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Influenza A virus infects 5-20% of the population annually, resulting 

in ~35,000 deaths and significant morbidity.  Current treatments include 

vaccines and drugs that target viral proteins.  However, both of these 

approaches have limitations, as vaccines require yearly development and 

the rapid evolution of viral proteins gives rise to drug resistance.  In 

consequence additional intervention strategies, that target host factors 

required for the viral life cycle, are under investigation.  Here I employed 
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arrayed whole-genome siRNA screening strategies to identify cell-

autonomous molecular components that are subverted to support H1N1 

influenza A virus infection of human mucosal epithelial cells.  Integration 

across relevant public data sets exposed druggable gene products 

required for epithelial cell infection or required for viral proteins to deflect 

host cell suicide checkpoint activation.  Pharmacological inhibition of 

representative targets, RGGT and CHEK1, resulted in significant 

protection against infection of human epithelial cells by the A/WS/33 virus.  

In addition, chemical inhibition of RGGT partially protected against H5N1 

and the 2009 H1N1 pandemic strain.  The observations reported here thus 

contribute to decoding vulnerabilities in the command and control 

networks specified by influenza virulence factors. 
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Chapter I: Introduction 

 

Introduction 

 

Influenza A 

The Orthomyxoviridae family member influenza A is the causal 

agent of acute respiratory tract infections suffered annually by 5-20% of 

the human population.  This infection rate results in a significant impact on 

morbidity, concentrated in people younger than 20 years, with economic 

consequences running into the billions of dollars during large epidemics 

[1].  Influenza infection can also result in development of chronic asthma 

and disease exacerbation in both children and adults.  In particular, acute 

influenza infection can amplify airway inflammation in asthmatic patients 

and induce alterations in epithelial and stromal cell physiology contributing 

to allergen sensitization, exaggerated bronchoconstriction, and remodeling 

of airway epithelia [2].  Mortality rates associated with seasonal flu are 

low, but the aging population is at risk for development of severe 

congestive pneumonia which kills ~35,000 people each year in the U.S. 

[1]. Of continual concern is the threat of emergent high virulence strains 
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such as the Spanish flu (H1N1), Asian flu (H2N2) and Hong Kong flu 

(H3N2) pandemics which claimed millions of lives world-wide.   

 

Current Treatment for Influenza A Infection 

Current treatment for influenza A infection is focused on two main 

areas: vaccines and the targeting of viral proteins.  However, both of these 

approaches are limited in their success.  Vaccines require yearly 

development and lack the ability to protect against new strains, resulting in 

a lag from introduction of a new viral strain to the production of the 

corresponding vaccine.  In contrast, drugs targeting viral proteins can 

show activity across a wide range of strains, but they quickly lose 

effectiveness due to the rapidly evolving nature of viral proteins [3].  The 

inherent problems with current treatment highlight the need for new drugs 

to combat viral infection.  One therapeutic strategy currently being 

pursued is the targeting of host proteins required for viral replication [4].  

To maximize the effectiveness of this approach, a better understanding of 

the host genes required for viral life cycles is needed. 

 

Viral Replication and Life Cycle 

Influenza A is a single-stranded RNA virus whose genome consists 

of 8 segments of negative-stranded RNA that encode for 11 functional 
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viral proteins [1].  To overcome the limited number of viral proteins, the 

virus hijacks host-cell biological systems to complete the viral life cycle of 

entry, replication, assembly and budding.  The first step in the viral life 

cycle is entry into the host cell.  The viral protein hemagglutinin (HA) binds 

to sialyated surface proteins on epithelial cells in the respiratory tract [5].  

The viral particle is then taken into the cell through endocytosis. Electron 

micrographs show viral particles enter through coated pits, suggesting 

clathrin-mediated endocytosis [6].  However, viral particles are also 

located in smooth, uncoated invaginations [6], implying a clathrin-

independent pathway as well.  Furthermore, inhibition of clathrin-mediated 

endocytosis prevents productive infection [7].  Interestingly, infection still 

takes place when clathrin- and caveolin-mediated endocytosis is inhibited 

[7].  Studies looking at real-time entry in live cells show two-thirds of viral 

particles associate with clathrin-coated pits before viral entry [8].  

Following entry, the virus must release its contents into the 

cytoplasm of the host cell.  The low pH of the endosome induces a 

conformational change in viral HA protein, which in turn allows for the 

fusion of the viral particle membrane with the membrane of the endosome.  

At the same time, the viral protein M2, an ion channel, pumps ions into the 

virion, further lowering the pH.  This influx of ions facilitates the release of 

the vRNPs into the cytoplasm of the host cell [5].  vRNPs contain nuclear 



4 

 

localization signals (NLS) that allow for their import into the nucleus.  Once 

inside the nucleus, the viral RNA polymerases transcribe vRNAs.   

This transcription requires the help of cellular transcription machinery, 

including proteins involved in RNA Poll II transcription [9]. After several 

rounds of transcription and protein translation, viral proteins are trafficked 

to the apical membrane, where new viral particles are packaged and bud 

off.  Because of the limited number of viral proteins, this life cycle requires 

host cellular proteins.   However, host cells have evolved measures to 

detect and defend against infection.   One of the most potent defense 

mechanisms is the expression of type I interferon (IFN) genes [10].  The 

expression of IFNs results in the upregulation of antiviral proteins, 

decreased protein synthesis, and the induction of apoptosis [11,12].  The 

potency of IFN is illustrated by the fact that pretreatment with IFNβ 

protects cells from infection with virus [13].  However, influenza A has 

means of counteracting the cell’s defenses, thus setting up a delicate 

interplay between host and pathogen.  An example of this interplay is the 

activation of the mitogen-activated protein kinase (MAPK) signaling 

cascades.  MAPKs regulate a diverse range of cellular functions, including 

the immune response. Not surprisingly, infection with influenza A has 

shown to activate several MAPK family members [14-16].  One of these, 

the JNK subgroup, is activated upon productive infection by accumulating 
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viral RNAs [15].  This activation is important in regulating the expression of 

IFNβ [10].  The importance of the activation of JNK is seen as inhibition of 

JNK results in enhanced viral production [15].  In contrast, the activation of 

the MEK/ERK cascade is beneficial for virus, as seen by the fact that 

inhibition of this pathway impairs viral growth [16,17].   

Another example of the interplay between host and pathogen 

response is the activation of the NF-κB pathway.  NF-κB is a family of 

transcription factors that regulate more than 150 genes [18], including 

several anti-viral proteins such as IFNβ and TNF-α [18]. NF-κB is activated 

upon influenza A infection and was originally thought to be a major inducer 

of the antiviral state [19], as it is in other RNA viruses [20].  However, in 

the case of influenza A, NF-κB seems to have a supportive role in viral 

infection.  This was demonstrated in two studies where pre-activation of 

NF-κB resulted in higher levels of viral replication.  Conversely, inhibition 

of NF-κB resulted in decreased viral titers [21,22].  Indeed, 

pharmacological inhibitors of NF-κB have antiviral activity in vivo [4].  Thus 

it appears that influenza A has subverted what is normally an antiviral 

response to support its own life cycle.   

One of the major ways that influenza A is able to avoid the immune 

response is through the actions of the viral protein NS1.  NS1 is able to 

control the immune response by regulating IFN signaling, impairing mRNA 
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processing and export, which results in global inhibition of gene 

expression, and by inhibiting innate immunity effectors [23-26].  NS1 

inhibits IFN production by regulating the activation of IRF3 and NF-κB as 

well as inhibiting the function of RIG-I [23-26].  It also binds and 

sequesters dsRNA, thus preventing the detection and activation of the 

antiviral protein PKR [23-26].  The importance of NS1 in the control of the 

immune response is seen as viruses lacking the NS1 protein induce a 

greater IFN response, thereby inhibiting viral replication [23-26].  Another 

important aspect of NS1 is its ability to delay the onset of apoptosis 

[27,28].  

