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Abstract 

Influenza viruses have posed a threat to public health in the form of seasonal epidemics 

and sporadic pandemics for centuries, despite an intensive vaccine program and the existence of 

antivirals. Moreover, it is widely known that secondary bacterial co-infections are able to 

complicate influenza infections, resulting in increased morbidity and mortality. Secondary 

bacterial pathogens include Streptococcus pneumoniae, Streptococcus pyogenes, and 

Haemophilus influenzae. However, Staphylococcus aureus, specifically methicillin-resistant S. 

aureus (MRSA) remains one of the most commonly seen secondary bacterial pathogens in 

influenza infections. In the case of influenza-bacterial co-infections, these pathogens are able to 

colonize the alveolar-capillary barrier, where the respiratory epithelial cells of the alveoli are in 

close proximity to the pulmonary endothelial cells of the capillary, allowing for gas exchange in 

the lungs. The breakdown of the alveolar-capillary barrier results in severe disease, hypoxemia, 

and fluid leakage. It is believed that this severe disease is the result of a combination of host-, 

viral-, and bacterial-mediated responses. However, there is a paucity of information regarding 

the mechanisms underlying influenza-bacterial co-infection pathogenesis. To further our 

understanding of severe disease pathogenesis, a co-culture model of the alveolar-capillary barrier 

was created using primary alveolar respiratory epithelial cells and pulmonary microvascular 

endothelial cells. This model was used to study modulation of MRSA’s replication kinetics and 

bacterial virulence factors in the presence of IAV. Additionally, the host response to influenza-

MRSA co-infection was studied by measuring alveolar-capillary barrier integrity, the host 

kinome, and cytokine expression. We found that alveolar-capillary barrier disruption during co-

infection is mediated primarily through host response dysregulation, resulting in the loss of 

alveolar-capillary barrier integrity. 
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Introduction 

1 – Influenza Viruses 

 1.1 – Taxonomy 

Influenza viruses belong to the family Orthomyxoviridae, which is composed of six 

genera which diverged thousands of years ago: Influenzavirus A, Influenzavirus B, Influenzavirus 

C, Influenzavirus D, Thogotovirus, and Isavirus [1-3].  Each genus differs in terms of its genome, 

host range, and pathogenicity [1, 3, 4]. Viruses belonging to the Influenzavirus A, Influenzavirus 

B, and Influenzavirus C genera each contain eight RNA segments, while viruses belonging to the 

Influenzavirus C and Influenzavirus D genera only contain seven RNA segments [3]. Viruses 

belonging to the Influenzavirus A, Influenzavirus B, and Influenzavirus C genera are able to 

infect humans, although only those belonging to the Influenzavirus A genus are able to cause 

pandemics in humans [3]. Influenzavirus B and Influenzavirus C viruses are predominantly 

human adapted viruses, with humans acting as their primary host; however, limited spillover has 

been observed in seals and pigs, respectively [3, 5]. Despite being predominantly human 

adapted, Influenzavirus C viruses are only known to cause mild illness, specifically in children 

[1, 3]. Lastly, the Influenzavirus D genus was only recently discovered, and is known to infect 

swine, cattle, and small ruminants [5]. Only influenza A viruses (IAV), belonging to the 

Influenzavirus A genus, will be discussed here.    

1.2 – Structure and Genome 

IAVs are enveloped, negative-sense, single-stranded RNA viruses with a segmented 

genome [1, 3]. The viral envelope can range from 80-120 nm, with three different surface 

glycoproteins: haemagglutinin (H; HA), which is involved in entry, neuraminidase (N; NA), 
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which is involved in viral release, and matrix protein 2 (M2), a proton ion channel (Figure 1) [3, 

6].  

The IAV genome is made up of eight gene segments, which code for 10 proteins [2, 3]. 

The first, second, and third genome segments code for polymerase basic protein 2 (PB2),  RNA-

directed RNA polymerase catalytic subunit (PB1), and polymerase acidic protein (PA), 

respectively, which make up the viral polymerase complex [3]. The fourth gene segment codes 

for HA, while the sixth segment codes for NA [3]. The fifth gene segment codes for 

nucleoprotein (NP) which encases each of the eight gene segments [3]. The seventh gene 

segment, known as M, codes for both matrix protein 1 (M1), the matrix protein which provides a 

scaffold for the virion structure, and M2 [3]. The eighth, and final, segment also codes for two 

proteins: nonstructural protein 1 (NS1), and nuclear export protein (NEP) [3]. Certain IAV 

proteins are known to have immunomodulatory functions, specifically NS1, which suppresses 

key components of the host antiviral response, including suppression of RIG-1/TRIM25-

mediated sensing of viral RNA and PKR-activated antiviral activity [7, 8].  

1.3 – Subtypes 

IAVs are subtyped based on the antigenic variation of HA and NA glycoproteins found 

on the surface of the virion [1-4, 9]. There are currently 18 different HA subtypes and 11 

different NA subtypes, which theoretically allows for 198 strain variations [1-3, 10]. Of these, 

two evolutionarily distinct IAV subtypes, H17N10 and H18N11, have only been observed in 

bats, which may act as an important reservoir for human IAV infections [10]. While various  
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Figure 1: Influenza A Virus Structure and Genome. 
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Figure 1: Influenza A Virus Structure and Genome. 

The IAV genome is made up of eight gene segments, coding for 10 proteins. The first, second, 

and third segments code for the three proteins which make up the viral polymerase complex 

(PB1, PB2, and PA). The fourth and sixth gene segments code for the surface proteins HA and 

NA. The fifth segment codes for NP, which encases each of the eight gene segments. The 

seventh and eight segments each code for two proteins. The seventh segment codes for M1 and 

M2, while the eight segment codes for NS1 and NEP. 

From Breen et al. [6]. 
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combinations of the HA and NA glycoproteins are consistently found within avian hosts, only 

H1, H2, and H3 are currently known to be capable of human-to-human transmission [1, 2].  

1.4 – Antigenic Shift and Drift 

The segmented genome of IAV allows for reassortment between viruses, also known as 

antigenic shift (Figure 2A). In short, when two IAVs infect the same cell, the viruses are able to 

exchange genome segments, resulting in the introduction of entirely new surface proteins to IAV 

strains [3]. As such, antigenic shift allows for an increase in virus diversity and, occasionally, in 

the creation of a pandemic IAV strain [3]. Alternatively, antigenic drift can also occur in IAVs 

(Figure 2B). Antigenic drift occurs constantly, and is the accumulation of point mutations within 

the HA and NA glycoproteins, due to the lack of proofreading ability of the viral RNA 

polymerase complex [3, 9]. Antigenic drift allows for selective mutation in the antigenic 

domains of HA and NA, and may allow IAVs to evade pre-existing immunity;  it is also the 

reason why influenza vaccines must be updated yearly [1].  

1.5 – Life Cycle 

IAV invasion and replication, summarized in Figure 3, can occur in both non-immune 

and immune cell types, but generally targets either respiratory or intestinal tract epithelial cells, 

depending on the host [3, 11, 12]. First, HA, which is involved in both receptor binding and 

fusion, binds sialic acids present on the host cell glycoproteins [1, 3]. Binding affinity can be for 

either 2,3-linked or 2,6-linked sialic acids. Following binding of HA to sialic acid, the virus is 

internalized into the host cell via an endosome [1, 3]. The acidic pH of the endosomal 

compartment results in a conformational change in HA, facilitating fusion of the endosomal and 

viral membranes [1, 3]. The eight gene segments of the virus, known as viral ribonucleoproteins  
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Figure 2: Antigenic Shift vs Antigenic Drift. 
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Figure 2: Antigenic Shift vs Antigenic Drift. 

A) Antigenic shift occurs when two IAVs (Virus A + Virus A) infect the same host cell and 

exchange gene segments. This results in the creation of an entirely new IAV strain (Virus 

C).  

B) Antigenic drift occurs when selective mutations in the antigenic domains of HA and NA 

of a virus (Virus A) accumulate over time, resulting in a virus able to evade pre-existing 

immunity (Virus B).  

From https://healthhearty.com/antigenic-drift-vs-antigenic-shift  
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Figure 3: Influenza A Virus Life Cycle. 
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Figure 3: Influenza A Virus Life Cycle. 

IAV replication begins by HA binding to sialic acid present on the host cell, followed by 

internalization via an endosome. A conformational change in HA due to the acidic pH of the 

endosomal compartment results in fusion of the endosomal and viral membranes, releasing 

the eight gene segments into the cytoplasm. The gene segments are immediately transported 

to the nucleus where transcription and replication occurs, mediated by the viral polymerase 

complex. Positive-stranded viral mRNA is transcribed, capped, polyadenylated, and 

transported to the cytoplasm. HA, NA, and M2 are inserted into the cell membrane. M1 and 

NEP localize to the nucleus, bind vRNPS, and mediate their transport to the cytoplasm. The 

vRNPs migrate to the plasma membrane and are bundled into the eight vRNPs necessary for 

the creation of a successful virion. NA cleaves host cell sialic acids, mitigating viral release.  

From te Velthuis and Fodor [12].  
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(vRNPs), are released into the cytoplasm and immediately transported to the nucleus, where 

transcription and replication occurs [1, 3]. Transcription and replication are mediated by the viral  

polymerase complex, which is made up of PA, PB1, and PB2 [3]. Transcription results in 

positive-stranded viral mRNA, which are capped and polyadenylated prior to being transported 

to the cytoplasm for translation [3]. Newly synthesized viral polymerase complexes and 

nucleoproteins are transported back to the nucleus, to increase the rate of transcription of viral 

RNA [3]. Alternatively, HA, NA, and M2 are transported to and inserted into the cell membrane 

upon synthesis [3]. In late stages of infection, M1 and NEP localize to the nucleus, where they 

bind vRNPs in order to mediate their transport to the cytoplasm [3]. The vRNPs then migrate to 

the plasma membrane, where they are bundled into the eight vRNPs necessary for the creation of 

a successful virion prior to budding [3]. Lastly, NA mitigates viral release, by cleaving host cell 

sialic acids [1, 3].  

1.6 – Hosts 

Swine, avian, and mammalian species each act as reservoirs for IAVs, with wild aquatic 

birds being the primary host reservoir [1, 2, 4]. Infection with IAV causes subclinical to minimal 

disease in their primary host, and as such is called low pathogenic avian influenza (LPAI) [13]. 

Host traits which affect exposure, such as foraging behaviour, migration, or reproduction, and 

which affect susceptibility to infection, such as age, body condition, or pre-existing immunity, 

are thought to influence the efficiency of LPAIs [13].  

 Highly pathogenic avian influenza (HPAI) viruses can evolve directly from LPAI 

progenitors [14-17]. This emergence is a result of antigenic drift via insertion/substitution of 

amino acids at the HA cleavage site or of antigenic shift via nonhomologous recombination 

resulting in the insertion of a foreign nucleotide sequence [18-23]. The emergence of novel 
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HPAI viruses, including H5 and H7 subtypes, are of particular concern due to their pandemic 

potential. Circulating HPAI viruses are of potential concern to global public health, as HPAI 

viruses can arise from previously known low-pathogenicity viruses with only minor mutations 

[14, 24, 25]. For example, Asian lineage avian H5N1 IAV, which circulates in fowl, is rarely 

found in humans but has resulted in life-threatening cases when able to establish stable lineages 

and H7N9 IAV has resulted in sporadic human infections in China resulting in >1500 infections 

with an estimated 39% case fatality rate since 2013 [24, 26].   

As shown in Figure 4, IAVs are also able to naturally infect a multitude of other warm-

blooded animals, including domestic animals, pigs, horses, and poultry [1, 3, 9, 27]. Host 

specificity is determined by the affinity of the surface glycoprotein HA for certain sialic acid 

linkages. For example, IAVs which are specific to birds have an affinity for 2,3-linked sialic 

acids, whereas IAVs adapted to humans have an affinity for 2,6-linked sialic acids [1].    

1.7 – Human Infections 

Human IAV infection occurs via aerosols, respiratory droplets, or direct contact with 

respiratory secretions of an infected individual [28-30]. Infections can range from asymptomatic 

to deadly [28, 29]. IAVs infect people of all ages and backgrounds; however, disease severity is 

greatest in infants <2 years of age, the elderly, and individuals with co-morbidities, including 

cardiac disease, diabetes, or obesity [1, 9, 31]. These individuals are at a high risk of developing 

severe complications, including hemorrhagic bronchitis and pneumonia [9]. 

 It is estimated that annual influenza epidemics infect 10-20% of the worldwide 

population, resulting in ~1 billion infections, 3-5 million cases of severe illness, and 300,000-

500,000 deaths each year [3, 29, 32]. Severe cases of influenza in humans are a leading cause of 

global morbidity and mortality [32]. 
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Figure 4: Influenza A Virus Hosts. 
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Figure 4: Influenza A Virus Hosts. 

Swine, avian, and mammalian species each act as reservoirs for IAVs, allowing for a unique 

relationship between the three. Wild aquatic birds act as the primary host reservoir, but IAVs are 

also able to naturally infect a multitude of other warm-blooded animals, such as domestic 

animals, pigs, horses, and poultry. Other influenza viruses, such as influenzavirus B viruses are 

able to infect humans, as well as seals. Influenzavirus C viruses are able to infect both swine and 

humans, similar to IAVs.  

From Horimoto and Kawaoka [27].  
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1.7.1 – Signs and Symptoms 

Influenza virus infections generally manifest as an acute, self-limiting infection in both 

the upper and lower respiratory tract [1, 9]. Clinical symptoms include the sudden onset of a high 

fever, coryza, cough, headache, myalgia, and general malaise [1, 9, 31]. Some gastrointestinal 

symptoms, such as nausea, vomiting, and diarrhea are also common [33]. In healthy adults, 

symptoms generally peak around 3-5 days post-infection, and persist for 7 to 10 days [1, 9, 31]. 

Replication peaks around 48-72 hours post-infection, with virus shedding occurring for ~6 days 

[1, 9, 31].  

Certain host factors, such as age, genetic predisposition, and the presence of co-

morbidities as described above, often result in severe disease complications [9, 28, 32]. These 

complications often include hemorrhagic bronchitis and pneumonia [9]. However, severe cases 

of influenza infection can also result in a wide range of non-respiratory complications, such as 

cardiovascular, neurological, musculoskeletal, renal, hepatic, and hematologic complications 

[32]. The most commonly described complications include viral myocarditis and viral 

encephalitis [32].  

1.7.2 – Pathogenesis 

In humans, IAVs replicate in the respiratory epithelium, ultimately inducing an 

inflammatory response [34, 35]. IAV pathogenesis is the result of a combination of both viral 

and host factors [34]. Following viral entry into the cell, IAV is recognized by pattern 

recognition receptors, such as endosomal Toll-like receptor (TLR)-7 or cytosolic RIG-I, which 

recognize the single-stranded RNA of influenza [34]. Recognition induces anti-viral host 

responses via a series of signaling cascades, resulting in the production of type I interferon (IFN) 

which limits viral replication [34]. Transcription factors such as interferon regulatory factor 
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(IRF)-3 and IRF-7 are virus induced and play essential roles in the expression of type-I IFN [34]. 

Activated pattern recognition receptors are also able to induce the production of pro-

inflammatory mediators including interleukin (IL)-1, IL-6, IL-12, IL-18, tumor necrosis factor 

(TNF)-, and chemokines such as CCL5, CXCL8, CXCL10, and CCL2 [34, 36, 37]. These 

chemokines are able to recruit macrophages which can induce apoptosis in infected alveolar 

epithelial cells, leading to lung inflammation [34]. 

1.7.3 – Acute Lung Injury and Acute Respiratory Distress Syndrome 

In severe cases of disease, IAV infection can result in acute lung injury (ALI) or acute 

respiratory distress syndrome (ARDS) [38]. Both ALI and ARDS are manifestations of an 

inflammatory response in the lung, characterized by severe hypoxemia, hypercapnia, and diffuse 

infiltration present in chest x-rays [38]. ALI is diagnosed by the presence of bilateral pulmonary 

infiltrates consistent with edema in chest radiographs [38]. ARDS is the more severe form of the 

disease, resulting in potentially fatal respiratory complications with a high mortality rate of 

~52% [37, 38]. A major contributor of ARDS is progressive hypoxemia induced by diffuse 

damage to the alveolar-capillary barrier, thus impairing gas exchange [37-39]. This damage 

occurs in three different phases: inflammation, fluid exudation, and cellular proliferation leading 

to pulmonary fibrosis [37]. ALI and ARDS pathogenesis likely involves both pathogen- and 

host-mediated mechanisms, including IAV virulence and diffuse lung damage [37]. 

1.8 – Prevention 

1.8.1 – Influenza Vaccines 

Current influenza vaccines provide protection against circulating IAVs and influenza 

viruses belonging to the influenzavirus B genera [40]. These vaccines are reformulated 

seasonally, based on recommendations by the World Health Organization (WHO), who conduct 
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worldwide surveillance studies throughout the year on currently circulating influenza strains 

[40]. Within Canada there are several vaccine options available, each of which fall into two 

general categories: inactivated influenza vaccines and live attenuated influenza vaccines [41]. 

The most commonly administered is a quadrivalent inactivated influenza vaccine, which is 

formulated with an IAV H1N1 strain, an IAV H3N2 strain, and two influenzavirus B strains, one 

from each of the commonly circulating lineages [41].  Despite the existence of the seasonal 

influenza vaccine, it is only ~60% effective [40]. Efficacy is dependent on the characteristics of 

the individual being vaccinated, such as the age and overall health as well as the match between 

the strains included in the vaccine formulation and currently circulating strains [40]. In Canada, 

only ~35% of all adults aged 18 and over received the influenza vaccine each year from 2015-

2018 [42].  

