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Abstract 

Influenza viruses circulate worldwide and are a serious public health concern, causing 

annual epidemics of human respiratory tract infections. Reassortment of gene segments 

between different strains of influenza can generate new pandemic strains, like the 2009 H1N1 

pandemic and the current H7N9 avian influenza virus. Vaccines are the most effective option to 

limit the impact of a pandemic, however preparation of a new vaccine takes months. Antiviral 

treatment is recommended until a vaccine is available, however the efficacy of current 

antivirals is highly susceptible to the development of resistance. These pitfalls prioritize the 

need to discover new compounds targeting essential functions of the virus. My thesis focuses 

on the identification of cellular proteases that are required for influenza virus replication to 

develop as potential antiviral targets. Proteolytic cleavage of influenza virus hemagglutinin (HA) 

is essential for infectivity. Although several cellular proteases have shown HA cleaving activity, 

these proteases demonstrate significant variation in the cleavage efficiency across the HA 

subtypes found in human and avian viruses, including some subtypes that are not cleaved by 

any of these proteases. This work aimed to identify novel cellular proteases that are involved in 

HA activation by using a human protease siRNA library to screen Caco2 cells infected with a 

seasonal GFP-expressing influenza virus. Potential proteases identified were validated using 

wild-type influenza viruses of different subtypes. The most promising protease candidate 

identified was MASP1, and a MASP1 stably-knocked down Caco2 (MASP1-KD) cell line was 

generated. MASP1 was shown to be essential for efficient replication of a broad range of 

influenza virus subtypes. Assessment of where MASP1 fits into the influenza virus life cycle 

revealed that MASP1 most likely is involved in later stages of viral replication. Comparison of 
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the proteomic profiles between Caco2 and MASP1-KD cells further revealed possible cellular 

pathway interactions that MASP1 may be involved in. The discovery of a new role for MASP1 in 

the replication of influenza viruses, and possibly other viral families, provides a strong 

foundation for future studies to evaluate the effectiveness of MASP1 therapeutics and expands 

our knowledge of virus and host biology. 
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Chapter One: Introduction 

1.1 Significance of Influenza A viruses  

 Influenza viruses circulate worldwide and are a serious public health concern, causing 

annual epidemics of respiratory tract infections that affect an estimated 5-10% of adults and 

20-30% of children 1. Respiratory tract infections are listed as the third leading cause of death in 

the world 2. Each year, these epidemics result in approximately 3-5 million cases of severe 

disease, and can lead up to about 500,000 deaths 2. These viruses are highly transmissible by 

aerosols or via direct person-to-person contact or contact with contaminated surfaces or 

fomites 3. The ability of IAVs to infect a wide range of animal species, with wild aquatic birds as 

its main reservoir, makes it practically impossible to eradicate the disease. The 2009 H1N1 

pandemic is a recent example of the ability of these viruses to reassort to generate novel 

pandemic strains that can have a massive impact on global health and the economy 4–6. The 

recent discovery of Eurasian origin avian influenza viruses (e.g. H5N2) into North American 

poultry flocks for the first time in history further emphasizes the possible threat these viruses 

have on human health, and highlights the need to develop new vaccines and antivirals to help 

control the spread and disease burden caused by these viruses.    

 

1.1.1 Transmission 

 Influenza viruses are highly transmissible by infectious aerosol droplets generated by 

coughing or sneezing by an infected host, through direct contact with infected individuals, or 

indirectly through contact with contaminated surfaces 7. The virus gains entry into a new host 

via the conjunctiva, mouth, or nasal mucosa 7, and has an incubation period between 1 to 3 
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days 8. Influenza viruses are restricted in their host range, and this is primarily determined by 

their respective hemagglutinin (HA) and polymerase (PB2) genes 9.  

 The unique receptor-binding specificity of human and avian influenza viruses is the main 

reason why there is limited transmission of avian influenza viruses into humans. However, 

interspecies transmission does occur, for example human infections caused by avian influenza 

H5N1 and swine-origin H1N1 viruses. The first case of direct transmission of avian H5N1 

influenza virus into humans occurred in 1997 in Hong Kong 10–13. Since then, sporadic cases of 

virus transmission from birds to pigs, or from birds to humans have continuously been 

documented. Highly pathogenic avian influenza H5N1 viruses cause severe respiratory tract 

infections in humans, but further human-to-human transmission of these avian viruses is not 

documented. This is in contrast to swine-origin H1N1 viruses that readily transmit from human-

to-human 14 . Furthermore, cases of human infection by other avian influenza virus subtypes 

including H6, H7, H9 and H10 have been documented 15.  

Wild aquatic birds are considered the natural reservoir of influenza A viruses due to 

their ability to support viruses containing all known HA and NA subtypes in the absence of any 

signs of disease 16,17. Avian influenza viruses are classified as either low pathogenic avian 

influenza (LPAI) or high pathogenic avian influenza (HPAI). LPAI viruses primarily replicate in the 

epithelial cells of the intestinal tract of birds; this is in contrast to HPAI H5N1 viruses that 

preferentially replicate in the upper respiratory tract 8,18. Studies have also shown that ducks 

infected with HPAI H5N1 result in systemic infections with some neurologic symptoms 

observed 18. In comparison, birds infected with LPAI generally results in asymptomatic to mild 

disease.  
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Transmission of avian viruses occurs mainly through contact with contaminated water 

and feces, with high concentrations of viruses shed in feces 19. Once HPAI is detected in poultry 

populations, especially in live poultry markets, the most effective method to control the spread 

of disease is by mass slaughter and vaccination 8. Despite the minimal disease burden caused by 

LPAI in birds, evidence supports the fact that HPAI are derived from LPAI by the acquisition of 

mutations 20–23. Interestingly, ducks infected with human influenza viruses show infection in 

only the upper respiratory tract and not the intestinal tract 24, this is reflective of the presence 

of human-like receptors in the upper respiratory tract of birds and avian-like receptors in the 

intestinal tract that cannot be recognized by these viruses 25.  

 

1.1.2 Clinical symptoms and significance 

 Influenza A and influenza B viruses cause human respiratory tract infections that range 

from asymptomatic infections to more serious and potentially fatal disease. Generally, the 

incubation period of influenza viruses ranges between 1-4 days and illness will resolve 3-7 days 

for most individuals, while cough and malaise may continue for up to 2 weeks 26. Typical 

symptoms include fever, cough, sore throat, nasal congestion, headache, sneezing, and muscle 

pain 8. A number of factors influence the severity of the disease, including age of individual, 

pre-existing immunity, and virulence of the particular strain of virus. Young children (under 2 

years) and the elderly are affected the most, having the greatest hospitalization rates 27.  
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1.1.3 Major pandemics in the past century  

Reassortant viruses are one specific mechanism to generate a new pandemic influenza 

virus which the human population has no pre-existing immunity to. Pandemics are epidemics 

that have spread to multiple regions and even globally, resulting in large numbers of infections 

that can heavily impact health care systems. Furthermore, the financial cost of preventative 

measures such as vaccinations may become burdensome on the economy.  

 The most famous influenza pandemic of all time is the 1918 Spanish Influenza (H1N1). 

This pandemic is estimated to have caused approximately 20 to 50 million deaths worldwide 28. 

Genomic RNA of this virus was extracted and sequenced from preserved tissues or from lung 

tissues obtained from the dead bodies of 1918 victims that were recovered from the Arctic 

permafrost 29. Based on phylogenetic analysis, the 1918 H1N1 virus is described to be both 

avian-like and human-like 30. With the advent of reverse genetics, the 1918 influenza virus was 

resurrected and shown to be highly pathogenic in mice, ferrets, and NHPs 29,31–33.   

 The next major pandemic occurred in 1957 and was termed the Asian pandemic. This 

virus emerged as a result of reassortment between the circulating human H1N1 and an avian 

H2N2 virus, where the human virus acquired the H2 HA, N2 NA, and the PB1 genes from the 

avian virus 34,35. This novel H2N2 virus originated in Southern China and spread quickly to 

neighbouring countries, and was estimated to have caused more than 1 million deaths 

worldwide 8,36.  Interestingly, the H1N1 viruses disappeared from circulation in humans when 

the H2N2 virus began to circulate widely in the pandemic. 

 In 1968, another major pandemic emerged in southern Asia, where a human influenza 

virus acquired an avian virus H3 HA and PB1 genes 34,35. This pandemic H3N2 influenza virus 
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originated in Hong Kong and completely replaced the circulating H2N2 viruses. Since the virus 

still retained the N2 NA, pre-existing antibodies towards N2 afforded some protection to this 

virus, reducing the severity of the outbreak 8, although it was still responsible for over 1 million 

deaths 37. Also similar to what happened previously with the 1957 H2N2 virus, the H3N2 virus 

acquired a new avian origin PB1 gene 34. With the introduction of the H3N2 viruses in 1968, the 

H2N2 viruses disappeared from circulation in humans, similar to the replacement of the H1N1 

viruses by the H2N2 pandemic virus in 1957. 

 Although not considered a major pandemic, it is worth noting that H1N1 influenza 

viruses re-emerged in 1977 with the earliest isolates identified first in China and in Russia. A 

well-known representative isolate of the causative agent was named influenza A/USSR/77. 

Phylogenetic analysis of this virus determined that it was closely related to H1N1 strains that 

circulated in 1950s 38. These H1N1 viruses circulated in the human population along with the 

H3N2 viruses until 2009, when a new H1N1 virus emerged. 

 The final and most recent pandemic began in February 2009, when a new H1N1 virus in 

Mexico was reported. By May 2009 this virus had spread to >30 different countries and was 

later termed the Swine-Origin H1N1 pandemic. This pandemic virus originated from pigs, and is 

unique in that it emerged as a triple reassortant avian/human/swine influenza virus. The PB2 

and PA genes from this virus originate from North American avian viruses, the PB1 gene is from 

human H3N2 virus, and the H1 HA, NP, and NS genes from classic swine virus, and finally the N1 

NA and M came from an Eurasian avian virus 4–6. This virus replaced the previously circulating 

seasonal H1N1 viruses and currently continues to circulate along with H3N2 and influenza B 
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viruses in humans. These three strains are the target of the conventional seasonal influenza 

vaccine.    

 

1.1.4 Pandemic potential of highly pathogenic avian influenza viruses 

 In 1997, a HPAI (H5N1) virus crossed the species barrier in Hong Kong and caused an 

outbreak of 18 severe human infections, of which 6 were fatal. Human cases were linked to 

exposure to infected poultry in live bird markets without direct human-to-human transmission 

of H5N1 virus 39. This outbreak led to the culling of large populations of poultry in bird markets, 

having a significant impact on the economy. The depopulation of potential hosts of high 

pathogenic avian influenza proved effective to control the spread of disease, and control was 

aided by lack of human-to-human transmission for this virus. However, since 1997, H5N1 

viruses have spread to more than 60 countries in Asia, Europe, Middle East and Africa. 

Accumulatively, outbreaks caused by this virus has resulted in the culling of more than 100 

million poultry 8. 

 As of January 16, 2017, there have been 856 confirmed cases of H5N1 virus infections in 

the world with a mortality rate of ~53% 40. H5N1 infected patients can suffer from acute 

respiratory distress syndrome (ARDS) 41. Furthermore, many cases of H5N1 virus infections in 

humans have caused systemic infections where virus or viral RNA was isolated not only from 

respiratory organs, but also the CSF and the brain, as well as the intestine and in stool 42–44. 

H5N1 infections are associated with high levels of proinflammatory cytokines in infected 

individuals compared to those infected by seasonal influenza viruses, and was prominently 

found to be higher particularly in fatal cases of H5N1 virus infection 45.  
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Since the appearance of these viruses in 1997, studies on H5N1 viruses show that they 

are evolving quickly by both antigenic drift and antigenic shift, as exemplified by their 

diversification into 10 distinct clades (0 to 9) based on HA phylogeny and further division into 

numerous subclades 46,47. The wide host range and geographic distribution of these viruses, 

along with immunological pressure from large-scale H5 vaccination of poultry in countries 

including China, Egypt and Indonesia, contribute to the rapid evolution of these viruses 48. As a 

measure to reduce the risk of recombination events, policies are in place to keep birds like 

waterfowl and quail segregated from domestic poultry in bird markets 49.  

In January 2014, a novel HPAI H5N8 virus emerged as a reassortant virus containing 

genes from H5N1 and other avian virus subtypes, and was isolated from poultry and wild birds 

in South Korea and eastern China 50–52. This virus continued to spread to other countries in 

Europe causing numerous outbreaks in poultry 53, with evidence suggesting that wild migratory 

birds are a likely source of the virus 54. By 2015, these Eurasian origin avian influenza viruses 

were detected in North America for the first time, reassorting with currently circulating viruses 

to generate novel HPAI viruses (H5N2 and H5N1), that are now found widespread across 

Canada and the United States 54–56. The migration of these viruses to North America marks the 

beginning of a new generation of avian influenza viruses with unknown pandemic potential.  

Although incidence rates of human H5N1 infections remain low, the ability of these 

avian viruses to acquire mutations to better adapt to humans is a concern. For example, studies 

have found that a reassortant virus generated from an H5N1 virus and a 2009 H1N1 pandemic 

virus, comprised of the H5 HA gene segment with four mutations and seven remaining gene 

segments from H1N1, was capable of airborne transmission in ferrets 57. Similarly, another 
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group was able to achieve airborne transmission in ferrets by genetically modifying a H5N1 

virus and serially passaging this virus in ferrets 58. These studies demonstrate the potential of 

these avian H5N1 influenza viruses to gain the ability for airborne transmission in mammals.  In 

addition, four cases of human disease caused by one of the novel reassortant strains of HPAI H5 

viruses, H5N6, have been reported in China with three of them resulting in fatal infections 59–61, 

showcasing the ability of these new viruses to infect humans. The higher mortality rates caused 

by infection with these viruses and the emergence of new North American avian influenza 

strains highlights the potential of these viruses to become the next pandemic virus. 

 In addition to the H5 avian viruses, the avian-origin H7N9 viruses are also considered to 

have high pandemic potential. Since its first emergence in China in 2013, avian-origin H7N9 

viruses have continued to circulate in poultry in China and have caused five waves of epidemics, 

with the greatest number of human cases documented during the fifth wave 62. More 

concerning is the recent isolation of HPAI H7N9 virus isolates from severe to fatal cases of 

human disease in China and Taiwan 63–65. Sequencing of these isolates revealed the presence of 

a multibasic HA cleavage site instead of the original monobasic HA cleavage site in the H7N9 

virus, suggesting the evolution of this virus from a LPAI to a HPAI virus 63–65. Continued efforts 

to monitor this virus will be important to be better prepared in the event this virus reaches 

pandemic status, see Chapter 1.6.3 Pandemic vaccine preparedness for more discussion on H5 

and H7N9 viruses.  
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1.2 Influenza Virus Biology 

 The focus of my thesis was on influenza A viruses, the type that primarily infects humans 

and is responsible for annual influenza epidemics and the occasional pandemic. In the next few 

subsections, a brief overview of how influenza A viruses are classified, their genomic 

arrangement, and virion structure will be discussed. Finally, a summary of the different steps in 

the influenza life cycle will be covered.  

 

1.2.1 Classification 

 Influenza viruses are members of the Orthomyxoviridae family. According to the 

International Committee on Taxonomy of Viruses (ICTV), this family consists of seven genera: 

Influenzavirus A, Influenzavirus B, Influenzavirus C, Influenzavirus D, Isavirus, Quaranjavirus, and 

Thogotovirus 66. The most recently identified genus Influenzavirus D contains a single species 

(Influenza D virus) that primarily affects cattle 67.  

Of the four types of influenza viruses, A, B, C and D, only influenza A viruses are further 

divided into subtypes based on the antigenicity of the two surface glycoproteins hemagglutinin 

(HA) and neuraminidase (NA). To date, there are 18 different HA subtypes (H1 to H18), and 11 

NA subtypes (N1 to N11). The majority of influenza A viruses are found in aquatic birds, with 

the exception of the two most recently identified subtypes that were identified in bats, H17N10 

and H18N11 68,69. Furthermore the HA subtypes are divided into two groups based on their 

phylogenetic relationship, see Figure 1. In contrast, there are only two lineages of influenza B 

viruses, either Victoria or Yamagata 70. 
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1.2.2 Genome organization 

Influenza viruses are enveloped, and contain a single-stranded, negative-sense RNA 

genome that is segmented 71,72 . Based on the Baltimore classification of animal viruses, 

messenger RNA (mRNA) is defined as positive-sense RNA, therefore, the negative-sense RNA 

genome segments of these viruses are complementary to the mRNA 73. Influenza A and B 

viruses contain eight RNA segments compared to influenza C viruses that encode for seven 

segments, and by polyacrylamide gel electrophoresis the individual viral proteins were 

originally mapped to RNA segments by size 74–77. 

Initially, it was believed that the eight RNA segments of influenza A viruses each encode 

a single primary protein with the exception of the two smallest genomic segments (which 

encode two proteins each), and are numbered according to size. However, additional protein 

products have been discovered from various gene segments over the years, adding further 

complexity to the viral genome 78. The viral RNA dependent RNA polymerase proteins are 

encoded by the three largest segments, with PB2 (polymerase basic 2) as the largest, then PB1 

(polymerase basic 1) and PA (polymerase acid). In some strains of influenza A virus, two 

accessory proteins are generated from the PB1 segment by use of alternative open reading 

frames to produce PB1-F2 79 and PB1 N40 80. In PA, an overlapping open reading frame was 

discovered that produced another accessory protein by +1 ribosomal frameshifting called PA-X 

81. N-terminus truncated forms of PA, called PA-N155 and PA-N182, were also identified later 82. 

Segment four encodes the surface glycoprotein hemagglutinin (HA), the protein responsible for 

receptor binding and fusion. Segment five encodes the nucleoprotein (NP), required for RNA 

encapsidation and the formation of ribonucleoprotein complexes to support viral transcription 
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and replication. Segment six encodes the other major surface glycoprotein neuraminidase (NA) 

that plays a key role in virus release. The M segment, encodes two viral proteins by splicing of 

the transcripts to yield two separate mRNAs that generate the matrix protein (M1) and the 

membrane ion channel protein (M2). Similarly, the smallest NS segment also encodes two viral 

proteins by splicing, the non-structural protein 1 (NS1) and the nuclear export protein (NEP). 

More recently, additional splice variants were discovered to be generated from the M and the 

NS1 segments called M42 83 and NS3 84, respectively. The untranslated regions at the 5’ and 3’ 

ends of all influenza A virus segments are highly conserved, these regions serve as promoters to 

initiate replication and transcription 85.   

Influenza viruses are prone to acquiring mutations that are beneficial in the evasion of 

the host immune response and for adaptation to new hosts after cross species transmission of 

viruses. The inherent lack of proof-reading capability by RNA polymerases results in a higher 

mutation rate compared to DNA viruses that use DNA polymerases with proof-reading abilities. 

For influenza A viruses, mutations rates have been reported to range from 5 x10-4 to 8 x 10-3 

mutations per nucleotide per year 17,86,87. Furthermore, selective pressure from vaccination or 

antiviral use leads to selection of more substitutions in viruses to evade host immune responses 

or antiviral effects 17. Since the major surface antigens are HA and NA, the subtle acquisition of 

mutations in these proteins over time is termed antigenic drift, and results in annual epidemics 

of antigenically divergent influenza viruses that necessitate updating the seasonal influenza 

vaccine annually.   

A hallmark of influenza viruses is their ability to reassort genomic segments as another 

means to increase their antigenic variability and capacity to adapt to new animal species. The 
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segmented nature of influenza viruses enable them to swap gene segments with another strain 

of influenza virus in a cell co-infected with two or more influenza viruses. Genetic reassortment 

of the HA and NA gene segments results in large changes to the antigenicity of the virus, this is 

termed antigenic shift. Reassortment has only been observed for influenza viruses belonging to 

the same type (A, B or C) and has not been documented to occur between the different types 8. 

Antigenic shift events are one source of influenza viruses causing pandemics experienced in the 

past, and will continue to contribute to the evolution of strains that cause future pandemics. 

 

1.2.3 Virion structure 

 Influenza viruses are pleomorphic, where most particles are spherical in shape (100 nm 

in diameter) 88 with the exception of filamentous particles (>300 nm) that have also been 

observed 89–91. Influenza viruses are encased by an envelope that is derived from the host 

plasma membrane as it buds from the cell, and comprises of both cholesterol-enriched lipid raft 

domains and non-lipid raft regions 92,93. This envelope is decorated with glycoprotein spikes 

consisting of HA trimers and NA tetramers that are anchored in the lipid raft domains 94, while 

M2 is found in non-lipid raft domains 95 (Figure 2). These distinctive spike structures can be 

visualized in electron micrographs, with HA as the most abundant envelope protein (~80%), 

followed by NA (~17%), and M2 making up the remainder 95. The protein found just beneath 

the viral envelope is the matrix protein (M1) that makes up the internal protein shell, and 

together with M2, these proteins help define the virion shape 89,90. The virus core consists of 

ribonucleoprotein (RNP) complexes made up of each viral RNA segment encapsidated by NP,  
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and a single copy of each of the three polymerase proteins (PB1, PB2, and PA) on each 

segment, and minor amounts of NEP.  

 

1.2.4 Influenza virus life cycle 

1.2.4.1 Receptor binding 

 Influenza viruses attach to host cells by binding to sialic acids found on proteins and 

lipids on the cell surface 14. Influenza attachment is mediated by the HA protein that is 

synthesized as a precursor polyprotein (HA0, 75 kDa), that is post-translationally cleaved by 

cellular proteases to yield its two mature subunits, HA1 (55 kDa) and HA2 (25 kDa). HA1 is 

responsible for receptor binding, while HA2 contains the fusion peptide required for membrane 

fusion. HA is a type I integral membrane protein, where the C-terminus of HA2, is inserted into 

the viral membrane, followed by the stalk region leading to the N-terminus of HA1 that forms 

the head of the spike structure. These HA spikes cluster together forming a homotrimer. 

 As new HA0 precursor protein is synthesized, it is transported via the secretory pathway 

to the plasma membrane. As it travels through the ER and Golgi, HA undergoes post-

translational modifications such as N-glycosylation and palmitoylation, and the N-terminal 

signal peptide (14-17 amino acids) is removed 96–98. Lastly, maturation of HA0 into HA1 and HA2 

occurs by host protease mediated cleavage. This cleavage is essential to expose the fusion 

peptide domain of HA2, which facilitates fusion of the viral envelope with the host endosomal 

membrane to release the inner viral core during virus entry into a target cell 99. HA proteins 

may either contain a monobasic or multibasic cleavage site, where the type of cleavage site 

determines which cellular proteases the virus uses for HA activation. The timing and location of 
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this last crucial activation step has been described to occur in various places, and a review of 

the proteases involved is discussed in Chapter 1.4.  

 The HA protein found in influenza viruses that replicate in different species have 

different binding preferences; this is the main reason why a species barrier exists for these 

viruses. Sialic acids (SA) are 9-carbon sugars that are linked at the terminal positions of surface 

glycoproteins or glycolipids and have an overall negative charge. The most common SA is N-

acetylneuraminic acid. The majority of SA are linked to galactose by either an α2,3- or α2,6-

linkage, and the preference for one specific type of linkage defines the host species that the 

influenza virus will infect. For example, influenza viruses from humans and swine preferentially 

bind α2,6-SA, while avian and equine viruses prefer to bind α2,3-SA 25,100–102. This explains why 

there is limited transmission of avian viruses into humans.  

The receptor binding site is located in the globular head of HA1, and specific amino acid 

residues located in the receptor-binding pocket determines the type of sialic acid HA prefers to 

bind. For example, H2 and H3 HAs in avian influenza viruses have a glutamine at position 226 

and glycine at position 228 that results in preferential binding to α2,3-linked SA. This is 

compared to human viruses that have a leucine and serine at these same positions, 

respectively, giving them preference to α2,6-linked SA 100,102–104. For H1 viruses in humans, an 

aspartate is found at position 190 and 225 to allow binding to α2,6-linked SA, compared to an 

aspartate-190 and glycine-225 in swine viruses that allow binding to both α2,3- and α2,6-linked 

SA, compared to a glutamate-190 and glycine-225 for avian viruses that will only bind to α2,3-

linked SA 32,100,105–107. It is important to note that these describe only the key amino acid 

residues, and there are several residues at other positions that also influence receptor-binding 
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100. Other features of the host glycoconjugates such as the length and branching pattern of the 

glycan chain, the type of backbone, modifications such as sulfation and fucosylation also play a 

role in HA-mediated receptor binding 108,109.  

  Another aspect that influences the location of viral infection is where these receptors 

are found. For example, human ciliated tracheal epithelial cells contain mostly α2,6-linked SA 

and lack α2,3-linked SA, consequently, only human influenza viruses are able to infect these 

cells 110,111. Other studies on the distribution of influenza virus receptors in human respiratory 

tissues found that α2,6-linked SA are dominant on cells in the upper respiratory tract, including 

the nasal mucosa, with limited detection of α2,3-linked SA 112. Analysis of the rest of the human 

respiratory tract also revealed that paranasal sinuses, pharynx, trachea, bronchi, and 

bronchioles also mainly express α2,6-linked SA 112. However, cells in the lower respiratory tract 

were found to also express α2,3-linked SA, such as nonciliated cuboidal bronchiolar cells and 

type II alveolar cells 112, which provides some understanding of how humans can be infected 

with avian viruses when infection is initiated in the lower respiratory tract. This suggests that if 

avian influenza viruses adapt to better bind α2,6-linked SA instead, then they would be able to 

readily infect humans. This was evidenced by early isolates from the 1918, 1957, and 1968 

pandemics that showed their preference for α2,6-linked SA binding, leading to the discovery of 

key amino acid residues in HA that influence receptor binding affinities towards either α2,3- or 

α2,6-linked SA 100.  

 Compared to humans, the distribution of sialic acid receptors in other animals is quite 

different. In ducks, intestinal and respiratory epithelial cells predominantly express α2,3-linked 

SA, while minor amounts of α2,6-linked SA are found in the same tissues 113,114. In contrast, 
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chickens express both α2,3- and α2,6-linked SA receptors in their respiratory and intestinal 

tracts, with α2,6-linked SA receptors as the dominant receptor type in the trachea  113,115 This is 

similar to other types of terrestrial poultry species including quail, turkey, pheasant, and guinea 

fowl that express both types of receptors in the intestinal and respiratory tracts 114,116. The 

trachea in swine also expresses both α2,3- and α2,6-linked SA 117. This data suggests that 

poultry and swine may act as an intermediate host, where avian influenza viruses can possibly 

adapt to better bind human receptors and be transmitted from swine or poultry to humans.  

 

1.2.4.2 Receptor-mediated endocytosis and membrane fusion 

 Once the virus is attached to the cell surface, it is internalized via receptor-mediated 

endocytosis. In general, internalization can occur via four pathways: 1) clathrin-coated pits, 2) 

caveolae, 3) non-clathrin, non-caveolae pathways, and 4) macropinocytosis 118. For influenza 

viruses, clathrin-mediated endocytosis is the main process used for entry, however, instances of 

non-clathrin, non-caveolae-mediated internalization of influenza viruses have also been 

described 119.  Both of these pathways require maturation of early endosomes into late 

endosomes where acidification of the late endosome is necessary for final release of contained 

cargo. Furthermore, trafficking of the viruses to late endosomes also brings the viruses closer to 

the nucleus, the site of viral replication and transcription.  

As the early endosome matures into late endosomes, the pH gradually lowers activating 

the fusion process, the second major function of HA. In order for fusion to occur, the precursor 

HA0 must have been previously cleaved into HA1 and HA2 to release the fusion peptide found 

at the N-terminus of HA2. In the endosome, the low pH triggers a conformational change in HA 
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which allows interaction of the fusion peptide with the endosomal membrane to initiate fusion 

120. The combined effort of the HA2 transmembrane domain inserted in the viral membrane 

along with the fusion peptide inserted into the endosomal membrane forms a pore, resulting in 

the release of viral ribonucleoprotein (vRNP) complexes into the cytoplasm. Normally, vRNP 

complexes are associated with M1 protein found beneath the viral membrane. To facilitate the 

release of vRNP to the cytoplasm, the ion channel protein (M2) allows an influx of H+ ions from 

the endosome into the virus particle to help release vRNP from M1 121. 

 

1.2.4.3 Virus transcription and replication 

 Influenza RNA segments are found as vRNP complexes, where RNA is covered with NP 

and the viral RNA-dependent RNA polymerase complex (PB1, PB2, and PA) is bound to the 5’ 

and 3’ termini forming a hairpin complex 122–124. Since NP is rich in arginines, the protein has an 

overall positive charge that allows for easy binding to the negatively charged vRNA 36. The 

terminal ends of each RNA segment contain 12- 13 untranslated nucleotides of highly 

conserved noncoding sequences flanked by additional untranslated  sequence which is segment 

specific 36. The sequences at these ends show partial and inverted complementarity, leading to 

the formation of a panhandle structure 125. These stable, double-stranded panhandle structures 

serve as vRNA promoter sites for the viral RNA dependent RNA polymerase complex 126,127.  

Once vRNP complexes are released into the cytoplasm, they are actively transported 

into the nucleus for further transcription and replication 128–130. Each protein in the vRNP 

complex contains nuclear localization signals (NLS) that are recognized by host cell nuclear 

import machinery which facilitates the shuttling of the vRNP complex into the nucleus (fields 
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ch40). The most important viral protein for nuclear import is NP, as its NLS alone is essential 

and sufficient to import vRNP to the nucleus 36. 

All viral RNA synthesis is performed by the viral RNA dependent RNA polymerase (RDRP) 

that is composed of a single copy of each of the PA, PB1 and PB2.  The RDRP catalyzes 

production of viral genome RNA (vRNA), complementary genomic RNA (cRNA) and viral mRNAs.  

To initiate viral mRNA synthesis, influenza viruses use a unique process called cap snatching. In 

this process, the virus preferentially steals the 5’ methylated cap structure from newly 

synthesized small nuclear RNAs, small nucleolar RNAs and other promoter-associated capped 

small RNAs to use as a primer to synthesize its own viral mRNA 131–135. The cap snatching 

process begins with the viral polymerase complex binding to vRNA which orients PB2, 

containing a cap-binding domain, to be able to bind to the 5’-cap of newly synthesized cellular 

mRNAs 124,136. Then, the endonuclease activity of PA cleaves the cellular mRNA about 8-14 

nucleotides downstream of its 5’ cap structure 137–139. These cap containing fragments are then 

used as primers to start transcription of viral mRNA at the 3’ end of the vRNA template. 

Transcription catalyzed by PB1 extends until a stretch of 5-7 uridine residues are reached that 

reside ~16 nucleotides from the 5’ vRNA end. Here, the polymerase stutters, producing the 

poly(A) tail on the mRNA transcript 140. 

 Occurring also in the nucleus is replication of the viral genome RNA segments. For vRNA 

replication, first a full length positive sense copy of each vRNA is produced, termed 

complementary RNA (cRNA), and used as a template to produce more negative sense vRNA. In 

contrast to transcription, initiation of viral RNA replication is primer independent 141,142. 

Instead, the presence of a priming loop from the PB1 protein (residues 642-658) protrudes into 
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the active site and acts as a site for the initiation of replication at the 3’ end of the vRNA 

template to produce cRNA 124,143. As elongation of cRNA nears completion, the 5’ end of the 

vRNA template is released to produce a full-length copy of cRNA. The newly produced cRNA 

then associates with NP and the polymerase complex, generating a complementary 

ribonucleoprotein (cRNP) complex much like the vRNP structure 142. This cRNA is then used as a 

template to produce more copies of vRNA.  

 

1.2.4.4 Virus assembly and budding 

 Newly synthesized viral mRNA transcripts are exported out of the nucleus and 

translated to produce new viral proteins. Once the new copies of viral proteins are synthesized, 

the viral polymerase proteins (PB1, PB2, and PA) along with NP all contain Nuclear Localization 

Signals (NLS), which are recognized and bound by host import proteins (importin α and β) that 

shuttle them into the nucleus via the nuclear pore complex 144,145. These viral proteins then 

associate with newly synthesized vRNA to form more RNP complexes. Additionally, M1 and NEP 

also enter the nucleus to help facilitate export of RNP complexes to the cytoplasm 146–149. M1 is 

imported into the nucleus via its NLS, while NEP, which lacks a NLS, diffuses into the nucleus 

through the nuclear pores due to its small size (14.5 kDa) 128. The last viral protein that is 

actively imported into the nucleus is NS1; however, this protein does not play a role in vRNP 

export. Instead, NS1 acts as an interferon antagonist to promote efficient viral infection 150. 

 To assemble new virus particles, vRNPs must be exported out of the nucleus. Some of 

the details regarding the role of M1 and NEP in nuclear export of RNPs have been delineated. 

Similar to NLS sequences, proteins can contain Nuclear Export Signals (NES) that are recognized 
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by cellular export machinery to shuttle proteins out of the nucleus. Since components of the 

vRNP complex do not contain NES, they rely on their interaction with M1, which in turn 

interacts with NEP that contains the NES required for nuclear export. The C-terminus of M1 

binds to RNP 151, while the N-terminus of M1 with the NLS sequence binds to the C-terminus of 

NEP, covering its NLS 152,153. This masking of the NLS is important to prevent the re-entry of 

newly synthesized RNPs into the nucleus. The free N-terminus of NEP contains the NES 

sequence, which then interacts with host export machinery to shuttle the entire complex out of 

the nucleus 152,154. Specifically, Exportin 1 or Chromosome Region Maintenance protein 1 

(CRM1) is the host protein that recognizes the NES on NEP and mediates nuclear export 155,156.  

 Influenza viruses preferentially assemble and bud from the apical side of the plasma 

membrane of a polarized epithelial cell, whether in tissue culture or in an infected host. Virus 

assembly requires the transport and localization of all viral components to the budding site, 

including HA, NA, M2, M1 and the 8 vRNPs corresponding to each genomic segment for 

influenza A and B viruses, and 7 vRNP complexes for influenza C viruses. After synthesis of the 

viral surface proteins (HA, NA, and M2), they travel through the Endoplasmic Reticulum (ER) 

where they are folded and associated into trimers (HA) and tetramers (NA and M2). 

Furthermore, HA and NA undergo glycosylation, while only HA and M2 undergo another type of 

post-translational modification called palmitoylation. Specifically, fatty acids such as palmitic 

acid are covalently attached to cysteine residues found in HA and M2 in the cis-Golgi network 

157,158. Palmitoylation is important for the targeting of proteins to lipid raft regions, which are 

areas of the plasma membrane that are rich in cholesterol and sphingolipids, and are non-ionic 

detergent-resistant 159,160. Mutational studies removing palmitoylation sites in HA resulted in 
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reduced HA trafficking to lipid rafts, and also reduced virus assembly and growth for some HA 

subtypes 158. Further post-translational processing of HA includes the proteolytic processing of 

HA0 into HA1 and HA2 mature subunits. For HAs containing a multibasic cleavage site, mainly 

H5 and H7 subtypes, these are recognized and cleaved by the cellular protease furin in the 

trans-Golgi network 161–164. For all remaining HA subtypes that infect humans (H1, H2, and H3) 

and contain a monobasic cleavage site, host-mediated HA cleavage has been described to occur 

in several cellular compartments or even extracellularly, and a number of different  cellular 

proteases have been implicated in this process. A more detailed summary of HA cleavage is 

described in Chapter 1.4.   

Viral envelope proteins (HA, NA, and M2) are transported to the apical plasma 

membrane using the cellular exocytic transport pathway, which recognizes signals in the 

transmembrane domains of these proteins 165,166. In particular, HA and NA have been shown to 

be inserted into lipid raft domains, while M2 localizes to non-lipid raft domains 165,166. Although 

M1 does not contain any signals for apical sorting specifically, it does have determinants to bind 

lipids, vRNA, vRNP and NP 151,167,168. Importantly, M1 also interacts with the cytoplasmic tails of 

HA, NA, and M2 169–171. This ability of M1 to interact with several viral components highlights its 

important role in virus assembly. Actin microfilaments have also been shown to play a role in 

the movement of NP and M1-vRNP complex to the apical surface 172. Additionally, recycling 

endosomes containing Rab11 have been shown to be critical for the transport of vRNPs to the 

plasma membrane for assembly 173,174. 

 Once influenza virus components have assembled at the budding site, membrane 

bending occurs as a result of M1 proteins interacting with each other beneath the lipid bilayer 
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95. In addition to bud initiation, M1 also plays a critical step in bud closure for virus release. 

Studies have shown that a minimum amount of M1 must be present for virus release to occur, 

as less virus was released when low levels of M1 and M2 were present 175. Interestingly, bud 

initiation can occur without the presence of any vRNPs or when a deficient set of vRNPs are 

present at the budding site, resulting in the formation of non-infectious virus particles 95,176–178.  

The final step in budding is membrane scission, and the amphipathic helix located in the 

cytoplasmic tail of M2 has been shown to be responsible for this step 179. Mutations in this 

region of M2 prevented membrane scission and virion release 179. Rab11 has also been shown 

to be important for the release of virus particles, as inhibition of Rab11 expression resulted in a 

failure of virions to pinch off from the plasma membrane 180. 

 Although newly formed virions are pinched off from the plasma membrane, the virus 

still faces one more challenge before becoming free to infect a new host cell. The presence of 

sialic acid receptors on the cell surface from which the virus is produced in anchors the newly 

formed particle through HA binding. To release virus from the cell, the other major surface 

glycoprotein NA utilizes its enzymatic activity to cleave sialic acids and free HA. Another 

important function of NA is to prevent virus aggregation by removing sialic acids present on the 

virion’s own surface glycoproteins. These functions of NA have been described by numerous 

studies blocking NA activity, whether through the use of NA inhibitors 181, or the generation of 

NA mutants 182.  

Since NA and HA both recognize sialic acids for their functions, one destroying receptors 

while the other binds receptors, respectively, a fine balance needs to exists between the 

activities of these proteins for optimal virus replication 183,184. Recently, our group 
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demonstrated that mice infected with 2009 H1N1 pandemic virus and treated with NA 

inhibitor, oseltamivir, resulted in exacerbation of disease outcome 185. This outcome was 

attributed to a reduction in NA activity that altered the balance of HA and NA activity in mice 

such that viral fitness was increased in the oseltamivir-treated pH1N1 infected mice. Our study 

highlights a potential pitfall in the use of only murine models to evaluate the efficacy of NA 

inhibitors 185. In contrast, other groups have shown by reverse genetics that alteration of the 

HA/NA balance by introducing mutations in HA to increase its affinity for its receptor or by 

increasing NA activity, results in a loss of replicative fitness 186–188.  

 

1.3 Influenza virus and host biology interactions 

 Influenza virus replication is dependent on a number of cellular host factors during each 

step of the viral life cycle. Extensive studies to understand the functions of each viral protein 

have been completed; however, our understanding of the cellular proteins that are hijacked by 

influenza viruses for their own replicative purposes is less clear. Increases in viral resistance to 

current antivirals and rapid evasion of immunity induced by seasonal influenza vaccinations 

have refocused antiviral development efforts on cellular factors as possible drug candidates 

instead of more traditional viral targets for antiviral development.  

Our knowledge of human genes and their putative functions was greatly expanded from 

the completion of the Human Genome Project in 2003. This information along with recent 

advancements in high-throughput screening techniques, such as RNA interference (RNAi) for 

functional gene analysis and improvements in mass spectrometry detectors for detailed 

proteomic analysis, have enabled the completion of several systematic and comprehensive 
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studies identifying host factors that participate in the replication of many different viruses. As a 

result, the number of cellular factors identified to be involved in influenza virus replication has 

exploded over the past few years. To date, there have been 6 independent genome-wide RNAi 

screens identifying 1290 human genes to be involved in influenza virus replication, Table 1 189–

194. Briefly, the findings from these major RNAi-based genome-wide screens used to identify 

influenza virus-dependent host factors and the limitations of these studies will be discussed. 

However, it is important to note that other methods have been used successfully to identify 

influenza virus interacting host factors. These methods include yeast-two-hybrid systems 193 

and proteomics based approaches, such as using tandem affinity purification (TAP)-tagged viral 

proteins or viral polymerase complexes as bait for cellular proteins that are subsequently 

identified by mass spectrometry 195–197. Alternatively, one study looked for the presence of 

cellular proteins packaged into influenza virus particles 198.  

 

1.3.1 Identification of host factors by genome-wide RNAi screens 

 In 2008, Hao et al. completed the first screen using Drosophila cells and a recombinant 

influenza A/WSN/33 virus adapted to infect Drosophila cells by replacing HA and NA with VSV-G 

and Renilla luciferase, respectively 190. From this study, the authors identified over 100  

 

 

Table 1. Genome-wide RNAi screens completed to identify human cellular factors involved in 

influenza virus replication. Host factors were considered validated by using at least two 

separate siRNA per gene and confirmation using the wild-type influenza virus.  
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Reference Cell line 

RNAi screen 
(# of genes 
targeted) Influenza virus 

Stage of viral 
life cycle 
addressed 

Assay 
readout 

Host factors 
identified 

Validated 
host 
factors 

Hao et al. 
2008 

DL1 
(Drosophila) 

Ambion 
dsRNA 
(13,071) 

Recombinant 
A/WSN/33 
expressing VSV-G and 
Renilla luciferase 
instead of HA and NA 

Uncoating to 
protein 
expression 

Luciferase 
expression 

176 in 
Drosophila 
(130 have 
human 
homologues) 

 

HEK293 
(Human)  

A/WSN/33 
A/Indonesia/7/05 
(H5N1) 

All stages Virus 
replication  

ATP6V0D1 
COX6A1 
NXF1/TAP 

Brass et al. 
2009 

U2OS 
(Human) 

Dharmacon 
siRNA library 
(17,877) 

A/Puerto 
Rico/8/1934 (H1N1) 

Receptor 
binding to HA 
trafficking to 
cell surface 

Surface HA 
expression 312 129 

Shapira et 
al. 2009 

 

Yeast two-
hybrid (Y2H) 
using 12,000 
human 
proteins 

A/Puerto 
Rico/8/1934 (H1N1) 
A/Udorn/72 (H3N2) 
 

Direct 
interactions 
with 10 major 
influenza viral 
proteins 

 
1745 
 
 
 
 
 

 

HBEC 
(Human) 

mRNA 
expression 
profiling 

A/Puerto 
Rico/8/1934 (H1N1) 
 

All stages mRNA 
expression  

HBEC 
(Human) 

Dharmacon 
siRNA library 
(1,745) 
based on 
Y2H and 
microarray 
screen 

A/Puerto 
Rico/8/1934 (H1N1) 
 

All stages 

Luciferase 
activity in 
reporter 
cells 

220  

Karlas et 
al. 2010 

A549 
(Human) 

Qiagen 
(22,843) A/WSN/33 (H1N1) All stages 

NP 
expression 
and 
influenza 
virus 
inducible 
luciferase 
expression 

287  

  

A/WSN/33 (H1N1) 
A/Hamburg/04/2009 
(H1N1) 
A/Vietnam/1203/200
4 (H5N1) 

All stages Virus 
replication  168 

Konig et 
al. 2010 

A549 
(Human) 

Qiagen 
(19,628) 

Recombinant 
A/WSN/33 
expressing Renilla 
luciferase instead of 
HA 

Entry and 
uncoating to 
protein 
expression 

Luciferase 
expression 295 219 

Cheng et 
al. 2015 

A549 
(Human)  

HIV-1 luciferase 
reporter virus 
pseudotyped with 
avian H5N1 HA 

Virus entry  46  
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Drosophila genes whose suppression resulted in either reduced or increased luciferase 

expression. Three proteins ATP6V0D1 (subunit of proton pump required for endosome 

acidification), COX6A1 (mitochondrial function), and NXF1/TAP (nuclear export of cellular 

mRNA), that are part of host pathways known to be important for influenza virus replication 

were identified by their screen. These proteins were further validated by inhibiting expression 

of their human homologues by siRNA treatment in HEK 293 cells and measuring wild-type WSN 

and H5N1 influenza strain A/Indonesia/7/05 replication 190,199–201. Confirmation of the 

importance of these proteins for influenza replication in a mammalian system provides support 

for the use of their Drosophila model to identify important host targets. However, because the 

recombinant virus used for their screen lacked HA and NA, virus assembly and subsequent virus 

production did not occur in these cells. As a result, their assay only focused on the stages of 

post-entry to protein expression in the influenza virus life cycle. Any host factors involved in 

other stages of the viral life cycle would not be captured. 