 

Death Response to Infection 

Apoptosis is a defined form of cell death that plays a role in virus 

infections [29].  Its role in viral infection is typically thought to be a host cell 

defense because many viruses have proteins that inhibit apoptosis.  It has 

long been known that infection with influenza A induces apoptosis [30-33].  

However, the result of this induction, in regards to viral outcome, is still 

unclear.  Several things argue for it having an antiviral role.  For example, 

influenza A virus, when lacking the viral protein NS1, is a stronger inducer 

of apoptosis than wild type virus [27].  Additionally, activated caspases 

can cleave the viral NP protein, preventing it from being packaged into 
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viral particles [34].  These observations would suggest that apoptosis has 

an antiviral function in cells.  However, in the presence of caspase 

inhibitors, viral propagation is strongly inhibited [35].  This appears to be a 

result of vRNPs being retained in the nucleus [35].  Also, as mentioned 

before, NF-κB has both pro- and anti-viral functions.  The pro-viral function 

has been linked with its pro-apoptotic activity [22].  This is consistent with 

an early report that overexpression of the anti-apoptotic protein, BCL-2, 

results in vRNP nuclear retention and lower viral titers [36,37], as well as 

reports that showed inhibition of apoptosis inhibited viral replication [38-

40].  Taken together, these observations would imply that the cell mounts 

an anti-viral response that includes the induction of apoptosis.  In turn, the 

virus limits, but does not abolish, this response and uses it to support viral 

replication.  This places the control of apoptosis as one of the key 

balancing points in the outcome of influenza A infection.  It has both pro-

viral and anti-viral activity.  If the control of apoptosis could be returned to 

the cell, it would then act in an anti-viral fashion and inhibit viral 

production, suggesting a novel therapeutic strategy.   One study that 

supports this idea is a recent study done in duck cells.  Waterfowl, 

including ducks, are a natural host for influenza A.  Interestingly, ducks 

infected with influenza A do not present any pathological symptoms [41].  

However, chickens infected with the same strain show significant 
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symptoms that often lead to death [1, 41].  To understand the difference in 

response on a cellular level, primary lung cells were cultured from both 

ducks and chickens.  When infected with influenza A, the duck cells 

showed a rapid onset of apoptosis, whereas the chicken cells had a 

delayed response.  Interestingly, when duck cells were infected with a 

strain that causes pathological symptoms, the apoptotic response was 

slowed to that of the chicken cells [41].  These observations imply the 

possibility that in duck cells, the apoptotic response has anti-viral activity, 

thereby removing the pathological response to viral infection in vivo.  This 

suggests a novel therapeutic approach to treating influenza A.  If one 

could change the balance of the apoptotic response so that it acts in an 

anti-viral way, one could effectively treat influenza A.  To accomplish this 

strategy, it would be beneficial to have a better understanding of the host 

factors involved in modulating cell death in response to influenza A 

infection.  

 

Genome-wide siRNA Screening 

The arrival of genome-wide siRNA libraries, combined with the 

ability to target different oligos to individual wells within a 96-well plate has 

given rise to the ability to perform high throughput siRNA screens.  

Indeed, high throughput screens have been used with great success to 
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explore the functional genomics of many biological processes [42].  The 

breadth of coverage and the unbiased nature of this approach make it 

especially inviting as a tool for the discovery of novel drug targets.   

The power of siRNA screens, combined with the ease of detecting 

cell viability, allow for the creation of a strategy to identify novel host 

modulators of cell death (Figure 1.1).  Here I present the results of this 

strategy, which has resulted in the identification of 235 candidate 

modulators, many of which have not been previously identified as players 

in the host-pathogen interaction.  Potential mechanisms were explored 

with direct follow-up of a selected panel as well as leverage of existing 

biological data.  I have also confirmed with pharmacological experiments 

that the pathways identified in the screen have therapeutic potential. 

 

Figures 
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Figure 1.1.  Strategy for Identification of Death Modulators 

To identify host modulators of the death response, HBECs will be 

transfected with siRNA followed by a 48-hour incubation period, allowing 

for target depletion.  Cells will then be infected with influenza A virus and 

cell viability will be measured 48 hours post-infection. 

 

Deplete proteins 
via siRNA 

transfection 

Infect with 
influenza A virus 

Measure cell 
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incubation 

48 hour 
incubation 
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CHAPTER II:  IDENTIFICATION OF HOST 
MODULATORS OF INFLUENZA A INFECTION 

 

Introduction 

 

A better understanding of the host pathways involved in the death 

response to influenza A would facilitate the development of novel 

therapeutic treatment.  The creation of siRNA genome-wide libraries 

provides a tool to generate an unbiased experimental platform to identify 

host modulators of viral infection.  siRNAs use the RNA interference 

(RNAi) pathway to regulate protein levels in cells [43].  RNAi uses double 

stranded RNA precursors.  In the case of siRNA, Dicer processes double 

stranded RNA precursors into 21-25 nucleotide strands [44,45].  

Processed siRNAs are then loaded into the RNAi-induced silencing 

complex (RISC), where they promote sequence-specific degradation of 

target mRNAs, mediated by Argonaute 2 [46,47].  The ability of siRNAs to 

deplete mRNAs makes them a useful tool in dissecting functional 

genomics.  They can be designed to target a gene of interest, are 

deliverable in cell culture, and can be produced on a large scale.  

However, siRNAs have some drawbacks as well.  The depletion of mRNA 

is transient, and results vary depending on the protein targeted and the 
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cell type used [48].  mRNA depletion is not always complete, and residual 

protein can have enough activity to prevent a phenotype.  Finally, siRNAs 

can have off-target effects, giving rise to a false positive result [49].  

Despite these drawbacks, genome-wide siRNA screening has been 

shown to successfully provide an unbiased approach for identifying novel 

biological pathways and therapeutic targets [42].  A key to leveraging this 

tool is to design the screen to maximize the information obtained and, at 

the same time, limit the noise.  To this end, I designed a screening 

strategy that would be physiologically relevant, had an end point assay 

amenable to high-throughput screening, and produced robust phenotypes.  

Here I discuss the optimization and execution of this screening strategy 

that resulted in the identification of modulators of the host response to 

influenza A infection. 

 

Results 

 

Optimization of the Screen 

 The object of this project is to identify targets that have therapeutic 

potential in treating influenza A infection; however, the response to 

infection is different depending on the cell type.  This point is illustrated in 

vivo where macrophages and dendritic cells have very different responses 
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to influenza A infection.  Macrophages undergo apoptosis within 36 hours, 

whereas dendritic cells remain viable 48 hours post-infection [50].  This 

example illustrates the importance of selecting a physiologically relevant 

cell type. The pathology of influenza A includes changes throughout the 

respiratory tract; however, the major site of impact is the respiratory 

epithelia, as seen by bronchoscopy of patients with uncomplicated 

influenza infections, with viral antigen found mainly in the epithelial cells 

and mononuclear cells [1].  For this reason, I chose to use telomerase-

immortalized human bronchial epithelial cells (HBECs), specifically 

HBEC30-KT cells.  These cells retain the ability to differentiate into a 

polarized ciliated epithelial sheet [51], adding to their physiologic 

relevance.   

The first step in optimizing the screen was to characterize the 

response of HBECs to influenza A infection.  HBECs exposed to a range 

of viral titers showed a striking ability to resist propagation of plaques as 

compared to MDCK cells, a viral permissive cell line.  However, 

examination of infected HBECs revealed a decrease in cellularity in the 

plaques (Figure 2.1) and implied infection-dependent cell death.  