1.8.2 – Antivirals  

Two major classes of antivirals exist for therapeutic treatment of severe influenza virus 

infections: adamantane antivirals and NA inhibitors. Adamantane antivirals were the first 

licensed influenza antivirals and target the M2 surface protein, blocking the ion channel protein 

from properly functioning, thus effectively blocking membrane fusion [43, 44]. However, 

adamantane antivirals are only able to target IAVs [43]. Moreover, more than 90% of IAVs are 

resistant to adamantane compounds, due to the high mutation rate of the virus [43, 45]. Instead, 

NA inhibitors are recommended [45]. NA inhibitors block the NA surface protein, thus 

preventing the release of progeny virus and infection of additional cells [45]. NA inhibitors are 

highly effective in the majority of patients; however, resistance has been observed in some 

influenza virus strains [45]. 
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1.9 – History of Pandemics  

Influenza pandemics occur approximately every 10-50 years, and can infect up to 50% of 

the worldwide population [3, 9]. It is thought that influenza pandemics have been occurring since 

as early as 412 BC, when Hippocrates described an influenza-like illness which peaked around 

the winter solstice and manifested as pharyngitis, coryza, and myalgia [2, 46]. However, it was 

not until 1580 that the first unanimously agreed-upon influenza pandemic occurred. While 

influenza pandemics occurred throughout the 16th -19th centuries, the largest, and final, pandemic 

of the 19th century began in November 1889 [47]. Known as the Russian flu, it spread across 

Europe and the rest of the world within just 4 months, with a case fatality rate of 0.1% to 0.28%, 

comparable to pandemics of the 20th century [2, 48]. Most of the current information concerning 

IAV pandemics has been garnered through the four pandemics which have occurred over the past 

century: the Spanish flu in 1918, the Asian flu in 1957, the Hong Kong flu in 1968, and the 

swine flu pandemic in 2009 (Figure 5). Interestingly, pandemic strains are known to become 

seasonal epidemic strains in subsequent years [3, 29].  

1.9.1 – The Spanish Flu 

The Spanish flu pandemic took place from 1918-1919, when an H1N1 strain believed to 

have originated in swine ravaged countries worldwide, resulting in an estimated 500 million 

infections and 50 million deaths [2, 46, 49]. The 1918 H1N1 influenza strain was the worst 

influenza pandemic in history [9, 46]. In fact, the virus lowered the average life expectancy in 

the United States by 10 years, thanks to its propensity for young adults aged 15-34 years [2, 50]. 

Additionally, each of the three pandemics in 1957, 1968, and 2009 were caused by descendants 

of the 1918 strain, lending it the nickname ‘The Mother of all Pandemics’ [51]. The 1918 

pandemic began early in the final year of the First World War, which enabled greater viral  



 

 18 

  

Figure 5: Emergence of Pandemics and Circulating Influenza A Strains over 

the Past Century. 



 

 19 

 

  

Figure 5: Emergence of Pandemics and Circulating Influenza A Strains over 

the Past Century. 

Four pandemics have taken place since 1918: the H1N1 Spanish flu in 1918, the 

H2N2 Asian flu in 1957, the H3N2 Hong Kong flu in 1968, and the H1N1 swine flu 

in 2009. In each case, the pandemic strains continued circulating, becoming a 

seasonal epidemic strain in subsequent years. Additionally, a suspicious re-

emergence of a H1N1 strain occurred in 1977, which is believed to have been the 

cause of an accidental laboratory introduction to the general public. As such, H1N1 

began circulating seasonally along with the H3N2 strain from 1968. 

 From Nickol and Kindrachuk [46]. 
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spread facilitated by the mass mobilization of military personnel and civilians [2, 46, 52]. This 

was further augmented by the poor health and sanitation conditions found within trenches along 

the frontlines of the war, facilitating disease transmission [46, 53]. Investigations concerning the 

origins of the first wave of the pandemic, beginning in March 1918, have primarily focused on 

the US and China, but is ultimately still unknown [46, 54]. Throughout the second, and most 

fatal, wave of the 1918 pandemic, the case fatality rate was >2.5%, more than 25 times higher 

than any other pandemic [51, 55]. Ultimately, the pandemic would result in an estimated 500 

million infections worldwide, ~1/3 of the world’s population at the time [51, 55].  

1.9.2 – The Asian Flu 

The Asian flu pandemic, subtype H2N2, emerged in China in February 1957, replacing 

H1N1 as the circulating strain [2, 46, 56]. The virus spread to eastern Asia and the Middle East 

throughout April, May, and June before afflicting South American and African countries in July 

and August [56]. By September, North America and Europe were also experiencing widespread 

epidemics [56]. The Asian flu lasted into 1959, resulting in an estimated 1 million deaths and a 

case fatality rate of 0.67% [2, 46, 57, 58]. From 1957 to 1968, H2N2 was the only known IAV 

strain circulating in humans [3].  

1.9.3 – The Hong Kong Flu 

In July 1968, an H3N2 influenza strain emerged in Hong Kong [2, 46]. The virus spread 

throughout Europe, North America, and Australia by January 1969, and is believed to have been 

driven by the return of Vietnam War veterans to their home countries [46]. This pandemic 

resulted in a low mortality rate, which is thought to have been due to previous immunity to the 

N2 neuraminidase antigen, which had circulated widely throughout the 1957 Asian Flu pandemic 

[2]. However, it still resulted in an estimated 500,000 to 2,000,000 deaths worldwide [2, 46].  
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Generally, influenza pandemics result in the extinction of previously circulating IAVs, 

and as such this H3N2 strain was the only circulating strain in humans until 1977 [46]. However, 

in 1977 there was a suspicious re-emergence of a descendant of the 1918 Spanish flu, postulated 

to have been the result of a man-made event, which established itself as a co-circulating H1N1 

strain, along with the reassortant H3N2 virus following the 1968-1970 Hong Kong flu pandemic 

[46].   

1.9.4 – The 2009 Swine Flu  

Two simultaneous outbreaks of the H1N1 swine flu occurred in Mexico and the US in 

April 2009 [2]. By June 2009, the WHO had declared a global influenza pandemic, as the virus 

had spread to more than 30 countries worldwide, thanks to the globalization of travel and trade 

[2]. The pandemic was not officially declared over by the WHO until August 2010 [2]. 

Interestingly, the 2009 swine flu pandemic showed a propensity for young adults, as seen 

throughout the 1918 Spanish Flu pandemic [2]. Despite its high virulence, the total number of 

fatalities was estimated at only 575,400 which has been attributed to worldwide emergency 

pandemic preparedness [2]. 

1.10 – Seasonal Outbreaks 

Seasonal IAV epidemics generally occur throughout the winter months, when low 

humidity and temperatures are thought to encourage human-to-human transmission [3]. It is 

estimated that 3-5 million severe infections and 291,243-645,832 deaths occur each year due to 

seasonal IAV strains, making influenza epidemics a major burden of disease [3]. Currently, only 

H1N1 and H3N2 strains are circulating in humans [3].  
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2 – Methicillin-Resistant Staphylococcus aureus 

2.1 – Staphylococcus aureus 

Staphylococcus aureus belongs to the Staphylococcaceae family, within the order 

Bacillales, and was first described in 1884 [59, 60]. S. aureus acquired its name from the Greek 

staphylos (“grape”) and kokkos (“berry”), and the Latin aurum (“gold”) [59]. S. aureus are 

Gram-positive, catalase-positive, coagulase-positive, bacitracin-resistant, non-spore forming 

bacterium which are resistant to a variety of harsh environments and disinfectants [60]. It is one 

of the most common human pathogens and has resulted in millions of infections and mortalities 

thanks to its adaptability and tenacity [59-63]. S. aureus is also able to infect domestic cats and 

dogs, horses, goats, sheep, cattle, rabbit, pigs, and poultry [64]. 

2.2 – Staphylococcus aureus Structure 

As with all Gram-positive bacteria, the cell wall of S. aureus consists of a 20-40 nm thick 

peptidoglycan structure composed of a series of cross-linked glycan chains (Figure 6) [65]. The 

peptidoglycans are crosslinked, which is catalyzed by transpeptidases, known as the penicillin-

binding proteins (PBPs) [66]. In the case of S. aureus, cross-linking is catalyzed by four PBPs in 

S. aureus: PBP1, PBP2, PBP3, PBP4 [65, 67]. The cell wall is also composed of teichoic acids 

[68, 69]. Cell wall teichoic acids are covalently linked to peptidoglycan and are known to play a 

role in adhesion, colonization, cell division, and biofilm formation [69]. Additionally, 

overexpression of cell wall teichoic acids is known to increase the virulence of S. aureus [69-73]. 

Lastly, the composition of the cell includes wall-associated surface proteins, which are anchored 

to peptidoglycan [69, 74, 75]. These surface proteins are involved in many important roles, such 

as in cell division or S. aureus virulence [76].  
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Figure 6: Schematic of the Cell Structure and Virulence Factors of Staphylococcus aureus. 
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Figure 6: Schematic of the Cell Structure and Virulence Factors of Staphylococcus aureus. 

The cell wall of S. aureus is composed of a thick peptidoglycan layer, teichoic acids, and wall-

associated surface proteins. Penicillin-binding proteins are responsible for cross-linking of the 

peptidoglycans. The capsule consists of repeating units of polysaccharides dependent on the 

serotype, but expression can be highly variable. S. aureus is able to encode a large number of 

virulence factors, all of which are largely related to its ability to target and damage the host cell 

membrane. Importantly, the Panton-Valentine Leukocidin invasin is specific to community-

acquired methicillin-resistant S. aureus strains. 

From Kong et al. [62]. 
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S. aureus clearance is often facilitated by the innate immune system, specifically 

phagocytic neutrophils which are able to phagocytose and intracellularly kill bacteria [77, 78]. 

To combat this, S. aureus is able to express a polysaccharide capsule attached to the cell wall, 

which masks the bacterial surface and surface-associated proteins from phagocytic recognition 

[77, 78]. The polysaccharides which make up the capsule consist of repeating units which vary 

between serotypes [79]. Currently, 13 S. aureus serotypes have been identified [80, 81]. It is 

important to note however that capsule expression can be highly variable, is dependent on 

environmental factors, and may be subject to the location of bacterium in the body [77].  

2.3 – Staphylococcus aureus Virulence Factors  

S. aureus is able to encode a large number of virulence factors which enable it to infect 

different tissues within its host. The virulence of S. aureus is largely related to its ability to target 

and damage the host cell membrane [82-84]. These membrane-damaging toxins and peptides can 

be split into three groups: hemolysins, bi-component leukocidins, and cytolytic peptides [84]. 

The most studied of these virulence factors is -hemolysin (hla), which plays an important role 

in S. aureus pathogenesis by killing phagocytes, disrupting epithelial and endothelial barriers, 

and lysing erythrocytes to provide nutrients necessary for bacterial growth [85]. Furthermore, 

upregulation of hla has been shown to play a role in the development of S. aureus moving from a 

commensal pathogen to an invasive pathogen [86, 87]. Another well-studied Staphylococcal 

toxin are -hemolysins, bi-component leukocidins capable of damaging the host cell plasma 

membrane [84, 88, 89]. HlgA is one part of a bicomponent leukotoxin which is primarily known 

for its lytic activity towards phagocytes and hemolytic activity [85, 90, 91]. It is able to 

specifically target the CXCR1, CXCR2, and CCR2 chemokine receptors abundantly present on 

phagocytes, allowing S. aureus to differentially target phagocytes [88]. However, the most 



 

 26 

notable of these toxins are the superantigen exotoxins known as Staphylococcal entertoxins 

(SEs), of which S. aureus produces at least 20 serologically distinct exotoxins [92]. SEs are able 

to stimulate a robust T cell activation resulting in the production of a strong cytokine response 

[93, 94].  

Another important factor in S. aureus virulence is the formation of biofilms, which 

facilitates colonization of the host while providing resistance to both antibiotics and the host 

immune system [95]. Biofilm accumulation requires mechanisms for intercellular aggregation of 

bacteria, primarily mediated by the intercellular adhesion (ica) locus [95]. The major constituents 

of staphylococcal biofilms are polysaccharides, which are synthesized by the four products of the 

ica operon: icaA, icaB, icaC, and icaD [95, 96]. To further underline the importance of these four 

proteins, ica knockout mutants are not able to form a biofilm as compared with wild-type S. 

aureus [97].  Other virulence factors, such as fibronectin-binding proteins A and B (FnbA and 

FnbB, respectively) and Staphylococcal protein A (SpA), also all contribute to biofilm 

formation, though to a lesser effect [98, 99].  

While FnbA and FnbB are involved in biofilm formation, their primary function is to 

mediate bacterial invasion of cells [100-103]. Both FnbA and FnbB play an important role in the 

adhesion to and invasion of non-professional phagocytic cells, such as epithelial and endothelial 

cells [104]. Other factors are also specifically involved in S. aureus adhesion. For example, 

elastin binding protein (EbpS) is able to explicitly interact with elastin thus promoting bacterial 

colonization, while clumping factor B (ClfB) has been proposed to play a role in colonization 

both in vitro and in vivo [105-108]. Additionally, the binding of cell wall-associated enolase 

(eno) with plasminogen and laminin facilitates bacterial adhesion and invasion, and has been 
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shown to enhance bacterial invasiveness and metastasis to secondary sites of infection [92, 109-

112].  

S. aureus has also developed several strategies to protect itself against neutrophil 

phagocytosis. S. aureus secretes an extracellular fibrinogen-binding protein (Efb) which attracts 

fibrinogen to the bacterial surface, thus covering the bacteria with a layer of fibrinogen which 

prevents surface recognition by phagocytic cells [78, 113]. Coagulase (Coa), another secreted 

protein, colocalizes with fibrin and fibrinogen to form a protective structure, preventing 

phagocytes from accessing and clearing S. aureus [114]. The binding motif of Coa is structurally 

and functionally related to the binding sites of Efb [115]. Secreted IgG-binding proteins, such as 

SpA and S. aureus binder of IgG (Sbi), are able to prevent neutrophil-mediated 

opsonophagocytosis, thus promoting bacterial survival [78, 116]. SpA is a cell wall-anchored 

protein and one of the most prominent IgG-binding proteins [78]. Sbi exhibits IgG-binding 

domains similar to SpA [117, 118]. Binding of IgG is thought to help S. aureus escape from 

phagocytic killing, though the exact mechanism is still unclear [78, 119].  

2.4 – Antimicrobial Resistance of Staphylococcus aureus 

Strains of S. aureus have acquired resistance to a number of antimicrobials, including 

penicillin, erythromycin, streptomycin, tetracyclines, and methicillin [59, 63]. This resistance is 

acquired through a number of different mechanisms, including limiting the uptake of the drug, 

modifying the drug target, enzymatically inactivating the drug, active efflux of the drug, or a 

combination of these mechanisms [63, 120-123].  

2.5 – The Rise of Methicillin-Resistant Staphylococcus aureus 

 Methicillin-resistant S. aureus (MRSA) colonies were first observed in 1960, only one 

year after methicillin was first introduced [124-127].  However, it was not until the late 1970’s 
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that MRSA became epidemic across Europe, Australia, and the United States [59]. Interestingly, 

only a handful of MRSA lineages are responsible for the majority of MRSA infections [59]. 

While the origin of MRSA is unknown, the existence of distantly related MRSA lineages 

indicates that MRSA likely did not arise from a single common ancestor [59].  

While methicillin is no longer used clinically, the term methicillin resistance is used to 

refer to resistance to virtually all -lactams, other than the latest generation of cephalosporin -

lactams [64]. -lactams, such as penicillins, interfere with PBP enzymes which are involved in 

the synthesis of peptidoglycan, the major cell wall component of S. aureus [128-130]. -lactams 

are able to inhibit the transpeptidase domain of PBPs, thus stopping cross-linking, resulting in a 

weak cell well, the release of cytoplasmic contents, and cell death [67, 128]. The acquirement of 

PBP2a, a transpeptide separate from PBP2, from a secondary species resulted in methicillin 

resistance [65, 67]. PBP2a is able to usurp the role of peptidoglycan cross-linking of S. aureus 

host PBPs in the presence of methicillin, while providing cross-resistance to most available -

lactams. It is able to remain active in the presence of therapeutic methicillin levels due to its 

much lower affinity for -lactams as compared with other PBPs [65]. 

Methicillin resistance was acquired when the foreign staphylococcal cassette 

chromosome mec (SCCmec) of Staphylococcus sciuri was incorporated into the chromosome of 

S. aureus [65, 131]. PBP2a, the protein responsible for methicillin resistance, is encoded by the 

mecA gene present on the foreign mec DNA [65]. Two genes also present on the mec element, 

ccrA and ccrB, are believed to have played a role in the acquisition and integration of the mec 

element into the chromosome [132]. Synthesis of PBP2a is regulated by the products of the mecI 

and mecRI genes, also present on the mec element [65].  
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MRSA is also able to acquire resistance to multiple other antimicrobials, such as 

vancomycin, linezolid, and daptomycin, further complicating treatment [133-136]. In some 

cases, native S. aureus proteins may contribute to this resistance. For example, teichoic acids 

support antimicrobial resistance to glycopeptides, such as vancomycin, which are generally able 

to bind to peptidoglycan precursors with high affinity and specificity thus preventing their 

incorporation into the bacterial cell wall [69]. Additionally, the expression of eno is directly 

related to bacterial resistance to penicillin-induced autolysis [137].  

2.5.1 – Methicillin-Resistant Staphylococcus aureus USA300 

MRSA clones are named in reference to a specific pulse field gel electrophoresis pattern 

[59]. Some MRSA clones, such as USA300, are commonly seen in both hospital- and 

community-acquired infections [59]. MRSA USA300 was first isolated in several states in the 

US in 2000, and became the predominantly circulating MRSA strain by 2011 [138-141]. It is the 

most common cause of skin and soft tissue infections in the United States and predominates in 

both community and health-care settings [142-144]. While other MRSA strains have 

considerable heterogeneity, USA300 isolates are remarkably similar [145]. 

The USA300 strain differs from other MRSA strains in several ways. First, the USA300 

strain nearly always carries the Panton-Valentine leukocidin (PVL) toxin genes [138, 144, 145]. 

