting RSV replication by almost
30% at doses between 0.04 and 6.64 µM. Thymoquinone is too toxic in A549 cells.
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Figure 7.3. The cytotoxic and antiviral effects of Piperlongumine in vitro.
A) The molecular structure of the active component of Piperlongumine (Source:
https://pubchem.ncbi.nlm.nih.gov). B) The compound is sourced from Piper longum (Image
Source: https://commons.wikimedia.org/wiki/Category:Piper_longum). C) Cells were infected
with RSV-A2 and treated with varying doses of Piperlongumine from 2 h.p.i up to 48 h.p.i. The
concentration of LDH present in the supernatant was analysed using Promega CytoTox96® Nonradioactive Cytotoxicity assay. Percentage cytotoxicity in the treated cells was calculated relative
to lysed cells (100% cytotoxicity). The dotted line in the graph shows 50% cytotoxicity in the
treated cells. D) Vero cells were infected with RSV-A2 (MOI = 0.5) and treated with different
doses of Piperlongumine at 2 h.p.i. The cells were fixed at 48 h.p.i and the percentage of plaque
forming units observed post treatment was determined using immunoplaque assay. Data shown is
shows mean ± SEM; n=3. The graphs were plotted and analysed using GraphPad Prism v.7.02 and
MS-Excel.
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7.3.4

Cytotoxicity and Antiviral activity of Glycrrhetinic acid

The cytotoxicity of Glycrrhetinic acid (Figure 7.4.A and B) was determined in both A549 and
Vero cells after 48 h.p.t with varying doses from 0.53 µM to 212 µM. The antiviral effect of
Glycrrhetinic acid against RSV-A2 was determined in Vero cells.
In Vero cells, treatment with doses between 0.53 and 2.12 µM of Glycrrhetinic acid had almost no
cytotoxicity. Addition of doses between 2 and 10 µM would had ≤50% cytotoxicity. More than
50% toxicity was observed on addition of doses equal to or higher than 10 µM of Glycrrhetinic
acid (Figure 7.4.C). Nearly 90% cytotoxicity was observed in Vero cells treated with
Glycrrhetinic acid at doses between 21.25 and 212 µM. In contrast, Glycrrhetinic acid was more
toxic in A549 cells with almost 40% cytotoxicity induced on treatment with the lowest dose tested
(0.53 µM) up to 2.12 µM. Almost 70% cytotoxicity was observed in A549 cells treated with 10.62
µM while nearly 90% cytotoxicity was observed on treatment with doses between 21.25 and 212
µM of Glycrrhetinic acid (Figure 7.4.C). Since Glycrrhetinic acid was more toxic to A549 cells
compared to Vero cells, the antiviral effect of the compound was analysed only in the latter.
Plaque reduction assay was carried out in Vero cells infected with RSV-A2 and treated with
varying doses of Glycrrhetinic acid ranging from 0.01 to 10.62 µM (Figure 7.4.D). Relative to
non-treated cells, addition of Glycrrhetinic acid at 0.01 and 0.64 µM reduced viral titre by almost
30% (Figure 7.4.D). Nearly 60% inhibition was observed on addition of 2.66 µM of Glycrrhetinic
acid. 100% inhibition of viral replication was observed at 10.62 µM.
In conclusion, Glycrrhetinic acid is effective at reducing RSV-A2 replication in Vero cells.
Continuous treatment with doses between 2.66 µM and 10 µM of Glycrrhetinic acid could
effectively reduce viral titre by 60% or more over 48 h.p.t. Glycrrhetinic acid was unsuitable for
analysing antiviral effects in A549 cells since 30% cytotoxicity was observed on treatment with
the lowest dose (0.53 µM) of the compound.
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Figure 7.4. The cytotoxic and antiviral effects of Glycyrrhetinic Acid in vitro.
A) The molecular structure of the active component of Glycyrrhetinic Acid (Source:
https://pubchem.ncbi.nlm.nih.gov). B) The compound is sourced from Glycyrrhiza glabra (Image
Source: Hajiaghamohammadi et al. (2016). C) Cells infected with RSV-A2 were treated with
varying doses of Glycyrrhetinic Acid from 2 h.p.i up to 48 h.p.i. The concentration of LDH present
in the supernatant was analysed using Promega CytoTox96® Non-radioactive Cytotoxicity assay.
Percentage cytotoxicity in the treated cells was calculated relative to lysed cells (100%
cytotoxicity). The dotted line in the graph shows 50% cytotoxicity in the treated cells. D) Vero
cells were infected with RSV-A2 (MOI = 0.5) and treated with different doses of Glycyrrhetinic
Acid at 2 h.p.i. The cells were fixed at 48 h.p.i and the percentage of plaque forming units observed
post treatment was determined using immunoplaque assay. Data shown is shows mean ± SEM;
n=3. The graphs were plotted and analysed using GraphPad Prism v.7.02 and MS-Excel.
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7.3.5

Cytotoxicity and Antiviral activity of Acetoxychavicol acetate

The cytotoxicity of Acetoxychavicol acetate (Figure 7.5.A and B) was determined in both A549
and Vero cells after 48 h.p.t with varying doses from 1 µM to 107 µM. The antiviral effect of
Acetoxychavicol acetate against RSV-A2 was determined in Vero cells.
In Vero cells, treatment with doses between 1 and 4.27 µM of Acetoxychavicol acetate induced
almost no cytotoxicity (Figure 7.5.C). 40% cytotoxicity was observed in Vero cells treated with
21.34 µM of Acetoxychavicol acetate. More than 50% toxicity was observed on addition of doses
higher than 43 µM of Acetoxychavicol acetate (Figure 7.5.C). 80 to 90% of cytotoxicity was
observed in Vero cells on treatment with doses between 44 and 106.72 µM of Acetoxychavicol
acetate (Figure 7.5.C). In contrast, Acetoxychavicol acetate was more toxic to A549 cells with
almost 30% cytotoxicity observed on treatment with concentrations between 1 and 21 µM (Figure
7.5.C). Nearly 40% toxicity was observed in presence of 42 µM of Acetoxychavicol acetate. 80%
cytotoxicity was observed in A549 cells on addition of doses of Acetoxychavicol acetate ≥43 µM.
Therefore, the antiviral effect of Acetoxychavicol acetate was analysed only in Vero cells.
Plaque reduction assay was carried out in Vero cells infected with RSV-A2 and treated with
varying doses of Acetoxychavicol acetate ranging from 0.03 to 21.34 µM (Figure 7.5.D). Relative
to non-treated cells, addition of Acetoxychavicol acetate at doses from 0.03 to 5.34 µM reduced
viral titre by almost 30% (Figure 7.5.D). 100% inhibition of viral replication was observed on
treatment with 21.34 µM Acetoxychavicol acetate.
In conclusion, Acetoxychavicol acetate was very effective to at reducing RSV-A2 replication in
Vero cells at a concentration of 21.34 µM. Continuous treatment with doses between 0.03 and 6
µM of Acetoxychavicol acetate can reduce viral titre in infected Vero cells by 30% over 48 h.p.t.
However, Acetoxychavicol acetate is unsuitable for use in A549 cells.
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Figure 7.5. The cytotoxic and antiviral effects of Acetoxychavicol acetate in vitro.
A) The molecular structure of the active component of Acetoxychavicol acetate (Source:
https://pubchem.ncbi.nlm.nih.gov). B) The compound is sourced from Alpinia galanga (Image
Source: https://species.wikimedia.org/wiki/Alpinia_galanga). C) Cells were infected with RSVA2 and treated with varying doses of Acetoxychavicol acetate from 2 h.p.i up to 48 h.p.i. The
concentration of LDH present in the supernatant was analysed using Promega CytoTox96® Nonradioactive Cytotoxicity assay. Percentage cytotoxicity in the treated cells was calculated relative
to lysed cells (100% cytotoxicity). The dotted line in the graph shows 50% cytotoxicity in the
treated cells. D) Vero cells were infected with RSV-A2 (MOI = 0.5) and treated with different
doses of Acetoxychavicol acetate at 2 h.p.i. The cells were fixed at 48 h.p.i and the percentage of
plaque forming units observed post treatment was determined using immunoplaque assay. Data
shown is shows mean ± SEM; n=3. The graphs were plotted and analysed using GraphPad Prism
v.7.02 and MS-Excel.

226

210 | P a g e

7.3.6

Cytotoxicity and Antiviral activity of Valtrate

The cytotoxicity of Valtrate (Figure 7.6.A and B) was determined in both A549 and Vero cells at
48 h.p.t with varying doses from 0.59 µM to 118 µM. The antiviral effect of Valtrate against RSVA2 was determined in Vero cells.
In Vero cells, treatment with the lower doses of Valtrate (0.59 to 2.37 µM) induced only around
10% cytotoxicity (Figure 7.6.C). Treatment with 11.84 µM of Valtrate induced nearly 30%
cytotoxicity while addition of 23.67 µM induced 40% toxicity. Cytotoxicity of ≥50% was observed
on treatment with doses higher than or equal to 59 µM of Valtrate in Vero cells. In contrast,
Valtrate was more toxic to A549 cells even at the lowest tested dose of 0.59 µM, inducing almost
40% cytotoxicity. The same was observed on treatment with Valtrate at doses between 1 and 12
µM. More than 50% cytotoxicity was observed on treatment with doses of Valtrate higher than or
equal to 24 µM (Figure 7.6.C). 100% cytotoxicity was observed in A549 cells on addition of doses
higher than or equal to 59.18 µM. The relatively higher cytotoxicity induced in A549 cells by
Valtrate makes it unsuitable for analysing the antiviral effects of the compound in this cell line.
Plaque reduction assay was carried out in Vero cells infected with RSV-A2 and treated with
varying doses of Valtrate ranging from 0.02 to 24 µM (Figure 7.6.D). Relative to non-treated cells,
a gradual decline in RSV replication was observed with increasing doses of Valtrate. Addition of
Valtrate at dose of 0.73 µM reduced viral replication by 30%, addition of 3 µM reduced titres by
40% and nearly 60% reduction in plaques was observed in presence of 12 µM of Valtrate (Figure
7.6.D). 100% inhibition was observed in infected Vero cells on treatment with 24 µM of Valtrate.
In conclusion, Valtrate is effective at reducing RSV-A2 replication in Vero cells at doses between
0.7 and 24 µM. The compound could effectively reduce viral replication by 30-60% on treatment
with doses in between 0.7 and 12 µM. Treatment with 24 µM of Valtrate was 100% effective at
inhibiting RSV, but this was accompanied by nearly 40% cytotoxicity. The compound is
unsuitable for use in A549 cells.
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Figure 7.6. The cytotoxic and antiviral effects of Valtrate in vitro.
A) The molecular structure of the active component of Valtrate (Source:
https://pubchem.ncbi.nlm.nih.gov). B) The compound is sourced from Valerianae radix (Image
Source: https://naturmedizin.lauftext.de/baldrian.htm). C) Cells were infected with RSV-A2 and
treated with varying doses of Valtrate from 2 h.p.i up to 48 h.p.i. The concentration of LDH present
in the supernatant was analysed using Promega CytoTox96® Non-radioactive Cytotoxicity assay.
Percentage cytotoxicity in the treated cells was calculated relative to lysed cells (100%
cytotoxicity). The dotted line in the graph shows 50% cytotoxicity in the treated cells. D) Vero
cells were infected with RSV-A2 (MOI = 0.5) and treated with different doses of Valtrate at 2 h.p.i.
The cells were fixed at 48 h.p.i and the percentage of plaque forming units observed post treatment
was determined using immunoplaque assay. Data shown is shows mean ± SEM; n=3. The graphs
were plotted and analysed using GraphPad Prism v.7.02 and MS-Excel.
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7.3.7

Cytotoxicity and Antiviral activity of Curcumin

The cytotoxicity of Curcumin (Figure 7.7.A and B) was determined in both A549 and Vero cells
after 48 h.p.t with varying doses from 0.59 µM to 118 µM. The antiviral effect of Curcumin against
RSV-A2 was determined in Vero and A549 cells.
In Vero cells, treatment with Curcumin at doses between 10 up to 340 μM induced less than 10%
cytotoxicity (Figure 7.7.C). Treatment with 680 μM of Curcumin induced nearly 40% cytotoxicity
in Vero cells. Higher levels of cytotoxicity were observed in A549 cells treated with Curcumin,
with nearly 20% cytotoxicity on addition of doses between 10 and 340 µM. Treatment with 680
µM and above resulted in cytotoxicity above 64%. Both cell lines are suitable for analysing the
antiviral effect of Curcumin against RSV-A2 (Figure 7.7.C).
Plaque reduction assay was carried out in Vero and A549 cells infected with RSV-A2 and treated
with varying doses of Curcumin ranging from 10 to 2714 µM, including very low doses and
extreme concentrations of the compound (Figure 7.7.D). Relative to non-treated cells, almost
100% inhibition of RSV replication was observed on treatment with doses between 30 µM and
300 µM of Curcumin in both cell lines. No reduction in viral replication was seen on treatment
with 10 to20 µM of Curcumin in both cell lines.
In conclusion, Curcumin is highly effective at reducing RSV-A2 replication in Vero and A549
cells at non-cytotoxic doses <300 µM.
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Figure 7.7. The cytotoxic and antiviral effects of Curcumin in vitro.
A) The molecular structure of the active component of Curcumin (Source:
https://pubchem.ncbi.nlm.nih.gov). B) The compound is sourced from Curcuma longa (Image
Source: http://www.licht-malerei.de/). C) Cells were infected with RSV-A2 and treated with
varying doses of Curcumin from 2 h.p.i up to 48 h.p.i. The concentration of LDH present in the
supernatant was analysed using Promega CytoTox96® Non-radioactive Cytotoxicity assay.
Percentage cytotoxicity in the treated cells was calculated relative to lysed cells (100%
cytotoxicity). The dotted line in the graph shows 50% cytotoxicity in the treated cells. D)
Vero/A549 cells were infected with RSV-A2 (MOI = 0.5) and treated with different doses of
Curcumin at 2 h.p.i. The cells were fixed at 48 h.p.i and the percentage of plaque forming units
observed post treatment was determined using immunoplaque assay. Data shown is shows mean
± SEM; n=3. The graphs were plotted and analysed using GraphPad Prism v.7.02 and MS-Excel.
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7.3.8

Subcellular localization of GFP-Rev(NES) on treatment with Curcumin or
Thymoquinone

Curcumin and Thymoquinone showed marked inhibition of RSV replication in both Vero and
A549 cells and has been shown effective against RSV. Curucmin and Thymoquinone are is capable
of binding to XPO1 in a Michael addition manner and is suggested to interact with XPO1. To
determine the disruption of XPO1-mediated export, cells transfected to express GFP-Rev(NES)
were treated for 6 hours and imaged by Live CLSM. As described previously, a GFP fused to the
NES domain of HIV Rev protein was used effectively to study the efficacy of XPO1 inhibitors.
Overall, both compounds significantly increased the nuclear localization of GFP-Rev(NES).
In DMSO-treated A549 cells (top row labelled ‘DMSO’ in Figure 7.8.A) GFP-Rev(NES) was
localized mainly to the cytoplasm after 6 hours of treatment. This was evident in the RGB profiling
of the cells, showing majority of the protein localized to the cytoplasm and a small fraction
localized to the nucleus. The Gray value for GFP-Rev(NES) localized to the nucleus was only
around 200 while in the cytoplasm the values pecked at 1600 (greyscale image top row labelled
‘DMSO’ in Figure 7.8.A).
Increased nuclear retention of GFP-Rev(NES) was observed on treatment with Curcumin or
Thymoquinone. Addition of 21.72 μM of Curcumin for 6 hours induced a significant nuclear
retention of GFP-Rev(NES) (second row labelled ‘Curcumin’ in Figure 7.8.A). The Gray value
obtained from RGB profiling of the treated cells showed the protein was primarily localized to the
cytoplasm at values peaked at 1000 while its intensity in nuclear region was around 400 Gray value
(greyscale image second row labelled ‘Curcumin’ in Figure 7.8.A).
Treatment with 30.5 μM of Thymoquinone was somewhat more effective at retaining GFPRev(NES) to the nucleus in comparison to Curcumin (third row labelled ‘Thymoquinone’ in
Figure 7.8.A). The subcellular distribution of GFP-Rev(NES) was almost equal between the
nuclear and cytoplasmic compartments on treatment with Thymoquinone. RGB profiling showed
the cytoplasmic intensity of GFP-Rev(NES) was peaked at 3000 Gray value and the nuclear
intensity of the protein was around 2000 Gray value(greyscale image third row labelled
‘Thymoquinone’ in Figure 7.8.A).
Quantitative imaging confirmed the above observations. Fn/c of GFP-Rev(NES) was 0.24 in
DMSO-treated cells (Figure 7.8 B). Relative to DMSO-treated cells, treatment with both
Curcumin and Thymoquinone significantly increased the nuclear accumulation of GFP-Rev(NES).
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Thymoquinone retained the GFP-REV(NES) to the nucleus at a higher amount (Fn/c = 0.85)
relative to treatment with Curcumin (Fn/c of 7.0).
Overall, treatment both Thymoquinone and Curcumin led to a significant increase in the
nuclear localization of GFP-Rev(NES) although it remained primarily localized to the
cytoplasm (Fn/c = 1).
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Figure 7.8. Live cell imaging of A549 cells transfected with GFP-Rev(NES) and treated with
Curcumin or Thymoquinone for 6 hours.
Cells were transfected to express GFP-Rev(NES) using Lipofectamine 2000 (followed
manufacturers protocol). 18 hours post transfection, the cells were treated with 0.5 µM of DMSO
or 21.72 μM (8 μg/ml) of Curcumin or 30.5 μM (5 µg/ml) of Thymoquinone for 6 hours followed
by Live cell CLSM. Digital images were captured with Nikon Ti-Eclipse confocal system and NIS
AR Elements software. A) RGB profiling of subcellular localization of GFP-Rev(NES) and B) its
nuclear/cytoplasmic ratio (Fn/c) were determined using ImageJ. Confocal images are shown in
green, RGB profiling of images (shown in grayscale) was obtained by drawing a line (yellow)
across whole cell. Representative images are shown. Data shown are mean+/-SEM, n ≥25 cells
each. The graph was plotted and analyzed using t-test on GraphPad Prism v.7.02.
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7.3.9

Effect of Curcumin on Cell cycle progression

In recent studies, pre-treatment with curcumin has been shown to inhibit RSV replication in Vero
cells effectively. The previous sections show that treatment with curcumin post-infection can also
effectively inhibit RSV replication in A549 and Vero cells. The significant nuclear retention of
GFP-Rev(NES) after treatment with Curcumin suggests that the compound is capable of directly
interacting with XPO1 and disrupting other pathways regulated by the nuclear transporter
including the cell cycle. To determine the effect of Curcumin on the cell cycle, cell cycle
progression analysis were done in both A549 and Vero cells. The cells were synchronized to their
G0/G1 phase and then treated with 27.15, 43.43 or 86.67 μM of Curcumin or 0.5 µM of DMSO
as control for 24 h and analyzed using Tali.
At 24 hours post treatment, the cell cycle distribution of DMSO-treated A549 cells was 73% in
G0/G1 phase, 10% in S phase and 17% in G2/M phase, as expected (pie diagram labelled DMSO
in Figure 7.10.A). Treatment with 10 µg/ml Curcumin in A549 cells retained 73% in G0/G1 phase,
21% in S phase and 6% in the G2/M phase (pie diagram labelled 10 µg/ml Curcumin in Figure
7.10.A). This suggests Curcumin may induce retention of cells at the S phase within 24 hours of
treatment. Treatment with 16 µg/ml of Curcumin changed the cell cycle distribution to 77% in
G0/G1 phase, 16% in S phase and 7.5% in G2/M phase (pie diagram labelled 16 µg/ml Curcumin
in Figure 7.10.A). Despite slight differences in numbers, treatment with higher dose of Curcumin
seems to exert the same effect on the cell cycle arrest, with more cells retained in the S phase in
comparison to DMSO-treated cells.
At 24 h.p.t, the cell cycle distribution in DMSO-treated Vero cells was 73% in G0/G1 phase
followed by10% in S phase and 17% in G2/M phase (pie diagram labelled DMSO in Figure
7.10.B). Treatment with 16 µg/ml of Curcumin changed the cell cycle distribution in Vero cells to
70% in G0/G1 phase, 20% in S phase and 10% in G2/M phase (pie diagram labelled 16 µg
Curcumin in Figure 7.10.B). Similar to the effect of Curcumin in A549 cells, treatment in Vero
cells retain more cells in the S phase in comparison to DMSO-treated cells. Curcumin was less
cytotoxic for Vero cells compared to A549 cells and hence a higher dose of Curcumin was used
relative to that used for the latter. Treatment with 32 µg/ml Curcumin retained 75% of the cells in
G0/G1 phase, 22% in S phase and 3% in the G2/M phase (pie diagram labelled 10 µg/ml Curcumin
in Figure 7.10.A).
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7.3.10 Reduction in RSV Protein Expression in A549 cells treated with Curcumin