Consistent with this finding was the fact that viral protein was detectable 

by both western blot and immunofluorescence with near 100% of cells 

infected after 24 hours using a multiplicity of infection (MOI) of 5 (Figure 



14 

 

2.2).  This infection rate leads to a fifty percent decrease in cell viability at 

48 hours post-infection, as measured by the CellTiter-Glo assay, which 

correlates cell viability with detection of ATP levels (Figure 2.3).  HBECs 

were tested with a range of MOIs for cell viability showing a dose-

dependent response (Figure 2.3).  Interestingly, this dose-dependent 

response was not linear.  This is likely a result of asynchrony in infection 

times, caused by cell cycle differences as well as the 96-well plate format.  

Despite the asynchrony, the cell viability was consistent within 

experiments and had a high level of reproducibility.  To identify modulators 

of the death response in both directions, I chose a 48-hour exposure with 

an MOI of 5 as the end point for the screen.  Another reason for selecting 

this concentration is that we are dealing with a single cycle infection, as 

evidenced by the near 100% infection rate 24 hours post-infection (Figure 

2.2).  

These observations allowed for the adoption of a screening 

strategy consisting of 48-hour incubation post siRNA transfection, followed 

by a 48-hour exposure to influenza A/WSN/33 (WSN) or carrier, with cell 

viability as the endpoint assay (Figure 1.1).  Screening was done in a two-

condition biological triplicate.  Each siRNA pool was transfected into six 

plates: three for virus-infected and three for mock-infected conditions.  

Transfection was performed with high-throughput equipment.  The use of 
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high-throughput equipment can result in positional artifacts.  A scatterplot 

analysis of the screening data identified a row-dependent position effect.  

This makes it difficult to compare cell viability from row to row, as some 

rows are artificially high while others are artificially low.  However, values 

in rows were internally consistent.  This was evidenced by the fact that 

siRNA oligos, when tested in multiple rows, retained their relative values. 

To remove this position effect, each well was normalized to the row 

median well.  Subsequent scatterplot analysis confirmed the effectiveness 

of this method to remove position effects.  However, the use of normalized 

ratios to determine cell viability gives extra weight to oligos that increase 

cell viability.  For this reason, values were log2 transformed to give a more 

accurate weight distribution. Using day-specific variance numbers, z-

scores were calculated, thus leveraging the data set as an internal 

negative control.  A z-score ratio was then made from the z-scores of 

virus-treated versus mock-treated HBECs, allowing for the comparison of 

experiments done on separate days (Figure 2.4). 

 Using an arbitrary cutoff for siRNA pools with z-scores that were 

equal to or greater than 3 standard deviations above, termed resistors, or 

below, termed sensitizers, the mean of the population. The screen 

identified 220 candidate hits.  To this list I added another 15 siRNA pools 
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based on z-scores and viral interactions for a total of 235 candidate hits: 

53 resistors and 182 sensitizers (Table 2.1).   

Terminology of Hits 

In this study I will be using the following terminology to describe the results 

of the initial screen: resistor and sensitizer.  The term resistor refers to 

siRNAs that increase cell viability upon exposure to virus. The term 

sensitizer refers to siRNAs that decrease cell viability upon exposure to 

virus. Cell viability was measured as the normalized ratio of virus-infected 

cells over mock-infected cells.  Thus, resistors show a relative increase in 

cell viability and sensitizers show a relative decrease in cell viability.  It is 

important to note that these terms refer to the siRNAs and not the genes 

associated with them.  For example, when I say that COPB2 is a 

sensitizer, I mean that the siRNA oligos targeting COPB2 decrease the 

relative viability of cells exposed to virus.  It does not mean that the 

COPB2 gene sensitizes cells to viral infection, but it is simply a description 

of the phenotype of the siRNA oligos.  The implication of these 

phenotypes will be discussed in further detail later.  

 

Reproducibility 

To confirm that the results of the screen were robust, I selected a panel of 

siRNAs with a range of z-scores for retesting.  Retesting was conducted 
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with 163 siRNAs: 126 resistors and 37 sensitizers.  Experimental 

conditions were kept the same as the original screen.  Each oligo was 

tested in triplicate and compared to control siRNA.  The reproducibility of 

the phenotype was analyzed using a student TTest with the following 

results: seventy-eight percent of resistors, and ninety-five percent of 

sensitizers showed significant reproducibility (Figure 2.5).  

 

Off-Target Effects 

 Another caveat of screening is the potential for off-target effects 

from the siRNAs to produce false positives.  One way to look at off-target 

effects is to test for reproducibility of a phenotype with several different 

oligos that target the same protein.  If the phenotype is real, it should be 

reproducible with multiple oligos. To look at the contribution of off-target 

effects to our data, 88 siRNAs were tested with 4 individual oligos. Fifty-

eight percent of tested oligos showed reproducible phenotypes with two or 

more oligos.  It is important to note that the lack of reproducibility of a 

phenotype with two or more oligos does not mean there is an off-target 

effect.  It does, however, lessen the confidence in the hit. 

 

Discussion  
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 Influenza A needs many cellular proteins and pathways to complete 

its viral life cycle.  One pathway that is vital in deciding the outcome of 

infection is the death response upon infection with virus.  In this chapter, I 

have shown the identification of host modulators of the death response to 

influenza A infection.  This was done in an immortalized human bronchial 

epithelial cell line.  The choice of this cell line is important, as it represents 

a physiologically relevant cell for both infection conditions and cell death 

mechanisms.  Many studies in influenza have been done with cancer 

cells, which often have an altered death response.  This altered death 

response would decrease their value as a physiological relevant model for 

influenza A infection.  HBECs also have the ability to fight against viral 

infection, as evidenced by the low levels of viral titers and subsequent 

plaque formation.  This makes these cells good candidates to identify the 

innate immunity genes that actively fight against viral infection in vivo. 

The initial screen identified two types of modulators of cell death, 

which I have termed resistors and sensitizers.  Resistors are siRNAs that, 

when depleted, deflect death upon infection with influenza A virus.  

Sensitizers are siRNAs that, when depleted, increase death.  These 

results were highly reproducible, strengthening the belief that the screen 

can accurately identify modulators of the death response.  Unfortunately, 

when tested with single siRNA oligos, the results were not as 
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reproducible.  This could mean there is a significant contribution of off-

target effects.  However, the lack of reproducibility could also be a result of 

the change in format.  In the large screen, the use of robotic equipment 

and large number of internal controls increased the consistency of the 

screen.  The retests were done in a smaller format with fewer negative 

controls, thereby increasing the standard deviation.  The change in format 

also decreased the consistency between experiments, thus adding to the 

lack of reproducibility.  Another thing that strengthens the confidence in 

the screen is the pulling out of proteins known to be involved with the viral 

life cycle and/or to interact with viral proteins, including two PI3K 

regulatory proteins.  PI3K is known to be involved in viral entry as well as 

the death response to viral infection [28,52,53].  The strongest hits in this 

pathway were resistors.  However, the screen also identified weak 

sensitizers involved in PI3K signaling.  It would be interesting to see if the 

different phenotypes correlated with different roles in viral infection.  Also 

identified were members of the vacuolar ATPase, which are appear to be 

involved in virus membrane fusion in late endosomes [54], as well as 

SFPQ, a splicing factor that interacts with the viral polymerase [55].  The 

screen did not pull out all proteins known to be involved in viral infection.  

These seemingly false negatives could arise for several reasons: they 

could be a result of insufficient protein depletion by siRNA, cell-type 
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specific requirements, protein redundancy, single cycle infection, or 

influenza strain specific requirements.   