PVL is a pore-forming exotoxin encoded by the lukSF-PV genes which reside in the genomes of 

temperate bacteriophages [146, 147]. Following the infection of MRSA, the phages lysogenize 

into the bacterial chromosome [146]. While there are a number of different PVL phages, the 

genes which encode PVL are relatively conserved [146]. While the presence of pvl genes 

suggests that PVL could be an important virulence factor in MRSA USA300, the role of PVL is 

still controversial as results from in vitro and in vivo models differ [145, 148]. In vitro, PVL has 
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been reported to form lytic pores, destroying human neutrophils, monocytes, and macrophages 

[149-151]. While Labanderia-Rey et al. reported that in vivo, PVL is a key virulence factor in 

pulmonary infections, Voyich et al. reported that while PVL may be a marker for community-

associated MRSA, it is not an important virulence determinant and may even be protective [82, 

141, 152]. 

The MRSA USA300 strain also harbours broader susceptibility to antimicrobial classes 

as compared with other MRSA strains [144, 145]. While most MRSA strains are susceptible to 

vancomycin, linezolid, and daptomycin, MRSA USA300 is also susceptible to trimethoprim-

sulfamethoxazole, doxycycline, rifampin, and clindamycin, though increasing resistance has 

been reported [145]. Many USA300 isolates are developing reduced susceptibility; this 

resistance is associated with plasmid-carriage [153, 154]. Lastly, as described previously, MRSA 

carries other methicillin resistance elements through SCCmec, of which there are 12 types 

described so far [155, 156]. MRSA USA300 specifically carries SCCmec type IV [138, 144, 

145].  

2.5.2 – Community-acquired MRSA and Healthcare-acquired MRSA  

Patients who develop staphylococcal pneumonia while in nursing homes, extended-care 

facilities, or hospitals are generally infected with healthcare- or hospital-acquired MRSA (HA-

MRSA) [157]. In general, these patients are elderly and have significant underlying diseases 

[157, 158]. These pneumonia cases are associated with a mortality rate of 55.5%, despite early 

and appropriate therapy [157, 158]. HA-MRSA carries SCCmec types I, II, and III, with the most 

common subtype being MRSA USA100 [159-162]. 

Alternatively, MRSA can also be spread in the community, known as community-

acquired MRSA (CA-MRSA), by contact with infected people or objects carrying the bacteria, 
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which can survive for days to months on surfaces [163, 164]. However, the primary mode of 

CA-MRSA transmission is human-to-human contact [145]. CA-MRSA is often associated with 

young, previously healthy adults and generally results in an acute illness with numerous 

complications and a high mortality rate [157, 165-169]. CA-MRSA infections are frequently 

described in prisoners, athletes, children, and injection drug users [139, 170-172]. Interestingly, 

CA-MRSA has been found to be composed of more-diverse clonal groups than HA-MRSA, and 

show higher drug susceptibility [173, 174]. CA-MRSA carry SCCmec types IV and V, with the 

most common subtypes being MRSA USA300 and USA400 [159-162, 175] 

Unfortunately, there is an imprecise distinction between CA-MRSA and HA-MRSA as it 

is difficult to accurately identify the exact location of transmission [176]. Moreover, CA-MRSA 

strains have begun moving into hospital settings, while HA-MRSA strains have been moving 

into the community [176].  

2.3 – Human Infections 

S. aureus is both a commensal bacterium and a human pathogen; ~30% of the human 

population is colonized with S. aureus at mucosal sites of the body, including the nostrils, throat,   

and other dedicated, moist areas of the skin surface (e.g. the axilla, groin, and perineum) [60, 

177, 178]. The most commonly affected sites by S. aureus infection are skin and soft tissue [64, 

173]. Other serious infections manifest as bacteremia, pneumonia, endocarditis, bone and joint 

infections, and toxic shock syndrome [64, 177, 179].  

2.3.1 – Risk Factors 

Risk-factors commonly associated with HA-MRSA include recent hospitalization, 

surgery, exposure to antibiotics or other medications, dialysis, nursing-home residence, and other 

co-morbid conditions such as diabetes, chronic renal failure, and chronic pulmonary diseases 
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[160, 173, 175, 180, 181]. Breaches in natural defence due to an invasive device, such as a 

central line, endotracheal intubation, or mechanical ventilation is also often observed in HA-

MRSA [160, 180, 182].  

Risk factors commonly associated with CA-MRSA are intimately associated with social 

determinants of health [150, 183]. As the primary mode of transmission is skin-to-skin contact, 

crowded living environments such as military barracks, homeless shelters, subsidized housing, 

and prisons are associated with increased risk of CA-MRSA infection [184-187]. Additionally, 

limited access to clean water has significantly higher rates of MRSA infection [188].  

2.3.2 – Indigenous Populations 

In Canada, CA-MRSA is 6 times more likely to be isolated from the Indigenous 

population as compared with the non-Indigenous population [184]. The epidemiology and 

clinical characteristics of MRSA infection in the Indigenous population is distinct from the 

general population in Canadian hospitals [184]. Incidence of CA-MRSA has been increasing in 

small Indigenous communities in northern Canada and the prairie provinces [189-191]. In the 

Northwest Territories, a study of CA-MRSA cases revealed that 83% of cases were Indigenous, 

who comprise about 50.6% of the population [192]. These observations may be explained in part 

by the socioeconomic and demographic factors described above; however, they do not fully 

explain the disparity [177, 184, 193].  

2.4 – Pulmonary Infections  

Though primarily a cause of skin and soft tissue infection, MRSA USA300 is also a 

substantial cause of pneumonia [157, 194]. S. aureus was first documented throughout the 1918 

Spanish flu epidemic as a devastating secondary co-infection [46, 195]. MRSA has remained an 

important factor in hospitalized patients with respiratory infections, playing a role in all major 
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subsets of pneumonia (HA-MRSA, CA-MRSA, and ventilator-associated MRSA) [165, 177, 

196-199].  

2.4.1 – Clinical Signs and Symptoms 

In the first 24-48 hours, isolated tachypnoea may be observed usually with no other signs 

of severe illness and normal chest radiography appearance [195]. Minimal bilateral infiltrates 

may occasionally be observed but, unfortunately, no radiological features are highly specific for 

MRSA pneumonia [168, 195]. Influenza-like symptoms are most commonly seen in MRSA 

pneumonia such as high fever and cough. Other severe respiratory symptoms including shortness 

of breath, cough with sputum production, and chest pain may also be present [157, 200-202]. 

Other reported symptoms of MRSA pneumonia include leukopenia, hypotension, hemoptysis, 

hypoxemia, rash, and altered mental status [157, 200-203]. At day 4-5, clinical signs of 

bronchopneumonia often develop [204, 205]. Chest radiographies reveal infiltrates, pleural 

effusion, empyema, and pyopneumothoraces [157, 200-202, 204, 205]. These infiltrates may 

cavitate as seen on serial chest radiographies or CT scans [168, 195]. 

2.4.2 – Pathogenesis  

It is likely a combination of many factors which results in enhanced virulence of MRSA 

in pulmonary infections, including host, bacterial, and environmental [195]. MRSA elicits a 

robust host immune response in both in vivo and in vitro models [206]. First, neutrophils are 

recruited to the site of infection in response to chemotactic factors, such as IL-8 [206-208].  

Secreted bacterial virulence factors (e.g. enterotoxins) are able to elicit IL-8 production by 

epithelial, endothelial, and monocytic cells, thus promoting transmigration of neutrophils to the 

site of infection [206-208]. Other cell surface components, such as the capsular polysaccharide 
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and peptidoglycan, are able to stimulate CD4+ T-cells, resulting in the production of potent 

chemotactic molecules  [209-211].  

 Following neutrophil attraction to the site of infection, MRSA is phagocytosed in an 

attempt to remove the bacterium [206]. While neutrophils are generally able to efficiently kill 

most ingested MRSA bacteria, host tissues may be damaged by the inadvertent release of 

cytotoxic components [206]. In some cases, certain MRSA strains such as USA300, may alter 

the progression of bacteria-induced apoptosis, resulting in neutrophil lysis and thus pathogen 

release [152, 212]. In other cases, MRSA is able to interact with Toll-like receptors expressed on 

the neutrophil cell surface prior to phagocytosis, activating signaling pathways which promote 

cell survival, phagocytosis, and cytokine release [213-215].  

As previously described MRSA has a number of bacterial virulence factors, some of 

which are known to play an important role in the development of staphylococcal 

pleuropulmonary infections [177]. In various mouse pneumonia models, SpA, -hemolysin, and 

PVL have each been shown to play an important role in the pathogenesis of pneumonia [195]. 

Labandeira-Rey et al. showed that PVL-positive MRSA strains, such as USA300, cause 

necrotizing pneumonia similar to that seen in humans, while PVL-negative strains did not [82, 

195]. It is believed to cause extensive tissue necrosis by destroying leukocytes, thus contributing 

to the pathogenesis of MRSA pneumonia [82, 151, 166]. While the precise role of PVL in 

pulmonary infections has yet to be uncovered, it is evidently significant. The pore-forming toxin 

-hemolysin, is essential for the pathogenesis of clinical pneumonia [216]. It is believed that -

hemolysin promotes inflammasome activation and platelet-neutrophil aggregates, both of which 

dysregulate inflammatory responses leading to necrotic lung injury [177, 217, 218]. Wardenburg 

et al. reported that MRSA mutants which inhibited SpA were unable to cause lethal lung 
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infections, suggesting that SpA is important for lung parenchymal damage [216]. Interestingly, 

immunization against -hemolysin has been shown to be protective against lethal pneumonia in 

mice [219, 220].  

2.5 - Treatment 

Prior to the current antibiotic era, an S. aureus infection was considered a death sentence, 

with blood stream infections having a case fatality rate of 80% [59, 60, 177, 221]. While this 

case fatality rate immediately lowered following the introduction of penicillin in 1942, antibiotic 

efficacy has plateaued in recent years, with case fatality rates of 15-50% still being observed 

[177, 222, 223]. In general, treatment with intravenous drugs for >2 weeks is recommended for 

MRSA pneumonia [61, 157]. Importantly, the delay of effective therapy is associated with 

increased mortality [224].  

Currently, vancomycin and linezolid are both recommended for treatment of MRSA 

pneumonia [145, 165, 225]. Vancomycin, a tricyclic glycopeptide derived from Streptococcus 

orientalis, is the primary treatment of choice [226-228]. Vancomycin is used to treat Gram-

positive bacterial infections, by inhibiting biosynthesis of the peptidoglycan layer [226, 227, 

229-231]. This inhibition weakens bacterial cell walls, resulting in leakage of intracellular 

components and bacterial cell death [229, 230]. In cases of vancomycin failures, linezolid is used 

[145]. Linezolid is an oxazolidinone antibiotic which binds to the 50S ribosomal subunit of 

MRSA, inhibiting protein synthesis [141, 232]. It has proven efficacious in hospital-acquired 

pneumonia, as it shows superior penetration into lung parenchyma, better availability at the 

tissue level, and inhibition of toxin production [136, 141, 145, 232, 233]. In the case of CA-

MRSA, linezolid appears to have activity against the PVL toxin, as well as -hemolysin [141, 

157].  
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 In cases of both vancomycin and linezolid failure, other antibiotics such as trimethoprim-

sulfamethoxazole, fluoroquinolones, doxycycline, rifampin, tetracyclines, and clindamycin may 

be used [145, 234]. However, MRSA USA300 is becoming more resistant to tetracycline and 

clindamycin [145, 173]. Additionally, while daptomycin is generally effective in MRSA 

treatment, it should not be used in cases of pneumonia due to poor lung penetration [145].  

3 – The Lungs 

To maintain metabolism and life, vertebrates require a continuous supply of oxygen [235]. 

This constant supply of oxygen is supplied by the lungs, a major organ of the respiratory system 

whose main function is to facilitate the exchange of oxygen and carbon dioxide with air from the 

atmosphere [235, 236]. Gas exchange within the lungs faces several fundamental challenges, 

such as keeping air and blood from mixing while transferring inspired oxygen into circulating 

hemoglobin, and maintaining the integrity of the air-tissue-blood interface while maximizing 

transfer efficiency [235]. This is primarily circumvented by exchanging respiratory gases across 

a very large epithelial surface area within the lungs, which is highly permeable to gases [235].  

3.1 – Anatomy of the Lungs 

The lungs are a paired organ connected to the trachea by the right and left bronchi (Figure 7) 

[236, 237]. Each lung is composed of smaller units called lobes, which are separated by fissures. 

The right lung is composed of three lobes, known as the superior, middle, and inferior lobes, 

while the left lung is composed of only the superior and inferior lobes. Each lobe is further 

divided into multiple bronchopulmonary segments, each of which receives air from its  
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Figure 7: Diagram of the Lungs. 
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Figure 7: Diagram of the Lungs. 

The lungs are connected to the trachea by the right main stem and left main stem 

bronchi. The right lung is composed of three lobes, while the left is composed of 

two lobes. Each lobe receives air from tertiary bronchi, which further branch into 

bronchioles. At the end of each bronchiole are alveoli, which is where gas 

exchange occurs. 

From Hashim et al. [237].  
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own tertiary bronchus and is supplied with blood by its own artery. As the bronchi branch into 

bronchioles, they form subdivisions known as pulmonary lobules, which are separated by walls 

of connective tissue known as an interlobular septum. At the end of the bronchioles are alveoli 

[236].  

3.2 – Blood Supply to the Lungs 

Gas exchange within the lungs requires blood from the pulmonary circulation to transport 

oxygen from the lungs to other tissues in the body [236]. Deoxygenated blood is transported to 

the lungs by the pulmonary circulation, where red blood cells pick up oxygen to be transported to 

tissues throughout the body. Transportation of deoxygenated blood occurs by the pulmonary 

artery, an artery which arises from the pulmonary trunk. The pulmonary artery branches as it 

follows the bronchi, with each branch becoming smaller in diameter. These are known as 

arterioles and supply deoxygenated blood to one pulmonary lobule [236]. As the pulmonary 

arterioles near the alveoli, they become the pulmonary capillary network which consists of tiny 

vessels with very thin walls. The capillary network branches, following the bronchioles and 

structure of the alveoli until eventually the capillary wall meets the alveolar wall, creating the 

alveolar-capillary barrier. Following oxygenation of the blood, it is drained from the alveoli by 

the pulmonary veins [236].  

3.3 - Structure of the Alveolar-Capillary Barrier   

The alveolar-capillary barrier within the lungs is the site of gas exchange in mammals [86]. It 

is composed of epithelial cells facing the alveolar lumen, endothelial cells facing the capillary 

lumen, and an extracellular matrix (ECM) composed of the epithelial and endothelial basement 

membranes (Figure 8) [238-240]. While incredibly thin, the alveolar-capillary barrier is also 

incredibly strong, in order to tolerate tension [241]. The continuity and tightness of both the  
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Figure 8: Structure and Function of the Alveolar-Capillary Barrier. 
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Figure 8: Structure and Function of the Alveolar-Capillary Barrier. 

The primary function of alveoli is the exchange of oxygen and carbon dioxide to and from the 

bloodstream. To accomplish this, the basement membranes of alveolar epithelial cells are in 

close proximity to endothelial cells of the capillary. Between the basement membranes of each 

cell type is an amalgamation of proteinaceous fibers. This membrane ensures that air does not 

enter the bloodstream, while simultaneously ensuring that blood does not enter the alveoli; it is 

formally known as the alveolar-capillary barrier. 

From Biology: Life on Earth (8th edition) [240]. 
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alveolar epithelium and capillary endothelium are essential for fluid balance as they work to 

separate and regulate extracellular fluid compartments, such as blood plasma, interstitial fluid, 

and surfactant [238].  

3.4 – Function of the Alveolar Epithelial Barrier 

The alveolar epithelial barrier acts as a physical barrier between the internal environment 

and the external environment. Previous studies have shown that it is the alveolar epithelial cells 

which control permeability of the alveolar-capillary barrier [242]. There are two main transport 

pathways across the epithelium: transcellular and paracellular [243]. Transcellular transport is 

dependent on the polarised distribution of ion channels and transports across the alveolar 

epithelium [243]. Paracellular transport is dependent on diffusion processes driven by chemical 

and electrochemical gradients, with transport occurring through the extracellular compartment 

between the lateral membranes of neighbouring epithelial cells [243]. Paracellular transport is 

controlled by tight junctions of the alveolar epithelium [243]. Respiratory epithelial cells also 

operate as a critical barrier preventing pathogenic infections from spreading beyond the 

respiratory system [244]. Clinical studies have shown that barrier dysfunction (i.e. due to severe 

pneumonia or ARDS) is often fatal [245].  

3.4.1 – Structure of the Alveolar Epithelial Barrier 

The alveolar epithelial barrier is composed of alveolar type I (ATI) cells and alveolar 

type II (ATII) cells [239, 246]. ATI cells are thin, squamous cells which make up 95% of the 

alveolar epithelium [235, 238, 239]. The cuboidal ATII cells, which make up the remaining 5% 

of the alveolar epithelium, act as the progenitors of ATI cells and are recognizable by their 

characteristic secretory organelles [238, 239]. These secretory organelles are responsible for the 

synthesis, storage, and secretion of all surfactant components, which stabilizes the alveoli and 
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prevents collapse [238]. Surfactant constitutes the surface film at the air-liquid interface, and is 

composed of 90% lipids and 10% proteins [238, 247]. While surfactant works to stabilize alveoli 

and prevents collapse, it also has immunomodulatory functions [238]. Surfactant proteins-A and 

-D play a role in the innate immune system and are able to regulate the functions of other innate 

immune cells, such as macrophages [248]. Additionally, surfactant has been shown to modulate 

the function of adaptive immune cells as well, such as dendritic cells and T cells [248].  