Curcumin effectively reduced RSV replication in infected Vero cells. To determine whether this
was a reflection of the level of RSV protein synthesis, Vero cells were infected at MOI = 0.5 and
treated with different doses of Curcumin from 2 h.p.i to 24 and 72 h.p.i. The amount of protein
present in the whole cell lysate was analysed using Western Blotting and probed with anti-RSV
and anti- α/β tubulin antibodies.
The RSV proteins detected (by a polyclonal anti-RSV antibody) in the cell lysates of Vero cells
treated with DMSO or Curcumin from 2 to 24 h.p.i or 2 to 72 h.p.i is shown in Figure
7.11.A.Tubulin was used as loading control, doublet formation was expected (Figure 7.11.B).
Relative to DMSO-treated Vero cells, treatment with increasing doses of Curcumin was effective
at reducing RSV protein levels. Almost no change in RSV protein expression, relative to DMSO
treated cells, was seen in infected Vero cells treated with 5 µg/ml of Curcumin at both 24 and 72
h.p.i. Treatment with 10 µg/ml of Curcumin clearly reduced the amount of RSV proteins produced
in the infected cells. All the proteins were reduced, but the amount of G, F, P and M were especially
low compared to DMSO-treated cells at 24 h.p.i. However, an increase in RSV proteins, similar to
DMSO-treated cells, was observed on treatment with 10 µg/ml of Curcumin for 72 h.p.i. This
suggests that the compound is effective within the first 24 hours of treatment at this concentration.
At the highest tested dose of Curcumin at 16 µg/ml the amount of RSV proteins produced was low
both at 24 h.p.i and 72 h.p.i.
Overall, treatment with 10 or 16 µg/ml of Curcumin was effective at reducing RSV protein levels
within 24 hours of treatment. Treatment from 2 h.p.i to 24 or 72 h.p.i with 16 µg/ml of Curcumin
was most effective at both time points.
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7.4 Discussion
The cytotoxicity and antiviral efficacy of selected naturally occurring XPO1 inhibitors was
characterized. Overall, most of the selected compounds were cytotoxic to A549 cells but were
suitable for study in Vero cells across a wide range of concentrations. Most of the selected
compounds were highly efficient in reducing the titres of RSV-A2. Curcumin significantly reduced
RSV infectious titres at doses between 5 μg/ml (or 13.5 μM) and 10 μg/ml (or 27.14 μM). Further
evaluation of the effect of Curcumin on RSV replication showed high efficacy at both 24 and 48
h.p.i. A significant reduction in RSV protein amounts was observed at 72 h.p.i. on continuous
treatment.
Natural compounds are a promising source of antivirals as they have been part of traditional
medicines for almost thousands of years and the active components in these plant extracts usually
exert multiple effects on the cells, including anti-inflammatory, anticancer, and antimicrobial
effects. Since they are considered safe for human consumption they can potentially be used in
combination with existing drugs or to attenuate existing therapy.
In this study, the cytotoxicity of selected naturally occurring compounds, suggested to interact
with XPO1, were evaluated in A549 and Vero cells. Thymoquinone, Piperlongumnie,
Glycyrrhetinic acid, Acetoxychavicol acetate, Valtrate and Curcumin had 40% or lower
cytotoxicity against A549 at concentrations

within 100 μM in general A slightly higher

cytotoxicity was expected in A549 cells compared to Vero cells since the former is a cancerous
cell line while the latter is an immortalized cell line. Antiviral activity of these compounds at doses
lower than the cytotoxic values narrowed down the list to Thymoquinone and Curcumin. These
two compounds were effective against RSV-A2 at a dose with low cytotoxicity for both A549 and
Vero cells. The antiviral effect of the compounds evaluated in Vero cells showed that Plumbagin,
thymoquinone and Curcumin showed at least 50% inhibition at doses between 0.04 and 3 μM,
Piperlongumine was effective between 0.04 and 7 μM. Glycyrrhetinic acid showed no efficacy
against RSV-A2 while Valtrate and Acetoxychavicol acetate were effective only at doses above
10 μM.
Both Curcumin and Thymoquinone induced nuclear accumulation of GFP-Rev(NES) in
transfected A549 cells. This is the first time that direct interaction between these naturally
occurring XPO1 inhibitors and GFP-Rev(NES) has been shown in such conditions. Previous
studies had suggested this interaction based on mass spectrophotometric analysis. However,
Curcumin and Thymoquinone were not as effective in comparison to KPT compounds. But it is
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likely that their interaction with XPO1 is one of many such contacts that enable these natural
compounds to exert a broad spectrum of activities.
Further evaluation of the anti-RSV effect of Curcumin was carried out based on a recent study that
showed pre-treatment with Curcumin to be effective against RSV. The study showed that pretreatment for a very short duration of 30 minutes prior to RSV infection in human nasal epithelial
cells (HNECs) resulted in reduced replication and budding at doses between 0.1 and 10 μg/ml of
Curcumin. In the current study, continuous treatment with curcumin from 2 h.p.i up to 72 h.p.i
clearly showed decreased levels of RSV proteins in the treated cells at doses of 10 or 16 μg/ml.
Previous studies have described how curcumin reduces pro-inflammatory responses by inhibiting
NFκB signaling pathways, resulting in decreased production of IL-8 and RANTES. We suggest
that in addition to this, treatment with Curcumin induces a delay in cell cycle progression in A549
and Vero cells. More cells are retained in the S phase post-treatment with Curcumin for 24 hours.
Further characterization of the effects of these naturally occurring XPO1 inhibitors is required and
is quite likely that the pharmaceutical application of these drugs would require the use of analogues
or derivatives that would be more effective at lower doses. Preliminary data suggests that they are
highly efficient against RSV but the effect of XPO1 inhibition, either by natural or synthetic
compounds, is compound and cell specific since this host factor plays a critical role in several
cellular functions. The downstream effects of XPO1-inhibition have to be evaluated for each
compound which may reduce viral replication by nuclear retention of the viral protein, induction
of antiviral responses, reduction of inflammatory responses. These natural sources of antimicrobial
have huge potential in future therapeutic strategies against viruses.

7.5 Conclusion
Thymoquinone, Piperlongumnie, Glycyrrhetinic acid, Acetoxychavicol acetate, Valtrate and
Curcumin had 40% or lower cytotoxicity against A549 at concentrations less than 10 µM. A
slightly higher cytotoxicity was expected in A549 cells compared to Vero cells since the former is
a cancerous cell line while the latter is an immortalized cell line. Antiviral activity of these
compounds at doses lower than the cytotoxic values narrowed down the list to Thymoquinone and
Curcumin. Both Curcumin and Thymoquinone induced nuclear accumulation of GFP-Rev(NES)
in transfected A549 cells. The effect on GFP-Rev(NES) was limited compared to KPT compounds
but significant. Further evaluation of the anti-RSV effect of Curcumin showed continuous
treatment with curcumin from 2 h.p.i up to 72 h.p.i clearly decreased levels of RSV proteins in the
treated cells at doses of 10 or 16 μg/ml.
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CHAPTER 8:
General Discussion

8

GENERAL DISCUSSION

Around 200,000 cases of RSV occur annually in Australia in children aged less than one year,
costing $24 to $50 million in hospitalization bills (Ranmuthugala et al., 2011). RSV infection in
the lower RTI commonly manifests as bronchiolitis and/or intermittent episodes of wheezing. The
viral infection induces a severe inflammatory response in the lungs which results in oedema of the
bronchiolar wall, plugging of the airways and necrosis of the respiratory epithelium. Severe RSV
infections typically cause extensive damage to the lungs and increase the risk of chronic conditions
in the lungs, including asthma, recurrent wheezing, allergen sensitization, and allergic rhino
conjunctivitis (Borchers et al., 2013, Ogra, 2004, Paes et al., 2011).
Current therapy to manage RSV infections is limited to supportive care that helps manage the
symptoms but does not reduce the damage caused by the disease in the lungs (Welliver, 2004). A
limited number of antivirals are available against RSV, almost all of which are heavily regulated
and have limited efficacy. The current and in-development therapeutic strategies against RSV
primarily target disruption of function of G and F proteins (involved in attachment and fusion) and
are mostly aimed at prevention of RSV infection. The current study investigates a post-infection
therapy and takes a novel approach by targeting a specific host factor that is indispensable for viral
infection. This would be a viable therapeutic strategy against a broad range of viruses as they
hijack and subvert several host proteins and cellular pathways to promote infection, replication
and spread. Disruption of function of selected host factors would directly or indirectly affect viral
infection and provide the added advantage that these targets would have a lower risk of mutation
and hence, drug resistance. The key criteria for such drugs to be viable for therapeutic applications
is that they should target infected cells and cause minimal damage to healthy cells (Khattab, 2009,
Zlateva et al., 2005).
XPO1 is part of an elaborate and regulated nuclear trafficking system involved in several host
cellular pathways including the cell cycle, ribogenesis, and inflammation. One of seven human
exporter proteins, XPO1 is the sole nuclear exporter for nearly 200 proteins and RNA molecules
involved in a wide range of pathways. The efficacy of KPT compounds has been widely
characterized against a diverse range of malignancies both in vitro and in vivo. These orally
bioavailable compounds were designed to reversibly and selectively interact with XPO1 resulting
in reduced protein levels of XPO1, increased expression of XPO1 mRNA, nuclear accumulation
of tumor suppressor proteins (TSPs), cell cycle arrest, increased inflammation, induced apoptosis,
reduced tumor size, and retarded spread of tumors irrespective of the type of malignancy or the
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Figure 8.1. Function of XPO1-mediated export and its significance in cancer.
The illustration summarizes some of the key proteins, including tumor suppressor proteins, cell
cycle regulators, mediators of cell proliferation and apoptosis, proteins involved in maintenance
of chromosomal and nuclear structures and others, regulated by XPO1/CRM1-mediated nuclear
export and their role in several solid and/or haematological malignancies. Abbreviations. APC:
Adenomatous Polyposis Coli; ATF2: Activating transcription factor 2; BCR-ABL: Breakpoint
Cluster Region /Abelson murine leukemia viral oncogene homolog 1 Bok: Bcl-2 related ovarian
killer; BRCA1- Early Onset Breast Cancer 1; CIP2A: Cancerous Inhibitor of PP2A; ERα: Estrogen
Receptor; ERK: Extracellular signal-Regulated Kinases; FOXO: Forkhead family of transcription
factors; HMGB1: High Mobility Group Box 1; Hsp90: Heat Shock Protein 90; RASSF2: Ras
association (RalGDS/AF-6) domain family member 2; RB: Retinoblastoma; RUNX3: Runtrelated transcription factor 3; Tob: Transducer of ErbB-2. Adapted from (Mathew and Ghildyal,
2017).
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8.1 Characterization of SINE compounds, Effect on RSV replication and
Mechanism of Action
The effects of selected KPT compounds characterized in this study, namely KPT 185, KPT 335
and KPT 301, correlated to their effects against cancer cell lines (summarized in Table 3.3). KPT
335 and KPT 185 had low cytotoxicity in A549 and Vero cells (Section 3.3.1) but were potent
inhibitors of RSV replication at doses (1-1.5 μM; Section 4.3.1) several folds lower than their
CC50 values (Section 3.3.1). KPT 335 and KPT 185 are effective against cancer cell lines at
nanomolar concentrations, the dose varying between cell lines (Das et al., 2015, Gravina et al.,
2014). KPT 335 has proven effective against several strains of influenza at doses between 1 and
10 μM both in vitro and in vivo as well as against VEEV under in vitro conditions (Perwitasari et
al., 2014, Perwitasari et al., 2016, Lundberg et al., 2016). Despite the variation in toxicity of KPT
185 and KPT 335 among cell lines, treatment with these compounds had a targeted effect on
infected or cancerous cells with low toxicity in healthy cells (Gravina et al., 2015, Mathew and
Ghildyal, 2017, Perwitasari et al., 2014). KPT 301 had no effect against RSV despite being the
least cytotoxic among the characterized KPT compounds. This correlates to previous studies
showing that KPT 301 is an inactive trans-KPT 185 compound (Lundberg et al., 2016, Crochiere
et al., 2016).
KPT 185 is the most potent XPO1 inhibitor but has very poor pharmacokinetic properties making
it unsuitable for in vivo use (Etchin et al., 2013). But its bioavailable counterparts such as KPT
330 and KPT 335 are suitable for in vivo use (Etchin et al., 2013{Das, 2015 #258, Gravina et al.,
2015, Parikh et al., 2014, Subhash et al., 2018). The development of KPT 335 as an antiviral
against influenza is warranted based on the efficacy of KPT 335 to limit virus shedding, reduce
pulmonary inflammation and retard infiltration of leukocytes into the bronchoalveolar space in
ferrets and mice (Perwitasari et al., 2016{Perwitasari, 2014 #239). Preclinical evaluation of KPT
335 in canines with Non-Hodgkin Lymphoma showed that the drug was safe and effective at 1
mg/kg. Toxicities in the tested subject were primarily gastrointestinal (anorexia, weight loss,
vomiting and diarrhea) but were manageable with supportive care (London et al., 2014). A
randomized, double-blind, sequential, dose-escalation, Phase 1 trial of KPT 335 in healthy adult
subjects aged between 18 and 45 (NCT02431364) showed good tolerability and safety (Tamir,
2018). These clinical safety data clearly show that KPT335 is a viable candidate for development
as an antiviral.
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KPT 185 and KPT 335 induced nuclear accumulation of XPO1 and reduced the amount of the
transporter protein present within treated cells, regardless of whether they were infected or not
(Section 3.3.2, Section 3.3.4 and Section 4.3.4). This is in agreement with previous publications
showing increased nuclear retention of various proteins exported exclusively by XPO1 including
PP2A, Rb, p21, and Iκβ among others (Figure 3.1 and Figure 8.1) (Das et al., 2015, De Cesare et
al., 2015, Etchin et al., 2013, Gravina et al., 2014). A simultaneous increase in the nuclear
accumulation of p53 and p65 was also observed (Appendix 3.2), indicating that treatment with
KPT compounds selectively disrupts XPO1-mediated nuclear export and inhibits its function. In
the absence of XPO1, cargo proteins such as p53 and p65, that depend solely on XPO1-mediated
nuclear export are retained within the nucleus. Similar results have also been shown on treatment
with LMB (Smart et al., 1999, Kiernan et al., 2003). The decrease in the protein levels of XPO1
in KPT-treated cells induces an increase in expression of XPO1 mRNA in treated cells (Breit et
al., 2014, Boons et al., 2015, Mendonca et al., 2014). Thus, the host cell replaces the supplies of
XPO1, enabling healthy cells to revive functions without undergoing apoptosis (Crochiere et al.,
2015, De Cesare et al., 2015, Gravina et al., 2015).
Treatment with LMB also exerts similar effects on XPO1, with some differences. Treatment with
LMB (50 nM) induced cytoplasmic accumulation of XPO1 without affecting the amount of the
protein present in treated A549 cells. The cytoplasmic accumulation of XPO1 was suggested to be
as a result of inhibition of its nuclear import (Rahmani and Dean, 2017). However, treatment with
KPT compounds retained XPO1 and NES-carrying proteins to the nuclear compartment at doses
of 1 and 1.5 µM (Section 3.3.2). This difference in the effect of XPO1 inhibitors on the nuclear
localization of XPO1 is most likely due to their chemical structure, with the latter being smaller in
size and designed to selectively and reversibly interact with the NES-binding groove of XPO1
while LMB is larger, binds irreversibly to XPO1 and is subject to off-target activity and toxicity
(Etchin et al., 2013).
Treatment with KPT 185 and KPT 335 induced nuclear retention of GFP-Rev(NES) at 6 hours
post transfection. Pre- and Post-treatment with KPT 335 retained vRNP to the nucleus in cells
infected with influenza within 8 h.p.i (Perwitasari et al., 2014). The capsid of VEEV was restricted
to the nucleus at 16 h.p.i on treatment with KPT 335 and KPT 185 (Lundberg et al., 2016).
In this study, therapeutic treatment with KPT 335 and KPT 185 at a very low dose (1 μM)
significantly localized GFP-M to the nucleus within 6 to 12 hours post treatment (Section 5.3.1,
5.3.2, 5.3.3 and 5.3.4). Though the nuclear retention of GFP-M was statistically significant, it was
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several folds lower in comparison to GFP-Rev(NES). This was largely attributed to the differences
in the affinity of the NES signals of both the proteins (Fu et al., 2018) and shows that the efficacy
of KPT treatment is largely dependent on the NES signal of the target protein.
Treatment with KPT 185 or KPT 335 induced a dose- and time-dependent nuclear accumulation
of M protein. Treatment with KPT compounds at doses between 1 and 10 µM caused a mild
nuclear accumulation of M protein which resulted in reduced viral titre with successive rounds of
infection regardless of short- or continuous-treatment (Section 4.3.2, 4.3.3 and 5.3.2). The amount
of M protein retained in the nucleus was similar among transfected and infected cells, showing
strong correlation between both experimental models and indicates that the interaction of KPT
compounds is specific to XPO1. KPT 335 was more effective in the nuclear accumulation of M
and in reducing viral titres compared to KPT 185. The decrease in viral titre on treatment with
KPT 335 or KPT 185 was similar to that of LMB (Ghildyal et al., 2009). This is one of the key
results of this study, clearly showing the antiviral efficacy of therapeutic administration of KPT
335. Administration of KPT 335 shows a clear decline in viral titre under in vitro conditions
irrespective of the point of intervention, i.e., treatment during the early or late stages of infection.
Time plays a key factor in treatment with KPT compounds, as significant decline in RSV titre was
observed at 48 h.p.t or more. The increased accumulation of M protein on longer periods of
incubation with KPT 335 suggests a time-dependent accumulation of M protein within the nucleus.
Treatment with KPT 335 would therefore disrupt the timely exit of M protein to mediate viral
assembly and budding. This effect becomes more obvious with successive rounds of replication,
where long-term incubation (with or without the compound) showed decreased viral titre.
Prophylactic treatment with KPT 335 would also cause delayed nuclear exit of M and give a
similar pattern of reduced viral titres (Appendix 3.2). M protein is conserved across RSV A and
B strains, and treatment with KPT 335 was efficacious and inhibited the replication of RSV A and
B virus strains, including A2, Long and B1, in both A549 and BEAS-2B cells as expected
(Appendix 3.2).
In contrast to the marked reduction in protein levels of nuclear-replicating viruses such as HIV-1,
influenza and VEEV (Daelemans et al., 2002), Lundberg et al., 2016, Perwitasari et al., 2014,
Perwitasari et al., 2016), transient inhibition of XPO1 during RSV replication did not retard viral
protein production (Section 3.3.4). However, treatment with KPT185 or 335 did induce a variation
in the amount of RSV proteins relative to each other. The limited accumulation of M protein in
the nucleus caused by KPT185/335 might be sufficient to delay viral assembly, prompting
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incomplete or improper assembly of viral particles. Though the exact function of the nuclear
translocation of M protein is not understood, it is likely that the nuclear localisation of M protein
reduce host transcription, regulates viral replication, promotes the phosphorylation of M protein
which is important for viral assembly (Ghildyal et al., 2006, Bajorek et al., 2014, Ghildyal et al.,
2003, Trevisan et al., 2018). Delayed exit of M protein from the nucleus may be sufficient to alter
viral assembly and budding to retard viral replication in subsequent replication cycles and thereby
lead to reduced infectivity. Since viral assembly and budding is ineffective without M protein
(Ghildyal et al., 2009), it is probable that low level nuclear accumulation of M protein is sufficient
to cause a marked reduction in viral titer as observed at 48 h.p.t regardless of the duration of
treatment (Section 8.2). Reduced viral titers could translate to reduced spread of infection and
lower degree of damage caused to the lungs from RSV infections.
In addition to N, F and P protein, M protein is one of the key viral proteins required for filament
formation during infection. These proteins assemble to form long filamentous extensions from the
plasma membrane of infected cells. These filaments are associated with viral infectivity as they
mediate cell to cell spread of infectious particles (Bajorek et al., 2014, Liljeroos et al., 2013, Mitra
et al., 2012). The absence of M protein leads to stunted filament formation and the virus adopts a
spherical phenotype that is less infectious (Liljeroos et al., 2013). Treatment with KPT 185 or KPT
335 at a dose of 1 µM did not affect filament formation in infected cells (Section 5.3.5). Thick
needle-like extensions of filaments with M protein localized evenly throughout the structure were
observed in both DMSO- and KPT-treated cells. However, treatment with 10 µM of either KPT
compound caused some disruption in filament formation. M protein was seen localized to stunted,
less extensive filaments observed extending from the cell surface. Similar M localisation was
observed in cells infected with recombinant RSV mutated at a key residue within the M protein
NES (Bajorek et al., 2014). Clearly, disruption of M’s nuclear export results in aberrant virus
assembly.
Inhibition of XPO1 may alter other pathways that depend on nuclear export, including cell cycle
progression and NFκβ-inflammatory pathways in addition to mild nuclear accumulation of M
protein (Das et al., 2015, Bernabe et al., 2013, Breit et al., 2014, De Cesare et al., 2015, Etchin et
al., 2013). RSV causes cell cycle arrest of the host cells in the S phase to promote its replication
(Bian et al., 2012, Groskreutz et al., 2007). Treatment with KPT compounds causes a delay in cell
cycle progression, reducing the percentage of cells entering the S phase within 24 h.p.t (Section
3.3.5). At 48 h.p.t, the cells that appeared arrested in the G0/G1 phase had progressed into the S
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and G2/M phases. This suggests the reversible interaction of KPT 335 with XPO1 does not cause
a permanent arrest of the cell cycle, rather a regression in the pace causing cells to remain longer
in each phase. RSV infection increased the percentage of cells in the S and G2/M phases even in
the presence of KPT compounds (Section 6.3.1). This could indicate viral proteins other than M
are involved in subverted cell cycle progression and that the virus may alter other pathways
involved in cell cycle regulation (Nascimento et al., 2012). Though the exact effect of KPT
treatment on cell cycle progression in infected cells remains to be elucidated, it is likely one of the
ways in which XPO1 inhibition leads to decreased viral titre.
In contrast to their published effect on cancer cells, treatment with KPT 335 or KPT 185 did not
induce caspase-mediated apoptosis in A549 or Vero cells. Inhibition of XPO1 in RSV infected
cells, would therefore disrupt viral replication and assembly without inducing caspase-mediated
apoptosis (Appendix 3.2). This is a major advantage compared to other synthetic drugs that induce
apoptosis as a consequence of cell cycle arrest. The reversible binding of KPT185 and 335 to
XPO1 in general provides the added benefit that in healthy cells treatment with these compounds
cause a temporary arrest of healthy cells that then recover and function as usual.
RSV is known to retard apoptosis and influence NFκβ-dependent gene expression to promote
cytokine and chemokine release particularly during the later stages of infection (Choudhary et al.,
2005). KPT 335 reduced the secretion of NFκβ-mediated cytokines and chemokines such as IL-8
and RANTES without affecting the interferon response of the host cell (Section 6.3.2 and
Appendix 3.2). Previous studies have shown that KPT compounds increases the nuclear retention
of NFκβ and IκB which forms an inhibitory complex and retards NFκβ-mediated signaling
(Kashyap et al., 2016). Continuous treatment with KPT 335 effectively reduced the secretion of
NFκβ-mediated cytokines in comparison to DMSO-treated cells (Section 6.3.2, Appendix 3.2).
Similar results were obtained on treatment of influenza both in vitro and in vivo (Perwitasari et al.,
2014, Perwitasari et al., 2016). This could translate to reduced severity of infections in patients
affected by pathogens such as RSV or influenza that activate NFκβ to produce a pro-inflammatory
environment at sites of infection (Pickens and Tripp, 2018). In contrast, treatment with KPT
compounds did not affect the secretion of IFN-β or λ in infected cells (Section 6.3.3 and Section
6.3.4). Since the activation and secretion of IFNs is regulated by several pathways, NFκβ-mediated
signaling being only one of them, altering the activity of NFκβ or IRF-3 did not cause an overall
reduction in their secretion. This is probably beneficial in an in vivo setting since the overall
inflammatory response would be reduced but the antiviral response to detect and eliminate viral
particles would not be affected.
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8.1.1