The separation of hits into resistors and sensitizers is a good 

starting point.  However, it tells little about the resulting effect on the 

outcome of infection.  Cells could deflect death because they prevent viral 

entry or replication, or they could prevent the cells apoptotic response to 

viral infection.  They could also enhance death as a result of deflecting the 

virus’s ability to stop the cells innate immune response or by increasing 

the rate of infection. Understanding these outcomes would help to identify 

therapeutic targets; therefore, a more functional classification of hits would 

be beneficial toward the discovery of new drug targets. 

  

Materials and Methods 

Cell Culture 

HBEC30-KT cells were a gift from Dr. Minna and were cultured in KSFM 

(invitrogen Cat#17005) with 1% pen/strep antibiotics.  MDCK cells were 

grown in DMEM with 10% FBS. 

Plaque Assay  

MDCK and HBEC-30KT cells were plated in 6-well plates and left 

overnight.  Cells were infected with WSN virus at 10-fold dilutions with a 

starting concentration of 108 pfu/ml.  Infected cells were allowed to 
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incubate at 37oC with tilting every 10 minutes.  After one-hour incubation, 

liquid was aspirated and 2 ml of agar solution was added to wells and 

allowed to solidify for 1 min.  Plates were incubated for 48 hours at 37oC.  

Following incubation, plates were fixed with formaldehyde for one hour.  

Fixative and agar were removed and cells were stained with crystal violet. 

(Experiment performed by Pei-Ling Tsai of the Fontoura lab) 

Viral Protein Detection  

HBECs were plated in 96-well at 20,000 cells per well and incubated 

overnight.  Cells were infected with WSN virus at an MOI 5.  Whole cell 

lysates were collected at 6, 12, or 24 hours post-infection and lysates 

were run on a 12% SDS-PAGE gel and transferred to a nitrocellulose 

membrane.  Plates for immunofluorescence were fixed with 4% 

formaldehyde at 6, 12, or 24 hours post-infection.  Viral protein was 

detected with antibodies for pan influenza A (1:200) (western blots), M2 

(1:500) or NP (1:500) proteins followed by either detection with HRP 

conjugated secondary or staining with Alexa 498 (1:5,000) or Alexa 594 

(1:5,000) conjugated secondary antibodies.  Wells were imaged with a 20x 

lens on a BD Pathway 855 microscope.   

Cell Viability Assay 

To test for cell viability, 15µl of Promega’s CellTiter-Glo was added to 

wells on a 96-well plate for a final concentration of 7.5%.  Plates were 
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rocked for two minutes followed by 10 minutes incubation.  Luciferase 

activity was measured on a PerkinElmer EnVision reader. 

siRNA Screen 

The siRNA screen was performed using the Dharmacon library targeting 

21,125 genes. HBECs were plated into 96-well plates at 10,000 cells per 

well and siRNAs were reverse transfected.  Each siRNA pool was 

transfected in two sets of triplicates for a total of 6 wells for each siRNA: 3 

wells for infection with influenza A and 3 wells for mock infection, with a 

concentration of 50nM of siRNA oligos and 0.1% DharmaFECT 3 reagent.  

To increase consistency, siRNA pools were added to 96-well plates using 

the BioMek robot.  Cells and transfection reagents were added with a 

multidrop dispenser.  Cells were incubated for 48 hours after transfection 

and infected with influenza A A/WSN/33/H1/N1 (WSN) at an MOI of 5.  

Forty-eight hours after infection, cell viability was assayed as described 

above. 

Data Normalization and Z-score Calculation 

To remove position effects, raw data numbers from each well were 

normalized to the median well of their respective row. Normalized data 

was log2 transformed for a more accurate distribution of sensitizers and 

resistors.  Relative cell viability was measured by taking the ratio of virus-

infected cells over mock-infected cells.  To allow for comparison between 
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experimental days, z-scores were calculated for each siRNA pool where 

Z=(Ratio – day-specific mean ratio)/day-specific standard deviation. To 

control for contamination and technical issues, the top 5% of outliers with 

the highest coefficient of variation among triplicates were removed. 

 

 

Figures  
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Figure 2.1.  HBEC Response to Influenza A 

(A) A/WSN/33/H1/N1 (WSN) plaque-formation was assayed in 

HBEC30 and MDCK cells using the indicated viral titers.    

(B) 4x magnified images of crystal violet stained monolayers.  
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Figure 2.2 Viral Replication in HBECs 

(A) HBEC30s were infected with WSN at an MOI of 5 and examined for 

accumulation of viral proteins by immunoblot at the indicated time-points 

post-infection.  (B) Cells treated as in A were immunostained for detection 

of viral protein accumulation at single cell resolution.  Top panels labeled 

α-Flu show anti-influenza A staining and bottom panels labeled Hoescht 

show nuclear staining with Hoescht.  
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Figure 2.3 HBEC Death Response to WSN Infection 

(A) HBECs were infected with WSN at varying MOIs and cell viability was 

measured at 48-hours post-infection.  HBECs show a dose-dependent 

death response to infection.  (B) HBECs were infected with an MOI of 5 

and cell viability was measured at varying time points.  A 48-hour infection 

at an MOI of 5 results in approximately 50% cell viability. 
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Figure 2.4 Screen Results  

The rank-ordered z-score distribution from each of 21,125 siRNA pools 

targeting the annotated human genome is shown.  Dashed lines indicate 3 

standard deviations above (red) and below (green) the mean of the 

distribution.   
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Figure 2.5.  Reproducibility of Screen 

A panel of 163 genes (126 resistors and 37 sensitizers) were tested for 

reproducibility. siRNA pools are plotted from left to right according to 

original z-scores.  Relative cell viability is plotted on the Y-axis.  

Phenotypes showed significant reproducibility with 81% of tested siRNA 

pools reproducing the original phenotype. 
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Figure 2.6 Off-target Tests 

To test for the contribution of off-target effects, 88 candidate siRNAs pools 

were tested as four individual oligos and a TTest was performed to 

measure significance.  Resistors are plotted in the left group and 

sensitizers on the right.  Green boxes indicate p values < 0.05.  

Approximately 60% of tested siRNAs reproduced with 2 or more oligos. 
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Table 2.1 Candidate Hits Resistors  

ACAP2 FAM53C LOC389749 RPGRIP1 TAS2R10 

ANKFY1 FSCN3 N4BP1 RPP14 TBC1D1 

ATP6V0A1 GLYATL1 PCTK3 RQCD1 TIFA 

C20orf70 IL10 PFTK1 RRAGD TMEM164 

C2orf43 ING2 PGAP1 RSU1 TROAP 

C4orf23 IRF2 PIK3R3 RUNDC3A ULBP2 

CCDC120 IVNS1ABP PIK3R4 SFPQ VPS4B 

CNTN2 LMF2 PPP1R3B SHISA5 VTA1 

COBL LOC121792 RFWD3 SLC36A2 ZRANB1 

CYP4V2 LOC145788 RNASEK SLITRK6 

EEF1E1 LOC388476 RNASEL TARBP1 
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CHAPTER III:  FUNCTIONAL CLASSIFICATION AND 
DATA INTEGRATION FOR MECHANISTIC 
UNDERSTANDING OF CANDIDATE HITS 

 
 
Introduction 
  

The genome-wide siRNA screen identified gene depletions that 

either deflected or promoted bronchial epithelial cell death upon exposure 

to influenza A, but did not look at the outcome of viral replication.  An 

understanding of how these candidate hits affect viral replication would 

yield insights into potential mechanisms behind the death response.  With 

that information, candidate hits can be parsed into four functional classes: 

1) Targets that, when depleted, enhance bronchial epithelial cell survival 

upon exposure to H1N1 and are required for viral replication. This class 

presumably represents host factors that facilitate viral infection and/or are 

required to support viral replication. 2) Targets that, when depleted, 

reduce bronchial epithelial cell survival upon exposure to H1N1 and are 

required for viral replication. This important and initially unanticipated class 

likely represents proviral host factors that deflect cell death checkpoint 

responses that would otherwise be induced upon viral infection. 3) Targets 

that, when depleted, reduce bronchial epithelial cell survival upon 

exposure to H1N1 and enhance viral replication relative to controls. 
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Recently discovered innate immune pathway components, such as 

IFITM3, that are responsive to H1N1 infection are members of this class, 

which likely represent antiviral factors that oppose infection. 4) Targets 

that, when depleted, enhance bronchial epithelial cell survival upon H1N1 

exposure and enhance viral replication as compared to controls. To 

separate hits, a panel of genes was selected for direct follow-up. I also 

integrated orthogonal data sets that describe host gene function in regards 

to viral replication [56-60].  Network analysis and comparison with known 

biological functions was used to add insights into potential mechanism of 

candidate hits. 