3.4.2 – Tight Junctions of the Alveolar Epithelial Barrier 

ATI and ATII cells form a barrier that, when healthy, is largely impermeable to proteins 

and solutes, thanks to the expression and regulation of apical junction complexes, which are 

composed of TJs, AJs, desmosomes, and gap junctions [246, 249]. TJs specifically are able to 

control the permeability of the epithelial barrier, protecting against the entry of pathogens to the 

airway lumen [249]. For example, zonula occludens (ZO; i.e. ZO-1, ZO-2, ZO-3) run across the 

apical surface of ATI cells, as well as between ATI and ATII cells [242, 250]. ZO-1 specifically 

forms band-like structures in ATI and ATII cells [245]. The claudin family, which are highly 

expressed in both ATI and ATII cells, are also involved in regulation of the permeability of the 

alveolar epithelial barrier [246]. The claudin family is also thought to be associated with fluid 

clearance at the alveolar epithelium [246]. Lastly, occludin is believed to contribute to the 

formation of cell-cell junctions in the epithelial barrier [245]. 

Unfortunately, very little is known about the composition and regulation of TJs within the 

alveolar barrier [245]. It is generally accepted that the presence of viruses or bacteria results in 

the disruption of these tight junctions [250]. Moreover, certain host factors which are expressed 

upon barrier infection may result in tight junction disruption even after the infection has been 

resolved [250]. For example, the paracellular permeability of claudin-3, which is expressed 
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abundantly in the alveolar epithelium, is known to increase upon exposure to TNF- [251]. 

Moreover, activation of NFB by TNF-, is known to attenuate claudin-5 expression in the 

alveolar epithelium, even in the absence of inflammation [252]. The maintenance of this 

complex network of intercellular junctions linking individual epithelial cell cytoskeletons keeps 

respiratory infections from transitioning to pulmonary edema or excess infiltration of immune 

cells [244]. 

3.5 – The Extracellular Matrix 

The ECM acts as the scaffold for both the alveolar epithelium and capillary endothelium, 

and provides the structural basis for gas exchange [238, 239, 241]. Importantly, it forms a self-

stabilizing tension and integrity structure in the lung [253]. It plays many roles involved in cell 

survival, proliferation, migration, and differentiation, as well as tissue morphogenesis and repair 

[239]. Additionally, the ECM plays an important role in alveolar-capillary barrier function, as it 

regulates cell-cell interaction and controls the trafficking of fluid and molecules [239].  

The ECM is composed of the epithelial basement membrane, the endothelial basement 

membrane, and interstitial connective tissue whose composition and thickness varies [235, 238, 

254]. This interstitium is associated with connective tissue fibers, such as bundles of type I and II 

collagen, elastin, and proteoglycans [235, 238, 239]. In some places, this interstitial space 

between the alveolar epithelium and capillary endothelium does not exist, as the basement 

membranes of the respiratory epithelial cells and the capillary endothelial cells are fused instead; 

on average, there is only 0.5 - 2 m separating the alveoli from the capillaries [235, 238, 254]. 

This, in combination with its large surface area of ~140 m2 in humans, allow for efficient 

diffusion of oxygen and carbon dioxide across the alveolar-capillary barrier [255]. The elastic 

and collagen fibers of the extracellular matrix are able to stretch, helping to balance the force 
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generated by surface tension at the alveolar air-liquid interface during gas exchange [252]. This, 

in concert with the surfactant covering the alveolar epithelium, work to stabilize alveoli during 

gas exchange, to ensure that alveolar epithelial cells are not subjected to undue mechanical stress 

[252]. 

3.6 – Function and Structure of The Endothelial Capillary Barrier 

The capillary endothelium, similar to the alveolar epithelium, forms a semipermeable 

barrier which regulates fluid and nutrient exchange [239, 256]. The endothelium is composed of 

a thin, singular layer of cells, which separates the vascular lumen from the alveoli [256]. The 

close proximity of the endothelial cells of the capillaries to the alveolar epithelia strongly 

suggests that direct crosstalk exists between the two membranes [257]. It is thought that when 

the alveolar epithelium encounters pathogens, such as inhaled bacteria, it likely results in the 

activation of crosstalk from the alveolar epithelia to the capillary endothelium [257]. These 

signaling mechanisms are thought to sequentially move through the apical and basolateral 

aspects of the epithelial membrane, before moving to the underlying endothelium, resulting in 

inflammation at the capillaries [257]. Interestingly, immune cell recruitment initiated by 

endothelial cells is thought to play an essential role in barrier loss during inflammation, though 

the mechanism is yet unknown [258].  

3.6.1 – Tight Junctions of the Endothelial Capillary Barrier 

The endothelial capillary barrier, similar to the epithelial alveolar barrier, maintains its 

integrity via apical junction complexes, including AJs, TJs, and gap junctional channels [246, 

249].  ZO-1 is known to play a similar role in the endothelial capillaries as in the alveolar 

epithelia, forming band-like structures across cells [242, 245, 250]. Occludin also plays an 

important role in tight junctions of the endothelial barrier, by contributing to cell-cell junctions 
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[245]. Within the human lung endothelium, AJs are primarily formed by VE-cadherin, a 

transmembrane cadherin which connects neighbouring endothelial cells [246, 256]. Preserving 

the function of VE-cadherin is known to improve the outcome of inflammatory diseases; studies 

in which AJs were inhibited resulted in a drastic increase in endothelial permeability, revealing 

the incredible importance of AJs within the endothelial barrier [256]. 

4 – Current Knowledge on Influenza-Bacterial Co-infections 

There is an increasing appreciation that a large percentage of severe or fatal influenza 

infections are associated with secondary bacterial infections [49]. Typically, an IAV infection 

alone is not sufficiently virulent to result in death in healthy adults [259]. Instead, hospitalization 

and mortalities are most frequently due to either exacerbation of an underlying condition or to 

secondary bacterial pneumonia [259].  

4.1 – Secondary Bacterial Infections Throughout History 

The contribution of bacterial infection to influenza morbidity and mortality has been well 

documented throughout each of the pandemics over the past century. Modern analyses of lung 

tissue and review of historical autopsy data from fatal 1918 Spanish IAV infections 

demonstrated that 95% of lethal cases were complicated by bacterial co-infection due to 

Streptococcus pneumoniae, Streptococcus pyogenes, Haemophilus influenzae, and S. aureus [49, 

260, 261]. During the 1957 and 1968 influenza pandemics, secondary bacterial pneumonia also 

caused significant morbidity and mortality, with S. aureus and S. pneumoniae being the 

predominant bacterial pathogens [49]. Most recently, during the 2009 influenza pandemic, up to 

34% of severe influenza infections managed in intensive care units and up to 55% of fatal cases 

were complicated by bacterial co-infections [262]. Additionally, during seasonal epidemics, 

bacterial co-infections complicate 0.5% of all influenza cases in healthy adults, and 2.5% of all 
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cases in the elderly and individuals with co-morbidities[262]. In the U.S., it is estimated that 

approximately 65,000 influenza- and pneumonia-related deaths occur each year [261, 262].   

4.2 – Animal Models 

A number of animal models have been used to study co-infections, including nonhuman 

primates (NHP), ferrets, and mice. Both NHPs and ferrets can be naturally infected with human 

IAVs, with similar symptoms and disease severity as humans [263, 264]. Mice are also often 

used to study IAV infection; however, they are not natural hosts of IAVs, and isolates must first 

be adapted [263].  

4.2.1 –Nonhuman Primates 

Five NHP studies using intratracheal influenza infection followed by bacterial infection 

have been carried out since 1954, with four showing that co-infection resulted in more severe 

bronchopneumonia than viral infection alone [264-268]. A nonhuman primate model of 

influenza and bacterial co-infection which mimics severe disease in humans was developed by 

Chertow et al. [264]. Rhesus macaques were inoculated with IAV, followed by MRSA four days 

post-influenza infection. High-resolution CT scans were used to quantitatively assess the course 

of illness and severity over a two week period (Figure 9). No evidence of pneumonia was seen in 

mock-infected animals; however, Chertow et al. reported evidence of pneumonia in all animals 

infected with MRSA, influenza, or co-infected with influenza and MRSA. At 6, 10, and 14 days 

post-influenza infection, the hyper-intensity of infiltrates in the animals co-infected with 

influenza and MRSA was significantly increased compared with the other animals. Overall, 

Chertow et al. found that a more severe lung histopathology was seen in co-infected animals, 

compared with animals infected with influenza alone or with MRSA alone [264].  
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Figure 9: Computed Tomography Scans Showing Diffuse Bilateral Infiltrates in Rhesus 

Macaques. 
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Figure 9: Computed Tomography Scans Showing Diffuse Bilateral Infiltrates in 

Rhesus Macaques. 

Rhesus macaques were infected with IAV on Day 0, followed by MRSA on Day +4. 

Red arrows show evidence of pneumonia as seen by CT scan. Evidence of pneumonia 

was observed in animals infected with MRSA, IAV, and IAV-MRSA at Day +6. The 

hyperintensity of infiltrates in IAV-MRSA co-infected animals was significantly 

increased at Days +6, +10, and +14 as compared with other animals. 

From Chertow et al. [264]. 
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4.2.2 - Ferrets 

In ferrets inoculated with 2009 pandemic H1N1 IAV, significant upregulation of TNF-, 

IL-6, and IL-8 was observed in the lungs at 1 day post-infection (dpi) [269]. In situ hybridization 

revealed that TNF- was primarily produced by alveolar and bronchial epithelial cells, as well as 

macrophage-like cells [269]. IL-6 production was primarily mediated by epithelial cells of the 

bronchus, bronchioles, and alveoli; IL-8 was predominantly expressed by neutrophils [269]. 

Exposure of capillary endothelial cells to TNF- alone, or TNF- followed by IFN-, resulted in 

impaired barrier function, and specifically, local disruption of ZO-1 [270]. 

4.2.3 - Mice 

A study by Walters et al. showed that secondary bacterial infections in mice enhanced 

lung pathology, damaged endothelial cells, and activated coagulation [271]. In short, mice were 

infected with 1918 pandemic H1N1 IAV, prior to S. pneumoniae infection. The co-infected mice 

had a shortened survival time, increased bacterial replication, and an altered host response to 

infection [271]. Global transcriptional profiling revealed that co-infection resulted in enrichment 

of genes related to inflammatory response, immune cell trafficking, haematological systems, and 

tissue injury [271]. Immune response-related genes involved in neutrophil recruitment, 

neutrophil activation, platelet aggregation, platelet activation, and coagulation were all either 

highly expressed or uniquely expressed in co-infected mice [271].  

4.2 – IAV-Bacterial Co-Infections in Humans 

Various studies have been done on patients suffering from IAV-bacterial infections over 

the past century. In general, severe influenza-bacterial co-infections present similarly to severe 

influenza infections; however, co-infections present an increased mortality risk [260]. Autopsies 

done on patients from the 1918, 1957, and 2009 IAV pandemics, as well as decedents of 
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seasonal influenza, reveal no significant differences in pulmonary pathologies [9, 272-275]. As 

such, only studies involving patients infected with 2009 pandemic IAV are discussed here. 

Throughout the 2009 H1N1 pandemic, critical illness often occurred in young adults rapidly after 

hospital admission, and was associated with severe hypoxemia and multisystem organ failure 

[276].  

A case of IAV-MRSA co-infection was reported by Memoli and Chertow [262]. A 

patient was admitted to hospital with fever, cough, myalgia, and shortness of breath, consistent 

with severe IAV infection [262]. Further evaluation revealed findings consistent with severe 

hypoxia and sepsis; a chest radiography showed diffuse bilateral infiltrates (Figure 10) [262]. A 

nasopharyngeal wash specimen tested positive for 2009 H1N1 pandemic IAV, while sputum and 

blood cultures tested positive for MRSA [262]. Despite being treated with both antivirals and 

antibiotics, the patient suffered from respiratory failure complicated by hemoptysis and died 

within 24 hours of hospital admission [262]. Studies have shown that many IAV-bacterial co-

infections mirror the one described above. Infected individuals often present with fever, cough, 

dyspnea, and myalgia, with a median of 7 days from the onset of symptoms to death [272, 277]. 

A study by Gill et al. described the clinicopathologic characteristics of patients who died 

following confirmed 2009 H1N1 IAV infection. Gill et al. used chest radiographs to study the  

lungs of four patients, revealing pathological differences in patients infected with IAV alone, or 

with an IAV-bacterial co-infection [272]. Computed tomography (CT) scans revealed patchy 

“ground-glass” opacities in each of the patients; the underlying parenchymal architecture 

remained visible with discernible bronchovascular margins consistent with diffuse alveolar 

damage (Figure 11A) [272]. In one case, areas of denser consolidation were seen, which 

obscured the underlying parenchymal architecture and bronchovascular margins (Figure 11B)  
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Figure 10: Chest Radiography of a Fatal Case of Influenza-Bacterial Co-infection. 
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Figure 10: Chest Radiography of A Fatal Case of Influenza-Bacterial Co-infection. 

Chest radiography of a patient co-infected with 2009 H1N1 pandemic IAV and MRSA. 

Yellow arrows indicate diffuse bilateral infiltrates, a characteristic of ALI and ARDS. 

From Memoli and Chertow [262].  
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Figure 11: Computed Tomography Scans of Fatal Influenza-Bacterial Co-infections. 
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Figure 11: Computed tomography scans of two fatal cases of influenza-bacterial co-

infections.  

A) Yellow arrows indicate diffuse alveolar damage where the underlying 

parenchymal architecture remained visible. 

B) Yellow arrows indicate diffuse alveolar damage where the underlying 

parenchymal architecture remained visible. Blue arrows indicate denser 

consolidation which obscured the underlying parenchymal architecture. 

From Gill et al. [272]. 

 



 

 56 

[272]. These findings were consistent with secondary bacterial pneumonia, which was identified 

at autopsy [272]. Bacterial pneumonia was observed in 55% of the cases studied by Gill et al., 

who underlined the necessity of diagnosing and treating bacterial pneumonias in patients infected 

with influenza virus [272].  

Autopsy findings of patients with IAV-bacterial co-infections manifesting as ALI showed 

an increase in capillary endothelial permeability, injury to the alveolar epithelium and loss of the 

tight permeability barrier [270]. Additionally, pro-inflammatory cytokines, such as TNF- and 

IFN-, are elevated in ALI patients [270]. Autopsies of patients diagnosed with ARDS due to the 

presence of bilateral pulmonary infiltrates, reveal diffuse alveolar damage, diffusely edematous 

lungs, and variable degrees of hemorrhage [277]. 

4.4 – Mechanisms of Bacterial Co-Infections at the Alveolar-Capillary Barrier  

While it is generally accepted that influenza-bacterial coinfections result in more severe 

disease, the molecular mechanisms have not yet been elucidated [260]. It is known that IAV 

infection can cause changes to the lung which may facilitate secondary bacterial invasion [49]. 

Increased bacterial and/or viral loads during co-infection have been associated with enhanced 

disease severity; however, how this occurs is still unknown [49, 271].  

4.4.1 – Molecular Mechanisms of Co-infection  

Several changes occur at the alveolar epithelium upon IAV infection, including damage 

to the epithelial airway and disruption of surfactant released by ATII cells [49]. Damage to 

alveolar epithelial cells is the primary driver of alveolar-capillary barrier dysfunction [262, 278]. 

This damage occurs via several different mechanisms: physical damage to the alveolar epithelial 

barrier, damage to TJs, and the production of cytokines which can damage the alveolar-capillary 

barrier [279].  
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Physical damage to the airway occurs in several steps during IAV-bacterial co-infection 

(Figure 12). First, IAV infection along the airway epithelium results in the cleavage of cell-

surface sialic acids and in epithelial sloughing, which is thought to expose sites for bacterial 

attachment [262]. As such, when patients with prior IAV exposure breathe in pathogenic bacteria 

through the nasopharynx, it is able to bind to these newly cleaved and exposed sialic acid sites 

[262]. Second, the presence of IAV along the airway epithelium leads to mucociliary 

dysfunction, resulting in an increase in mucus production in the lower respiratory tract [262]. 

This excess mucus is meant to facilitate viral clearance; however, it is thought to impede 

bacterial clearance [260, 261]. Finally, the pathogens are able to reach the alveoli, resulting in 

cellular dysfunction, aberrant immune responses, and cell death [262].  

It is thought that the endothelial cells of the capillary may be exposed to viral particles 

produced by alveoli cells during viral infection, due to their close proximity to alveolar epithelial 

cells [254]. However, infection is generally only seen during infection with highly pathogenic 

H5N1 IAVs; in most animal models and human autopsies, IAV infection of the endothelial 

barrier is not observed [254]. Regardless of their infection status, endothelial cells continue to 

play a key role in severe disease pathogenesis, as they induce an inflammatory response through 

the production of cytokines [254, 280].  

4.5 – The Innate Immune Response to Influenza-Bacterial Co-infections 

In the case of influenza-bacterial coinfections at the alveolar-capillary barrier, priming of 

the immune response by initial influenza infection results in a massive over-recruitment of 

immune cells due to the cytokine storm generated by alveolar epithelial cells which are primed 

and actively secreting cytokines to respond to the primary infection [281]. Cytokines and growth 

factors produced by the innate immune response in response to IAV infection play a crucial role  



 

 58 

  

Figure 12: Proposed Mechanism of Influenza-Bacteria Co-infection at the Airway 

Epithelium. 
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Figure 12: Proposed Mechanism of Influenza-Bacterial Co-infection at the Airway 

Epithelium. 

Physical damage to the airway occurs in several steps during IAV-bacterial co-

infection. First, IAV infection and replication occurs along the airway epithelium. This 

replication results in the cleavage of sialic acids during viral release from the host cells 

(top panel). IAV continues to replicate along the epithelial airway towards the lower 

respiratory tract resulting in cellular damage and dysfunction, including mucociliary 

dysfunction. As the host aspirates pathogenic bacteria, the previously cleaved sialic 

acids act as binding sites while mucociliary dysfunction impairs bacterial clearance 

(middle panel). Finally, co-infection leads to the recruitment of immune cells and 

subsequent impaired function leading to damage to the alveolar-capillary barrier and 

invasive disease (bottom panel). 