 In the next few years, five other mammalian-based RNAi genome-wide screens followed 

that varied in their use of cell lines, influenza viruses, siRNA libraries, experimental procedure 

and assay readout (Table 1). Brass et al. screened human osteosarcoma (U2OS) cells using a 

Dharmacon siRNA library targeting 17,877 human genes and infecting with influenza A/Puerto 

Rico/8/1934 (H1N1) virus, and then measured surface HA expression as its readout. This screen 

identified over 120 host factors with roles in various cellular pathways including endosome 

acidification, vesicular trafficking, mitochondrial metabolism and RNA splicing 189. Since surface 

HA expression was used as the assay’s final readout, Brass et al. detected only host proteins 

involved in virus receptor binding, endocytosis and fusion, viral transcription, translation of viral 
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HA mRNA, and HA trafficking to the cell surface. Therefore, host factors involved in steps for 

assembly, budding, and release were not captured. 

Shapira et al. used a multi-pronged approach to identify host factors which included a 

yeast two-hybrid analysis using A/Puerto Rico/8/34 (H1N1;PR8) and A/Udorn/72 (H3N2) viral 

proteins and ~12,000 human proteins, as well as mRNA expression profiling in primary human 

bronchial epithelial cells (HBEC) infected with PR8 193. These two methods identified 1,745 

candidate genes which were further screened by siRNA-mediated knock down in HBEC cells, 

infection with PR8 virus, and measurement of viral production. The four main cellular pathways 

that were identified were the Nuclear Factor NFkB pathway, apoptosis, Mitogen-activated 

protein kinases (MAPKs), and the WNT signalling pathways.  

The last three genome-wide RNAi screens were completed using human lung epithelial 

cells (A549). Like Shapira et al., Karlas et al. utilized a 2-step approach to identify potential 

candidates. First, A549 cells were transfected with siRNA for 48h and then infected with WSN 

for 24h. Virus containing supernatants were collected and the remaining cells were stained for 

NP to quantify the number of infected cells 191. Collected supernatants were then transferred to 

293T reporter cells that expressed an inducible influenza virus-dependent luciferase construct. 

The amount of luciferase produced by the reporter cells was measured 16h post-transfer to 

quantify the amount of virus released into the supernatant. Results from both methods led to 

the identification of 287 primary hits, many of which were involved in vesicle trafficking, viral 

protein synthesis, and vRNA nuclear export 191. These hits were further validated by measuring 

virus replication of WSN, a pandemic swine-origin influenza A/Hamburg/04/2009 (H1N1) virus, 

and the HPAI H5N1 virus A/Vietnam/1203/2004 (V1203). The use of wild-type WSN for the 
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initial siRNA screen infection enabled the virus to go through multi-cycle replication, therefore, 

host factors involved in all stages of viral replication are studied.  

In contrast, Konig et al. infected siRNA transfected A549 cells with a recombinant WSN 

expressing Renilla luciferase instead of HA 192. Similar to the study by Hao et al., this 

recombinant virus was unable to complete its replication cycle due to the absence of HA. As a 

result, only cellular factors required for early stages of viral replication such as entry and 

uncoating, nuclear import of vRNP, viral RNA transcription and translation are assayed. Despite 

the limited focus of this assay, the authors identified 219 host factors grouped into PI3K/AKT 

signaling pathway, cytoskeleton regulation, ubiquitination, phosphatases, and proteases.  

The last and most recent genome-wide RNAi screen used a HIV-1 luciferase reporter 

virus pseudotyped with avian H5N1 HA to infect A549 transfected with siRNA 194. Again, only 

host factors involved in early stages of infection were studied. Interestingly, the authors 

performed the same screen in parallel using Marburg virus glycoprotein pseudotyped HIV-1 

viruses to define host factors that are shared or uniquely required by each virus for entry and 

luciferase protein expression. This screen identified 46 host genes required for efficient avian 

H5N1 virus entry 194.  

Comparison of the results from all six genome-wide RNAi screens surprisingly revealed 

little overlap among the identified candidate host genes 202,203. Furthermore, only a handful of 

these proteins have been confirmed in more extensive functional assays to define their role in 

influenza virus replication. These differences between studies are most likely due to the choice 

of cell lines, viruses, siRNA libraries, experimental parameters, and the readout method for the 

assay. The two main viruses used in all the screens were PR8 and WSN. Both of these viruses 
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are laboratory-adapted strains, where PR8 has high growth properties 204–206 and WSN is unique 

in that it is able to utilize plasmin for HA activation 207. These properties may not be 

representative of common seasonal influenza virus strains that circulate in the population, and 

the identified host factors from these studies may be biased to these particular strains.  

Despite a lack in consistency of identified genes, at a biological and functional level, the 

cellular pathways identified to be important for influenza virus replication showed greater 

overlap among the studies. Analysis of the different cellular pathways that the list of identified 

genes fall into have identified some pathways that are commonly required for infection 

including kinase-mediated signaling, mRNA splicing, nucleocytoplasmic transport, COPI complex 

function, and the vATPase complex function 202,203. This information is extremely useful as it 

focuses our attention to specific cellular pathways that can be targeted for antiviral 

development. The discordance in the genes identified among the studies demonstrates the 

complexity of influenza-host biology interactions, and factors such as virus strain and host 

factors present in particular cell types further complicates the picture. Although it is becoming 

clearer as to which cellular pathways are necessary for efficient virus replication, the 

identification of more influenza virus cellular interacting partners, and especially the validation 

of the exact roles that these proteins play in replication, will be important to help define the full 

picture of events that occur.     

      

1.4 Cellular proteases and influenza virus replication 

Cellular proteases are important for influenza virus replication in various stages of the 

life cycle. However, the most important and well-studied role that cellular proteases play in 
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virus replication is in HA activation. Without HA activation, virions are unable to mediate fusion 

necessary for infection to occur. While a number of cellular proteases have been implicated in 

HA cleavage over the past decade, there are still HA subtypes for which an activating protease 

remains unknown. A brief summary of the proteases discovered to date will be discussed along 

with where further research is still required. Identified host proteases and the HA subtype 

shown to be cleaved by them are summarized in Table 2.  

 

Table 2. Host proteases involved in Influenza virus HA activation. Known cellular protease 

activity sites, specific HA subtype cleaved by protease, and protease HA cleavage site 

recognition motifs are listed.   

Host proteases Activity HA subtype HA  
Cleavage 
Site 

References 

Plasmin Extracellular A/WSN/33 (H1N1) 
 

I-Q-Y-R↓ Lazarowitz et al. 
1973 

Tryptase Clara Extracellular A/Aichi/2/68 (H3N2) 
 

K-Q-T-R↓ Kido et al. 1992 
Klenk and Garten 
1994; Steinhauer 
1999 
 

Mini-plasmin Extracellular A/WSN/33 (H1N1) 
A/Aichi/2/68 (H3N2) 
 

I-Q-Y-R↓ 
K-Q-T-R↓ 

Murakami et al. 
2001 
 

Tryptase TC30 Extracellular A/PR/8/34 (H1N1) 
 

I-Q-S-R↓ Sato et al. 2003 
 

Kallikreins  
(KLK5, KLK12) 

Extracellular H1, H2, H3  Hamilton and 
Whittaker 2013 

TMPRSS2 Intracellular 
membrane 
associated 
(TGN, PM) 

H1, H2, H4, H5, H6, H9, 
H10, H11, H13, H14, H16, 
PR8, WSN, CA09, JAP, 
Aichi, Vietnam 

 Böttcher et al. 
2006, Galloway et 
al. 2013 
 

HAT 
(TMPRSS11D) 

PM surface 
 

H2, H4, H6, H9, H11, H12, 
PR8, WSN, JAP, Aichi 

 Böttcher et al. 
2006 
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  Galloway et al. 
2013 

 
 

TMPRSS4 
 

 A/SouthCarolina/1/18 
(H1N1)  
A/Hong Kong/01/68 
(H3N2)  
 

I-Q-S-R↓ 
K-Q-T-R↓ 

Chaipan et al. 
2009 
Kuhn et al. 2016 

 

Matriptase  LPAI H9  R-S-S-R↓ 
R-S-R-R↓ 

Baron et al. 2013; 
Beaulieu et al. 
2013; Bottcher-
Friebertshauser et 
al. 2014 

Furin TGN and 
PM 

HPAI H5 and H7  R-X-R/K-R↓ Garten et al. 
1981; Garten and 
Klenk 1999; 
Steinhauer 1999; 
Steineke-Grober 
et al. 1992 

Proprotein 
Convertase 5/6 

 HPAI H5 and H7  R-X-R/K-R↓ Same as furin 
; Horimoto et al. 
1994 

TMPRSS13  HPAI H5 and H7  K-K-K-R↓ Rohm et al. 1996; 
Senne et al. 1996; 
Okumara et al. 
2010 

MSPL  HPAI H5 and H7 K-K-K-R↓ Okumura et al. 
2010; Rohm et al. 
1996; Senne et al. 
1996 

 

 

1.4.1 HA activation and avian influenza virus pathogenicity 

Influenza virus hemagglutinin (HA) is the major surface glycoprotein responsible for 

receptor binding and fusion. HA is synthesized as an inactive precursor protein that becomes 

activated by cellular proteases located at sites of infection, which are the respiratory tissues 
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and gastrointestinal tract in birds. This cleavage by cellular proteases is an essential step for the 

infectivity of all influenza viruses 208. In general, there are two groups of cellular proteases that 

activate HA, ones that recognize a monobasic cleavage motif at a conserved arginine-glycine 

site (R↓G) and others that recognize multibasic cleavage motifs at the same site (R-X-R/K-

R↓G). While the monobasic cleavage site is characteristic of low pathogenicity avian viruses, 

the presence of a multibasic cleavage site in avian influenza viruses is the primary determinant 

of high pathogenicity for these viruses. 

All mammalian influenza viruses and low pathogenic avian influenza (LPAI) viruses 

contain a monobasic HA cleavage site that is recognized by trypsin-like serine proteases found 

mainly in the respiratory tract of both mammals and birds 209. For the LPAI viruses, these 

trypsin-like proteases are also found in the gastrointestinal tract of their hosts, as a result, their 

replication is restricted to these organs causing a generally mild disease. Some of the proteases 

identified initially to play a role in monobasic HA activation were isolated from the lungs of rats 

and swine such as tryptase Clara 210, mini-plasmin 211 and tryptase TC30 212. Other studies found 

that proteases such as plasmin, urokinase, or tissue kallikreins are also able to activate 

monobasic HA cleavage sites in vitro 207,213,214. Interestingly, certain strains of Staphylococcus 

aureus or Aerococcus viridans secrete proteases that have also been shown to activate 

influenza HA with monobasic sites in vitro 215,216. Mice co-infected with influenza virus and S. 

aureus had fatal infections with increased viral titers and more extensive lesions in the lungs 

attributed in part to enhanced cleavage of HA by bacterial proteases 215.  

In contrast, the highly pathogenic avian influenza (HPAI) viruses contain a multibasic HA 

cleavage site recognized by ubiquitously expressed intracellular proteases including furin or 
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proprotein convertase 5/6 (PC5/6) 161–164. These proteases are calcium dependent and are 

located in the Golgi and/or trans-Golgi network 217. Furin is able to activate a number of 

substrates including pro-hormones, pro-proteins, and other envelope viral glycoproteins (e.g. 

HIV, paramyxoviruses, flaviviruses) and bacterial toxins (e.g. Anthrax and botulinum) 218,219. For 

HPAI viruses, which are limited to viruses of H5 and H7 subtypes, furin cleavage of HA occurs in 

the trans-Golgi network. Due to the ubiquitous distribution of furin, activation of multibasic HA 

cleavage sites can occur in multiple organs and tissues, allowing systemic spread of infection 

and more severe disease in birds, particularly domestic poultry. However, it is important to 

note that while the polybasic cleavage site is essential for the high pathogenicity phenotype in 

poultry, it is not always sufficient for high virulence and other factors in addition to the 

presence of a multibasic HA cleavage site can dictate whether an avian influenza virus exhibits a 

highly pathogenic phenotype. For example, conversion of monobasic cleavage sites to 

multibasic HA cleavage sites did not increase the pathogenicity of a low pathogenic H5N1 avian 

influenza virus, or an equine H3N8 virus, or a human H3N2 virus 36,220.  

 

1.4.2 Protease preferences by different HA subtypes 

 Growth of human influenza viruses (subtypes H1, H2, and H3) and LPAI viruses in tissue 

culture often requires the addition of exogenous trypsin to facilitate HA activation for efficient 

replication. As a result, HA activation occurs extracellularly either during virus assembly and 

budding at the plasma membrane, or in the culture supernatant once the virus particle is 

released from the cell. From this observation it was believed that monobasic HA cleavage sites 

are mostly activated extracellularly, in contrast to the intracellular activation of multibasic HA 
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cleavage sites by furin. However, this view shifted in 2002/2003 when a study by Zhirnov et al. 

demonstrated that monobasic HA cleavage occurred intracellularly in Caco2 cells 221.  

Zhirnov et al. discovered that human intestinal Caco-2 cells were able to support growth 

of influenza viruses containing a monobasic HA cleavage without the need for exogenous 

trypsin 221,222. This attribute identified Caco-2 cells as a trypsin-independent cell line for 

influenza virus growth, in contrast to commonly used MDCK cells used for influenza virus 

culturing which are considered a trypsin-dependent cell line. Despite determination that HA 

cleavage was occurring intracellularly, the authors were unable to identify the protease(s) 

responsible for HA activation in these cells 221,222.  

 The search for intracellular trypsin-like proteases that could activate HA lead to the 

discovery of two members of the type two serine proteases (TTSPs) 223.  Bottcher et al. 

determined in vitro that TMPRSS2 (transmembrane protease serine S1 member 2) and HAT 

(human airway trypsin-like protease; also known as TMPRSS11D) were able to activate a HA 

with monobasic cleavage site224. These proteases are known to be localized to airway epithelia 

and are membrane associated either at the surface of the plasma membrane (HAT), or in the 

trans-Golgi network (TMPRSS2) (Figure 3). Since HAT is found on the plasma membrane, it is 

believed to play roles in HA activation of newly formed virions as they assemble and release 

from infected cells, as well as cleave HA on incoming viruses containing inactive HA to allow 

further entry 225. On the other hand, because TMPRSS2 is found localized to the trans-Golgi 

network where furin is also found, HA activation by TMPRSS2 occurs as the protein is 

synthesized and transported to the cell surface via the endocytic pathways 161,225,226. Although 

soluble forms of TMPRSS2 and HAT containing the catalytic domains are secreted from the cell 
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227,228, these were unable to cleave HA 225. Another member of the TTSPs, TMPRSS4, was also 

discovered to cleave monobasic HA motifs in vitro, however, the location of where it activates 

HA remains to be determined 229,230. Knockdown of TMPRSS2 and TMPRSS4 in Caco-2 cells by 

RNAi reduced influenza virus replication, implying that endogenous levels of these proteases 

were responsible for supporting trypsin-independent growth 231. TMPRSS2 was also detected in 

type II pneumocytes and alveolar macrophages in human lung tissues, which are cells that also 

coexpress the influenza receptor α2,6-SA 231.   

Recent in vivo studies showed that H7N9 and H1N1 virus-infected TMPRSS2 knockout 

mice survived infection, with no spread of virus into the lung or development of disease 232–234. 

However, mouse-adapted H3N2 virus-infected TMPRSS2 knockout mice succumbed to 

infection; therefore, it would seem that H3N2 is cleaved by an alternate and as yet unidentified 

protease 234. A subsequent study using TMPRSS2/TMPRSS4 double knockout mice infected with 

H3N2 virus showed increased survival and lower viral loads, however, survival was not 100% 

and viral replication still occurred 230.  

Although increasing evidence supports the role of TTSPs for activation of HAs with 

monobasic cleavage sites, there is great variation in the cleavage efficiency of TMPRSS2 and 

HAT among the 16 different subtypes of HA tested, including some subtypes that are cleaved by 

neither of these proteases 235. An example is the unique ability of WSN/33 (H1N1) HA to be 

activated by plasmin 207. WSN/33 (H1N1) virus contains the sequence I-Q-Y-R in the HA cleavage 

site, compared to the more common I-Q-S-R in other strains of H1N1 (Table 2). Recognition of 

this cleavage site by plasmin has been associated with the neurotropism of WSN/33 in mice 

236,237 and adaptation of this virus to efficient replication in mice may have selected the atypical 
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cleavage requirements of the WSN HA. The H9N2 viruses also show great variability in the 

sequences found at their HA cleavage site, with dibasic (R-S-S-R) or tribasic (R-S-R-R) cleavage 

site motifs detected in isolates from Asia and the Middle East, respectively 238. These sites are 

not recognized by furin, instead, they have been shown to be cleaved in vitro by TMPRSS2, HAT, 

and another TTSP matriptase 239. Other ubiquitous TTSP members such as MSPL (mosaic serine 

protease large form) and its splice variant TMPRSS13 (transmembrane protease 13) have been 

shown to support HPAI H5N1 replication in cell culture 240.  

The reasons why different HA subtypes prefer particular proteases are unknown, but 

may depend on the structure of the HA protein itself. The crystal structure of HA0 from 

subtypes H1, H3 and H16 have been resolved and the HA cleavage site is found on a prominent 

loop that extends out from the surface 107,241,242. Comparison of HA cleavage sites among the 

different subtypes revealed that the degree of exposure of the loop structure varied; the H3 

cleavage loop was exposed the most compared to the less exposed H1 cleavage loop 107,241. 

Interestingly, the H16 cleavage loop contains an α-helix structure that covers the arginine 

residue at the cleavage site 242. This may explain why H16 is not activated by trypsin, however, 

it can be activated by TMPRSS2 in vitro 235,242. Furthermore, accessibility of proteases to the 

cleavage site loop is influenced by the steric hindrance caused by adjacent carbohydrate 

moieties that may occur from glycosylation 23. In vivo studies utilizing knockout mice for 

TMPRSS2, TMPRSS4, and HAT have shown the importance of these proteases in activating 

H1N1 and H7N9 influenza viruses, however, the story for H3N2 remains unclear 230,232–234. It is 

not surprising that influenza viruses utilize a number of different host proteases to mediate HA 

activation, as it may increase their viral fitness and ability to propagate in a wider range of cells. 
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Thus, continued efforts to understand the extent that cellular proteases play in HA activation, 

and the subsequent effects on replication efficiency and virulence, are needed.   

 

1.5 MASP-1 biology 

 To identify cellular proteases that are important for influenza virus replication, I utilized 

a siRNA-based human cellular protease library to screen Caco2 cells infected with a seasonal 

H1N1 influenza virus. The results from this screen and further validation of the results identified 

that the MASP-1 protease was required by multiple influenza virus subtypes for efficient 

replication. A major part of my thesis was to determine where MASP-1 fits in to the influenza 

virus life cycle, as very limited association between MASP-1 and influenza virus replication 

exists in literature. This chapter will discuss the general function of MASP-1 in the lectin 

complement pathway, the recent paradigm shift of complement as a mainly extracellular 

system of innate immunity to one with novel intracellular pathways, and will conclude with a 

brief summary of studies on influenza viruses and complement.  

 

1.5.1 Role of complement in infection 

 The complement system is part of the innate immune response to invading pathogens 

and is found circulating in serum and lymphatic fluids 243. It plays an important role in rapidly 

generating an inflammatory response to infections and is also a crucial link between innate and 

adaptive immunity. The complement system consists of three possible pathways of activation: 

Classical, Lectin, and Alternative. Although each pathway differs in their respective pattern 

recognition molecule (PRM) and associated activating protease, the final result of each pathway 
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is the same. All three ultimately lead to the generation of opsonins (C3b, C4b) that tag 

pathogens and increase their susceptibility to be phagocytosed and destroyed 244, generation of 

anaphylatoxins (C3a, C5a) that promote production of pro-inflammatory cytokines, and 

formation of a membrane attack complex (MAC) on the surface of pathogens. Briefly, when a 

pathogen is recognized by its respective PRM, complement proteins C4 and C2 are cleaved to 

form a C3 convertase complex. This enzyme complex cleaves C3 protein into C3a and C3b, 

which combine with other subunits to form a C5 convertase to cleave C5 into C5a and C5b. 

Lastly, MAC assembly occurs on the pathogen surface by combining C5b, C6, C7, C8, and C9 to 

form pores in the membrane that lead to cellular lysis 245 (Figure 4A).  

 The classical and lectin pathway of complement activation are functionally similar, 

resulting in the generation of the same C3 convertase (C4b2a). The classical complement 

pathway is described as antibody-dependent, as its PRM C1q activates complement by 

recognizing antibodies (IgM/IgG) bound to foreign pathogens 246. Additionally, C1q recognizes 

CRP (C-reactive protein) and PAMP (pathogen associated molecular patterns) for complement 

initiation. The lectin pathway contains multiple PRMs, including MBL (mannose-binding lectin), 

ficolins (M-, L-, and H-), and collectin-11 which recognize carbohydrate patterns on the surface 

of pathogens to trigger complement activation 246. For both pathways, each PRM is associated 

with structurally similar serine proteases, C1r/C1s for C1q, and MASP-1/MASP-2 (MBL- 

associated serine proteases) for MBL. Upon pathogen binding, autoactivation and 

transactivation of C1r and C1s occurs, allowing these proteases to cleave complement proteins 

C4 and C2 to form the C3 convertase 243. Similarly, MASP1 undergoes autoactivation and 

activates MASP2, resulting in the cleavage of C4 and C2 243.  
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 In contrast, the alternative pathway is initiated on its own when spontaneously 

generated C3b-like molecules are produced from C3 hydrolysis. These C3b-like molecules bind 

to pathogen surfaces and also binds factor B, which recruits factor D to cleave factor B into Ba 

and Bb to form its own unique C3 convertase (C3bBb). This C3 convertase then cleaves more 

C3, which can further amplify the complement response as well as generate a C5 convertase 

like the other two pathways. Thus, the alternative pathway acts as a mechanism to amplify the 

complement response 247.    

 

1.5.2 MASP structure and function 

 Three types of MASPs have been identified in vertebrates: MASP-1 248, MASP-2 249, and 

MASP-3 250. All three forms can bind to MBL, ficolins and collectin-11 251–255. Both MASP-1 and 

MASP-2 have proteolytic activity against a variety of substrates, while MASP-3 substrates are 

largely unknown. The ability of MASP-1 to cleave a broader range of substrates is attributed to 

its widened substrate binding groove, when compared to MASP-2 256. 

 The activated MASP protein structure consists of a heavy and a light chain that are 

linked together by a disulfide bond. All three MASP proteins share five common domains that 

are found on the heavy chain, and differ only in their last serine protease domain located on 

the light chain. These domain structures are similar to the ones found in C1r/C1s of the classical 

pathway, grouping both the MASPs and C1r/C1s proteases together in the same serine 

protease family. The domains starting at the N-terminus are C1r/C1s/Uegf/bone 

morphogenetic protein (CUB) 1, epidermal growth factor (EGF)-like, CUB2, complement control 

protein (CCP) 1, and a CCP2 257 (Figure 5). In general, MASPs circulate as zymogens, and the 
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binding of MBL-MASP complexes to pathogen surfaces triggers a conformational change in MBL 

which activates its associated MASP 258.  

 MASP-1 and MASP-3 are encoded by the MASP1 gene found on chromosome 3, where 

MASP-3 is produced by alternative splicing 257. Both proteins share the same heavy chain 

domains, but differ in the serine protease domain. For example, the MASP-1 serine protease 

domain is encoded by 6 exons in comparison to MASP-3 whose serine protease domain is 

encoded by a separate single exon 257 (Figure 5). Both MASP-1 and MASP-3 form homodimers 

and bind to the collagen domains of MBL and ficolins via their CUB1-EGF-CUB2 domains 259,260. 

MAp44 (or MAP1) is also produced from the MASP1 gene via alternative splicing, resulting in a 

product containing the first four shared domains (CUB1-EGF-CUB2-CCP1) followed by a 17 

amino acid sequence derived from an exon that is not used by either MASP-1 or MASP-3 261,262. 

Although MAp44 lacks a serine protease domain, it acts as an inhibitor of the lectin 

complement pathway by competing with MASP-2 for MBL and ficolin binding 261,262. MASP-2 is 

encoded separately by the MASP2 gene located on chromosome 1, and is structurally very 

similar to MASP1. MASP-2 also consists of a heavy chain containing CUB1-EGF-CUB2-CCP1 

domains, linked by a disulfide bond to its light chain which encodes a serine protease domain. 

Like MASP-1, MASP-2 also produces a smaller truncated product sMAP (or Map19) by 

alternative splicing 263,264.  

 Out of the three MASP proteases, MASP-1 is known to cleave the greatest number of 

substrates and is the most abundant in human serum 257. Although initially believed to play an 

auxiliary role in lectin complement activation, it was proven years later that MASP-1 plays a key 

role in activation 265,266. Using monospecific inhibitors towards MASP-1 and MASP-2, Heja et al. 
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  showed that inhibition of either MASP-1 or MASP-2 alone prevented lectin pathway activation, 

confirming the essential role of MASP-1 in the initiation of the lectin complement pathway 265. 

Furthermore, it was shown that inhibition of MASP-1 also prevented activation of MASP-2, 

demonstrating the importance of MASP-1 to first activate MASP-2 to begin the complement 

cascade 266. This was also evidenced in a patient containing a mutation in the MASP1 gene 

resulting in a MASP-1 and MASP-3 deficiency, where in vitro activation of the lectin pathway did 

not occur unless recombinant MASP-1 was provided to the patient sera 267. Both MASP-1 and 

MASP-2 cleave C2, however, only MASP-2 is shown to cleave C4 268–270. Interestingly, MASP-1 is 

also able to cleave C3 inefficiently, a property which MASP-2 and C1s lack, and can lead to 

activation of the alternative pathway of complement 271,272. In addition, MASP-1 is described to 

be “thrombin-like” due to its proteolytic activity against many thrombin substrates such as 

factor XIII and fibrinogen, and protease-activated receptor 4 (PAR-4), resulting in the activation 

of key components of the coagulation system 273–276. MASP-2 on the other hand, is able to 

cleave prothrombin to generate activated thrombin 277, demonstrating the dual importance of 

these complement proteases in activation of the coagulation pathway.   

 In contrast to the more defined functions of MASP-1 and MASP-2, the role of MASP-3 

and the other truncated proteins (MAp44 and sMAP) remain unclear. Initial studies have shown 

that MASP-3 and MAp44 may play a more regulatory role, by competing with MASP-2 for 

MBL/ficolin binding which leads to less C4 and C2 cleavage by MASP-2 250,261. Similarly, the 

truncated MASP-2 protein sMAP helps regulate the lectin complement pathway by also 

competing for MBL/ficolin binding 278. In humans, mutations in the MASP1 gene that affect 

MASP-3 function and in some cases also MASP-1 function, cause 3MC syndrome, a rare 
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autosomal recessive disorder responsible for developmental abnormalities 279,280. Interestingly, 

serum from mice deficient in MASP-1 and MASP-3 did not show any alternative pathway 

activation, and factor D was found in its proenzyme form, suggesting an important role of these 

proteases in this pathway 281. However, studies looking at alternative complement pathway 

activation in serum from MASP-1/MASP-3 deficient 3MC patients were inconsistent with results 

observed in MASP-1/MASP-3 deficient mice 267. This discrepancy was recently addressed by 

Dobo J et al., where they showed in vitro that pro-factor D could be cleaved by all three 

activated MASP proteases. However, using a MASP-3 specific inhibitor, the authors proved that 

MASP-3 is responsible for cleaving pro-factor D in human blood 282.  

 

1.5.3 Discovery of intracellular complement pathways 

 The complement system is traditionally viewed as a systemic, serum associated effector 

system that is part of the first lines of defense against invading pathogens 283,284. When 

activated, it quickly tags pathogens for removal while allowing time for adaptive immunity to 

mount its corresponding response. However, this view of complement exerting its function 

outside of cells is shifting inside, as new intracellular complement pathways are being 

discovered 243. As a result, the list of complement effector proteins, receptors, and regulators 

continue to grow, adding more complexity to the complement network 246.  

 Although the majority of soluble complement proteins, like C3 and C5, are produced in 

the liver, recent studies suggest that immune cells are able to produce their own complement 

proteins 285. In 2013, Liszewski et al. showed that CD4+ T cells could rapidly generate C3a/C3b 

fragments by a C3 convertase-independent mechanism identified to be cathepsin L (CTSL)-
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dependent 286. Binding of intrinsically produced C3a to C3aR found on lysosomes, together with 

C3b/C4b-binding to the complement regulatory C3b receptor (CD46), initiates a signaling 

cascade that induces a Th1 response in human CD4+ T cells and IFN-γ production 286–288. 

Interestingly, location of complement receptor activation, either intracellular or extracellular, 

results in distinct responses 286,289. Intracellular complement activation was shown to be 

important for T cell survival, as CTSL inhibition that prevented intracellular C3a production 

caused T cells to enter an apoptotic state 286. C3a binding to its cognate receptor on lysosomes 

maintains low levels of mTOR (mammalian target of rapamycin) that is necessary for cell 

survival, further details of the mechanism of this signaling remains unknown 243,289(Figure 4B).  

Remarkably, screening of a variety of cell types (myeloid, lymphoid, and non-

myeloid/non-lymphoid origin) found that intracellular C3 production and activation is 

ubiquitous in human cells 286, highlighting the broad significance of these newly defined 

intracellular complement pathways. In addition, CTSL displayed C3 cleaving activity in T cells 

and monocytes, but, did not activate C3 in lung epithelial cells 286. Therefore, different 

proteases in various cell types may be involved in intracellular C3 cleavage. Activation of C3 and 

C5 in a convertase-independent manner has been observed in the serum or on cell surfaces by 

cathepsin D 290, granzyme B 291 and several coagulation factors (FXa, FXIa, plasmin, and 

thrombin) 292. The ability of these proteases to activate complement proteins may further 

increase the speed at which the complement system can respond to invading pathogens 243.    

 Activation of intracellular complement pathways is also able to affect metabolic 

pathways. For example, co-stimulation of the complement regulator CD46 during T-cell 

activation leads to reprogramming of metabolic pathways to increase nutrient influx into the 
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cell for T cell differentiation 243. One of the main components involved in the regulation of 

energy and nutrient pathways is mTOR, a kinase that controls cell growth and survival 293. By 

sensing and integrating a multitude of environmental nutrient signals and cytokines, mTOR can 

initiate glycolysis, lipid synthesis, and oxidative phosphorylation to promote T cell proliferation 

and differentiation into effector cells 293–295.  

 In summary, new research has redefined the role of complement beyond simple 

pathogen elimination to a highly versatile system involved in immune surveillance, 

inflammation, synapse maturation, tissue regeneration, angiogenesis, and lipid metabolism 246. 

Complement is now a major player connecting the innate and adaptive immune responses, is 

shown to be produced by all cell types, and is activated both intracellularly and extracellularly. 

Intracellular complement activation can influence basic cellular metabolic pathways and is 

involved in cellular homeostasis 246,289. From the discovery of these new complement 

interactions there is now renewed interest in developing complement specific therapeutics. 

 

1.5.4 Complement proteins and influenza virus 

 Initial studies discovered that a component in bovine and mouse sera was able to inhibit 

infectivity and HA activity of H1 and H3 influenza A viruses 296. This component was later 

determined to be MBL, a member of the collectin family of recognition molecules. MBL inhibits 

influenza viruses by binding to HA and preventing its access to cell surface receptors 296,297. 

Subsequent studies looking at the presence of lectins in serum and respiratory secretions 

identified two other collectin members, SP-D (surfactant protein D) and SP-A, to have antiviral 

activity against influenza viruses 298,299. However, SP-D and SP-A do not play a role in 



55 
 

complement activation. Interestingly, the level of glycosylation present on the globular head of 

HA influences the ability of MBL or SP-D to bind HA 296,298,299. Late isolates of H3N2 (after 1972) 

containing more glycosylation sites were shown to be more susceptible to MBL and SP-D 

neutralization compared to early isolates of H3N2 298. However, because PR8-H1N1 virus lacks 

high mannose carbohydrate binding sites on HA, MBL is unable to bind and has no effect on this 

virus 297. In addition to blocking HA activity via MBL or SP-D binding, these recognition 

molecules are also able to bind NA 296,300,301.    

 To investigate the in vivo role of complement in influenza virus replication, mice 

deficient in specific complement proteins were studied. In humans, MBL is encoded by the 

MBL2 gene compared to mice that express two functional MBL genes, Mbl-a and Mbl-c, that 

encode for the proteins MBL-A and MBL-C, respectively 302. MBL null mice that are deficient in 

both MBL-A and MBL-C were generated by Shi et al. in 2004 303, these mice develop normally, 

are healthy, viable and fertile. Impairment in only the MBL-mediated lectin complement 

pathway is observed in these mice, while the classical and alternative pathways remain 

functional 303. Although, a deficiency in clearing apoptotic cells was reported in MBL null mice, 

suggesting that MBL may play an additional role in the removal of apoptotic cells 304.  

 In terms of influenza virus infection, MBL null mice were more susceptible to Philippine 

82-H3N2 virus compared to wild-type mice, based on the detection of higher viral titers in the 

lungs 305. Furthermore, administration of recombinant human MBL to MBL null mice reduced 

viral infection, confirming the role of MBL in host defense 305. In contrast, another study 

showed that wild-type mice infected with pandemic H1N1 and avian H9N2 developed more 

severe disease compared to MBL null mice 306. In this study, wild-type mice had greater weight 
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loss, lung inflammation, and cell infiltration compared to MBL null mice 306. Additionally, higher 

levels of proinflammatory cytokines and chemokines were detected in wild-type mice 

compared to MBL null mice, suggesting that MBL may be responsible for the upregulated 

inflammatory response and worsening of disease caused by pdmH1N1 and H9N2 infection 306. 

Although this discrepancy in results remains unresolved, the different influenza virus strains 

used in each study may provide some explanation.  

    Ficolin knockout mice have also been generated and used as a mouse model for 

influenza virus infection. In humans, three ficolin genes have been identified: FCN1, FCN2, and 

FCN3, that each encode for the proteins ficolin-1, ficolin-2, and ficolin-3, respectively 307. Mice 

on the other hand, contain two ficolin genes that express the proteins ficolin-A and ficolin-B 307, 

which are orthologues to human ficolin-2 and ficolin-1, respectively 308. Similar to MBL, the 

ficolins contain a collagen-like domain that associates with MASPs, while its unique C-terminal 

fibrinogen-like domain binds to ligands 309. In 2012, Endo et al. generated three strains of ficolin 

knockout (KO) mice: ficolin-A KO, ficolin-B KO, and ficolin-A/B double KO mice 310. These mice 

had normal appearance, body weight and were fertile 310. In addition, the ficolin-A and ficolin-

A/B KO mice lacked ficolin-A mediated complement activation 310. Ficolin-A KO mice were 

shown to be more susceptible to H1N1 and H5N1 influenza virus infections compared to wild-

type mice 311. Furthermore, administration of recombinant ficolin-A or ficolin-2 to influenza 

virus infected ficolin-A KO mice resulted in reduced HA titers, viral RNA expression, replication, 

and inflammation in lung homogenates compared to control treated mice 311. These results 

show the importance of ficolin-A in host defense against influenza virus infection. 
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 To investigate whether MASP-1/3 plays a role in influenza virus virulence, MASP-1/3 KO 

mice were generated by Takahashi M et al. in 2007 258. Interestingly, in comparison to parental 

mice, MASP-1/3 KO mice are leaner and show more atrophy in adipose tissues, suggesting a 

role for MASP-1/3 in lipid metabolism 270,312. Furthermore, the C3 activation response was 

delayed in the MASP-1/3 KO mice compared to WT mice. Infection of these KO mice and 

control BALB/c mice with 1 LD50 of PR8-H1N1 resulted in 80% survival of the control mice, 

compared to 16.7% survival of the MASP1/3 KO mice. The heterozygous MASP1/3(+/-) mice 

showed greater survival of 40%. These results suggest that the presence of MASP-1 and/or 

MASP-3 is important for host defense against PR8-H1N1 infection in mice.  

 The Masp2 gene has also been targeted to produce knockout mice; however, these 

mice have not been used for influenza infection studies. The two strains of MASP-2 KO mice 

made are MASP-2/sMAP double KO 278 and MASP-2 KO mice 269. These mice were used to study 

inflammatory models of ischemia/reperfusion injury in tissues, and results revealed that MASP-

2 KO mice were protected from myocardial ischemia reperfusion injury 269.  

 In summary, a number of complement proteins play an important role in the host 

defense against influenza virus infections. The presence of MBL appears to be required for 

effective H3N2 influenza viral clearance; however, it was also shown to exacerbate disease 

caused by infection with pdmH1N1 and avian H9N2 influenza viruses. For the other 

complement proteins, ficolin-A and MASP1/3, mice with deficiencies in these proteins were 

more susceptible to influenza virus infection, suggesting that these proteins are necessary for 

viral clearance. However, it is important to note that only PR8-H1N1 infection was studied in 

MASP1/3 KO mice because PR8-H1N1 is adapted to lethal infection in mice and may not be 
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representative of unadapted viruses. Therefore, further studies using other influenza virus 

strains is required to provide more information on the roles that complement proteins play in 

controlling virus replication, and whether the results observed to date can be generalized to all 

influenza viruses.    

 

1.6 Influenza virus prevention 

 The ultimate goal of my research is to discover new targets that could be used to 

develop therapeutics against influenza viruses. The identification of the cellular protease MASP-

1 as an important player in influenza virus replication makes it a promising target for 

therapeutic development. While vaccines are currently the most effective option to prevent 

influenza infections, the vaccine production process can take months. The most recent 2009 

H1N1 pandemic demonstrated how quickly these viruses can spread before a pandemic vaccine 

could be made available, highlighting the need for better pandemic preparedness in the future.  

In the absence of a vaccine, antivirals can be used to help control infections until a 

vaccine is developed. Although a number of antivirals against influenza viruses have been 

developed, viral resistance to these drugs is prevalent. For these reasons, researchers are 

becoming more interested in targeting host factors that are necessary for influenza virus 

replication, as the development of drug resistance is less likely if the target is a cellular protein. 

Many viruses hijack similar cellular pathways, therefore, inhibition of host factors may have 

broad applicability to other viruses as well.  

 Post-exposure vaccines are also an important option in the event of a pandemic, when 

large populations are exposed to new influenza strains in the absence of pre-existing immunity. 
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As a side project to my thesis, I was also interested in evaluating the efficacy of using a 

conventional whole inactivated H5N1 vaccine as a post-exposure treatment against H5N1 

viruses. In the next subsections, currently available influenza antivirals and vaccines will be 

discussed, followed by pandemic preparedness concerns and post-exposure vaccines against 

H5N1 influenza viruses.  

 

1.6.1 Antiviral treatments 

 Antivirals play an important role in the control of virus replication, shortening the 

duration of illness, reducing complications and fatalities, and limiting the spread of disease 313. 

Currently, three classes of inhibitors have shown efficacy against influenza viruses: M2 

inhibitors (amantadine and rimantadine), NA inhibitors (oseltamivir, zanamivir, peramivir and 

laninamivir), and a polymerase inhibitor (favipiravir). Only the M2 inhibitors, oseltamivir and 

zanamivir are widely commercially available, while the availability of the other inhibitors 

(peramivir, laninamivir and favipiravir) are limited to Japan, with the exception of peramivir 

that is also available in a few other countries 313.   

 The first group of antivirals discovered were the adamantanes, amantadine and 

rimantadine, that function as inhibitors of the viral M2 ion channel protein. During entry, 

influenza viruses are endocytosed into vesicles that gradually become acidified as they progress 

from early to late endosomes. These drugs block the M2 ion channel protein from transporting 

protons from the acidified endosome into the viral core, which prevents viral RNP complexes 

from releasing into the cytosol 314. To counteract the effects of these drugs, several influenza 

viruses including H1N1, H3N2, avian H7N9 and H10N8 viruses have acquired mutations in M2 
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that makes them resistant to adamantanes 313–316. Resistant mutants are replication competent 

and readily transmitted and as a result, these drugs are no longer recommended for use 317,318.     

 The other class of approved drugs are the NA inhibitors. These drugs block the activity of 

NA by binding to its active site, which leads to virus aggregation at the cell surface and 

reduction in the amount of influenza virus released 319. Oseltamivir has been used to treat 

seasonal, pandemic and avian H5N1 influenza virus infections 320–323. However, these antivirals 

must be administered early after infection for optimal efficacy and viral resistance to these 

drugs has been well documented 324–326. Furthermore, it is estimated that 0.5-1.0% of 

circulating influenza pH1N1 isolates are oseltamivir resistant, and the total number of 

oseltamivir resistant seasonal influenza strains is continuing to rise 327,328.  

 Favipiravir (T-705) is the most recently discovered antiviral that targets viral RNA-

dependent RNA polymerase (RdRp) activity. This inhibitor is effective against all influenza types 

(A, B and C) including those that are resistant to adamantine or oseltamivir 329,330. Favipiravir 

acts as a purine analog that is recognized and incorporated by the RdRp into nascent viral RNA, 

or it may directly inhibit polymerase function by binding to conserved domains and preventing 

further incorporation of nucleotides for replication and transcription 329. The use of favipiravir 

in combination with NA inhibitors (oseltamivir and peramivir) have also shown a synergistic 

response in animals infected with pH1N1 or H5N1 viruses 329,331–333. The ability of this drug to 

generally inhibit RdRp function expanded the applicability of this drug to other virus families 

including arenavirus, bunyavirus, flavivirus, alphavirus, paramyxovirus and norovirus. Although 

favipiravir is approved for use in Japan to treat novel or re-emerging influenza viruses that are 
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resistant to commercially available antivirals, it is currently undergoing Phase III clinical trials in 

other parts of the world 329.    

 In summary, successful antivirals against influenza viruses have been developed over 

the years, each targeting different critical steps of the influenza virus life cycle. The rise in 

antiviral resistance is concurrent with the use of antivirals, as observed by the retirement of the 

adamantanes as a useful treatment option against these viruses. Although resistance to 

oseltamivir continues to spread amongst circulating influenza virus strains, it is the only option 

available for use in North America, at least until favipiravir receives approval by countries other 

than Japan. This shortage of effective antivirals highlights the need for further development of 

new therapies to treat influenza viruses. 

 

1.6.2 Seasonal vaccines 

Vaccines are currently the most effective option to prevent influenza infections and limit 

complications associated with the disease. Current seasonal inactivated influenza vaccines 

include two strains of human influenza A subtypes (H1N1 and H3N2) and may either include 

one (trivalent vaccine) or two (quadrivalent vaccine) influenza B viruses (Yamagata or Victoria 

lineage strains) 334. The specific strains included in the inactivated vaccine are recommended 

each year based on global surveillance data on circulating influenza viruses. However, in the 

months it takes to manufacture a new vaccine, it is possible that the produced vaccine may not 

be well matched against newly emerging strains, resulting in low vaccine efficacy.  