 

Results 

 

Viral Replication and Infectious Particles 

Follow-up candidates were selected based upon z-scores and 

potential to participate in the viral life cycle.  siRNA oligos were tested for 

their ability to modulate viral protein accumulation and viral replication. 

This was done at a single-cell resolution using immunofluorescence to 

detect viral proteins and to measure production of infectious particles.  

The majority of siRNA pools that deflect cell death in response to infection 

resulted in reduced viral protein accumulation and reduced production of 
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infectious particles (Figure 3.1). Among this group were IVNS1ABP and 

the splicing factor SFPQ.  These proteins directly interact with the viral 

pathogenicity factor NS1 and the viral polymerase [55] (Beatriz Fontoura, 

personal communication).  This would suggest these proteins have a 

positive role in supporting the viral corruption of host machinery for viral 

protein production. This class also includes RRAGD, a small G-protein 

that supports the amino-acid responsiveness of mTOR as a component of 

the “ragulator” complex [61].  Several reports have highlighted the 

importance of viral induction of mTOR for viral replication, but the 

mechanism is unknown [58,62].  Given the participation of endosomes as 

a viral entry mechanism [63], it is tempting to speculate that RRAGD is a 

limiting host factor for viral corruption of mTOR regulation.  Additional 

factors in this group are involved with the host defense response, p53-

mediated death and vesicle maturation and trafficking.   

IFITM3 

Among the most potent members of the sensitizer class were the 

previously described proviral host factors IFITM3 and its homolog IFITM1.   

IFITM3 has been reported to be required for restriction of viral infection 

and is thought to act at viral entry [56,64].  These gene products are 

interferon responsive, and depletion was associated with enhanced viral 

pathogenicity and enhanced viral protein production as compared to 
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controls (Figure 3.1).  The role of IFITM3 in HBEC response was 

confirmed as even low viral titers result in significant infection and cell 

death compared to controls (Figure 3.2).  Surprisingly, cells depleted of 

IFITM3 produced fewer infectious particles as determined by secondary 

infection of MDCK cells with cell culture supernatants (Figure 3.1, 3.2).  

For these assays, transfected HBEC30 cells were infected with an MOI of 

5 and supernatants were collected 24 hours post-infection and used to 

infect MDCK cell cultures.  It is important to note that there is enhanced 

frequency as well as enhanced amplitude of viral protein accumulation 

upon IFITM3 depletion.  Reduced infectivity may therefore be a 

consequence of either limiting host factors or disruption of viral 

protein/host factor stoichiometry required for assembly of viable viral 

particles.  Of interest, HBEC30 cells, when depleted of IFITM3, still show 

enhanced cell death upon exposure to virus lacking the viral pathogenicity 

factor NS1, a viral protein known to block many of the innate immunity 

responses [65-69] (Figure 3.3).   However, deletion of NS1 results in 

complete failure of infectious particle production even upon IFITM3 

depletion (Figure 3.3).  This is consistent with reports that place IFITM3’s 

antiviral activity at the level of viral entry. 

Data Integration and Network Analysis 
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The selective follow-up separated the tested hits into functional 

classes.  Hits were separated based upon their response with regards to 

cell viability and viral replication.  To further fill out these functional 

classes, my screen data was integrated with data sets from four genome-

wide siRNA screens that measured influenza A replication as the end-

point assay [56-59].  Candidate hits, siRNAs with z-scores that had an 

absolute value greater than three, were queried for behavior in the other 

screens. siRNAs from the other screens that altered viral replication more 

than 1.5 times the standard deviation were considered hits and were used 

to separate siRNAs into the four classes described previously (Figure 3.4).    

To increase functional understanding of candidate hits, modulators 

of influenza A pathogenicity were also compared with two genome-wide 

siRNA screens for modulators of cell cycle progression [70,71].  This 

comparison revealed a significant intersection between cell cycle genes 

and siRNAs that modulated cell death in response to viral infection (Figure 

3.5).  This intersection included CDC2 and CHEK1.  Both of these genes 

had been identified as sensitizers that appear to deflect the host death 

response. However, CDC2 and CHEK1 depletion show quite distinct 

consequences on G1 versus G2 arrest, suggesting their contribution to 

H1N1 infection may be independent of cell cycle control.  CHEK1 has not 
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been previously isolated in viral pathogenicity or viral replication screens 

and will be discussed further later on.   

Data from the screen was also crossed with three siRNA screens 

for modulators of HIV infection [72-74] (Figure 3.6) as well as an 

interferon-stimulated gene (ISG) set [75].  Crossover with the HIV data set 

revealed 44 overlapping genes that likely represent genes involved with 

multiple virus families (Table 3.1).  Twenty-one genes from ISG were 

modulators of the death response to influenza A infection (Table 3.2). 

miRNA Screen 

As a mechanism to potentially reveal combinatorial contributions of 

gene function to viral pathogenicity, the original screen was repeated 

using a library of 426 human microRNA mimics.  These reagents have the 

advantage of inducing multigenic perturbations, though accurate 

assignment of target space is a significant challenge.  This effort identified 

a small cohort of miRNA mimics that either enhanced or deflected H1N1 

pathogenicity (Figure 3.7).  Eleven of these were further examined for 

consequences on H1N1 viral protein production in HBEC30 cells, which 

identified both pathogenicity sensitizers and resistors that enhanced or 

repressed viral replication (Figure 3.8).  Of note, a test for “hits” that also 

have activity against the recent pandemic strain Cal/04/09 identified two 

miRNA mimics that impair Cal/04/09 protein production in A549 cells, hsa-
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miR-495 and hsa-miR-519a, (Figure 3.8). To infer biological processes 

that may be engaged by the miRNAs that can impair H1N1 replication, I 

examined the intersection of predicted miRNA targets and single-gene 

perturbations that behaved similarly to the subject miRNA.  Candidate 

miRNA target genes were selected based on seed sequence presence in 

3’ UTRs as defined by Target Scan context scores.  These predictions 

were intersected with siRNA data from this study and those of the 4 

whole-genome siRNA screens that measured influenza virus replication 

[56-59]. When considered as a heuristic, this analysis produced three 

subnetworks that may correspond to the miRNA mode of action, namely 

the glycosylphosphatidylinositol transamidase, viral and host protein 

ubiquitylation [76,77] and alternative mRNA splicing (Figure 3.9). 