 

From Chertow & Memoli [262].  
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in host tolerance by suppressing inflammation, initiating tissue repair, and returning the 

pulmonary system to a state of homeostasis after the resolution of infection [244]. Further, 

cytokines are able to act on the epithelium to induce proliferation and growth, making it vital in 

mediating repair following infection [244]. In their absence, virally infected hosts become more 

susceptible to secondary bacterial infections [282]. 

The innate immune response is rapidly triggered after IAV infection, resulting in the 

production of massive amounts of type I IFN and ILs which strongly participate in virus 

clearance [283-286]. Upregulation of type I IFN expression in respiratory epithelial cells 

correlates with a significant upregulation of TLRs, which is thought to contribute to the 

upregulation of cytokine secretion and the initiation of a cytokine storm [287-290]. Additionally, 

IAV infection has been shown to result in a cytokine storm by inducing the expression of other 

pro-inflammatory cytokines beyond IFN and ILs, such as TNF [291-293]. Limiting the 

magnitude of a cytokine storm has been shown to improve survival, as well as augment host 

tolerance to secondary bacterial infection, as it is incredibly detrimental to the host during 

pulmonary infections [287, 288, 291, 292]. Further, activation of inflammasomes and NF-B 

further promote the release of pro-inflammatory cytokines and chemokines [286]. Interestingly, 

while inflammasome activation is generally crucial for the clearance of many lung pathogens, 

delaying activation during IAV infection decreases inflammation and bacterial burden during a 

secondary infection [294]. The secretion of these cytokines by the respiratory epithelium results 

in the subsequent recruitment and activation of numerous immune cells, such as macrophages, 

and neutrophils [286].  

Inflammatory macrophages infiltrate the lung following pathogen infection, playing an 

important role in mediating early defense mechanisms and facilitating the return to homeostasis 
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during the resolution of infection [244]. While they are important mediators of the inflammatory 

response, they also contribute to an excessive inflammatory response and damage [244]. 

However, depletion of alveolar macrophages during IAV infection further exacerbates 

inflammation and contributes to decreased epithelial barrier function and vascular leakage [295, 

296]. Seemingly in contrast, failure to induce programmed cell death of macrophages results in 

unregulated, prolonged inflammation decreasing tolerance to infection, underlining the 

importance of proper regulation of macrophages during co-infection [297-299]. Macrophages 

can also act as phagocytes, helping to control the pathogen burden while removing dead cells and 

debris that accumulate during infection [244]. Alveolar macrophages are also known to produce 

proteases and miRNA directly involved in degradation of tight junctions such as ZO-1, 

pulmonary inflammation, and tissue damage [300, 301]. 

Neutrophils act as potent mediators of the immune response early in co-infection by 

unleashing powerful antimicrobial defenses [244]. However, this generally results in extreme 

tissue damage and dampening their effect has actually been shown to be beneficial for improving 

pulmonary inflammation during infection [244, 302]. In a rat model, depletion of neutrophils 

resulted in increased mortality due to delayed viral clearance, but was associated with decreased 

inflammation and breakdown of the epithelium [303]. Further, proteases present on the surface 

of neutrophils are able to cleave VE-cadherin, an adherens junction which plays an important 

role in endothelial barrier integrity [304].  

4.2.1 - Current Treatment of IAV-Bacterial Co-infections  

It is recommended that early antiviral and antibiotic treatment be initiated in all patients 

with a suspected IAV-bacterial co-infection [262]. Observational studies have found a 

correlation between oseltamivir administration and reductions in ICU admission and deaths 
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[262]. Additionally, a correlation between administration of antibiotic treatment within 8 hours 

of hospital admission and reduced mortality has been revealed by large observational studies 

[262]. As such, vancomycin or linezolid should be administered to hospitalized patients with  

severe or necrotizing community-associated pneumonia, even if the presence or absence of 

influenza cannot be distinguished [262]. Despite these recommendations, management of severe 

co-infections is largely supportive [262].  
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Hypothesis and Objectives 

Despite our current knowledge and understanding of IAV infections, MRSA infections, 

and the alveolar-capillary barrier, the molecular mechanisms surrounding barrier dysfunction 

upon IAV-MRSA co-infections is still unknown. We hypothesize that secondary bacterial co-

infections result in severe dysfunction of the alveolar-capillary barrier due to the modulation of 

bacterial virulence factor expression in the presence of IAV, thus leading to dysregulated host 

cell signaling responses. In order to test this hypothesis, our primary objectives will be as 

follows: 

i) Characterization of pathogen replication kinetics and bacterial virulence factor 

modulation in an alveolar monolayer during IAV-MRSA co-infection. The role of 

prior IAV infection on subsequent MRSA replication and abundance of genes 

related to adhesion/ attachment will be studied in an alveolar monolayer, allowing 

synergism between different strains of IAV and MRSA to be investigated. 

ii) Determination of cell barrier dysfunction and dysregulation of host cell kinome 

response during IAV-MRSA co-infection in an alveolar monolayer. Investigations 

of the effect of bacterial replication and virulence factors from objective (i) on the 

host cell kinome response and subsequent cell barrier dysfunction when MRSA 

co-infection occurs with different strains of IAV will allow for a direct 

characterization of the inter-relation between MRSA and the host cell. 

iii) Establishment of a co-culture model of the human alveolar-capillary barrier using 

primary alveolar epithelial and pulmonary microvascular endothelial cells. Co-

culturing of primary alveolar epithelial and endothelial cells derived from the 

lower respiratory tract on the membrane of a transwell insert will provide a 
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physiologically-relevant model for investigations concerning the role of distal 

lung barrier function in IAV and IAV-bacterial pathogenesis. 

iv) Characterization of pathogen replication kinetics and route of invasion in a co-

culture model of the alveolar-capillary barrier. A thorough analysis of viral and 

bacterial replication kinetics, pathogen transmigration to the underlying 

endothelium, and potential relation of enhanced route of invasion to IAV-MRSA 

co-infections will help rectify current knowledge gaps in the role of pathogen 

replication and transmigration in severe co-infections. 

v) Determination of bacterial virulence factor responses during IAV-MRSA co-

infection in a co-culture model of the alveolar-capillary barrier. Investigations of 

the temporal expression patterns of bacterial virulence factors during co-infection 

with IAV will provide a detailed characterization of the potential roles for 

bacterial virulence factors in alveolar-capillary barrier permeability. 

vi) Assess barrier dysfunction during IAV-MRSA co-infection in a co-culture model 

of the alveolar-capillary barrier. Analysis of the direct effects of IAV-MRSA co-

infection on the permeability of the alveolar-capillary epithelial-endothelial co-

culture system will provide greater biological context as permeability modulation 

will reflect changes in both cell types. 

vii) Investigation of epithelial and endothelial host cell signaling responses.  

Characterization of host cell signaling responses related to maintenance of cell-

cell contacts, cell damage and apoptosis, wound healing, and inflammatory 

responses will provide valuable information regarding potential host-centric 

contributions to alveolar-capillary barrier dysfunction.  
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Materials and Methods 

Virus, Bacteria, and Cell Conditions 

The 2009 pandemic H1N1 Influenza A/Mexico/4108/09 (pandemic H1N1; pH1N1) was 

kindly provided by Dr. Kevin Coombs (University of Manitoba, Canada). The following 

reagents were obtained through BEI Resources, NIAID, NIH (Bethesda, MD, USA): Influenza 

A/Hong Kong/8/68 (pandemic H3N2; pH3N2); Influenza A/Brisbane/10/2007 (seasonal H3N2; 

sH3N2); Influenza A/New Jersey/8/76 (seasonal H1N1; sH1N1). All virus stocks were grown in 

Madin-Darby canine kidney cells (MDCK; ATCC, Manassas, VA, USA) maintained in 

Dulbecco’s modified Eagle medium (DMEM; Gibco, Grand Island, NY, USA), concentrated 

following ultracentrifugation on a 35% sucrose cushion, and kept at -80 C . Viral titres for 

pH1N1, pH3N2, sH1N1, and sH3N2 are summarized in Table 1 and were determined via plaque 

assay [305]. MRSA USA300 (herein referred to as MRSA) was kindly provided by Dr.  

George Zhanel (University of Manitoba, Canada). MRSA inocula were generated following 

growth to mid-log phase in tryptic soy broth at 37C with shaking (TSB; Hardy Diagnostics, 

Santa Maria, CA, USA). Bacterial titres are summarized in Table 1 and were determined via 

standard plate count [306]. Adenocarcinomic human alveolar basal epithelial cells (A549) were 

obtained from ATCC (Manassas, VA, USA). Cells were grown in DMEM supplemented with 

10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) and 1% penicillin-streptomycin 

(HyClone Laboratories, South Logan, UT, USA) at 37C and 5% CO2. Normal human bronchial 

epithelial cells containing SV40 promoter sequences and immortalized by CDK4-expressing 

retrovirus and human telomerase reverse transcriptase (HBEC3-KT) were kindly provided by Dr. 

Neeloffer Mookherjee (University of Manitoba, Canada). Cells were grown in Airway Epithelial 
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Basal Cell Medium (ATCC, Manassas, VA, USA) fully supplemented with the Bronchial 

Epithelial Cells  

Table 1: Pathogen Titres. 

Viral titres of pH1N1, sH1N1, pH3N2, and sH3N2 were determined via plaque assay, as 

previously described by Qi et al. [305]. Bacterial titres of MRSA USA300 was determined via 

standard plate count as previously described by Sanders [306].  

 

  

Pathogen Titre 

Influenza A/Mexico/4108/09 (pH1N1) 1.04x106 PFU/mL 

Influenza A/New Jersey/8/76 (sH1N1) 7.20x106 PFU/mL 

Influenza A/Hong Kong/8/68 (pH3N2) 3.04x106 PFU/mL 

Influenza A/Brisbane/10/2007 (sH3N2) 2.04x106 PFU/mL 

MRSA USA300 1.5x108 CFU/mL 
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Growth Kit (ATCC, Manassas, VA, USA) at 37C and 5% CO2. Human pulmonary alveolar 

epithelial cells (HPAEpiC) were obtained from ScienCell Research Laboratories (Carlsbad, CA, 

USA). Cells were grown in Airway Epithelial Basal Cell Medium fully supplemented with the 

Bronchial Epithelial Cells Growth Kit (ATCC, Manassas, VA, USA) at 37C and 5% CO2. 

Human pulmonary microvascular endothelial cells (HPMEC) were obtained from ScienCell 

Research Laboratories (Carlsbad, CA, USA). Cells were grown in Basal Endothelial Cell 

Medium complete kit (ScienceCell Research Laboratories, Carlsbad, CA, USA).  

Co-sedimentation of pH1N1 and MRSA 

Co-sedimentation of pH1N1 and MRSA (herein referred to as pH1N1+MRSA) was 

performed as previously described [307]. Mid-log MRSA and pH1N1 were both added to 

DMEM supplemented with 2% FBS at a multiplicity of infection (MOI) of 0.1. Bacterial MOIs 

of 0.1 were achieved by serial dilution of mid-log phase culture in DMEM supplemented with 

2% FBS. The pH1N1+MRSA inocula was incubated at 37C and 5% CO2 with rocking for 30 

min. Samples were centrifuged at 5,000 g for 25 min to pellet bacteria and adherent virus. The 

supernatant was removed, pellets washed with Dulbecco’s phosphate buffered saline without 

Calcium and Magnesium (DPBS; Gibco, Grand Island, NY, USA), and resuspended in DMEM 

supplemented with 2% FBS. 

Viral and Bacterial Infection of Respiratory Epithelial Cells 

A549 cells were seeded at 5E5 cells/ mL (1.3e5 cells/ cm2) in DMEM supplemented with 

2% FBS 1 day prior to viral infection. Cells were either mock-infected with DMEM 

supplemented with 2% FBS or infected with IAV (pH1N1, sH1N1, pH3N2, sH3N2, or 

pH1N1+MRSA) at a MOI of 0.1 with gentle rocking every 15 min to ensure equal distribution of 

virus. After 1 h, viral inocula were aspirated from alveolar epithelial cells and replenished with 
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DMEM supplemented with 2% FBS. Cells were rested for 24 h post-influenza infection, 

followed by infection with mid-log phase MRSA at a MOI of 0.1 or mock-infected with DMEM 

supplemented with 2% FBS. Bacterial infection continued for 1 h at 37C with 5% CO2 and 

gentle rocking every 15 min. Bacterial inocula were aspirated from cells and refreshed with 

DMEM supplemented with 2% FBS. Cells were harvested at 1, 4, 8, 12, 16, 20, and 24 h post-

bacterial infection for further investigation of bacterial replication kinetics, bacterial virulence 

factors’ expression, and kinome analysis. 

Creation of a Co-culture Model of the Alveolar-Capillary Barrier 

The basal side of 0.4 m transwell inserts (Corning Life Sciences, Montreal, QC) were 

coated with GelTrex LDEV-Free Reduced Growth Factor Basement Membrane Matrix 

(ThermoFisher Scientific, Mississauga, ON) and rested basal side up for 1 h at 37C and 5% 

CO2. Transwell inserts were turned apical side up, the apical side coated with GelTrex, and rested 

for 1 h at 37C and 5% CO2. Transwell inserts were turned basal side up, the basal side of the 

transwell inserts seeded with HPMEC at a concentration of 1.5E5 cells/ mL (4.5E4 cells/ cm2) in 

a 1:1 mix of HPAEpiC and HPMEC media, and rested for 3 h at 37C and 5% CO2. Transwell 

inserts were turned apical side up and HPAEpiC were seeded on the apical side at a 

concentration of 3E5 cells/ mL (9E4 cells/ cm2) in a 1:1 mix of HPAEpiC and HPMEC media. 

After 24 h, media was removed from the upper compartment of the transwell insert, to allow 

primary epithelial cells to grow at the air-liquid interface. Media in the lower compartment was 

refreshed with a 1:1 mix of HPAEpiC and HPMEC media. Cells were allowed to grow to 

confluency for 14 days, with media in the lower compartment being refreshed every second day. 

A schematic of the model can be seen in Figure 13 [280]. Cells were imaged prior to infection to 

ensure confluency, as described below.  
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Transwell Infection 
Media 

Media Removed from 
Apical Side 

Figure 13: Depiction of the Co-culture Model of the Alveolar-Capillary Barrier. 



 

 70 

 

  

Error! Reference source not found.: Depiction of the Co-culture Model of the 

Alveolar-Capillary Barrier. 

To most closely mimic the human alveolar-capillary barrier, primary alveolar 

epithelial cells are plated on the apical side of the membrane of a transwell insert, 

while microvascular endothelial cells are plated on the basal side. This enables 

both cell types to grow in close proximity, allowing for cell-cell communication 

between epithelial and endothelial cells. Growth media in our model will be 

removed from the apical side of the membrane, allowing the alveolar epithelial 

cells to grow at the air-liquid interface.  

From Short et al. [280]. 
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Imaging and Histology 

Imaging of fixed cells was performed on a Zeiss AxioObserver.Z1 with a x10 lens and 

images captured using LSM 7 Elyra Software (Release Version 7.0). Prior to fixation, cells were 

washed 3 times for 15 min with warm DPBS. Cells were fixed with 3.7% formaldehyde 

(ThermoFisher Scientific, Mississauga, Ontario, Canada) at room temperature for 30 min, 

followed by washing 3 times for 15 min with PBST. Cells were permeabilized with 0.5% 

TritonX-100 for 5 min, washed 3 times with PBST for 15 min, and incubated with Image IT Fx 

Signal Enhancer (ThermoFisher Scientific, Mississauga, Ontario, Canada) for 30 min, followed 

by a final wash with PBST 3 times for 15 min. Cells were incubated with blocking buffer (5% 

BSA) for 1 h. Cells were stained with DAPI (Abcam, Toronto, Ontario, Canada; ab228549; 

1:500) for 5 min and washed 3 times for 15 min with PBST. Cells were stained with phalloidin 

(Abcam, Toronto, Ontario, Canada; ab176759; 1:200) for 1 h, washed with PBST 3 times for 15 

min with PBST. Cells were mounted with ProLong Diamond Antifade Mountant (ThermoFisher 

Scientific, Mississauga, Ontario, Canada). Confocal images showing HPAEpiC and HPMEC at 

95% confluency can be seen in Figures 14 and 15, respectively.  

Viral and Bacterial Infection of Tissue Culture Model 

Epithelial and endothelial cells were washed 2X with warm DPBS. Transwell infection 

media (a 1:1 mix of unsupplemented Airway Epithelial Basal Cell Medium and Basal 

Endothelial Cell Medium) was added to the lower compartment, and epithelial cells were 

infected by adding viral inocula to the upper compartment of the transwell insert. Cells were 

infected with pH1N1 at a MOI of 0.1 or mock-infected with transwell infection media for 1 h at 

37C and 5% CO2. Following infection, viral inocula were aspirated from cells. Cells were rested 

for 24 h post-viral infection. Cells were infected with mid-log phase MRSA or mock-infected 24  
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Figure 14: Confocal Image of Human Primary Alveolar Epithelial Cells. 
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Figure 14: Confocal Image of Human Primary Alveolar Epithelial Cells.  

HPAEpiCs were seeded on the apical side of a 0.4 m transwell insert at a 

concentration of 3E5 cells/ mL (9E4 cells/cm2). Cells were allowed to grow for 14 days 

at the air-liquid interface, followed by fixation with 3.7% formaldehyde and staining 

with DAPI and phalloidin. Imaging of fixed cells was performed on a Zeiss 

AxioObserver.Z1 with a x10 lens and images captured using LSM 7 Elyra Software 

(Release Version 7.0).  
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Figure 15: Confocal Image of Human Primary Microvascular Endothelial Cells. 
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Figure 15: Confocal Image of Human Primary Microvascular Endothelial Cells.  

HPMECs were seeded on the apical side of a 0.4 m transwell insert at a concentration 

of 1.5E5 cells/ mL (4.5E4 cells/ cm2). Cells were allowed to grow for 14 days, 

followed by fixation with 3.7% formaldehyde and staining with DAPI and phalloidin. 