 Once vaccine strains have been chosen, the HA and NA genes from these strains are 

used along with the remaining genes from A/Puerto Rico/8/34 (H1N1, PR8) virus to produce a 
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recombinant virus. The PR8 virus is chosen in particular for its high growth properties in 

embryonated chicken eggs 204–206. The recombinant virus is then collected, purified, and 

inactivated with formalin. The conventional inactivated seasonal vaccines provide immunity 

through the induction of neutralizing antibodies towards HA and NA. However, the immense 

immune pressure on these viral proteins and sequence drift due to the error prone viral 

polymerase results in antigenic drift and leads to the production of escape mutants that are 

able to avoid neutralization by the vaccine-mediated antibodies. As a result, vaccine 

formulations require updating regularly to maintain a high level of matching with the circulating 

strains that are continually evolving to avoid immune surveillance. 

Alternatively, live attenuated influenza vaccines (LAIV) based on type A (A/Ann 

Arbor/6/60; H2N2) or type B (B/Ann Arbor/1/66) influenza viruses 335 are also available. These 

LAIVs were produced from cold-adaptation procedures, where A/Ann Arbor/6/60 strain was 

passaged progressively at lower temperatures in primary chicken kidney cells until a mutant 

capable of efficient replication at 25°C was identified 336. As a consequence of their 

temperature sensitivity, the cold-adapted viruses are highly attenuated at the normal 

replication temperature (38°C to 39°C) and replicate mainly in the nasal mucosa, where the 

temperature is slightly less than 37°C,  instead of the lower respiratory tract 8,336. These LAIV 

are then reassorted with circulating viruses to produce vaccine seed strains that contain the HA 

and NA of the circulating viruses and the remaining genes from the LAIV 8.  

In comparison to inactivated vaccines that are administered by intramuscular injection, 

LAIV are administered by an intranasal spray. Since these viruses are still replication competent, 

they are able to stimulate both humoral and cellular immunity, and are expected to provide 
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better cross-protection compared to inactivated viruses that stimulate only the humoral arm of 

immunity. Furthermore, the administration of LAIV via intranasal route induces mucosal 

immunity, resulting in the production of IgA antibodies in addition to serum IgG. However, this 

type of vaccine is not recommended for use in infants, pregnant women, or 

immunocompromised individuals because these viruses are replication competent.  

 In summary, seasonal vaccines have proven to be highly effective at preventing 

influenza virus infections, reducing the spread of disease and associated complications that 

could lead to death. Immunity elicited by these vaccines is generally strain-specific with little 

protection afforded against other subtypes of influenza virus not included in the vaccine 

preparation. Duration of immunity is short-lived, ranging from 6 months to a few years, and 

annual vaccination is required to be protected against the most prevalent seasonal influenza 

viruses circulating that year 337. While these vaccines are the gold standard for protection 

against seasonal influenza viruses, little protection would be offered in the event a novel 

influenza virus emerges into the human population. To be better prepared for the next 

pandemic, other treatment options need to be explored.  

 

1.6.3 Pandemic vaccine preparedness 

 Past pandemics have demonstrated how highly transmissible influenza viruses are and 

their enormous impact on human health, causing massive strains on the economy, health-care 

facilities, and millions of casualties. Since the first appearance of highly pathogenic avian H5N1 

influenza viruses in 1997, these viruses have spread throughout countries in Asia, Europe, 

Middle East and Africa. Although these viruses have not caused a pandemic, H5N1 along with 



64 
 

other avian influenza viruses like H7N9, have the greatest potential of becoming the next major 

pandemic 338. 

 In several Asian countries, H5N1 viruses are now enzootic in poultry populations, while 

H7N9 continues to circulate in mainland China poultry. Since its emergence in China in 2013, 

avian-origin H7N9 has caused five waves of epidemics in China, resulting in 1222 laboratory-

confirmed cases of human disease 62,339,340. The low pathogenic nature of H7N9 viruses in 

poultry populations enables the undetected maintenance of these viruses in live poultry 

markets, which serve as a continuous source of seasonal H7N9 epidemics 339. Furthermore, in 

2015 the first Eurasian origin avian H5 subtype influenza viruses were detected in North 

America, and since then have recombined with North American viruses to generate novel avian 

influenza strains 54. While these viruses are limited in their transmissibility from human-to-

human, their high mortality rates of 40% (H7N9) and 60% (H5N1) along with their ability to 

acquire mutations that may allow them to better infect humans is a concern 338,339.  

Studies with H7N9 viruses have shown that serial passaging in mice resulted in the 

generation of a more pathogenic virus with enhanced replication kinetics and the ability to 

spread to multiple organs compared to the parental strain 341. This adaptation was attributed to 

the presence of 14 amino acid substitutions in PA, HA, NP, NA and M1. Of particular concern is 

the finding that some H7 isolates already contain some of these changes 341. Even more 

troubling are the recent reports of HPAI H7N9 viruses that have caused human cases of severe 

to fatal disease in China and Taiwan63–65. Characterization of these human isolates revealed the 

presence of a multibasic cleavage site in HA, suggestive of its evolution from a LPAI virus to a 

HPAI virus since its first emergence in 2013 63–65. Furthermore, these isolates have also acquired 
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the R292K substitution in NA that provides resistance to oseltamivir treatment 63–65. Further 

work to determine the pathogenicity of HPAI H7N9 viruses in animal models will be important 

to identify the potential pandemic risk of these evolving viruses.   

Preparation of a new strain-matched vaccine is a time consuming process, as was 

exemplified in the recent 2009 H1N1 pandemic where vaccines became available to many 

countries after the peak of the pandemic 342,343. As a result, to be better prepared for future 

pandemics the WHO has recommended the stockpiling of H5N1 vaccines based on circulating 

strains as part of their global influenza pandemic preparedness plan 344. Similarly, the CDC has 

also produced three H7N9 candidate vaccines based on recent circulating viruses for pandemic 

preparedness 345. However, the H5 viruses are highly variable and are divided into ten clades (0 

to 9), with further subdivisions within each clade 8. Thus, these stockpiled vaccines may have 

limited use if there is minimal matching with any new H5 pandemic strain that might emerge.  

The requirement for considerable matching between conventional vaccines to 

circulating viruses is because the immune response is directed against the highly variable 

surface glycoproteins HA and NA. Alternatively, the internal viral proteins (NP and M) are far 

more conserved amongst different influenza virus subtypes than the surface glycoproteins 

346,347; therefore, targeting the immune response towards these conserved epitopes may lead 

to broad protection against many subtypes of influenza. The current trend in influenza vaccine 

research is aimed at developing a universal influenza vaccine (UIV) that can provide protection 

against all subtypes of influenza viruses and/or antigenic drift variants of the same subtype 

346,348,349. A number of UIVs targeting NP or M, or a combination of both, are already under 

development 346.  
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Similarly, another strategy is to target the relatively conserved stalk region of HA 350–354. 

Several human monoclonal antibodies towards this region have been isolated with broadly 

protective responses towards group 1 HAs, or group 2 HAs, or in some cases both groups 355. 

The ability to generate a strong protective immune response towards conserved influenza virus 

epitopes will alleviate the need for annual vaccination, and may provide protection against 

future pandemic strains of influenza virus.  

 

1.6.4 Post-exposure vaccines against H5N1 

 Post-exposure vaccines against H5N1 viruses may be used as another strategy for 

outbreak response. A number of studies have shown that administration of a whole inactivated 

H5N1 vaccine provides protection in mice 356–358, ferrets 359–361, and non-human primates 362 

from homologous and heterologous challenge with H5N1 viruses. While these vaccines are 

highly protective when given pre-exposure, limited research on the efficacy of these vaccines as 

a post-exposure treatment is available. In 2009, Barefoot et al. showed that a live recombinant 

vesicular stomatitis virus expressing HA from PR8 was able to protect mice infected with a 

lethal dose of PR8 up 24 hours post-exposure 363. However, this recombinant virus was not 

tested for post-exposure protection against H5N1 viruses. 

 As a side project to my thesis, I was interested in evaluating the efficacy of a whole 

inactivated H5N1 virus as a post-exposure treatment against H5N1 infection in mice. The goals 

of this project were to investigate the efficacy of a whole inactivated H5N1 virus as a post-

exposure vaccine in mice, determine the minimal dose of vaccine required for complete 

protection, evaluate the role of humoral and cellular immunity in the protective response, and 
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determine how long after exposure can the vaccine be administered and still be protective. The 

results from this study showed that whole inactivated H5N1 viruses are highly protective as a 

post-exposure treatment against lethal H5N1 infection in mice 364. This strategy serves as a 

platform for further studies to optimize the efficacy of this post-exposure vaccine, to possibly 

expand the therapeutic window, and test the cross-protective efficacy of this vaccine against 

other clades of H5N1 viruses. Furthermore, the results from our study present an alternative 

use of stockpiled inactivated H5N1 vaccines, or vaccines produced against novel H5N1 viruses, 

as a post-exposure treatment for pandemic preparedness.   
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Chapter Two: Research Goals 

2.1 Significance of research 

 HA activation by cellular proteases is critical for influenza infection. Although several 

cellular proteases have been identified with HA cleaving activity, in particular members of the 

TTSPs like TMPRSS2 and HAT, there is significant variation in the cleavage efficiency of these 

proteases across the 16 HA subtypes found in human and avian viruses, including some 

subtypes that are not cleaved by either of these enzymes 235. Results from in vivo studies using 

TMPRSS2, TMPRSS4, and HAT knockout mice further support the requirement for these 

proteases by H1N1 and H7N9 viruses, however, they also show that H3N2 viruses utilize an 

alternative unidentified protease for activation 230,232–234. These results suggest that other HA 

activating cellular proteases remain to be discovered.  

 Interestingly, all of the viruses that have caused pandemics and become the seasonal 

strains we are familiar with today contain a trypsin-sensitive cleavage site. Therefore, it is likely 

that all these strains utilize similar cellular proteases for activation. My project aims to identify 

unknown cellular proteases that may be involved in monobasic HA activation of influenza 

viruses. The proteases identified from my project can then be used as new targets for 

therapeutic development. Alternatively, existing protease inhibitors against these targets may 

also be tested for their ability to prevent influenza virus replication.  

 Inhibition of a cellular protease that is required by different subtypes of influenza virus 

will have great potential to be developed into an antiviral that may be used to treat currently 

circulating influenza viruses, or be used against emerging novel strains of influenza as part of a 

pandemic preparedness plan. Since we are targeting a cellular protein, the development of 
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resistant influenza viruses is less likely, unlike the viral inhibitors such as oseltamivir and 

zanamivir where viral resistance to these drugs is rapidly rising. However, it will be important to 

consider possible side effects such as cell toxicity or death that may arise as a consequence of 

inhibiting the target cellular protease function. The discovery of proteases that play critical 

roles in the influenza virus life cycle other than HA activation will also expand our knowledge of 

how these viruses hijack cellular pathways to propagate. Since many viruses utilize similar 

cellular pathways to replicate, inhibition of these identified proteases may be applicable to 

other virus families as well. 

 

 

2.2 Hypotheses 

 

i. There are common cellular proteases, in addition to those already discovered, that activate 

HA of influenza viruses that are required for efficient replication. 

 

ii. Inhibition of these commonly required proteases will reduce viral replication and can be used 

as a broadly effective treatment for influenza viruses. 
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2.3 Objectives 

 

To address my hypotheses, I have outlined four main objectives: 

 

1. Identify cellular proteases involved in influenza virus HA activation by cellular protease 

specific RNAi screen in cells infected with a seasonal GFP-expressing influenza virus. 

 

2. Test the identified potential protease candidates from initial GFP-based RNAi screen with 

wild-type influenza viruses of different subtypes to determine protease specificity for selected 

influenza virus subtypes that can infect humans. 

 

3. Generate a stably-knocked down cell line for the most promising protease candidate to 

evaluate replication of influenza viruses from a broad range of subtypes. 

 

4. Determine the role of the identified cellular protease in influenza virus replication.  
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Chapter Three: Materials and Methods 

3.1 Cell culture 

All cell lines were purchased from the American Type Culture Collection (ATCC). Caco2 

(human colon epithelial cells) and MDCK (Madin-Darby Canine Kidney) cells were grown in 

Minimal Essential Medium (MEM) supplemented with 5% heat inactivated (56°C for 30 min) 

Fetal Calf Serum (FCS) and 2 mM L-glutamine (HyClone). A549 (human lung epithelial) cells 

were cultured in Ham’s F-12K (Kaighn’s) medium (HyClone) supplemented with 5% FCS and 2 

mM L-glutamine. 293T (human embryonic kidney) cells were grown in Dulbecco’s modified 

Eagle medium (DMEM, HyClone) supplemented with 5% FCS and 2 mM L-glutamine.  

Cells were passaged every 3-4 days by the following procedure: old medium was 

removed, cells were rinsed with Phosphate Buffered Saline (PBS), and 2 to 3 mLs of 0.25% 

trypsin-EDTA (HyClone) was added to the flask and incubated at 37°C until cells detached. Cells 

were then resuspended in fresh culture medium. For weekly maintenance, cells were split 

when they reached 80-90% confluency as follows: Caco2 (1:4), MDCK (1:20), A549 (1:5), and 

293T (1:20). All cells were grown in a 37°C humidified incubator with 5% CO2.  

 

3.2 Virus strains and stock preparation 

The following low pathogenic human influenza A viruses were used in this study 

A/Canada/RV733/2007 (H1N1) (RV733) and A/Hong Kong/1/1968 (H3N2) (HK68). Two lab 

adapted influenza A viruses were also utilized, A/Puerto Rico/8/1934 (H1N1) (PR8) and 

A/WSN/1933 (H1N1) (WSN). All experiments involving these viruses were performed in 
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biosafety level 2 (BSL-2) conditions at the National Microbiology Laboratory (NML) in Winnipeg, 

Canada.  

 High pathogenic avian-origin influenza A viruses isolated from humans used in this study 

include: A/Vietnam/1203/2004 (H5N1) (V1203), A/Indonesia/05/2005 (H5N1) (Ind05), and 

A/Canada/504/2004 (H7N3) (Can504). Also utilized was A/Anhui/1/2013 (H7N9) (Anhui), a low 

pathogenic avian-origin influenza virus. In humans, V1203, Ind05, and Anhui are all highly 

pathogenic while Can504 is low pathogenic. Other human influenza A viruses used included 

A/Singapore/1/57 (H2N2, Sing57) and the highly pathogenic A/South Carolina/1918 (H1N1) 

(1918) influenza viruses. All of these viruses were handled in BSL-4 containment at the NML. 

 All influenza A viruses were cultured using MDCK cells. Virus stocks were prepared using 

a T75 cm2 tissue culture flask (Corning). Cells were grown to 80-90% confluency in MEM/5% 

FCS/L-glutamine. Before infection, cells were washed once with plain MEM or PBS to remove 

any remaining FCS in the flask that will inhibit trypsin activity required for virus growth. In 

general, assuming the previous virus stock was between 106-107 PFU/ml, then 5 µl of virus stock 

was diluted in 10 ml of MEM supplemented with 0.1% bovine serum albumin (BSA Fraction V, 

HyClone), L-glutamine, and 1 µg/ml N-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-

treated trypsin (Sigma-Aldrich). Wash medium was removed, and virus inoculum was added to 

the flask and incubated for 48-72h in a 37°C humidified incubator with 5% CO2 until cytopathic 

effect (CPE) in 80-100% of the cells was observed. To harvest virus, supernatant was collected 

and centrifuged at 2500 rpm for 10 min to pellet cell debris. Virus aliquots were made and 

stored at -80°C. Virus titer was determined by plaque assay (see section 3.7.2).  
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 Concentrated virus stocks were prepared by infecting 10X T150 cm2 flasks. For each 

T150 cm2 flasks, 2-5 µl of virus stock was diluted in 20 ml of MEM/0.1%BSA/L-Glutamine/1 

µg/ml TPCK-trypsin. Viruses were harvested 24-72h post-infection. Supernatants were collected 

and centrifuged at 2500 rpm for 10 min to remove cell debris. Clarified supernatants were then 

subjected to high-speed ultracentrifugation at 25,000 rpm for 2h at 4°C using a SW32Ti rotor 

and Beckman-Coulter L90-K ultracentrifuge. Supernatants were discarded and 200 µl of PBS 

was added to each virus pellet and allowed to rest overnight at 4°C; this enables easier 

resuspension of the pellet the next day. Dissolved pellets were combined together, aliquoted, 

and stored at -80°C. 

 

3.3 GFP-based human protease siRNA library screen 

 To identify host proteases that play a role in influenza replication, a GFP-based siRNA 

protease library screen was developed. A GFP expressing RV733 influenza virus was generated 

to use as a tool to screen Caco2 cells transfected with a siRNA human protease panel. The 

following procedures describe the generation of RV733-GFP influenza virus and the siRNA 

library screen. 

 

3.3.1 NS-GFP segment design 

 Based on the study by Manicassamy et al. 2010, a GFP expressing RV733 influenza virus 

was generated by inserting a GFP open reading frame (ORF) into the portion of the NS gene 

segment coding for NS1. Since the NS segment of influenza virus encodes for NS1 and NEP 

proteins that are generated by splicing of mRNA transcripts, fusion of the GFP ORF to the C-
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terminus of NS1 required the separation of the two genes into individual ORFs. Separating the 

two genes was a 19aa porcine teschovirus-1 (PTV-1) 2A self-cleavage site that will release NEP 

during translation of the polypeptide 365,366 (Figure 6). Furthermore, the splice acceptor site 

found in NS1 was mutated to a silent SmaI site (CCCGGG) to ensure that mRNA splicing did not 

occur 367. The new NS segment included a GSGG linker sequence (GGTTCTGGTGGT) inserted 

between the SmaI site and GFP ORF with its start and stop codon removed, and another GSG 

linker sequence (GGTTCTGGT) inserted between the GFP ORF and PTV-1 2A self-cleavage site 

(GCCACGAACTTCTCTCTGTTAAAGCAAGCAGGAGATGTTGAAGAAAACCCCGGG↓CCC, or 

ATNFSLLKQAGDVEENPG↓P). The NS-GFP segment was cloned as three separate fragments 

(RV1, RV2, and RV3) and ligated into the pPolI plasmid using the BsmBI cut sites; see Table 3 for 

list of primers used.  

 

3.3.2 PCR and Restriction Enzyme Digests 

 For PCR amplification PrimeSTAR Max DNA Polymerase (Takara, Clontech) was used. In 

general, PCR reactions were set up as follows: 12.5 µl of Takara PrimeSTAR Max 2X mix, 0.5 µl 

of 10 µM forward primer, 0.5 µl of 10 µM reverse primer, 0.5 µl of pPol plasmid template, 11 µl 

of dH20 for a final volume of 25 µl. Primer sets used to amplify each fragment, RV1, RV2, and 

RV3 are described in Table 3. Thermocycler parameters used were: 98°C for 1 min, followed by 

35 cycles of 98°C for 1 min, 65°C for 5 sec, 72°C for 10 sec, and a final extension step at 72°C for 

45 sec. PCR products were run on a 0.7% agarose gel containing 0.35 g of UltraPure Agarose 

(Invitrogen, Thermo Fisher Scientific) dissolved in 50 ml 1X TAE buffer and 1 µl of GelGreen™ 

DNA dye (Biotium, VWR). Samples were mixed with 10X FastDigest Green Buffer (Thermo Fisher 
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Scientific) for gel loading in lanes next to a 1 kb DNA ladder (Invitrogen, Thermo Fisher 

Scientific). Gels were run in an electrophoresis chamber at 100V for 30 min and visualized by 

exposure to UV light using the InGenius gel documentation imager (Syngene). Bands of interest 

were excised, and the QIAquick Gel Extraction Kit (Qiagen) was used to extract DNA as 

described in the manual. 

 

 

Table 3. Primers used for the generation of NS-GFP segment. Cloning of the NS-GFP segment 

was divided into three fragments, RV1, RV2, and RV3. Primers used to amplify each fragment 

are listed along with primers used for sequencing. Site directed mutagenesis primers used to 

mutate the splice acceptor site to a silent SmaI site are also included. 

 
 Primers: Sequence 5’ to 3’ 
Fragment 
RV1 

pPol_Fwd GTCGGCATTTTGGGCCGC 
2A_NS2_Rev GCAGGAGATGTTGAAGAAAACCCCGGGCCCGATTCCCACACT

GTGTCAAGCTTTCAGGACATACTAATGAGGATGTCAAA 
Fragment 
RV2 

2A_GSG_GFP_Fwd 
 

TTTTCTTCAACATCTCCTGCTTGCTTTAACAGAGAGAAGTTCGT
GGCACCAGAACCCTTGTACAGCTCGTCCATGCC  

NS1_GSGG_GFP_Rev CAGAAGTTGGTTCTGGTGGTGTGAGCAAGGGCGAGGAGCT  
Fragment 
RV3 

GFP_GSGG_NS1_Fwd CTTGCTCACACCACCAGAACCAACTTCTGACCTAGTTGTTCCC  
pPol_Rev CTGGTCGACCTCCGAAGTTG 

Sequencing RV_NS2_74F GATGAGGACCCCAATTG 
eGFP_255F GAAGAAGTCGTGCTGC 

Site Directed 
Mutagenesis 

RVNS1_SAM_SmaIF GACATCCTCATTAGTATGCCCGGGAAAAGAAGGCAATGGTGA
AA 

RVNS1_SAM_SmaIR TTTCACCATTGCCTTCTTTTCCCGGGCATACTAATGAGGATGTC 
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To prepare the vector for gene insertion, the following digestion reaction was set up: 1 µg of 

pPolI vector, 1 µl of BsmBI FastDigest (Thermo Fisher Scientific), 1 µl of 10X FastDigest 

Green buffer, 1 µl of Calf Intestinal Alkaline Phosphatase (New England Biolabs, NEB), and dH20 

to a final volume of 10 µl. Reaction mixes were incubated at 37°C for at least 1 hr, and then the 

digested vector was also run on a 0.7% agarose gel for purification.  

 

3.3.3 In-Fusion HD Cloning 

The In-Fusion HD Cloning Kit (Takara, Clontech) enables fast, directional cloning of single 

or multiple DNA fragments into any vector. For In-Fusion cloning to work, a 15 bp overlap must 

exist between the inserts and the vector; therefore, primers used to amplify RV1, RV2, and RV3 

all contained at least 15 bp of overlap with adjacent sequences to enable successful In-Fusion 

cloning to occur (Table 3). The three fragments RV1, RV2, and RV3 were inserted into BsmBI cut 

pPolI by setting up the following In-Fusion reaction: 2.5 µl cut vector, 1.0 µl of each purified PCR 

fragment, 2.0 µl 5X In-Fusion Enzyme mix, 2.5 µl dH20 for a final volume of 10 µl. Reaction was 

incubated at 50°C for 15 minutes, and then placed on ice for immediate transformation into 

Stellar chemically competent E.coli cells (Clontech).  

For each transformation reaction 50 µl of Stellar competent cells were thawed on ice in 

a 1.5 ml microtube, and 2 µl of In-Fusion reaction was added to the cells. Tubes were incubated 

on ice for 30 min. Cells were then heat shocked at 42°C for 45 sec, placed immediately on ice 

for 1-2 min, and 200 µl of SOC medium was added to each tube. Cells were then incubated at 

37°C for 1 hr with shaking at 600-800 rpm using a Thermomixer (Eppendorf). Entire sample was 

then plated onto pre-warmed Luria-Bertani (LB) agar plates containing 100 µg/ml Ampicillin and 
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incubated overnight at 37°C. Next morning, individual colonies were picked and grown as an 

overnight culture in LB broth with 100 µg/ml Ampicillin with shaking at 225rpm at 37°C. 

To isolate plasmids from bacterial cultures, the QIAprep Spin Miniprep Kit (Qiagen) was 

used, and the procedure followed was as described in manual. Extracted DNA was sent for 

sequencing for further confirmation; sequencing primers used are described in Table 3 with the 

addition of pPol_Fwd and pPol_Rev primers. The DNA Core Facility at the Public Health Agency 

of Canada sequenced all DNA samples using the Sanger method of sequencing. Sequencing 

results were then verified to reference sequences using DNASTAR Lasergene 11 SeqMan Pro 

software.  

 

3.3.4 Site Directed Mutagenesis 

To ensure that splicing does not occur in the generated NS-GFP fragment, the splice 

acceptor site in NS1 was mutated to a silent SmaI site by site directed mutagenesis. The primers 

used to introduce the mutations are designed to contain the mutation site in the center of the 

primer sequence, be between 25-45 basepairs in length, and have a melting temperature (Tm) 

of ≥ 78°C, see Table 3 for primer sequences. Using iProof™ High-Fidelity DNA Polymerase (Bio-

Rad), the mutagenesis reaction set up was as follows: 1.5 µl of DMSO, 1.0 µl dNTPs (10mM each 

dNTP), 0.5 µl iProof enzyme, 2.5 µl of 10 µM mutagenesis forward primer , 2.5 µl of 10 µM 

mutagenesis reverse primer , 10 µl 10X buffer, 31 µl dH20, and 1 µl DNA template 

(approximately 10 nmol) for a final volume of 50 µl. Thermocycler parameters were as follows: 

98°C for 2 min, 18 cycles of 98°C for 20 sec, 60°C for 10 sec, 68°C for 1 min/kb of plasmid 

length, and a final extension step of 68°C for 10 min.  
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To remove the non-mutated template DNA, 1 µl of DpnI FastDigest enzyme was added 

to the PCR reaction and incubated at 37°C for 30 min. Next, 10 µl of DpnI digested PCR product 

was used for transformation of QIAGEN EZ Competent Cells. The competent cells were thawed 

on ice, and 50 µl was transferred to a pre-chilled 15 mL Falcon tube. Digested DNA was then 

added to the cells and incubated on ice for 30 min. Cells were heat shocked at 42°C for 45 sec, 

then immediately put on ice for 2 min. Then 500 µl of pre-warmed SOC medium was added to 

the tube and incubated at 37°C for 1 hr with shaking at 225 rpm. The entire mixture was then 

divided into two and plated onto pre-warmed LB agar plates with 100 µg/ml Ampicillin. Plates 

were incubated overnight at 37°C and colonies were picked the next day for overnight culture 

in LB broth with Ampicillin. Plasmid DNA was extracted and sent for sequencing using the same 

sequencing primers in section 3.3.3.  

The successfully cloned and mutated RV733 NS-GFP segment was then used for virus 

rescue by reverse genetics along with the remaining RV733 gene segments in pPolI; see section 

3.6 for reverse genetics procedure. The rescued virus was named RV733-GFP and GFP 

expression was confirmed by fluorescent microscopy. A stock of this virus was generated (see 

section 3.2) and titered by plaque assay (see section 3.7.2), and then used for the siRNA human 

protease panel screen. 

 

3.3.5 siRNA human protease panel screen 

Caco2 cells were seeded 1:1.5 into black glass bottom plates (Matrix, Thermo Fisher 

Scientific) for measurement of GFP expression and also clear 96-well tissue culture plates for 

XTT assay. To increase attachment of Caco2 cells to the black glass bottom plates, plates were 
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coated with Poly-D-lysine. To make a 0.1 mg/ml stock solution, 5 mg of Poly-D-lysine 

hydrobromide (Sigma-Aldrich) was resuspended in 50 ml of tissue culture grade dH20. To coat 

each well of a 96-well plate, 100 µl of stock solution was added and allowed to incubate at 37°C 

for a minimum of 15 min. Plates were washed 2X with PBS before cells were seeded. Cells were 

grown for 2 days before transfection. 

For the protease screen, a MISSION® siRNA Human Protease Panel (Sigma-Aldrich) was 

used. This panel is designed to target 379 individual human proteases, where three individual 

siRNAs designed to target each gene are included. For my screen, all three siRNAs against the 

same target were pooled together to transfect Caco2 cells. The transfection reaction was set up 

as follows: 20 nM of pooled siRNA was diluted in 50 µl of Opti-MEM (Gibco, Thermo Fisher 

Scientific), 0.25 µl of RNAiMAX (Invitrogen, Thermo Fisher Scientific) transfection reagent was 

diluted in 50 µl of Opti-MEM per reaction, and diluted mixtures were incubated for 5 min at 

room temperature (RT). Diluted DNA was then added to the diluted RNAiMAX reagent tube and 

incubated for 15 minutes at RT. Old medium was removed from plates and cells were washed 

with Opti-MEM, then 100 µl of transfection mix was added to each well, and cells were 

incubated at 37°C in a humidified chamber with 5% CO2 for 24h. As negative controls, a 

minimum of three wells received transfection reagent alone. For positive controls, each plate of 

the siRNA Human Protease Panel included a well with a siRNA targeting human polo-like kinase 

1 (PLK1), which will reduce cell proliferation and induce apoptosis 368. After 24h, the 

transfection mix was removed and the cells were then subjected to influenza A virus infection.    

For the first two initial screens, siRNA transfected Caco2 cells were either infected with 

RV733-GFP at a MOI of 0.01 in MEM/0.1%BSA medium without trypsin, or used for XTT assay 
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(see section 3.3.6). GFP expression was measured 72 hours post-infection (hpi) by using a 

Biomek FX plate reader (Beckman Coulter) selecting the bottom read option. Two independent 

siRNA protease library screens were completed and potential hits were identified based on the 

relative fluorescent units (RFU) of samples transfected with siRNA compared to the negative 

controls. The threshold for determining potential hits was defined as any sample with RFU less 

than control RFU minus the standard deviation. 

To confirm the results from the GFP-based protease screen, the experiment was 

repeated twice using wild-type RV733 for infection at a multiplicity of infection (MOI) of 0.001 

instead. The supernatant from each well was collected at 72hpi for the first screen and 48hpi 

for the second screen, and virus replication was measured by TCID50 assays (see section 3.7.1). 

As an alternative method to measure viral replication, plaque assays were also performed to 

measure the effect of siRNA-mediated protease knock-down on virus replication in Caco2 cells 

(see section 3.7.2). Furthermore, this entire screen was also repeated using wild-type A/Hong 

Kong/1/68 (H3N2) (HK68) and A/South Carolina/1/1918 (H1N1) (1918) influenza viruses.  

 

3.3.6 XTT Assay 

To eliminate any potential proteases of interest that cause cellular cytotoxicity as a 

consequence of their knockdown in Caco2 cells, an XTT assay (Sigma-Aldrich cat. TOX2) was 

used to measure mitochondrial activity as an indicator for cell health after each individual 

siRNA knockdown. For this assay, each vial containing 5 mg of XTT (2,3-bis[2-Methoxy-4-nitro-5-

sulfophenyl]-2H-tetrazolium-5-carboxyanilide inner salt) with 1% PMS (phenazine 

methosulfate) was resuspended in 5 ml of Opti-MEM to make a stock solution of 1 mg/ml and 
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stored at -20°C. After 24h transfection with siRNA, medium was removed and replaced with 

MEM/0.1% BSA. At three days post-transfection, the same time-point as when GFP expression 

was measured, old medium was removed and 80 µl of Opti-MEM was added per well. Then 20 

µl of XTT stock solution was added to each well to yield a final concentration of 20% XTT stock 

solution in the culture medium. Cells were incubated for 4 hours at 37°C, and absorbance was 

measured at 450 nm. Cytotoxicity as a result of siRNA protease knock-down was considered 

present when the absorbance of the transfected sample was less than the absorbance of 

untransfected cells minus 1X the standard deviation.  

 

3.4. Generation of stably knocked-down Caco2 cells by lentivirus transduction 

For stable and specific gene expression knockdown, small hairpin RNAs (shRNAs) 

targeting MASP1 were designed and expressed in Caco2 cells by lentiviral transduction. The 

following described protocol for the generation of these lentiviral particles was established by 

Dr. Michael Carpenter’s laboratory group at the NML. 

 

3.4.1 shRNAi Design  

The TRC2-pLKO-puro vector (Sigma-Aldrich) modified to contain a 1.9 kb stuffer region 

encoding a β-galactosidase-GFP fusion was used to generate lentiviral particles. This vector 

allows for stable shRNA expression in target cells and the stuffer region was added to enable 

easier detection of successfully digested vector. The Broad Institute shRNAi design tool 

(http://www.broadinstitute.org/rnai/public/seq/search) was used to generate sequences to 

target MASP1 (Table 4). Three different constructs per target were designed. As a negative 

http://www.broadinstitute.org/rnai/public/seq/search
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control, a shRNA targeting GFP (ACAACAGCCACAACGTCTATA) was also included to ensure that 

production of a shRNA targeting a non-relevant protein had no effect on cell health or viral 

replication.  

 

3.4.2 Cloning shRNA 

To clone the shRNA sequences into TRC2-pLKO-puro, 1 µg of vector was digested with 2 

µl each of High-Fidelity AgeI and EcoRI restriction enzymes (New England Biolabs, NEB) in NEB4 

buffer with the addition of purified BSA (100 µg/ml, NEB) for 1 hr at 37°C. Digested vector was 

run on a 0.7% agarose gel made with 1X TAE buffer and GelGreen™ DNA dye. Digestion results 

in a band at 1.9 kb, corresponding to the stuffer region, and a 7.5 kb vector band. The vector 

 

Table 4. Oligos used for the generation of MASP1 specific shRNA. Three different regions of 

MASP1 were targeted by shRNA knock-down.  

 
Primer Sequence 5’ to 3’ 
Hu_MASP1_1887
F 

CCGGAGATCCGACCCTACGTGATTCCTCGAGGAATCACGTAGGGTCGGATCTT
TTTTG 

Hu_MASP1_1887
R 

AATTCAAAAAAGATCCGACCCTACGTGATTCCTCGAGGAATCACGTAGGGTCG
GATCT 

Hu_MASP1_2025
F 

CCGGTCCCAACACATTCGAGAATGACTCGAGTCATTCTCGAATGTGTTGGGAT
TTTTG 

Hu_MASP1_2025
R 

AATTCAAAAATCCCAACACATTCGAGAATGACTCGAGTCATTCTCGAATGTGTT
GGGA 

Hu_MASP1_2414
F 

CCGGAGGACCGCTACGGAGTATACTCTCGAGAGTATACTCCGTAGCGGTCCTT
TTTTG 

Hu_MASP1_2414
R 

AATTCAAAAAAGGACCGCTACGGAGTATACTCTCGAGAGTATACTCCGTAGCG
GTCCT 
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band was excised and the QIAquick Gel Extraction Kit (Qiagen) was used for DNA purification as 

described in manual and eluted in 30 µl of EB buffer.  

To prepare annealing oligonucleotides to insert into the cut vector, a boiling water bath 

was set up in a 1L beaker. In a 1.5 mL microtube, the following mixture was prepared in order: 5 

µl of 20 µM forward oligonucleotide, 5 µl of 20 µM reverse oligonucleotide, 5 µl 10X NEB2 

Buffer, and 35 µl dH20. Each tube lid was sealed with parafilm, transferred to a Styrofoam float 

and placed in the boiling water. The beaker was covered with aluminum foil and allowed to boil 

for 10 min. The heater was turned off, and water was allowed to cool slowly to room 

temperature for 4 hours. The oligonucleotide mixture was then used immediately for ligation 

reaction. 

To ligate the annealed oligonucleotide insert into the vector backbone, a ligation 

reaction was set up as follows: 2 µl 10X Ligase Buffer (NEB), 2 µl insert, 2 µl AgeI/EcoRI cut 

vector (2 ng), 2 µl T4 DNA Ligase (Invitrogen, Thermo Fisher Scientific), and 12 µl dH20. The 

mixture was incubated at 16°C for at least 2 hr to overnight. For the transformation reaction, 25 

µl of chemically competent TOP10 E.coli cells (Invitrogen, Thermo Fisher Scientific) were 

thawed on ice, 5 µl of ligation mixture was added to each tube and incubated on ice for 30 min. 

Cells were heat shocked for 45 seconds at 42°C and transferred back on ice for 3 min. Then, 200 

µl of SOC medium was added to the cells and incubated for 45 min at 37°C with shaking at 800 

rpm using a Thermomixer. Entire transformation sample was then plated onto LB agar plates 

containing 100 µg/ml Carbenicillin and incubated at 37°C overnight. Next day, 5 colonies per 

construct were picked, and grown up in 3 mL of LB broth with 100 µg/ml Ampicillin at 37°C 

overnight.  
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Plasmid was isolated from bacterial cultures using the QIAprep Spin Miniprep Kit, 

eluting with 50 µl of EB buffer provided. Each miniprep clone was screened by digestion with 

BamHI and XhoI FastDigest restriction enzymes (Thermo Fisher Scientific) for 1 hr at 37°C, and 

then separated on a 0.7% agarose gel. Vector without insert would yield bands at 519 and 8813 

bp, and a vector with shRNA insert will generate 3 bands at 233, 519, and 6766 bp. Samples 

containing shRNA insert were sent for DNA sequencing using a Hi GC reaction mix and the 

following primers: pLKO-791F (5’ TGGACTATCATATGC TTACCGTAAC) and pLKO-792R (5’ 

GTATGTCTGTTGCTATTATGTCTA). Successful constructs were scaled up by growing 40 ml of 

culture overnight in LB broth with ampicillin, and DNA was isolated using an EndoFree MidiPrep 

Kit (Qiagen) as described in manual, eluting in 200 µl EB buffer. 

 

3.4.3 Lentivirus production 

The pPACKH1 Packaging Plasmid mix (System Biosciences) was used to produce a VSV-G 

pseudotyped lentiviral particle containing the TRC2-pLKO shRNA construct. This packaging 

plasmid mix consists of 3 plasmids encoding for HIV gag/pol, rev, and VSV-G. The packing cell 

line 293TN (System Biosciences) was grown in complete DMEM supplemented with 4 mM L-

glutamine, 100 units/ml penicillin G and 100 µg/ml streptomycin (1X Pen/Strep), and 10% fetal 

bovine serum (FBS), and incubated in a 37°C humidified chamber with 5% CO2. These cells were 

split into a 6-well plate a day prior to transfection to achieve ~70% confluency the next day. 

 For transfection, X-tremeGene HP reagent (Roche) was removed from -20°C freezer and 

allowed to warm to room temperature for 15 min. In a 1.5 ml microtube, the following was 

mixed in order: 200 µl DMEM (serum and antibiotic free), 0.34 µg TRC2-pLKO shRNA vector, 
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0.56 µg gag/pol plasmid, 0.56 µg rev plasmid, and 0.54 µg VSV-G plasmid. The vial of X-

tremeGene was briefly vortexed, and 6 µl of reagent was added to the DNA mixture, gently 

mixed for 10 sec, and incubated for 15 min at room temperature. Old growth medium on the 

293TN cells was removed, cells were rinsed with 2 ml of PBS, and replaced with 2 ml per well of 

complete DMEM. The DNA transfection mixture was then added dropwise to the cells and then 

the plate was rocked gently and placed into a 37°C humidified chamber with 5% CO2 for 48h.  

 To harvest the lentiviruses, supernatant from each transfection well was transferred to 

a 15 ml tube and centrifuged at 2000 xg for 10 min at 4°C to remove cell debris. The clarified 

supernatant was then filtered through a 45 µm cellulose acetate filter using a 10 ml syringe into 

another 15 ml tube. To help concentrate the lentiviruses, 500 µl of PEG-it precipitation reagent 

(System Biosciences) was added to each sample and mixed by pipetting gently up and down. 

The top of each tube was covered with parafilm and then stored at 4°C overnight. Next 

morning, tubes were centrifuged at 1500 xg for 40 min at 4°C in a JS 7.5 rotor with swinging 

buckets (Beckman Coulter) to pellet viruses and supernatant was discarded. Using a 5 ml 

pipette, lentiviral pellet was resuspended in 200 µl DMEM complete, transferred to a 2 ml 

cryovial, and separated into 40 µl aliquots for storage at -80C.  

 

3.4.4 Lentivirus infection 

Caco2 cells were seeded into a 24-well plate the day prior to infection to reach 50% 

confluency by the next morning. To increase infection efficiency, the infection medium was 

supplemented with polybrene (Sigma-Aldrich) to lower the charge repulsion between virus and 

cellular membranes. A stock solution of filter sterilized polybrene (5 mg/ml) dissolved in dH20 
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was prepared, and a 2X working solution (16 µg/ml) was prepared by diluting the stock solution 

with complete DMEM. The lentivirus inoculum was prepared as follows: 100 µl 2X polybrene, 

100 µl complete DMEM, and 5 µl of Lentivirus. Medium was removed from cells and virus 

mixture was added and incubated overnight at 37°C. Next morning, virus inoculum was 

removed and cells were washed with complete DMEM, and then 1 ml of fresh complete 

medium was added and cells were incubated at 37°C for 2-3 days.  

 

3.4.5 Selection and maintenance of stably transduced cells 

 After three days of infection, cells were split into a new 6-well plate containing complete 

DMEM with puromycin (Gibco, Thermo Fisher Scientific). Only transduced cells expressing 

shRNA and the puromycin resistance gene will survive puromycin selection. As a control, mock 

infected cells were included to determine when selection was complete. For Caco2 cells, it was 

determined that 2 µg/ml of puromycin is necessary to kill all non-transduced cells within 3 to 5 

days. The Caco2 cells that stably expressed MASP1 specific shRNA or GFP specific shRNA were 

then called MASP1-KD and GFP-KD cells, respectively. Stocks of these cells were prepared and 

stored in liquid nitrogen. These cells were continuously cultured in MEM/5%FCS/L-Glu/2 µg/ml 

of puromycin to maintain selection. Before using these stably knocked down cells for 

transfection or infection, the cells were passaged once without puromycin and seeded into 

wells using medium without puromycin.  
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3.5 Expression Plasmids  

 For the expression of recombinant human MASP1, an expression plasmid containing the 

full-length MASP1 in pcDNA3.1(A)mycHis vector was kindly obtained from our collaborator Dr. 

Steffen Thiel from Aarhus University, Denmark 267,369. C1-inhibitor is a known inhibitor of 

MASP1 and the human cDNA clone of C1-inhibitor in pCMV6-XL5 plasmid was purchased from 

OriGene. All pPol plasmids containing genes from RV733, HK68, and V1203 used for reverse 

genetics were available for use in our laboratory at the NML, Canada. 

 Other expression plasmids used in this study included ones expressing the various HA 

proteins from influenza viruses. To test the ability of expressed recombinant MASP1 to directly 

cleave HA, RV733 HA and HK68 HA were cloned into pCAGGS vector for expression in 

mammalian cells using the XhoI and SmaI restriction sites in pCAGGS. Primers for HA 

amplification were designed to contain 15 bp of overlap with the site of insertion into pCAGGs 

for In-Fusion cloning, see Table 5 for primer sequences. RV733 HA and HK68 HA were amplified 

from the pPol plasmids containing each respective gene as a template. PCR and In-Fusion 

cloning procedures are as described in sections 3.3.2 and 3.3.3.  

 

3.6 Generation of viruses by reverse genetics 

 Reverse genetics is a method used to produce infectious virus particles from the 

expression of viral genes and proteins encoded by plasmids. Since the first description of 

influenza virus reverse genetics fully from plasmid-encoded copies of genes in 1999 370, a 

number of different systems have been developed varying in their plasmid requirement for  
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Table 5. Primer sequences for the cloning of influenza A/Canada/RV733/2007 (H1N1) (RV733) 

and A/Hong Kong/1/68 (H3N2) (HK68) HA genes into the mammalian expression vector 

pCAGGS. Nucleotides highlighted in red correspond to the HA gene, while those in black are 

complementary to the vector. 