 

Discussion 

 Here I have shown the ability to parse candidate hits from the 

original screen into four functional classes by the measurement of viral 

protein accumulation and infectious particle production.  These classes I 

have termed: “infectious proviral host factors”, “death effectors”, “death 

deflecting proviral host factors”, and “restriction factors”.  It should be 

noted that HBECs produce very little measurable infectious particles and, 

as a result, this can be hard to measure.  The data presented here is 
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reproducible but shows a high variability.  These functional classes can be 

used to predict the role a target has in viral life cycles.  Genes that fall in 

the infectious proviral host factor class have therapeutic interest.  The 

depletion of these genes results in increased cell viability and decreased 

viral protein production.  The strongest resistor, CNTN2, falls into this 

class of genes.  CNTN2 is a GPI anchored membrane protein, and is a 

good candidate for future studies therapeutic potential.  Genes that fall 

into the death effectors category are interesting as they can give insight 

into the mechanism behind the death response.  Two PI3K regulatory 

proteins fit into this category.  PI3K signaling is known to be involved in 

the death response to influenza infection.  A useful experiment would be 

to see if the overproduction of these regulatory proteins had the opposite 

effect on death in response to viral infection.  The death deflecting proviral 

host factors also have therapeutic potential.  These genes, when depleted, 

decrease cell viability but also decrease protein production.  One of the 

most robust members of this family is COPB2, a COPII vesicle family.  

The final group, the restriction factors, represents the class of genes that 

are likely to be involved in innate immunity.  Indeed, among the restriction 

factors I identified was IFITM3.  At the time of identification, little was 

known about the IFITM proteins, but they have subsequently been shown 

to be innate immunity genes, which our data predicted and supports.  
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Interestingly, IFITM3 depletion resulted in decreased infectious particles.  

The mechanism behind this is unclear, but a possible explanation would 

be the increased viral proteins overload the system and fewer infectious 

particles are made.     

To increase the functional classification and mechanistic 

understanding, I leveraged published data sets for integration with my 

data set.  This resulted in the identification of a cell cycle influence on the 

outcome of infection.  Interestingly, some of the cell cycle genes may 

affect phenotype in a cell cycle autonomous manner, as genes with 

differing cell cycle responses have similar effects on infection outcome. 

The comparison of influenza A hits with HIV hits identified genes that 

could play a broad role in fighting viral infections. 

Finally, I was able to integrate siRNA-screening data with a miRNA 

screen.  miRNAs target multiple genes that can be in the same pathway.  

The targeting of multiple genes can give rise to a stronger phenotype than 

a single gene approach. Comparing the siRNA data to the miRNA data 

can identify pathways that might have been overlooked with the siRNA 

data alone as a result of of weak phenotypes in the siRNA data.  For 

example, the miRNA mimic 519a targets several members of the PIG 

family.  The members of this family of proteins are weakly targeted in my 

screen and in several other influenza A screens.  The strong phenotype 
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seen in the miRNA mimic experiments could be a result of targeting 

multiple PIG members at the same time, and may represent a potential 

therapeutic target. 

 

Materials and Methods 

Detection of Viral Protein  

HBECs were reverse transfected and imaged for viral protein as described 

in Chapter II.  Imaged cells were segmented and analyzed with Attovision 

software.  Cells were recognized and segmented by Hoescht staining and 

distance from nucleus.  Whole cell fluorescence intensity was measured 

and calculated with Attovision software. 

Infectious Particles 

HBECs were infected with WSN virus and supernatants were collected at 

24 hours post-infection.  Supernatants were then added to MDCK cells at 

10%, 1%, and 0.1% final concentration, and MDCKs were fixed 14 hours 

after supernatant addition.  Viral production in MDCK cells was detected 

as described above. 

Functional Class Assignment 

z-scores from four siRNA screens with viral replication were obtained from 

Christian Frost and compared to the 235 candidate hits identified in this 

study.  z-scores with an absolute value greater than 1.5 were used to 
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classify hits.  In cases where screens had opposite response, the higher z-

score was used. 

Data Set Comparisons 

Published hits for cell cycle regulators, HIV regulators, and ISGs were 

obtained and overlapped with the z-scores from this study that had an 

absolute value of greater than 2. 

miRNA Screen 

The miRNA screen was performed with the Dharmacon miRNA mimic 

library targeting 426 miRNAs.  The screen was performed identically to the 

siRNA screen, except for a 72-hour incubation between transfection and 

infection. 

miRNA Predicted Networks 

miRNA predicted targets were identified using target scan, and networks 

were built with the website Ingenuity. 

H1/N1 Pandemic Virus 

A549 cells were infected with the pandemic H1/N1 strain Cal/04/09 at an 

MOI of 1 and viral protein was detected by western blot as described in 

chapter 2.  Mirco Schmolke performed all pandemic infections, and 

collected samples were given to me for viral protein detection. 

 

Figures  
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Figure 3.1.  Viral Replication  

A panel of 33 siRNAs was assayed for viral protein accumulation and 

infectious particle production. HBEC30s were transfected with siRNA and 

infected with WSN at an MOI of 5.  For primary infection, cells were fixed 

at indicated time points and viral protein was detected by immunostaining.   

Supernatants from infected cells were collected at 24 hours post-infection 

and used for secondary infection of MDCK cells with viral protein detection 

by immunostaining. Resistors are shown in the left panel and sensitizers 

in the right.   
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Figure 3.2.  Role of IFITM3 in response to infection in HBEC-30 

(A) HBECs were transfected with siRNA targeting IFITM3 or control siRNA 

and infected with WSN at an MOI of 0.1.  Viral protein was detected at 12 

hours post-infection by immunostaining with anti-influenza antibodies.  (B) 

Cells treated in A were counted and the percent of infected cells was 

quantified.  (C) Cells treated as in B were incubated 48 hours post-

infection and cell viability was measured. (D) Supernatants from WSN 

infected HBEC30s were collected 24 hours post-infection and used for 

secondary infection of MDCK cells with viral protein detection by 

immunostaining.  (P values; * < 0.05, ** < 0.01, *** < 0.0001) 
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Figure 3.3  IFITM3 response to ΔNS1 Influenza A Virus 
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(A) HBEC30s were transfected with indicated siRNAs and infected with 

WSN lacking the viral protein NS1, cell viability was measured 48 hours 

post-infection.  (B) Cells treated as in A were fixed at 24 hours post-

infection and immunostained for viral protein for calculation of percentage 

of infected cells.  (C) Supernatants from cells in A were used for 

secondary infection in MDCK cells and viral protein was detected by 

immunostaining. (P values; * < 0.05, ** < 0.01, *** < 0.0001) 
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Figure 3.4  Functional Classes of influenza A Modulators 

  Cell viability data was queried against four published screens using viral 

replication as the end-point assay.  Candidate hits were binned into 

functional classes based upon perturbation of viral cytopathogenicity 

together with viral replication.   
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Figure 3.5.  Cell Cycle Genes Involved in influenza A infection 

siRNA screen results from this study were compared with data from two 

published screens for cell cycle modulators and the overlap is shown 
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Figure 3.6 Overlap with regulators of HIV infection 

Regulators of HIV identified in three published siRNA screens were 

crossed with the data set generated from this screen to identify global viral 

regulators with an overlap of 42 genes. 
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Figure 3.7 miRNA Modulators of the Death Response to Influenza A 

(A) HBEC30s were transfected with miRNA mimics and screened using 

conditions identical to the siRNA screen.   Z-scores were calculated for 

individual oligos and plotted according to rank order.  Dashed lines 

indicate 2 standard deviations above (red) and below (green) the mean of 

the distribution. (B) HBEC30s were transfected with selected miRNA 

mimics, infected with WSN and cell viability phenotype was measured 48 

hours post-infection. (P values; * < 0.05, ** < 0.01, *** < 0.0001)  
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Figure 3.8  Inhibition of Viral Replication by miRNAs  

(A) Cells treated as in figure 3.7 were fixed and immunostained for viral 
protein 12 hours post-infection.  (B) A549 cells were transfected with 
miRNA mimics and infected with pandemic H1N1.  Cell lysates were 
collected 24 hours post-infection and viral proteins were detected by 
immunoblotting. 
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Figure 3.9.  Identification of Key Pathways in Viral Life Cycle 

Network analysis of predicted miRNA targets.  Predicted targets were 

obtained from TargetScan and network analysis was performed with 

Ingenuity.  Edges represent protein-protein interactions.  
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CHAPTER IV: CHEMICAL VALIDATION OF 
THERAPEUTIC TARGETS 

 

Introduction 

Of the four categories identified in the follow-up studies, two were 

of great interest for their potential therapeutic value.  As expected, several 

candidates were discovered that deflect cell death and inhibit viral 

production.  Less intuitive, is the class of hits that enhance cell death but 

inhibit viral production.  This group likely allows the cells to engage 

apoptosis upon infection without interference from the virus, which could 

provide a protective effect.  In this chapter, I will show chemical validation 

that these pathways have real therapeutic potential.  