Summary

Among the tested compounds, KPT 335 was most effective against RSV. Though KPT 185 had
similar effects, its SI50 value makes it unsuitable for therapeutic purposes. KPT 301 had no
significant effect. KPT 335 had a dose- and time-dependent effect against RSV. The compound
had significant inhibitory activity between 1 and 10 μM with limited cytotoxicity. Reduced viral
replication was observed, which became more evident with each round of multiplication. The
marked reduction in viral titer at 48 h in comparison to that of 24 h shows transient inhibition of
XPO1 disrupts the time-dependent lifecycle of RSV coordinated by M protein, with an
accumulative effect evidenced by reduced viral titer in successive rounds of replication.
In contrast to LMB, the reversible inhibition of XPO1 by KPT 335 and KPT 185 caused limited/no
damage to the cells. However, they did lead to reduction in XPO1 in cells which probably lead to
delayed progression of the cell cycle. As expected, both KPT-335 and KPT-185 treatment resulted
in significant nuclear accumulation of M protein in RSV infected cells; however, this effect was
less than that observed previously on LMB treatment (Ghildyal et al., 2009). The impact of KPT
335 and KPT 185 on the localization of M protein and the cell cycle probably contributed to the
reduction of RSV titres. Unexpectedly, KPT 335 and KPT 185 treatment of RSV infected cells
resulted in reduced production of pro-inflammatory mediators but had no effect on IFN production.
This potentially reduces the severity of RSV disease without compromising the antiviral responses
initiated by the infected cells though IFNs.
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8.2 Natural XPO1 inhibitors
Natural products from medicinal plants that have been extensively used as part of traditional
medicine globally for centuries are an excellent source for antivirals. Many natural products
including LMB have been used to discover new structure–activity relationships in viruses and to
develop derivatives and therapeutic leads. For instance, Glycyrrhetinic acid derivatives and
Caffeic acid are now being developed as novel drugs against hepatitis B and influenza infections
(Lin et al., 2014, Becker, 1980, Mathew and Ghildyal, 2017). Natural compounds provide valuable
bioactive scaffolds providing better ligands for biological targets compared to randomly
synthesized compounds and are capable of robust pharmacological properties such as antibacterial,
antifungal, anti-inflammatory, antioxidant and antiviral effects.
Pharmacologically effective natural compounds can be modified chemically to be more selective
and efficient through the development of semi-synthetic derivatives (Amirkia and Heinrich, 2015,
Luo et al., 2014). Combined therapy with synthetic drugs and natural compounds that act
synergistically, decrease dosage required for target inhibition, reduce/delay the development of
drug resistance and lessen toxic side effects. Such drug combinations are widely used in
antimalarial chemotherapy to prevent the development of resistance (Ginsburg and Deharo, 2011,
Silva et al., 2015).
A selection of naturally occurring XPO1 inhibitors was made based on previous studies that have
shown their capability to disrupt XPO1-mediated nuclear export and/or RSV replication (Mathew
and Ghildyal, 2017). These compounds were initially investigated for their cytotoxicity in A549
and Vero cells and for their anti-RSV activity. Among the chosen compounds Thymoquinone,
Glycyrrhetinic acid, Valtrate and Curcumin had low cytotoxicity in Vero cells and were potent
inhibitors of RSV replication (Section 7.3.1 to 7.3.7). Piperlongumine and Acetoxychavicol
acetate had the least antiviral effect. Among the selected compounds, Curcumin was found most
effective and capable of retaining GFP-Rev to the nucleus in transfected cells. The basic
preliminary evaluation of selected natural XPO1 inhibitors carried out in this study only indicates
whether they are capable of inhibiting RSV replication. Since these compounds have a broad range
of effects on more than one pathway this research provides a pipeline of candidates for future drug
development.
Curcumin is the major pharmacological agent in turmeric or Curcuma longa, and is widely used
in Ayurvedic medicine. Extensive research demonstrates the myriad of biological effects that this
compound exerts (Noorafshan and Ashkani-Esfahani, 2013). Enhanced bioavailability of
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Curcumin has enabled it to be mass produced as tablets, syrups and teas which are now widely
available in the market to help with a wide range of health conditions including management of
exercise-induced inflammation and muscle soreness, management of oxidative and inflammatory
conditions, metabolic syndrome, arthritis, anxiety, and hyperlipidemia (Hewlings and Kalman,
2017). XPO1 is one of the cellular targets of Curcumin. Treatment with Curcumin induced nuclear
accumulation of host cargo proteins such as FOXO, and it interacts with Cys528 in a Michael
addition manner similar to LMB (Niu et al., 2013). Significant retention of GFP-Rev(NES) and
effective anti-RSV responses prompted further evaluation of the mechanism of action of
Curcumin.
Pre-treatment with Curcumin for a very short duration of 30 minutes reduced RSV replication in
human nasal epithelial cells (HNECs) at doses between 0.1 and 10 μg/ml of Curcumin (Obata et
al., 2013). In the present study, continuous treatment with curcumin post-infection, from 2 h.p.i up
to 72 h.p.i, clearly showed decreased levels of RSV proteins in the treated cells at doses of 10 or
16 μg/ml (Section 7.3.10). This is in contrast to the effect of KPT compounds on RSV, where
drastic changes in RSV protein levels were not observed. On treatment with Curcumin almost no
viral protein was observed in the lysates of cells treated up to 72 h.p.i, (Noorafshan and AshkaniEsfahani, 2013(Niu et al., 2013)). It should also be noted that KPT compounds were designed to
be selective and reversible while Curcumin is a naturally-occurring compound capable of
interacting with several cellular factors to exert its effects (Niu et al., 2013, Hewlings and Kalman,
2017).
Treatment with Curcumin lead to cell cycle arrest in the G0/G1 and S phases at 24 h.p.t, which
could be one of the ways by which the compound inhibits RSV replication (Section 7.3.9). This
is in agreement with a previous report that showed that Curcumin (4 µg/ml) caused the formation
of apoptotic bodies, induced chromosomal degradation and cell cycle arrest in the G1/S and G2/M
phases, followed by activation of caspase-3-mediated apoptosis in osteosarcoma cells (Lee et al.,
2009).
Curcumin is best known for its anti-inflammatory and anti-oxidative effects (Hewlings and
Kalman, 2017, Kloesch et al., 2013, Niu et al., 2013, Noorafshan and Ashkani-Esfahani, 2013). In
nasal epithelial cells infected with RSV, pre-treatment with Curcumin was found to reduce proinflammatory responses initiated by NFκB signaling pathways, resulting in decreased production
of IL-8 and RANTES (Obata et al., 2013). The downstream effects of XPO1-inhibition by
Curcumin have to be evaluated further but is quite likely to have a multi-pronged effect similar to
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KPT treatment leading to reduced viral replication by nuclear retention of the viral protein,
induction of antiviral responses, and reduction of inflammatory responses.

8.3 Conclusion
Targeting XPO1-mediated nuclear export is a promising therapeutic strategy against RSV and
potentially against several viruses that subvert or utilize this pathway during their lifecycle. The
main factor that must be kept in mind while disrupting the function of a host factor is that an
uninfected cell must be able to maintain its functioning. The designed specificity and selectivity
of KPT compounds make them ideal candidates currently available for targeting the function of
XPO1 as an antiviral strategy. KPT 335, the main compound evaluated in the present study was
the first chemotherapeutic against approved by the FDA for canine lymphoma, was proven
effective against influenza both in vitro and in vivo, and is effective against VEEV in vitro. This
study shows that KPT 335 is an effective antiviral agent against RSV as a therapeutic agent
effective at a low dose of 1 μM. It is a viable candidate that can exert the same effects as LMB
against RSV replication with reduced risk of toxic effects on cells.
Preliminary evaluation of selected naturally occurring XPO1 inhibitors carried out in the present
study provided a pipeline of candidates for future drug development. They were found to be
efficacious against RSV in varying degrees and exerted low cytotoxicity in Vero cells. Evaluation
of the effects of Curcumin on RSV replication showed that it exerted a multi-pronged antiviral
approach similar to KPT185 and KPT335, causing decreased viral protein expression, reduced
inflammation and cell cycle arrest, at least in part via a shared mechanism of XPO1 inhibition.
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8.4 Limitations and Future prospects
The aim of this project was to investigate the potential of XPO1 inhibitors, KPT 335, KPT 185
and natural XPO1 inhibitors, as novel therapeutic agents against RSV. The data described in this
thesis provide pre-clinical evidence of efficacy of these compounds. Brief limitations of this study
and the future directions to improve the study are described.
The data generated in during this project on the anti-RSV efficacy of KPT-335 and reported in
Chapters 3, 4, 5 in this thesis forms part of a collaborative research manuscript that was recently
published (Jorquera et. al, 2018). The project was funded with the objective of evaluating the in
vitro effects of KPT 335 against RSV in A549 and Vero cells, the subcellular localization of M in
the presence or absence of KPT 335 and the assessment of NFκB-dependent pro-inflammatory
cytokine expression in KPT 335-treated cells. Work reported in the manuscript provides important
additional information to that reported in this thesis and is referred to in appropriate sections below.
The results of Chapter 7 forms part of a research grant to look into the potential of natural XPO1
inhibitors as anti-RSV agents. Therefore, the investigation into the effect of XPO1 inhibition on
RSV replication was restricted to the specific requirements funded by the grants.
With regards to the controls used for the study, DMSO was used as the main control since it was
used as the vehicle to dissolve the XPO1 inhibitors, except for Valtrate which was dissolved in
ethanol. The effect of LMB on RSV-infected cells would have been an ideal comparator to
differentiate the effectiveness of KPT compounds or the naturally occurring XPO1-inhibitors.
Attempts to attain consistent results using LMB had failed during the study since the compound
was volatile and more sensitive compared to the other compounds used in this study.
Decrease in the amount of XPO1 was shown in both A549 and Vero cells on treatment with KPT
compounds. Previous literature has suggested proteasomal degradation of the inactive XPO1-KPT
complex followed by increased expression of XPO1 mRNA. To confirm whether proteosomal
degradation is induced through the neddylation pathway or through autophagy, the treated cells
can be analyzed for reduced levels of p62 (indicates autophagy) and increased expression of
polyubiquitin (indicates proteasomal degradation) (Saito et al., 2014).
The efficacy of KPT 335 against RSV replication is extensively characterized in this study using
two popular models of infection, A549 and Vero cells. Modelling the effect of XPO1 inhibition,
using synthetic or naturally-occurring inhibitors, on RSV disease in vivo would be an
indispensable step in the search for novel therapies. Rodent models such as inbred BALB/c mice
and cotton rats can be used to record progression of disease, viral load (which usually peaks by the
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fourth day and wanes by the eighth day), evaluation of inflammatory responses and toxicity of
treatment (Bem et al., 2011). In vivo models would provide information to support the preclinical
efficacy development of the XPO1 inhibitors.
Data presented in Chapters 4 and 7 have clearly shown that treatment with XPO1 inhibitors
significantly reduced viral titres, additional analysis of viral gene expression during the course of
treatment would indicate the impact of XPO1 inhibition on viral replication within a single or
multiple round of replication. The effect of natural XPO1 inhibitors on the amount of XPO1 in
treated cells and whether the interaction is reversible or irreversible is unknown. Previous studies
have shown that all of the compounds bind to the Cys528 but the nature of the interaction and
length of the effect has not been looked into ({Niu, 2015 #304{Niu, 2013 #305}(Murakami et al.,
2002, Watanabe et al., 2011)} Conditional mutations to the NES region of M protein could be used
to evaluate the impact of XPO1 inhibition to viral replication and further evaluate the role of M
protein in the nucleus. This would support the efficacy of XPO1 inhibitors against RSV (Chapters
4 and 7). Investigation of adaptive mutations in RSV in the presence of XPO1 inhibitors such as
KPT 185, KPT 335 or Curcumin would help determine mechanism of drug resistance. RSV-A2
would be serially passaged ten times in the presence of DMSO or the XPO1 inhibitor. The viral
titre, plaque morphology, nuclear retention of M protein, RNA sequences and cytokine expression
could be used to determine acquired mutations and their effect on the efficacy of the inhibitor
(Lundberg et al., 2016, Crochiere et al., 2015).
In vitro modelling of the effect of combined therapy with Ivermectin, a selective inhibitor of
importin α/β-mediated nuclear import, and KPT 335 or Curcumin could prove effective at potent
nuclear retention of M protein to the nucleus (Wagstaff et al., 2012). The highly conserved nature
of the subversion of nucleocytoplasmic transport by viral proteins make this virus–host interface
a prime candidate for the development of specific antiviral therapeutics in the future (Caly et al.,
2015). Generating an RSV strain resistant to selected XPO1 inhibitors, such as KPT 335 and
Curcumin, could be used to characterize viral replication through immunoplaque assays and
immunofluorescence analysis. Genotypic analysis may be carried out by sequencing relevant RSV
genes to identify any mutational change. The subcellular localization of molecular markers such
as TSPs, cyclin B1-CDK complexes, and NFκβ could be investigated using Western blotting
and/or immunofluorescence to evaluate their localization and potential impact on the host cell
during infection and/or treatment.
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Limited information is currently available on the subversion of the cell cycle by RSV. Further
evaluation of viral replication in cells treated with cell cycle inhibitors would provide valuable
information on the importance of specific stages of the cell cycle to RSV replication as well as
confirm the contribution of cell cycle effects of KPT 335 on RSV infection.
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Figure 11.1. Immunofluorescence assay of DMSO-treated cells.
Sub-confluent monolayers of A549 cells on coverslips in 12-well plates were infected at MOI =
0.5, viral inoculum was replaced with infection medium and incubated for 6 hours. The infected
cells were treated with 0.5 µM DMSO in infection medium. The cells were treated from 6 h.p.i to
18 h.p.i, the media was replaced with infection medium and incubated further until 48 h.p.i. The
cells were fixed in 4% formaldehyde, permeabilized using Triton-X 100 followed by incubation
in Goat Anti-RSV Antibody (Green). DAPI was used for nuclear staining (Blue). Digital images
of 0.5 µM sections were captured with Nikon Ti-Eclipse confocal system and NIS-AR Elements
software.
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Figure 11.2. Immunofluorescence assay of varying doses of KPT 185 in infection.
Sub-confluent monolayers of A549 cells on coverslips in 12-well plates were infected at MOI
= 0.5, viral inoculum was replaced with infection medium and incubated for 6 hours. The
infected cells were treated with KPT 185 compounds (500 μl per well) at concentrations from
100 μM to 0.01 μM in infection medium. The cells were treated from 6 h.p.i to 18 h.p.i, the
media was replaced with infection medium and incubated further until 48 h.p.i. The cells were
fixed in 4% formaldehyde, permeabilized using Triton-X 100 followed by incubation in Goat
Anti-RSV Antibody (Green). DAPI was used for nuclear staining (Blue). Digital images of 0.5
µM sections were captured with Nikon Ti-Eclipse confocal system and NIS-AR Elements
software.
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Figure 11.3. Immunofluorescence assay of varying doses of KPT 335 in infection.
Sub-confluent monolayers of A549 cells on coverslips in 12-well plates were infected at MOI
= 0.5, viral inoculum was replaced with infection medium and incubated for 6 hours. The
infected cells were treated with KPT 185 compounds (50 0μl per well) at concentrations from
100 μM to 0.01 μM in infection medium. The cells were treated from 6 h.p.i to 18 h.p.i, the
media was replaced with infection medium and incubated further until 48 h.p.i. The cells were
fixed in 4% formaldehyde, permeabilized using Triton-X 100 followed by incubation in Goat
Anti-RSV Antibody (Green). DAPI was used for nuclear staining (Blue). Digital images of 0.5
µM sections were captured with Nikon Ti-Eclipse confocal system and NIS-AR Elements
software.
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Infectious diseases are a major global concern and despite major advancements in
medical research, still cause significant morbidity and mortality. Progress in antiviral
therapy is particularly hindered by appearance of mutants capable of overcoming the
effects of drugs targeting viral components. Alternatively, development of drugs targeting
host proteins essential for completion of viral lifecycle holds potential as a viable strategy
for antiviral therapy. Nucleocytoplasmic trafficking pathways in particular are involved
in several pathological conditions including cancer and viral infections, where hijacking
or alteration of function of key transporter proteins, such as Chromosome Region
Maintenance1 (CRM1) is observed. Overexpression of CRM1-mediated nuclear export
is evident in several solid and hematological malignancies. Interestingly, CRM1-mediated
nuclear export of viral components is crucial in various stages of the viral lifecycle and
assembly. This review summarizes the role of CRM1 in cancer and selected viruses.
Leptomycin B (LMB) is the prototypical inhibitor of CRM1 potent against various cancer
cell lines overexpressing CRM1 and in limiting viral infections at nanomolar concentrations
in vitro. However, the irreversible shutdown of nuclear export results in high cytotoxicity
and limited efficacy in vivo. This has prompted search for synthetic and natural CRM1
inhibitors that can potentially be developed as broadly active antivirals, some of which
are summarized in this review.
Keywords: CRM1, CRM1 inhibitors, CRM1-mediated nuclear export, CRM1 in cancer, CRM1-mediated export of
viral proteins

INTRODUCTION
Overview
Despite concerted effort, spearheaded by the World Health Organization (WHO), the number of
deaths caused by infectious diseases is falling slowly. In 1990, an estimated 13 million people died
from communicable diseases, including viral, bacterial, parasitic and nematode infections. There
has been only a marginal drop in number of deaths from infectious disease in 2015 and is forecast
to be around 13 million even in 2030 (WHO, 2011). Clearly, there remains a need for continuing
drug development.
A major stumbling block in antiviral therapy is the emergence of escape mutants that frequently
follows strategies that target viral components (Endy and Yin, 2000). A better, more effective,
strategy would be to target an essential host protein that is exploited by diverse viruses; however,
this has the associated risk of high cytotoxicity. The challenge is to develop a drug that is effective
against numerous viruses, including emerging and re-emerging viruses, with minimal cytotoxicity
(Hung and Link, 2011; Bekerman and Einav, 2015).
Regulated, appropriate translocation and subcellular localization of proteins is essential for
regulation of replication, transcription, and translation (Weis, 2003). Dysregulation of this system
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is observed in several pathological conditions including cancer
and viral infections (Weis, 2003; Hung and Link, 2011; Le
Sage and Mouland, 2013). Chromosome Region Maintenance1
(CRM1), a nuclear transporter protein, mediates the export of
around 220 proteins and mRNA across the nuclear envelope
(NE), and is involved in regulation of processes involved with
proliferation including cell cycle progression and apoptosis (Xu
et al., 2012). CRM1 is a key protein overexpressed in several
solid and hematological malignancies where mislocalization of
tumor suppressor proteins promotes malignancy and tumor
progression (Hung and Link, 2011). CRM1 is also utilized by
viruses at various stages of their lifecycle to mislocalize cellular
proteins as well as ensure appropriate localization of viral
proteins (Le Sage and Mouland, 2013). Given that viruses of
diverse families, e.g., retroviruses, DNA and RNA viruses exploit
or modulate CRM1-mediated nuclear export, effective targeting
of CRM1 would lead to a broadly effective drug potentially active
against current and future virus infections.

NUCLEOCYTOPLASMIC TRANSPORT
Spatial partition of the nucleoplasm from the cytoplasm by
the NE in the eukaryotic cell allows cellular functions to
be restricted to specialized organelles and enables a multilayered functional regulation of fundamental cellular processes,
such as DNA synthesis, RNA transcription/transport, protein
translation/maturation, cell division and signal transduction
(reviewed in Weis, 2003; Talamas and Capelson, 2015). The
double membrane structure of the NE contains numerous
nuclear pore complexes (NPC) that are the only conduit
of macromolecular trafficking between the nucleus and the
cytoplasm. Consisting of a central core structure with nuclear and
cytoplasmic extensions, the NPC is a highly selective molecular
sieve that regulates bidirectional transport of macromolecules
larger than 60 kDa (Mattaj and Englmeier, 1998; Gorlich and
Kutay, 1999). Although passive flux of molecules <55 kDa can
occur, most transport through the NPC is mediated by members
of the karyopherin superfamily, which recognize nuclear
localization sequences (NLSs) or nuclear export sequences
(NESs) on cargo molecules for transport into and out of the
nucleus, respectively. Shuttling transport receptors mediate all
cargo transport and operate via similar mechanisms. Initiated by
the recognition of the signaling motifs (NLS or NES) on cargo
molecules, the shuttling transport receptors, such as importins
and exportins, carry out nucleocytoplasmic exchange from
the originating compartment to the target destination. Upon
delivery, the empty receptors cycle back to mediate additional
rounds of transport (Gorlich and Mattaj, 1996; Mattaj and
Englmeier, 1998; Khmelinskii et al., 2014).

Nuclear Import
Nuclear import includes sequential docking/undocking events
between the cargo/importin complex and the membraneimbedded NPC, followed by the disassociation of the complex
in the nucleoplasm, where the binding of RanGTP to importin
releases it from the transport complex (Gorlich and Mattaj, 1996;
Macara, 2001; Terry et al., 2007; Chumakov and Prassolov, 2010).

Frontiers in Microbiology | www.frontiersin.org

CRM1 Inhibitors for Antiviral Therapy

Nuclear Export
Nuclear export is essentially the same as nuclear import,
in the opposite direction; with the main difference that
RanGTP is an integral component of the complex in nuclear
export, transporting the cargo/exportin from the nucleus to
the cytoplasm (Figure 1). One of the most well characterized
exportins is (CRM1; also, referred to as Exportin1 or XPO1).
CRM1 binds to cargoes in the nucleus in the presence of
RanGTP via a NES composed of a cluster of leucine (L)-rich or
hydrophobic amino acids. After transit the hydrolysis of RanGTP by RanGAP (a GTPase) disassembles the trimeric complex
and CRM1 re-enters the nucleus (Figure 1; Gorlich and Mattaj,
1996; Macara, 2001; Hutten and Kehlenbach, 2007; Chumakov
and Prassolov, 2010; Xu et al., 2012).