Imaging of fixed cells was performed on a Zeiss AxioObserver.Z1 with a x10 lens and 

images captured using LSM 7 Elyra Software (Release Version 7.0).  
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h post-influenza addition with transwell infection media for 1 h. Bacterial MOIs of 0.1 were used 

and were achieved by serial dilution of mid-log phase culture in transwell infection media. 

Bacterial inocula were aspirated from cells and both HPAEpiC and HPMEC cells were harvested 

by gentle scraping for further investigation of bacterial replication kinetics, bacterial virulence 

factors’ modulation, and kinome analysis.  

Quantification of Bacterial and Viral Replication Kinetics  

Quantification of the total number of adherent and internalized bacteria was determined 

at 1, 4, 8, 12, 16, 20, and 24 h post-bacterial infection. Respiratory epithelial A549 cells  

were harvested for bacterial enumeration by aspirating media and washing 2x with DPBS. Cells 

were lysed with 0.025% Triton X-100 (VWR Life Science, Solon, OH, USA) and lysates 

(including intact bacteria) collected by gentle scraping. Respiratory epithelial HPAEpiCs were 

harvested for bacterial enumeration by washing 2X with DPBS followed by gentle  

scraping. Cells were pelleted by centrifugation at 5,000 rpm for 10 min, supernatant removed, 

and cells resuspended in 0.025% Triton X-100. Colony forming units (CFU) were quantified by 

standard bacterial plating on tryptic soy agar (TSA; MP Biomedicals, LLC, Solon, OH, USA). 

RT-qPCR was used to quantify viral replication by collecting supernatant samples from IAV-

MRSA infected alveolar epithelial cells. Total RNA was extracted from the supernatant using the 

PureLink Viral RNA/DNA Mini Kit (Life Technologies, Burlington, ON) according to the 

manufacturer’s instructions. Reverse transcription of total RNA was performed using the 

Superscript IV first-strand cDNA synthesis kit (Life Technologies, Burlington, ON) using 

primers specific for the viral H1N1 HA sequence. Viral copy number was quantified by 

comparing RT-qPCR results to an established external standard of viral copy number. 
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RNA Extraction, cDNA Synthesis, and Quantitative PCR 

Three biological replicates with two technical replicates were collected at 1, 4, 8, 12, 16, 

20, and 24 h post-bacterial infection to determine the modification of bacterial virulence factors 

in the presence of influenza. Following aspiration of media, both A549 cells and HPAEpiCs 

were collected by gentle scraping, pelleted by centrifugation at 1200 rpm for 10 min, and stored 

at -80C until RNA extraction. Standard TRIzol-chloroform extraction (Ambion, Calrsbad, CA, 

USA) was performed to extract bacterial RNA, before concentration and purity of the RNA were 

assessed by A260:A280 spectrophotometry. Total bacterial RNA was normalized to 35 ng and 

complementary DNA (cDNA) synthesized using random primers and the QuantiNova reverse 

transcription kit (Qiagen, Hilden, Germany). 10 ng of cDNA was amplified in triplicate by RT-

qPCR performed on the Applied Biosystems QuantStudio 6 Flex Real-Time PCR system (Life 

Technologies, Burlingtion, ON) using PowerUp SYBR Green Master Mix (Applied Biosystems, 

Austin, TX, USA) as a detection method and 8 M of the appropriate primers (Table 2 and Table 

3). Primers were designed and selected using PrimerQuest 

(https://www.idtdna.com/primerquest). Cycling conditions involved an initial 2 min incubation at 

50C and a 2 min incubation at 95C for SYBR Green activation and polymerase activation, 

respectively. This was followed by 40 cycles of 15 sec at 95C for denaturation and 1 min at  

60C for annealing and extension. Bacterial gene expression was quantified through comparison 

to the MRSA housekeeping gene 16S, and relative fold change in expression was calculated 

using the 2-CT method [308]. Relative fold change values represent IAV-MRSA (normalized to 

16S)/MRSA-alone (normalized to 16S). 

 

  

https://www.idtdna.com/primerquest
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Table 2: MRSA Virulence Factor Primers 

Virulence factors were chosen according to previous research and reviews concerning MRSA 

virulence [82-84]. Primers were designed and selected using PrimerQuest 

(https://www.idtdna.com/primerquest). 

Gene Name 

(Code) 

Primers Accession No. 

(Amplicon 

Location) 

16S ribosomal RNA 

(16S) 

F: 5’-CATGCTGATCTACGATTACT-3’ 
R: 5’-CCATAAAGTTGTTCTCAGTT-3’ 

L37597.1 

(801-894) 

Coagulase 

(coa) 

F: 5’-TTCCACAGGGCACAATTACA-3’ 

R: 5-CGGGACCTTGAACGATTTC-3’ 

AJ306908.1 

(1206-1331) 

Elastin-binding protein 

(EbpS) 

F: 5’-GGTGAACCTGAACCGTAGTATT-3’ 

R; 5’-CAGCAACAACAACGTCAAGG-3’ 

MH920607.1 

(183-281) 

Enolase 

(Eno) 

F: 5’-TGGTTACAAACCAGGTGAAGAA-3’ 

R: 5’-CGCCTTCGAACTTACTGTAGTC-3’ 

AF065394.1 

(1215-1317) 

Fibronectin-binding 

protein A 

(FnbA) 

F: 5’-CCCATTTCCGTTCGCTTTATTAC-3’ 

R: 5’-GTAGGACATCCAGAGCAACTTTA-3’ 

KP096552.1 

(1531-1636) 

Fibronectin-binding 

protein B  

(FnbB)  

F: 5’-TGTCGCGCTGTATGATTGT-3’  

R: 5’-GTAGAGGAAAGTGGGAGTTCAG-3’ 

KY024703.1 

(2587-2692) 

 
Intercellular adhesion A 

(IcaA)  

F: 5’-GCAGTAGTTCTTGTCGCATTTC-3’ 

R: 5’-GTTGGGTATTCCCTCTGTCTG-3’ 

AF500262.1 

(1144-1234) 

 

 

Intercellular adhesion B 

(IcaB) 

F: 5’- AGCCTATCCTTATGGCTTGATG-3’ 

R: 5’-GAGTTCGGAGTGACTGCTTT-3’ 

MF630927.1 

(378-533) 

Immunoglobulin-binding 

protein Sbi 

(Sbi) 

F: 5’-AGCCAACAAGTTTGGGTAGAA-3’ 

R: 5’-CGTGTGGTGCTTTGTTATCTTG-3’ 

AF027155.1 

(493-515) 

Protein A  

(SpA) 

F: 5’-GCTGCACCTAAGGCTAATGATA-3’ 

R: 5’-GATAAGAAGCAACCAGCAAACC-3’ 

X61307.1 

(692-790) 

https://www.idtdna.com/primerquest
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Table 3: MRSA Exotoxin Primers. 

Exotoxins were chosen according to previous research and reviews concerning MRSA virulence 

[82-84]. Primers were designed and selected using PrimerQuest 

(https://www.idtdna.com/primerquest). 

Gene Name 

(Code) 

Primer Sequences Accession No. 

(Amplicon 

Location) 

-hemolysin 

(Hla) 

5’- CTGTAGCGAAGTCTGGTGAAA-3’ 

5’- AGATTCTTGGAACCCGGTATATG-3’ 

KM019672.1 

(388-501) 

-hemolysin A  

(HlgA) 

5’- CCAGCAGCACGAGACTATTT-3’- 

CACCTTTACCTCTTTCGTGTGA-3’ 

 

KT284333.1 

(618-716) 

 

 

Staphylococcal 

enterotoxin K 

(Sek) 

5’- ATCGACATCCAAATGGAATTTCTC-3’ 

5’- CTACACAGGAGATGATGGGTTAC-3’ 

GQ358928.1 

(525-619) 

Staphylococcal 

enterotoxin Q 

(Seq) 

5’-GTAGAAACCTCGTCTGTAGATATAGTG-3’ 

5’- GGAATTACGTTGGCGAATCAAA-3’ 

MF417550.1 

(314-418) 

 

  

https://www.idtdna.com/primerquest
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Respiratory Epithelial A549 Cell Barrier Integrity Determination 

Changes in barrier integrity of A549 cells during IAV-MRSA co-infection was quantified 

using the electric cell-substrate impedance sensing (ECIS) Z, 96W Array Station, and 96W20idf 

PET plates (Applied BioPhysics, Troy, NY, USA). Cells were seeded at 5E5 cells/ mL (1.3E5 

cells/ cm2) in 96W20idf PET plates and rested for 24 h at 37C and 5% CO2 in the 96W Array 

Station (Applied BioPhysics, Troy, NY, USA). Cells were mock-infected with DMEM 

supplemented with 2% FBS or infected with IAV at a MOI of 0.1. Followed by resting for 24  

h, cells were either mock-infected with DMEM supplemented with 2% FBS or infected with 

mid-log phase MRSA at a MOI of 0.1. Resistance measurements were acquired at 4000 Hz 

during the entirety of the entire experiment (72 h). Control conditions included: (i) cells infected 

with influenza-alone (MOI 0.1); (ii) cells infected with MRSA-alone (MOI 0.1); (iii) mock-

infected cells (background barrier resistance); and (iv) cells treated with 1% Triton X-100 

(positive control for barrier dysfunction). 

Determination of Barrier Integrity in a Co-culture Model  

The ECIS TEER 24, 24-well TEER 24 microplates, and Common Electrode Array 

(Applied Biophysics, Troy, NY, USA) were employed to quantify barrier integrity in a co-

culture model during pH1N1-MRSA co-infection. Epithelial cells were infected with influenza 

(MOI 0.1) or mock-infected with transwell infection media (denoted as Time 0) for 1 h followed 

by resting for 24 h. Viral and mock-infected cells were subsequently infected with mid-log phase 

MRSA (MOI 0.1) or mock-infected with transwell infection media for 1 h. Resistance 

measurements were acquired at 4000 Hz every 4 h for 48 h. At each time point, the upper 

compartment of each transwell insert was filled with 600 L of transwell infection media and 

resistance measured for 1 min. Transwell infection media was removed from each transwell 
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insert and the cells allowed to rest until the next time point. Control conditions included: (i) cells 

infected with influenza-alone (MOI 0.1); and (ii) cells infected with MRSA-alone (MOI 0.1). 

Western Blot Analysis 

The expression of tight junctions in primary pulmonary microvascular endothelial cells 

were detected by Western blotting, using the Tight Junction Antibody Sampler Kit (Cell Signal, 

Danvers, MA, USA) according to the manufacturer’s protocol. Equal amount of total protein 

(20g) were heated to 95C for 10 min, followed by cooling on ice. Samples were centrifuged 

for 30 seconds at maximum rpm and resolved by 8% SDS-gel electrophoresis with subsequent 

transfer to PVDF membranes using the iBLOT II gel transfer system (ThermoFisher Scientific, 

Mississauga, ON). The membrane was blocked by incubating with 5% skim milk for 1 h at room 

temperature, followed by incubation with 1:1000 anti-ZO-1 and anti-ZO-2 antibodies with gentle 

agitation at 4C overnight. The following day, the membrane was washed three times with TBST 

(ThermoFisher Scientific, Mississauga, ON) for 5 min each. To detect biotinylated protein 

markers, the membrane was incubated with anti-rabbit IgG, HRP-linked antibody and anti-biotin, 

HRP-linked antibody for 1 h with gentle agitation at room temperature. To detect proteins, 

membrane-bound HRP was washed with TBST 3X for 5 min. Blots were developed with 

SuperSignal Western Blot Enhancer (ThermoFisher Scientific, Mississauga, ON) according to 

the manufacturer’s protocol. 

Kinome Peptide Array Analysis  

Kinome peptide array analysis was performed as previously described [309, 310]. For 

A549 cells, IAV-, MRSA-, IAV-MRSA, and mock-infected cells were collected at 4, 8, 12, 16, 

20, and 24 h post-bacterial infection by gentle scraping. For both HPAEpiCs and HPMECs, 

IAV-, MRSA-, IAV-MRSA-, and mock-infected cells were collected at 4, 8, 12, and 24 h post-
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bacterial infection by gentle scraping. Cells were pelleted by centrifugation at 14,000 rpm for 10 

min, treated with kinome lysis buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1mM EDTA, 1 

mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM Na3V04, 1 mM NaF, 1 

ug/mL leupeptin, 1 ug/mL apropotinin, 1 mM phenylmethylsulfonyl fluoride) incubated on ice 

for 10 min, and transferred to fresh microcentrifuge tubes. The Pierce BCA Protein Assay Kit 

(ThermoFisher Scientific, Mississauga, ON) was used to quantify total protein concentration. 

Activation mix (50% glycerol, 50 uM ATP, 60 mM MgCl2 , 0.05% Brij 35, 0.25 mg/mL bovine 

serum albumin) was added to the equivalent amounts of total protein (100 g) for each sample, 

and total sample volumes were matched by the addition of kinome lysis buffer. Kinome peptide 

arrays (JPT Peptide Technologies GmnbH, Berlin, Germany) were spotted with samples and 

incubated for 2 h at 37C and 5% CO2. After incubation, arrays were rinsed once with 1% Triton 

X-100 and once with deionized H2O. Arrays were stained using PRO-Q Diamond 

phosphoprotein stain (Invitrogen, Carlsbad, CA, USA) for 1 h with gentle agitation. Following 

staining, arrays were washed 3X with kinome destain (20% acetonitrile, 50 mM sodium acetate 

pH 4.0) for 10 min. Arrays were washed a final time with deionized water for 10 min and dried 

by centrifugation. A PowerScanner microarray scanner (Tecan, Morrisville, NC, USA) with a 

580-nm filter was used to image arrays and Array-Pro Analyzer version 6.3 software (Media 

Cybernetics, Rockville, MD, USA) was used to collect signal intensity values. Intensity values 

for spots and background were collected for each array. 

Kinome Data Preprocessing 

 The Platform for Integrated, Intelligent Kinome Analysis (PIIKA 2) software 

(available online: https://saphire.usask.ca/saphire/piika) was used to analyze kinome data as 

previously described [311]. To calculate specific responses of each peptide, background intensity 

https://saphire.usask.ca/saphire/piika
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was subtracted from foreground intensity and the resulting data transformed using the variance 

stabilization model, as previously described [312, 313]. In short, each microarray data set is 

treated as a rectangular table 𝑦𝑘𝑖 where k corresponds to the rows of gene probes on the array and 

i represents the columns which correlate to each sample and d represents the number of columns. 

The number of probes is denoted by n. The values 𝑦𝑘𝑖 , where k = 1,…n and i = 1,…d are the 

intensity data as produced by the Array-Pro Analyzer software. In order to directly compare the 

𝑦𝑘𝑖 values, background subtraction is calculated by: 

𝑦𝑘𝑖 → 𝑦𝑘𝑖̃ = 𝑜𝑖 + 𝑠𝑖 𝑦𝑘𝑖  

where i = 1,…d, o1 = 0, and s1 =1. The variance stabilization model has been previously trained 

by a larger MAP kinome data set to bring all transformed data onto the same scale while 

alleviating variance-mean-dependence. Additionally, intensities from the mock-infected control 

samples were subtracted from the intensities induced by the time-matched infection condition for 

each of the peptides in question, and test statistics calculated, as previously described [313]. The 

average intensities of three replicate intensities were taken and these values were subjected to 

hierarchical clustering analysis. 

Kinome Test Statistics Calculations 

Paired t-tests were used to compare the signal intensities of peptide phosphorylations 

during each infection condition with the time-matched mock-infection condition. The P value 

cutoff was 0.20. The test statistic (TS) was calculated as: 

𝑇𝑆 =
𝐷

𝑆𝐷√𝑛
 

Where D is the mean of differences between responses induced by two different infection 

conditions for the same peptides, SD is the standard deviation of the differences, and n is the 
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number of replicates for that peptide in each infection condition ( n = 3 for our datasets). The P 

values for phosphorylation events was calculated using one-sided t tests: 

𝑃[𝑇𝑆 > 𝑡(𝑛−1)] 

Similarly, the p value for dephosphorylation events were calculated as: 

𝑃[𝑇𝑆 < 𝑡(𝑛−1)] 

Peptides with significant changes in phosphorylation (P<0.20) were selected. 

Hierarchical Clustering Analysis 

 Hierarchical clustering and principle component analysis was used to cluster the 

preprocessed data for each infection condition at each time point based on their kinome profiles. 

For hierarchical clustering, McQuitty + (1 – Pearson Correlation) was used, as previously 

described [313]. In short, each infection condition at each time point was considered a singleton, 

or a cluster with a single element. The (1 – Pearson Correlation) was used to calculate the 

distance between any two singletons. For example, if X and Y are singletons, the Pearson 

correlation is:  

𝑉𝑥𝑦 =

300
𝑖 = 1𝑥𝑖

− 𝑥(𝑦𝑖 − 𝑦)

300
𝑖 = 1 (𝑥𝑖 − 𝑥)

300
𝑗 = 1 (𝑦𝑖 − 𝑦)

 

and 

𝑑𝑖𝑠𝑡(𝑋, 𝑌) = 1 − 𝑉𝑥𝑦 

The McQuitty method is then able to update the distance between clusters that upon 

merging two clusters into a new cluster (i.e. X and Y have merged to form Cxy), the distance 

between this new cluster and the remaining clusters is calculated in concern with the sizes of X 
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and Y. For example, let CR be the remaining cluster and the size of X and Y be nx and ny, 

respectively. Then: 

𝐷(𝐶𝑥𝑦 , 𝐶𝑅) =
𝑛𝑋 × 𝐷𝐶𝑥, 𝐶𝑅 + 𝑛𝑌 × 𝐷(𝐶𝑦 , 𝐶𝑅)

𝑛𝑋 + 𝑛𝑌
 

Heatmaps were derived using the Heatmapper software suite [314]. In short, hierarchical 

clustering was augmented by a heatmap using the R function heatmap.2 to convert intensity 

values to statistical z-scores. Z-scores were then depicted as green/red intensities, where green 

indicates a value lower than the mean and red indicates a value higher than the mean. 