 

Results 

 

CHEK1 Inhibition 

The initial screen and follow-up revealed CHEK1 as a potential 

deflector of the suicide response in influenza A infected cells.  To 

investigate additional processes associated with CHEK1, I generated a 

context-specific protein-protein interaction sub-network.  The context for 

this subnetwork was defined by the z-score distribution of the primary 
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screen (Figure 4.1). This sub-network revealed the circadian gene 

Timeless within the first-degree neighborhood of CHEK1 (Figure 4.2).  

Timeless is a gene that has recently been identified as a master regulator 

of the viral response [78].  These observations suggest CHEK1 has 

potential as a therapeutic target.  To investigate this possibility, I used the 

chemical SB218078 to inhibit CHEK1 activity.  SB218078 is an 

investigational CHEK1 inhibitor similar to one currently in clinical trials as 

an anti-neoplastic agent.  It has an in vitro IC50 of 0.015µM and a Ki,app. of 

15±4 [79,80].  Pretreatment of cultures with 1 uM or 100 nM of SB218078 

for 12 hours resulted in significant inhibition of viral protein accumulation.  

This was combined with a virus-specific death response 24 hours post-

infection (Figure 4.3).  At the 100 nM dose, viral protein was detectable; 

however, when viewed at a single cell resolution, viral protein production 

was severely limited (Figure 4.3).  These observations suggest that 

SB218078 is releasing a death response that would otherwise be 

suppressed during the viral replication cycle.  This virus-dependent death 

response is consistent with the experiments done using siRNA to deplete 

CHEK1.  In cells depleted of CHEK1 via siRNA, there is an increase in the 

percentage of cells infected.  However, the total number of cells is 

significantly reduced by 24 hours post-infection.  Both pharmacological 

inhibition of CHEK1, and siRNA-mediated depletion show a virus-
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dependent death response.  The difference that is seen, between the two, 

in the percentage of infected cells is likely a consequence of incomplete 

depletion by siRNA resulting in residual cell populations with CHEK1 

activity.  Notably, SB218078 had no effect on H1N1 replication in A549 

cells (Figure 4.5).  A549 cells are a cancer cell line often used as a model 

for influenza A infection, including genomic-wide siRNA screens for 

modulators of viral pathogenicity. In contrast, a nontransformed, 

telomerase-immortalized mucosal epithelial cell line derived from a 

different patient, HBEC3 [81], was identical to HBEC30 in its 

responsiveness to SB218078 (Figure 4.6).  These observations indicate 

intervention targets may be available in normal cells that are uncoupled 

from host regulatory networks in cancer cells, and this could explain why 

CHEK1 was not identified in other efforts to date that have universally 

relied on cancer lines as screen hosts. 

 

RabGTTase Inhibition 

One challenge to siRNA-screening efforts is the generation of false 

negatives.  False negatives can arise when siRNA oligos do not efficiently 

deplete their target genes.  One way to overcome this challenge is to 

employ coherent behavior of gene sets to identify key biological processes 

supporting a phenotype, rather than relying solely on an arbitrary scoring 
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threshold for each individual gene.  I obtained a network analysis that had 

employed Netwalk [82] to facilitate identification of such gene sets based 

on overrepresentation of functionally coherent subnetworks within the 

graph.  One such subnetwork implicated the prenylation of Rab-family 

GTPases in supporting replication of H1N1 (Figure 4.1).  To test this 

observation, I employed 3-IPEHPC, a specific inhibitor of the type II 

Geranylgeranyl-transferases with an IC50 of 1.27µM and a Ki of 0.211µM 

for Rab1a modification [83]. As such, 3-IPEHPC specifically inhibits 

modification of Rab-family proteins with a carboxy-terminal CC motif, as 

opposed to the carboxy-terminal CAAX motif [83].  HBECs cells pretreated 

with 3-IPEHPC for 24 hours were significantly refractory to infection by 

H1N1 (Figure 4.6).  Inhibitory activity was observed at concentrations as 

low as 125 nM (Figure 4.7).  Unlike SB218078, A549 cells were also 

responsive to 3-IPEHPC (Figure 4.8).  Importantly, 3-IPEHPC was 

protective against infection with the avian strain H5N1 and the recent 

pandemic swine flu strain H1N1 (Figure 4.8). 

 

Discussion 

The parsing of candidate hits into functional classes suggested two 

classes with particular therapeutic potential: death response proviral host 
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factors and infectious proviral host factors.  One pathway from each group 

was selected for chemical validation of therapeutic potential.   

HBECs treated with SB218078 showed an inhibition of viral protein 

accumulation.  Interestingly, this was significantly stronger than the 

phenotype seen with the depletion of CHEK1 protein via siRNA.  In fact, 

CHEK1 depletion actually showed an increase in the percentage of 

infected cells; however, this increase seems to be a result of increased 

cell death at early time points rather than an increase in the number of 

infected cells.  This observation is consistent with chemical inhibition of 

CHEK1.  Inhibition of CHEK1 with SB218078 results in an increased death 

response upon exposure to influenza A virus. The stronger phenotype of 

SB218078 can be explained by two possibilities.  First, the siRNA 

depletion could be incomplete, resulting in a hypomorphic response; in 

comparison, the chemical inhibition might have a more complete inhibition 

of activity.  Second, SB218078 also has some activity towards CDC2, a 

gene with the same phenotype of early cell death as CHEK1.  The 

strength of the SB218078 phenotype could be a result of targeting both 

CDC2 and CHEK1 simultaneously.  Interestingly, SB218078 had no effect 

on viral replication when tested in a cancer cell line, implying the 

possibility that A549s have mutations that overcome the cell checkpoint 

response to influenza A.   
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The second pathway targeted was the RabGGTase pathway which 

is involved in vesicle trafficking, a major part of the viral life cycle.  

Targeting a pathway, as opposed to a single gene, is valuable because it 

has the potential to overcome cell-specific and/or strain-specific 

requirements that single target may not.  In the case of 3-IPEHPC, this is 

supported by the fact that the drug showed activity against three influenza 

A strains tested.  

 

Materials and Methods 

Network Analysis  

Network analysis was obtained from Kakajan Komurov, who used his 

recently published method Netwalk [82]. 

Cell Culture 

HBEC30-KT cells were cultured in KSFM with 1% pen/strep antibiotics.  

MDCK and A549 cells were grown in DMEM with 10% FBS. 

Drugs 

HBECs or A549 cells were plated on 96-well plates overnight.  Media was 

removed and replaced with media containing SB218078 (1µM, 100nM 

10nM) 3-IPEHPC (12.5µM, 1.25µM, 125nM) DMSO (0.06%) or plain 

media.  Cells were incubated overnight and then infected with WSN at an 

MOI of 5.  Cells were fixed with 4% formaldehyde at 8 hours, 12 hours and 
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24 hours post-infection and stained as described previously.  SB218078 

was purchased from Tocris biosciences cat # 2560 and dissolved in 

DMSO.  3-IPEHPC, a gift from Dr. McKenna at USC, was dissolved in 

PBS. 