 
Primer Sequence 5’ to 3’ 
RV733 HA Fwd pCAG CGATGCATGGTACCCGGGATGAAAGTAAAACTACTGG 
RV733 HA Rev pCAG GAAAAAGATCTGCTAGCTCGAGTTAGATGCATATTCTACAC 
HK68 HA Fwd pCAG CGATGCATGGTACCCGGGATGAAGACCATCATTGC 
HK68 HA Rev pCAG GAAAAAGATCTGCTAGCTCGAGTCAAATGCAAATGTTGC 
 
 

 

rescue 371,372 and use of promoters to drive expression 373–375. A review on the various methods 

of influenza reverse genetics is described by Engelhardt et al. 376. 

The reverse genetics system used by our group is based on cloning of the cDNA of all 

eight genomic segments between the human RNA polymerase I promoter and mouse RNA 

polymerase I terminator of the pPol vector, and cloning each of the viral polymerase proteins 

(PB1, PB2, and PA) and NP into the pCAGGS expression vector; these were previously derived in 

the lab from PR8 and are generically used as the helper plasmids for all influenza A virus reverse 

genetics performed in the lab, regardless of the virus subtype and strain being rescued. A 

detailed description of the cloning procedure is described by Neumann et al. 370. RNA 

polymerase I transcribes RNAs without a 5’-cap and 3’-poly(A) tail, so the pPol constructs code 

for an RNA that exactly mimics influenza viral RNA (vRNA). Plasmid-driven expression of the 
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polymerase proteins along with NP combine with the artificial vRNA and produce viral RNPs, 

allowing viral replication and transcription to occur.     

 To rescue viruses by reverse genetics, 293T cells were seeded in a Poly-D-lysine coated 

6-well plate the day before infection. For each reaction, 200 µl of Opti-MEM was added to a 1.5 

ml microtube along with 10 µl of TransIT™-LT1 transfection reagent (Mirus Bio, Thermo Fisher 

Scientific), and then incubated at room temperature for 5 min. To the reaction tube, 0.1 µg of 

each of the following plasmids were added: pPol-PA, PB1, PB2, NP, M, NS, NA, and HA. In 

addition, 1.0 µg of each of the following helper plasmids were added: pCAGGS-PA, PB1, PB2, 

and NP. The DNA and transfection reagent mixture was then incubated for 30 min at room 

temperature. During this incubation period, cells were washed gently with 2 ml/well with Opti-

MEM and then 1 ml of Opti-MEM was added to each well. Transfection mix was added to each 

well drop wise, and cells were incubated at 37°C in a humidified chamber with 5% CO2 for 48h.  

 To passage transfection supernatants, MDCK cells were seeded into 12-well plates to 

reach a confluency of 60-90% at the time of passage. Supernatants from each transfection well 

were collected in a 2 ml cryovial and centrifuged at 2500 rpm for 8-10 min to remove cell 

debris. Influenza A viruses that are rescued from 293T cells contain inactive HA protein on their 

surfaces, therefore, a trypsin activation step is necessary before passaging of these viruses onto 

MDCK cells. To each transfection supernatant collected, 2 µl of TPCK-trypsin (stock of 1 µg/µl) 

was added. The tube was mixed gently and incubated for at least 15 min at 37°C with gentle 

shaking. Prepared MDCK cells were washed with plain MEM or PBS, and then 1 ml of 

MEM/0.1%BSA/L-Glutamine/1 µg/ml TPCK-trypsin was added to each well. For every rescued 

virus, a range of transfection supernatant was tested; either 1 µl, or 10 µl, or 100 µl of 
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transfection supernatant was added to each well. MDCK cells were incubated at 37°C for 48-

72h or until significant CPE was seen. The well with significant CPE that received the lowest 

amount of transfection supernatant was harvested and called the P1 passage of the rescued 

virus. P2 virus stocks were generated as described in section 3.2.  

 

3.7. Viral Assays 

 To determine the effect MASP1 knock-down in Caco2 cells had on influenza virus 

replication, a variety of methods were used to measure influenza virus replication. These 

methods include TCID50 assays, plaque assays, and real-time PCR. Other methods used to study 

particular aspects of the viral life cycle are also described in this section.  

 

3.7.1 TCID50 assays 

TCID50 assays measure the median tissue culture infectious dose, which determines the 

virus titer at which 50% of the wells show 100% CPE. For this assay, MDCK cells were seeded 

(1:5) into 96-well plates a day prior to use in MEM/ 5%FCS/L-Glutamine medium, to reach a 

confluency of 70-90% on day of assay. Next day, growth medium was aspirated, and cells were 

washed once using 100 µl/well of MEM/0.1%BSA/L-Glutamine or PBS to remove any residual 

FBS that may inhibit trypsin activation. Virus containing sample was serially diluted 1:10 starting 

at 10-1 to 10-8 in MEM/0.1%BSA/L-Glutamine/1 µg/ml TPCK-trypsin using a 96-well dilution 

block, changing tips between each dilution. Changing tips between dilutions is critical to avoid 

carry-over from the previous dilutions that would dramatically affect the dilution at which CPE 

is read and the resulting reported TCID50 titer.  Wash medium was removed from cells and 100 
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µl of each dilution was added per well, plating each sample dilution in triplicate. When working 

in BSL-4, the protocol was adjusted slightly due to limitations in the ability to aspirate medium 

from 96-well plates. In this case, wash medium was removed and 50 µl of MEM/0.1%BSA/L-

Glutamine/1 µg/ml TPCK-trypsin was added per well to prevent cells from drying out. After 

diluting the viruses in BSL-4, 100 µl of each dilution was added directly to medium in the wells. 

Plates were incubated at 37°C and 5% CO2, and CPE was read 48-72h post-infection. Based on 

the highest dilution at which CPE was observed within each dilution set, the Spearman-Karber 

method 377 was used to calculate TCID50/ml. 

 

3.7.2 Plaque assays 

 Plaque assays measure the number of plaque forming units (PFU) within a virus sample. 

This method was used to measure virus growth of various strains of influenza viruses in Caco2 

and MASP1-KD cells. In general, Caco2 and MASP1-KD cells were seeded into 6-well plates 2 

days prior to infection to reach a confluency of 70-90%. Cells were washed once with plain 

MEM before infection with virus strains described in section 3.2. Cells were infected at a MOI of 

0.001 using 2ml/well of virus diluted in MEM/0.1%BSA/L-Glutamine without trypsin, and 

incubated at 37°C with 5%CO2 for 48h. Supernatants were collected and frozen at -80°C until 

ready for titration. 

To perform a plaque assay, MDCK cells were seeded into 12-well plates two days prior 

to use in MEM/5%FCS/L-Glutamine, to reach a confluency of 100% on day of assay. Cells were 

washed once using 1 ml/well of plain MEM or PBS. Virus was serially diluted 1:10 starting at 10-1 

to 10-6 (500 µl/dilution) in MEM/0.1%BSA/L-Glutamine/1 µg/ml TPCK-trypsin. Wash medium 
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was removed from wells, and 200 µl of each virus dilution was added to the wells in duplicate. 

Plates were incubated at 37°C in a humidified chamber with 5% CO2 for 1hr, with rocking of the 

plate every 15 min to prevent the cells from drying out. During incubation, previously prepared 

2% SeaPlaque (Lonza) low melting point agar in tissue culture grade water (Appendix) was 

melted and kept warm at 37°C. A 2X MEM/0.2%BSA/2X L-Glutamine/2 µg/ml TPCK-trypsin was 

prepared and also kept warm at 37°C. After the 1 hr incubation, the 2X MEM medium was 

mixed with an equal volume of 2% agar to reach a final concentration of 1% agar, 1XMEM/BSA, 

and 1 µg/ml TPCK-trypsin. Virus inoculum was removed, and 1ml/well of the agar overlay was 

added to each well starting at the highest virus dilution to the lowest dilution, by pipetting 

slowly down the side of the well using the same tip. The agar was allowed to harden before the 

plates were turned upside down and incubated at 37°C with 5%CO2. Plaques were counted 48-

72h post-infection, without staining, by visually identifying plaques by their differential contrast 

in the cell monolayer. 

 

3.7.3 Quantitative reverse-transcription PCR 

 To measure influenza replication based on copy numbers of the M gene in Caco2 and 

MASP1-KD cells, quantitative reverse-transcription PCR (qRT-PCR) was performed using a 

universal primer and probe set targeting the M gene. The universal M primer and probe set has 

been described previously by Chen et al. 378, and the fluorophore chosen for our probe was 5-

Carboxyfluorescein (FAM) and the quencher used was Black Hole Quencher 1 (BHQ1). The 

sequences of the primers and probe are: Forward M primer 5’-GACCRATCCTGTCACCTCTGAC-3’, 
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Reverse M primer 5’-AGGGCATTYTGCACAAAKCGTCTA-3’, and M probe FAM-

TGCAGTCCTCGCTCACTGGGCACG-BHQ1. 

Caco2 and MASP1-KD cells were seeded into 6-well plates two days prior to infection in 

MEM/5%FCS/L-glutamine. Cells were washed once with plain MEM and then infected with 

either RV733 or HK68 at a MOI of 1 in MEM/0.1%BSA/L-glutamine medium without trypsin. 

After 6h, cells were lysed by adding 600 µl of RLT buffer (Qiagen) containing β-mercaptoethanol 

(Thermo Fisher Scientific) per well, and then incubated for 10 min at room temperature. Cells 

were scraped and transferred to a QiaShredder tube (Qiagen) to homogenize the cell lysates by 

centrifugation at max speed for 2 min. Homogenized lysates were then transferred to a tube 

containing 600 µl of 70% ethanol and then stored at -20°C or immediately used for RNA 

extraction.   

 RNA was extracted using the RNeasy Mini kit (Qiagen) as described in manual, eluting 

RNA in 30 µl of RNase-free H20. Using the LightCycler 480 RNA Master Hydrolysis Probes kit 

(Roche) for one-step RT-PCR, the reaction mix was set up as follows: 7.4 µl LightCycler® RNA 

Master Hydrolysis Probes mix, 0.3 µl forward primer (20 µM), 0.3 µl reverse primer (20 µM), 0.3 

µl probe (10 µM), 1.28 µl Activator solution, 0.8 µl Enhancer solution, 5.62 µl PCR grade water 

and 4.0 µl RNA for a final volume of 20 µl. Ten-fold dilutions of pPol plasmid encoding the entire 

M segment of RV733 were prepared as the standards, starting at 1 ng and diluting down to 10-6 

ng. Reactions were set up in Fast Optical 96-well reaction plates (MicroAmp, Applied 

Biosystems), each sample was set up in triplicate and standards were set up in duplicate. 

Thermocycler parameters were as follows: 61°C for 3 min, 95°C for 30s, followed by 40 cycles of 
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95°C for 15s and 60°C for 40s. Samples were run using the StepOnePlus Real-Time PCR System 

(Applied Biosystems), and Ct (cycle threshold) values were determined for each sample.  

 A standard curve was prepared by plotting the average Ct against the copy number of 

M, which was determined using the free online tool (http://cels.uri.edu/gsc/cndna.html) that 

takes into account the known DNA content (ng) and the total length of the plasmid plus 

inserted M gene (bp). A linear regression was applied to the standard curve that had a R2 value 

of >95% and the copy number of M in each sample was then calculated using their respective Ct 

values and the standard curve. Since the samples originated from a single well of a 6-well plate, 

and within each well there are approximately 1 x 106 cells, the value was reported as copies of 

M/106 cells.  

 

3.7.4 Minigenome system 

Influenza virus transcription and replication occurs within the host cell nucleus, and 

utilizes the viral polymerase complex that is made up of PA, PB1, PB2 and NP proteins. 

Encapsidation of each influenza RNA genome segment by NP forms the viral ribonucleoprotein 

(vRNP) complex that leads to recognition by the viral polymerase. Previous studies have shown 

that the untranslated regions (UTRs) at the 5’ and 3’ termini of each genomic segment are 

conserved, and the presence of these noncoding regions is sufficient to initiate RNA replication 

and transcription of viral genes and reporter genes 370,379–381. In our minigenome systems, RNA 

polymerase I promoter/terminator was used to express RNA transcripts encoding anti-sense 

firefly luciferase flanked by the 5’ and 3’ noncoding regions of either WSN/33 NS segment or 

RV733 NS segment. Generation of the influenza A virus polymerase complex from transfection 

http://cels.uri.edu/gsc/cndna.html
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with helper plasmids expressing NP, PB1, PB2 and PA drives transcription and translation of the 

reporter gene.  

Both the WSN/33 and RV733 minigenome systems were tested to measure levels of 

firefly luciferase expression in Caco2 and MASP1-KD cells. Cells were seeded into a 12-well plate 

2 days prior to transfection. Each system consisted of a set of helper plasmids encoding the 

following genes from each respective virus: pCAGGS-NP, -PB1, -PB2, and -PA. As an internal 

control, a plasmid expressing Renilla luciferase driven by a SV40 promoter was transfected into 

each sample to use for normalization. For the co-transfection, 10 µl of TransIT™-LT1 

transfection reagent was mixed with 100 µl of Opti-MEM and incubated for 5 min at room 

temperature. Four reaction mixes were set up for each minigenome system, 1) All plasmids (NP, 

PB1, PB2, PA, PolI-LucMG, pRenilla-SV40, 2) All plasmids minus 1 helper plasmid (-PB1), 3) 

Minigenome only control and pRenilla-SV40, and 4) Minigenome only to serve as background 

luminescence control. To the diluted transfection reagent tube, 500 ng of each helper plasmid 

and 50 ng of each pPolI-LucMG and pRenilla-SV40 were added and incubated at room 

temperature for 30 min. Cells were washed with Opti-MEM, and 400 µl of fresh Opti-MEM was 

added to each well. Transfection mix was then added dropwise to each well and incubated for 

48h at 37°C in a humidified chamber with 5% CO2. Cell lysates were then harvested and 

analyzed for luciferase activity using the Dual-Luciferase Reporter Assay System (Promega) 

following the protocol described in the manufacturer’s manual, and luminescence was read on 

a Veritas luminometer. Each experiment was performed independently in triplicate, and the 

mean ± SEM was graphed.  
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3.7.5 Trypsin activation  

To determine whether infectious influenza viral particles are produced and released by 

MASP1-KD cells, two different trypsin activation experiments were performed. The first one 

examined whether non-activated viral particles containing uncleaved HA were being released 

by MASP1-KD cells. For this experiment, MASP1-KD cells were seeded in a 6-well plate one or 

two days prior to reach a confluency of 70-90% at the time of use. Cells were washed once with 

plain MEM and then infected with either RV733 or HK68 at a MOI of 0.001 with no trypsin in 

the medium (MEM/0.1%BSA/L-glutamine). Supernatants were collected 48hpi and 500 µl of the 

collected supernatant was treated with 1 µl of TPCK-trypsin (stock at 1µg/µl) and another 500 

µl of supernatant was treated with 1 µl of PBS as a control. Both were incubated for 30 min at 

37°C with gentle shaking. If non-activated viral particles were produced by MASP1-KD cells, 

then incubation with trypsin should activate HA and restore infectivity of these particles.  

To measure the viral particles in these supernatants, a modified plaque assay was 

performed (see section 3.7.2 for plaque assay procedure). After the trypsin activation step, 250 

µl of each supernatant (+/- trypsin activation) was added in duplicate to pre-washed MDCK cells 

(100% confluent) in a 12-well plate. The plate was incubated at 37°C for 1 hr, with rocking every 

15 min. Virus inoculum was removed, cells were washed twice with 1 ml/well plain MEM, and 

then another 1 ml/well of plain MEM was added and incubated at 37°C for a minimum of 3 

hours to allow bound virus to enter the cells. Similar to plaque assays, medium was removed 

and cells were overlayed with 1% SeaPlaque/0.1%BSA/1 µg/ml TPCK-trypsin. Plaques were then 

counted after 3 days. This experiment was repeated two times, and average titers (PFU/ml) ± 

SEM are reported.  
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For the second trypsin activation experiment, I wanted to examine whether trypsin 

present in the medium during infection would be able to sustain production of infectious viral 

particles in MASP1-KD cells. MASP1-KD cells were seeded into a 12-well plate two days prior to 

infection, washed once with plain MEM, and infected with either RV733 or HK68 at a MOI of 

0.001 with or without 1 µg/ml TPCK-trypsin added to the medium (MEM/0.1%BSA/L-

glutamine). Supernatants were collected 48hpi and viral titers were measured by standard 

plaque assay. Experiment was repeated three times independently, and average titers (PFU/ml) 

± SEM were reported.   

 

3.8 Protein Assays 

 A number of different methods were utilized to measure the expression level of 

influenza viral HA. The effect of recombinant MASP1 expression on HA cleavage was studied by 

Western blot, while the ability of MASP1-KD cells to produce HA intracellularly and express HA 

on the surface was studied by immunofluorescence assay. Depending on the particular assay, 

different primary and secondary antibodies were used; these are all listed in Table 6.   

 

Table 6. Antibodies and dilutions used for various protein assays. The companies from which 

the antibodies were purchased from are also included, with the exception of anti-human 

MASP1 antibody that was kindly provided by our collaborator Dr. Steffan Thiel from Aarhus 

University, Denmark. The species that the antibody was produced in, the use of the antibody as 

either a primary or secondary antibody, and antibody dilution used for detection of proteins by 

Western blot (WB) or immunofluorescence assay (IF) are listed.  
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Antibody (Company) Type Use Stock 
Concentration 

Dilution  Application 

Polyclonal anti-H1N1  
(Bio-Rad) 

Goat Primary 1.0 mg/ml 1:1000 WB, IF 

Monoclonal anti-H1N1 HA  
(Sino Biological Inc.) 

Mouse 
 

Primary 0.51 µg/µl 1:1000 WB, IF 

Polyclonal anti-H3N2  
(Bio-Rad) 

Goat 
 

Primary 1.0 mg/ml 1:1000 WB, IF 

Monoclonal anti-H3N2 HA  
(Sino Biological Inc.) 

Mouse Primary 1.0 mg/ml 1:1000 WB, IF 

Monoclonal anti-human MASP-1 
(1H7F7) (Dr. Steffan Thiel) 

Mouse Primary 2.5 mg/ml 1:1000 WB, IF 

Monoclonal anti-actin  
(Thermo Fisher Scientific) 

Mouse 
 

Primary 200 µg/ml 1:1000 WB loading 
control 

Polyclonal Human C1 inhibitor 
antibody  
(Thermo Fisher Scientific) 

Rabbit 
 

Primary 1.02 mg/ml 1:1000 WB 

Polyclonal anti-Grasp65  
(Golgi marker)  
(Thermo Fisher Scientific) 

Rabbit 
 

Primary Not provided 1:200 IF 

Polyclonal anti-KDEL  
(ER marker)  
(Thermo Fisher Scientific) 

Rabbit 
 

Primary 1.0 µg/µl 1:200 IF 

Anti-Rab5  
(early endosome marker) 
(AbCam) 

Rabbit Primary 1.0 mg/ml 1:500 IF 

Anti-Rab7  
(late endosome marker)  
(AbCam) 

Rabbit Primary 1.0 mg/ml 1:50 IF 

IRDye800 anti-mouse IgG  
(LI-COR, Mandel Scientific Co.) 

Goat Secondary 1.0 mg/ml 1:15000 WB 

IRDye680 anti-rabbit IgG 
(LI-COR, Mandel Scientific Co.) 

Goat Secondary 1.0 mg/ml 1:15000 WB 

IRDye680 anti-goat IgG 
(LI-COR, Mandel Scientific Co.) 

Donkey Secondary 1.0 mg/ml 1:15000 WB 

Peroxidase anti-mouse IgG 
(Jackson ImmunoResearch) 

Donkey Secondary 1.0 mg/ml 1:35000 WB 

Alexa Fluor 660 anti-goat IgG 
(Thermo Fisher Scientific) 

Donkey Secondary 2.0 mg/ml 1:200 IF 

Alexa Fluor 488 anti-rabbit IgG 
(Thermo Fisher Scientific)  

Donkey Secondary 2.0 mg/ml 1:200 IF 

Alexa Fluor 568 anti-mouse IgG 
(Thermo Fisher Scientific) 

Donkey Secondary 2.0 mg/ml 1:200 IF 
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3.8.1 Transfection 

 Expression of influenza A virus HA proteins was tested in mammalian 293T cells using 

TransIT™-LT1 transfection reagent. Cells were seeded one day prior into poly-D-lysine coated 

12-well plates, to reach a confluency of ~80% on the day of transfection. For each transfection 

reaction, a ratio of 3 µl of LT-1 transfection reagent per 1 µg of DNA was followed. For the 

experiment, 1 µg of HA, 1 µg of MASP-1, and 2 µg of C1-inhibitor was used for transfection. 

First, a tube containing 100 µl of Opti-MEM and LT-1 transfection reagent was combined and 

incubated at room temperature for 5 minutes. Then the appropriate amount of plasmid DNA 

was added to the same tube, mixed gently, and incubated at room temperature for 30 minutes. 

Old medium in each well was removed, cells were rinsed with Opti-MEM, and 500 µl of fresh 

Opti-MEM was added to each well. Transfection mixture was then added drop wise into the 

well. Cells were incubated in a 37°C humidified chamber with 5% CO2 for 48h.    

 After 48 hours, supernatant was removed and cells were washed once with PBS. Cells 

were lysed with 200 µl of RIPA buffer (Pierce, Thermo Fisher Scientific), by incubating on ice for 

5 min with rocking, and then cell lysates were centrifuged at 10,000 rpm for 20 min at 4°C. For 

the positive control samples the cleared supernatants were treated with 1 µl of TPCK-trypsin 

(0.1 µg/µl), while the other samples received 1 µl of PBS, and then incubated at 37°C for 30 

min. After trypsin activation, cell lysates were diluted in 4X SDS Sample buffer (Appendix) and 

protein samples were analyzed by SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel 

electrophoresis) and Western blot. 
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3.8.2 SDS-PAGE and Western blot 

Proteins were separated based on molecular weight by SDS-PAGE. All gels used 

consisted of a 10% resolving gel and a 4% stacking gel. As a standard, 3 µl of PageRuler™ 

Prestained NIR Protein Ladder (Thermo Fisher Scientific) was added to a lane of each gel to 

confirm protein sizes. Prior to loading, all protein samples were boiled for 5 min at 95°C and 

then transferred immediately on ice. Generally, 20 µl of each sample was loaded into each well 

and gels were run at 130V for 1-1.5 hours using a mini-PROTEAN 3 electrophoresis system (Bio-

Rad). 

 After electrophoresis, separated proteins on the gel were transferred to a 

polyvinylidene fluoride (PVDF) (Millipore) membrane using a mini Trans-Blot Cell (Bio-Rad) for 

subsequent antibody staining. Each PVDF membrane was soaked in methanol for 5 min, and 

then placed in fresh Transfer Buffer (Appendix). All filter papers and fibre pads were also 

soaked in Transfer Buffer. The gel transfer sandwich was set up as follows: Cathode (black end), 

grey side of transfer cassette, fibre pad, filter paper, acrylamide gel, PVDF membrane, filter 

paper, fibre pad, white side of cassette, Anode (red end). After second filter paper was placed 

on the gel and membrane, a roller was used to remove any trapped bubbles. The transfer 

apparatus was run at 100V and 250 mA for 80 minutes or 30V and 40 mA overnight. After 

transfer, the membrane was blocked for 1 hr in Odyssey Blocking Buffer (OBB) (LI-COR, Mandel 

Scientific Company) or 5% skim milk dissolved in PBS/0.1%Tween20 (PBS-Tw) at room 

temperature with rocking, or overnight at 4°C.  

 The primary antibody was diluted using either 5 ml of OBB/0.1%Tween20 (OBB-Tw) or 

5% skim milk/PBS-Tw per membrane, and was incubated with the membrane for 1-2 hours at 
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room temperature (Table 6), or overnight at 4°C. The membrane was then washed 4X for 5 min 

each in PBS-Tw. The secondary antibody was diluted in 10 ml of PBS-Tw and incubated for 1 

hour at room temperature while protected from light. The membrane was washed 4X for 5 min 

each in PBS-Tw, and one final wash in PBS for 5 min. Membranes stained with Odyssey Infrared 

secondary dyes were then visualized using a LI-COR Odyssey Infrared Imaging System. 

Alternatively, membranes stained with peroxidise conjugated secondary dyes were detected 

using Amersham ECL Prime Western Blotting detection reagent (GE Healthcare Life Sciences) 

and Amersham Hyperfilm ECL, and developed using a SRX-201A X-ray film processor (Konica 

Minolta). 

 To strip membranes of antibodies for further detection using other primary antibodies, 

each membrane was immersed in 20 ml of Stripping Buffer (62.5 mM Tris pH 6.7, 2% SDS) 

containing 140 µl of β-mercaptoethanol, and incubated at 50°C for 30 minutes. Membranes 

were washed 2X with PBS-Tw for 10 min each, and blocked again for 1 hr at room temperature 

or overnight at 4°C. Subsequent immunoblotting with another primary and secondary antibody 

was then performed following the same procedure described previously. 

 

3.8.3 Immunofluorescence Assays 

 To visualize the presence of influenza HA proteins inside and on the surface of Caco2 

and MASP1-KD cells, immunofluorescence assays were performed. Glass coverslips were added 

to each well of a 24-well plate and poly-D-lysine coated (see section 3.3.5). Cells were split two 

days prior to use to reach a confluency of 70-90%. Cells were then infected with either RV733 

or HK68 at a MOI of 1 in MEM/0.1%BSA/L-glutamine medium without TPCK-trypsin. After 18h, 
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virus was removed and cells were washed gently with 1 ml/well PBS. A few procedures for cell 

fixing were utilized depending on the desired staining or antibody used. For intracellular 

staining, cells were incubated with 10% formalin (containing methanol) in PBS (Thermo Fisher 

Scientific) for 10 min at room temperature. For Rab7 staining (Late endosomal marker), cells 

were fixed and permeabilized at the same time by incubation with ice cold methanol for 10 min 

at -20°C. For surface staining only, cells were incubated for 10 min at room temperature with a 

methanol-free 4% paraformaldehyde solution, diluted from a 16% formaldehyde stock (Pierce, 

Thermo Fisher Scientific) with PBS. After fixation, cells were washed 3X with 1 ml/well PBS for 3 

min per wash. For intracellular staining, an additional permeabilization step was performed 

where cells were incubated with 0.1% Triton X-100 in PBS for 10 min at room temperature, 

followed by 3X washes with 1ml/well PBS. This permeabilization step was skipped for methanol 

fixed cells, since methanol is also able to permeabilize cell membranes during fixation.  

 Before staining with antibodies, cells were blocked using PBS/1%BSA for 45 min at room 

temperature. For intracellular stained samples, the 1% BSA solution was prepared using PBS 

containing 0.1% Tween20. All primary antibodies were diluted in blocking buffer, and 25 µl of 

antibody dilution was prepared per coverslip and then spotted onto a sheet of parafilm, see 

Table 6 for antibodies and dilutions used. Coverslips were carefully removed from their wells 

and incubated face down onto each primary antibody spot. Coverslips were incubated in a 

humid chamber at 4°C overnight or for 1 hr at room temperature. Coverslips were then 

transferred back into their respective wells and washed 3X with 1 ml/well PBS. All secondary 

antibodies were also diluted in blocking buffer and spotted onto parafilm. Again, coverslips 

were placed face down onto each secondary antibody and incubated for 1 hr at room 
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temperature in a humid chamber protected from light. Cells were washed 3X with PBS, then 

each coverslip was dipped into dH20 before mounting onto glass slides. A droplet of ProLong 

Gold antifade reagent with DAPI (Invitrogen, Thermo Fisher Scientfic) was added to a glass slide 

(Thermo Fisher Scientific) to mount each coverslip onto. Coverslips were allowed to dry for 15-

30 min in the dark. Slides were stored at 4°C and protected from light until imaged using a Carl 

Zeiss LSM20 confocal microscope at 20X zoom. Captured images were exported and analysed 

using the free ZEN 2009 Light Edition software (Zeiss).  

 

3.9 Proteomics  

 To identify Caco2 cellular changes that occurred as a result of shRNA-mediated MASP1 

knockdown in these cells, the complete proteomic profile of MASP1-KD cells was compared to 

their parental Caco2 cells. Additionally, their proteomic profiles following RV733 infection were 

also included. The Mass Spectrometry and Proteomics Core at the NML, led by Dr. Garrett 

Westmacott and members of his team including Chris Grant and Stuart McCorrister, were 

instrumental in protein quantification, trypsin digestion and peptide labelling, mass 

spectrometer analysis, and data processing. The sub-sections detailing these procedures were 

established by the Proteomics Core.  

 

3.9.1 Experiment set up and infection 

 Caco2 and MASP1-KD cells were prepared in T150 cm2 tissue culture flasks, where each 

flask represented one sample, and each sample was repeated as 3 biological replicates. For this 

experiment, a set of 3 mock-infected flasks of each cell type was also included for comparison. 
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Cells were seeded 2 days prior to infection and flasks were 70-80% confluent at the time of 

infection.  

On the day of infection, each flask was washed 1X with 10 ml of plain MEM. Cells were 

infected with RV733 diluted in 10 ml of MEM/0.1%BSA/L-glutamine medium without TPCK-

trypsin at a high MOI of 10, to ensure that every cell will be infected. To the mock-infected 

flasks, the cells were incubated with the same medium used for infection. Virus was adsorbed 

for 1 hour at 37°C, virus inoculum was removed, and cells were washed 3X with plain medium 

(10 ml/wash). Then 20 ml of fresh MEM/0.1%BSA/L-glutamine medium was added to each flask 

and incubated at 37°C in a humidified chamber with 5% CO2 for 6 hr. Medium was removed, 

cells were washed 2X with PBS (10 ml/wash), and 1.0 ml of SDS lysis buffer (Appendix) was 

added to each T150 cm2 flask. Cells were scraped into the lysis buffer, transferred into a 2 ml 

cryovial and boiled for 10 min at 99°C in a thermoblock. Cell lysate was then transferred into a 

fresh 2 ml cryovial, and boiled for another 10 min. Samples were then immediately frozen at -

80°C.  

 

3.9.2 Protein Quantification 

Concentration of protein samples in SDS lysis buffer was determined using a 

Bicinchoninic Acid (BCA) Protein Assay kit (Pierce, Thermo Fisher Scientific). As a protein 

standard, BSA resuspended in the same concentration of SDS was used. Samples were diluted 

to a concentration of 1 µg/µl using LC/MC Optima water (Thermo Fisher Scientific), and 100 µg 

of each sample was treated with a final concentration of 100 mM dithiothreitol (DTT, Sigma-

Aldrich) and heated for 10 min at 80°C to reduce the samples. Samples were cooled to room 
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temperature and an equal volume of urea exchange buffer (UEB, 8M urea from GE Healthcare, 

50 mM HEPES pH 8) was added and incubated for 10 min at room temperature. Prior to loading 

of samples onto Nanosep 10k Omega centrifugal filters (Pall Life Sciences), the filters were 

primed by adding 200 µl of water followed by centrifugation at 10,000 xg to near dryness (~10 

µl retentate), followed by 200 µl UEB. Samples were then transferred to the primed centrifugal 

filter and centrifuged at 10,000 xg, followed by three washes of 250 µl of UEB/wash. Samples 

were centrifuged to near dryness each time to avoid drying out the filter. Next, samples were 

alkylated by the addition of 100 µl of 50 mM iodoacetamide in UEB (IAA, Sigma-Aldrich) to the 

filter and incubated for 1 min at room temperature with shaking at 600 rpm. Samples were 

then incubated in the dark for 20 min at room temperature, centrifuged at 10,000 xg, washed 

3X with 100 µl of UEB, and then washed 2X with 150 µl 50 mM HEPES (pH 8). To remove any 

contaminating DNA, 50 µl of benzonase solution (50 mM magnesium chloride, Invitrogen, 50 

mM HEPES pH 8, 100 units of benzonase, EMD) was added to the filter, mixed at 600 rpm for 2 

min, and further incubated for 30 min at room temperature. Samples were washed 3X as 

described above using 100 µl of 50 mM HEPES solution per wash.  

 

3.9.3 Trypsin Digestion and iTRAQ labeling 

To digest proteins into peptides with trypsin, filter cartridges were placed into a new 

collection tube and 50 µl of HEPES solution containing 1.5 µg of Trypsin Protease, MS-Grade 

(Pierce, Thermo Fisher Scientific) was added. Samples were mixed at 600 rpm for 1 min and 

digested overnight in a 37°C humidified chamber. The next morning, tryptic peptides were 

collected and filters were washed 2X with 50 µl 50 mM HEPES (pH 8) and each wash was 
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collected and combined for each sample. Peptide samples were concentrated using a vacuum 

centrifuge (Savant Speed/Vac Concentrator, Thermo Fisher Scientific) to a volume of 1-5 µl. 

Samples were then reconstituted in 100 mM HEPES (pH 8) to reach a final volume of 30 µl, and 

peptides were labelled using the 4-plex iTRAQ Reagent Multi-Plex kit (Ab Sciex Ltd.) as 

described in manual. Briefly, each iTRAQ label was warmed up to room temperature, then 

resuspended in 70 µl of ethanol (Commercial Alcohols) and mixed for 2 min at room 

temperature. Tryptic peptides were then added to the iTRAQ Label Reagent and incubated 

overnight at room temperature. To quench the labeling reaction, 150 µl of LC/MC Optima water 

(Thermo Fisher Scientific) was added to the sample and incubated at room temperature for 1 

hr. Again, the samples were concentrated to a volume of 1-5 µl by vacuum centrifugation, and 

then reconstituted with water to reach a final volume of 35 µl. To prevent labeling bias 

between samples and replicates a different label was used for each sample within each 

replicate, such that the same sample in each replicate receives a different iTRAQ label (Figure 

18). 

 Although the amount of protein was quantified at the beginning to ensure that equal 

amounts of protein samples were labeled (100 µg), labeling and processing of samples is bound 

to result in variability of protein amounts amongst the samples. Therefore, to further normalize 

the amount of starting material we are comparing, a pre-scan normalization was performed. 

First, 2 µl of each labeled sample was mixed together as a 1:1:1:1 ratio and diluted to a final 

volume of 60 µl with nano-LC buffer A (2% acetonitrile, 0.1% formic acid). This 4-plex sample 

was then analysed by nano-LC/MS/MS using a 2-hour gradient to gain information on the 

distribution of labeled peptides. Based on the median ratio for each label pair (i.e. 114/115, 
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114/116, 114/117), the amounts of each labeled peptide was adjusted to generate a 4-plex 

mixture with equal median iTRAQ ratios. Based on these calculations, the final iTRAQ 4-plex mix 

was prepared as a total volume of 40 µl.   

 

3.9.4 Off-line High-pH Reversed-phased Liquid Chromatography Peptide Fractionation 

To simplify the peptide mixture before nano-LC/MS/MS analysis, the iTRAQ 4-plex 

samples were first treated with 4 µl of 200 mM ammonium formate (pH 10) (Fisher Scientific, 

EMD), to be compatible with LC buffer A (20 mM ammonium formate, pH 10), and then loaded 

onto a XBridge C18 guard column (10 mm long, 2.1 mm inner diameter, 3.5 µm particles) 

(Waters) on a microflow 1200 Series HPLC pump (Agilent Technologies). Peptides were 

separated on a XBridge C18 analytical column (100 mm long, 2.1 mm inner diameter, 3.5 µm 

particles) (Waters) with a gradient of 3-75% LC buffer B (20 nM ammonium formate, 90% 

acetonitrile, pH 10) over 80 min at a constant flow rate of 150 µl/min. During the peptide 

elution profile a total of 12 fractions were collected and each fraction was concentrated to 

near-dryness by vacuum centrifugation and resuspended in 80 µl of nano-LC buffer A (2% 

acetonitrile, 0.1% formic acid). 

 

3.9.5 Nano-LC/MS/MS 

 Each of the 12 fractions obtained from off-line HPLC were sequentially analysed using a 

nano-flow Easy 1000 in-line to a Q-Exactive Plus mass spectrometer with a nano-electrospray 

ion source at 2.0 kV (Thermo Fisher Scientific).  For each peptide fraction, 2 µl was loaded and 

washed with 100% nano-LC buffer A on a C18-reversed phase Easy-Spray column (50 cm long, 
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100 µm inner diameter, 2.0 µm particles, Thermo Fisher Scientific). A linear gradient of 10-25% 

nano-LC buffer B (98% acetonitrile, 0.1% formic acid) was applied to elute peptides over 120 

min, followed by 25-40% buffer B for 5 min at a constant flow rate of 200 nl/min. Overall, the 

loading, linear gradient, 8-min column wash with 90% buffer B, and column re-equilibration 

with 5 µl nano-LC buffer A resulted in a total run-time of 160 min. 

 The full-MS survey scans were acquired in the Orbitrap using a range of 300-1400 m/z at 

a target resolution of 70,000 at m/z 200, AGC target at 3 x 106, and maximum injection time of 

50 ms.  Data-dependent acquisition method was used, the top 15 abundant precursor ions from 

each survey scan were selected based on an isolation width of 1.2 m/z to be fragmented in the 

HCD cell (34% normalized collision energy). The intensity threshold for choosing a precursor ion 

for fragmentation was 4 x 104 ions, with charge state recognition of 2-5, and a dynamic 

exclusion for 10 sec. The Orbitrap was used again to acquire fragment ion MS2 scans over a 

dynamic m/z range, target resolution of 17,500 at m/z 200, AGC target of 1 x 105, and maximum 

injection time of 100 ms.  

 

3.9.6 Data Processing and Protein Identification 

Proteome Discoverer (v2.0, Thermo Fisher Scientific) was used to process all spectra and 

Mascot v2.5 (Matrix Science) was used for database searching. The SwissProt database 

(2015_05) restricted to human (20,204 sequences) and a custom influenza database (107 

sequences) including specific RV733 sequences obtained from Global Initiative on Sharing Avian 

Influenza Data (GISAID) was used 382. The decoy database option was included to measure false 

discovery rates (FDR), and search criteria used were as follows: fixed modification was 
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Carbamidomethyl (C), variable modification was Oxidation (M), 0.5 Da fragment ion mass 

tolerance, 10 ppm parent ion tolerance, and up to 1 missed cleavage by trypsin. The iTRAQ 

4plex was chosen as the Quantitation method. To have confidence in the identified peptides 

and which proteins they belong to, Mascot search results were imported into Scaffold Q+ v4.4 

(Proteome Software) and filtered using 0.1% false discovery rate (FDR) for peptides, 1.0% FDR 

for proteins, and at least 2 unique peptides per protein. 

 

3.9.7 Statistical Analysis 

To identify proteins that were significantly up or down regulated as a result of MASP1 

knockdown in Caco2 cells or from RV733 infection, statistical analysis was applied to the 

quantity of identified proteins found in each sample. The Log2-fold changes for each protein 

were reported by Scaffold Q+, normalized to the reference sample uninfected Caco2 cells. For 

statistical analysis, only proteins identified in all three replicates were considered, differentially 

expressed proteins were identified using the free Perseus software platform available at 

(http://www.perseus-framework.org) 383 by performing 2-sided t-tests (FDR=0.05 and 

s0=0). Expression of proteins with p-values < 0.05 were considered significantly changed, based 

on this cutoff >1500 proteins were identified. To narrow down this list further to simplify 

downstream pathway analysis, we were only interested in looking at proteins with a >1.5X fold 

change in their protein expression. The addition of this second criterion generated a more 

manageable list of 300 proteins.  

 

 

http://www.perseus-framework.org/
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3.9.8 Pathway Analysis 

My list of statistically-significant proteins with a >1.5X fold change from the reference 

sample were imported into Ingenuity Pathway Analysis (IPA, Qiagen) to gain a better 

understanding of major pathways affected by MASP1 knockdown or RV733 infection. IPA is able 

to link the known functions of each protein and group them into pathways that these proteins 

play a major role in, potentially identifying new roles or interacting partners of the identified 

proteins. First, a Core Analysis was performed on all four samples, restricting the species option 

to studies involving human genes. Then a comparison analysis for the two groups Caco2 vs. 

MASP1-KD and Caco2 RV733 vs. MASP1-KD RV733 were performed. From each analysis, a list of 

top canonical pathways (signaling and metabolic pathways) that are predicted to be modulated 

and “Disease and Function” heat maps were obtained. The heat maps represent a snapshot 

overview of all the IPA-defined biological pathways or functions that involve the list of imported 

proteins. From this information, lists of top dysregulated biological pathways were identified 

for each sample. Based on the imported Log2-Fold changes of individual proteins associated 

with a particular network and their known functions in that same network, IPA also calculates 

an activation z-score that is used to predict whether a pathway is likely to be up or down 

regulated. In general, z-scores greater than 2 or smaller than -2 can be considered significant. 

The sign of the z-score is also indicative of activation or inhibition, where a pathway with a z-

score <0 is inhibited while a z-score >0 is activated.  
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3.10 Post-exposure treatment against H5N1 influenza virus 

 In addition to identifying novel therapeutic targets against seasonal influenza viruses, 

which was the basis of my thesis work, I was also interested in developing post-exposure 

treatment strategies against high pathogenic avian H5N1 influenza viruses. The following sub-

sections describe the procedures followed to test the efficacy of a whole-inactivated H5N1 

vaccine as a post-exposure treatment against lethal H5N1 infection in mice, as described by 

Hagan et al. 364.    

 

3.10.1 Generation of inactivated H5N1 influenza virus vaccine 

 Concentrated A/Vietnam/1203/2004 (H5N1) (V1203) virus stock was prepared as 

described in section 3.2. To inactivate concentrated V1203, formalin (Sigma-Aldrich) was added 

to the stock to reach a final concentration of 0.1% in PBS, and incubated at 4°C for 3 days to 

generate whole-inactivated V1203 (WI-V1203). To safety test WI-V1203 a dilution series of the 

inactivated virus was plated onto MDCK cells and incubated for 48-72 hr, an absence of CPE was 

indicative of fully inactivated virus. 

 

3.10.2 Mice 

 All experiments on live animals were approved by the Animal Care Committee from the 

Canadian Science Centre for Human & Animal Health, as described in protocol H-14-005. This 

protocol was followed in accordance to the guidelines set by the Canadian Council on Animal 

Care. Female 4-6 week old BALB/c mice (Charles River Laboratories, Montreal, Quebec) were 

housed in caging units in BSL-4 facilities at the NML. Each cage unit is under negative pressure 
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and air transfer is HEPA-filtered. Mice were allowed to acclimatize for 7 days before the start of 

the experiment. From previous data, V1203 mouse lethal dose 50% (LD50) was determined to 

be 1 PFU. Mice were infected by the intranasal (IN) route with either 3LD50 (3 PFU) or 5LD50 (5 

PFU) of V1203 in a volume of 50 µl virus diluent (MEM/0.1%BSA), or were mock-infected with 

virus diluent. Different doses of WI-V1203 in a final volume of 50 µl were used for post-

exposure treatment of mice via intramuscular (IM) injection to the hind limb, or mock-treated 

with 50 µl of PBS. Clinical signs of disease and weight loss were monitored for 18 days, and mice 

that reached 25% weight loss were humanely euthanized by isoflurane overdose followed by 

cervical dislocation.    

 

3.10.3 Virus titration and antibody assays 

 Pre-weighed tissues from the lung, spleen, and kidney were collected from mice and 

homogenized using TissueLyser II (Qiagen) as described in manufacturer’s protocol. Virus from 

the homogenized tissue supernatant was measured by TCID50 assay as described in section 

3.7.1, and titers per gram of tissue are reported. 