Phosphorylation fold changes were validated using the Proteome Profiler Human Phospho-

Kinase Array Kit according to the manufacturer’s instructions (R&D Systems, MN, USA). 

Pathway Overrepresentation and Gene Ontology Analysis  

Pathway overrepresentation and gene ontology analyses of differentially-phosphorylated 

proteins were performed using InnateDB software (www.innatedb.com) as described previously 

[309, 310, 315]. InnateDB, a publicly available resource, predicts biological pathways based on 

experiment fold change datasets, dependent on differential expression or phosphorylation. 

Pathways are assigned a P value based on the number of proteins present for a particular 

pathway as well as the degree to which they are differentially expressed or modified relative to a 

control condition. Input data were limited to peptides that demonstrated statistically-significant 

changes in expression as compared with their respective time-matched mock-infected controls (P 

< 0.10), as described previously [316]. Multiple comparisons were automatically corrected and 

controlled for by InnateDB. Protein identifiers, phosphorylation fold changes (>1), and P-values 

(<0.05) were uploaded to InnateDB. 

http://www.innatedb.com/
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Chemokine and Cytokine Measurement 

 Chemokine levels were determined using the microbead array assay Milliplex MAP 

multiplex kit (Human Cytokine/Chemokine Magnetic Bead Panel 96 Well Plate Assay; 

Millipore, Billerica, MA, USA) and analyzed on the BioPlex-200 (Biorad, Mississauga, ON). 

Supernatants were collected at 4, 8, 12, and 24 h for mock-, pH1N1-, MRSA-, and pH1N1-

MRSA-infected samples and stored at -80C until use. Supernatants were analyzed according to 

the manufacturer’s overnight protocol. Lower detection limit was 2.09 pg/mL for EGF, 24.84 

pg/mL for FGF-2, 1.73 pg/mL for IFN-2, 2.02 pg/mL for IFN-, 1.84 pg/mL for GRO, 1.66 

pg/mL for IL-1, 1.61 pg/mL for IL-3, 2.47 pg/mL for IL-6, 2.26 pg/mL for IL-8, 1.72 pg/mL 

for IP-10, 1.95 pg/mL for MCP-1, 1.59 pg/mL for RANTES, 1.55 pg/mL for TNF-, and 1.53 

pg/mL for VEGF.  

Statistical Analyses 

All numerical data are presented as mean ± SEM. Statistical analyses were performed 

using ANOVA for comparisons of groups means using Prism 8 for macOS (version 8.2.1), 

unless otherwise stated. This includes pathogen replication kinetics, RT-qPCR, ECIS, and 

Milliplex MAP multiplex kit, as previously described [317, 318]. A P value of ≤ 0.05 was 

considered statistically significant for all analyses. P values less than 0.05 are summarized by a 

single asterisk (*), less than 0.01 are summarized by two asterisks (**), less than 0.001 are 

summarized by three asterisks (***), and less than 0.0001 are summarized by four asterisks 

(****).   
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Results 

MRSA Replication Kinetics in A549 Cells are Similar during Bacterial Infection-Alone and 

IAV-MRSA Infection 

We first sought to characterize bacterial replication kinetics in A549 human lung 

epithelial cells during IAV-MRSA co-infection. While it is widely accepted that IAV-bacterial 

co-infections can result in increased lung pathology in both humans and animal models, there is a 

paucity of information available regarding the relation of bacterial replication kinetics to 

increased disease severity [264, 268, 319]. To address this, we assessed the temporal replication 

kinetics of MRSA in a monolayer of A549 alveolar epithelial cells during MRSA and IAV-

MRSA infections. Observational data during the 2009 H1N1 pandemic revealed that bacterial 

co-infection commonly occurred during the peak of viral infection [262]. To mimic this in vitro, 

MRSA was added to mock-infected or IAV-infected cells 24 h post-infection (n = 3 for each 

IAV strain studied, with two technical replicates per biological replicate). To confirm that cells 

were productively infected by influenza, supernatants were harvested from pH1N1-MRSA-

infected cells at the same time points as those used for CFU determination (n = 3), and RT-qPCR 

used to determine the vRNA abundance. Influenza virus was confirmed within the infected cells 

and gradually decreased throughout the course of co-infection (Figure 16). Standard bacterial 

plating was used to enumerate the total number of adherent and internalized bacteria in alveolar 

epithelial cells at each time point. Cells infected with MRSA-alone entered the early phase of 

exponential growth at 1 h post-infection and the stationary phase by 16 h post-infection. This 

was largely mirrored in IAV-MRSA co-infected cells, regardless of the IAV strain, as seen in 

Figure 17. While statistically significant MRSA replication was observed over time (P = 



 

 88 

0.0145), no statistically significant differences in replication were observed between any 

infection condition (P = 0.8349), or between any 

  

Figure 16: IAV Replication Kinetics during IAV-MRSA Co-infection. 
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Figure 16: IAV Replication Kinetics during IAV-MRSA Co-infection. 

To confirm productive infection of host cells by IAV, supernatants were collected at each time 

point and gene copies/mL determined using RT-qPCR with primers specific for the viral H1N1 

HA sequence. IAV gradually decreased over the course of the experiment. Error bars represent 

SEM calculated from three biological replicates. Error bars for some of the time points are not 

visible due to the y-axis scale.  
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Figure 17: MRSA Replication Kinetics during MRSA Infection and IAV-MRSA Infection. 
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Figure 17: MRSA Replication Kinetics during MRSA Infection and IAV-MRSA 

Infection. 

MRSA replication kinetics were determined in alveolar epithelial A549 cells in the presence 

of pH1N1, sH1N1, pH3N2, and sH3N2. Cells were infected with an IAV strain at a MOI of 

0.1 followed by resting for 24 h. At T0, cells were infected with MRSA at a MOI of 0.1. 

Standard bacterial plating was used to determine CFU/mL at each time point. Error bars 

represent SEM calculated from three biological replicates (n = 3). Error bars for some of the 

time points are not visible due to the y-axis scale. Statistically significant MRSA replication 

was observed over time (P = 0.0145). However, no statistically significant differences in 

replication were observed between any infection condition (P = 0.8349), or between any 

infection condition at any time point (P = 0.9672). 
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infection condition at any time point (P = 0.9672). To allow further clarity of the effect of each 

IAV strain on the replication kinetics of MRSA, Figure 17 has been split into four further figures 

(Figure 18A, B and Figure 19A, B). 

As seen in Figure 18A, bacterial colony counts in pH1N1-MRSA infected cells began 

increasing exponentially at 4 h post-infection and entered the stationary phase by 12 h post-

infection. This is in contrast to cells infected alone, where MRSA entered the exponential phase 

at 1 h and the stationary phase at 16 h. Compared with MRSA in the presence of pH1N1, 

MRSA-alone trended towards faster bacterial replication at 4 and 8 h post-infection. 

When pH1N1 and MRSA were pre-complexed by co-sedimentation (pH1N1+MRSA) 

leading to simultaneous IAV and bacterial infection as recently described by Rowe et al., a trend 

towards faster MRSA growth was seen at 1 h post-infection compared with MRSA-alone (Figure 

18A) [307]. Cells infected with pH1N1+MRSA entered the exponential phase at 1 h post-

infection and the stationary phase at 12 h post-MRSA infection. When compared with cells 

infected with pH1N1 24 h prior to MRSA-infection, pH1N1+MRSA infection trended towards 

faster bacterial replication at 4 and 8 h post infection. Near identical bacterial numbers were 

observed at 12 and 16 h post-MRSA infection in both pH1N1-MRSA and pH1N1+MRSA 

infected cells. This data suggests that whether bacterial co-infection occurs simultaneously with 

pH1N1 or at peak viremia bears no effect on MRSA growth kinetics.  

When respiratory epithelial cells were infected with sH1N1 prior to MRSA infection, 

there was a trend towards faster bacterial replication at 4, 8, and 12 h post-MRSA co-infection as 

compared with cells infected with MRSA-alone (Figure 18B). Cells infected with MRSA-alone 

and cells infected with sH1N1-MRSA both resulted in MRSA entering the exponential phase at 1 

h post MRSA-infection. However, MRSA entered the  
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Figure 18: MRSA Replication Kinetics during MRSA Infection and H1N1-MRSA Infection. 
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Figure 18: MRSA Replication Kinetics during MRSA Infection and H1N1-MRSA 

Infection. 

MRSA replication kinetics were determined in alveolar epithelial A549 cells in the 

presence of pH1N1 and sH1N1.  

A) Cells were infected with pH1N1(MOI 0.1) or mock-infected followed by 

resting for 24 h. At T0, cells were infected with MRSA (MOI 0.1), 

pH1N1+MRSA (MOI 0.1), or mock-infected.  

B) Cells were infected with sH1N1 at a MOI of 0.1 or mock-infected followed by 

resting for 24 h. At T0, cells were infected with MRSA at a MOI of 0.1.  

Standard bacterial plating was used to determine CFU/mL at each time point. Error 

bars represent SEM calculated from three biological replicates (n = 3). Error bars for 

some of the time points are not visible due to the y-axis scale. Visual summary only. 

Statistical comparisons and analyses are made in the direct experimental comparisons 

(see Figure 17).  
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stationary phase by 12 h post-infection when cells were infected with sH1N1 prior to bacterial 

infection, while MRSA-alone did not enter the stationary phase until 16 h post-infection. 

Compared with cells infected with pH1N1, bacteria in the presence of sH1N1 showed a trend 

towards faster bacterial replication at 4, 8, and 12 h post-MRSA infection. MRSA replication 

kinetics were nearly identical at 16, 20, and 24 h post addition regardless of whether prior IAV 

infection had occurred with pH1N1 or sH1N1. This suggests that MRSA fitness is not altered by 

the presence of H1N1 IAVs, regardless of whether the IAV is a pandemic or seasonal strain. 

As seen in Figure 19A, when A549 cells were infected with pH3N2 24 h prior to 

bacterial addition, MRSA entered both the exponential and stationary phases simultaneous to 

MRSA-alone, at 1 h and 16 h, respectively. Faster bacterial replication was observed at 4 h post-

MRSA infection compared with MRSA-alone. In contrast, the number of bacterial colonies seen 

at 8 and 20 h in pH3N2-MRSA infection was virtually identical to MRSA-alone infection. When 

comparing the fitness of MRSA in the presence of pH3N2 to pH1N1, faster replication was 

observed in pH3N2-MRSA co-infections at 4, 8, 12, and 16 h. This suggests that the presence of 

pandemic IAV strains does not alter MRSA fitness in alveolar epithelial cells.  

 In the case of respiratory epithelial cells co-infected with sH3N2-MRSA, MRSA entered 

the exponential and stationary phases at 1 h and 16 h, respectively, which mimicked growth seen 

in MRSA-alone (Figure 19B). Nearly identical growth was seen at 1, 8, 12, and 16 h between 

MRSA-alone and MRSA in the presence of sH3N2; however, faster replication was observed at 

4 h post-bacterial addition in sH3N2-MRSA co-infection. Regardless of whether co-infection 

occurred with sH3N2 or pH3N2, MRSA entered the exponential phase at 1 h and the stationary 

phase at 16 h. Interestingly, nearly identical growth was observed at 1, 4, 8, 16, and 24  
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Figure 19: MRSA Replication Kinetics during MRSA Infection and H3N2-MRSA 

Infection. 
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Figure 19: MRSA Replication Kinetics during MRSA Infection and H3N2-MRSA 

Infection. 

MRSA replication kinetics were determined in alveolar epithelial A549 cells in the 

presence of pH3N2 and sH3N2.  

A) Cells were infected with pH3N2 at a MOI 0.1 or mock-infected followed by 

resting for 24 h. At T0, cells were mock-infected or infected with MRSA at a 

MOI of 0.1.  

B) Cells were infected with sH3N2 at a MOI of 0.1 or mock-infected followed by 

resting for 24 h. At T0, cells were infected with MRSA at a MOI of 0.1.  

Standard bacterial plating was used to determine CFU/mL at each time point. Error bars 

represent SEM calculated from three biological replicates (n = 3). Error bars for some of 

the time points are not visible due to the y-axis scale. Visual summary only. Statistical 

comparisons and analyses are made in the direct experimental comparisons (see Figure 

17).  
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h in the presence of either H3N2 IAV. These data suggest that H3N2 strains do not affect MRSA 

fitness. When comparing bacterial growth kinetics in the presence of sH3N2 or sH1N1, MRSA 

entered the exponential phase at 1 h in both cases. However, in the case of sH1N1-MRSA, 

MRSA entered the stationary phase at 12 h post-infection, 4 h sooner than sH3N2-MRSA. These 

data suggest that seasonal IAV strains, whether H1N1 or H3N2, do not alter the replication 

kinetics of MRSA.  

 As mentioned previously, no statistically significant differences were observed between 

any infection condition at any time point (P = 0.9672), suggesting that IAV infection does not 

play a role in the replication kinetics of MRSA in alveolar epithelial cells. 

To further confirm that bacterial replication kinetics are not impacted during influenza 

co-infection, MRSA replication was studied in the presence of pH1N1 in HBEC3-KT cells (n = 

3), an immortalized human bronchial cell line. Similar bacterial replication trends were observed 

in HBEC3-KT cells as in A549 cells (Figure 20). While MRSA growth over time was 

statistically significant (P = 0.0393), no statistically significant differences were found between 

either infection condition (P = 0.4902), or between either infection condition at any time point (P 

= 0.8795). MRSA entered the exponential phase at 1 h and the stationary phase at 16 h, 

independently of whether prior pH1N1 infection had occurred. The lack of statistically 

significant differences observed at any of the measured time points between either condition 

suggests that bacterial replication kinetics are not impacted during influenza co-infection in 

anatomically- and physiologically-distinct regions of the lungs.  

Taken together, these data suggest that despite the more severe disease progression 

observed in IAV-MRSA infections in both humans and animals, this is not due to an increased  
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Figure 20: Growth Kinetics of MRSA in HBEC3-KT Cells Infected with pH1N1. 
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Figure 20: Growth Kinetics of MRSA in HBEC3-KT Cells Infected with pH1N1. 

MRSA replication kinetics were determined in normal human bronchial epithelial 

HBEC3-KT cells in the presence of pH1N1. Cells were infected with pH1N1 at a 

MOI of 0.1 followed by resting for 24 h. At T0, cells were infected with MRSA at a 

MOI of 0.1. At each time point, standard bacterial plating was used to determine 

CFU/mL. No statistically significant differences were observed between either 

infection condition at any time point. Error bars represent SEM calculated from three 

biological replicates (n = 3). Error bars for some of the time points are not visible due 

to the y-axis scale. While MRSA growth over time was statistically significant (P = 

0.0393), no statistically significant differences were found between either infection 

condition (P = 0.4902), or between either infection condition at any time point (P = 

0.8795).  
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bacterial load within the respiratory epithelium owing to prior IAV infection, as previously 

postulated [262, 264, 269, 271].  

Bacterial Invasion- and Attachment-Related Virulence Factor Expression Patterns Are 

Modulated Early During IAV-MRSA Infection 

We next employed RT-qPCR to examine the potential role of selective modulation of 

bacterial virulence factors on IAV-MRSA co-infection pathogenesis. For this, MRSA was added  

to mock-infected or IAV-infected cells 24 h post-infection, and cells harvested at each time point 

(n = 3 for each IAV strain). RT-qPCR was then utilized to study the expression of 13 MRSA 

virulence factor genes related to host cell adhesion and invasion in the presence of IAV, 

including: coa, ebpS, eno, fnbA, fnbB, hla, hlgA, icaA, icaB, sbi, sek, seq, and spA. Our primary 

data using pH1N1 revealed that the time point, the virulence factor, and the interaction were each 

statistically significant (P < 0.0001, P = 0.0002, and P < 0.0001, respectively). At 1 h post-

MRSA infection, hla, spA, and fnbB were each upregulated; hla was significantly upregulated (P 

= 0.0006). From 8 h onwards, the expression of virulence factors was largely repressed (<1) in 

alveolar epithelial cells co-infected with pH1N1-MRSA, compared with MRSA-alone (Figure 

21). Thus, we focused only on the modulation of bacterial virulence factors at 1 and 4 h post-

MRSA infection.  

When alveolar epithelial cells were infected with pH1N1-MRSA, the infection condition, 

the virulence factor studied, and the interaction between the two were each statistically 

significant (P < 0.0001 for all three). At 1 h post-MRSA addition, the expression patterns of coa, 

eno, fnbB, hla, hlgA, icaB, sbi, sek, and spA were differentially upregulated relative to infection 

with MRSA-alone; however, only hla and hlgA were significantly upregulated (P = 0.0006, P <  
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Figure 21: pH1N1-MRSA Co-infection Alters Bacterial Virulence Factor Expression Early 

in Infection in Alveolar Epithelial Cells as Compared with MRSA Infection Alone. 
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Figure 21: pH1N1-MRSA Co-infection Alters Bacterial Virulence Factor 

Expression Early in Infection in Alveolar Epithelial Cells as Compared with 

MRSA Infection Alone. 

RT-qPCR was employed to examine differential modulation of MRSA virulence 

factor mRNA abundance in the presence or absence of pre-existing pH1N1 infection 

in alveolar epithelial cells. Relative mRNA abundance fold changes represent 

pH1N1-MRSA vs MRSA infection alone and were calculated by the 2-CT method. 

Error bars represent SEM calculated from three biological replicates (n = 3). The 

time point, the virulence factor, and the interaction were each statistically significant 

(P < 0.0001, P = 0.0002, and P < 0.0001, respectively). At 1 h post-MRSA 

infection, hla, spA, and fnbB were each upregulated; hla was significantly 

upregulated (P = 0.0006).  
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Figure 22: pH1N1 Alters MRSA Virulence Factor Expression at 1 and 4h.  
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Figure 22: pH1N1 Alters MRSA Virulence Factor Expression at 1 and 4 h. 

RT-qPCR was employed to examine differential modulation of relative MRSA virulence 

factor mRNA abundance in the presence or absence of pre-existing pH1N1 infection in 

alveolar epithelial cells. Relative mRNA abundance fold changes represent pH1N1-

MRSA vs MRSA infection alone and were calculated by the 2-CT method. Error bars 

represent SEM calculated from three biological replicates (n = 3).  