CRM1
Chromosome Region Maintenance1 (CRM1) architecture is
conserved across species including humans, mice, fungi and
yeast (Fung and Chook, 2014). CRM1 is a 120 kDa ring-shaped
karyopherin protein composed of 21 tandem HEAT repeats,
designated H1-H21, containing a pair of anti-parallel helices A
and B that form the outer convex and inner concave surfaces
(Dickmanns et al., 2015). The NES-binding groove on the surface
of CRM1 is located between H11 and H12. CRM1 binds to
protein cargoes at its outer convex surface by anchoring to
key hydrophobic residues in the NES peptide into the NESbinding groove, unlike importins which bind with residues on
their inner surface. Conformational changes involving H21 and
H9 loop (a long conserved loop that connects H9A and H9B)
are key structural elements crucial for CRM1 function. CRM1
adopts a ring-shaped structure with its N- and C-terminal HEAT
repeats in close proximity which compacts further on forming a
complex with the cargo and Ran GTP. In the unliganded state
the H9 loop, which connects H9A and H9B, brings the helices
H11A and H12A closer to each other and cuts off access to the
NES groove. In addition, H21 crosses the CRM1 ring, interacts
with both the H9 loop and the NES binding groove to render
CRM1 inactive. In the CRM1-cargo-Ran GTP complex, H21
aligns itself with the CRM1 ring and the H9 loop adopts a betahairpin structure which displaces it from the NES binding groove.
These conformational changes are crucial for the functioning
of CRM1 whereby it adopts three conformations including an
inactive ligand-free state with a closed NES groove, an active
NES and RanGTP-bound state with an open groove and an
intermediate NES bound (without RanGTP) state. The cysteine
residue located within the hydrophobic NES-binding region at
position 528 is the prime target for most CRM1 inhibitors
including leptomycin B (LMB) (Petosa et al., 2004; Monecke
et al., 2009; Sun et al., 2013; Fung and Chook, 2014; Turner et al.,
2014).

Functions
Among the seven known nuclear export proteins in the
Karyopherin family, CRM1 is the best characterized nuclear
exporter. CRM1 is the sole nuclear exporter of several cellular
growth and survival factors including proteins and RNA.
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FIGURE 1 | Nuclear export. Nuclear export is initiated by the recognition of an NES-carrying cargo by CRM1 and formation of a tricomplex with RanGTP. This is
followed by sequential docking and undocking events at the NPC. After translocation into the cytoplasm the tricomplex is dissociated by the hydrolysis of RanGTP to
RanGDP by RanGAP. The released CRM1 protein returns to the nucleus and repeats the process.

CRM1-mediated transport mediates cell proliferation through
several pathways (Figure 2). (i) The subcellular localization
of NES-containing oncogenes and tumor suppressor proteins
involved in regulating cell division, controlling apoptotic
pathways, and maintain genomic integrity by recognizing and
repairing DNA damage. Many of these regulatory proteins
are mislocalized in a large variety of tumors (Turner et al.,
2014; Sun et al., 2016). (ii) The control of mitotic apparatus
and chromosome segregation through the regulated export
of centrosome-associated proteins. For instance, inhibition
of nucelophosmin by LMB results in its dissociation from
centrosomes and premature centrosome duplication (Wang
et al., 2005). BRCA1, a tumor suppressor protein commonly
mutated in breast and ovarian cancer, stimulates DNA repair
at the nucleus and inhibits centrosomal duplication in response
to DNA damage (Arnaoutov et al., 2005; Nguyen et al., 2012).
Disruption of CRM1-mediated export blocks the localization
of BRCA1 at the centrosome and results in failure for cells to
detect DNA damage (Brodie and Henderson, 2012). (iii) crm1
yeast mutants had altered chromosomal structures that appeared
as rod-like thickened fibers suggesting a role for CRM1 in
maintenance of chromosomal and nuclear structures (Toda et al.,
1992). In addition, abnormal nuclear morphology and cell cycle
arrest at both G1 and G2 phases were observed in leptomycintreated yeast (Nishi et al., 1994). CRM1 levels remain constant
throughout the cell cycle and it is mainly localized to the NE
in highly specialized cellular bodies called CRM1 nuclear bodies
(CNoBs) that depend on RNA polymerase1 activity, suggesting a
role in ribosome biogenesis (Gravina et al., 2014).
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The structure and functions of CRM1 are dealt with in detail
in several excellent reviews and will not be discussed further in
this review.

CRM1 IN CANCER
Shuttling regulatory proteins into and out of the nucleus is
essential for regulation of cell cycle and proliferation. Cancer
cells utilize nucleocytoplasmic trafficking pathways to stimulate
tumor growth and to evade apoptosis (Gravina et al., 2014).
There are numerous studies showing that protein up-regulation,
or RNA/DNA amplification of importin and/or CRM1, correlates
with neoplasia and poor prognosis (Senapedis et al., 2014).
CRM1 is the sole nuclear exporter of several tumor supressor
proteins and growth regulatory proteins including p53, p21, p73,
Rb1, Adenomatous polyposis coli (APC), BCR-ABL, FOXO, and
STAT3 (Parikh et al., 2014; Turner et al., 2014; Sun et al., 2016).
Nuclear export of tumor suppressor proteins in normal cells
prevents them from interacting with transcription factors in the
absence of DNA damage or oncogenic stimuli (Parikh et al.,
2014).
Overexpression of CRM1 is observed in solid and hematologic
malignancies (Turner and Sullivan, 2008; Parikh et al., 2014; Das
et al., 2015). Overexpression of CRM1 results in mislocalization
of regulatory factors away from their original site of action in
the nucleus and disrupts DNA topology, tumor suppression,
cell cycle, and apoptosis (Turner et al., 2012a). This promotes
malignancy, evasion of apoptosis and immune detection, and
develops drug resistance.
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FIGURE 2 | Function of CRM1-mediated export and its significance in cancer. The illustration summarizes some of the key proteins, including tumor suppressor
proteins, cell cycle regulators, mediators of cell proliferation and apoptosis, proteins involved in maintenance of chromosomal and nuclear structures and others,
regulated by CRM1-mediated nuclear export and their role in several solid and/or hematological malignancies. Abbreviations. APC, Adenomatous Polyposis Coli;
ATF2, Activating transcription factor 2; BCR-ABL, Breakpoint Cluster Region/Abelson murine leukemia viral oncogene homolog 1 Bok, Bcl-2 related ovarian killer;
BRCA1-Early Onset Breast Cancer 1; CIP2A, Cancerous Inhibitor of PP2A; ERα, Estrogen Receptor; ERK, Extracellular signal-Regulated Kinases; FOXO, Forkhead
family of transcription factors; HMGB1, High Mobility Group Box 1; Hsp90, Heat Shock Protein 90; RASSF2, Ras association (RalGDS/AF-6) domain family member
2; RB, Retinoblastoma; RUNX3, Runt-related transcription factor 3; Tob, Transducer of ErbB-2.

Mutations in tumor suppressor proteins also result in
mislocalization as it disrupts its ability to bind to CRM1 and
exit the nucleus for proteosomal degradation. Overexpression of
CRM1 in cervical cancer cell lines reduced the nuclear retention
of several tumor suppressors including p53, p27, p21, and p18.
siRNA-induced inhibition of CRM1 in cervical cancer cell lines
significantly reduced proliferation and promoted cell death, while
non-cancer cells remained unaffected (van der Watt et al., 2009).
Mutations in some cancer-associated proteins produce
truncated products lacking NES or with reduced capability to
bind to CRM1, resulting in increased nuclear retention (Lu et al.,
2015). For instance, APC is a tumor suppressor protein that
regulates β-catenin, a major component of the Wnt signaling
pathway, and suppresses tumor progression. In a normal cell,
APC chaperones β-catenin and promotes its CRM1-mediated
export into the cytoplasm where β-catenin level is regulated
by degradation. Mutations in APC gene cause malignant colon
cancer and the intestinal polyp disorder familial adenomatous
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polyposis (Powell et al., 1992). The mutated APC accumulates in
the nucleus, becomes less efficient in binding to β-catenin and
retards CRM1-mediated export thereby promoting oncogenic
cellular transformation (Powell et al., 1992; Henderson, 2000).
Chromosome Region Maintenance1 (CRM1) is therefore a
promising cancer drug target, and the use of small molecule
inhibitors of CRM1 for a variety of cancers has been reviewed
in detail (Turner et al., 2012a, 2014; Gravina et al., 2014; Parikh
et al., 2014; Senapedis et al., 2014; Tan et al., 2014; Das et al., 2015)
and will not be discussed further.

CRM1 IN VIRAL INFECTIONS
Chromosome Region Maintenance1 (CRM1) has a key role
in viruses from diverse families, including retroviruses,
orthomyxoviruses, paramyxoviruses, flaviviruses, coronaviruses,
rhabdoviruses, and herpesviruses. CRM1-mediated export is coopted by many viruses during various stages of the viral lifecycle.
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Interruption of CRM1-mediated export results in changes in
virion protein expression, virion replication, incomplete viral
assembly, reduced infectivity, and improved antiviral host
immune responses (Elton et al., 2001; Pasdeloup et al., 2005; Cao
and Liu, 2007; Sanchez et al., 2007; Ghildyal et al., 2009; Cao
et al., 2012; Liu et al., 2012; Nakano and Watanabe, 2016). In the
following sections, we review the utilization of CRM1 and its role
in the lifecycle of representative viruses from selected families.

Human Immunodeficiency Virus Type 1
(HIV-1)
A member of the family Retroviridae, HIV-1 encodes nine genes
arranged as a series of 12 alternatively spliced exons (Kimura
et al., 1996). Retroviral replication requires translation of fully
spliced mRNA encoding Tat, Rev, and Nef proteins early in
infection followed by cytoplasmic expression of a set of latephase unspliced or partly spliced mRNAs encoding structural
and accessory proteins (Kimura et al., 1996; Najera et al., 1999).
HIV Rev protein is a 19 kDa phosphoprotein that mediates
controlled expression of 4 and 9 kb retroviral mRNAs (encoding
the vif, vpr, and vpu/env genes and the gag/pol gene, respectively)
in the nucleus (Najera et al., 1999; Fontoura et al., 2005). Rev
protein carries an NLS peptide enabling translocation into the
nucleus, an RRE-binding (Rev response element) domain that
binds to the unspliced mRNA, as well as an “activation” domain
which contains the NES peptide which allows shuttling of the
transcripts into the cytoplasm using CRM1-mediated export
(Table 1; Kimura et al., 1996; Wolff et al., 1997; Najera et al., 1999;
Urcuqui-Inchima et al., 2011). The binding of Rev to unspliced
transcripts carrying the RRE creates an RNP filament with the
NES displayed on the surface and provides a transient “tag” which
directs to CRM1 (Najera et al., 1999).
HIV-1 Rev is an indispensable regulatory factor for virion
protein expression (Cao and Liu, 2007). The unspliced and
partially spliced mRNA will be degraded in the absence of
Rev, resulting in interruption of HIV-1 replication at the same
time (Cao and Liu, 2007). CRM1-assisted export of gag mRNA
enables efficient processing of Gag proteins and production
of viral particles (Nagai-Fukataki et al., 2011). Disruption of
the Rev RRE-CRM1 complex and inhibition of CRM1/Revmediated viral RNA transport using CRM1 inhibitors, such as
LMB, ratjadone A (Fleta-Soriano et al., 2014), and a synthetic
low molecular weight compound PKF050-638 (Daelemans et al.,
2002) arrests transcription of HIV-1, inhibits the production of
new virions and reduces HIV-1 levels (Urcuqui-Inchima et al.,
2011; Perwitasari et al., 2014).

Human T-Cell Leukemia Virus Type-1
(HTLV-1)
Belonging to the genus Deltaretrovirus of the Retroviridae
family, HTLV-1 causes adult T-cell leukemia, HTLV-1 associated
myelopathy/tropical spastic paraparesis and HTLV-1 uveitis.
After HTLV-1 entry, the viral genomic RNA is reversetranscribed and integrated into the host genome. HTLV-1
genomic RNA encodes more than 10 viral proteins and has three
alternatively-spliced forms of viral mRNAs that are unspliced
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(encodes Gag, Pro, and Pol proteins), singly (partially)-spliced
(encodes Env) and doubly (fully)-spliced (encodes accessory
proteins, such as Tax, Rex, P30II, p12, and p13). The viral
mRNA from the provirus for the first round of transcription
is completely spliced to tax/rex mRNA by the cellular splicing
machinery. Tax stimulates gradual accumulation of Rex in the
nucleus which in turn permits Rex-mediated nuclear export of
unspliced and partially spliced viral RNA into the cytoplasm
(Younis and Green, 2005; Knipe and Howley, 2013; Nakano and
Watanabe, 2016).
Similar to the HIV-1 Rev protein, HTLV-1 Rex protein
recognizes the Rex Responsive Element (RxRE) on the mRNAs
to form a Rex-viral mRNA complex for selective nuclear-export
using CRM1 (Table 1) (Nakano and Watanabe, 2016). Unlike the
RRE in HIV-1 mRNAs, RxRE is in all HTLV-1 mRNAs but they
differ in nuclear export efficiency by Rex (Nakano and Watanabe,
2016). Rex is indispensable for efficient viral replication, infection
and spread since it is considered to regulate the switch between
the latent and productive phases of the HTLV lifecycle (Younis
and Green, 2005). Without a functional Rex, viral structural and
enzymatic post-transcriptional gene expression would be severely
repressed and lead to non-productive viral replication (Younis
and Green, 2005).

Influenza
The family Orthomyxoviridae consists of negative sense, singlestranded, segmented RNA viruses, influenza being the prototypic
virus. The replication cycle of orthomyxoviruses consist of
attachment, receptor-mediated endocytosis followed by release
of the viral ribonucleoprotein (vRNP) in the cytoplasm. The
vRNP is then imported into the nucleus where it undergoes
transcription and replication. The newly formed vRNPs are
exported to the plasma membrane to complete assembly of
viral particles and budding (Knipe and Howley, 2013) The
RNA genome of influenza virus encodes 11 viral proteins.
The transmembrane proteins hemagglutinin, neuraminidase and
M2 protein on the viral envelope assist in attachment and
penetration, as well as M2 protein-mediated release of the vRNP
into the cytoplasm. The vRNP consists of the (−)ssRNA, three
polymerase proteins (PB1, PB2, and PBA) that form the viral
RNA polymerase complex (3P) and nucleoprotein (NP). Nuclear
import of the vRNP is facilitated using importin-α (Imp-α).
Following transcription and replication in the nucleus, newly
synthesized RNA is complexed with NP to form new vRNPs;
reviewed in Nayak et al. (2004) and Boulo et al. (2007).
Transport of the vRNP into the cytoplasm is coordinated by
the NES-containing viral nuclear export protein (NEP). NEP,
formally called NS2, utilizes the CRM1-mediated nuclear export
pathway to transport the viral core to the assembly site at the
plasma membrane (Table 1; Elton et al., 2001; Boulo et al.,
2007; Perwitasari et al., 2014). This is a critical step for the
formation of mature viral particles and is conserved in influenza
A, B and C strains (Paragas et al., 2001; Paterson and Fodor,
2012). In addition to NEP, the viral matrix protein (M1) and
NP also play important roles in this step. Absence of either
protein results in retention of vRNPs in the nucleus (Bui et al.,
2000; Neumann et al., 2000). CRM1 silencing resulted in reduced
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Peumoviridae

Flaviviridae

Respiratory Syncytial Virus
(RSV)

Dengue Virus

Herpesviridae

Orthomyxoviridae

Influenza

Human cytomegalovirus
(HCMV)

Retroviridae

Human T-cell leukemia virus
type-1 (HTLV-1)

Rhabdoviridae

Retroviridae

Human immunodeficiency
virus type 1 (HIV-1)

Rabies Virus

Family

Virus

dsDNA

(−)ssRNA

(+)ssRNA

(−)ssRNA

(−)ssRNA

ssRNA

ssRNA

Genome

TABLE 1 | Role of CRM1-mediated nuclear export in viral lifecycles.

Matrix protein
phosphoprotein 65
(pp65)

P protein

NS5 protein

Matrix protein

Nuclear export protein
(NEP)

Rex

Rev

Viral protein

Retards viral replication.

Reduced pathogenicity due to loss of
capability to evade host antiviral interferon
responses.

Disrupts viral assembly.

Altered virus production and decreased
expression of antiviral chemokine IL8.

Reduces viral titer.

Interferes with its interaction with viral
components in the cytoplasm and
disrupts virus assembly.

Decreased proinflammatory cytokine
expression.

Nuclear retention of vRNP.
Reduces lung influenza virus burden.

Inhibits Rex-mediated export of tax/rex
RNA. Absence of Tax and Rex proteins
causes HTLV-1 infection to be abortive
and reduce viral titre.

Reduced Rev-dependent trafficking and
had an inhibitory effect on virus assembly,
packaging and budding.

Effect of LMB

Retards the expression of both MHC
class 1 and II molecules thus crippling
viral recognition by both CD4 and
CD8 T Helper cells.

Phosphorylates the viral
immediate-early proteins and protects
them from being recognized by the
host immune system.

Inhibits both type I and II IFN
responses, enables stable viral
replication and determines
neuroinvasion.

Modulation of host antiviral
responses, particularly IL-8 induction,
and viral replication.

Host genome silencing, viral
assembly and budding.

Mediates translocation of viral
ribonucleoproteins (vRNP) into the
cytoplasm.

Translocation of Rex-viral mRNA
complex.

Translocation of unspliced and
partially spliced mRNA.

Viral protein function
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viral replication, lung viral load and proinflammatory cytokine
expression (Watanabe et al., 2001; Perwitasari et al., 2014).

Respiratory Syncytial Virus (RSV)
Reclassified under the newly formed Pneumoviridae family,
formerly under Paramyxoviridae, RSV is the major causative
agent of lower respiratory tract infections among infants,
immunocompromised and elderly with no approved antiviral
therapy or vaccines (Simoes et al., 2015; Afonso et al., 2016).
RSV consists of a nucleocapsid core, wherein the RNA genome
is tightly encapsulated by nucleocapsid proteins and the viral
polymerase complex, contained within a lipid bilayer envelope.
RSV infection is initiated when the large glycoprotein G facilitates
attachment of the virion to the host membrane followed by
fusion of the viral envelope with the host membrane mediated
by the viral F protein. The nucleocapsid core is then released
into the cytoplasm where the virus-encoded polymerase complex
formed by L and P proteins, direct the transcription of the
(−)ssRNA genome to generate the primary mRNA transcripts,
which are then translated into viral proteins (Ghildyal et al., 2006,
2009). The Matrix (M) protein possesses both NLS and NES
sequences that enable it to shuttle in and out of the nucleus in
the early and late stages of infection using importin β (Imp-β)
and CRM1, respectively. At the early stages of viral replication
[about 5–6 h post infection (h.p.i)], the newly-synthesized M
protein translocates into the nucleus via the action of the nuclear
transport protein Imp-β and accumulates in the nucleus up to 16
h.p.i (Ghildyal et al., 2006, 2009; Bajorek et al., 2014).
Specific inhibition of CRM1-mediated nuclear export by
LMB increased nuclear accumulation of M protein and reduced
virus production (Table 1). In addition, mutations in the CRM1
recognition site prevented successful nuclear export of M protein,
which eventually halted virus production due to the failure of M
protein to localize at the assembly sites. This shows that timely
CRM1-dependent nuclear export of M protein is central to RSV
infection (Ghildyal et al., 2006, 2009, 2012; Bajorek et al., 2014).

Dengue Virus
Dengue viruses are the major causative agents of arthropodborne viral diseases, such as dengue fever and dengue
hemorrhagic fever. A member of the Flaviviridae family,
the dengue virus (+)ssRNA genome encodes ten viral
proteins including three structural proteins (capsid, premembrane/membrane, and envelope) and seven non-structural
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins (Knipe
and Howley, 2013).
Following adsorption, the virus is internalized via receptormediated endocytosis. The acidic pH of the endosome promotes
fusion of the viral endosomal membranes and allow the release
and uncoating of the viral nucleocapsid into the cytoplasm.
The RNA genome is then translated and replicated in the
cytoplasm. Viral assembly is conducted at the endoplasmic
reticulum following several rounds of translation followed by
maturation of the virion in the Golgi apparatus; reviewed in
Clyde et al. (2006) and Knipe and Howley (2013).
The NS5 protein is the largest and highly conserved among
dengue NS proteins. It localizes both in the cytoplasm and
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nucleus. The N terminal domain of NS5 carries out two
biochemically distinct methylation reactions for RNA capping
and the C terminal domain has an RNA-dependent RNA
polymerase activity required for synthesis of the viral genome
in the cytoplasm; reviewed in Lim et al. (2015). DENV-2 NS5
possesses two NLSs that are capable of binding Imp-α/β and
Imp-β, respectively (Pryor et al., 2007). It also carries an NES
sequence that interacts with CRM1 (Table 1; Pryor et al., 2006).
The bidirectional transport of NS5 has been shown to be critical
for modulation of host antiviral responses, particularly IL-8
induction, and viral replication. Inhibition of CRM1 in dengue
virus type-2 infections resulted in nuclear accumulation of NS5,
reduced IL-8 induction and altered viral replication kinetics
(Pryor et al., 2006; Rawlinson et al., 2009).