 Total levels of IgM, IgG and IgA in the serum and lung homogenates of mice were 

determined by ELISA. Briefly, half-area 96-well plates (Corning) were coated with 2 µg/ml of 

formalin-treated WI-V1203 in PBS overnight at 4°C. Plates were washed 6X with 150 µl/well 

PBS/0.1%Tween20 using a 405 TS BioTek Microplate washer. Plates were blocked with 5% skim 

milk in PBS for 1 hr at 37°C and then washed 6X with PBS/0.1%Tween20. The serum/lung 

homogenate was serially diluted 1:3 (1:100 to 1:218,700 for serum, 1:10 to 1:21,870 for lung 

homogenate) in blocking buffer and then added to the plate and incubated for 1 hr at 37°C. 
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Plates were washed 6X, and incubated with secondary peroxidise conjugated anti-mouse IgM, 

IgG or IgA (KPL) for 1 hr at 37°C. Plates were washed 6X and then developed with TMB 

Chromagen Solution (Thermo Fisher Scientific) for 30 min at room temperature. Plates were 

read at an absorbance of 650 nm and ELISA cutoff values were determined as described by Frey 

et al. 384 using control serum from four uninfected mice.  

 Neutralizing antibodies in the serum were determined by microneutralization assay. 

Serum was treated with receptor destroying enzyme (RDE) (Denka Seiken Co.) at 37°C overnight 

and then RDE was inactivated for 60 min at 56C°. Inactivated serum was serially diluted 1:2 

(1:16 to 1:32,768) in MEM/0.1%BSA/L-glutamine medium and incubated with 100 PFU of V1203 

for 1 hr at 37°C. The virus and serum mixture was then added onto MDCK cells and the 

presence of CPE was then observed after 4 to 5 days of incubation at 37°C in a humidified 

chamber with 5% CO2.  

 

3.10.4 Flow cytometry 

 All antibodies used for flow cytometry were purchased from BD Biosciences. On 

specified days, mice were sacrificed by isoflurane overdose and the lungs and spleens were 

harvested. Lung tissue was injected with 1 ml of collagenase D (Roche) and incubated at 37°C 

for a minimum of 30 min before homogenization. Lung and spleen tissues were homogenized in 

RPMI medium (Gibco) through a 40 µm nylon mesh cell strainer (Thermo Fisher Scientific) with 

a syringe plunger. Cells were centrifuged at 1500 rpm for 10 min, supernatant was discarded, 

and cell pellets from lung tissues were resuspended in 200 µl of RPMI while splenocytes were 

resuspended in 1 ml RPMI.  Cells were counted using the Cellometer Auto 2000 (Nexcelom 
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Bioscience). Approximately 106 cells were added to each well of a 96-well plate, and then 1 ml 

of PBS was added to each well. The cells were pelleted by centrifugation at 300 xg for 5 min at 

room temperature, supernatant was discarded, and cells were stained. First, cells were stained 

with Ghost Dye 510 viability dye containing Fc Block (BD biosciences) for 20 min at room 

temperature in the dark. Cells were then surface stained with anti-CD3, anti-CD4, anti-CD8 and 

anti-CD69 for 30 min at room temperature in the dark. Cells were then fixed with 

Cytofix/Cytoperm (BD Biosciences) and removed from BSL-4 as described in PHAC-NML BSL-4 

sample removal standard operating procedures. Samples were run on a BD™ LSRII flow 

cytometer and data analyzed using FlowJo software.  

 

3.11. Statistical Analysis 

GraphPad Prism software was used to perform all statistical analysis tests. To compare 

differences between two groups, 2-sided unpaired t-tests with Welch’s correction was 

performed. For the animal experiments, 2-way ANOVA analysis with Bonferroni post-tests were 

performed to determine statistical significance between mock-infected control mice and 

treated mice in the virus titration, flow cytometry, and ELISA data. In general, in vitro 

experiments were performed independently in triplicate unless stated otherwise. Results were 

considered statistically significant when p-value < 0.05.  
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Chapter Four: Results  

4.1 Human siRNA protease library screen identifies new targets for influenza antiviral 

development 

 To identify host proteases involved in influenza A replication we utilized a human 

intestinal epithelial cell line (Caco2) and a siRNA library specifically targeting 389 human 

proteases. As initially discovered by Zhirnov and Klenk in 2003 221, Caco2 cells have the unique 

property of being able to support influenza virus replication without the need to add exogenous 

trypsin to the medium to activate HA. This characteristic suggests that these cells must express 

endogenous protease(s) that can activate HA. To identify the protease(s) responsible for this 

unique property, a screening method needed to be developed.  

 For the screen, I generated a GFP expressing recombinant influenza virus using the 

seasonal strain A/Canada/RV733/2007 (H1N1, RV733-GFP). This virus was generated using the 

same cloning strategy described by Manicassamy et al. 365, see Figure 6 for schematic diagram 

of the construct design. For each protease target in the siRNA library, there were three siRNAs 

that bound to different locations in the same gene. To knock-down expression of each specific 

protease better, these three different siRNAs were pooled together, and 20 nM of pooled 

siRNA was used to transfect Caco2 cells in a 96-well plate format. As controls, a minimum of 

three wells were not transfected with any siRNA, but received transfection reagent alone. The 

transfection proceeded for 24h to reduce protease expression before infection with RV733-GFP 

at a MOI of 0.01. Infection continued for 72h and then GFP expression was measured. Two 

independent siRNA protease library screens were completed and potential hits identified from 

each screen are listed in Table 7 (column RV733 GFP screen). To find potential hits, the relative 
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fluorescent units (RFU) of samples transfected with siRNA were compared to samples that did 

not receive any siRNA. The threshold for determining potential hits was defined as any sample 

with RFU less than control RFU minus the standard deviation. Using these cut off values, a total 

of 57 proteases were identified from both screens with very little overlap in results between 

the two screens.  

 

Table 7. Identification of potential human proteases required for influenza A replication by 

siRNA-based gene expression knockdown. Caco2 cells were transfected for 24h with 20 nM of 

pooled siRNA targeting each protease listed. After transfection, cells were infected with a GFP 

expressing influenza virus A/RV733/Canada/2007 (H1N1) (RV733) at a MOI of 0.01, and GFP 

expression was read 72h after infection. Two independent GFP siRNA library screens were 

conducted. Potential hits were identified when sample relative fluorescence units (RFU) was 

less than the average wild-type RFU (without siRNA) minus either 1X the standard deviation 

(denoted as +), or minus 2X the standard deviation (denoted as ++), or minus 3X the standard 

deviation (denoted as +++). Proteases identified by the GFP screen were further tested using 

the wild-type version of RV733, along with A/Hong Kong/68 (H3N2) (HK68), and A/South 

Carolina/1918 (H1N1) (1918). Similar to the GFP screen, Caco2 cells were transfected with 

siRNA for 24h, infected with these viruses at a MOI of 0.001, and viral titers were measured by 

TCID50/ml assay. For the first TCID50/ml screen, viral titers were determined at 72hpi, while the 

second screen was completed at 48hpi. Proteases knocked down by siRNA that decreased viral 

titers compared to control cells transfected with negative scrambled siRNA are denoted with a 

(+) in the TCID50/ml column, and ND – not determined. 
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  RV733 (H1N1) HK68 (H3N2) 1918 (H1N1) 
GFP  
screen 

TCID50/ml 
screen 

TCID50/ml 
screen 

TCID50/ml 
screen 

Protease 
Name Accession # 

1 
72h 

2 
72h 

1  
72h 

2  
48h 

1  
72h 

2  
48h 

1 
72h 

2 
48h 

ADAM12 NM_003474 +   ND  ND  + 
ADAM15 NM_003815 +  + + +    
ADAM18 NM_014237  +  ND  ND   
ADAM7 NM_003817 ++   ND + +  ND 
ADAM9 NM_001005845  ++  ND  ND  ND 
ADAMTS13 NM_139025  +  ND  ND  ND 
ADAMTS15 NM_139055 ++   ND  ND  ND 
ADAMTS16 NM_139056 +++   ND  ND  ND 
ADAMTS17 NM_139057 +  +   ND  ND 
ADAMTS4 NM_005099  + + +  ND  ND 
ADAMTS6 NM_197941 +++   ND  ND  ND 
AZU1 NM_001700  + + +  ND  + 
BACE1 NM_012104  + + + +    
C1RL NM_016546 + +  ND  ND   
CAPN10 NM_023089 +   ND  ND  ND 
CAPN9 NM_016452  ++  ND +   ND 
CAPNS1 NM_001003962 + +  ND  ND  ND 
CASP8 NM_001228  ++  ND  ND  ND 
COP1 NM_001017534  + + +  ND   
CPO NM_173077 +  + +  ND  ND 
CPVL NM_019029  +  ND  ND  ND 
CPXM1 NM_019609 ++   ND +    
CPXM2 NM_198148  +  ND + +  ND 
CRADD NM_003805  +  ND +   ND 
CTSG NM_001911  ++  ND  ND  ND 
CTSW NM_001335  +  ND  ND  + 
DPP3 NM_005700 +   ND +   ND 
DPP8 NM_017743  ++  ND +   + 
ECEL1 NM_004826  +  ND +   ND 
ELA2 NM_033440    ND  ND  ND 
ENPEP NM_001977  +  ND +   + 
HABP2 NM_004132  +  ND +   ND 
IMMP1L NM_144981   +  +   ND 
KEL NM_000420 +  + + +   + 
KLK14 NM_022046  +  ND + +  ND 
KLK15 NM_017509  +  ND +   ND 
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LGMN NM_005606  +  ND  ND  ND 
LNPEP NM_005575  +  ND  ND  + 
MASP1 NM_001879  + + + + +  ND 
MEST1 NM_177524 +   ND  ND  ND 
MMP1 NM_002421  +  ND + +   
MMP14 NM_004995  ++  ND  ND  ND 
MMP16 NM_005941  +  ND +   ND 
MMP20 NM_004771   +   ND  + 
OSGEP NM_017807   + +  ND  ND 
OVCH1 NM_183378  + + +  ND   
PPGB NM_000308   + + + +  + 
PRRG3 NM_024082  ++ + +  ND  ND 
PRSS15 NM_004793 +  + + +   ND 
PRSS2 NM_002770 +  + +  ND   
PRSS21 NM_006799 +  +   ND  ND 
PRSS33 NM_152891  + + + +   ND 
PSEN1 NM_000021 +++ +  ND  ND  + 
PSEN2 NM_000447  +  ND + +  ND 
PSMA1 NM_148976 + +  ND +   ND 
PSMA2 NM_002787  +  ND  ND  ND 
PSMA3 NM_002788 ++   ND  ND  ND 
PSMA4 NM_002789 + + + + + +  ND 
PSMA5 NM_002790  +  ND +   + 
PSMB2 NM_002794   +   ND   
PSMB3 NM_002795  + + + +   ND 
PSMB4 NM_002796  + +   ND  + 
PSMB7 NM_002799  +  ND + +  ND 
SOLH NM_005632  +  ND  ND   
TESSP5 NM_199183  +  ND  ND  + 
TMPRSS11F NM_207407 +   ND  ND  ND 
TMPRSS13 NM_032046    ND  ND  ND 
TMPRSS2 NM_005656  +  ND + +  ND 
TMPRSS4 NM_019894 +   ND +    
TPSAB1 NM_003294 +   ND  ND  ND 
TPSAB2 NM_024164 ++   ND  ND  ND 
TPSD1 NM_012217  + + +  ND  ND 
YME1L1 NM_014263  + +   ND   
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 RV733-GFP viruses replicate slower than wild-type RV733, presumably due to the fusion 

of GFP to NS1. As a result, I wanted to confirm the GFP screen results using the wild-type virus 

for screening instead. Following the same procedure, Caco2 cells were transfected with the 

siRNA library and then infected with wild-type RV733 virus at a MOI of 0.001. As an added 

control, cells were transfected with a negative scrambled siRNA. Instead of measuring GFP 

expression, viral replication was measured directly by TCID50 assay using supernatants 

collected 72 hours post-infection (hpi) (Table 7, column RV733 TCID50/ml screen 1). From this 

initial TCID50 assay screen, silencing of 25 proteases led to a reduction in RV733 viral 

replication compared to control cells transfected with negative scrambled siRNA.  

In addition to identifying proteases that influence RV733 replication, I wanted to see the 

results of screening the same siRNA protease library against other influenza virus strains. The 

influenza A/Hong Kong/01/68 (H3N2, HK68) virus was chosen as a representative H3N2 human 

subtype (Table 7, column HK68 TCID50/ml screen 1), and the highly pathogenic influenza 

A/South Carolina/1/1918 (H1N1, 1918) virus was included to compare protease requirements 

between low and high pathogenic H1N1 viruses (column 1918 TCID50/ml screen 1). For all 

three viruses, only proteases identified by the first TCID50 screen that had an impact on virus 

replication were chosen for a second screen (Table 7, column TCID50/ml screen 2). The viral 

titers determined from the first screen were obtained at 72hpi, however, substantial cytopathic 

effect (CPE) was observed in the infected samples collected at this time point. This suggests 

that peak production of viral titers had already occurred and may be declining by 72hpi. 

Therefore, a shorter time point of 48hpi was chosen for the second screen to capture when 

peak titers are produced. Surprisingly, the proteases that came up as potential hits were quite 
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variable between the three viruses. Only a few proteases were common between RV733 and 

HK68, such as ADAM7, CPXM2, KLK14, MASP1, MMP1, PPGB, PSEN2, PSMA4, PSMB7, and 

TMPRSS2. 

 From these initial screens, proteases belonging to the same family were identified as 

potential hits. As a result, I was interested to see if a greater reduction in viral replication would 

be observed by combining siRNAs against multiple proteases within the same family. The 

groups that were targeted include: proteasomal proteases such as the alpha (PSMA) and beta 

(PSMB) subunit proteases, type two transmembrane serine proteases (TMPRSS), serine 

proteases (PRSS), matrix metalloproteases (MMP), a disintegrin and metalloproteases (ADAM), 

ADAM metalloproteases with thrombospondin type 1 motif (ADAMTS), calpain (CAPN), and 

dipeptidyl-peptidases (DPP) (Table 8). Knockdown of the proteasome, TMPRSS, and ADAM 

group of proteases had an effect on RV733 replication, as a decrease in viral titer was observed 

by both screens. The proteasome and TMPRSS group of proteases may also have an effect on 

HK68 and 1918 virus replication, although the effect is less clear compared to RV733 because 

only one of the two screens showed a reduction in virus replication.  

 Based on the TCID50 results for each virus after the second screen, the most promising 

candidates were further validated by repeating the experiment independently in triplicate 

(Figure 7). For RV733, siRNA knockdown of ADAMTS4, MASP1, PRSS15, and PRSS33 had the 

greatest effect on virus replication. Although, these were not considered statistically significant 

since a p-value > 0.05 was determined for each sample when compared to the negative 

scramble control, using a 2-sided unpaired t-test with Welch’s correction. For HK68, siRNA-

mediated knockdown of each protease also did not result in statistically significant reduction in 
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Table 8. Effect of siRNA-mediated knockdown of protease groups on influenza virus replication. 

Caco2 cells were transfected with pooled siRNA targeting each protease member listed for 24h, 

then infected with A/RV733/2007/Canada (H1N1) at a MOI of 0.001, and viral titers were 

determined by TCID50 assay 72hpi (Screen 1) and 48hpi (Screen 2). Any proteases that were 

knocked down by siRNA and resulted in a decrease in viral titers compared to cells that were 

transfected with negative scrambled siRNA as a control are denoted with a (+), and ND – not 

determined. 

  RV733 (H1N1) 
TCID50/ml screen 

HK68 (H3N2) 
TCID50/ml screen 

1918 (H1N1) 
TCID50/ml screen   

Protease Group Proteases 
targeted 

1 
72hpi 

2 
48hpi 

1 
72hpi 

2 
48hpi 

1 
72hpi 

2 
48hpi 

Proteasome 
subunits, alpha 
type 

PSMA (1-5) 
+ + +   + 

Proteasome 
subunits, beta type 

PSMB (1-4, 7) +   ND  ND 

Transmembrane 
serine proteases 

TMPRSS (2, 4) + + +   + 

Transmembrane 
serine proteases 

TMPRSS (2, 4, 
11F, 13)  ND +   ND 

Matrix 
metalloproteases 

MMP (1, 14, 
16, 20) +   ND   

ADAM 
metalloproteases 

ADAM (7, 9, 
12, 15, 18) 

+ +  ND  ND 

ADAM 
metalloproteases 
with 
thrombospondin 
type 1 motif 

ADAMTS (4, 6, 
13, 15-17) 

+  +    

Calpain CAPN (S1, 9, 
10) +   ND   

Dipeptidyl-
peptidases 

DPP (3, 8) +   ND  ND 

Serine proteases PRSS (2, 15, 
21, 33)  ND  ND  + 
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viral titers compared to the negative scramble control, p-value > 0.05 for each sample.  

However, it was noted that a deficiency in MASP1 had the greatest effect on HK68 viral 

replication. For 1918, knockdown of AZU1 resulted in a significant reduction in viral replication 

(Figure 7C, t-test, t=4.233, df=3, p-value = 0.0241), knockdown of all other proteases had no 

effect on viral replication (p-value > 0.05). TCID50 assays are often the method of choice to 

measure viral titers in a large number of samples because the method itself is relatively simple 

and quick to perform. However, these assays are not as precise at determining actual viral titers 

compared to plaque assays that can measure individual infectious virus particles.  

 Choosing only the top potential proteases from the TCID50 results obtained from all 

three viruses, and ELA2 (neutrophil elastase) as an additional negative control since it had no 

effect on viral replication from the TCID50 screen, the siRNA knockdown experiment was 

repeated independently in duplicate, and viral titers were measured 48hpi by plaque assays 

(Figure 8). Similar to the TCID50 results, differences in viral titers between siRNA-mediated 

protease knockdown and negative scramble control were not statistically different for all 

proteases tested with the exception of TMPRSS2, where each sample had a p-value > 0.05.  

TMPRSS2 was identified to be required for virus replication and knockdown of its expression by 

siRNA resulted in a significant reduction in 1918 virus replication (Figure 8C, t-test, t=14.65, 

df=1, p-value = 0.0434), which coincided with its known role in influenza HA activation 224. The 

only other protease identified to be required by all three viruses for replication was MASP1, 

and as a result, MASP1 was chosen as the main focus of my thesis for further in depth 

characterization of its role in influenza replication. 
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4.2 Effect of MASP1 deficiency on replication of influenza viruses 

4.2.1 Generation of MASP1 stably knocked down Caco2 cells 

 Gene silencing by siRNA transfection was a useful tool that led to the discovery of 

MASP1, however, silencing by this method is temporary and knockdown efficiency is 

incomplete. In order to achieve more stable and longer lasting gene silencing, I generated 

lentiviral particles containing a plasmid expressing a short hairpin RNA targeting MASP1 to 

transduce Caco2 cells. Once Caco2 cells were infected, the shRNA sequence became integrated 

into the chromosome and resulted in stable expression of the hairpin RNA. Transduced cells 

were then selected for puromycin resistance, which is provided by the integrated retroviral 

genome. Caco2 cells stably expressing MASP1-specific shRNA were named MASP1-KD cells. As a 

control, Caco2 cells stably expressing a shRNA targeting GFP were also generated, to ensure 

that production of an unrelated shRNA had no effect on virus replication in general. These 

Caco2 cells stably expressing GFP-specific shRNA are referred to as GFP-KD cells. It is important 

to note that the MASP1-KD and GFP-KD cells are a mixed population of cells that were not fully 

characterized to determine the exact integration site in the cellular genome; these limitations 

are discussed in chapter 5.2. 

 To confirm that MASP1 expression was reduced in MASP1-KD cells, levels of MASP1 

expression were measured by Western blot using an antibody specific to MASP1 that was 

obtained from Dr. Stefan Thiel from Aarhus University, Denmark. The active form of MASP1 

consists of a heavy chain (~60 kDa) and a light chain (~28 kDa) that is connected via a disulfide 

bond 257 (Figure 5). The MASP1 antibody provided by Dr. Thiel binds to the specific serine 

protease domain of MASP1 that is located on the light chain. From my Western blot, expression 
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of MASP1 (~35 kDa) in the MASP1-KD cells was reduced to 54% in comparison to levels 

expressed in Caco2 cells (Figure 9A), as determined by densitometry analysis using actin as a 

loading control. In contrast, expression levels of MASP1 in GFP-KD cells increased to 263% 

compared to wild-type Caco2 cells (Figure 9A).  

 In a separate experiment, these three cell lines were transfected with an expression 

plasmid encoding the recombinant full length MASP1 (Figure 9B), also generously provided by 

Dr. Thiel. For Caco2 and MASP1-KD cells transfected with MASP1, the expression of MASP1 

increased to 163% for Caco2 and 122% in MASP1-KD cells when compared to the untransfected 

Caco2 lane. On the other hand, expression of MASP1 in the untransfected MASP1-KD lane 

decreased to 23%, this expression value is lower compared to 55% determined in Figure 9A. It 

was also noted that a double band appears in only the MASP1-KD lane transfected with MASP-

1. Similar to Figure 9A, expression of MASP-1 in the GFP-KD cells was higher than levels found in 

Caco2 cells. However, expression of MASP-1 in GFP-KD cells by transfection with recombinant 

MASP-1 did not further increase MASP-1 expression (Figure 9B).  

Another cell line commonly used for influenza virus studies are A549 cells, these are 

human lung adenocarcinoma cells. Growth of influenza viruses in A549 cells is trypsin 

dependent, compared to Caco2 cells where influenza viruses can grow without the need for 

exogenous trypsin in the medium. Interestingly, MASP1 expression in A549 cells was found to 

be only 2% compared to wild-type Caco2 cells (Figure 9C). Overall, despite the incomplete 

knockdown of MASP1 by stable shRNA expression, I continued forward with testing the effect 

of reduced MASP1 expression on replication of various strains of influenza viruses. 
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4.2.2 MASP1 deficiency reduces replication of human influenza A viruses (H1N1, H2N2, and 

H3N2) and avian-origin influenza A viruses (H7N3 and H7N9) isolated from humans 

 From the siRNA screen results, it was observed that a reduction in MASP-1 expression 

affected replication of RV733, HK68, and 1918 viruses. To further investigate how broadly 

MASP-1 influences influenza replication, I examined the growth of various human and avian 

influenza viruses in the MASP1-KD cells I generated. Wild-type Caco2, MASP1-KD, and GFP-KD 

cells were infected at a MOI of 0.001 with RV733, HK68, A/Singapore/1/57 (H2N2) (Sing57), 

A/Anhui/1/2013 (H7N9) (Anhui), and A/Canada/504/2004 (H7N3) (Can504). Supernatants were 

collected 48hpi and viral titers were measured by plaque assays. Growth of RV733 in MASP1-KD 

cells was significantly reduced by 2.5-log10 in comparison to its growth in wildtype Caco2 cells 

(Figure 10A, t-test, t=9.391, df=4, p-value = 0.0007), with no significant difference in growth in 

the GFP-KD cells compared to Caco2 (t=1.177, df=4, p-value = 0.3043). The same was true for 

the other two human influenza subtypes, HK68 and Sing57 both had a 3-log10 reduction when 

grown in MASP1-KD cells compared to Caco2 (Figure 10B: t-test, t=21.40, df=2, p-value = 

0.0022, and Figure 10C: t-test, t=8.719, df=2, p-value = 0.0129), with no significant differences 

in growth observed in the GFP-KD cells compared to Caco2 (Figure 10B: t-test, t=2.585, df=2, p-

value = 0.1227, and Figure 10C: t-test, t=2.855, df=2, p-value = 0.1039). 

 Two avian influenza viruses were also chosen for growth testing in MASP1-KD cells. The 

Anhui virus emerged in 2013 as a low pathogenicity avian H7N9 influenza virus that caused an 

outbreak of severe human disease in China and continues to cause new cases of H7N9 

infections to date. Replication of Anhui was significantly reduced in MASP1-KD cells by 3.5-log10 

compared to Caco2 cells (Figure 10D, t-test, t=13.77, df=2, p-value = 0.0052), and no significant  
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differences in growth in GFP-KD cells compared to Caco2 cells (t=3.907, df=2, p-value = 0.0597). 

Can504 is another avian influenza virus that has a highly pathogenic phenotype in domestic 

poultry due the polybasic cleavage site in the HA. This virus also showed a 2-log10 reduction in 

viral titers when grown in MASP1-KD compared to Caco2 cells (Figure 10E, t-test, t=4.469, df=2, 

p-value = 0.0466), with no significant differences in growth between GFP-KD and Caco2 cells 

(t=0.4689, df=2, p-value = 0.6853).  

 Overall, viral titers recovered in the GFP-KD cells were similar to wild-type Caco2 cells 

for all viruses tested. This provides evidence that stable production of a non-specific shRNA in 

Caco2 cells did not affect the ability of these viruses to replicate efficiently. Furthermore, the 

presence of a sufficient amount of MASP-1 is necessary for productive viral replication of all 

human influenza subtypes (H1N1, H3N2, and H2N2) and the two avian influenza (H7N9 and 

H7N3) subtypes tested. 

 

4.2.3 MASP1 deficiency increases replication of highly pathogenic H5N1 avian influenza A 

viruses and the lab-adapted WSN (H1N1) strain 

 In contrast to the 2 to 3-log10 reduction in viral titers observed in MASP1-KD cells 

infected with both human and some avian-origin strains of influenza viruses, infection with 

other highly pathogenic avian influenza viruses yielded opposite results. Surprisingly, when 

MASP1-KD cells were infected with either influenza A/Vietnam/1203/2004 (H5N1) (V1203) or 

A/Indonesia/05/2005 (H5N1) (Ind05) viruses at a MOI of 0.001, replication was enhanced after 

48h (Figure 11). Both strains tested showed significantly higher viral titers when grown in 

MASP1-KD cells in comparison to Caco2, with V1203 growing to almost 3-log10 higher (Figure  
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11A, t-test, t=12.38, df=2, p-value = 0.0065) and Ind05 growing to 1.5-log10 higher (Figure 11B, 

t-test, t=6.232, df=3, p-value = 0.0083) in the MASP1-KD cells. Similar to the results in Figure 10, 

no significant differences were observed in the growth of V1203 and Ind05 in the GFP-KD cells 

compared to Caco2 (Figure 11A: t-test, t=0.9634, df=2, p-value = 0.4370, Figure 11B: t-test, 

t=0.8950, df=3, p-value = 0.4367).  

 Another commonly used lab-adapted strain of influenza virus A/WSN/1933 (H1N1) 

(WSN) was also used to infect MASP1-KD cells. Similar to the highly pathogenic H5N1 avian 

strains of influenza virus, this lab-adapted strain also grew better in the MASP1-KD cells, having 

a viral titer that was 1-log10 higher compared to Caco2 cells (Figure 11C, t-test, t=2.963, df=2, p-

value = 0.0975). Again, there was no significant difference in the growth of WSN between 

Caco2 and GFP-KD cells (Figure 11C, t-test, t=1.519, df=2, p-value = 0.2682). Overall, the highly 

pathogenic H5N1 strains tested were able to replicate more efficiently in the MASP1-KD cells, 

despite other avian H7N9 and H7N3 viruses that showed the opposite effect. Replication of lab- 

adapted WSN was also better in the MASP1-KD cells, suggesting that the effect MASP1 has on 

influenza virus replication may be strain dependent. 

 

4.2.4 H5N1 influenza virus multibasic HA cleavage site influences viral replication in MASP1-

KD cells 

 The opposing growth characteristics observed between the different strains of influenza 

viruses in MASP1-KD cells was intriguing. As a possible explanation, it was hypothesized that 

the multibasic HA cleavage site in the H5N1 viruses may be the reason for enhanced growth in 

these knockdown cells. The advantages of having a multibasic HA cleavage site is that it can be 
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recognized by ubiquitously expressed proteases, in comparison to monobasic HA sites that are 

recognized by trypsin-like proteases that are produced mainly in the respiratory tract. 

Therefore, viruses that contain a multibasic HA cleavage site like H5N1, and are known to utilize 

alternative proteases, like furin, and may be affected differently when MASP1 is deficient. If so, 

this would suggest that MASP1 is not directly cleaving HA itself, but is influencing the activity of 

proteases that do cleave HA in a protease specific manner and by an unknown mechanism. 

 To test this hypothesis, the multibasic HA cleavage site of V1203 was replaced with a 

less basic cleavage site that is analogous to the monobasic cleavage site found in human 

seasonal isolates and low pathogenic avian isolates, and the effect of this change on the virus’ 

growth properties in MASP1-KD cells was determined. Alignment of the HA cleavage sites of the 

viruses examined and the resulting mutational changes are shown in Figure 12A. This V1203 

virus with a low pathogenic HA (V1203-low-path-HA) was then rescued by reverse genetics and 

used to infect Caco2 and MASP1-KD cells at a MOI of 0.001. After 48h, viral titers were 

measured by plaque assay. Interestingly, growth of V1203-low-path-HA in MASP1-KD cells was 

significantly lower by 1-log10 compared to Caco2 cells (Figure 12B. t-test, t=7.080, df=3, p-value 

= 0.0058). Furthermore, V1203-low-path-HA reached a titer of 105.3 PFU/ml in MASP1-KD cells 

compared to 107.1 PFU/ml attained by V1203 containing its natural multibasic HA cleavage site 

(Figure 11A), suggesting that the multibasic cleavage site was necessary for the virus to grow to 

high titers in MASP1-KD cells. However, contradicting these results is the fact that replication of 

Can504 (H7N3) virus, also containing a multi-basic HA cleavage site, was significantly reduced in 

MASP1-KD cells (Figure 10E). Comparison of the HA cleavage sites of Can504 to V1203 and 

Ind05 revealed that the cleavage motif in Can504 contains fewer basic residues compared to  
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the two H5N1 viruses (Figure 12A), and whether this can be attributed to the differences in viral 

titers observed remains to be determined, but again suggests there may be strain specific 

differences in protease specificity. 

 Since deleting the V1203 multibasic HA cleavage site affected its ability to replicate in 

MASP1-KD cells, I was also interested to see if insertion of a multibasic cleavage site to a virus 

normally containing a monobasic cleavage site would have the opposite effect. Anhui (H7N9) 

virus is unique in the sense that it is a low pathogenicity avian influenza virus that causes highly 

virulent infection in humans, yet it contains a monobasic HA cleavage motif. Here we mutated 

the monobasic HA cleavage site to a multibasic one (Anhui-MBS) that was derived from the 

sequence of a known highly pathogenic H7-subtype virus A/Netherlands/219/2003 (H7N7).  

This latter virus was isolated from a human patient that died from infection during a large 

outbreak of highly pathogenic avian influenza in domestic poultry in the Netherlands and is a 

well characterized determinant of the highly pathogenic phenotype for the H7 subtype (Figure 

12A). Surprisingly, infection of MASP1-KD cells with Anhui-MBS did not increase viral replication 

(Figure 12C). Instead, Anhui-MBS viral titers were lower compared to Caco2, which was similar 

to the wild-type Anhui virus results seen in Figure 10D.  These results suggest that a multibasic 

HA cleavage site may not be the only factor that influences virus replication in MASP1-KD cells.  
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4.2.5 Replication of other virus families in MASP1-KD cells 

 Based on the broad range of responses observed in MASP1-KD cells from infection with 

different strains of influenza viruses, I was also interested in the ability of other viruses to 

replicate in these cells. As a quick measure of the ability of different viruses to replicate in 

MASP1-KD cells, I chose three viruses that the lab has previously generated as GFP-expressing 

variants, the Mayinga strain of Ebola virus, Hendra and Nipah Malaysia viruses. Caco2, MASP1-

KD, and GFP-KD cells were infected at a MOI of 1 or 0.01, and GFP expression was examined at 

48hpi. For Nipah and Hendra infected cells, the presence of syncytia was also noted. 

 For Ebola virus infected cells at a MOI of 1, MASP1-KD cells had the greatest GFP 

expression, normalized at 100%, compared to about 50% in the GFP-KD and Caco2 cells (Table 

9). When the MOI was reduced to 0.01, only the MASP1-KD cells showed GFP positive cells, 

while GFP-KD and Caco2 cells appeared uninfected. For Nipah and Hendra viruses at a MOI of 1, 

all cell lines showed complete GFP expression with only the Nipah virus infected GFP-KD well 

displaying minor syncytia formation. Syncytia could not be determined in the Nipah and Hendra 

infected MASP1-KD cells due to complete cytopathic effect observed in these wells. When the 

MOI for Nipah virus was reduced to 0.01, complete GFP expression was similarly observed in 

the MASP1-KD cells and pronounced syncytia formation was also noted, while GFP-KD and 

Caco2 cells exhibited reduced GFP expression and an absence of syncytia. In contrast, a 

reduction in the MOI of Hendra virus to 0.01 resulted in similar levels of GFP expression 

regardless of the cell line, however more syncytia was observed in the MASP1-KD cells 

compared to GFP-KD and Caco2 cells. Although these results are from one experiment, the data 

suggests that Ebola and Nipah viruses replicate better in the MASP1-KD cells compared to 
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Caco2 and GFP-KD cells. While Hendra viruses appear to replicate similarly in all three cell lines, 

there appears to be an enhanced ability for fusion in the MASP1-KD cells as indicated by the 

presence of more syncytia. 

 

 

Table 9. Replication of Ebola, Nipah and Hendra viruses in MASP1 deficient cells. MASP1 

deficient (MASP1-KD), GFP deficient (GFP-KD), and wild-type Caco2 cells were infected with 

Zaire Ebola virus strain Mayinga, Nipah virus strain Malaysia, and Hendra virus at a multiplicity 

of infection (MOI) of 1 or 0.01. Cells were examined for GFP expression using a fluorescent 

microscope 48h post-infection, and the presence of syncytia in the Nipah and Hendra virus 

infected cells were noted. ND = not determined as a result of complete cytopathic effect 

observed in those wells due to infection. 

  Ebola virus Nipah virus Hendra virus 
Cells MOI GFP (%) GFP (%) syncytia GFP (%) syncytia 
MASP1-KD 1 100 100 ND 100 ND 

0.01 10-20 100 +++ 80 +++ 
GFP-KD 1 40-50 100 + 100  

0.01 0 10  80  
Caco2 1 40-50 100  100  

0.01 0 10-20  80  
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4.3 MASP1 and influenza viral proteins – where do they interact? 

 In an effort to elucidate where in the influenza viral life cycle that MASP1 is exacting its 

role on viral replication, steps of the viral life cycle were examined and tested to see if they 

were still functional. In the next few subsections, I describe each step I took along the way to 

try to find out where this protease is playing its role.  

 

4.3.1 Viral entry into MASP1-KD cells 

 In my analysis of steps of the viral life cycle that are possibly impaired by MASP1-

deficiency, I first looked at the combined processes of attachment and entry into cells to 

determine whether entry of RV733 was occurring in MASP1-KD cells.  At a relatively high MOI of 

0.1, it was clear that MASP1-KD cells were infected by the RV733-GFP virus by the expression of 

GFP (Figure 13).  However, GFP expression in the MASP1-KD cells remained restricted to single 

cells even after 48h, demonstrating a failure of the infection to spread to adjacent cells.  This is 

in contrast to the Caco2 cells that were also infected at a MOI of 0.1 and showed clear spread 

of the virus to most of the monolayer by 48hpi. These results demonstrate that entry can occur 

in MASP1-KD cells; however, further experiments will be required to determine whether 

attachment and entry is impaired in the MASP1-KD cells, or whether deficiencies during later 

stages of viral replication is the reason why viral spread was limited. 

 To visualize whether viral proteins are produced in these knockdown cells, Caco2 and 

MASP1-KD cells were infected with wild-type RV733 at a MOI of 1 for 18h. Cells were then fixed 

with formalin and permeabilized with 0.1% Triton X-100, and then stained for the presence of 

intracellular HA by immunofluorescence assay (Figure 14). At 6h, only a few cells were weakly  



140 
 

 

  

 

  



141 
 

 

 

 

  



142 
 

stained for H1N1 HA in both cell lines compared to the stronger staining observed at 18h. This 

demonstrates that infection with a MOI of 1 did not result in complete infection of all the cells 

in the monolayer. However, at 18h complete infection of Caco2 cells can be visualized by the 

presence of H1N1 HA in all the cells compared to very few observed in the MASP1-KD cells. 

Similar to the images seen in Figure 13, single H1N1 HA positive cells were observed in the 

MASP1-KD cells, providing evidence that MASP1-KD cells can be infected but further infection 

and spread to neighbouring cells does not occur. 

 

4.3.2 Viral transcription in MASP1-KD cells 

 To examine whether transcription of viral genes was being inhibited by a deficiency in 

MASP1, a minigenome expression system was utilized. A reporter minigenome system was used 

to measure the levels of virus specific transcription of a reporter gene, in this case firefly 

luciferase. The minigenome construct was designed such that the firefly luciferase gene 

encoded in antisense orientation is bordered by the 5’ and 3’ untranslated regions of the NS 

segment from either RV733 or WSN/33 virus. Flanking this entire sequence is the RNA 

polymerase I promoter and terminator sequences. Transfection of this construct into Caco2 

cells will allow human RNA polymerase I to generate antisense firefly luciferase transcripts that 

are recognized by the viral RNA polymerase complex, generated by the co-transfection of 

expression constructs expressing NP, PB1, PB2, and PA, to produce luciferase mRNA.  

Both minigenome systems were expressed to similar levels regardless of its expression 

from Caco2 or MASP1-KD cells (Figure 15). No significant differences in RV733 minigenome 

expression (t-test, t=1.148, df=2, p-value 0.3696) or WSN/33 minigenome expression (t-test,  
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t=0.03791, df=2, p-value = 0.9732) was observed. These results suggest that both cell lines were 

able to support similar levels of viral transcription.  

 As an alternative approach to measure viral transcript levels, copy numbers of the M 

gene were measured in both cell lines as produced during viral replication. Assuming that the 

rate of infection is the same for both cell lines, Caco2 and MASP1-KD cells were infected with 

either RV733 or HK68 at a MOI of 1, and RNA was extracted 6hpi to quantify the copies of 

M/106 cells by real-time PCR (Table 10). A standard curve using a pPol plasmid encoding the 

entire M segment of RV733 was generated to determine the copy numbers of the M gene in 

each sample. From these results, no significant differences in copies of M/106 cells were  

 

 

Table 10. Copy numbers of the M gene in Caco2 and MASP1-KD cells infected with influenza A 

viruses. Cells were infected with either A/RV733/Canada/2007 (H1N1) or A/Hong Kong/1/68 

(H3N2) at a MOI of 1, and RNA was extracted from cells 6hpi. Real-time PCR was performed 

using a primer and probe set specific to the M1 gene. A standard curve using the pPol plasmid 

encoding the entire M segment of RV733 was generated to determine the copy numbers of the 

M gene. Statistical significance was determined by 2-sided unpaired t-tests with Welch’s 

correction. 

Virus Cells Copies of M/106 cells ± SEM p-value 
A/RV733/Canada/2007 
(H1N1) 

Caco2 10e8.17 0.2086 0.2698 
MASP1-KD 10e7.68 0.08151 

A/Hong Kong/1/68 (H3N2) Caco2 10e7.92 0.08366 0.0950 
MASP1-KD 10e8.20 0.07827 
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observed for RV733 (t-test, t=2.216, df=1, p-value = 0.2698) or HK68 (t-test, t=2.411, df=3, p-

value = 0.0950) in the two different cell lines. This data provides further support that 

production of viral transcripts is not affected by a deficiency in MASP1. 

 

4.3.3 Production of infectious viral particles in MASP-1 KD cells 

 To determine whether infectious virions can be produced from MASP1-KD cells, a 

trypsin activation experiment was conducted. Two possible scenarios were proposed: 1) Viruses 

enter the cell and no progeny viruses are produced as an outcome of MASP1 deficiency, or 2) 

Viruses enter the cell, replicate and bud out as non-activated viral particles containing 

uncleaved HA (Figure 16A). If scenario 1 is the case, then the addition of exogenous trypsin to 

the medium will have no effect on the ability to recover any infectious viral particles. However, 

if scenario 2 is correct, then adding trypsin to the medium should help activate HA and restore 

infectivity of the viral particles produced in MASP1-KD cells. This restoration of viral HA activity 

should then result in further propagation of progeny viruses, leading to an increase in viral 

titers obtained from MASP1-KD cells. 

 For this experiment, MASP1-KD cells were infected with either RV733 or HK68 at a MOI 

of 0.001 in medium supplemented with 1 µg/ml trypsin, or with no trypsin. Supernatants were 

collected 48hpi and viral titers were measured by plaque assay using MDCK cells. For RV733, 

the presence of trypsin in the culture medium increased the viral titers recovered by 1-log 

(Figure 16B, t-test, t=3.642, df=2, p-value = 0.0678), in comparison to HK68, where viral titers 

obtained from the sample supplemented with trypsin increased significantly by 2.5-logs (Figure 

16C. t-test, t=6.849, df=3, p-value = 0.0064). This dramatic increase in HK68 viral titers obtained  
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from the addition of trypsin to the medium resulted in viral titers that were similar to the 

original HK68 virus yields of 105 PFU/ml obtained from wild-type Caco2 cells (Figure 10B). In 

contrast, the addition of trypsin to the medium of RV733 infected MASP1-KD cells did not 

restore infectious viral production to levels of 105 PFU/ml that were seen in RV733 infected 

Caco2 cells (Figure 10A). 

 In a similar experiment, MASP1-KD cells were infected with either RV733 or HK68 at a 

MOI of 0.001 (see Figure 16D – RV733 and 16E – HK68). After 48h, supernatant was collected 

and treated with either 2 µg of trypsin or PBS for 30 min at 37°C. Trypsin-activated and mock-

activated supernatants were then titrated by plaque assay. As predicted by the previous  

experiment where trypsin was supplemented into the growth medium, trypsin activation of 

RV733 infected supernatants resulted in non-significant changes in the levels of infectious virus 

particles measured (Figure 10D, t-test, t=0.8298, df=3, p-value = 0.4675). Likewise, trypsin 

activation of HK68 infected supernatants recovered significantly higher levels of viral titers 

compared to non-trypsin activated supernatants (Figure 10E, t-test, t=14.99, df=3, p-value = 

0.0006). Overall, low levels of infectious virus are still produced by RV733 and HK68 without 

prior trypsin activation when MASP1 is deficient. However, only HK68 is making significantly 

more virus in the MASP1-KD cells that is not cleavage activated. These results suggest that 

MASP1 may be involved in different processes of viral replication depending on the virus strain.     

 

4.3.4 Co-expression of recombinant MASP1 with influenza HA 

 The reason for choosing Caco2 cells for the initial siRNA screen was to identify proteases 

that play a role in influenza HA cleavage. Since Caco2 cells can support trypsin independent 
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growth of influenza viruses, it was thought that any protease identified from the siRNA 

protease library screen would be involved in HA cleavage. In support of this theory is the ability 

of exogenous trypsin to restore the capacity to recover infectious HK68 progeny from MASP1-

KD cells (Figure 16C). However, in the case of RV733 it appears that a lack of MASP1 is inhibiting 

the production of progeny viruses , or even less likely, is producing progeny that is defective in 

its ability to be trypsin activated (Figure 16B). Based on the results with HK68, it is apparent 

that reduced MASP1 results in progeny that are not cleavage activated.  For H5N1 viruses that 

contain a multibasic HA cleavage site that is activated by other ubiquitously expressed 

proteases, replication is enhanced in the MASP1-KD cells. However, mutation of the multibasic 

HA cleavage site to a monobasic cleavage site, like RV733 and HK68, reduced replication of the 

virus in MASP1-KD cells. Replication of other virus families, such as Ebola and Nipah viruses, 

also showed increased replication in MASP1-KD cells. Together these results suggest that 

MASP1 may be needed for multiple roles in viral replication and I next conducted an 

experiment to first define its role in HA activation.  