Viruses 

A549 cells were infected with either the H5N1 strain influenza 

A/VietNam/1203/2004 or the pandemic H1N1 strain Cal/04/09 at an MOI 

of 1, and viral protein was detected by western blot as described in 

Chapter II.  Mirco Schmolke performed all H5N1 and pandemic infections, 

and collected samples were given to me for viral protein detection. 

 

Figures 
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Figure 4.1.  Pathways for Chemical Validation 

Network analysis with Netwalk revealed two pharmacologically 

addressable pathways as shown. 
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Figure 4.2 CHEK1 Mediated Viral Replication Inhibition 

(A) HBEC30s were treated with SB218078 at indicated concentrations and 

cell viability was measured after 48 hours.  (B) HBEC30s were treated as 

in A and infected with WSN at an MOI of 5 followed by immunostaining at 

indicated time points.  Top panels show anti-influenza A staining and 

bottom panels, labeled Hoescht, show nuclear staining with Hoescht.  (C) 

Fluorescence intensity was measured and quantified from B.  (D) 

Percentage of infected cells from B.  (P values; * < 0.05, ** < 0.01, *** < 

0.0001) 
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Figure 4.3  A549 Cells Fail to Respond to CHEK1 Inhibition 

(A) A549 cells were pretreated with 218078 and infected with WSN at an 

MOI of 5.  Viral protein was detected by immunostaining.  Top panels 

show anti-influenza A staining and bottom panels, labeled Hoescht, show 

nuclear staining with Hoescht.  (B) Quantification of percent of infected 

cells in E.  (P values; * < 0.05, ** < 0.01, *** < 0.0001) 
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Figure 4.4  CHEK1 Mediated Viral Inhibition in HBEC-3 cells 

HBEC3-KT cells were pretreated with 218078, infected with WSN at an 

MOI of 5 and immunostained for detection of viral protein.  The 

percentage of infected cells was quantified.  (P values; * < 0.05, ** < 0.01, 

*** < 0.0001) 
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Figure 4.5  3-IPEHPC Inhibition of Viral Replication 

(A) HBEC30s were pretreated with 3-IPEHPC or buffer and infected with 

WSN at an MOI of 5.  Viral protein was detected by immunostaining.  Top 

panels show anti-influenza A staining and bottom panels, labeled Hoescht, 

show nuclear staining with Hoescht.  (B) Overall fluorescence intensity of 

cells in A was quantified.  (C) Quantification of percent of infected cells in 

A.  .  (P values; * < 0.05, ** < 0.01, *** < 0.0001) 



69 

 

 

 

 

Figure 4.6  3-IPEHPC Inhibition of Multiple Influenza A Strains 

A549 cells were pretreated with 3-IPEHPC and infected with either avian 

H5N1 or the recent H1N1 pandemic strain.  Lysates from infected cells 

were collected 24 hours post-infection and viral protein was detected by 

immunoblot  
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CHAPTER V:  DISCUSSION AND FUTURE 
DIRECTIONS 

 

 In this work, I have focused on the identification of human genes 

that modulate the death response to influenza A virus infection.  This was 

done in human bronchial airway epithelial cells to maximize physiologically 

relevance.  This cell type was selected as a tissue culture model that 

maintains cell autonomous biological features representative of the viral 

target tissue.  Of interest, HBECs resist plaque formation, but they are 

highly sensitive to single cycle infection.  The resistance to plaque 

formation may be a result of the immune response in HBECs.  Genome-

wide siRNA screening identified resistors and sensitizers to virus-

dependent cell death. One of the major points identified in this analysis 

was the identification of gene products that serve to restrain the cell death 

response that would otherwise be engaged upon detection of viral 

infection.  These genes are not required to support normal cell viability; 

however, in the presence of virus, depletion of these genes enhanced the 

death response and decreased viral protein accumulation.  As such, this 

class may represent targets for interventions that restrain propagation of 

multi-cycle infection by facilitating suicide of infected cells prior to 

production of new infectious particles. A chemically addressable member 

of this class, CHEK1, showed strong activity in multiple HBEC lines but 
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not in A549 cells, a non-small cell lung tumor-derived line commonly 

employed to model influenza virus infection.  This observation suggests 

that intervention targets may be available in normal epithelial cells that are 

uncoupled from host regulatory networks in cancer cells.  The ability to 

induce rapid apoptosis in response to viral infection has great therapeutic 

potential.  Apoptosis is engaged as an anti-viral defense mechanism 

against other RNA viruses.  Evidence suggests that this is also the case in 

ducks infected with avian influenza A. Influenza A is able to infect ducks 

but causes little to no pathological response.  This is seen with strains that 

cause a rapid induction of apoptosis in cell culture.  Interestingly, strains 

that cause pathological symptoms in ducks correlate with decreased onset 

of apoptosis.  This suggests that the induction of apoptosis is a natural 

anti-viral strategy in aquatic fowl.  Therefore, an approach that mimicked 

this natural defense could provide a powerful mechanism of treatment. 

Current viral drugs are increasingly becoming obsolete as viruses evolve 

to evade drug action.  This will likely be true for newer classes of drugs 

that target host proteins as well, as the virus evolves to take advantage of 

redundancy in the targeted pathways.  However, the lessons from aquatic 

fowls would suggest that the death modulators are one class of proteins 

that can be targeted without fear of becoming obsolete and would be a 

powerful tool in the expanding kit of influenza A treatment. 
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 This work provides a springboard for multiple lines of future 

research.  From it can be extracted information about the pathways 

involved in cell death as well as genes involved in innate immunity.  

Indeed, IFITM3 was identified in this screen prior to its publication as an 

innate immune gene.  IFITM3 falls in the large class of genes that, when 

depleted, increase viral proteins and sensitivity to death upon exposure to 

influenza A.  Further testing of this group would yield new innate immunity 

genes.  It would be interesting to see how depletion of these genes effects 

plaque formation in HBEC cells in response to influenza A infection.  

 However, the focus of this work was to identify novel pathways for 

therapeutic treatment of influenza A virus.   To further this, future work 

should be focused on moving potential hits into actual therapy in animal 

models.  I identified two pathways that are amenable to chemical inhibition 

and show effectiveness in cell culture.  One of these, CHEK1 inhibition, 

has potential as a cancer agent and several drugs targeting CHEK1 are 

under investigation for cancer therapy.  This could lead to a quick 

turnaround for influenza A treatment, and further studies in animals should 

be performed.  I also showed that 3-IPEHPC has therapeutic potential; 

however, it would need to be adapted to animal treatment and then tested 

in animal models.  3-IPEHPC is an exciting candidate because it targets a 

pathway and not a single gene.  This increases it potential to act on 
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multiple viral strains and in multiple cell lines.  Indeed, 3-IPEHPC 

effectively inhibited three viral strains and worked in three cell lines.  

 CHEK1 is only one of many examples of potential therapeutic 

targets in the class of modulators that enhance cell death upon exposure 

to virus.  An understanding of the type of cell death caused by these 

modulators is important.  One of the major contributors to the pathology of 

influenza is a cytokine storm, the quelling of which is under investigation 

as a therapeutic for influenza A infection [84,85].  It is possible that targets 

could limit viral production but at the expense of increasing the pathology.  

It would therefore be useful to have targets that increase the amount of 

apoptosis, which results in a less active inflammatory response compared 

with other forms of cell death.  Measuring the response of candidate hits in 

regards to activation of CASPASE 3 and 7 will narrow the genes of 

interest.  Candidates that show a large amount of increase in CASPASE 

activation would then be moved on for further studies in animal models.  

Where possible, this should be done in ferrets, which model both the 

pathogenicity and transmissibility of influenza A, as opposed to mice, 

which only show the pathogenicity and require mice-adapted influenza A.  

The further characterization and study of this class of hits may lead to 

future therapeutic treatment for influenza A virus.  
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