Rabies Virus
Rhabdoviridae consist of a morphologically distinct group of
enveloped ss(−)RNA viruses with an elongated rod-like or bulletlike shape. Rabies virus ss(−)RNA genome encodes five viral
proteins and replicates entirely in the host cell cytoplasm. The
nucleoprotein (N), the large protein (L) and the phosphoprotein
(P) enclose the genome to form the virion core that is
further enclosed by the matrix (M) protein followed by a viral
envelope embedded with glycoprotein (G). L and P form an
RNA-dependent RNA polymerase complex and are involved in
viral transcription and replication. The rabies virus P protein
also acts as a regulatory protein that antagonizes interferonmediated antiviral responses of the host cell (Knipe and Howley,
2013).
The P protein is expressed as five isoforms P1 to P5. The
nucleocytoplasmic localization of these P isoforms is dependent
on the activity of the NES and NLS sequences located at the
N- and C-terminals, respectively. P1 and P2 carry the dominant
CRM1-dependent NES while P3–P5 carry a truncated version
of NES allowing NLS to become the primary localization signal.
This results in P1 and P2 being localized in the cytoplasm while
P3–P5 are nuclear. (Table 1; Pasdeloup et al., 2005; Oksayan et al.,
2012). NES of P protein is conserved throughout the Lyssavirus
genus (Pasdeloup et al., 2005). P protein-mediated antagonism of
interferon production in the host cell has been shown to play a
major role in neuroinvasion and infection of peripheral nerves as
it is essential for stable viral replication (Yamaoka et al., 2013). In
normal cells, the phosphorylation of STAT1 enables it to localize
in the nucleus and regulate gene expression. P protein inhibits the
phosphorylation, nuclear translocation and DNA binding activity
of STAT1 resulting in inhibition of both type I and II interferon
responses (Vidy et al., 2007). In addition, P protein interferes with
the phosphorylation of interferon regulatory factor 3 (IRF-3)
to retard interferon production (Brzozka et al., 2005). Thus, P
protein interaction is critical to rabies pathogenicity. Interplay
between the NLS and NES sequences on P protein in combination
with the phosphorylation and dephosphorylation of the signal
peptides regulate the localization of the viral protein (Gupta
et al., 2000; Pasdeloup et al., 2005). The complex interaction of
P protein with the host cell trafficking machinery ensures success
of infection and suppression of host antiviral responses (Oksayan
et al., 2012).
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Human Cytomegalovirus (HCMV)
Herpesviruses are highly disseminated in nature with hosts
ranging from bivalves to humans. Named after their
characteristic icosahedral architecture, a typical herpesvirus
consists of an outer envelope, tegument or matrix layers, and
a capsid enclosed dsDNA genome (Knipe and Howley, 2013).
Human cytomegalovirus, the largest member of the herpesvirus
family, is the most significant cause of congenital disease. The
virion is composed of a glycoprotein embedded host-derived
envelope that encloses the tegument layer and the viral core
composed of the icosahedral protein capsid and a dsDNA
genome. Viral gene expression takes place in three stages:
immediate-early, early and late stages. The tegument (or matrix)
layer, lies beneath the envelope and above the viral capsid, is
composed of nearly 32 proteins that conduct a range of functions
including host cell response and orchestrating viral assembly.
These matrix proteins are added to the nucleocapsid partly in
the nucleus and partly in the cytoplasm during viral maturation.
In the early stages of infection, tegument proteins associate with
microtubules and the NPC to deliver the viral genome into the
nucleus. In the final stages of infection these proteins coordinate
stabilization of the nucleocapsid, trafficking from the nucleus,
assembly at the plasma membrane and budding (Kalejta, 2008;
Knipe and Howley, 2013).
Many tegument proteins are conserved across herpesviruses
and are highly immunogenic. The lower matrix protein
phosphoprotein 65 (pp65) is the most abundant tegument
protein and a prominent target for MHC class I–restricted CD8
and MHC class II CD4 T-cell responses (Frankenberg et al.,
2012; Knipe and Howley, 2013). Pp65 localizes in the nucleus
immediately after viral entry and carries out immune evasion
tactics. Pp65 acts on two fronts, on one side it phosphorylates
the viral immediate-early proteins and thereby protects them
from being recognized by the host immune system (Gilbert et al.,
1996). Pp65 also retards the expression of both MHC class 1 and
II molecules thus crippling viral recognition by both CD4+ and
CD8+ T cells (Odeberg et al., 2003; Frankenberg et al., 2012).
Pp65 also retards the host interferon response, particularly type
1 interferon response, reducing expression of interferon beta
and other cytokines (Abate et al., 2004). Disruption of CRM1medited export of pp65 resulted in its nuclear retention and
decreased viral replication (Sanchez et al., 2007). During the lytic
stage of the viral cycle, pp65 utilizes CRM1-mediated transport
to shuttle into the cytoplasm (Table 1; Sanchez et al., 2007;
Frankenberg et al., 2012). Another key function of pp65 is to
inhibit natural killer cell cytotoxicity by directly binding to the
activation receptor NKp30 (Arnon et al., 2005).
Another tegument protein UL94 is a late protein carrying both
NLS and CRM1-dependent NES sequences. Mutation in these
sequences disrupted its intracellular localization and upset its
shuttling function (Liu et al., 2012). Other tegument proteins
play crucial roles during infection including transcription
of the genome (pp71, ppUL35, ppUL69, UL47, and UL48),
translocation of maturing nucleocapsids from the nucleus to the
cytoplasm (pp150 and pp28), modifying host cell response to
infection (pIRS1/pTRS1), interfering with host cell cycle (pp71,
ppUL69, and UL97) and optimize the nuclear environment for
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viral replication; reviewed in Kalejta (2008) and Knipe and
Howley (2013).

LEPTOMYCIN B AND SYNTHETIC
INHIBITORS
Inhibition of nucleocytoplasmic transport by natural and
synthetic products has been pursued as a therapeutic avenue in
cancer based on a number of biologic observations (Niu et al.,
2015). Several small molecule inhibitors of CRM1 have been
developed and tested against a variety of neoplasms, primarily in
vitro. These targeted therapies work, at least in part, by forcing
nuclear accumulation of tumor suppressor proteins that are
mislocalized or expressed at abnormal levels in cancer cells, to
initiate cascades of apoptosis (Niu et al., 2015). The successful
application of CRM1 inhibitors against cancer gives support to
their potential as antiviral agents.

Leptomycin B: The Prototypical CRM1
Inhibitor
Leptomycin B (LMB; also known as elactocin, mantuamycin,
and NSC 364372) is a polyketide isolated from Streptomyces and
the first specific inhibitor of CRM1 to be discovered (Mutka
et al., 2009; Turner et al., 2012a). It rapidly induces cytotoxic
effects in cancer cell lines via covalent inhibition of CRM1
(IC50 value 0.1–10 nM) (Mutka et al., 2009). Its nanomolar
potency stems from a highly specific binding to Cys528 via
a Michael-type addition and subsequent inhibition of CRM1mediated export from the nucleus (Kudo et al., 1998, 1999).
Its clinical development was discontinued midst a single phase
1 trial in mouse tumor models due to significant toxicity
(anorexia and malaise) without apparent efficacy (Newlands
et al., 1996).

Mechanism of Action
Leptomycin B (LMB) is chemically defined as 19-[(2S,3S)-3,6dihydro-3-methyl-6-oxo-2H-pyran-2-yl]-17-ethyl-6-hydroxy3,5S,7S,9R,11,15R,hexamethyl-8-oxo-2E,10E,12E,16Z,18Enonadecapentaenoic acid. It is a polyketide with a
α,β-unsaturated d-lactone portion that covalently binds
through Michael addition to the Cys528 in the CRM1 NES
groove (or Cys529 in Saccharomyces pombe). Binding with LMB
initially forces CRM1 to remain in a half open conformation.
This is followed by hydrolysis of the lactone group of LMB in
the presence of basic amino acid residues in the NES groove and
thereby stabilizes the interaction making it irreversibly bound to
CRM1 (Figure 3; Kudo et al., 1998). The persistent shutdown
of CRM1 mediated nuclear export and off target activity are
possibly the reasons why it is highly deleterious to the cell
(Newlands et al., 1996; Fung and Chook, 2014; Perwitasari et al.,
2014). LMB has been shown to block the export of influenza viral
ribonucleoproteins (vRNP) containing the (−)ssRNA genome,
nucleoprotein and polymerases, from the nucleus into the
cytoplasm and thereby inhibit influenza replication (Perwitasari
et al., 2014). Table 1 lists some of the outcomes of LMB treatment
in cells infected with selected viruses.
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FIGURE 3 | CRM1-inhibition by Leptomycin B. Leptomycin B binds to CRM1 at Cys528 residing in its NES-binding groove and inhibits the binding of the cargo to
CRM1.

Side Effects
Leptomycin B (LMB) binds covalently to Cys528 located in the
NES-binding groove of CRM1, inactivates it in an irreversible
manner. Hence, LMB is highly toxic and in vivo application is
not justified (London et al., 2014). However, LMB alternatives
ratjadone and anguinomycin A inhibit CRM1-mediated export
almost identically, binding covalently to Cys528 with reduced
cytotoxicity (Sun et al., 2013). This suggests that we can
design/utilize synthetic and/or natural compounds inhibiting
CRM1 in the same mechanism of action as LMB but with no or
reduced cytotoxicity.

Synthetic CRM1 Inhibitors
Nuclear Export Inhibitors (NEIs)-KOS 2464
Mutka et al. have synthesized analogs of LMB with substantially
improved therapeutic windows while maintaining the high
potency of LMB. They had better in vivo tolerance, up to 16-folds
higher than LMB (Table 2). Although the NEIs cause inhibition
of CRM1 in normal and tumor cell types, the downstream
consequences of this inhibition are different to that of LMB,
inducing cell cycle arrest (instead of apoptosis) in normal lung
fibroblasts and apoptosis in p53 wild-type cancer models (HCT116 colon model and SiHa cervical cancer) (Mutka et al.,
2009). Topoisomerase IIα (topo IIα) is a transcription factor
that activates DNA-cleavable complexes and induces cell death.
However, drug resistant myeloma cells mislocalize topo IIα to
the cytoplasm using CRM1 nuclear export to escape apoptosis
(Engel et al., 2004). KOS-2464 (Kosan Biosciences/Bristol-Myers
Squibb), a semisynthetic NEI induces rapid and prolonged
inhibition of CRM1, and apoptosis in drug resistant multiple
myeloma cell lines at nanomolar concentrations (low IC50 value
of 2 nM) without the toxicity associated with LMB (Turner et al.,
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2012b). Treated cells were found sensitive to topo IIα inhibitors
while normal cells remained unaffected by the combined effects
of CRM1 and topoIIα inhibition (Turner et al., 2009). In
comparison to LMB, the absence of apoptosis despite cell cycle
arrest by KOS2464 in normal lung fibroblasts is indicative of
reduced off-target activity (Turner et al., 2012a).

N-Azolylacrylate Analogs
An N-azolylacrylate analog, PKF050-638 (Table 2) developed
by Daelemans et al. was found to inhibit the nuclear export
of HIV-1 Rev protein, a crucial factor for viral infection
(as discussed in the previous section). PKF050-638 reversibly
disrupts CRM1-NES interaction, targeting Cys539 in a dosedependent manner at micromolar concentrations. PKF050-638
displayed high selectivity in binding to CRM1 while its transenantiomer (PKF050-637) was ineffective (Daelemans et al.,
2002).

CBS9106
CBS9106 (Table 2) was found to reversibly inhibit CRM1mediated export both in vivo and in vitro. A cell cycle phenotypebased protocol was used to determine its anti-tumor activity
against various cancer cell lines including multiple myeloma
and showed varied cytotoxicity depending on the cell line (IC50
ranging between 3 and 278 nM). The compound induced cell
cycle arrest and apoptosis in cancer cells in a time- and dosedependent manner in both in vivo and in vitro models. In
multiple myeloma cells, reduced NF-κB activity due to CRM1inhibition was found to be a key factor for the inhibitory effects
of CBS9106 (Sakakibara et al., 2011). A commercially costeffective derivative of CBS9106 designated S109 was also shown
to reversibly inhibit CRM1-meidated nuclear export in renal
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Synthetic
derivative of
CBS9106

Synthetic

N-azolylacrylate
analog,
PKF050-638

S109

Semi synthetic
derivatives of
LMB

Nuclear Export
Inhibitors (NEIs),
KOS-2464

Synthetic

Streptomyces

Leptomycin B
(LMB)

CBS9106

Source

Drug

310

Reversibly blocks
CRM1–proteosome
dependent degradation of
CRM1

Reversibly blocks
CRM1–proteosome
dependent degradation of
CRM1

Reversibly disrupts
CRM1-NES interaction

Binding to cysteine 528
located in the
NES-binding groove

Binding to cysteine 528
located in the
NES-binding groove

Mechanism of
action

TABLE 2 | Inhibitors of CRM1 nuclear export.
Structure

Newlands et al., 1996; Wolff
et al., 1997; Kudo et al.,
1999; Mutka et al., 2009

References

Inhibits Rev-dependent luciferase
gene expression in Jurkat cells.

16-fold less toxic than LMB in vivo
mouse xenograft models.
Daelemans et al., 2002

Rapid and prolonged block of
Mutka et al., 2009; Gravina
CRM1-mediated nuclear export,
et al., 2014
results in apoptosis in tumor cell lines
and cell cycle arrest (no apoptosis) in
normal fibroblasts.

Dose-limiting toxicity observed as
anorexia and malaise in Phase1
clinical trials.

High efficacy in vitro.
Inhibits Rev-dependent export of
mRNA into the cytoplasm and retard
HIV-1 replication.

Effect on cells

1.16 µM in ovarian Reduce proliferation and colony
cancer cells.
formation in renal cancer cells.
Cause cell cycle arrest at G1 phase,
down regulate cyclinD1 and increase
nuclear localization of p53, p21, p27
and FOXO1.

Reduce NF-κB activity and promoted
nuclear accumulation of tumor
suppressor proteins including p53.

Liu et al., 2016

(Continued)

3–278 nM, value
Cell cycle arrest and induce apoptosis Sakakibara et al., 2011;
dependent on cell in a time and doe dependent manner Saito et al., 2014
type.
across a broad spectrum of cancer
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Synthetic

KPT 185

Verdinexor (KPT
335)

311

D,L1′ Acetoxychavicol
acetate (ACA)

Valtrate

Alpinia galangal

Valeriana fauriei

Synthetic

Selinexor (KPT
330)

SINEs
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Drug

TABLE 2 | Continued

Covalently binds to
cysteine539

Covalently binds to
cysteine528

Covalently binds in a
reversible manner to
cysteine528

Covalently binds in a
reversible manner to
cysteine528

Covalently binds in a
reversible manner to
cysteine528

Mechanism of
action

Structure

Exhibits anti-HIV activity by inhibiting
export of Rev protein from the
nucleus to the cytoplasm.

Inhibits CRM1/Rev-mediated viral
RNA transport and reduces HIV-1
replication.

KPT 335 has been shown to inhibit
nuclear export of viral RNP and
reduce influenza replication.

2.0 µM in MDCK
cells.

Exhibits anti-influenza activity by
inhibiting nuclear export of vRNP.

0.19 µM in MDCK Exhibits anti-influenza activity by
cells.
inhibiting nuclear export of vRNP.

2.5 µM in HeLa
cells.

Specifically targets malignant cells.
Dose dependent cytotoxicity in
various solid and hematological
malignancies.

< 500 nM

Induces cell cycle arrest and
apoptosis in tumor cells.
Increased nuclear localization of p53,
p27, p73, Rb, FOXO1, APC, surviving
etc.

Effect on cells

IC 50

(Continued)

Watanabe et al., 2011

Murakami et al., 2002;
Tamura et al., 2010b;
Watanabe et al., 2011

Etchin et al., 2013; Salas
Fragomeni et al., 2013;
Gravina et al., 2014;
Perwitasari et al., 2014; Tan
et al., 2014; Zheng et al.,
2014

References
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Cnidii Monnieris
Fructus

Sorangium
cellulosum

Prenylcoumarin
osthol

Ratjadone (A-D)

Streptomyces

Goniothalamus

Anguinomycins

Goniothalamin

Semi-synthetic
analogs

Source

Drug

TABLE 2 | Continued

312

Covalently binds to
cysteine528

Covalently binds to
cysteine528

Covalently binds to
cysteine528

Covalently binds to
cysteine528

Mechanism of
action

Structure

>500 nM in vivo.

Inhibits CRM1 at
concentrations
>10 nM.

0.15–1 ng/ml.

1.6 µM in HeLa
cells.

IC 50

Koster et al., 2003;
Meissner et al., 2004

Tamura et al., 2010a

References

(Continued)

Anti-proliferative and apoptotic effects Chen et al., 2005; Wach
in cancer cell lines. Upregulates p53 et al., 2010
accumulation in the nucleus.

Selective toxicity against transformed Bonazzi et al., 2010;
cells at picomolar concentrations.
Dickmanns et al., 2015

Inhibits nuclear export of
topoisomerase II α.

Increases the size of nuclei.

Arrest cells at G1 phase.

Exhibits anti-HIV activity by inhibiting
export of Rev protein from the
nucleus to the cytoplasm.

Effect on cells
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Plumbago
zeylanica

Curcuma longa

Plumbagin

Curcumin

Synthetic

Piper longum

Piperlongumine

15-DeoxyProstaglandin
J2(15d-PGJ2)

Source

Drug

TABLE 2 | Continued

Covalently binds to
cysteine528

Covalently binds to
cysteine528

Covalently binds to
cysteine528

Covalently binds to
cysteine528

Mechanism of
action

Structure

Exhibits multiple biological and
pharmacological activities including
suppression of constitutive NFκB,
AKT/mTOR and MAPK signaling
pathways and induces apoptosis in
tumorigenic cells.

Effect on cells

Ginzburg et al., 2014;
Shrivastava et al., 2014; Liu
Q. R. et al., 2014; Niu et al.,
2015

References

313
CRM1-inhibition
between 10 and
30 µM for in vivo
assays.

Inhibits the formation of
CRM1-containing export complexes
in both in vitro and in vivo assays.

Down regulation of proinflammatory
proteins COX-2 and Cylin D1.

CRM1-inhibition at Wide array of pharmacological
100 µM.
properties including suppression of
constitutive the NF-kB, MD2 and
Akt/mTOR signaling pathways.
Nuclear retention of FOXO1, p27 and
p73.

Inhibits CRM1
between 10 and
15 µM in vitro.

Hilliard et al., 2010

Kim et al., 2003; Aggarwal
and Shishodia, 2004;
Gradisar et al., 2007; Niu
et al., 2013

Inhibitory effects
Retains FOXO1, p21, p53, and p73 in Ahmad et al., 2008; Liu X.
observed between the nucleus and suppress constitutive et al., 2014
1 and 3 µM in
NFκB and Bcl2 activity.
tumor cell lines.

16.3 µM in HeLa
cells.
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cancer cells and reduce proliferation and colony formation. S109
down regulated the expression of cyclinD1, a nuclear protein that
drives the G1 to S phase transition in the cell cycle, and induced
the expression and accumulation of p53, p21, p27, and FOXO1.
This resulted in cell cycle arrest at G1 phase in renal cancer cell
lines (Liu et al., 2016).
Both CBS9106 and S109 were found to exert CRM1
inhibition similar to LMB. However, unlike LMB they induced
a reduction in CRM1 protein levels without affecting CRM1
mRNA expression. CBS9106 is shown to induce proteasomedependent CRM1 protein degradation since treatment with
bortezomib counteracted this effect (Saito et al., 2014). S109 is
also likely to have the same mechanism (Liu et al., 2016).

Selective Inhibitors of Nuclear Export (SINE)
SINEs are first-in-class, novel selective inhibitors of nuclear
export (KPT-SINE) developed by Karyopharm pharmaceuticals,
USA using Concensus Induced Fit Docking (cFID). SINEs
are designed such that they bind to CRM1 covalently, similar
to LMB, but reversibly (Fung and Chook, 2014; Perwitasari
et al., 2014). KPT-SINE compounds are orally bioavailable
compounds developed as chemotherapeutics for various solid
and hematologic malignancies (Turner and Sullivan, 2008;
Turner et al., 2014; Sun et al., 2016). By exporting them from
the nucleus of normal cells, CRM1 prevents multiple tumor
suppressor proteins from acting in the absence of DNA damage
or other oncogenic insults; thus, SINE compounds force the
nuclear retention, accumulation, and functional activation of
tumor suppressor proteins to limit oncogenesis (Perwitasari et al.,
2014).
The administration of KPT compounds to animals is
significantly less toxic than LMB (Fung and Chook, 2014). Two
KPT SINE inhibitors (KPT 330 or Selinexor and KPT 335 or
Verdinexor) are now in Phase 1/2 clinical trial for solid and
hematological cancers (www.clinicaltrails.gov). SINE-mediated
CRM1 inhibition enables nuclear retention of tumor suppressor
proteins and anti-apoptotic signals (IκB, Survivin, p53, NPMc
mutant, p27, and FOXO) and lead to cell cycle arrest and
apoptosis in cancerous cells (Parikh et al., 2014; Das et al., 2015).

SINEs are slow-reversible inhibitors of CRM1
SINEs are typically 350 Da compounds, in comparison to
540Da LMB, sharing a phenyl triazole scaffold with different
Michael addition acceptor side chains. The smaller structure
of SINEs in comparison to LMB (Table 2) translates as 40%
occupancy of the NES groove leaving the remaining portion of
the hydrophobic groove open and unoccupied. SINEs bind to
CRM1 with their trifluoromethyl groups buried deep within the
NES binding groove. Unlike LMB, SINEs are not hydrolyzed after
conjugation probably due to its attachment deep into the NES
groove protected from potential nucleophiles and oxyanions. The
conjugation of KPT 185 to CRM1 and its inhibition activity
is reversed by 40–60% after 24 h most likely due to a lack of
the hydrolysis of its active enone group. The slow reversibility
of SINEs possibly contributes to their improved tolerance since
withdrawal of the drug allows deconjugation of the drug from
CRM1 and essential nuclear export to resume in normal cells.
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They bind long enough to kill cancer cells but their reversible
nature allows then to be released in time to spare normal cells
(Sun et al., 2013; Fung and Chook, 2014; Dickmanns et al.,
2015).

OTHER NATURALLY OCCURRING
INHIBITORS
Several small molecules found in nature have CRM1 inhibitor
activity; several such molecules are already in use in mainstream
and/or complementary medicine with bioavailability and in vivo
safety data already in hand. These present an attractive group of
drugs for development of antiviral strategies.
Antiviral activities have been reported for numerous
medicinal plants and have been extensively used as part of
traditional medicine globally for centuries. Herbal products
with confirmed clinical safety features are attractive starting
material for the identification of new antiviral activities.
Recent demonstration of anti-HIV-1 activity of extracts of
Pelargonium sidoides, licensed in Germany as the herbal
R
suggests that investigation of antiviral
medicine Umckaloabo
activities among herbal extracts holds immense potential (Niu
et al., 2013, 2015; Forouzanfar et al., 2014; Helfer et al., 2014;
Liu X. et al., 2014; Wang et al., 2015). A selection of naturally
occurring CRM1 inhibitors are described below.