To see if the presence of MASP1 is required for proteolytic cleavage of HA, possibly by 

directly cleaving influenza virus HA or indirectly by interaction with other proteases that 

facilitate HA cleavage, , I co-transfected 293T cells with recombinant MASP1 and various HA 

subtypes, and then looked for HA cleavage by Western blot. 293T cells were chosen because 

they express proteins in high amounts and are known to be a trypsin-dependent cell line, which 

means that exogenous trypsin must be added to the medium in order for HA cleavage to occur. 

Therefore, if HA cleavage occurs in these cells when trypsin is not present, then it is most likely 

due to the co-expression of recombinant MASP-1. 
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 As expected, expression of RV733 (H1N1), 1918 (H1N1), HK68 (H3N2), and Anhui (H7N9) 

HA in 293T cells resulted in the detection of only the uncleaved HA0 band (Figure 17, lane 1). As 

a positive control HA transfected 293T cell extracts were treated with trypsin. This resulted in 

the detection of the cleaved forms of HA0, HA1 or HA2, depending on the specificity of the 

antibody (Figure 17, lane 2). Surprisingly, RV733 (H1N1) HA co-expressed with MASP1 resulted 

in the reduction of the HA protein band to almost undetectable levels (Figure 17, RV733 lane 3). 

Another unexpected finding was that co-expression of HK68 (H3N2) HA with MASP1 did not 

result in cleavage of HA0; instead, it led to a reduction in the intensity of the HA0 band (Figure 

17, HK68 lane 3). This reduction in the expression of HA0 was also observed for 1918 (H1N1) 

and Anhui (H7N9) (Figure 17, 1918 and Anhui lane 3).  

C1-inhibitor is known to inhibit MASP1 activity; therefore, the effect of additionally 

expressing this protein on HA cleavage was also examined. Interestingly, the inclusion of C1-

Inhibitor resulted in the inhibition of MASP1 function and restored detection of the RV733 

(H1N1) HA0 band (Figure 17, RV733 lane 4). The same was true for all the other viruses tested, 

where co-expression of C1-Inhibitor resulted in detection of a HA0 band with higher intensity 

compared to when MASP1 is present in the sample (Figure 17, lanes 4 versus lanes 3). As a 

negative control to see if MASP1 was cleaving proteins non-specifically, recombinant GFP was 

expressed in 293T cells along with MASP1. Expression levels of GFP was unaffected by co-

expression with MASP-1 or C1-Inhibitor (Figure 17, GFP lanes 1 to 4), providing evidence that 

MASP-1 is not cleaving proteins non-specifically. Overall, these results suggest MASP1 may not 

be directly cleaving HA from RV733 (H1N1), 1918 (H1N1), HK68 (H3N2) or Anhui (H7N9) but 

their expression is tied to MASP1 expression in an as yet unknown manner.  
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4.4. Pathways affected by MASP1 deficiency – fishing for more answers 

 Although insight was gained by showing which steps of the influenza life cycle that 

MASP1 was not required, it still remains to be determined why MASP1 is needed for efficient 

replication of certain influenza A virus strains. Based on my data, it is clear that changes have 

occurred in the MASP1 KD cells that cause them to become unresponsive to infection by a wide 

range of influenza A subtypes. Interestingly, despite stable expression of a MASP1 specific 

shRNA, these MASP-1 KD cells grow faster than their parental Caco2 cells and are 

morphologically smaller in comparison to Caco2 cells (Figure 13). To uncover more clues about 

the consequences of knocking down MASP1 in Caco2 cells, I decided to gather as much 

information as possible by performing a proteomics study comparing the proteomic profiles of 

wild-type Caco2 and MASP1-KD cells and their proteomic profiles following infection with 

RV733. 

 

4.4.1. Significant proteomic changes in MASP1-KD cells 

 To better understand what cellular changes occurred in MASP1-KD cells that reduced its 

ability to support influenza A virus replication, a proteomic approach was taken to compare the 

entire proteomic profile of these MASP1-KD cells to their parental Caco2 cells. Furthermore, 

with the ability to label and quantify four different samples at once using isobaric tags for 

relative and absolute quantitation (iTRAQ), the same cell lines infected with RV733 were also 

included to look at proteomic differences that arise from influenza infection. Previous studies 

by our group compared the proteomic host response to infection by low pathogenic human 

influenza viruses (including RV733) to infection by high pathogenic avian influenza viruses in 
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A549 cells 382. From this study, the majority of dysregulated proteins caused by influenza viral 

infection was observed at 6hpi for all viruses tested compared to 1hpi and 3hpi, where host 

responses were similar to the mock-infected control cells. Based on these results, a time-point 

of 6hpi was chosen for analysis. 

 The experimental design to study the differences in proteomic profiles of the four 

samples is described in Figure 18. Cells were infected with a high MOI of 10 to ensure uniform 

infection of the entire sample, and each sample was repeated in triplicate. Using a 4plex iTRAQ 

kit for labeling of trypsin-digested cellular peptides, we were able to quantify the abundances 

of peptides identified by Nano-LC/MS/MS in each sample. After mass spectrometry (MS) 

analysis, a total of >7000 unique proteins were identified from all samples across the 3 

biological replicates using a threshold of 2 unique peptides per identified protein, false 

discovery rate (FDR) of 0.1% for peptides, and 1.0% FDR for proteins. Comparison of all 

identified proteins from each replicate within a sample showed substantial overlap, with about 

7000 of the same proteins identified across all three replicates.  

From these results, I was most interested in the differences in protein expression from 

the following four comparisons: Caco2 vs. Caco2 RV733 infected, Caco2 vs. MASP1-KD, MASP1-

KD vs. MASP1-KD RV733 infected, and Caco2 RV733 infected vs. MASP1-KD RV733 infected 

cells. Volcano plots were generated to illustrate the differences in fold change and significance 

of the results for each of the groups described (Figure 19A, 2-sided t-test, FDR=0.05, s0=0). The 

horizontal line on each graph shows where p-value = 0.05, and any protein found above this 

line had a p-value < 0.05 and was considered significantly dysregulated. To focus mainly on  
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highly dysregulated proteins, a minimum threshold of 1.5X fold change was chosen and all 

proteins considered for further analysis are highlighted in red (Figure 19A). 

The volcano plot comparing Caco2 vs. Caco2 RV733 infected cells revealed a large 

number of significantly dysregulated proteins (p-value < 0.05), however, very few of these 

proteins demonstrated >1.5X fold-change (Figure 19A, Caco2 vs. Caco2 RV733). Not 

surprisingly, the proteins that showed >1.5X fold-change on this graph were influenza viral 

proteins. Interestingly, comparison of protein expression in uninfected Caco2 and MASP1-KD 

cells revealed the largest number of proteins significantly dysregulated, with >700 proteins 

having a >1.5X fold change in expression. Similarly, infection of these same cell lines with RV733 

also resulted in a large number of significantly dysregulated proteins, with >600 proteins having 

a >1.5X fold-change in expression (Figure 19A, Caco2 RV733 vs. MASP1-KD RV733). Lastly, 

comparison of MASP1-KD to MASP1-KD RV733 infected cells resulted in no significant changes 

in protein expression (Figure 19A, MASP1-KD vs. MASP1-KD RV733). Although there were a 

couple of proteins with >1.5X fold change in expression, their respective p-values were > 0.05. 

To obtain a more manageable list of dysregulated proteins for downstream pathway analysis, I 

further lowered the minimum threshold p-value to < 0.0003. The total number of proteins 

significantly dysregulated based on different thresholds within each of these groups are 

summarized in Figure 19B. 
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4.4.2. Pathway analysis of proteomic responses to MASP1 knockdown 

The main purpose of this proteomics study was to gain insight on the overall impact of 

MASP1 knockdown on normal Caco2 cellular functions. From the proteomics data, it appears 

that knocking down MASP1 results in the dysregulation of >300 proteins (Figure 19B). To see 

which pathways are affected by these changes, the list of significantly dysregulated proteins 

(cutoffs of p-value < 0.0003 and minimum > 1.5X fold change) were imported into Ingenuity 

Pathway Analysis and both Core and Comparison Analysis were run on all samples, restricting 

the species option to only studies involving human genes (IPA, Qiagen) (See Appendix for 

complete list of proteins imported into IPA). IPA has the capacity to analyze the input list of 

dysregulated proteins and link the known functions of these proteins to broad cellular 

pathways, which helps provide a better understanding of the dataset.  

IPA analysis of each dataset generated a list of top canonical pathways that are 

predicted to be modulated. Based on the IPA knowledge database of known proteins and their 

annotated functions, IPA calculates a p-value for each pathway by taking into account the 

number of proteins identified from my input list that map to a particular pathway and the total 

number of molecules known in literature to be associated with the same pathway. Using the 

calculated p-values, a list of the top five canonical pathways that focus mainly on signaling and 

metabolic pathways was generated (Table 11). Two pathways were common to all four 

samples: the superpathway of cholesterol biosynthesis and LPS/IL-1 mediated inhibition of 

retinoid X receptor (RXR) function. For the remaining pathways, a paired response was 

observed where the pathway predicted was common to either the two uninfected cell lines or 

the two RV733 infected cell lines. For example, only caveolar-mediated endocytosis signaling, 
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glutathione-mediated detoxification, and mevalonate pathway I was predicted to be modulated 

in the Caco2 RV733 and MASP1-KD RV733 infected groups. However, Signaling by Rho Family 

GTPases, RhoGDI signaling, and protein kinase A signaling pathways were predicted to be 

modulated in the Caco2 and MASP1-KD mock-infected samples.  

 Comparison analysis of canonical pathways for the two groups Caco2 vs. MASP1-KD and 

Caco2 RV733 vs. MASP1-KD RV733 infected cells were completed in IPA (Table 12). This type of 

analysis compares the expression of proteins linked to the particular canonical pathway in the 

two sample groups. Out of the top five canonical pathways from Table 11, there were two that I 

was most interested in that were related to viral infection, the superpathway of cholesterol 

biosynthesis and caveolar-mediated endocytosis signaling. Expression of proteins associated 

with the superpathway of cholesterol biosynthesis were all downregulated in the MASP1-KD 

cells with similar levels in the MASP1-KD RV733 infected cells (Table 12). In contrast, almost all 

proteins linked to caveolar-mediated endocytosis signaling were upregulated in the MASP1-KD 

cells, and levels of expression remained similar despite infection with RV733. The one exception 

in this group was CD55 molecule that was measured to be downregulated in the MASP1-KD 

RV733 sample compared to Caco2 RV733 infected cells. For these two canonical pathways, the  

overall trend of protein expression was consistent within the same cell line compared to the 

other canonical pathways not discussed from Table 11. In those other pathways, expression of 

proteins contained a combination of both up and down regulated proteins, which made it 

difficult to interpret the data. 
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Table 11. Top five canonical pathways identified by Ingenuity Pathway Analysis to be 

modulated in Caco2 and MASP1-KD cells mock-infected or infected with influenza 

A/Canada/RV733/2007 (H1N1). This table describes the pathways that are most likely 

modulated in each sample based on the number of identified proteins that map to the pathway 

and the total number of known molecules associated with the same pathway. The p-value was 

calculated using the Fisher’s Exact Test by IPA, where pathways with p-values < 0.05 are 

considered statistically relevant.  

 Group (p-value) 

Canonical Pathway Caco2 Caco2 
RV733 

MASP1-KD MASP1-KD 
RV733 

Superpathway of Cholesterol 
Biosynthesis 

1.02E-04 5.96E-05 1.02E-04 5.96E-05 

LPS/IL-1 Mediated Inhibition of RXR 
Function 

2.33E-05 5.19E-04 2.33E-05 5.19E-04 

Caveolar-mediated Endocytosis 
Signaling 

 1.34E-04  1.34E-04 

Signaling by Rho Family GTPases 3.80E-05  3.80E-05  

RhoGDI Signaling 6.29E-05  6.29E-05  

Protein Kinase A Signaling 4.61E-05  4.61E-05  
Glutathione-mediated Detoxification  5.18E-04  5.18E-04 
Mevalonate Pathway I  7.87E-04  7.87E-04 
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Table 12. Comparison analysis of protein expression levels associated with two of the top five 

canonical pathways identified by Ingenuity Pathway Analysis. Individual expression levels (Log2 

fold-change) of proteins in each group were compared and overall expression is depicted as a 

heat map, where orange denotes upregulation and blue denotes downregulation. 

   Group 1 
(Log2 Fold-

Change) 

Group 2 
(Log2 Fold-

Change) 
Pathway Protein Name Protein 

ID 
Caco2 MASP1-

KD 
Caco2 
RV73

3 

MASP1-
KD 

RV733 
Superpathw
ay of 
Cholesterol 
Biosynthesis 

24-dehydrocholesterol 
reductase 

DHCR2
4 

0.173 -2.33 0.159 -2.364 

3-hydroxy-3-methylglutaryl-
CoA synthase 1 

HMGCS
1 

-0.004 -2.310 0.115 -2.279 

isopentenyl-diphosphate 
delta isomerase 1 

IDI1 0.068 -1.465 0.068 -1.509 

mevalonate diphosphate 
decarboxylase 

MVD 0.013 -1.718 0.035 -1.692 

sterol-C5-desaturase SC5D 0.000 -1.639   
farnesyl-diphosphate 
farnesyltransferase 1 

FDFT1   
0.062 -1.794 

Caveolar-
mediated 
Endocytosis 
Signaling 

caveolin 1 CAV1 -0.012 2.414 0.350 2.520 
filamin C FLNC 0.010 1.519   
integrin subunit alpha 3 ITGA3 -0.123 2.525 0.047 2.472 
integrin subunit beta 1 ITGB1 -0.024 1.805 -0.024 1.776 
integrin subunit beta 3 ITGB3 0.180 2.774 0.444 2.791 
protein kinase C alpha PRKCA -0.113 1.816 0.023 1.848 
polymerase I and transcript 
release factor PTRF -0.028 2.279 -0.210 2.321 
CD55 molecule (Cromer 
blood group) 

CD55   
-0.128 -2.398 
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Another category that IPA looks at is Disease and Biological Functions. In this category, 

IPA compares input data to the high quality Gene Ontology database and also manually curated 

IPA content. The focus here is on linking identified proteins to diseases and disorders as well as 

normal cellular processes. Using the imported Log2-Fold changes of individual proteins that are 

associated with a specific pathway, IPA calculates an activation z-score that reflects whether 

the pathway is predicted to be up or down regulated. A pathway with a z-score <0 is inhibited 

while a z-score >0 is activated. Consistent with the two canonical pathways described in Table 

11, many of the top disease and biological functions pathways with the highest z-scores are 

related to cellular movement and lipid metabolism (Table 13).  

 

Table 13. Diseases and Biological Functions pathway summary by IPA. Activation z-scores as a 

predictor of activation/inhibition for each pathway is shown, where values <0 predict inhibition 

(highlighted in blue) and values >0 predict activation (highlighted in orange); NV denotes 

samples where IPA did not calculate an activation z-score value. Individual molecules associated 

with each pathway are also listed. 

   Groups (Activation z-score) 

Disease and Biological Functions 
Pathway 

Molecules  Caco2 Caco2 
RV733 

MASP1-
KD 

MASP1-
KD 

RV733 

Cellular 
Movement 
 

cell movement of 
cancer cells 

CAV1,ITGA3,PAK1,PRKCA,SIRPA,TGFB1,TGFB2,VCAN -2.390 0.896 2.390 2.177 

cell movement of 
tumor cells 

CAV1,ITGA3,ITGB1,JUP,PAK1,PRKCA,SIRPA,TGFB1,TGFB
2,VCAN -2.132 0.788 2.772 2.682 

migration of 
tumor cell lines 
 

AKAP12,ALCAM,ANXA1,ARRB1,CAV1,CCDC88A,CD9,CD
H1,CDH2,DCBLD2,DPP4,HTATIP2,IGFBP3,ITGB1,ITGB3,J
UP,KRT19,KRT8,LGALS1,NCAM1,NOTCH2,PAK1,PITX2,P
ODXL,PRKCA,PTGS2,SERPINE1,SFN,SYNM,TIMP3,VCAN,
VIM,WBP2 

-0.214 
 

2.016 
 

2.368 
 

2.858 
 

cell movement of 
melanoma cell 
lines 

AKAP12,ALCAM,CDH1,ITGB1,KRT8,PAK1,PRKCA,SERPIN
E1,VCAN -0.325 0.858 1.809 2.573 

cell movement of 
tumor cell lines 

AGR2,AKAP12,ALCAM,ANXA1,ARRB1,CAV1,CCDC88A,C
D9,CDH1,CDH2,DCBLD2,DNAJB4,DPP4,EPS8,GFAP,HTA -0.712 1.185 2.075 2.682 
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 TIP2,IGFBP3,ITGB1,ITGB3,JUP,KRT19,KRT8,LCP1,LGALS
1,LIMA1,NCAM1,NOTCH2,PAK1,PIK3CD,PITX2,PODXL,P
RKCA,PTGS2,S100A14,SERPINE1,SFN,STARD13,SYNM,T
GFB2,TIMP3,VCAN,VIM,WBP2 

Cellular 
Development 
 

epithelial-
mesenchymal 
transition of 
tumor cell lines 

CAV1,CDH1,GRHL2,IDH1,IDH2,ITGB3,LIMA1,MDK,NOTC
H2,PLAUR,TGFB1,TGFB2 
 -0.858 1.438 2.586 2.584 

Cellular 
Development, 
Cellular 
Growth and 
Proliferation 

cell proliferation 
of carcinoma cell 
lines 
 
 

ANXA1,BAIAP2L1,CAV1,CDH1,CSPG4,DEGS1,DNAJB4,D
NMT3B,EPCAM,GATA6,IDH2,IGF2BP1,IGFBP3,ITGB1,JU
P,NCAM1,NOTCH2,PAK1,PENK,PIK3CD,PKP3,S100A6,SL
C3A2,SOD1,TGFB1 

1.836 -1.127 -1.662 -2.446 

Cancer, 
Organismal 
Injury and 
Abnormalities 
 

neoplasia of cells 
 

ABCB1,ABCB11,ABR,ACYP1,AHNAK2,AKAP1,AKAP12,AK
AP2,AKR1B1,ALCAM,ALDH5A1,ALPK2,AMPD2,ANK3,AN
XA1,APOBEC3B,APOD,ARID3B,BLVRA,C6orf132,CA2,CA
DM1,CAV1,CCDC88A,CD109,CDH1,CDH17,CDH2,CDH6,
CDK6,CEMIP,CES1,CPNE1,CSPG4,CTSC,CYP2S1,DCLK1,D
GKA,DHDH,DLG5,DMXL2,DNMT3B,DPP4,EPCAM,EPPK1
,EPS8,EPS8L2,F11R,FAM19A4,FLNC,FOXP4,FTCD,GATA6
,GLB1L2,GPC4,HIST1H1C,HNMT,HTATIP2,IDH1,IDH2,IG
FBP3,ITGA3,JUP,KALRN,KRT18,LAD1,LAMA4,LGALS1,LI
MA1,LRRC1,MAP1B,MECR,MICALL2,MSN,MTAP,MYLK,
NAALAD2,NCAM1,NFIC,NLRP2,NOTCH2,OSBPL1A,PAK1
,PALM3,PDE1C,PDIA4,PENK,PIK3CD,PKP2,PKP3,PLAUR,
PLCB4,PLEKHH2,PLOD2,PODXL,PRKAR1A,PTGFRN,PTRF,
PXDN,RELN,RRBP1,RTL1,SCAF11,SEMA6A,SERPINE1,SIR
PA,SLC18A3,SLC2A3,SNUPN,SOD1,SPG20,SPON1,STAP2
,SYNE2,SYNM,TAGLN,TBC1D4,TBC1D8B,TFAM,TGFB1,TI
MP3,TPM1,TRIM71,TUBA4A,UNC5D,UPP1,VCAN,VGF,V
IM,VPS13A,WBP2,WWP1,ZNF618 

-1.909 0.447 2.636 2.236 

Cardiovascular 
System 
Development 
and Function, 
Cell-To-Cell 
Signaling and 
Interaction 

adhesion of 
vascular 
endothelial cells 
 

CDH2,IGFBP7,ITGB1,ITGB3,PLAUR,TGFB1,VIM 
 

0.000 0.816 2.646 1.633 

Lipid 
Metabolism, 
Molecular 
Transport, 
Small Molecule 
Biochemistry 

transport of 
steroid 

ABCB1,ABCB11,APOE,CAV1,MSN,NPC2 
 -2.373 NV 1.332 NV 

efflux of 
cholesterol 

ABCB1,APOE,CAV1,MSN,NPC2 -2.172 NV 0.962 NV 

efflux of lipid ABCB1,ABCB11,APOE,CAV1,MSN,NPC2 -2.169 NV 0.997 NV 

Lipid 
Metabolism, 
Small Molecule 
Biochemistry 
 

synthesis of 
eicosanoid 

ANXA1,APOE,COTL1,IL18,ITGA3,NPC2,PRKCA,SOD1,VT
N 0.897 0.953 -1.516 -1.386 

biosynthesis of 
polyunsaturated 
fatty acids 

ANXA1,APOE,COTL1,DEGS1,IL18,ITGA3,NPC2,PRKCA,SO
D1,VTN 
 

0.897 NV -1.516 NV 

synthesis of fatty 
acid 

ACSS1,ANXA1,COTL1,IL18,ITGA3,NPC2,PRKCA,PTGS2,S
OD1 NV 0.953 NV -1.386 

infectious 
diseases 
 

viral infection 
 

ABCB1,ADK,ANXA1,ARRB1,CA2,CAV1,CD55,CD9,CHMP
2B,CHMP6,CLIC4,DCLK1,DOCK10,DPP4,DPYSL5,EPS8,F1
1R,GSTO1,HMGCS1,IDH1,IL18,ISG15,ITGA3,ITGB1,ITGB
3,KRT18,KRT8,LGALS1,MAVS,OAS1,OSBPL6,PAK1,PGM1
,PLOD2,PRKCA,PTGS2,PTPN6,SERPINE1,SLC2A3,STXBP1
,TGFB2,TUBA4A,UAP1,UBE2H,WWP1 

NV 0.776 NV 1.895 

Cell Signaling 
 

viral life cycle IFI16,ISG15,MAVS,OAS1,PAK1,PTGS2 NV -2.425 NV 0.000 
replication of viral 
replicon 

IFI16,ISG15,MAVS,OAS1,PTGS2 NV -2.213 NV 0.391 
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For many of the cellular movement and development associated pathways, an overall 

trend of increased activation is predicted in the MASP1-KD cells compared to Caco2 cells (Table 

13). The one exception being the cell proliferation of carcinoma cell lines pathway, where this 

pathway is predicted to be more inhibited in the MASP-1 KD cells compared to Caco2. For the 

lipid metabolism related functions, molecules involved in transport of steroid, efflux of 

cholesterol and efflux of lipid were all predicted to be more activated in MASP1-KD cells 

compared to Caco2 cells. In contrast, functions associated with the synthesis of lipids such as 

eicosanoid, polyunsaturated fatty acids and fatty acids were all predicted to be downregulated 

in the MASP1-KD cells in comparison to Caco2 cells. Another interesting group of pathways 

identified were those associated with viral infection, where this group of proteins was 

predicted to be more upregulated in the MASP1-KD RV733 infected cells compared to Caco2 

RV733 infected cells. However, in the other two pathways related to viral life cycle and 

replication of viral replicon, these pathways are predicted to be downregulated in Caco2 RV733 

compared to MASP1-KD RV733. It also interesting to note that these pathways associated with 

viral infection were only deemed significant in the two infected samples and not in the mock-

infected samples. This is also in accordance to the detection of large amounts of viral proteins 

by MS analysis in only the Caco2 infected cells and smaller amounts in MASP1-KD infected cells.  

Lastly, IPA also generates a list of top ten molecules that are the most up- and down-

regulated in each sample. In the list of up-regulated proteins, there are proteins that are 

similarly regulated within the same cell line regardless of infection such as ITGB3 (integrin beta 

chain 3) for Caco2 cells and GPNMB (glycoprotein Nmb) for MASP1-KD cells (Table 14). There 

are also proteins that can be found across all four samples such as KDELC1 (KDEL motif 
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containing 1). Many of the proteins in the top ten down-regulated list for MASP1-KD cells are 

similar regardless of infection, including NDUFB11 (NADH:ubiquinone oxidoreductase subunit 

B11), ATP5J2 (ATP synthase H+ transporting mitochondrial F0 complex subunit F2), PITX2 

(Paired Like Homeodomain 2), CRABP1 (cellular retinoic acid binding protein 1), MGST1  

(Microsomal Glutathione S-Transferase 1) and QPRT (quinolinate phosphoribosyltransferase) 

(Table 15). In contrast, APOD (apolipoprotein D) is the only common protein between the Caco2 

and Caco2 RV733 infected samples. Lastly, ANXA1 (annexin A1) and IGFBP3 (insulin like growth 

factor binding protein 3) are proteins identified to be significantly upregulated in the MASP1-KD 

cells compared to Caco2 cells (Table 14 and 15, highlighted in blue).  

 

Table 14. Top ten most up-regulated host proteins identified by IPA in Caco2 and MASP1-KD 

cells with or without infection with influenza A/Canada/2007/RV733 (H1N1). Expression of each 

protein is represented as Log2-fold change (Log2-FC). Proteins that are common in more than 

one sample are highlighted in bold. Proteins highlighted in blue are found to be down-regulated 

in other samples. 

Caco2 Caco2 RV733 MASP1-KD MASP1-KD RV733 
Protein ID Log2-FC Protein ID Log2-FC Protein ID Log2-FC Protein ID Log2-FC 
CD9 0.430 VIM 0.539 CYP3A5 3.394 GPNMB 3.355 
NDUFA5 0.402 ITGB3 0.444 GPNMB 3.383 GFAP 3.222 
KDELC1 0.217 LGALS1 0.440 GFAP 3.284 PENK 3.091 
GATA6 0.209 DCLK1 0.424 FAM19A4 3.210 KDELC1 3.035 
CYP3A5 0.189 AKAP12 0.412 MSN 3.161 IGFBP3 3.030 
ITGB3 0.180 FSTL1 0.410 PENK 3.154 DCLK1 3.014 
DHCR24 0.173 KDELC1 0.403 IGFBP3 3.093 ANXA1 2.980 
CAPG 0.171 IGFBP3 0.374 KDELC1 3.046 ABCB11 2.951 
FAM207A 0.166 CDH2 0.374 DCLK1 2.997 IFI16 2.951 
OVCA2 0.148 CAV1 0.350 IFI16 2.981 SLC16A3 2.917 
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Table 15. Top ten most down-regulated host proteins identified by IPA in Caco2 and MASP1-KD 

cells with or without infection with influenza A/Canada/2007/RV733 (H1N1). Expression of each 

protein is represented as Log2-fold change (Log2-FC). Proteins that are common in more than 

one sample are highlighted in bold. Proteins highlighted in blue are found to be up-regulated in 

other samples. 

Caco2 Caco2 RV733 MASP1-KD MASP1-KD RV733 
Protein ID Log2-FC Protein ID Log2-FC Protein ID Log2-FC Protein ID Log2-FC 
AKR1B1 -0.361 APOD -0.687 NDUFB11 -2.882 TMEM109 -2.866 
ANXA1 -0.261 GPC3 -0.485 ATP5J2 -2.869 NDUFB11 -2.863 
IGFBP3 -0.255 CHPF -0.399 PITX2 -2.806 MGST1 -2.847 
AGR2 -0.229 UBE2T -0.278 PODXL -2.743 CD59 -2.782 
AHNAK2 -0.223 TFB2M -0.258 HTATIP2 -2.723 PITX2 -2.756 
PDIA4 -0.215 S100A14 -0.215 CRABP1 -2.710 QPRT -2.745 
HIST1H1A -0.208 PTRF -0.210 MGST1 -2.663 S100A14 -2.707 
RBP1 -0.200 RRBP1 -0.202 QPRT -2.654 CRABP1 -2.700 
APOD -0.188 CADM1 -0.193 CES1 -2.628 ATP5J2 -2.676 
NCAM1 -0.184 HNF4A -0.191 APOBEC3B -2.624 GGH -2.664 
 

  

From these results, an enormous amount of information on host responses to MASP1-

KD was gathered. It was surprising that a deficiency in MASP1 resulted in >300 dysregulated 

host proteins compared to their parental Caco2 cells at the highest stringency cutoff for 

significance (p-value < 0.0003 and ≥ 1.5X fold-change) (Figure 19B). It is also important to note 

that at lower significance, the number of dysregulated proteins dramatically increased to 

>5000, suggesting a very central role of MASP1 in the maintenance of basal cellular functions. 

The inclusion of infected cells also demonstrated that at an early time point of 6hpi, only 6 

proteins met the criteria for significance using the highest stringency cutoff, and all of them 

were viral proteins (Figure 19B). These viral proteins were not detected in the MASP1-KD 
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infected cells even at the lowest threshold of p-value <0.05, confirming that these cells do not 

support efficient RV733 replication. From the top lists of pathways predicted by IPA to be 

dysregulated, pathways associated with endocytosis, cellular movement, and lipid metabolism 

emerged as common themes that will need to be validated further.  

 

4.4.3. HA trafficking in MASP1-KD cells  

 One of the top canonical pathways identified to be dysregulated from the proteomics 

studies was caveolar-mediated endocytosis signaling. Expression of the majority of proteins 

associated with this pathway was found to be significantly increased in the MASP1-KD cells 

regardless of infection with RV733. Furthermore, in the disease and biological functions 

category of IPA, a number of pathways associated with cellular movement were also predicted 

to be significantly up-regulated in the MASP-1 KD cells (Table 13). From these findings, I 

hypothesized that trafficking of viral proteins within MASP1-KD cells has changed such that viral 

replication is impaired in a manner that is dependent on viral subtype, and is possibly related to 

protease requirements for HA activation. To test this hypothesis, I detected the presence of 

influenza virus HA internally and on the surface of infected Caco2 cells and MASP-1 KD cells by 

immunofluorescence assays. Additionally, it is also possible that post-translational processing of 

viral proteins may be changed in MASP-1 KD cells and cause an effect on viral replication; 

however this aspect was not investigated at the time and will need to be studied in the future. 

 Caco2 and MASP1-KD cells were infected with either RV733 or HK68 at a MOI of 1 for 

18h. Cells were then fixed with 4% paraformaldehyde and only cells used for intracellular 

staining were permeabilized with 0.1% triton X-100 in PBS. The presence of HA was then 
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detected using subtype specific HA antibodies by either surface staining or intracellular staining. 

For the RV733 infected Caco2 cells, HA was detected both on the surface of cells (Figure 20, 

Caco2 RV733 panel A and B) and also intracellular (Figure 20, RV733 panel C and D). Surface 

stained cells showed punctate staining, representative of localized areas of HA found on the 

membrane surface. Intracellular staining of HA was found to be spread throughout the cell. A 

similar staining pattern was observed for RV733 infected MASP1-KD cells, where surface HA 

was detected brightly in localized areas compared to intracellular HA found dispersed 

throughout the cell (Figure 20, MASP1-KD RV733 panels E to H). Interestingly, a unique HA 

staining pattern for HK68 infected Caco2 cells was observed. In these cells, HA was detected on 

both the surface (Figure 20, Caco2 HK68 panel I and J) and intracellularly (Figure 20, Caco2 

HK68 panel K and L), and the staining pattern appeared more filamentous compared to the 

punctate staining observed in RV733 infected cells. Like the RV733 infected MASP-1 KD cells, 

HK68 infected MASP1-KD cells also displayed HA on the cell surface and within the cell (Figure 

20, MASP1-KD panels M to P). This data provides evidence that HA is produced within the cell 

upon infection, and is transported to the cell surface. 

 An important difference that can be observed between Caco2 and MASP1-KD cells is the 

number of HA positively stained cells. By 18h post-infection, multiple cycles of influenza virus 

replication has occurred already. This is evidenced by the positive intracellular staining of 

almost every Caco2 cell infected by either RV733 or HK68 (Figure 20, Caco2 RV733 panel C and 

panel K). In contrast, the number of intracellular HA positively stained MASP1-KD cells is 

considerably less compared to Caco2 infected cells (Figure 20, MASP1-KD panel G and panel O).  
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Furthermore, it appears that there are more MASP1-KD HK68 infected cells with positive 

intracellular HA staining compared to MASP1-KD RV733 infected cells (Figure 20, MASP1-KD 

panel G and panel O). All together, these results demonstrate that a deficiency in MASP1 does 

not affect the production of HA or trafficking of HA to the cell surface for packaging into new 

virions.  

 To see if endosomal pathways were affected in MASP1-KD cells, organelle staining in 

MASP1-KD cells was compared to Caco2 cells. Organelles and the associated markers used for 

their detection include endoplasmic reticulum (ER, anti-KDEL), Golgi (anti-Grasp65), early 

endosomes (anti-Rab5) and late endosomes (anti-Rab7). Both ER and Golgi stained well in 

Caco2 and MASP1-KD cells (Figure 21). Early endosome staining in Caco2 and MASP1-KD cells 

also showed similar staining (Figure 22, panels A to D). However, stark differences were 

observed for late endosome staining between to the two cell lines, where Caco2 cells revealed 

distinct dotted structures compared to MASP1-KD cells with diffuse Rab7 staining throughout 

the cell (Figure 22, panels E to H) that resembled the secondary only stained MASP1-KD control 

(panel J). These results suggest that while early endosomes in the two cell lines are similar, the 

late endosomal marker Rab7 shows differential staining in the MASP1-KD cells compared to the 

expected staining pattern seen in Caco2 cells.  
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4.5 Post-exposure treatment against highly pathogenic H5N1 influenza viruses 

 Although the main focus of my thesis was to identify targets for the development of 

therapeutics against seasonal influenza viruses, a portion of my PhD work was also spent 

developing a post-exposure vaccine strategy against highly pathogenic avian H5N1 influenza  

viruses. As this study has been published in detail by Hagan M et al. 364, only a brief description 

of the most important results will be discussed here. The purpose of this study was to 

determine the effectiveness of treating mice infected with a lethal dose of H5N1 influenza virus 

(A/Vietnam/1203/2004, V1203) with a homologous whole inactivated H5N1 (WI-V1203) 

vaccine after exposure. Mice that were treated by intramuscular injection immediately post-

exposure with the highest dose of vaccine (5 x 107 PFU of WI-V1203) were completely 

protected, and further dilution of the vaccine preparation resulted in dose-dependent 

protection (Hagan M 2016). Using this dose of vaccine, further studies were performed to 

determine the mechanism of protection.   

 

4.5.1 Reduced viral spread and replication in WI-V1203 treated mice 

 To monitor viral replication in the lungs and dissemination of virus to the spleen in 

treated and PBS mock-treated groups, mice (n=6) were serially sacrificed on days 2, 4, 6, 8, and 

10 days post-infection (dpi). Mice were infected intranasally with 3 LD50 of V1203 and treated 

immediately with an intramuscular injection of 5 x 107 PFU of WI-V1203 

[(+)infected/(+)treated)] or PBS [(+)infected/(-)treated]. The greatest differences were seen on 

8 and 10 dpi, where (+)infected/(-)treated mice had significantly higher viral titers in the lung 

compared to the (+)infected/(+)treated group that cleared the virus by 8 dpi (Figure 23A).  
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Similarly, viral clearance was observed at 6 dpi in the spleen for the (+)infected/(+)treated 

group, while virus was still present in the (+)infected/(-)treated group (Figure 23B). Overall, WI-

V1203 treated mice showed faster clearance of H5N1 infection which correlated well with 

survival and minimal weight loss observed in these animals. 

 

4.5.2 WI-V1203 treated mice showed reduced activation of CD4+ and CD8+ T cells 

 To determine whether the T cell response in mice contributed to the protective 

response observed, levels of CD4+ and CD8+ T cell activation was measured by flow cytometry 

on 2, 4, 6, 8, and 10 dpi. For this experiment, three groups of mice (n=6/day/group) were 

compared: mock-infected with virus diluent and WI-V1203 treated [(-)infected/(+)treated], 

V1203 infected and WI-V1203 treated [(+)infected/(+)treated)], and V1203 infected and PBS 

mock-treated [(+)infected/(-)treated)]. A group of uninfected and untreated mice (n=4) were 

used to establish baseline levels on day 0.  

 As a surface marker for T cell activation, CD69 identifies T cells that generate T-helper-1 

(Th1)-like cytokines including IL-2, TNF-α, and IFN-γ 385,386. In the lungs, significant differences in 

CD4+ T cell activation was observed at 6 dpi, where (+)infected/(+)treated group showed 

greatest levels of CD4+CD69+ T cells compared to (+)infected/(-)treated group. However, this 

response in the (+)infected/(+)treated group declined by 10 dpi, which was in contrast to the 

(+)infected/(-)treated group that displayed significantly increased CD4+ T cell activation on 8 

and 10 dpi (Figure 24A). Similar to the lung data, moderate activation of CD4+ T cells was 

measured in the spleen of (+)infected/(+)treated mice compared to significant activation in the  
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(+)infected/(-)treated mice early after infection (Figure 24B), although levels of activation 

dropped to baseline by day 10 in all groups.  

 The CD8+ T cell activation response in the lungs was comparable to the activation of 

CD4+ T cells, where CD8+ T cell activation was dampened in the (+)infected/(+)treated mice 

compared to (+)infected/(-)treated mice that showed significantly higher levels of activation on 

8 and 10 dpi (Figure 24C). Similarly, in the spleen more CD8+ T cell activation was observed in  

the (+)infected/(+)treated mice compared to (+)infected/(-)treated mice (Figure 24D). Overall, 

treatment with WI-V1203 alone without infection did not activate any T cell response in the 

lung or spleen. For the two infected groups, T cell activation was detected as a result of the 

infection, but T cell activation in the (+)infected/(+)treated group was considerably less in the 

lungs compared to (+)infected/(-)treated group at later time points. These results show that 

protection of the (+)infected/(+)treated group is not a result of increased T cell activation.  

 

4.5.3 Enhanced antibody responses in mice treated with WI-V1203 

 To determine whether the antibody response contributed to protection of the WI-

V1203 treated mice, levels of IgM, IgG and IgA in the lungs and serum were measured by ELISA. 

In the lungs, the (-)infected/(+)treated mice had a minimal IgM response compared to the 

(+)infected/(+)treated and (+)infected/(-)treated groups that had significantly higher IgM titers 

of 2300 and 2000 (8 dpi), respectively (Figure 25A). At 28 dpi, mice from the 

(+)infected/(+)treated group had significantly higher IgM response compared to (-

)infected/(+)treated group (Figure 25B). In the lung, IgG responses were only detected for the 

(+)infected/(+)treated group at 8 dpi, while by 10 dpi this same group along with (+)infected/  
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(-)treated group showed significantly higher titers compared to the (-)infected/(+)treated group 

(Figure 25C). Similar to the IgM response at 28 dpi, levels of lung IgG in the 

(+)infected/(+)treated group were significantly higher compared to (-)infected/(+)treated mice 

(Figure 25D). These results show that the IgG responses only developed in response to 

infection, and the addition of WI-V1203 treatment boosted the maturation of the IgM antibody 

response to IgG.  

Lung IgA responses were also determined and followed a similar trend to the lung IgG 

response. At 8 dpi only the (+)infected/(+)treated mice had detectable levels of IgA, which 

increased significantly by 10 dpi, while IgA production was not stimulated by vaccination [(-

)infected/(+)treated] alone as seen even by 28dpi (Figure 25E, F). The (+)infected/(-)treated 

group of mice had detectable levels of IgA in the lung only at 10 dpi. At 28 dpi, lung IgA 

response was significantly higher in the (+)infected/(+)treated mice compared to the day 10 

levels demonstrating the significant enhancement of mucosal antibody responses by 

vaccination with co-infection over vaccination alone (Figure 25F).  

 The levels of IgM and IgG measured in the serum of (+)infected/(+)treated mice 

followed the same trend as the response observed in the lungs, but with overall higher 

antibody titers measured in the serum (Figure 26 A to D). On 28 dpi, levels of IgM and IgG were 

not statistically significantly different between (-)infected/(+)treated and (+)infected/(+)treated 

groups (Figure 26, B and D). This outcome demonstrated that a robust antibody response was 

generated by vaccination although there was a notable higher trend to increased antibody 

titers when accompanied by co-infection. 
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From the serum, the levels of neutralizing antibodies (nAbs) were determined by using 

microneutralization assays. Interestingly, (+)infected/(+)treated mice had detectable levels of 

nAbs even at 6 dpi, and progressed to be the group with the highest average nAb titer of 256 at 

28 dpi (Figure 26E). This is in contrast to the (-)infected/(+)treated group, which had only one 

mouse with a very low titer of 21.3 at 10 dpi, and two mice with an average nAb titer of 28.4 at 

28 dpi. Significantly, even though mice in the (+)infected/(-)treated group develop significant 

lung and serum antibody titers, a neutralizing response in these animals could not be detected.   

These results show that addition of vaccine-treatment to infected mice resulted in more rapid 

production of IgG and IgM antibodies with considerably more potent neutralizing activity 

compared to vaccination alone. 

 

4.5.4. WI-V1203 vaccine treatment is protective up to 1 day post-infection 

 To determine how long after exposure to lethal H5N1 influenza virus can treatment with 

WI-V1203 still provide protection, mice (n=6) infected with V1203 were treated at 1, 2, or 3 dpi 

with WI-V1203. As a control, mice (n=5) were PBS mock-treated at 1 dpi. WI-V1203 treatment 

at 1 dpi provided protection to five out of the six mice, with 16% maximum weight loss and 

recovery to their starting weights by 18 dpi (Figure 27, A and B). Treatment at 2 or 3 dpi 

resulted in no survivors, with weight loss and disease progression similar to the mock-treated 

controls.  

 Measurement of viral titers in the lungs revealed that mice treated at 1 dpi with WI-

V1203 still had substantial virus in their lungs at 6 dpi (Figure 27C). However, viral titers in this 

group were significantly lower than those found in the mock-treated mice. At 8 dpi, lung viral  
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titers in the 1 dpi WI-V12-3 treated group continued to significantly decline, while titers 

remained high in the 2 dpi and 3 dpi treated groups.  

 To confirm whether nAbs play an important role in the protective response observed in 

the 1 dpi WI-V1203 treated mice, nAbs were measured in the serum by microneutralization 

assay. The earliest time point at which nAbs could be detected for any of the groups was at 8 

dpi (Figure 27D). Surprisingly, all of the mice that received WI-V1203 1 dpi had low levels of 

nAbs, while three out of four surviving mice in the 2 dpi WI-V1203 treated group had even  

lower nAb titers. The 3 dpi WI-V1203 treated group had the weakest response, with only two 

mice with nAb titers. At 28 dpi, only mice in the 1 dpi WI-V1203 treated group survived, having 

an average nAb titer of 89.6. Compared to the average nAb titer of 248.9 that was achieved in 

mice that were immediately treated with WI-V1203 after exposure to V1203 infection (Figure 

26E), the titer achieved when treatment was delayed by 1 day was noticeably reduced (Figure 

27D).   