FOXO Family Export Inhibitors
FOXO or Forkhead family of transcription factors (FOXO1a,
FOXO3a, and FOXO4) are activated in response to tumor
suppressors, such as PTEN lipid phosphatase to retard cell
growth and induce apoptosis (Nakamura et al., 2000). Defective
PTEN expression and/or CRM1 overexpression results in
mislocalization of FOXO to the cytoplasm and promotes
tumorigenesis (Ramaswamy et al., 1999; Brunet et al., 2002).
In search for FOXO inhibitors Kau et al. (2003) utilized a cellbased, chemical genetic screening regimen to screen compounds
from the NCI Structural Diversity Set, ChemBridge DiverSetE,
and a small collection of NCI marine extracts to detect nuclear
localization of FOXO. 11 compounds were found to interrupt
CRM1-mediated nuclear export targeting Cys528. Eight of these
compounds had an α,β-unsaturated ketone or amide group
capable of Michael-type addition with Cys528 and the other 3
compounds probably modified Cys528 through a nucleophilic
attack or induced a chemical rearrangement (Kau et al., 2003)

Valtrate, Acetoxychavicol Acetate, and
Prenylcoumarin Osthol
These are small molecule inhibitors of CRM1 isolated from
Valerianae fauriei, Alpinia galangal, and Cnidii Monnieris
Fructus, respectively (Table 2). All three compounds were shown
to disrupt CRM1-mediated export of HIV-1 Rev protein. Valtrate
and acetoxychavicol acetate have also been shown to inhibit
nuclear export of influenza viral RNP (Watanabe et al., 2001,
2011). Their mechanism of action was demonstrated to be the
same as LMB (Murakami et al., 2002; Tamura et al., 2010a,b).
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Ratjadone Analogs
Ratjadone analogs A, B, C, and D isolated from a myxobacterium
Sorangium cellulosum (Table 2), are CRM1 inhibitors that have
anticancer and antifungal properties. Being similar in structure
to LMB, ratjadones use the same molecular mechanism to inhibit
CRM1 (Koster et al., 2003; Meissner et al., 2004). Drug resistanthuman multiple myeloma cell lines became more sensitized after
inhibition of CRM1-meidated nuclear export using ratjadone.
They were more responsive to topoIIα inhibitors (such as
doxorubicin and epoposide) and to anticancer drugs, such
as topotectan (a topoisomerase inhibitor) and cis-platinum (a
DNA cross linking agent) (Turner et al., 2009). Treatment with
ratjadones has shown to inhibit cell proliferation by inducing cell
cycle arrest at G1 and an increase in size of the nuclei (indicative
of effective block of nuclear export) (Burzlaff et al., 2003; Koster
et al., 2003). Recently ratjadone A has been shown to exert antiHIV activity in vitro in a dose-dependent manner at nanomolar
concentrations. Its inhibitory effect occurs 12 h.p.i. and interferes
with the formation of the CRM1-Rev-NES complex by binding
to CRM1 but not to Rev (Fleta-Soriano et al., 2014).

CRM1 Inhibitors for Antiviral Therapy

2014). Piperlongumine was demonstrated to inhibit CRM1mediated nuclear export in HeLa cells after 24 h-exposure
with an IC50 value of 16.3 µM, showing cellular tolerance and
potential for oral administration (Niu et al., 2015).

Plumbagin
Plumbagin, a natural bicyclic naphthoquinone (Table 2)
derived from Plumbago zeylanica, is known to have
antimicrobial, anticancer, antiproliferative, chemopreventive,
chemotherapeutic, and radiosensitising properties (Ahmad et al.,
2008; Aziz et al., 2008; Sinha et al., 2013). It is known to induce
apoptosis and cell cycle arrest by suppressing constitutive the
NF-kB signal pathway (Ahmad et al., 2008). Plumbagin has
been demonstrated to interfere with CRM1-mediated export,
directly interacting with the transporter protein same as LMB
which could explain some of its therapeutic properties (Liu
X. et al., 2014). Plumbagin disrupts CRM1 export and retains
tumor suppressors, such as FOXO1, p21, p53, and p73 in the
nucleus suggesting this as a mechanism for the naphthoquinone’s
antitumorigenic effects (Liu X. et al., 2014).

Goniothalamin and Anguinomycin

Curcumin

A styryl lactone isolated from Goniothalamus (Annonaceae),
goniothalamin (Table 2) has a broad range of pharmacological
properties including antimicrobial and anti-tumorigenic activity
(Mosaddik and Haque, 2003; Seyed et al., 2014). Goniothalamin
has been reported to induce cell cycle arrest at the G2/M phase
and apoptosis in breast cancer cells with IC50 value of 1.46 µM
(Chen et al., 2005). The compound was shown to inhibit CRM1mediated nuclear export at 1 µM using the same mechanism as
LMB (Wach et al., 2010).
Anguinomycin isolated as a natural product from
Streptomyces spec. and produced by total chemical synthesis
synthetized have been reported to shutdown CRM1-mediated
nuclear protein export at concentrations above 10 nM
(Dickmanns et al., 2015). Its α,β-unsaturated lactone group
interacts with CRM1 in a similar mechanism to LMB (Bonazzi
et al., 2010).

Curcumin (Diferuloylmethane) is the major constituent of
Curcuma longa (Table 2), an ancient spice widely used in
Indian traditional medicine. Extensive research has showed
curcumin as the major bioactive chemical responsible for a wide
array of pharmacological properties that involve regulation of
various cellular growth and transcription, cytokines production
or inhibition, protein kinases, and other enzymes (reviewed in
Aggarwal et al., 2007; Jagetia and Aggarwal, 2007). Suppression
of constitutive NF-kB signal pathway (Aggarwal and Shishodia,
2004), myeloid differentiation protein 2 (MD-2) (Gradisar et al.,
2007), Akt/ mTOR (Beevers et al., 2009), and STAT3 signaling
(Kim et al., 2003) have been suggested for the antitumorigenic
effects of curcumin. Recently, CRM1 has been confirmed as
one of the cellular targets directly interacting with curcumin.
Curcumin was shown to covalently interact with CRM1 at
Cys528, induce the nuclear retention of FOXO1 and upregulates
the expression of p73 and p27 in HeLa cells. In addition,
CRM1 modulation by curcumin downregulated the expression
of proinflammatory proteins COX-2 and cyclin D1 in a dosedependent manner (Niu et al., 2013).

Piperlongumine
Piperlongumine
(5,6-dihydro-1-[(2E)-1-oxo-3-(3,4,5-trime
thoxyphenyl)-2-propenyl]-2(1H)-pyridinone) is a natural
alkaloid of the Long pepper (Piper longum L. – Piperaceae)
widely used in Indian and Chinese traditional medicine
(Table 2). Piperlongumine exhibits multiple biological and
pharmacological activities including antimicrobial, antiinflammatory, platelet aggregation inhibitor and antitumor
activities; reviewed in Bezerra et al. (2013). The electrophilic
α,β-unsaturated carbonyl group of piperlongumine has been
shown to covalently modify Cys528 of CRM1 in a Michael
addition manner and inactivate CRM1-mediated protein export
(Niu et al., 2015). This suggests piperlongumine-induced
suppression of constitutive NFκB, Akt/mammalian target of
rapamycin (mTOR) and MAPK signal pathways and cytotoxicity
in tumorigenic cells demonstrated in several studies could
be explained by its interference with CRM1-mediated export
(Ginzburg et al., 2014; Shrivastava et al., 2014; Liu Q. R. et al.,
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15-Deoxy-Prostaglandin J2(15d-PGJ2)
Prostaglandins (PGs) are signaling molecules involved
in inflammation, hemostasis, gastrointestinal secretion,
thrombosis, and other cellular functions. 15d-PGJ2 is a
member of the prostaglandin (PG) J(2) family and has both
anti- and pro-inflammatory properties. At low concentrations,
endogenous 15d-PGJ2 exerts anti-inflammatory effects,
promoting chemotaxis and activation of eosinophils, while
at high concentrations it induces eosinophil apoptosis in a
PPARγ-independent manner (Miwa et al., 2004; Ueki et al.,
2007). Exogenous administration of 15d-PGJ2 has shown to
have antiviral, antiproliferative and anti-inflammatory effects.
15d-PGJ2 promotes translocation of PPARγ to the nucleus
and activation of NFκB/IκB signaling pathway to mediate
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anti-inflammatory responses. Exogenous 15d-PGJ2 (Table 2)
has been shown to interrupt CRM1-mediated nuclear export by
interacting with CRM1 similar to LMB (Hilliard et al., 2010).
In comparison to LMB higher concentrations of 15d-PGJ2 are
required to inhibit CRM1 probably because its α,β-unsaturated
carbonyl group can only modify selected or exposed nucleophilic
groups. However, this also enables targeted inhibition of a
subset of proteins. 15d-PGJ2 and/or derivatives of this PG as a
CRM1 inhibitor hold promise as therapeutic agents as it can be
produced by higher eukaryotes and can therefore function as
both endogenous and exogenous regulator of CRM1 mediated
nuclear export (Hilliard et al., 2010).

POTENTIAL NATURAL CRM1 INHIBITORS
In addition to the above listed natural CRM1 inhibitors,
several natural compounds have been demonstrated to inhibit
viruses, interfering with the nuclear export of viral components,
both protein and RNA. The similarity between the effect
of LMB and some natural compounds present in traditional
medicines suggest that they are CRM1-inhibitors. For instance,
thymoquinone, the main constituent of the volatile oil from
Nigella sativa (black cumin) seeds, is reported to protect
laboratory animals against chemical toxicity and induction of
carcinogenesis. Thymoquinone reacts in vitro with glutathione
through a spontaneous and rapid reaction that produces
a dihydrothymoquinone-thioether via 1,4-Michael addition
mechanism, like LMB, thereby suggesting that thymoquinone
may be capable of inhibiting CRM1 (Forouzanfar et al., 2014).
A lignan glycoside isolated from the latex of Calotropis
gigantea
(Asclepiadaceae),
(+)-pinoresinol
4-O-[6′′ -Ovanilloyl]-β-d-glucopyranoside, has been shown to exert
anti-influenza activity at the early stage of viral replication in
both influenza A [A/PR/8/34 (H1N1), A/FM/1/47 (H1N1), and
A/Aichi/2/68 (H3N2)] and influenza B (B/Lee/1940) subtypes.
The lignan glycoside efficiently inhibited the virus-induced
translocation of NF-κB and the activation of the NF-κB pathway
in a dose-dependent manner (IC50 from 13.4 to 39.8 µM). The
extract also reduced nuclear export of viral ribonucleoproteins,
suggesting the involvement of CRM1 interaction (Parhira et al.,
2014).
Clemastanin B, a lignan isolated from Isatis indigotica
root, inhibits human [H1N1, H3N2, and influenza B
(B/Guangzhou/GIRD08/09)] and avian influenza viruses
(H6N2, H7N3, and H9N2) with IC50 ranging from 0.087 to
0.72 mg/ml. The anti-influenza compound was found to reduce
viral titer in in infected MDCK cells at early stages of infection.
Although the mechanism of action has not been elucidated,
nuclear retention of viral ribonucleoproteins in the treated cells
suggests clemastanin B targets viral endocytosis, uncoating or
RNP export from the nucleus to exert its effects (Yang et al.,
2013).
Licorice (Glycyrrhiza uralensis Fisch.) is a common herb
used in traditional Chinese medicine for airway symptoms that
have been proved to have anti-RSV activity (Chang et al.,
2011, 2012; Wang et al., 2011). These prescriptions have been
shown to exert antiviral properties by stimulating anti-viral
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cytokines, such as interferon-β and TNF-α in both upper (Hep2) and lower (A549) respiratory epithelial cell lines (Feng
Yeh et al., 2013). Glycyrrhizin (GL), 18β-glycyrrhetinic acid
(GA), liquiritigenin (LTG), licochalcone A (LCA), licochalcone
E (LCE), and glabridin (GLD) are the main active components
in licorice extracts which possess antiviral and antimicrobial
activities (Wang et al., 2015). GL and GA have been shown to
inhibit replication of rotavirus, RSV, HIV etc. by inhibiting virus
replication, preventing viral attachment or enhancing host cell
activity. But their mechanism of action is yet to be investigated
(Wang et al., 2015).

CONCLUSION AND FUTURE PROSPECTS
Regulated, appropriate translocation and subcellular localization
of proteins is essential for regulation of replication, transcription
and translation. Dysregulation of this system is observed
in several pathological conditions including cancer and
viral infections. Shuttling transport receptors mediate all
cargo transport across the nuclear pore complex via similar
mechanisms, ensuring regulated localization of transcription and
growth factors, cytokines and other proteins/mRNA. CRM1 is a
conserved and well characterized nuclear exporter that binds to
protein/mRNA cargoes tagged with an NES motif. It is the sole
exporter for several oncogenes and tumor suppressor proteins
and is involved in regulating cell cycle, ribosome biogenesis and
maintenance of chromosomal and nuclear structures.
Overexpression of CRM1 is observed in solid and hematologic
malignancies. Mislocalization of regulatory factors away from
their original site of action in the nucleus promotes malignancy,
evasion of apoptosis and detection, and drug resistance. CRM1mediated export is also co-opted by viruses belonging to
diverse families at various stages of their replication to mediate
infection and retard host antiviral responses. Disruption of
CRM1-mediated nuclear export in both cancer and viral
infections resulted in increased response to therapeutic agents
and successful elimination of abnormal/infected cells.
Several small molecule inhibitors of CRM1 have been
developed and tested against a variety of neoplastic cells and
viral infected cell lines, primarily in vitro. LMB, the first and
prototypical inhibitor, targets Cys528 of CRM1, altering its threedimensional structure and capacity to transport cargo across
the NPC. The high cytotoxicity of LMB makes it unsuitable for
therapeutic purposes; however it initiated the search for synthetic
and natural alternatives capable of eliciting the same effects
without the cytotoxicity.
Synthetic CRM1 inhibitors, such as KOS2464, CBS9106,
N-azoylacrylate analogs, and SINEs have proven capable of
interrupting tumorigenesis in both solid and hematological
malignancies. However, synthetic drugs present the risk of
unwanted side effects and development of resistance in both
cancer and viruses. Numerous medicinal plants have been
extensively used as part of traditional medicine globally for
centuries, several of these have been shown to have CRM1
inhibiting activity and exert antiviral properties. These present
an attractive group of drugs for development of antiviral
strategies since they are already in use in mainstream and/or
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complementary medicine with bioavailability and in vivo
safety data already in hand; importantly, these compounds
have relatively low cytotoxicity compared to synthetic CRM1
inhibitors.
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Respiratory syncytial virus (RSV) is a leading cause of hospitalization of
infants and young children, causing considerable respiratory disease and repeat infections that may lead to chronic respiratory conditions such as asthma, wheezing,
and bronchitis. RSV causes 34 million new episodes of lower respiratory tract illness (LRTI) in children younger than 5 years of age, with 3 million hospitalizations
due to severe RSV-associated LRTI. The standard of care is limited to symptomatic
relief as there are no approved vaccines and few effective antiviral drugs; thus, a
safe and efficacious RSV therapeutic is needed. Therapeutic targeting of host proteins hijacked by RSV to facilitate replication is a promising antiviral strategy as targeting the host reduces the likelihood of developing drug resistance. The nuclear
export of the RSV M protein, mediated by the nuclear export protein exportin 1
(XPO1), is crucial for RSV assembly and budding. Inhibition of RSV M protein export
by leptomycin B correlated with reduced RSV replication in vitro. In this study, we
evaluated the anti-RSV efficacy of Verdinexor (KPT-335), a small molecule designed
to reversibly inhibit XPO1-mediated nuclear export. KPT-335 inhibited XPO1mediated transport and reduced RSV replication in vitro. KPT-335 was effective
against RSV A and B strains and reduced viral replication following prophylactic or
therapeutic administration. Inhibition of RSV replication by KPT-335 was due to a
combined effect of reduced XPO1 expression, disruption of the nuclear export of
RSV M protein, and inactivation of the NF-B signaling pathway.

ABSTRACT

IMPORTANCE RSV is an important cause of LRTI in infants and young children for

which there are no suitable antiviral drugs offered. We evaluated the efficacy of KPT335 as an anti-RSV drug and show that KPT-335 inhibits XPO1-mediated nuclear export, leading to nuclear accumulation of RSV M protein and reduction in RSV levels.
KPT-335 treatment also resulted in inhibition of proinflammatory pathways, which
has important implications for its effectiveness in vivo.
KEYWORDS CRM1, exportin 1, KPT-335, M protein, RSV, Verdinexor, XPO1, nuclear
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espiratory syncytial virus (RSV) causes acute respiratory tract infections in infants
and young children, including serious lower respiratory tract disease with bronchiolitis and pneumonia (1). Most children are infected with RSV by age 3. Recurrent RSV
infections are common throughout life, and exposure does not induce robust immunity
against subsequent infections; thus, the elderly and immunocompromised are at risk
for developing complications associated with RSV infection (2, 3).
RSV is a member of the Pneumoviridae family (4). It has an outer envelope derived
from the host plasma membrane and a negative-sense RNA genome. The viral envelope
contains an attachment (G) protein, a fusion (F) protein, and a small hydrophobic (SH)
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protein. The matrix (M) protein occurs under the viral envelope and surrounds a
nucleocapsid core composed of a complex of genomic viral RNA, the nucleocapsid
protein (N), the phosphoprotein (P), the large polymerase subunit (L), and the M2-1/
M2-2 proteins (5).
RSV infection is initiated when the G protein attaches to a cell surface receptor
followed by F protein-mediated fusion (5). The nucleocapsid is released into the cell
cytoplasm where the L and P polymerase complex directs the transcription of the RSV
genome to generate the primary mRNA transcripts, which are translated into viral
nonstructural and structural proteins (5, 6). The genome is replicated into a full-length
complementary copy, the antigenome, which is used as a template to direct the
synthesis of genomic RNA (5). The nascent genome associates with the N, P, and L
proteins to form an active viral ribonucleoprotein (vRNP) complex within characteristic
cytoplasmic inclusion bodies (7, 8). The M2-1 protein associates with the vRNP complex
to promote transcription of the genome. The F, G, and SH proteins associate with each
other to form a glycoprotein complex (9). The vRNP assembles with the envelope
glycoprotein complex, and the virus buds from the apical surface within lipid rafts,
facilitated by the interaction of M protein with the vRNP, envelope proteins, and the
cellular membrane (7, 10–12).
RSV M protein modulates virus assembly and egress from the respiratory epithelium
(13). It has been shown to localize to the nucleus of infected cells early in the viral life
cycle (14), moving to cytoplasmic inclusion bodies at later time points and associating
with the vRNP complex (7). Studies have shown that nuclear uptake of M protein is
mediated by importin 1 (a nuclear import receptor) while exportin 1 (XPO1) shuttles
the M protein from the nucleus to the cytoplasm (15, 16), and inhibition of XPO1mediated nuclear export by leptomycin B (LMB; a prototypical inhibitor of XPO1
produced by Streptomyces) results in reduced virus production and M protein nuclear
accumulation (15). Additionally, modification of the M protein nuclear export signal
(NES) leads to its nuclear accumulation, and RSV containing an M protein with a
mutated NES is not viable (15). Thus, it remains unclear why M protein translocates to
the nucleus, but findings suggest a critical role for nuclear M protein in RSV replication
and a likely role in RSV pathogenesis (14).
Substantial research has converged on identifying compounds that target RSV to
inhibit replication and reduce disease severity, but none has translated into approved
anti-RSV drugs for clinical use. One of the major challenges has been the development
of drug resistance. Currently, one prophylactic, palivizumab (Synagis), a humanized
monoclonal antibody specific to the RSV F protein, is administered to high-risk patients,
typically pediatric cases with underlying congenital heart disease, pulmonary disease,
or immune deficiencies (17, 18). Treatment has been shown to be partly effective at
preventing RSV disease. Another FDA-approved treatment for RSV is inhaled ribavirin;
its effectiveness is debatable, and it is difficult to administer (19, 20). Accordingly, there
is a need for new RSV preventative and therapeutic strategies to prevent or decrease
the severity of RSV infections in the young, elderly, and immunocompromised.
A novel class of selective inhibitors of nuclear export (SINE) compounds that target
XPO1-mediated export have shown success as antitumor and antiviral agents in
preclinical and multiple clinical studies (21–25). These orally bioavailable compounds
are slowly reversible inhibitors that interfere with XPO1-mediated nuclear export of
proteins. Karyopharm has a drug candidate, Selinexor (KPT-330), which is being evaluated in late-stage clinical trials in patients with relapsed and/or refractory hematological and solid tumor malignancies. KPT-335 (Verdinexor) is being investigated as a
potential broad-spectrum treatment for viral diseases. Previously, KPT-335 has exhibited broad-spectrum antiviral activity against various influenza A and B viruses in the
mouse and ferret model systems (26, 27). In these studies, KPT-335 inhibited nuclear
export of the vRNP, resulting in reduced influenza virus replication and decreased
disease pathogenesis (26, 27). KPT-335 has also proven effective against Venezuelan
equine encephalitis virus (VEEV) in vitro by inhibiting the nuclear export of the capsid
protein (28). In a previous study conducted as a randomized, double-blind, placeboFebruary 2019 Volume 93 Issue 4 e01684-18
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FIG 1 XPO1 expression is required for RSV infection. A549 cells were transfected with a SMARTpool siRNA
designed to target XPO1 mRNA (siXPO1) or with an siRNA nontargeting control (siNTC). At 48 h
post-siRNA transfection, cells were infected with RSV A2 (MOI of 0.5), and the infection was monitored at
48 h p.i. by F protein immunostaining (A) and RSV plaque assay (B). Inhibition of XPO1 expression was
confirmed by Western blotting (C) in A549 cells infected with RSV (R) or mock infected (M) at 24 or 48
h p.i. (48 h and 96 h post-siRNA transfection, respectively). A Mann-Whitney nonparametric, two-tailed
test was used to determine differences between groups, and significant differences are indicated. ,
P  0.001.

controlled, dose-escalating phase 1 clinical trial in healthy human volunteers, KPT-335
was found to be generally safe and well tolerated, with adverse events occurring
in similar numbers and grades as placebo (ClinicalTrials.gov registration number
NCT02431364).
In the current study, we have evaluated the antiviral efficacy of KPT-335 against RSV
in vitro. We show that KPT-335 inhibits XPO1-mediated nuclear export, leading to
nuclear accumulation of RSV M protein and a reduction in RSV titers. KPT-335 treatment
also results in inhibition of proinflammatory pathways, which has important implications for the effectiveness of KPT-335 in vivo.

F1

RESULTS
XPO1 expression is required for RSV replication. We examined the requirement
of exportin 1 (XPO1) expression for RSV replication. A549 cells were treated with a
SMARTpool of small interfering RNAs (siRNAs) designed to target XPO1 mRNA (siXPO1)
and inhibit its expression. At 48 h post-siXPO1 treatment, A549 cells were infected
(multiplicity of infection [MOI] of 0.5) with RSV A2, and the infection was monitored by
anti-F protein immunostaining and plaque assay. Compared to siRNA nontargeting
control (siNTC)-treated or nontreated (NT) A549 cells, XPO1 knockdown significantly
(P  0.05) inhibited RSV replication, as confirmed by anti-RSV F immunostaining (Fig.
1A) and quantification of RSV infectious particles by plaque assay (Fig. 1B). As shown in
Fig. 1C, siXPO1 treatment inhibited XPO1 expression compared to the level in A549
cells treated with siNTC or in nontreated (NT) cells as early as 24 h posttreatment (Fig.
1C), with sustained inhibition up to 96 h post-siXPO1 transfection (48 h postinfection
[p.i.]) (Fig. 1C, R48). These data confirm that XPO1 is a host factor essential for RSV
replication in A549 respiratory epithelial cells.
KPT-335, a selective XPO1 inhibitor, inhibits RSV replication. We examined the
activity of KPT-335 (reversible inhibitor of XPO1) against RSV replication. A549 cells
February 2019 Volume 93 Issue 4 e01684-18
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FIG 2 KPT-335 inhibits RSV replication. (A) A549 cells were treated with DMSO or increasing concentrations of KPT-335 for 72 h. At 70 h posttreatment, 20 l of CellTiter Blue reagent was added to each well
and incubated for 2 h at 37°C. The plate was shaken for 10 s, and fluorescence emission was measured
at 560/590 nm. The average fluorescence value of the culture medium background (wells containing no
cells) was subtracted from each experimental well. The mean fluorescence emission values of the wells
containing DMSO only were considered 100% viability and were used to calculate percent relative cell
viability of the wells containing KPT-335. The percent viability versus the log10 concentration of KPT-335
was plotted using GraphPad Prism, and the values were fitted to a nonlinear regression curve to
determine the CC50. The data shown are from triplicate samples from one experiment and are representative of three independent experiments. (B) A549 cells were infected with RSV A2 (MOI of 0.5) and
treated with increasing amounts of KPT-335 from 2 h p.i. Samples were collected at 72 h p.i., and titers
of infectious RSV were determined by immuno-plaque assay as described in Materials and Methods.
Average RSV titer in infected samples treated with DMSO was taken as 100% and served as the control;
this value was used to calculate percent infection of the samples treated with KPT-335. The percent
infection versus the log10 concentration of KPT-335 was plotted using GraphPad Prism, and the values
were fitted to a nonlinear regression curve to determine the IC50. The data shown are from triplicate
samples from one experiment and are representative of three independent experiments.

F2

F3

were infected (MOI of 0.5) with RSV for 2 h and treated with increasing concentrations
of KPT-335, and at 72 h p.i. RSV titers were quantified by plaque assay (Fig. 2). At
KPT-335 concentrations of 10 M, RSV replication was inhibited by nearly 100% with
20% cytotoxicity (50% cytotoxic concentration [CC50] of 38 M). At 1 M, KPT-335
inhibited RSV A2 replication by 50% (50% inhibitory concentration [IC50] of 0.96 M)
without affecting cell viability; thus, this concentration was selected for all subsequent
experiments.
To understand the temporal requirement, XPO1-dependent nuclear export was
inhibited with KPT-335 at different times post-RSV infection. A549 cells were infected
with RSV A2 (MOI of 0.5) for 2 h, the inoculum was removed, and KPT-335 was added
as a single dose at 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, or 22 h p.i. At 24 h p.i. (approximately
one round of replication), RSV titers were quantified by plaque assay. As shown in Fig.
3A, compared to infection levels in cells treated with dimethyl sulfoxide (DMSO) (100%
infection), addition of 1 M KPT-335 earlier than 10 h p.i. reduced infection between 70
and 90%. When KPT-335 was added later than 10 h p.i., no inhibition was detected (Fig.
3A). These findings correlate with our previous study showing that most of RSV M
protein is exported to the cytoplasm at 8 to 12 h p.i. (15) and that inhibition of
XPO1-dependent nuclear export by KPT-335 at time points beyond 10 h p.i. has little or
no impact on RSV replication (15).
The therapeutic window of 2 to 10 h p.i. between adverse and desired effects is
potentially narrow in terms of antiviral treatment; therefore, we examined KPT-335
prophylactic or therapeutic treatment at earlier and later time points. KPT-335 was
added to A549 cells as a single dose at 2 h, 24 h, 48 h, or 72 h prior to infection
(prophylactic treatment) or at 2 h or 24 h p.i. (therapeutic treatment). Infection progressed for 72 h (approximately 3 replication cycles), at which time virus production
was quantified by plaque assay. Prophylactic treatment with KPT-335 at 72 h, 48 h, or
24 h prior to infection completely inhibited RSV replication in A549 cells, whereas
addition of KPT-335 between 2 h and 24 h p.i. inhibited RSV replication by 60%
February 2019 Volume 93 Issue 4 e01684-18
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FIG 3 KPT-335 is effective against RSV when provided therapeutically or prophylactically. (A) A549 cells were infected with
RSV A2 for 2 h (MOI of 0.5), inoculum was removed, and KPT-335 was added as a single dose (1 M) at 2, 4, 6, 8, 10, 12,
14, 16, 18, 20, or 22 h p.i. At 24 h p.i., samples were collected, and percent RSV infection was determined by
immunostaining plaque assay. Average RSV titer at 24 h p.i. in infected samples treated with DMSO was taken as 100% and
served as a control; this value was used to calculate percent infection of the samples treated with KPT-335. The means 
standard errors of the means of percent infection versus time of addition of KPT-335 are shown. (B) A549 cells were treated
with 1 M KPT-335 at 72, 48, 24, or 2 h prior to infection (prophylactic treatment) or at 2 or 24 h p.i. (therapeutic treatment).
Samples were collected at 72 h p.i., and virus production was quantified by plaque assay. Average RSV titers at 72 h p.i.
in infected samples treated with DMSO was taken as 100% and served as control; this value was used to calculate percent
infection of the samples treated with KPT-335. The mean  SEM of percent infection versus time of addition of KPT-335
is shown. The data shown are from three independent experiments. The experimental timeline is depicted above each
graph.

AQ: B
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(Fig. 3B). These data show that KPT-335 is efficacious when provided prophylactically or
therapeutically, but it was more effective when administered at 24 to 72 h prior to
infection. This indicates that prophylactic addition of KPT-335 favors interaction with
XPO1, possibly making XPO1 unavailable for interacting with the RSV M protein.
Notably, addition of KPT-335 at 24 h p.i. inhibited RSV replication by 60%, demonstrating that addition of this drug when viral replication has occurred can inhibit subsequent rounds of replication and reduce the viral load.
The M protein nuclear export signal (NES; amino acids 194 to 206) is conserved
among RSV strains (Fig. 4). We examined whether KPT-335 would inhibit RSV A and B.
As shown in Fig. 5, 1 M KPT-335 inhibited RSV A2, RSV Long, and RSV B1 replication
in A549 by 50 to 75% compared to levels in the DMSO control. LMB had a stronger
inhibitory activity than KPT-335, but this effect was largely due to the cytotoxicity of
LMB. The antiviral effect of KPT-335 was also confirmed in normal bronchial epithelium
cells derived from a noncancerous individual (BEAS-2B cells). These data demonstrate
that KPT-335 is effective against both RSV A and B strains.
KPT-335 results in limited nuclear accumulation of RSV M protein. RSV M
protein is involved in the XPO1-mediated nuclear export pathway. The M protein is
essential for RSV assembly in the cytoplasm, and its restriction to the nucleus results in
reduced RSV infectious titers (15). To determine if KPT-335 mediated inhibition of RSV
replication via retention of M protein in the nucleus, we examined M protein subcellular
distribution. A549 cells were infected with RSV, followed by treatment with 1 M
KPT-335 from 2 h p.i., and subcellular distribution of M protein was analyzed at 24 h p.i.
(22 h of KPT-335 treatment) by immunofluorescence confocal microscopy (Fig. 6A and
B). DMSO treatment did not result in detectable nuclear retention of M protein (Fig. 6B)
(nuclear- to cytoplasmic-fluorescence ratio [Fn/c] of 1); however, there was a significant (P  0.0003) change in the relative amount of M protein in the nucleus compared
to that in the cytoplasm when infected cells were treated with KPT-335. The immunofluorescence data were confirmed by Western blot analysis of nuclear and cytoplasmic
fractions of KPT-335-treated RSV-infected cells (Fig. 6C and D). Treatment with KPT-335
from 2 to 24 h p.i. increased M protein in the nucleus compared to the level with DMSO
February 2019 Volume 93 Issue 4 e01684-18
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FIG 4 M protein is conserved across RSV A and B strains. The amino acid sequence of the RSV M protein from the indicated strains is shown. The nuclear export
signal (NES) sequence is shown within a black frame. NES are 8 to 15 residues long and conform to the consensus 1-X2,3-2-X2,3-3-X-4 where n
represents Leu, Val, Ile, Phe, or Met, and X can be any amino acid (39). GenBank accession numbers are indicated at the end of the sequence. #, viruses tested
in this study.

treatment, similar to the effect of treatment with LMB. Interestingly, cells treated with
KPT-335, with or without RSV infection, had lower XPO1 expression than DMSO-treated
controls (Fig. 6C), suggesting that KPT-335 negatively affects XPO1 expression.
To determine if subcellular localization of M protein was specific to KPT-335, M
protein localization in the presence of KPT-335 was investigated using a transfected cell
system (Fig. 6E to G). A549 cells were transfected with a plasmid expressing green
fluorescent protein-fused M protein (GFP-M), and 1 M KPT-335 (or DMSO control) was
added 18 h later for 6 h or 24 h, followed by collection of digital images using live-cell
confocal laser scanning microscopy (CLSM) (Fig. 6E). Plasmids expressing GFP alone or
GFP fused to the HIV Rev protein NES (GFP-Rev) were used as negative and positive
controls, respectively. KPT-335 treatment for 6 h resulted in increased GFP-M in the
nucleus relative to the level with DMSO treatment, and this increased with longer
treatment (images labeled GFP-M). However, GFP-M did not accumulate in the nucleus
more than in the cytoplasm (Fig. 6G, Fn/c  1). This was not due to lack of KPT-335
inhibition of the XPO1 pathway, as shown by the nuclear retention of GFP-Rev (Fig. 6F,
Fn/c  21) after 6 h treatment. There was no detectable change in the subcellular
localization of GFP alone (Fig. 6G), showing that the effect of KPT-335 on GFP-M
localization was specific to M. Figure 6 shows that treatment with KPT-335 induces a
limited but significant (P  0.001) nuclear accumulation of M protein correlating to
reduced viral titers, as shown in Fig. 3. The data showing that KPT-335 treatment
resulted in a reduction of XPO1 suggest that this is likely the molecular mechanism
underlying the nuclear retention of M protein and not a direct interaction or effect of
KPT-335 on M protein. Transient inhibition of XPO1-mediated transport would also
disrupt other pathways that are regulated by XPO1.
February 2019 Volume 93 Issue 4 e01684-18
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FIG 5 KPT-335 inhibits replication of RSV A and B strains independent of the host cell line. A549 or
BEAS-2B cells were infected with RSV A2, A/Long, or B1 strain at an MOI of 0.5. At 2 h p.i., medium was
replaced with fresh medium containing 1 M KPT-335 or 750 nm LMB or DMSO as a control. Samples
were collected at 24 h p.i., and virus production was quantified by plaque assay. Average RSV titers at
24 h p.i. in infected samples treated with DMSO was taken as 100% and served as control; this value was
used to calculate percent infection of the samples treated with KPT-335 or LMB. The means  standard
errors of the means of percent infection versus time of addition of KPT-335 are shown. The data shown
are from three independent experiments. The cell lines and virus strains are indicated on the graphs. The
Kruskal-Wallis one-way analysis of variance (ANOVA) was used to determine differences between groups,
and significant differences are indicated. , P  0.05; ns, nonsignificant (P  0.05).

F7

KPT-335 reduces XPO1 expression while increasing p53 expression. A previous
study showed that KPT-185, a drug analogue of KPT-335, induces cell death of a primary
effusion lymphoma cell line by causing nuclear accumulation of p53 tumor suppressor
protein, as well as inhibition of NF-B activity, resulting in cell cycle arrest and apoptosis
induction (24). In addition, the XPO1 gene promoter has a p53 binding site, and p53
binding to this promoter represses XPO1 expression (29). To assess the effect of
KPT-335 treatment on p53 expression, RSV-infected or mock-infected A549 cells were
treated with KPT-335, and total cell lysate was analyzed by Western blotting. KPT-335
treatment of mock- and RSV-infected cells reduced XPO1 expression, while increasing
p53 expression compared to that with DMSO treatment (Fig. 7A). Interestingly, although LMB binds and inhibits XPO1-dependent nuclear export in a fashion similar to
that of KPT-335, LMB treatment did not reduce XPO1 expression. These results suggest
that KPT-335 and LMB have similar mechanisms of XPO1 inhibition but that the
downstream activation pathways are likely different. KPT-335 was synthesized to bind
to the same pocket within the XPO1 structure as LMB, and this is the mechanism
behind the inhibition of XPO1 activity by both drugs. However, the downstream
pathways that are affected appear to be different, as evidenced by the difference in the
effects on XPO1 and p53 expression levels.
Although treatment of A549 cells with 1 M KPT-335 did not induce substantial
cytotoxicity or detectable cytopathic effects (Fig. 2), alteration of p53 expression was
February 2019 Volume 93 Issue 4 e01684-18
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FIG 6 KPT-335 treatment leads to nuclear accumulation of M protein and XPO1. (A) Monolayers of A549
cells propagated to 80% confluence in 12-well plates containing coverslips were infected with RSV A2
followed by treatment with 1 M KPT-335 during the early (6 to 18 h p.i.) or late stages (18 to 30 h p.i.)
of infection and analyzed at 48 h p.i. by immunofluorescence confocal microscopy for localization of M
protein. Cells treated with DMSO were taken as a control. Digital images of 0.5-m sections were
captured with a Nikon Ti-Eclipse confocal system and NIS AR Elements software. (B) Image J was used to
determine the nuclear/cytoplasmic ratio (Fn/c) of RSV-M [Fn/c  (Fn  Fb)/(Fc  Fb)], where Fn is the
nuclear fluorescence, Fc is the cytoplasmic fluorescence, and Fb is the background or autofluorescence

(Continued on next page)
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examined as this could contribute to induction of apoptosis. Activation of caspase-3
and caspase-7 was measured in A549 cells infected with RSV (MOI of 0.5 or 2.0) for 24 h
and treated with KPT-335 (from 2 h to 24 h p.i.). As shown in Fig. 7B, KPT-335 treatment
of mock- or RSV-infected cells did not substantially affect caspase-3 and -7 activation
compared to treatment with the DMSO control. Staurosporine treatment, as expected,
resulted in substantial apoptosis. Short (6 h) or long (48 h) incubation of staurosporine
did not affect the outcome (Fig. 7C); however, treatment of mock- or RSV-infected cells
with LMB resulted in caspase-3 and caspase-7 activation at 24 h and 48 h p.i., with
general cell death occurring by 48 h p.i. (Fig. 7C). These data show that the effect of
KPT-335 on p53 expression does not result in the cleavage of procaspase-3 and -7; thus,
it is unlikely that the reduction in RSV replication is due to induction of apoptosis.
KPT-335 induces NF-B nuclear accumulation and reduces cytokine expression. It is known that several highly inducible cytokine genes are modulated by NF-B
following RSV infection, where NF-B-dependent genes include members of the interferon (IFN) regulatory family along with suppressors of cytokine signaling (SOCS) and
cytokine-inducible SH2 (CIS) protein families. Further, KPT-185 was shown to induce
inhibition of NF-B activity (30). As NF-B-regulated genes are important for the innate
immune response to RSV infection, we examined the effect of KPT-335 on NF-Bregulated genes following RSV infection. As shown in Fig. 8A, inhibition of XPO1dependent nuclear export by KPT-335 or LMB induced nuclear retention of NF-B p65.
The evaluation of the effect of KPT-335 on the expression of several proinflammatory
cytokines and chemokines was examined (Fig. 8B). Two important chemokines, RANTES
and macrophage inflammatory protein 1 (MIP-1), have been associated with increased RSV pathogenesis and were examined along with 10 other chemokines.
KPT-335 treatment (from 2 to 24 h p.i.) was associated with a decreased level of RANTES
compared to the level in DMSO-treated cells, but this reduction was not significant
(P  0.05). Growth-regulated oncogene alpha (GRO-), monocyte chemoattractant protein 1 (MCP-1), and interleukin-8 (IL-8) were detected, but no significant change was
observed in the presence of KPT-335 compared to levels with treatment with the DMSO
control although there was a trend toward reduction of MCP-1 and IL-8. The cytokine/
chemokine response to KPT-335 treatment was similar to the response to LMB treatment (Fig. 8B). No change was observed for IL-1, IL-1, IL-2, IL-4, IL-6, IL-10, IL-12,
IL-17, IFN-, tumor necrosis factor alpha (TNF-), or granulocyte-macrophage colonystimulating factor (GM-CSF) (data not shown). Taken together, these results indicate
that KPT-335 inhibition of XPO1-dependent nuclear export leads to NF-B nuclear

FIG 6 Legend (Continued)

AQ: D

in images such as those shown in panel A. Data shown are means  standard errors of the means
(n  30) and representative of three independent experiments. Two-way ANOVA followed by Fisher’s
least significant difference test was used to determine differences between groups, and statistically
significant differences are indicated. , P  0.01. (C) RSV A2 infected (R) or mock-infected (M) A549 cells
were treated with 1 M KPT-335, DMSO, or 750 nM LMB from 2 h p.i. Fractions were collected at 24 h
p.i., utilizing an NE-PER nuclear and cytoplasmic purification kit. Equivalent protein concentrations of the
24-h p.i. cytoplasmic and nuclear fractions were resolved by SDS-polyacrylamide gel electrophoresis,
followed by immunoblotting. Blots were probed for XPO1 and RSV M protein. GAPDH and lamin B1 were
used as markers for cytoplasmic and nuclear fractions, respectively. The primary antibodies used are
indicated on the left. Images are single blots from one experiment representative of three different
experiments; the white line observed in the lamin B1 blot is an artifact produced during exposure and
image capture. (D) The relative amount of RSV M protein in the nucleus compared to that in the
cytoplasm was estimated by densitometric scanning of the protein bands using ImageJ. Data shown are
relative to value for the DMSO-treated samples, taken as 1. (E) A549 cells were transfected using
Lipofectamine. After 18 h of incubation, the cells were treated with DMSO or 1 M KPT-335 for 6 or 24
h. Digital images of 0.5-m sections were captured with a Nikon Ti-Eclipse confocal system and NIS AR
Elements software and representative images are shown. Image J was used to analyze the digital images
and determine the Fn/c as described in the legend of Fig. 5. Data are shown in histograms for GFP-Rev
after 6 h of treatment with KPT-335 or DMSO (control) (F) and GFP and GFP-M after 6 h and 24 h of
treatment with KPT-335 or DMSO (control) (G). Data shown are means  standard errors of the means
(n  30) and are representative of three independent experiments. Two-way ANOVA followed by Fisher’s
least significant difference test was used to determine differences between groups, and statistically
significant differences are indicated. , P  0.001.
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FIG 7 KPT-335 reduces XPO1 expression and increases p53 expression without inducing apoptosis. (A)
RSV-infected (R) or mock-infected (M) A549 cells were treated with 1 M KPT-335, DMSO, or 750 nM LMB
from 2 h p.i. Total cell lysate was collected at 24 h p.i. and analyzed by Western blotting as described in the
legend of Fig. 5. Blots were probed for XPO1 and p53, with GAPDH used as a loading control. The primary
antibodies used are indicated on the left. XPO1 and p53 expression was quantified using ImageJ,
normalized to the level of GAPDH. Data shown are relative to values for DMSO-treated samples, taken as
1. (B) A549 cells were infected with RSV at an MOI of 0.5 or 2.0. KPT-335, DMSO, or LMB was added at 2 h
p.i., and samples were collected at 24 h p.i. Assay controls included wells without cells (background),
mock-infected cells (negative control), and cells treated with 1 M staurosporine (STP) for 4 h (positive
control). At 24 h p.i., plates were equilibrated at room temperature for 30 min, and 100 l of Caspase-Glo
3/7 reagent was added to each well and incubated for 3 h at room temperature. Luminescence was
measured using a Tecan microplate reader, and the background RLU count (wells without cells) was
subtracted from each well. A Kruskal-Wallis one-way ANOVA was used to determine differences between
groups, and statistically significant differences are indicated. , P  0.05; ns, nonsignificant (P  0.05). (C)
A549 cells were infected with RSV at an MOI of 0.5 or 2.0. KPT-335, DMSO, or LMB was added at 2 h p.i.,
and samples were collected at 6, 24, or 48 h p.i. At the indicated times plates were equilibrated at room
temperature for 30 min, and 100 l of Caspase-Glo 3/7 reagent was added to each well and incubated for
3 h at room temperature. Luminescence was measured using a Tecan microplate reader, and the
background RLU count (wells without cells) was subtracted from each well.
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FIG 8 KPT-335 induces NF-B nuclear accumulation and varied cytokine expression. RSV A2-infected A549 cells were treated
with 1 M KPT-335, DMSO, or 750 nM LMB from 2 h p.i. Fractions were collected at 24 h p.i. utilizing an NE-PER nuclear and
cytoplasmic purification kit, and analyzed by Western blotting as described in the legend of Fig. 6. Blots were probed for p65,
and GAPDH and lamin B1 were used as controls. The relative amount of p65 in the nucleus compared to that in the cytoplasm
was estimated by densitometric scanning of the protein bands using ImageJ. Data shown are relative to values for
DMSO-treated samples, taken as 1. (B) RSV-infected A549 cells were treated with DMSO, KPT-335, or LMB from 2 h p.i.;
mock-infected cells served as controls. Supernatants were collected at 24 h p.i. Culture supernatants were clarified by
centrifugation before proinflammatory cytokine and chemokine protein expression was examined with a Multi-Analyte
ELISArray kit. Fold change was calculated relative to values in mock-infected samples.