 In summary, treatment of mice exposed to lethal V1203 infection at 1 dpi resulted in 

83.3% protection, while a delay in treatment to 2 dpi or 3 dpi resulted in no protection. Mice 

treated with WI-V1203 at 1 dpi had lower viral titers in the lung compared to the other two 

treated groups. Despite the low nAb titers in the serum of some of the mice from each of the 2 

and 3 dpi treated groups, these levels were much lower compared to those found in all of the 

mice in the 1 dpi treated group. The stimulation of a reduced nAb response as a consequence 

of delayed treatment corresponds to a reduction in the protective efficacy of the vaccine. These 

results highlight the key role of the humoral immune response in providing post-exposure 

protection against H5N1 infection.   
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Chapter Five: Discussion 

5.1 siRNA protease library screen 

 The main goal of my thesis was to identify cellular proteases involved in influenza virus 

HA activation by RNAi screen. The unique ability of Caco2 cells to support trypsin-independent 

growth of influenza viruses made these cells an ideal candidate to screen for endogenously 

expressed cellular protease(s) that can activate HA. Compilation of the results from two 

independent siRNA protease library screens using RV733-GFP influenza viruses in Caco2 cells 

generated a list of potential proteases that are necessary for efficient influenza virus 

replication. Further confirmation using wild-type A/Canada/RV733/2007 (H1N1; RV733), 

A/Hong Kong/01/68 (H3N2; HK68), and A/South Carolina/1/1918 (H1N1; 1918) influenza 

viruses for the infection led to the identification of TMPRSS2 and MASP1 as proteases required 

by all three viruses for replication. The ability to identify TMPRSS2 as a necessary protease for 

influenza virus replication confirms the validity of my assay, as the role of TMPRSS2 in influenza 

virus HA activation has been described previously 224,238. The finding that MASP1 was also 

required by all three viruses for replication indicates the significant potential of targeting this 

protease for antiviral development. As a result, MASP1 was chosen as the main focus of my 

thesis for further in depth characterization of its role in influenza virus replication. 

 There have been six genome-wide siRNA screens completed to date identifying over 

1000 different influenza virus host factors that are important for viral replication (Table 1), and 

MASP1 was not included in this list. This is not surprising considering the cell lines used for the 

screens included human osteosarcoma (U20S), human bronchioepithelial (HBEC), and human 

lung epithelial (A549) cells 189,191–194. A549 are known to be a trypsin-dependent cell line, 
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therefore productive infection in these cells require the addition of trypsin to the media which 

would conceal the discovery of cellular proteases that are necessary for HA activation. 

Interestingly, Western blot analysis of MASP1 expression in A549 cells showed it was extremely 

low compared to Caco2 cells (Figure 9C), which would also prevent the detection of MASP1 as a 

host factor of interest in the previous siRNA based screens. Since Caco2 cells are a trypsin-

independent cell line, influenza viruses grow well in these cells without the need for trypsin 

supplementation. Therefore, knocking down individual cellular proteases without trypsin 

present in the media enabled detection of novel cellular proteases important for influenza virus 

replication. Another reason why MASP1 was not discovered in the other screens may be due to 

the influenza virus strain tested. Many of the past siRNA studies utilized recombinant influenza 

viruses that lacked HA or NA (complemented in trans with HA, NA or other viral glycoproteins 

to support entry), or used the wild-type viruses of two laboratory-adapted strains, A/WSN/33 

(H1N1, WSN) or A/Puerto Rico/8/1934 (H1N1, PR8). The unique properties of these latter lab 

and/or mouse-adapted strains, in particular the ability of WSN to use plasmin for HA activation, 

may have resulted in the identification of host factors that do not apply to other more 

representative and common seasonal strains of influenza virus.  

The limited overlap in identified host proteases that I observed between siRNA library 

screens with each virus (RV733, HK68 and 1918) either suggests that siRNA screens can produce 

highly variable results, or there are truly only a few cellular proteases that are commonly 

required by all influenza viruses. The low knockdown efficiency by siRNA transfection may have 

contributed to variable results observed across each screen. However, the great variability in 

TMPRSS2 and HAT HA cleavage profiles across almost all the different HA subtypes suggests 
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that HAs of the many influenza virus subtypes use multiple cellular proteases for HA activation, 

possibly in a HA subtype dependent manner 235, and commonly required proteases may be 

harder to find. Despite the variability from siRNA library screens, the use of this technology to 

rapidly identify important host factors for influenza viruses has proven to be extremely 

successful. The large list of potential candidates identified by every study serves as a starting 

point to design future experiments to further validate and characterize each of these host 

factors, and may lead to the discovery of novel antiviral drug targets.  

 

5.2 Generation of MASP1 deficient Caco2 cells 

 The use of siRNA transfection for gene silencing is temporary and the knockdown 

efficiency can be weak. Based on the TCID50 and plaque assay results from siRNA-mediated 

knockdown of MASP1, only minor and non-significant reductions in viral titers were observed 

(Figures 7 and 8). For these infection assays, a low MOI of 0.001 was chosen to allow multiple 

rounds of replication to occur over the duration of the assay (48h) to determine whether 

subsequent viral replication was impaired by siRNA-mediated MASP1 knockdown. To improve 

MASP1 knockdown efficiency, I generated a MASP1 deficient Caco2 cell line (MASP1-KD) using 

lentiviral particles containing a plasmid expressing a shRNA against MASP1 to transduce cells 

for stable expression of the specific shRNA. Verification of MASP1 expression in the MASP1-KD 

cells showed about a 50% reduction in MASP1 expression by Western blot analysis (Figure 9). 

Not surprisingly, transfection of Caco2 and MASP1-KD cells with a recombinant MASP1 

expressing plasmid resulted in the increased detection of MASP1 by Western blot (Figure 9B); 

suggesting that overexpression of recombinant MASP1 can overcome shRNA targeted inhibition 
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in the same cells. It would be interesting to see if MASP1-KD cells expressing recombinant 

MASP1 could support influenza virus replication of those subtypes that grew poorly.  

Another interesting point is that a double band for MASP1 appeared in only the MASP1-

KD cells that were transfected with MASP1 expressing plasmid. Since the second band was 

smaller in molecular weight, this could be due to MASP1 degradation during sample 

preparation. However if this was true, I would have also expected similar levels of MASP1 

degradation in the transfected Caco2 and GFP-KD lanes, which was not observed. This suggests 

that expression of MASP1 specific shRNA may be responsible for incomplete degradation of the 

target. Although inhibition of MASP1 was incomplete in the MASP1-KD cells, I continued testing 

the replication of different influenza virus strains and saw significantly reduced virus titers in 

these cells compared to MASP1 siRNA transfected Caco2 cells.   

 Generation of the MASP1-KD Caco2 cell line required the production of lentivirus 

particles that encode for a MASP1 specific shRNA, transduction of Caco2 cells, and selection of 

transduced cells by puromycin resistance that is provided by integration of the retroviral 

genome into the host cell’s genome. A major concern of this method is the possibility of off-

target effects that can result from the random integration of the lentivirus genome into the 

host. Any integration events that result in a loss of critical cell function would most likely lead to 

cell death, and thus, these types of off-target effects would be automatically eliminated. 

However, it is very possible that the lentivirus genome could integrate somewhere in the host 

genome that does not result in cell death, and may have other unknown effects on cellular 

gene expression. It is possible to determine the off-target effects if a clonal population of cells is 

selected for, genomic DNA extracted and sequenced to determine where the retroviral genome 
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was integrated. Furthermore, the selection of a clonal population of knocked down cells is 

beneficial in that the different off-target effects in a mixed population of cells would be 

minimized. Another caveat to using a mixed population of knocked down cells is that passaging 

of the cells over time may select for cells that grow better, which may also affect influenza virus 

replication in these cells. With these considerations in mind, it is important to note that I used 

the MASP1-KD cell population that was not cloned to confirm the importance of MASP1 in 

influenza virus replication. Although I did not clone and characterize the cell line for this 

purpose, the use of the uncloned population is suitable for this purpose as the cell line would 

consist of cells with many different integration sites, reducing the impact of any one off-target 

effect due to disruption of an alternate gene that is essential for influenza virus replication. In 

the future, it will be worthwhile to generate a MASP1-KD cell that is fully characterized with no 

off-target effects.  

 As a control, a Caco2 cell line stably expressing a shRNA targeting GFP was created (GFP-

KD cells) by the same method. Since GFP is an unrelated protein, expression of a GFP-specific 

shRNA served as a negative control cell line. Interestingly, the expression levels of MASP1 that 

were detected by Western blot in the GFP-KD cell line was always higher compared to levels of 

MASP1 in wild-type Caco2 cells (Figure 9A and 9B). This is most likely due to an off-target effect 

as a result of the random integration of the retroviral genome into the host genome. Similar to 

the MASP1-KD cell line, the GFP-KD cells were also a mixed population of cells and 

characterization of the integration site was never completed. Despite the increase in MASP1 

expression in the GFP-KD cells, growth testing of different subtypes of influenza viruses resulted 

in similar titers between the GFP-KD cells and wildtype Caco2 cells (Figure 10), suggesting that 
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the increased expression of MASP1 did not affect the ability of these viruses to propagate in 

these cells. This might also suggest that there is a minimal amount of MASP1 that is necessary 

for efficient replication, and having more MASP1 than required does not enhance replication to 

levels exceeding those achieved in wildtype Caco2 cells.  

 

5.3 MASP1 deficiency results in strain specific effects on replication: the good vs. the bad? 

The majority of influenza virus subtypes tested in MASP1-KD cells exhibited significant 

reduction in virus growth compared to viral titers obtained from the parental Caco2 cell line. 

However, there were certain strains of influenza viruses including WSN (H1N1) or the highly 

pathogenic H5N1 viruses that replicated to significantly higher titers in the MASP1-KD cells. 

Interestingly, testing of other virus families including Ebola virus, Nipah and Hendra viruses also 

resulted in improved virus replication in the MASP1-KD cells. This strain specific effect was very 

intriguing and a few experiments were performed to try to understand better what influences 

whether influenza viruses will grow better or worse in the same cell line.  

Representative viruses from three different human influenza virus subtypes RV733 

(H1N1), HK68 (H3N2), and A/Singapore/1/57 (H2N2; Sing57) all grew between 2.5- to 3-log10 

less in MASP1-KD compared to Caco2 cells (Figure 10). For these assays, a low MOI of 0.001 was 

chosen for all the different influenza viruses tested. Infection at a low MOI allows multiple 

rounds of viral replication to occur. Therefore, any deficiency in virus replication in the MASP1-

KD cells can be detected. No significant differences in growth were observed between the GFP-

KD cells compared to Caco2 that were infected with the same strains, suggesting that 

expression of an irrelevant shRNA against GFP had no negative impact on influenza virus 
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replication in the cells. Testing of avian-origin H7 subtype influenza viruses isolated from 

humans including A/Anhui/1/2013 (H7N9; Anhui)  and A/Canada/504/2004 (H7N3; Can504) 

also resulted in significant reductions in virus replication in the MASP1-KD cells compared to 

Caco2 (Figure 10). Anhui is a low pathogenic avian influenza virus that contains a monobasic HA 

cleavage site similar to the other human influenza virus subtypes tested. Anhui is particularly 

concerning in humans, as it still continues to cause a large number of cases of severe human 

disease in China and has a mortality rate of 40%. Furthermore, this virus is considered to have a 

high risk of becoming the next influenza pandemic 338. In contrast, Can504 is another avian-

origin influenza virus that contains a polybasic cleavage site in HA that contributes to the highly 

pathogenic phenotype observed in domestic poultry. Despite the presence of this polybasic HA 

cleavage site, replication of Can504 was also significantly reduced in MASP1-KD cells compared 

to Caco2.  

Although the majority of influenza virus strains tested appeared to require MASP1 

expression for efficient replication, there were a few strains that actually replicated better in 

the MASP1-KD cells compared to Caco2. This opposite effect was observed when other highly 

pathogenic avian-origin strains of influenza viruses such as A/Vietnam/1203/2004 (H5N1; 

V1203) or A/Indonesia/05/2005 (H5N1; Ind05) were tested, as well as the laboratory adapted 

strain WSN (H1N1) (Figure 11). The presence of a multibasic HA cleavage site provides the 

advantage that it can be recognized by ubiquitously expressed proteases, in comparison to 

monobasic HA sites that are cleaved by trypsin-like proteases found mostly in the respiratory 

tract. My finding that MASP1-KD resulted in more efficient growth of the H5 viruses indicated 

that MASP1 is not required for growth of viruses with a multibasic cleavage site. Instead, a 
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MASP1 deficiency actually increased the growth of these viruses and suggests the very 

intriguing possibility that MASP1 expression is somehow negatively influencing or regulating 

the expression of the proteases responsible for cleavage of H5 HAs with multibasic cleavage 

sites. Similarly, WSN which contains a unique monobasic HA cleavage site (I-Q-Y-R↓) that is 

recognized and activated by plasmin 207, also grew better in the MASP1-KD cells. Therefore, it is 

possible that MASP1 may regulate the expression of other proteases in addition to those that 

activate H5 HAs with multibasic cleavage sites.  

To explore the idea that the protease recognition motif in HA is responsible for the 

differential effect of MASP1-KD on viruses with mono- and multi-basic cleavage sites, I 

generated a V1203 (H5N1) virus containing a monobasic cleavage site analogous to those found 

in human seasonal isolates and other low pathogenic avian isolates. This V1203-low-

pathogenicity-HA virus grew to significantly lower titers in MASP1-KD cells compared to Caco2 

cells (Figure 12B), and the viral titer reached by this virus was about 2-log10 lower than its 

original V1203 virus containing a multibasic HA cleavage site (Figure 11A) in the MASP1-KD 

cells. These results show the presence of a multibasic HA cleavage site plays a role in whether 

the influenza virus can replicate better or worse in the MASP1-KD cells. A good 

supplementation to this study would be to mutate the plasmin-sensitive HA cleavage site of 

WSN to a monobasic cleavage site that resembles other seasonal H1N1 viruses to see if that will 

also reduce virus replication to levels in MASP1-KD cells that are lower than those achieved in 

Caco2 cells.  

In apparent contradiction to the previous results, another experiment was performed 

where the monobasic HA cleavage site of Anhui (H7N9) was replaced with a multibasic cleavage 
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site (Anhui-MBS), and the effects of this replacement on virus growth was examined in the 

MASP1-KD cells. Unexpectedly, growth of Anhui-MBS did not improve in the MASP1-KD cells 

(Figure 12C), instead the virus grew to low titers that were similar to what was observed for the 

wildtype Anhui virus in MASP1-KD cells (Figure 10D). Although it was assumed that the 

presence of this multibasic cleavage site would result in cleavage by other cellular proteases 

and increased pathogenicity, infection of mice or chickens with this virus by our group and in 

collaboration with Dr. Yohannes Berhanes from the Canadian Food Inspection Agency did not 

result in increased pathogenicity (unpublished data). This result suggests that the Anhui-MBS 

viral HA is not being recognized by proteases that normally cut at multibasic cleavage sites as 

this property would be expected to be associated with a high virulence phenotype.  However, it 

was subsequently found that one additional passage of this virus in mice was required for 

adaptation to a more pathogenic phenotype and this change in phenotype was associated with 

the gain of specific mutations in HA, PA and PB2 (unpublished data). This phenomenon has 

previously been reported in other studies where HA has been mutated to contain a multibasic 

cleavage site and it is believed that the additional mutation in HA may be needed to allow 

binding or recognition of the MBS by the required cellular proteases to fulfill the high virulence 

phenotype 387.  At the time of my study, this characteristic of Anhui-MBS has not yet been 

discovered. Therefore, it is possible that repetition of the experiment to examine viral 

replication in MASP1-KD cells using the mouse-adapted Anhui-MBS virus may result in data that 

is more consistent to the V1203-low-path-HA results observed, especially if the HA mutation is 

important for protease recognition in the MASP1-KD cells. 
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Another complication is the observation that Can504 (H7N3), containing a multibasic 

cleavage site, replicated to significantly lower titers in MASP1-KD cells compared to Caco2 cells. 

Can504 was predicted to exhibit high pathogenicity in poultry based on alignment of the 

cleavage site with known examples of H7N3 viruses exhibiting high pathogenicity from the 

same outbreak388. However, it has not been confirmed that Can504 exhibits as a HPAI virus in 

poultry, and it is known to exhibit only low virulence in infected mice389. This data suggests that 

the cleavage site may not be recognized by the proteases required to promote systemic high 

virulence infection.  Comparison of HA cleavage sites revealed that Can504 contains fewer basic 

residues (R-M-T-R↓) compared to H5N1 viruses (R-K-K-R↓) (Figure 12A). Multibasic HA 

cleavage sites are recognized by ubiquitously expressed cellular proteases such as furin or 

PC5/6 161–164,187. These proteases are expressed in a number of different cell types and are 

found active in the Golgi and/or trans-Golgi network 217.  Although the minimum furin 

recognition motif is R-X-X-R↓, having an additional R at the P2 position considerably enhances 

furin cleavage 219. Furthermore, there are also multibasic cleavage sites that are not cleaved by 

furin at all. For example, some H9N2 influenza viruses that contain either dibasic (R-S-S-R) or 

tribasic (R-S-R-R) cleavage motifs are not recognized by furin, instead they are cleaved by 

members of the TTSPs TMPRSS2, HAT, and matriptase 239,390,391. Variability in HA cleavage 

across 16 different HA subtypes by TMPRSS2 and HAT has also been described 235, providing 

more evidence that influenza HA is able to utilize many different cellular proteases for 

activation. Therefore, it is possible that the dibasic motif in Can504 is not recognized by furin, 

and may explain why this virus did not replicate to significantly higher viral titers like the H5N1 

viruses that utilize furin for HA activation. If the presence of furin is important for viral 
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replication in the MASP1-KD cells, it would be important to measure and compare the 

expression levels of furin between MASP1-KD and Caco2 cells.  

 

5.4. Replication of other virus families in MASP1-KD cells 

 Interestingly, it was observed that Ebola and Nipah viruses replicated better in the 

MASP1-KD cells compared to wildtype Caco2 cells based on GFP expression. For these assays a 

MOI of 0.1 or 1 was chosen, which was higher compared to the MOI of 0.001 used for the 

influenza virus infection assays. A higher MOI was chosen for these viruses because their 

growth kinetics is slower compared to influenza viruses. In general, Ebola virus needs about 14 

days to cause complete CPE in tissue culture, while Nipah and Hendra viruses require about 5 

days for complete CPE. The GFP expressing versions of these viruses also replicate similarly. 

Since I was most interested in the ability of these viruses to grow in MASP1-KD cells based on 

their respective GFP expression, I chose a higher MOI to infect more cells immediately to allow 

the measurement of GFP sooner at 2 days post-infection. The amount of virus produced from 

the infected cells was not titered; however, this would be important to measure in follow up 

studies to confirm the GFP results.  

Although GFP expression did not differ between cell lines infected with Hendra virus, 

the presence of syncytia was noticeably higher in MASP1-KD cells compared to Caco2. Highly 

pathogenic H5N1 influenza viruses also replicated better in MASP1-KD cells compared to Caco2. 

A similarity between H5N1 influenza viruses and Ebola virus is their ability to utilize the cellular 

protease furin for glycoprotein activation. However, unlike H5N1 viruses that require cellular 

protease activation for efficient replication, studies have described that the proteolytic 
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processing of Ebola virus GP by furin is not necessary for viral replication 392–394. This suggests 

that further work is required to confirm whether furin plays a role in enhancing influenza and 

Ebola virus replication, and how MASP1 is involved in this interaction.  

 To gain more insight into what may be happening in the MASP1-KD cells, I looked at the 

proteomics data comparing MASP1-KD to their parental Caco2 cell lines and found a few 

interesting points. In this analysis I also examined the differences in the host proteome 

following infection with RV733 in both cells lines to attempt to connect the differences 

between the two cell lines to their response to infection.  First, increased levels of cathepsin L 

are found in the MASP1-KD cells compared to Caco2, while levels of cathepsin V are less in the 

MASP1-KD cells. Cathepsins (L and B) have been described to play a role in the activation of 

Nipah virus fusion protein (NiV F), and are required for the generation of infectious virus 

particles 395. Furthermore, cathepsin L is also involved in activation of the Hendra virus fusion 

protein 396. These same cathepsins also have the ability to process Ebola virus GP by removing 

the mucin domain from GP to expose the receptor binding site in late endosomes/lysosomes 

397, however, in vivo data showed that these proteases are not required for efficient replication 

of mouse-adapted Ebola virus in mice 398. Thus, it is important to consider that there are 

differences in the proteolytic cleavage requirements of viral proteins observed in vitro 

compared to in vivo or in comparison of replication requirements studied in different animal 

species. Although the requirement of cathepsins for ebola virus replication may be dispensable 

in vivo, the increased expression of cathepsin L in MASP1-KD cells may play a role in the 

efficiency of Nipah and Hendra virus replication. To test this theory, MASP1-KD cells can be 

treated with cathepsin L inhibitors to see the effect on Nipah and Hendra virus replication in 
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these cells. The link between a lack of MASP1 and an increase in cathepsin L expression is 

unknown and further studies are needed to clarify this relationship.  

 Another interesting finding is the increase in expression of Neimann-Pick C2 (NPC2) in 

the MASP1-KD cells compared to Caco2 cells. Neimann-Pick C1 (NPC1) is closely related to 

NPC2, these are both intracellular cholesterol transporter proteins. NPC1 is found on the 

limiting membranes of late endosomes and NPC2 is a small secreted protein that is also found 

within the lumen of late endosomes/lysosomes 399. NPC1 is described as an internal host 

receptor for filoviruses, it binds to the receptor binding domain of GP after removal of the 

glycan cap and mucin domain in the late endosomes/lysosomes by cathepsin B/L proteases 399–

401. Crystal structure analysis of these proteins also revealed a potential binding site between 

NPC2 and Ebola virus GP 399. NPC1 and NPC2 have been described to function as a “tag team 

duo” in the shuttling and recycling of cholesterol from late endosomes to the cell surface 402. 

Although NPC1 was not detected in my proteomic analysis, it is possible that the increase in 

NPC2 expression in MASP1-KD cells may have a role in the increased Ebola virus infectivity 

observed in these cells. To confirm if NPC1 and/or NPC2 expression is increased in MASP1-KD 

cells, expression levels of these proteins can be measured by Western blot analysis and 

compared to levels found in Caco2 cells.   

 The reason why highly pathogenic viruses belonging to other virus families were able to 

replicate more efficiently in MASP1-KD cells remains unknown. It is interesting however, that 

MASP1/3 KO mice are leaner and have more atrophy in adipose tissues, pointing to a role of 

MASP1/3 in lipid metabolism 270,312. Based on this information it would seem that NPC1 and 

NPC2, as key players in the regulation of cholesterol homeostasis 403, may be associated with 
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the role of MASP1/3 in lipid metabolism in some as yet, unknown manner. Future work to study 

the cholesterol content MASP1-KD and Caco2 cells may reveal whether lipid metabolism is 

affected in the MASP1-KD cells. Increases in expression of host factors that are known to be 

associated with Ebola, Nipah and Hendra virus replication in the MASP1-KD cells adds another 

piece to the puzzle of how MASP1 plays a central role in controlling virus replication. The ability 

of these viruses to replicate better when MASP1 is deficient highlights the possible value of 

using MASP1-KD cells to propagate these viruses in vitro, and further investigation of the 

growth of these viruses in MASP1-KD cells may provide further insight into other important 

viral/host protein interactions that could be targeted for antiviral development.  

 

5.5 Placing MASP1 into the influenza viral life cycle 

 A large part of my thesis focused on determining where MASP1 fits into the influenza 

viral life cycle. To elucidate this role, various steps of the life cycle were examined to see if they 

were still functional. From this approach, I was able to eliminate several steps of the life cycle 

that MASP1 did not play a role in. Although useful information was gained on which processes 

MASP1 was not involved in, the exact mechanism by which MASP1 influences viral replication 

remains to be determined.  

 

5.5.1. MASP1-KD cells are permissive to influenza virus infection and support viral 

transcription 

 Fluorescent images of MASP1-KD cells infected with influenza viruses provide clear 

evidence that these cells are permissive to viral infection. Based on GFP expression in Caco2 
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and MASP1-KD cells infected with RV733-GFP (H1N1), only single infected MASP1-KD cells were 

detected 48h post-infection in comparison to Caco2 infected cells that displayed GFP 

expression in the majority of cells (Figure 13). To further support this data, 

immunofluorescence assay was used to detect intracellular HA expression in Caco2 and MASP1-

KD cells infected with wild-type RV733 (H1N1) (Figure 14). These results showed clearly that 

only single HA positively stained cells were detected in the MASP1-KD cells, with no further 

spread to neighbouring cells 18h post-infection. This was in contrast to H1N1 infected Caco2 

cells, where HA staining was uniformly spread to almost every cell at the same time point, 

demonstrating that viral replication and spread occurred freely in Caco2 cells. HA staining in the 

MASP1-KD cells was strong, providing evidence that receptor binding, uncoating, transcription 

and translation of viral HA is able to occur in these MASP1-deficient cells. This also suggests 

that steps in the influenza virus life cycle that occur subsequent to HA protein synthesis may be 

inhibited in the MASP1-KD cells.  

 Using two different minigenome systems, no differences in minigenome expression was 

observed between the MASP1-KD cells compared to Caco2 cells (Figure 15). Furthermore, as a 

second approach to measure viral transcript levels, the copy numbers of the M gene in MASP1-

KD and Caco2 cells produced during viral replication were determined. Both cell lines infected 

with either RV733 (H1N1) or HK68 (H3N2) revealed no significant differences in M gene 

expression at 6h post-infection (Table 3). This data provides strong evidence to support that 

viral transcription is not affected by a deficiency in MASP1 expression, as levels of virus specific 

transcripts were similar regardless of the cell line. The outcome of these results was also not 
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surprising, as the visualization of intracellular HA by immunofluorescence assay suggested that 

viral transcription and translation of HA was not inhibited in the MASP1-KD cells (Figure 14). 

 

5.5.2. Production of viral particles in MASP1-KD cells varies depending on virus strain 

 To study whether infectious virions can be produced from MASP1-KD cells, a trypsin 

activation experiment was performed. The results from this study revealed very exciting results 

that provided information on the ability of these MASP1-deficient cells to produce and release 

viral particles. Two possible scenarios were hypothesized: 1) Viruses enter MASP1-KD cells and 

no progeny viruses are produced, or 2) Viruses enter the cells, replicate and bud out as non-

activated viral particles containing uncleaved HA (Figure 16). Two different viruses were tested, 

RV733 (H1N1) and HK68 (H3N2), and two different outcomes occurred.  

For RV733 (H1N1) it appeared that the addition of trypsin to the culture media had a 

small effect on recovering infectious virions, as viral titers increased minimally by 1-log10 (Figure 

16B). This was in contrast to HK68 (H3N2), where the addition of trypsin to the media 

dramatically increased viral titers recovered by 2.5-log10 (Figure 16C), reaching levels that were 

similar to HK68 infected Caco2 cells (Figure 10B). These same results were observed in a 

separate trypsin activation experiment on supernatants harvested from MASP1-KD cells that 

had been infected in the absence of trypsin; supernatant from RV733 infected MASP1-KD cells 

treated with trypsin resulted in a non-significant increase in viral titer (Figure 16D) compared to 

HK68 infection, where trypsin activation led to a significant increase in viral titers recovered 

(Figure 16E). Based on these results, it would seem that infection of MASP1-KD cells with RV733 

(H1N1) resulted in very few progeny being produced when trypsin and MASP1 is deficient. This 
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suggests that there is a deficiency in budding or assembly of RV733 virus in MASP1-KD cells, as 

the addition of exogenous trypsin to the media was unable to facilitate the activation of 

released viral particles for further propagation in neighbouring cells.  

In contrast, I showed that MASP1-KD cells infected with HK68 (H3N2) are able to 

produce and release virus particles, but these virions are replication incompetent due to a lack 

of HA cleavage. The addition of trypsin to the media was able to activate HA and allow for 

further propagation of HK68 in neighbouring cells, promoting the recovery of higher viral titers 

in these samples. These results suggest that MASP1 may be involved in activation of HK68 HA, 

while for RV733, MASP1 may be involved in other processes that are essential for virus 

assembly and release.  Alternatively, since HK68 and RV733 HAs are apparently cleaved by 

different proteases, it is possible that MASP1 knockdown may have different effects by an 

unknown process that links the activity of MASP1 to the expression/activity of the activating 

proteases.   

For RV733, it is possible that a third scenario is occurring where viruses may be budding 

from MASP1-KD infected cells, but the released virions are unresponsive to trypsin activation. 

To prove this hypothesis, I could collect the supernatant from RV733 infected MASP1-KD cells, 

extract viral RNA and perform qRT-PCR to measure the amount of virus present in the 

supernatant. The same procedure can also be performed using HK68 infected MASP1-KD cells, 

as it is expected that non-infectious virions are released into the supernatant by this virus. 

Therefore, comparison of the viral loads in the supernatants from both viruses will provide 

evidence if RV733 virions are able to bud from MASP1-KD cells. 
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Overall, strain specific differences were observed as a result of infecting MASP1-KD cells. 

Growth of H1N1 influenza viruses seem to be more limited in the MASP1-KD cells, as virus 

assembly and release of viral particles may be affected. Whereas, growth of H3N2 influenza 

viruses progresses to further late stages of viral replication and release non-infectious viral 

particles, that have the capacity to become infectious upon trypsin treatment for HA activation. 

Despite a lack in HA activation, H3N2 virus particles are still able to assemble and bud out, 

suggesting that a lack of HA activation does not influence the ability of these viruses to be 

formed in MASP1-KD cells. For RV733 infected MASP1-KD cells, the detection of HA 

intracellularly and on the cell surface suggests that the process of viral protein production is 

most likely functional and trafficking of HA to the cell surface occurs. Therefore, steps in the 

viral life cycle that need to be studied further for RV733 include  trafficking of other viral 

proteins to assembly sites, HA activation, budding and release of viral particles.  

 

5.5.3. Co-expression of recombinant MASP1 with influenza HA 

The ability of Caco2 cells to support trypsin independent growth of influenza viruses 

suggests that any protease identified in these cells by the siRNA protease library screen would 

most likely play a role in HA cleavage if the outcome is reduced viral replication. Supporting this 

hypothesis was the detection of non-infectious HK68 virions produced from HK68-infected 

MASP1-KD cells, and the subsequent activation of these non-infectious particles by trypsin that 

enabled further propagation of the virus (Figure 16C, E). However, infection of MASP1-KD cells 

with RV733 resulted in very limited production of progeny that could be trypsin activated and 
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the differences in viral titers observed after trypsin activation was not statistically significant 

(Figure 16B, D).  

To investigate the role of MASP1 on direct HA cleavage, 293T cells were co-transfected 

with recombinant MASP1 and various HA subtypes, and the presence of HA cleavage was 

detected by Western blot. Since 293T cells lack endogenous proteases to cleave HA, expression 

of recombinant HA in these cells will result in production of only the uncleaved form HA0. The 

addition of trypsin to cell lysate samples served as a positive control for detection of the 

cleaved forms, HA1 or HA2, depending on the antibody used. For RV733 the co-expression of HA 

with MASP1 resulted in the disappearance of the HA0 band (Figure 17). Similarly, a reduction in 

the intensity of the HA0 band for the other tested influenza subtypes (1918, HK68, Anhui) was 

observed. This result was surprising especially for HK68 HA, where the trypsin activation data 

supported the role of MASP1 in HA activation. The additional co-expression of a MASP1 

inhibitor, C1-inhibitor, was able to restore the intensity of the HA0 band, suggesting that the 

disappearance of the HA0 band was a result of MASP1 expression. To see if MASP1 was cleaving 

proteins non-specifically, a GFP expressing plasmid was included as a control, and showed that 

expression of GFP was not affected by MASP1 co-expression.  

My previous results showing a reduction in influenza virus replication for RV733, 1918, 

HK68 and Anhui in MASP1-KD cells compared to Caco2 cells suggests that a minimum amount 

of MASP1 is required for efficient replication. These results further suggest that when MASP1 is 

deficient, viral replication and overall viral protein production may also be decreased. However, 

the Western blot data showing that increased MASP1 expression results in decreased HA 

expression is counterintuitive, considering HA expression is important for viral replication. A 
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possibility for this discrepancy could be that overexpression of MASP1 results in too much 

proteolytic activity leading to degradation of the HA protein. Furthermore, if MASP1 is 

degrading HA as a result of over expression of the active protease, this degradation is specific to 

HA since GFP expression remains intact under the same conditions. Another indication that 

MASP1 is degrading HA specifically, is the reappearance of the HA0 band in the presence of C1-

inhibitor expression. This also suggests that MASP1 is cleaving at sites other than only the HA 

cleavage motif. On the other hand, it could be possible that overexpression of MASP1 is 

preventing expression of recombinant HA in the same cells in some unknown manner as 

opposed to directly digesting HA.  A third possibility is that MASP1 over-expression could result 

in higher activation of other proteases that cause degradation of HA, such as activation of 

proteasome proteins.  An important difference between HA and GFP is that HA contains a signal 

peptide that sends it to the Golgi and other components of the secretory pathway (i.e. ER and 

exosomes) for extensive post-translational modification including glycosylation, proteolytic 

removal of the signal peptide and cleavage of HA0 into HA1 and HA2 while GFP is not similarly 

processed.  An intriguing possibility is that MASP1 may be exerting its effect in processes that 

occur in the secretory pathway and it would be possible and interesting to look at the fate of 

other glycoproteins that are similarly processed, such as NA from influenza viruses.  Another 

interesting group of viral proteins to look at could be the glycoproteins from viruses that grew 

better in the MASP1-KD cells, such as HA from HPAI viruses, the Nipah F and G proteins and GP 

from Ebola virus. 

Overall, these results suggest that MASP1 may not be directly cleaving HA from RV733 

(H1N1), 1918 (H1N1), HK68 (H3N2) or Anhui (H7N9) viruses. However, co-expression of 
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recombinant MASP1 with HA from each of these influenza viruses is somehow linked to a 

specific reduction of HA0 expression. If a consequence of expressing MASP1 in 293T cells is HA 

degradation, which may be masking whether HA activation is occurring or not, reducing the 

amount of recombinant MASP1 plasmid that is transfected may help. However, it is still 

possible that even minor amounts of transfected plasmid can lead to high levels of protease 

expression; therefore, an alternative solution may be to add controlled amounts of purified 

MASP1 protein to HA expressing cells to see if HA cleavage is occurring. Another experiment to 

check for HA cleavage could be transfection of HA expressing plasmids into MASP1-KD cells and 

collection of the cell lysates for HA cleavage analysis. One more interesting experiment would 

be to test co-expression of V1203 (H5N1) HA, which contains a multibasic cleavage site, with 

recombinant MASP1 expression and detect for cleaved HA products by Western blot. Since 

H5N1 viruses are able to replicate better in the MASP1-KD cells, it suggests that these viruses 

have activated HA to support further propagation; therefore, MASP1 may not be important for 

this step and a cleaved HA product would be expected, unless overexpression of MASP1 leads 

to HA degradation in this case as well. Lastly, it is important to point out that in this experiment 

only the interaction between MASP1 and HA is studied. Perhaps the presence of other viral 

proteins is important in the understanding of how MASP1 influences the replicative ability of 

influenza viruses. Thus, it might be worthwhile to test recombinant expression of MASP1 in the 

context of viral infection in a trypsin independent cell line, such as A549 cells, to see if its 

expression can support influenza virus replication in the absence of trypsin.  
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5.6 MASP1 deficiency results in significant proteomic changes  

 Although a number of experiments were able to eliminate steps in the influenza viral life 

cycle that MASP1 did not play a role in, it still remained unclear as to where MASP1 is involved 

in viral replication. In an attempt to provide better clarity, a proteomics study was undertaken 

to compare the proteomic profiles of Caco2 and MASP1-KD cells. Proteomic analysis is a 

powerful tool to obtain large amounts of information on changes in protein expression profiles 

captured at a specific time point under specific circumstances. These snapshots of what is 

happening in a population of cells at a particular moment provided significant insight on the 

cellular pathways that have changed as a result of reducing MASP1 expression. The knowledge 

gained from these snapshots served as a foundation to discover further cellular requirements 

when influenza virus infection was included in the picture.  

 Analysis of the proteomic results comparing uninfected Caco2 and MASP1-KD cells 

found over 700 proteins that had differences in expression of greater than 1.5 fold-change 

(Figure 19), with either increased or decreased expression. Similarly, comparison of Caco2 and 

MASP1-KD cells infected with RV733 (H1N1) resulted in the detection of over 600 proteins with 

>1.5 fold-change in expression. These large differences in protein expression as a consequence 

of MASP1 shRNA expression was surprising, but may also explain the phenotypic differences 

observed between the two cell lines. Caco2 cells appear much larger in size and are more 

difficult to pellet compared to MASP1-KD cells that are smaller and easy to pellet by 

centrifugation. Furthermore, with the discovery of novel intracellular complement pathways 

within all cell types 286,289, it is very possible that the alteration of MASP1 expression within a 

cell may lead to these large changes in protein expression.  



204 
 

In contrast, comparison of proteomic differences between Caco2 and Caco2 RV733 

infected cells resulted in very few proteins with >1.5 fold-change. Not surprisingly, the proteins 

included in this group were all influenza viral proteins. This demonstrates that Caco2 cells were 

infected with RV733 and viral peptides were detected by our proteomics assay. Comparison of 

MASP1-KD and MASP1-KD RV733 infected samples did not identify any proteins at the same 

threshold of >1.5 fold-change. Furthermore, the lack in detection of viral peptides at this 

threshold in the MASP1-KD RV733 sample provides evidence that these cells do not support 

viral replication. It would be interesting to see if this study was repeated with HK68 virus would 

more viral peptides be detected in the MASP1-KD HK68 infected samples, based on the results 

from the trypsin activation study where non-infectious HK68 virus particles are released from 

MASP1-KD cells. Another interesting proteomics study would be to infect the cells with a virus 

that replicates better in the MASP1-KD cells, like the highly pathogenic H5N1 viruses, to 

compare the differences in pathway activation between viruses that behave in an opposite 

manner in the same cells.  

 

5.6.1. Pathway analysis of proteomic responses to MASP1 knockdown 

 Cellular pathways that were affected based on the most significantly dysregulated 

proteins found in each sample were determined using the IPA database and comparison 

analysis tool. Out of the top five canonical pathways (Table 4), there were two that I was most 

interested in that related to viral infection, the superpathway of cholesterol biosynthesis and 

caveolar-mediated endocytosis signalling. A number of studies have focused on the roles of 

cholesterol in multiple stages of the influenza virus life cycle, highlighting the importance of this 
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pathway. Furthermore, studies have linked a deficiency of MASP1/3 with lipid synthesis and 

have connected cholesterol abundance to caveolar expression, demonstrating the complicated 

relatedness of my findings.     

Proteins associated with the superpathway of cholesterol biosynthesis were all 

downregulated in the MASP1-KD cells compared to Caco2 cells, and the same was true for the 

RV733 infected cells (Table 5). This suggests that inhibition of MASP1 expression leads to 

changes in lipid metabolism. Further supporting this finding is the observation that MASP1/3 

KO mice appear leaner and have more atrophy in their adipose tissues compared to wild-type 

mice, associating MASP1/3 expression with a role in lipid metabolism 270,312. Although it is 

unknown how MASP1 deficiency is linked to lipid metabolism, new insights into novel 

intracellular complement pathways may provide some explanation as to how seemingly 

‘extracellular’ complement proteins may regulate critical intracellular metabolic pathways 

243,246. In 2013 it was discovered that a variety of cell types are able to produce their own 

internal stores of complement protein C3, and cleavage of C3 into C3a/C3b can occur by 

intracellular proteases in a C3-convertase independent manner 286,289. Internal C3a receptors 

were also discovered and it was shown that activation of these receptors by internal C3a 

binding leads to the activation of cellular pathways that are distinct from those that are 

activated as a result of extracellular C3a binding to surface C3a receptors 286,289. Activation of 

intracellular complement pathways has been shown to affect metabolic pathways, for example 

the co-stimulation of complement regulator CD46 during T-cell activation signals the cell to 

increase nutrient influx to support T cell differentiation 243.  
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 A deficiency in lipid synthesis in MASP1-KD cells may have consequences on influenza 

virus replication, as studies have described a requirement for cholesterol during early and late 

stages of virus replication. In early stages of influenza virus replication, the membrane fusion 

step has been described to be sensitive to the concentration of sterol 404. In this study, viruses 

grown in the presence of a cholesterol inhibitor resulted in production of viruses that showed 

an increased rate of fusion but decreased fusion efficiency, and viral fusion to liposomes was 

not dependent on the chemical identity of the sterol found in the liposomes 404. Other studies 

have also described the influence of cholesterol on the spatial organization of HA on the surface 

of the viral envelope, where a deficiency in cholesterol leads to decreased spacing between HA 

trimers on the viral surface as determined by electron cryo-microscopy 405. Since optimal fusion 

between viral and cellular membranes requires multiple HA trimers, the increased density of 

HA in cholesterol deficient viral particles resulted in an increased rate of fusion 405. Some 

studies also describe a role of cholesterol in the formation of the fusion pore by promoting 

hemifusion and pore widening 406. In the absence of sterol, flickering fusion pores are observed 

prior to formation of a successful pore that is completely open. The addition of cholesterol into 

the lipid bilayer reduced the number of flickering pore events to having more successful pores 

being formed immediately 406.   

Analysis of proteins associated with the caveolar-mediated endocytosis signaling 

pathway led to some interesting findings. Almost all the proteins associated with this pathway 

were upregulated in MASP1-KD cells with the exception of CD55, which was found to be 

downregulated in the MASP1-KD RV733 infected group vs. Caco2-KD RV733 infected group 

(Table 5). CD55, also known as Decay Accelerating Factor (DAF), is found on the cell surface and 
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helps to regulate complement activation. CD55 recognizes and binds C3b or C4b fragments 

which prevents formation of new C3 convertases, and also dissociates pre-formed C3 and C5 

convertases that are essential for progression of the complement cascade 407,408. This regulation 

is important to help prevent the over activation of complement that can be damaging to cells.  

There are two other complement regulating proteins, CD46 and CD59. CD46 has been 

described previously to have a role in stimulating metabolic pathways when activated 243, and it 

also binds C3b or C4b to allow Factor I, a plasma serine protease co-factor, to inactivate C3b or 

C4b by proteolytic cleavage 409. CD59 inhibits membrane attack complex assembly by binding to 

C8 410, and is known to play an important role in the stabilization of lipid raft membranes 411. 

Analysis of my proteomics results revealed that expression of CD46 is also significantly 

downregulated by about 2-fold in MASP1-KD cells compared to Caco2 cells. Interestingly, CD59 

was identified as one of the top ten most down-regulated host proteins as determined by IPA in 

the MASP1-KD RV733 infected group (Table 8). The overall reduction of these complement 

regulating proteins in MASP1-KD cells compared to Caco2 cells is certainly noteworthy. The 

ability of MASP1 to cleave C3 as one of its many substrates along with the finding of 

intracellular C3 complement pathways, suggests that inhibition of MASP1 expression is causing 

changes in the expression of other complement regulating proteins. Although this does not 

explain why certain strains of influenza viruses replicate poorly in the MASP1-KD cells, it does 

confirm that these pathways are all intricately connected, and may provide some insight as to 

why over 700 proteins were significantly dysregulated as a consequence of MASP1 deficiency.  