accumulation; however, this change resulted in a nonsignificant reduction in cytokine
expression levels compared to those of the control.
DISCUSSION
XPO1-mediated transport has an essential role for RNA viral replication, and disruption of this pathway by LMB results in reduced replication (31). SINE compounds were
designed to reversibly bind to XPO1 and disrupt nuclear export based on the same
mechanism of action as LMB but without the cytotoxic side effects (32, 33). SINE
compounds are small-molecule drugs designed to reversibly interact with XPO1 at the
NES binding groove solely through hydrophobic interactions and without being hydrolyzed by XPO1, enabling a stable interaction (32, 33). In this study, we show that
KPT-335 reduces RSV replication, induces partial nuclear accumulation of M protein,
and increases the nuclear retention of p53 and NF-B-p65.
Previous studies have demonstrated that the nuclear import of M protein by
importin 1 occurs during the early stages of infection, followed by XPO1-mediated
shuttling into the cytoplasm in the late stages of infection (16). We have previously
shown that RSV replication is negatively affected by XPO1-mediated nuclear transport
inhibition using LMB at nanomolar concentrations (15). Targeting XPO1 with KPT-335
has also proven effective both in vitro and in vivo against several strains of the influenza
virus (26, 27) and against the Venezuelan equine encephalitis virus (VEEV) in vitro (28).
siRNAs were used to inhibit expression of XPO1 in A549 cells, followed by infection with
RSV A2, and this was associated with substantial reduction in RSV replication in human
epithelial cells.
SINE compounds have been shown to inhibit replication of HIV, influenza A virus,
February 2019 Volume 93 Issue 4 e01684-18
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and hepatitis C virus (25, 26, 34). KPT-335 reduced RSV replication at a 1 M concentration with low cytotoxicity, an important factor for therapeutic applications. We show
that treatment using a 1 M dose during the early stages of replication (2 to 10 h p.i.)
reduces RSV titers by 60 to 90% compared to titers in DMSO control-treated cells. For
influenza A virus, treatment with 1 M KPT-335 for 2 h preinfection increased the
nuclear retention of vRNP (26). The same prophylactic treatment in A549 cells with 2.5
M KPT-335 prior to infection with VEEV resulted in nuclear accumulation of the viral
capsid at 16 h p.i. (28). Minimal impact on RSV replication was observed on treatment
after 10 h p.i., most likely due to the export of M protein to the cytoplasm after 8 to 12 h
p.i. (15). Longer periods of prophylactic treatment of A549 cells with KPT-335 (24 to 72 h
prior to infection) were more effective than short periods of treatment (2 h prior to
infection), leading to 100% inhibition of RSV replication. In comparison, therapeutic
treatment between 2 and 24 h p.i. reduced viral load to 60%. These findings indicate
that KPT-335 is effective as both a prophylactic and a therapeutic antiviral. It has been
shown that the mechanism of action of KPT-335 treatment in influenza virus and VEEV
infections is associated with disruption of viral assembly or budding, leading to reduced
viral replication (26, 28).
In this study, we show that treatment with 1 M KPT-335 reduced replication of RSV
strains A2, Long, and B in A549 cells and BEAS-2B cells. The data show that KPT-335
inhibits the replication of different RSV strains and suggests that the mechanism of
inhibition is likely similar. Importantly, a mutated strain of RSV A2 lacking an active NES
in the M protein could not be recovered in vitro, highlighting the importance of the
nuclear export process of this viral protein (15). The M protein is largely conserved
among both A and B strains (35). This implies that targeting the host factor XPO1 using
KPT-335 is a broadly effective strategy against RSV.
The subcellular location of M protein is linked to the viral life cycle during which M
protein enters the nucleus by interacting with importin- and probably reduces the
transcriptional activity in the host cell (14, 16). In the later stages of infection, M protein
shuttles back into the cytoplasm to mediate inhibition of viral replication and initiate
viral assembly at the plasma membrane, filament formation, and budding (7, 10, 36, 37).
In this study, nuclear accumulation of M protein was observed in A549 cells treated with
KPT-335 using both immunofluorescence and Western blotting. Interestingly, the decrease in RSV titers did not correlate with a reduction in the amount of cytoplasmic M
protein. It is possible that translocation of M protein through the nucleus is required for
virus assembly and that the majority of M protein in the cytoplasm has not traversed
through the nucleus. In this regard, we have shown previously that M protein is
phosphorylated at the threonine at position 205 and that inhibition of CK2 phosphorylation leads to reduced RSV titers (37). Taking these findings together, it is possible
that movement of M protein through the nucleus results in its phosphorylation by CK2
and that phosphorylated M protein is required for its assembly functions; however, this
remains to be confirmed. Unlike influenza A virus and VEEV, which replicate within the
nucleus, RSV replication is confined to the cytoplasm, synthesizing structural glycoproteins and nucleocapsid proteins at the Golgi compartment and within inclusion bodies
(5). The inhibition of M protein nuclear export does not completely inhibit virus
production but is important for efficient assembly and maturation of viral filaments,
which is reflected by reduced viral titers (15). This suggests that nuclear retention of
RSV M protein occurs during KPT-335 treatment which can disrupt the later stages of
viral infection and result in reduced replication.
As M protein is in the cytoplasm by 18 h p.i. (7), inhibition of XPO1 after that time
and assaying for virus at 24 h p.i. (1 cycle) will not show any effect. Indeed, treatment
with KPT-335 at 22 h p.i. followed by plaque assay at 24 h p.i. will not show any
reduction in RSV titers. However, treatment at 24 h p.i. and assaying for virus at 72 h p.i.
(3 cycles) will exhibit an effect due to inhibition of XPO1 activity in newly infected
cells that were in the early stages of infection at 24 h p.i.
The inhibitory effect of KPT-335 treatment of A549 cells transfected to express
GFP-Rev or GFP-M was similar to the inhibitory effect of LMB, where increased nuclear
February 2019 Volume 93 Issue 4 e01684-18
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localization of NES carrying proteins occurred in the presence of the (15). It has been
shown that the NES signal of p53 (FXXLXXXLXL), which uses XPO1 as the sole nuclear
exporter, is weaker than that of Rev (LPXLXXLXL) (38, 39). Similarly, the lesser degree of
nuclear accumulation of GFP-M than of GFP-Rev was most likely due to the differences
in strength of the interaction with XPO1 and ease of accessibility for binding to the
nuclear transporter.
XPO1 expression was significantly (P  0.05) lower in KPT-335-treated A549 cells
than in DMSO-treated A549 cells, which suggests that alterations of downstream
activation pathways dependent on XPO1-mediated transport may occur. This includes
anti-apoptotic pathways, cell cycle progression, and inflammatory pathways. SINE
compounds, including KPT-335, induce the nuclear accumulation of tumor suppressor
proteins such as FOXO, p53, and p21 in cancer cells that overexpress XPO1 in order to
evade apoptosis (40). For example, the nuclear accumulation of tumor suppressor
proteins (including p53) in the presence of SINE compounds has been shown to result
in apoptosis and reduced malignancy in different hematological and solid tumors (32).
KPT-185 and KPT-330 have been shown to cause cell cycle arrest in Jurkat, MOLT-4, and
T-ALL cancer cell lines, resulting in a dramatic decrease in tumor size (22). Treatment
with KPT-127, KPT-185, KPT-205, or KPT-225 targeting pancreatic cancer cell lines
increased the nuclear retention of several tumor suppressor proteins, including FOXO
and p53, inducing cell cycle arrest and apoptosis (23). The reduction in XPO1 expression
in the presence of KPT-335 leads to disruption of the nuclear export of nearly 220
proteins (39) and several RNAs, including mediators of proliferative and prosurvival
signaling pathways that are known to be required for the survival of cancer cells and
for effective infection and release by RSV (15). Thus, the mechanism of action of
KPT-335 to reduce RSV replication is linked to a combined effect of inhibition of M
nuclear export and reduced XPO1 expression.
We observed decreased levels of XPO1 and increased levels of p53 in both infected
and noninfected A549 cells treated with 1 M KPT-335. However, activation of
procaspases-3 and -7 was absent in both short- and long-term treatments with KPT-335
while treatment with LMB resulted in their activation at both 24 and 48 h posttreatment. This suggests that reduction in XPO1 expression in SINE-treated A549 cells
prevents the induction of caspase-dependent apoptosis by RSV, and reduction in RSV
replication is not likely due to induction of apoptosis. It has been shown that KPT-335
treatment of influenza virus-infected cells reduces the expression of TNF-, IL-1, and
IL-6 by inhibiting NF-B signaling pathway (26). The NF-B inhibitor IkB utilizes XPO1 to
repress NF-B signaling. IB binds to NF-B (composed of the subunits p50 and p65)
in the cytoplasm and renders it inactive by masking the nuclear localization signal (NLS)
of NF-B, preventing its trafficking to the nucleus and the transcriptional activation of
several genes (41, 42). IB kinase (IKK) phosphorylates the IB regulatory domain,
initiating the signal-induced degradation of IB and releasing the NF-B complex to
enter the nucleus, where it can induce the expression of specific genes (41, 42). In the
nucleus, NF-B also induces the expression of the repressor IB, and the newly
synthesized IB then reinhibits NF-B, forming an auto-feedback loop (41, 42). XPO1 is
required for the replenishment of cytoplasmic pools of NF-B/IB complexes and the
subsequent regulation of NF-B activation (43). We show in this study that KPT-335
treatment of mock- or RSV-infected A549 cells results in the nuclear retention of NF-B
subunit p65, thus likely leading to inactivation of NF-B signaling. It has been shown
that RSV infection induces the expression of several NF-B-dependent genes and
mediates proinflammatory cytokine expression of IL-8, IL-6, RANTES, and MIP-1 among
several other cytokines (44). KPT-335 treatment of RSV-infected cells led to a minor
reduction in RANTES expression, and it did not affect other cytokines and chemokines
measured in this study.
Conclusion. XPO1-mediated transport has a crucial role in RSV replication, and
targeted inhibition of XPO1 likely has therapeutic applications as an antiviral approach.
KPT-335 reduces RSV replication for both prophylactic and therapeutic treatments. In
February 2019 Volume 93 Issue 4 e01684-18
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the absence of inhibition, RSV M protein is translocated from the nucleus to the
cytoplasm in the later stages of infection to mediate viral assembly and budding.
Treatment with KPT-335 induces limited nuclear accumulation of M protein. KPT-335
increases the nuclear retention of p5 but does not activate caspase-dependent apoptosis, and it has limited effects on the proinflammatory cytokines induced by RSV.
Prospective studies will examine the in vivo efficacy of KPT-335 on RSV disease
pathogenesis and will explore other host gene pathways that are regulated by XPO1mediated transport and may be crucial for RSV infection and disease intervention.
MATERIALS AND METHODS
Cell culture and RSV. A549 cells, a human type II respiratory epithelial cell line (ATCC CCL185TM), Vero cells, an African green monkey kidney epithelial cell line (ATCC CCL-81), and BEAS-2B
cells, an immortalized, human lung epithelial cell line (ATCC CRL-9609) were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma) supplemented with 10% (vol/vol) heat-inactivated fetal
bovine serum (FBS) (Bovogen or Atlanta Biologics). Cells were maintained in a humidified 37°C
incubator supplied with 5% CO2. RSV strains (15) were grown as described below and stored at
80°C or in liquid N2 vapor until use.
Virus production. RSV A and B strains were propagated in Vero cells. Briefly, 85% to 90% confluent
T75 flasks of Vero cells were infected with RSV at an MOI of 0.1 in 5 ml of DMEM. Cells were infected for
1 h at 37°C and 5% CO2. After infection, 7 ml of DMEM with 2% fetal bovine serum was added to the flask.
Flasks were incubated for 2 days or until extensive syncytium formation was observed. On the day of
harvest, all except 3 ml of supernatant was removed and placed on ice in 50-ml centrifuge tubes. Three
milliliters of sucrose-phosphate-glutamate-albumin (SPGA) medium was utilized for the extraction of
cell-free viruses. SPGA (218 mM sucrose, 7.1 mM K2HPO4, 4.9 mM sodium glutamate, and 1% bovine
serum albumin) was added, and the flask was stored overnight at 80°C. The flask was thawed, and cells
were scraped from the flask, added into a 15-ml centrifuge tube, and centrifuged at 4,000 rpm for 15 min
at 4°C to separate the cell debris. The same was done for the virus supernatant collected. Uninfected
flasks were treated identically to generate control samples.
siRNA transfection. A549 cells were seeded onto 96-well plates to a confluence of 104 cells/well
in antibiotic-free DMEM containing 5% FBS and incubated at 37°C with 5% CO2 overnight. On the day
of the assay, a SMARTpool ON-TARGETplus XPO1 siRNA (siXPO1) (Dharmacon L-003030-00-0005) or a
control SMARTpool ON-TARGETplus nontargeting control pool siRNA (siNTC) (Dharmacon D-001810-1020) was diluted to 5 M in serum-free (SF) DMEM. Briefly, for each well to be transfected, 10 l of diluted
siRNA was prepared by mixing 0.5 l of siRNA with 9.5 l of SF-DMEM. Separately, 0.2 l of Dharmafect-1
transfection reagent (Lafayette, CO) was mixed with 9.8 l of SF-DMEM and incubated at room temperature for 5 min. The diluted siRNA and transfection reagent were mixed and incubated for 20 min at room
temperature. Eighty microliters of antibiotic-free DMEM containing 5% FBS was added to the mix to
achieve a final volume of 100 l of transfection medium and a final siRNA concentration of 25 nM. The
cell culture medium was removed from the 96-well plate containing the A549 cells and replaced by
100 l of transfection medium. Finally, the cells were incubated for 24 to 48 h at 37°C in 5% CO2, at which
point XPO1 expression was measured by immunostaining and Western blot assay as described below.
Immunostaining plaque assay. Viral titers were determined as previously described (45). Briefly,
10-fold serial dilutions of whole-cell extracts of RSV-infected A549 cells were prepared in serum-free
DMEM and added to confluent Vero cell monolayers in 24-well plates. After adsorption for 2 h at 37°C,
2 ml of overlay medium containing DMEM, 5% FBS, and 0.5% methylcellulose (Sigma St. Louis, MO, USA)
was added to each well and incubated at 37°C for 3 days. At day 3 postinfection, overlay was carefully
removed, and cells were fixed with ice-cold acetone-methanol (60/40%). RSV plaques were immunostained with a mouse monoclonal antibody directed against the RSV F protein (clone 131-2A) and a
secondary antibody conjugated to alkaline phosphatase. Finally, plaques were visualized by addition of
1-Step nitroblue tetrazolium/5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP) substrate solution (ThermoFisher Scientific) and enumerated using a dissecting microscope.
Western blotting. (i) XPO1/p53-expression. Whole-cell extracts of RSV-infected A549 cells were
collected at 24 h p.i. using lysis buffer (150 mM sodium chloride, 1.0% Triton X-100, 0.5% sodium
deoxycholate, 10% sodium dodecyl sulfate [SDS], and 50 mM Tris, pH 8.0) treatment. The lysates were
mixed with reducing SDS sample buffer (4 buffer contained 40% glycerol, 240 mM Tris-HCl, pH 6.8, 8%
SDS, 0.04% bromophenol blue, and 5% -mercaptoethanol), boiled, and electrophoresed on a 12%
polyacrylamide gel; 10 l of each sample was loaded per lane. XPO1 or p53 expression was detected by
mouse anti-XPO1 (611832; BD Biosciences) or mouse anti-p53 (ab28; Abcam) diluted 1:1,000 in 1% skim
milk in phosphate-buffered saline (pH 7.2) containing 0.1% Tween 20 (PBST). Bound primary antibody
was detected with horseradish peroxidase-conjugated secondary antibodies diluted 1:5,000 in 1% skim
milk in PBST. Bound antibodies were visualized by addition of SuperSignal West Dura Extended Duration
Substrate (Pierce/Thermo Scientific) with a FluorChem-E Western imaging system (ProteinSimple).
(ii) Nuclear accumulation of proteins. A549 cells were infected with RSV A2 at an MOI of 0.5 for 2 h
prior to being treated with 1 M KPT-335, DMSO (diluent), or 750 nM LMB. Fractions were collected at
24 h p.i., utilizing an NE-PER nuclear and cytoplasmic purification kit (Thermo Scientific). Equivalent
protein concentrations of cytoplasmic and nuclear fractions at 24 h p.i. were diluted in SDS sample buffer,
boiled, and resolved by SDS-polyacrylamide gel electrophoresis, followed by immunoblotting. Antibodies against XPO1 (611832; BD Biosciences), RSV M protein (produced in-house), NF-B subunit p65
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(ab32536; Abcam), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (ab8245; Abcam), and lamin B1
(ab16048; Abcam) were used as primary antibodies. Horseradish peroxidase-conjugated species-specific
antibodies were used as secondary antibody. Protein bands were visualized as for XPO1 and p53 above.
Cell viability. A CellTiter Blue (Promega) cell viability assay was used for monitoring cell viability
according to the manufacturer’s instructions. Briefly, 96-well plates containing A549 cells or BEAS-2B cells
were treated with DMSO or increasing concentrations of KPT-335 for 72 h. At 70 h posttreatment, 20 l
of CellTiter Blue reagent was added to each well and incubated for 2 h at 37°C. The plate was mixed for
10 s, and fluorescence emission was measured at 560/590 nm. The average fluorescence value of the
culture medium background (wells containing no cells) was subtracted from the value for each
experimental well. The mean fluorescence emission values of the wells containing DMSO only was taken
as 100% viability and used to calculate percent relative cell viability of KPT-335-treated wells. The percent
viability versus the log10 concentration of KPT-335 was plotted using GraphPad Prism, and the values
were fitted to a nonlinear regression curve to determine the 50% cytotoxic concentration (CC50).
Infection and immunofluorescence. A549 cells were grown to 80% confluence on glass coverslips
and infected (MOI of 0.5) with RSV A2. The cells were treated with KPT-335 (1 M) for the time interval
specified. At the indicated times postinfection, cells were fixed with 4% formaldehyde, permeabilized
with 0.1% Triton X-100, and immunostained with a monoclonal antibody specific for M protein (46)
followed by Alexa Fluor 488-conjugated secondary antibody (Invitrogen). Hoechst 33342 (ThermoFisher)
diluted in PBS was used for nuclear staining. The coverslips were washed twice in PBS and mounted
using fluorescence mounting medium (Dako), followed by confocal laser scanning microscopy (CLSM;
described below). Cells in 96-well plates that were transfected with siRNA and infected with RSV
(described above) were fixed, permeabilized, and immunostained with a monoclonal antibody specific
for F protein followed by Alexa Fluor 488-conjugated secondary antibody and Hoechst 33342 counterstaining. Cells were imaged by epifluorescence microscopy using a 10 objective.
Transfection. Transfection of A549 cells was performed using Lipofectamine (Invitrogen) mixed 1:1
with DNA and reagent, and cells were cultured for 24 h before analysis by CLSM. The cells were
transfected to express GFP (pGFP-DESTC), GFP-M (pEPI-GFP-M), or GFP-Rev [pEPI-GFP-REV(2-116)] (15).
KPT-335 (1 M) was added 18 h posttransfection for 6 or 24 h prior to live-cell CLSM and image analysis
with cells treated identically with DMSO, taken as the control.
CLSM and image analysis. Fixed or live (transfected)-cell samples were imaged as described
previously (15, 47). Digitized fluorescent cell images were collected using a Nikon Ti Eclipse CLSM with
a Nikon 60/1.40 numeric aperture oil immersion lens (Plan Apo VC OFN25 DIC N2; optical section of
0.5 m) and the NIS Elements AR software; data from four individual scans were averaged to obtain the
final images. Digital images were analyzed as described previously using ImageJ software to determine
the fluorescence intensity above background (Fb) in the nucleus (Fn) compared to that in the cytoplasm
(c) and to determine the nuclear-to-cytoplasmic fluorescence ratio (Fn/c) (47).
Caspase-3/7 activity. Caspase-3/7 activation was measured using a Capsase-Glo 3/7 assay (Promega)
according to the manufacturer’s recommendations. Briefly, white-walled 96-well plates were seeded with
100 l/well of A549 cells (105 cells/ml) and incubated at 37°C overnight. Cells were infected (MOI of 0.5)
with RSV A2 for 24 h. KPT-335 and LMB treatment was initiated at 2 h p.i. and maintained until the end
of the infection. Assay controls included wells without cells (background), mock-infected cells (negative
control), and cells treated with 1 M staurosporine for 4 h (positive control). At 24 h p.i., plates were
equilibrated at room temperature for 30 min; 100 l of Caspase-Glo 3/7 reagent was added to each well
and incubated for 3 h at room temperature. Luminescence (in relative light units [RLU]) was measured
using a Tecan microplate reader, and background RLU count (wells without cells) was subtracted from
each well.
ELISA. To assess the proinflammatory cytokine and common chemokine expression, supernatants
were collected from A549 cells infected (MOI of 0.5) with RSV A2 or medium only (mock) for 2 h and then
treated with 1 M KPT-335, 750 nM LMB, or DMSO until 24 h p.i. Culture supernatants were collected and
clarified by centrifugation before proinflammatory cytokine and chemokine protein expression was
examined with a Multi-Analyte ELISArray kit (Qiagen). Fold-change was calculated relative to levels in
mock-infected cell and compared to the levels in DMSO-treated cells.
Statistical analysis. GraphPad Prism, version 7.0, was used for all statistical analysis. The statistical
tests used to determine differences between groups are as indicated in the legends to respective figures,
and significance was accepted at a P value of 0.05.
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