A deficiency in lipid synthesis in MASP1-KD cells may also affect late stages of influenza 

viral replication such as virus assembly and budding from lipid rafts. Lipid rafts are areas of the 
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plasma membrane that are rich in cholesterol and sphingolipids 159,160. If lipid synthesis 

pathways are dysregulated in MASP1-KD cells it is possible that fewer lipid raft regions are 

present in these cells, which may limit the efficiency of influenza virus assembly and budding. 

Proof of the existence of lipid rafts in MASP1-KD and Caco2 cells will be important to discern 

whether differences do exist between the two cell lines, this could be achieved through staining 

for lipid raft markers by immunofluorescence assays. Interestingly, the complement regulator 

CD59 is often used as a lipid raft marker, and previous discussion of its downregulation in 

MASP1-KD cells provides some indication that lipid rafts may be deficient in MASP1-KD cells. 

Since the effect of cholesterol is quite general on these steps of the virus life cycle, I would 

expect all influenza viruses to be affected equally by a lack of lipid raft regions. However, based 

on my data some influenza virus strains were able to replicate better in MASP1-KD cells, which 

suggests that the presence of lipid rafts does not have a general limiting effect on replication. 

Further studies to clarify the abundance of cholesterol in the MASP1-KD cells and its role in 

influenza virus replication will be necessary.     

 Another interesting group of pathways identified were those related to infectious 

diseases and viral infection. Groups of proteins related to infectious diseases and viral infection 

were overall predicted to be more activated in the MASP1-KD cells; however, individual 

expression levels of proteins associated with this group included ones that were up- or down-

regulated (Table 6). Since viral replication was reduced in the MASP1-KD cells, I investigated 

whether some of the proteins in this group have antiviral activity and found two: MAVS 

(mitochondrial antiviral signaling protein) and OAS1 (2’-5’-oligoadenylate synthetase 1).  
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MAVS plays an important role in the activation of the RIG-I (retinoic acid-inducible gene 

1) pathway for IFN production.  RIG-I belongs to the RIG-I-like receptor (RLR) family, which 

includes two other pathogen recognition receptors (PRRs) such as MDA5 (melanoma 

differentiation associated factor 5) and LGP2 (laboratory of genetics and physiology 2) 412. RIG-I 

is found in the cytoplasm of cells and is important for the recognition of 5’-triphosphate RNA 

and some partial dsRNA generated during viral replication 413–415. RIG-I has been shown to 

recognize influenza viruses and other single stranded RNA viruses like flaviviruses, 

paramyxoviruses and rhabdoviruses 412,416. Once RIG-I detects dsRNA it becomes activated and 

interacts with MAVS, which in turn activates the transcription factors NF-ƙB (Nuclear Factor 

Kappa B Subunit 1) and IRF3 (Interferon Regulatory Factor 3), resulting in the production of type 

I IFN and induction of an immediate antiviral state in the cells 417.  

 OAS1 inhibits viral replication by activating RNase L, which degrades both viral and 

cellular RNAs, reducing protein synthesis and viral replication 418–420. Transcriptional activation 

of OAS1 occurs by IFN stimulation 421,422. Influenza virus infection is known to stimulate a type I 

IFN response that also leads to a weak induction of OAS1 expression 423. For both MAVS and 

OAS1, it was surprising to find that expression of these proteins in MASP1-KD cells was 2-fold 

and 1.5-fold less, respectively, compared to Caco2 cells. Since these proteins were reduced in 

expression, I would have expected influenza virus replication to be enhanced due to less 

suppression by the antiviral effects of these proteins; instead the opposite effect was seen. 

However, the inability of influenza viruses to productively replicate in these cells may have 

resulted in reduced induction of these antiviral genes.  
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Since both of these antiviral proteins are connected by the IFN response, it would be 

interesting to study levels of IFN production in both cell lines in response to influenza virus 

infection. From my data, I show that MASP1-KD cells are still permissive to viral entry, 

transcription and replication. Therefore, viral RNA present within the cytoplasm of these 

infected cells should trigger the RIG-I pathway. To counteract the antiviral effects of the IFN 

response, influenza viruses use their NS1 protein as a major antagonist to the type I IFN system. 

NS1 functions by directly interacting with RIG-I and the ubiquitin ligase TRIM25, inhibiting 

ubiquitination of RIG-I and its subsequent activation 424,425. NS1 also prevents OAS1 activation 

of RNase L 150. Since NS1 activity may vary amongst influenza virus strains, it may also influence 

the virus’ ability to evade detection by RIG-I in the MASP1-KD cells. As a result, viruses that are 

able to avoid stimulation of an antiviral state in MASP1-KD cells may replicate better, while 

viruses that antagonize the IFN response less effectively may replicate poorly. This could be 

tested by measuring the IFN response in the cells after infection with different strains of 

influenza viruses.  

 

5.6.2. Significance of proteomics study 

Proteomic approaches are often used to fish for answers to a generally broad question, 

such as looking at host changes in protein expression as a result of influenza virus replication. A 

number of groups have completed proteomic studies identifying new relationships between 

influenza viruses and their cellular hosts 193,198,382. For example, a comprehensive proteomics 

approach was taken to study virus assembly and budding from lipid raft domains by Shaw et al. 

in 2008 198. In this study WSN influenza virus particles were purified and mass spectrometry 
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analysis was performed on the virus particles to investigate the presence of any cellular host 

proteins that are packaged into the virions 198. They found 36 host proteins in the viral particles 

which included both cytoplasmic and membrane-associated proteins that could be grouped 

according to their primary functions including cytoskeletal proteins, annexins, glycolytic 

enzymes, and tetraspanins. Annexin A1 (ANXA1) was also found to be highly up-regulated in 

MASP1-KD cells infected with RV733 compared to uninfected Caco2 cells (Table 7 and 8). 

ANXA1 has been shown to inhibit replication of cytomegalovirus (CMV) by inhibiting membrane 

aggregation and fusion 426. Further investigation into the abundance of ANXA1 in Caco2 and 

MASP1-KD cells and its possible roles in viral replication will be needed.  

My proteomic approach was unique in the sense that I compared two Caco2 cell lines 

with the only difference in one cell line having constitutive expression of a MASP1-specific 

shRNA. Additionally, the effect of infection was also studied in these two cell lines. By using this 

approach, I hoped to clarify what major metabolic pathways were being changed in the MASP1-

KD cells to try and explain how these cells have become resistant to influenza virus replication. 

Also, the unique influenza virus strain specific responses observed during infection of these 

cells also point to a more complicated story that MASP1 is playing within the cell. From the 

overwhelming amount of data obtained from my proteomics study I was able to highlight a few 

of the pathways that I found most interesting. Although validation of these proteins/pathways 

is still needed, it has defined a good starting point for the branching off of many future projects.  

From my results, it is clear that important pathways are affected by MASP1-KD which in 

turn likely has a significant effect on the ability of the cells to support viral replication in 

general. My viral growth kinetics data suggests that the ability of influenza virus to replicate 
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appears to be linked in the MASP1-KD cells to the nature of the HA cleavage site, pointing to a 

specific proteolytic requirement that MASP1 is influencing either directly or more likely by an 

unknown indirect mechanism. The identification of proteins/pathways that can either up- or 

down-regulate influenza virus replication is extremely useful for the development of new 

therapeutics. Proteins that prevent viral replication can be induced to increase their expression 

levels, while proteins that boost viral replication can be inhibited. Since these are cellular 

proteins that are being targeted, careful considerations of cytotoxic effects or unwanted side 

effects will need to be assessed. My finding that MASP1 plays a crucial role in not just influenza 

virus replication but also in the replication of other virus families is an exciting addition to the 

knowledge of host and viral biology interactions. 

 

5.7 HA trafficking in MASP1-KD cells  

 To determine whether MASP1 deficiency has an effect on viral protein trafficking, 

influenza virus HA trafficking to the cell surface was detected in MASP1-KD and Caco2 cells by 

immunofluorescence assays. In RV733 infected Caco2 and MASP1-KD cells, HA was detected 

both intracellularly and on the cell surface (Figure 20). Interestingly, cells infected with HK68 

showed a unique HA staining pattern that appeared more filamentous compared to punctate 

staining observed in the RV733 infected cells. Another difference was the intracellular HA 

staining pattern of MASP1-KD cells, where cells infected with RV733 showed staining 

distributed throughout the cell, compared to HK68 infected cells that showed staining that was 

more localized to the cytoplasm and minimal staining in the nucleus (Figure 20, panel H vs P). 

Similar to the RV733 infected cells, HK68 infection resulted in HA expression both intracellularly 
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and on the cell surface. These results provide evidence that HA is produced within both cell 

lines upon infection and is transported to the cell surface without difficulty.  

For RV733 infected MASP1-KD cells, the observation of strong intracellular HA staining 

was surprising considering the trypsin activation study that showed minimal release of progeny 

from these cells. However, successful HA production and transport to the cell surface in RV733 

infected MASP1-KD cells suggests that later stages of viral replication, such as viral assembly 

and budding, may be inhibited as a consequence of MASP1 deficiency. On the other hand, HK68 

infected MASP1-KD cells produce non-HA-activated viral progeny based on the trypsin 

activation study. In this case, MASP1-KD cells are able to express presumably all viral proteins 

and result in assembly of new virions containing inactivated HA that buds from the cell without 

hindrance.  

 Visualization of the spread of viral replication is more evident in the Caco2 cells, as 

intracellular HA staining is present in almost all cells observed at 18h post-infection compared 

to the MASP1-KD cells where HA staining is limited (Figure 20, panel C and G). Since the time 

point at which the staining occurred was 18hpi, more extensive HA staining in Caco2 cells is 

most likely the result of successive infection by progeny virions from the initial infection. For 

HK68 infected MASP1-KD cells, although virions containing inactivated-HA are released into the 

supernatant, these are unable to infect neighbouring cells without further HA activation, this is 

supported by the observation that not all MASP1-KD cells stained positive for intracellular HA 

(Figure 20, panel O).  

 Overall, viral HA trafficking to the cell surface is not affected by a deficiency in MASP1. 

Since only HA was analyzed in this study, it will be important to look at production and 
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trafficking of other viral proteins such as NA, M1, M2, and NP, to see if these proteins are 

affected by MASP1 deficiency. In the case of HK68 where viral particles containing non-

activated HA are released from MASP1-KD infected cells, assembly and budding processes are 

most likely functional. However, for RV733 infected MASP1-KD cells, this stage of viral 

replication may be inhibited since minimal viral particles are released. Future studies looking at 

budding from MASP1-KD cells compared to Caco2 cells that are infected with both viruses will 

be useful to gain more insight into this stage of the viral life cycle. This can be accomplished by 

performing electron microscopy analysis on infected cells, where I would expect to see viruses 

budding from HK68 infected MASP1-KD cells compared to minimal budding from RV733 

infected cells. If virions are found to aggregate on the host cell surface, then further studies 

looking at NA activity may be necessary, as the enzymatic activity of NA is responsible for the 

release of newly budded influenza virions from host cells 181,182.    

 The shuttling of proteins within cells and to the cell surface involves the 

endocytic/exocytic pathway. To see if endosomal pathways are affected in the MASP1-KD cells, 

immunofluorescence staining for subcellular organelles was performed. No differences were 

observed in the staining of ER and Golgi between the two cell lines. Staining for endosomal 

markers in MASP1-KD and Caco2 cells revealed similarities in Rab5 staining for early 

endosomes, while the marker for late endosomes (Rab7) demonstrated differential staining 

pattern between the two cell lines. Rab7 appeared as distinct punctate structures in Caco2 

cells. However, Rab7 staining in MASP1KD cells could not be clearly identified since the control 

consisting of cells stained with only the secondary detection antibody alone displayed a similar 

diffuse staining pattern (Figure 22 panel J vs. H). To confirm whether these differences in Rab7 
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expression are true, it would be useful to repeat the experiment looking at other early and late 

endosomal markers such as EEA1 (Early endosomal antigen-1) 427 or CD63 (Late endosome 

marker). 

 Interestingly, Rab5 is suggested to be involved in clathrin-mediated endocytosis, which 

is the main way influenza viruses enter cells. However, since staining of Rab5 is similar between 

Caco2 and MASP1-KD cells, this protein is most likely not involved in the reason why MASP1-KD 

cells are less permissive to certain strains of influenza viruses. The significance of the 

differential staining pattern of Rab7 between Caco2 and MASP1-KD cells is unknown; however, 

if late endosomes behave differently in MASP1-KD cells, this may impact the ability of influenza 

viruses to fuse with the cellular endosomal membrane to facilitate viral entry. The lowered pH 

levels in late endosomes are critical for the ability of HA to change its conformation to allow 

fusion between viral and cellular membranes and subsequent uncoating to occur 120. If there is 

a problem with late endosome expression, this would provide an explanation as to why 

influenza viruses did not replicate well in MASP1-KD cells. Since the ability of HA to be produced 

and transported to the cell surface for both RV733 and HK68 infected cells suggests that fusion 

and uncoating is not an issue, the stages of viral replication after this point should be focused 

on.  

 

5.8 Post-exposure treatment against highly pathogenic H5N1 influenza viruses 

 In addition to identifying MASP1 as a potential target for the development of 

therapeutics against seasonal influenza viruses, I was also interested in the development of a 

post-exposure vaccine strategy against highly pathogenic avian H5N1 influenza viruses. A 
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portion of my PhD work was dedicated to experiments assessing the efficacy of treating mice 

exposed to a lethal dose of H5N1 influenza virus with a homologous whole inactivated H5N1 

(WI-V1203) vaccine. In these studies, we showed that whole inactivated H5N1 virus can be used 

as an effective post-exposure treatment against highly pathogenic H5N1 influenza virus 

infection in mice 364. In this study, we showed complete protection of mice that were infected 

with a lethal dose of V1203 and treated immediately with WI-V1203. Furthermore, a dose 

dependent protective response was observed in the treated mice.  A delay in treatment by 24h 

resulted in some reduction in survival, while a complete loss of efficacy was observed when 

treatment was further delayed to 2 or 3 days after exposure.   

 Inactivated influenza virus vaccines generally elicit a humoral immune response against 

the two major surface glycoproteins, HA and NA. Antibodies that are specific towards HA are 

able to neutralize the virus by preventing HA from binding to host cellular receptors. As such, 

the main correlate of protection against influenza viruses is known to be the HA specific 

antibodies that are produced from vaccination 428. It is generally accepted that antigen-specific 

antibodies take up to two weeks to be produced after vaccination; therefore, it was surprising 

to discover that the protective response observed in the WI-V1203 treated mice was due to the 

humoral immune response. When mice are infected with a low dose of H5N1 influenza virus 

the disease progression is slow, and can take up to 6 to 7 days before clinical signs of illness are 

apparent, ultimately leading to death by day 10. In this study we showed that treatment with 

WI-V1203, if provided early enough after exposure to H5N1, resulted in a protective humoral 

immune response. 



217 
 

 H5N1 viruses in mice grow to high titers, have the ability to spread systemically to other 

organs including the brain 357,429, and stimulate strong CD8+ T cell activation 430. This evidence 

suggests that using the mouse model of H5N1 virus infection for protection studies is highly 

stringent. H5N1 virus infections in human cases also results in strong production of 

inflammatory cytokines and chemokines that contribute to a fatal disease outcome 45. Other 

studies in mice have also shown that H5N1 infection induces strong CD8+ T cell responses in the 

lungs and uncontrolled viral replication 430. Our study supported these observations by showing 

that (+)infected/(-)treated mice had significantly elevated T cell activation in the lung and 

spleen compared to mice from the (+)infected/(+)treated group.  

 In the mice that had been infected and treated with the WI-V1203 

[(+)infected/(+)treated mice], it is possible that treatment with WI-V1203 biased the immune 

response to be more Th-2 like rather than Th-1, as supported by the dampened T cell response 

and the enhanced production of H5N1 specific antibodies. Compared to the (+)infected/(-

)treated group, mice from the (+)infected/(+)treated group produced higher IgM and IgG titers 

at 8 dpi with greater associated neutralizing activity. These results point towards humoral 

immunity as the key mediator of protection. Although the IgG response induced by vaccination 

is the dominant mediator of immune protection, levels of IgA are also important for controlling 

influenza viral replication 431,432. As a mucosal associated antibody, IgA serves as an additional 

barrier in the mucosal lining of the respiratory tract that is able to neutralize viruses before they 

gain entry into the host 433,434. Interestingly, only the (+)infected/(+)treated group had 

detectable levels of IgA in the lungs at 8 dpi which increased by 10 dpi, the same day that IgA 

was detected in the (+)infected/(-)treated group. These results confirm that intranasal infection 
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of mice is required to stimulate the IgA response, as mice from the (-)infected/(+)treated group 

had no IgA response. Furthermore, overall titers of IgG, IgM and IgA at 28 dpi in the 

(+)infected/(+)treated were significantly higher compared to the (-)infected/(+)treated groups. 

Most striking was the observation that neutralizing titers at 28 dpi were about 10-fold higher in 

the (+)infected/(+)treated mice compared to the (-)infected/(+)treated mice. This highlights the 

significant synergy between the responses to infection and simultaneous treatment by 

vaccination that directed the immune response to produce higher titer neutralizing antibodies 

that were clearly critical to the successful protection from lethal infection. This data suggests 

that the immunogenicity of WI-V1203 on its own is low, but when combined with V1203 

infection, the immune response acted faster and resulted in a stronger antibody response that 

led to protection. Future work to measure the cytokines and chemokines produced in mice that 

are infected with H5N1 and treated with WI-V1203 will help confirm whether a stronger Th-2 

response is being favoured.  

 Given that effective antibodies take up to two weeks to be produced in response to 

vaccination, we were interested in determining whether treatment could be delayed further 

post-exposure and still provide protection. When treatment was delayed by 1 dpi, survival 

declined to 83.3% and viral titers were higher in multiple organs at both days 6 and 8 compared 

to animals that were treated immediately after infection.  Furthermore, some animals treated 

at 1 dpi had detectable levels of nAbs at 8 dpi, in contrast to the animals treated on 0 dpi that 

showed some animals with nAbs as early as 6 dpi and substantially higher titers in animals at 8 

dpi. In comparison to infected mice that were treated immediately with WI-V1203, detection of 

nAbs in the 1 dpi treated group was delayed by 2 days. These findings show a connection 
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between treatment with WI-V1203 and boosting of the humoral immune response, since mice 

from the (+)infected/(-)treated group did not produce any detectable nAbs. Future studies to 

investigate whether the addition of adjuvants to WI-V1203 will help stimulate the immune 

response better or reduce the dose of inactivated vaccine required for protection will be 

valuable. If immunogenicity of the treatment can be improved, then it may also extend the 

timeframe at which WI-V1203 needs to be administered in order to achieve effective post-

exposure treatment. These findings provide a new strategy for the use of pre-manufactured 

H5N1 vaccines or vaccines generated in response to novel H5N1 virus outbreaks as a post-

exposure treatment, extending the usage of these vaccines in the event of an outbreak.  
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Chapter Six: Concluding remarks and future directions 

 

Significance of MASP1 research 

 My research led to the discovery of a new role of the cellular protease MASP1 in 

influenza virus replication. While MASP1 naturally functions as a key activating protease of the 

lectin complement pathway, it was surprising to find a requirement of MASP1 to support 

efficient influenza virus replication of a broad range of subtypes including H1N1, H2N2, H3N2, 

H7N9 and H7N3 viruses. Equally as surprising was the finding that highly pathogenic H5N1 

avian-origin influenza viruses, and other viruses like Ebola, Hendra and Nipah, replicated better 

in the MASP1-KD cells, highlighting the complicated and pivotal role that this cellular protease 

plays in viral replication of RNA viruses from different families. Complement proteins such as 

MBL or ficolins are known to play an important role in the host defense against influenza virus 

infections; however, the response to viral infection in MBL null mice appears to differ 

depending on the strain tested. Studies using MASP1/3 KO mice have shown that these mice 

are more susceptible to influenza virus infection, however, only the laboratory and mouse-

adapted PR8-H1N1 virus was tested which may not be representative of other unadapted 

viruses. Alternative approaches to generate complete MASP1 knockout cell lines using the 

CRISPR/Cas9 system for genome editing may be valuable to see how a total absence of MASP1 

affects influenza virus replication.  Other studies infecting MASP1/3 KO mice with the influenza 

virus strains that I tested would be important to confirm if replication is reduced or enhanced in 

vivo.  
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 Inhibition of MASP1 as a possible therapeutic treatment against influenza viruses is 

promising, as a deficiency in MASP1 is able to significantly reduce viral replication for a broad 

range of influenza subtypes. The subtypes that are inhibited include members of all human 

seasonal influenza viruses, as well as the currently circulating H7N9 strain that has been 

identified by the WHO to have high pandemic potential. Current natural inhibitors of MASP1 

include anti-thrombin in the presence of heparin, C1-inhibitor, and α2-macroglobulin. Other 

groups have also generated mono-specific inhibitors against MASP1, MASP2 and MASP3 265,282. 

These inhibitors may be good starting points to test their efficacy at reducing influenza virus 

replication in vitro and in vivo. While the apparent ability of H5N1 viruses to grow better in 

MASP1-KD cells may preclude its use as a general target for therapy against influenza virus 

infection, unless the exact influence of MASP1 deficiency on the virus is known in advance, the 

role of MASP1 may possibly be exploited for antiviral therapy in other ways. Another 

consideration is that the broad effect of MASP1-KD makes it difficult to know how other viruses 

or even other types of pathogenic microorganisms may behave, depending on their 

requirements for MASP1 or pathways that MASP1 influences.  Lastly, targeting MASP1 may 

limit the lectin pathway of complement activation; however the other two pathways of 

complement activation remain functional and may compensate for this loss.  

Although the exact role of MASP1 in the influenza virus life cycle is still unclear, my 

results point towards a role in later stages of viral replication such as assembly and budding. My 

proteomics study helped shed light on possible cellular pathway interactions that MASP1 may 

be involved in. This information is extremely useful in the future development of MASP1 

therapeutics. A deeper understanding of the role of MASP1 in viral replication may point to 
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other targets in key pathways for intervention depending on the virus and its response to 

MASP1 depletion. Lastly, this work has provided a strong foundation for future studies to learn 

more about the intricacies between virus and host biology. 
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Chapter Eight: Appendix  
 
2% SeaPlaque agarose overlay preparation: 
 
Measure 20 g of SeaPlaque low melting point agar (Lonza) into 1L of tissue culture grade water 
(HyClone). Dissolve and sterilize by autoclaving at 121°C for 15 min, make 25 mL aliquots using 
50 mL Falcon tubes.  
 
 
4X SDS Gel Loading Buffer recipe: 
 
Add       Final concentration 
20 mL   1M Tris-HCl pH 7.5    0.2 M 
20 mL  20% Sodium Dodecyl Sulfate (SDS)  4% 
35 mL  Glycerol     35% 
0.5 g  Bromophenol blue    0.5% (w/v) 
 
+20 mL β-mercaptoethanol (BME) before use  20% 
 
(Total volume = 100 mL) 
 
 
Transfer Buffer for Western blot recipe: 
 
6.05 g   Tris Base (BP152-1, Fisher Scientific) 
28.5 g   Glycine (BP381-500, Fisher Scientific) 
400 mL   Methanol 
1600 mL  dH20 
  
 
SDS Lysis Buffer for Proteomics recipe: 
 
Add       Final concentration 
5 mL  1M Tris-HCl     50 mM 
20 mL  10% SDS     2% 
75 mL  dH20 
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Complete list of proteins (Accession number) imported into Ingenuity Pathway Analysis (IPA). 
List of significantly dysregulated proteins (cutoffs of p-value < 0.0003 and minimum > 1.5X fold 
change) were imported into IPA for both Core and Comparison Analysis. For the Caco2 vs. 
Caco2 RV733 group, only influenza viral proteins were identified at this threshold. For the 
MASP1-KD vs. MASP1-KD RV733 group, there were no proteins identified at this threshold.  
 
 
Caco2 vs. Caco2 RV733 Caco2 vs. MASP1-KD Caco2 RV733 vs. MASP1-KD 

RV733 
EPI138938 (H1N1 PB1) 3HAO_HUMAN 1433S_HUMAN 
EPI105027a (+2) (H1N1 NS1) 4F2_HUMAN A1CF_HUMAN 
EPI105013 (+2) (H1N1 PB2) A1CF_HUMAN AAAT_HUMAN 
EPI105017 (+1) (H1N1 PA) AAAT_HUMAN ABC3B_HUMAN 
EPI105024a (+1) (H1N1 M1) ABC3B_HUMAN ABCBB_HUMAN 
EPI105021 (+2) (H1N1 NP) ABCBB_HUMAN ABR_HUMAN 
 ABR_HUMAN ACS2L_HUMAN 
 ACSL5_HUMAN ACSL5_HUMAN 
 ACTL8_HUMAN ACTL8_HUMAN 
 ACYP1_HUMAN ACYP1_HUMAN 
 ADSV_HUMAN ADK_HUMAN 
 AGR2_HUMAN ADSV_HUMAN 
 AHNK2_HUMAN AGR2_HUMAN 
 AIF1L_HUMAN AHNK2_HUMAN 
 AIM1_HUMAN AIF1L_HUMAN 
 AKA12_HUMAN AIM1_HUMAN 
 AKAP1_HUMAN AKA12_HUMAN 
 AKAP2_HUMAN AKAP1_HUMAN 
 ALDR_HUMAN AKAP2_HUMAN 
 ALPK2_HUMAN ALDR_HUMAN 
 AMPD2_HUMAN ALPK2_HUMAN 
 ANK3_HUMAN ANK3_HUMAN 
 ANXA1_HUMAN ANXA1_HUMAN 
 ANXA3_HUMAN ANXA3_HUMAN 
 ANXA4_HUMAN AP1S3_HUMAN 
 AP3B2_HUMAN AP3B2_HUMAN 
 APOD_HUMAN APOD_HUMAN 
 APOE_HUMAN APOL2_HUMAN 
 ARHGG_HUMAN ARI3A_HUMAN 
 ARI3A_HUMAN ARI3B_HUMAN 
 ARI3B_HUMAN ARRB1_HUMAN 
 ARRB1_HUMAN ARSE_HUMAN 
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 ARSE_HUMAN ASM3B_HUMAN 
 ASM3B_HUMAN ATPK_HUMAN 
 ATPK_HUMAN AUXI_HUMAN 
 AUXI_HUMAN BCAT1_HUMAN 
 BCAT1_HUMAN BGAL_HUMAN 
 BGAL_HUMAN BI2L1_HUMAN 
 BGH3_HUMAN BIEA_HUMAN 
 BI2L1_HUMAN CAD17_HUMAN 
 BIEA_HUMAN CADH1_HUMAN 
 CAD17_HUMAN CADH2_HUMAN 
 CADH1_HUMAN CADH6_HUMAN 
 CADH2_HUMAN CADM1_HUMAN 
 CADH3_HUMAN CAH2_HUMAN 
 CADH6_HUMAN CAPG_HUMAN 
 CADM1_HUMAN CATC_HUMAN 
 CAH2_HUMAN CATD_HUMAN 
 CAPG_HUMAN CAV1_HUMAN 
 CATC_HUMAN CCD84_HUMAN 
 CATD_HUMAN CCS_HUMAN 
 CAV1_HUMAN CD109_HUMAN 
 CCD86_HUMAN CD166_HUMAN 
 CCS_HUMAN CD59_HUMAN 
 CD109_HUMAN CD9_HUMAN 
 CD166_HUMAN CDK6_HUMAN 
 CD9_HUMAN CEMIP_HUMAN 
 CDK6_HUMAN CETN2_HUMAN 
 CEMIP_HUMAN CF132_HUMAN 
 CETN2_HUMAN CG050_HUMAN 
 CF132_HUMAN CGAS_HUMAN 
 CGNL1_HUMAN CGNL1_HUMAN 
 CHM2B_HUMAN CHM2B_HUMAN 
 CHMP6_HUMAN CHMP6_HUMAN 
 CING_HUMAN CHSS2_HUMAN 
 CLIC4_HUMAN CING_HUMAN 
 CLYBL_HUMAN CLIC4_HUMAN 
 COL12_HUMAN CLYBL_HUMAN 
 COR2A_HUMAN COL12_HUMAN 
 COTL1_HUMAN COR2A_HUMAN 
 COX16_HUMAN COTL1_HUMAN 
 CP2S1_HUMAN COX16_HUMAN 
 CP3A5_HUMAN CP2S1_HUMAN 
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 CPNE1_HUMAN CPNE1_HUMAN 
 CPVL_HUMAN CPVL_HUMAN 
 CRDL1_HUMAN CRDL1_HUMAN 
 CSPG2_HUMAN CSPG2_HUMAN 
 CSPG4_HUMAN CSPG4_HUMAN 
 CYTC_HUMAN DAF_HUMAN 
 DCLK1_HUMAN DCBD2_HUMAN 
 DDAH2_HUMAN DCLK1_HUMAN 
 DEGS1_HUMAN DDC_HUMAN 
 DESP_HUMAN DESP_HUMAN 
 DGKA_HUMAN DFNA5_HUMAN 
 DHC24_HUMAN DGKA_HUMAN 
 DHDH_HUMAN DHC24_HUMAN 
 DLG5_HUMAN DHSO_HUMAN 
 DMXL2_HUMAN DLG5_HUMAN 
 DNJB4_HUMAN DMXL2_HUMAN 
 DNM3B_HUMAN DNJB4_HUMAN 
 DOC10_HUMAN DOC10_HUMAN 
 DPP4_HUMAN DPP4_HUMAN 
 DPYD_HUMAN DPYD_HUMAN 
 DPYL4_HUMAN DPYL5_HUMAN 
 DPYL5_HUMAN DSCR3_HUMAN 
 DSCR3_HUMAN DYRL1_HUMAN 
 DYRL1_HUMAN EFHD2_HUMAN 
 E2AK2_HUMAN ELP4_HUMAN 
 EFHD2_HUMAN EMAL1_HUMAN 
 ELMO3_HUMAN EMAL4_HUMAN 
 ELP4_HUMAN ENPP4_HUMAN 
 EMAL1_HUMAN EPCAM_HUMAN 
 EMAL4_HUMAN EPI105017 (+1) 
 ENPP4_HUMAN EPI105021 (+2) 
 EPCAM_HUMAN EPI105024a (+1) 
 EPIPL_HUMAN EPIPL_HUMAN 
 EPMIP_HUMAN EPS8_HUMAN 
 EPS8_HUMAN ES8L1_HUMAN 
 ES8L1_HUMAN ES8L2_HUMAN 
 ES8L2_HUMAN FAH2A_HUMAN 
 EST1_HUMAN FBX2_HUMAN 
 ETUD1_HUMAN FDFT_HUMAN 
 F19A4_HUMAN FKB10_HUMAN 
 F207A_HUMAN FOXP4_HUMAN 
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 FABP5_HUMAN FPRP_HUMAN 
 FABPH_HUMAN FSTL1_HUMAN 
 FAH2A_HUMAN FTCD_HUMAN 
 FBX2_HUMAN GALM_HUMAN 
 FKB10_HUMAN GALT6_HUMAN 
 FKBP7_HUMAN GAPR1_HUMAN 
 FLNC_HUMAN GATA6_HUMAN 
 FOXP4_HUMAN GFAP_HUMAN 
 FPRP_HUMAN GGCT_HUMAN 
 FSTL1_HUMAN GGH_HUMAN 
 FTCD_HUMAN GHITM_HUMAN 
 FZD2_HUMAN GLT12_HUMAN 
 GALT6_HUMAN GPC3_HUMAN 
 GAPR1_HUMAN GPC4_HUMAN 
 GATA6_HUMAN GPNMB_HUMAN 
 GFAP_HUMAN GRDN_HUMAN 
 GGCT_HUMAN GRHL2_HUMAN 
 GGH_HUMAN GSTM3_HUMAN 
 GLBL2_HUMAN GSTO1_HUMAN 
 GLT12_HUMAN GTR3_HUMAN 
 GMPR1_HUMAN H11_HUMAN 
 GNAI2_HUMAN HEXB_HUMAN 
 GPC4_HUMAN HKDC1_HUMAN 
 GPNMB_HUMAN HMCS1_HUMAN 
 GPX8_HUMAN HNF4A_HUMAN 
 GRDN_HUMAN HNMT_HUMAN 
 GRHL2_HUMAN HTAI2_HUMAN 
 GSTO1_HUMAN IBP3_HUMAN 
 GTR3_HUMAN IBP7_HUMAN 
 H11_HUMAN IDHC_HUMAN 
 H12_HUMAN IDI1_HUMAN 
 HGD_HUMAN IF16_HUMAN 
 HKDC1_HUMAN IL18_HUMAN 
 HMCS1_HUMAN IL1AP_HUMAN 
 HNF4A_HUMAN ISG15_HUMAN 
 HNMT_HUMAN ITA3_HUMAN 
 HTAI2_HUMAN ITB1_HUMAN 
 IBP3_HUMAN ITB3_HUMAN 
 IBP7_HUMAN JAM1_HUMAN 
 IDHC_HUMAN K1C18_HUMAN 
 IDHP_HUMAN K1C19_HUMAN 
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 IDI1_HUMAN K2C8_HUMAN 
 IF16_HUMAN KALRN_HUMAN 
 IF2B1_HUMAN KAP0_HUMAN 
 IL18_HUMAN KCRB_HUMAN 
 IL1AP_HUMAN KDEL1_HUMAN 
 ILEU_HUMAN KGUA_HUMAN 
 IPP2_HUMAN KPCA_HUMAN 
 ISG15_HUMAN LACTB_HUMAN 
 ITA3_HUMAN LANC2_HUMAN 
 ITB1_HUMAN LEG1_HUMAN 
 ITB3_HUMAN LEG2_HUMAN 
 JAM1_HUMAN LIMA1_HUMAN 
 JUNB_HUMAN LIN41_HUMAN 
 K1C18_HUMAN LIPB2_HUMAN 
 K1C19_HUMAN LORF1_HUMAN 
 K2C8_HUMAN LPHN2_HUMAN 
 KALRN_HUMAN LRC17_HUMAN 
 KAP0_HUMAN LRRC1_HUMAN 
 KCRB_HUMAN MALT1_HUMAN 
 KDEL1_HUMAN MAOX_HUMAN 
 KGUA_HUMAN MARC1_HUMAN 
 KPCA_HUMAN MARE3_HUMAN 
 LACTB_HUMAN MAVS_HUMAN 
 LAD1_HUMAN MCCB_HUMAN 
 LAMA4_HUMAN MDR1_HUMAN 
 LAMB3_HUMAN MECR_HUMAN 
 LAMC1_HUMAN METL9_HUMAN 
 LANC2_HUMAN MGST1_HUMAN 
 LAP2A_HUMAN MISP_HUMAN 
 LBH_HUMAN MOT4_HUMAN 
 LEG1_HUMAN MPP7_HUMAN 
 LIMA1_HUMAN MRP_HUMAN 
 LIN41_HUMAN MTAP_HUMAN 
 LORF1_HUMAN MVD1_HUMAN 
 LPHN2_HUMAN MYLK_HUMAN 
 LRC17_HUMAN MYO1D_HUMAN 
 LRRC1_HUMAN MYO5A_HUMAN 
 MA7D2_HUMAN NADC_HUMAN 
 MALT1_HUMAN NADE_HUMAN 
 MAOX_HUMAN NALD2_HUMAN 
 MAP1B_HUMAN NALP2_HUMAN 
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 MARC1_HUMAN NCAM1_HUMAN 
 MARE3_HUMAN NDUB8_HUMAN 
 MAVS_HUMAN NDUBB_HUMAN 
 MCCB_HUMAN NDUC2_HUMAN 
 MDR1_HUMAN NOSTN_HUMAN 
 MECR_HUMAN NOTC2_HUMAN 
 METL9_HUMAN NPC2_HUMAN 
 MGST1_HUMAN NPNT_HUMAN 
 MILK2_HUMAN OAS1_HUMAN 
 MISP_HUMAN OCRL_HUMAN 
 MK_HUMAN ORN_HUMAN 
 MOES_HUMAN OSBL1_HUMAN 
 MOT4_HUMAN OSBL6_HUMAN 
 MPP7_HUMAN OVCA2_HUMAN 
 MTAP_HUMAN P20D2_HUMAN 
 MVD1_HUMAN P3H1_HUMAN 
 MYLK_HUMAN P5I11_HUMAN 
 MYO1D_HUMAN PACN1_HUMAN 
 MYO5A_HUMAN PAI1_HUMAN 
 NAC1_HUMAN PAK1_HUMAN 
 NADC_HUMAN PALM3_HUMAN 
 NALD2_HUMAN PDIA4_HUMAN 
 NALP2_HUMAN PDLI4_HUMAN 
 NAV1_HUMAN PENK_HUMAN 
 NCAM1_HUMAN PGAP1_HUMAN 
 NCS1_HUMAN PGH2_HUMAN 
 NDUA5_HUMAN PGM1_HUMAN 
 NDUBB_HUMAN PHLB1_HUMAN 
 NFIC_HUMAN PITX2_HUMAN 
 NLRX1_HUMAN PK3CD_HUMAN 
 NOTC2_HUMAN PKD2_HUMAN 
 NPC2_HUMAN PKHH2_HUMAN 
 NPNT_HUMAN PKP2_HUMAN 
 NPS3B_HUMAN PKP3_HUMAN 
 OCRL_HUMAN PLAK_HUMAN 
 OSBL1_HUMAN PLIN2_HUMAN 
 OSBL6_HUMAN PLOD2_HUMAN 
 OVCA2_HUMAN PLSL_HUMAN 
 P20D2_HUMAN PMGE_HUMAN 
 P3H1_HUMAN PNCB_HUMAN 
 P5I11_HUMAN PODXL_HUMAN 



254 
 

 PACN1_HUMAN POF1B_HUMAN 
 PAI1_HUMAN PPIL3_HUMAN 
 PAK1_HUMAN PPM1D_HUMAN 
 PALM3_HUMAN PPM1H_HUMAN 
 PCTL_HUMAN PRAF2_HUMAN 
 PDE1C_HUMAN PRDC1_HUMAN 
 PDIA4_HUMAN PTN13_HUMAN 
 PDLI4_HUMAN PTN6_HUMAN 
 PENK_HUMAN PTRF_HUMAN 
 PGAP1_HUMAN RAB20_HUMAN 
 PGM1_HUMAN RAB3I_HUMAN 
 PHLB1_HUMAN RABP1_HUMAN 
 PITX2_HUMAN RAI3_HUMAN 
 PK3CD_HUMAN RELN_HUMAN 
 PKD2_HUMAN RET1_HUMAN 
 PKHH2_HUMAN RHG29_HUMAN 
 PKP2_HUMAN RNH2B_HUMAN 
 PKP3_HUMAN RNH2C_HUMAN 
 PLAK_HUMAN RRBP1_HUMAN 
 PLCB4_HUMAN RSMB_HUMAN 
 PLCD1_HUMAN S10AE_HUMAN 
 PLIN2_HUMAN S27A2_HUMAN 
 PLOD2_HUMAN S39A6_HUMAN 
 PLSL_HUMAN SAT2_HUMAN 
 PMGE_HUMAN SCAFB_HUMAN 
 PNCB_HUMAN SCOT1_HUMAN 
 PODXL_HUMAN SCRN3_HUMAN 
 POF1B_HUMAN SEM6A_HUMAN 
 PPIL3_HUMAN SEM7A_HUMAN 
 PPM1H_HUMAN SHOT1_HUMAN 
 PRAF2_HUMAN SLIRP_HUMAN 
 PRDC1_HUMAN SODC_HUMAN 
 PTN13_HUMAN SPEB_HUMAN 
 PTN6_HUMAN SPN1_HUMAN 
 PTRF_HUMAN SSDH_HUMAN 
 PXDN_HUMAN STA13_HUMAN 
 RAB20_HUMAN STK31_HUMAN 
 RAB3I_HUMAN STS_HUMAN 
 RABP1_HUMAN STXB1_HUMAN 
 RELN_HUMAN SYNE2_HUMAN 
 RET1_HUMAN SYNEM_HUMAN 



255 
 

 RHG29_HUMAN TAGL_HUMAN 
 RHG31_HUMAN TBA4A_HUMAN 
 RL36L_HUMAN TBC8B_HUMAN 
 RLBP1_HUMAN TBCA_HUMAN 
 RNH2B_HUMAN TBCD4_HUMAN 
 RRBP1_HUMAN TCOF_HUMAN 
 RSMB_HUMAN TENS1_HUMAN 
 RTL1_HUMAN TFAM_HUMAN 
 S10A6_HUMAN TFB2M_HUMAN 
 S27A2_HUMAN TGFB2_HUMAN 
 SACS_HUMAN THNS2_HUMAN 
 SAT2_HUMAN TIMP3_HUMAN 
 SC5D_HUMAN TM109_HUMAN 
 SCAFB_HUMAN TMM97_HUMAN 
 SCOT1_HUMAN TOM34_HUMAN 
 SCRN3_HUMAN TPBG_HUMAN 
 SEM6A_HUMAN TPD54_HUMAN 
 SEM7A_HUMAN TPM1_HUMAN 
 SHOT1_HUMAN TPMT_HUMAN 
 SHPS1_HUMAN TTMP_HUMAN 
 SLIRP_HUMAN UAP1_HUMAN 
 SODC_HUMAN UBE2H_HUMAN 
 SPG20_HUMAN UBE2T_HUMAN 
 SPN1_HUMAN UD16_HUMAN 
 SPON1_HUMAN UGGG2_HUMAN 
 SSDH_HUMAN UPP1_HUMAN 
 STA13_HUMAN VACHT_HUMAN 
 STAP2_HUMAN VGF_HUMAN 
 STS_HUMAN VILI_HUMAN 
 STXB1_HUMAN VIME_HUMAN 
 SYNE2_HUMAN VP13A_HUMAN 
 SYNEM_HUMAN WBP2_HUMAN 
 TAGL_HUMAN WWP1_HUMAN 
 TBA4A_HUMAN XRP2_HUMAN 
 TBC8B_HUMAN  
 TBCD1_HUMAN  
 TBCD4_HUMAN  
 TENS1_HUMAN  
 TFAM_HUMAN  
 TFB2M_HUMAN  
 TGFB1_HUMAN  
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 TGFB2_HUMAN  
 THNS2_HUMAN  
 TIMP2_HUMAN  
 TIMP3_HUMAN  
 TMX3_HUMAN  
 TOM34_HUMAN  
 TPBG_HUMAN  
 TPD54_HUMAN  
 TPM1_HUMAN  
 TRI38_HUMAN  
 TT39C_HUMAN  
 UAP1_HUMAN  
 UB2E3_HUMAN  
 UBE2H_HUMAN  
 UBE2T_HUMAN  
 UGGG2_HUMAN  
 UNC5D_HUMAN  
 UPAR_HUMAN  
 UPP1_HUMAN  
 VACHT_HUMAN  
 VGF_HUMAN  
 VILI_HUMAN  
 VIME_HUMAN  
 VP13A_HUMAN  
 VTNC_HUMAN  
 WBP2_HUMAN  
 WWP1_HUMAN  
 ZN618_HUMAN  
 ZN655_HUMAN  
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Chapter Nine: Copyright Permissions  
 
 
Figure 1. No authorization needed as stated by Journal policies. 

Figure 2. Copyright clearance is attached 

Figure 3. Copyright clearance is attached 

Figure 4. Copyright clearance is attached 

Figure 5. Copyright clearance is attached 

Figure 6. No authorization needed as stated by Journal policies. 

Figure 23. No authorization needed as stated by Journal policies. 

Figure 24. No authorization needed as stated by Journal policies. 

Figure 25. No authorization needed as stated by Journal policies. 

Figure 26. No authorization needed as stated by Journal policies. 

Figure 27. No authorization needed as stated by Journal policies. 

 




