A) When alveolar epithelial cells were infected with pH1N1-MRSA, the infection 

condition, the virulence factor, and the interaction between the two were each 

statistically significant (P < 0.0001 for all three). At 1 h, hla and hlgA were 

significantly upregulated (P = 0.0006, P < 0.0001, respectively).  

B) When alveolar epithelial cells were infected with pre-complexed pH1N1+MRSA, 

the infection condition, the virulence factor, and the interaction between the two 

were each significantly upregulated (P 0.0002, P < 0.0001, P < 0.0001, 

respectively). At 1 h post-infection, hla was significantly upregulated (P < 

0.0001). At 4 h, both hlgA (P = 0.0005) and spA (P = 0.0223) were significantly 

upregulated.   
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0.0001, respectively) (Figure 22A). At 4 h post-infection, the expression of eno, fnbB, hlgA, sbi 

and spA remained upregulated in the co-infected cells, while the expression of coa, hla, icaB, 

and sek was downregulated. The remaining five virulence factor genes examined were largely 

repressed (<1) at both 1 and 4 h post-MRSA addition in pH1N1-MRSA infection. These data 

suggest that the modulation of specific virulence factors may be important in the early phase of 

bacterial attachment which coincides with 1 and 4 h in the presence of pH1N1.  

When A549 cells were infected with pre-complexed pH1N1+MRSA, the infection 

condition (pH1N1+MRSA vs MRSA alone) showed statistical significance (P = 0.0002), as well 

as the virulence factor studied (P < 0.0001) and the interaction between the infection condition 

and virulence factor (P < 0.0001). At 1 h post-infection, the expression of fnbB, hla, sbi, and spA 

was upregulated in pH1N1+MRSA infected cells as compared with MRSA-alone (Figure 22B). 

However, only hla was significantly upregulated (P < 0.0001). At 4 h post-infection, ebpS, fnbB, 

hla, sbi, and spA all remained upregulated. Upregulation of hlgA and sek was also seen at 4 h 

post-infection.  Upregulation of both hlgA and spA was statistically significant at 4 h (P = 0.0005 

and P = 0.0223, respectively). The expression of each of the other virulence factors studied were 

largely repressed during the early exponential phase of MRSA replication in pH1N1+MRSA 

infected cells, as compared with MRSA-alone.  

Interestingly, relative expression of fnbB and hla was almost identical at 1 h post-MRSA 

infection in cells co-infected with pH1N1-MRSA and pH1N1+MRSA. However, this 

phenomenon was not observed at 4 h post-infection. Each of the four genes upregulated at 1 h 

post-pH1N1+MRSA infection were also upregulated at 1 h post-MRSA addition in pH1N1-

MRSA co-infection, suggesting these virulence factors are particularly important early in pH1N1 

co-infection pathogenesis, regardless of when infection with MRSA occurs.   
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When alveolar epithelial cells were infected with sH1N1-MRSA, the infection condition, 

the virulence factor, and the interaction between the two were each statistically significant (P < 

0.0001, P = 0.0051, P < 0.0001, respectively; Figure 23). The expression of coa, fnbB, hla, and 

spA was upregulated in sH1N1-infected cells relative to MRSA-alone infection at 1 h. 

Upregulated expression of fnbB, hla, and spA was also observed at 4 h post-MRSA infection. 

While upregulation of coa was no longer observed at 4 h post-infection, expression of ebpS, eno, 

and sbi was upregulated in sH1N1-MRSA co-infected cells. At 4 h, sbi was significantly 

upregulated (P = 0.0372). Each of the four genes upregulated at 1 h in sH1N1-MRSA infected 

cells were also upregulated in the presence of pH1N1, suggesting that coa, fnbB, hla, and spA 

may each play an important role in H1N1-MRSA pathogenesis early on in co-infection.  

When A549 cells were infected with pH3N2-MRSA, the expression of virulence factors 

at 1 and 4 h post-infection was largely repressed (<1) in the case of each of the investigated 13 

bacterial virulence factors (Figure 24A). Neither the infection condition, the virulence factor, or 

the interaction between the two were statistically significant (P = 0.9001, P = 0.9037, P = 

0.9046). To further confirm that MRSA virulence factor expression was repressed in epithelial 

alveolar cells when co-infected with pH3N2, later time points were also studied (data not 

shown), revealing that each of the bacterial virulence factors were largely repressed (<1) at each 

of the examined of the time points. This suggests that modulation of MRSA virulence factor 

expression does not occur in the presence of pH3N2. 

In contrast, when alveolar epithelial cells were co-infected with sH3N2-MRSA, the 

infection condition, the virulence factor, and the interaction between the two were each 

statistically significant (P = 0.0035, P = 0.0007, P = 0.0007, respectively). The expression of 

fnbB, hla, and spA was upregulated at 1 h post-infection (Figure 24B). While this upregulation of   
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Figure 23: sH1N1 Alters MRSA Virulence Factor Expression at 1 and 4 h. 
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Figure 23: sH1N1 Alters MRSA Virulence Factor Expression at 1 and 4 h. 

RT-qPCR was employed to examine differential modulation of relative MRSA 

virulence factor mRNA abundance in the presence or absence of pre-existing 

sH1N1 infection in alveolar epithelial cells. Relative mRNA abundance fold 

changes represent sH1N1-MRSA vs MRSA infection alone and were calculated 

by the 2-CT method. Error bars represent SEM calculated from three biological 

replicates (n = 3). The infection condition, the virulence factor, and the 

interaction between the two were each statistically significant (P < 0.0001, P = 

0.0051, P < 0.0001, respectively). At 4 h, sbi was significantly upregulated (P = 

0.0372).  
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Figure 24: H3N2 Modulates MRSA Virulence Factor Expression at 1 and 4 h. 
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Figure 24: H3N2 Modulates MRSA Virulence Factor Expression at 1 and 4 h. 

RT-qPCR was employed to examine differential modulation of relative MRSA virulence 

factor mRNA abundance in the presence or absence of pre-existing H3N2 infection in 

alveolar epithelial cells. Relative mRNA abundance fold changes represent H3N2-

MRSA vs MRSA infection alone and were calculated by the 2-CT method. Error bars 

represent SEM calculated from three biological replicates (n = 3).  

A) When alveolar epithelial cells were infected with pH3N2-MRSA, neither the 

infection condition, the virulence factor, or the interaction between the two were 

statistically significant (P = 0.9001, P = 0.9037, P = 0.9046).  

B) When alveolar epithelial cells were infected sH3N2-MRSA, the infection 

condition, the virulence factor, and the interaction between the two were each 

significantly upregulated (P = 0.0035, P = 0.0007, P = 0.0007, respectively). At 

1 and 4 h post-infection, spA was significantly upregulated (P < 0.0001 at each 

time point). 
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fnbB and hla quickly fell at 4 h post-MRSA infection, spA remained highly upregulated. 

Upregulation of ebpS was also observed at 4 h post-MRSA addition. The only virulence factor 

significantly upregulated was spA  at both 1  and 4 h (P < 0.0001 at both 1 and 4 h). The 

expression of the remaining virulence factors at 1 and 4 h relative to A549 cells infected with 

MRSA-alone was largely repressed (<1). Each of the three genes upregulated at 1 h in sH3N2-

MRSA co-infected cells were also upregulated at 1 h in sH1N1-MRSA co-infected cells, 

suggesting that fnbB, hla, and spA may play an important role in the pathogenesis of seasonal 

IAVs early in infection. 

Of the 13 virulence factors examined, only sek was not modulated at any time point or 

any condition, suggesting that it may not play a role in IAV-MRSA co-infection pathogenesis. 

Taken together, our data suggest that specific MRSA virulence factors may contribute to co-

infection pathogenesis in the case of pH1N1, sH1N1, sH3N2, and pH1N1+MRSA co-infection  

during the early phase of bacterial attachment and invasion in alveolar epithelial cells. However, 

MRSA virulence factors do not seem to play a role in pH3N2-MRSA pathogenesis. 

MRSA-alone and IAV-MRSA Infection Result in Alveolar Epithelial Cell Barrier 

Dysfunction    

As bacterial replication kinetics were virtually identical in the presence of IAV, and the 

modulation of virulence factor genes did not appear to alter MRSA fitness, we next sought to 

characterize the potential role of dysregulated host responses in IAV-MRSA-mediated 

cytopathology. We employed ECIS to characterize alveolar-epithelial cell barrier function in 

response to IAV-MRSA infection by measuring temporal changes in resistance [320]. In short, 

alveolar epithelial cells were plated 24 h prior to IAV infection (0 h). Cells were then infected 

with IAV or mock-infected (denoted by the first arrow). IAV- and mock-infected cells were 
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subsequently infected with mid-log phase MRSA or mock-infected with media alone (denoted by 

the second arrow) (Figure 25). Resistance was continually monitored throughout the duration of 

the experiment. Subtraction of the baseline values of blank wells was automatically performed 

by the ECIS software provided by Applied Biophysics. Time, the infection condition, and the 

interaction between the two were each statistically significant (P < 0.0001 for all three).To allow 

further clarity of the effect of each IAV strain on the barrier integrity of alveolar epithelial cells, 

Figure 25 has been split into Figure 26A, B and Figure 27A, B. Statistical analyses are seen on 

Figures 26 and 27 for visual clarity but were obtained from analyses performed on Figure 25.  

Infection of alveolar epithelial cells with pH1N1-alone (MOI 0.1) resulted in no changes 

to resistance during the first 24 h of infection (Figure 26A). The addition of MRSA at a MOI of 

0.1 (second arrow) to mock-infected alveolar epithelial cells at 44 h resulted in a loss of 

resistance in the alveolar epithelial monolayer beginning at 56 h.  Infection with MRSA at a MOI 

of 0.1 in cells previously infected with pH1N1 resulted in a nearly identical loss in resistance 

across the alveolar epithelial cells as that seen in cells infected with MRSA-alone. This trend was 

also observed when cells were infected with pH1N1+MRSA. Cells infected with 1% triton, 

MRSA-alone, pH1N1-MRSA, and pH1N1+MRSA were all significantly downregulated at 90 h 

compared with mock-infected cells (P < 0.0001 for all). This suggests that infection of alveolar 

epithelial cells with pH1N1 does not result in a detrimental host response. 

When cells were infected with sH1N1 at a MOI of 0.1, resistance measurements 

remained largely unchanged over the course of infection (Figure 26B). When cells previously 

infected with sH1N1 were mock-infected at 44 h (second arrow), a small loss in resistance was 

seen, similar to that observed in mock-infected cells. Upon the addition of MRSA (MOI 0.1) to  
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Figure 25: IAV-MRSA Co-infection Decreases Barrier Function in Alveolar Epithelial Cells. 
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Figure 25: IAV-MRSA Co-infection Decreases Barrier Function in Alveolar 

Epithelial Cells. 

Median resistance values have been plotted for all data points obtained during the 

experiment. Alveolar epithelial A549 cells were plated 24 h prior to initial infection 

with IAV at a MOI of 0.1. Cells were infected or mock-infected with IAV and MRSA 

(MOI 0.1) was added 24 h later. Controls included cells infected with MRSA-alone, 

IAV-alone, 1% triton, and mock-infection. Arrows designate the addition of IAV (first 

arrow) and MRSA or 1% triton (second arrow) to the cells. Resistance data represent 

the median of three biological replicates with eight technical replicates per biological 

replicate (n = 3). Error bars have been removed to allow for clear visualization of all 

datasets, but were consistent across all biological replicates. Time, the infection 

condition, and the interaction between the two were each statistically significant (P < 

0.0001 for all three). At 20 h and 44 h (just prior to IAV infection and MRSA infection, 

respectively), no statistically significant differences were seen between any infection 

condition as compared with mock-infected cells. At 90 h, MRSA -alone (P < 0.0001 ), 

pH1N1-MRSA (P < 0.0001), pH1N1+MRSA (P < 0.0001), sH1N1-MRSA (P < 

0.0001 ), pH3N2-MRSA (P = 0.0004 ), sH3N2-MRSA (P < 0.0001), and 1% triton (P 

< 0.0001) were each significantly downregulated as compared with mock-infected. For 

clarity, statistical significance is indicated on the individual graphs.  
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Figure 26: H1N1-MRSA Co-infection Decreases Barrier Function in Alveolar Epithelial Cells. 
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Figure 26: H1N1-MRSA Co-infection Decreases Barrier Function in Alveolar Epithelial 

Cells. 

Resistance values have been plotted for all data points obtained during the experiment. 

Resistance data represent the median of three biological replicates with eight technical 

replicates per biological replicate (n = 3). Error bars have been removed to allow for clear 

visualization of all datasets, but were consistent across all biological replicates. 

Visual summary only. Statistical comparisons and analyses were derived from the direct 

experimental comparisons (see Figure 25).  

A) Alveolar epithelial A549 cells were plated 24 h prior to mock-infection or infection 

with pH1N1 at a MOI of 0.1. Cells were infected with pH1N1+MRSA (MOI 0.1), 

MRSA (MOI 0.1), or mock-infected 24 h later. Controls included cells infected with 

MRSA-alone, pH1N1-alone, 1% triton, and mock-infection. Arrows designate the 

addition of pH1N1 (first arrow) and MRSA or 1% triton (second arrow) to the cells. 

Cells infected with 1% triton, MRSA-alone, pH1N1-MRSA, and pH1N1+MRSA were 

all significantly downregulated at 90 h compared with mock-infected cells (P < 0.0001 

for all).  

B) Alveolar epithelial A549 cells were plated 24 h prior to mock-infection or infection 

with sH1N1 at a MOI of 0.1. Cells were infected with MRSA (MOI 0.1) or mock-

infected 24 h later. Controls included cells infected with MRSA-alone, sH1N1-alone, 

1% triton, and mock-infection. Arrows designate the addition of pH1N1 (first arrow) 

and MRSA or 1% triton (second arrow) to the cells. Cells infected with 1% triton, 

MRSA-alone, and sH1N1-MRSA were all significantly downregulated at 90 h 

compared with mock-infected cells (P < 0.0001 for all).   
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sH1N1-infected cells, a complete loss of resistance occurred at 56 h, only 12 hours post-MRSA 

infection. Cells infected with 1% triton, MRSA-alone, and sH1N1-MRSA were all significantly 

downregulated at 90 h compared with mock-infected cells (P < 0.0001 for all). The addition of 

MRSA to both pH1N1- and sH1N1-infected cells resulted in a near identical loss of resistance. 

While the addition of pH1N1- or sH1N1-alone did not result in a complete loss of resistance, the 

addition of pH1N1 to cells resulted in a small loss in resistance as compared with sH1N1-

infected cells, indicating that pH1N1 may result in greater perturbations to epithelial cell barrier 

function than sH1N1.  

Similar to infection with pH1N1- and sH1N1-alone, infection with pH3N2-alone (MOI 

0.1) resulted in no changes to resistance during the first 24 h of infection, while the addition of 

mock-infected inoculum at 44 h (second arrow) resulted in a small loss of resistance at the 

alveolar epithelial monolayer (Figure 27A). When alveolar epithelial cells were co-infected with 

pH3N2-MRSA at a MOI of 0.1, a loss in resistance which mimicked that observed when alveolar 

epithelial cells were infected with MRSA-alone (MOI 0.1) was seen. Cells infected with 1% 

triton, MRSA-alone, and pH3N2-MRSA were all significantly downregulated at 90 h compared 

with mock-infected cells (P < 0.0001, P < 0.0001, P = 0.0004). Perhaps unsurprisingly, the loss 

in resistance observed in both pH1N1-MRSA and sH1N1-MRSA co-infected cells was more 

severe than the loss in pH3N2-MRSA co-infected cells. This may suggest that pH3N2 does not 

have the same effect on the loss of barrier integrity as other IAVs, specifically H1N1 IAV 

strains.  

Lastly, infection with sH3N2 at a MOI of 0.1 resulted in only a minor loss in resistance 

over the course of 48 h, while cells co-infected with sH3N2-MRSA (MOI 0.1) showed a loss in 

resistance similar to when alveolar epithelial cells were infected with MRSA-alone (Figure  
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Figure 27: H3N2-MRSA Co-infection Decreases Barrier Function in Alveolar Epithelial Cells. 
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Figure 27: H3N2-MRSA Co-infection Decreases Barrier Function in Alveolar Epithelial 

Cells. 

Visual summary only. Statistical comparisons and analyses were derived from the direct 

experimental comparisons (see Figure 25). Resistance values have been plotted for all data point 

obtained during the experiment. Resistance data represent the median of three biological replicates 

with eight technical replicates per biological replicate (n = 3). Error bars have been removed to 

allow for clear visualization of all datasets, but were consistent across all biological replicates.  

A) Alveolar epithelial A549 cells were plated 24 h prior to mock-infection or infection with 

pH3N2 at a MOI of 0.1. Cells were infected with MRSA (MOI 0.1) or mock-infected 24 h 

later. Controls included cells infected with MRSA-alone, pH3N2-alone, 1% triton, and 

mock-infection. Arrows designate the addition of IAV (first arrow) and MRSA or 1% triton 

(second arrow) to the cells. Cells infected with 1% triton, MRSA-alone, and pH3N2-MRSA 

were all significantly downregulated at 90 h compared with mock-infected cells (P < 

0.0001, P < 0.0001, P = 0.0004).  

B) Alveolar epithelial A549 cells were plated 24 h prior to mock-infection or infection with 

sH3N2 at a MOI of 0.1. Cells were infected with MRSA (MOI 0.1) or mock-infected 24 h 

later. Controls included cells infected with MRSA-alone, sH3N2-alone, 1% triton, and 

mock-infection. Arrows designate the addition of sH1N1 (first arrow) and MRSA or 1% 

triton (second arrow) to the cells. Cells infected with 1% triton, MRSA-alone, and sH1N1-

MRSA were all significantly downregulated at 90 h compared with mock-infected cells (P 

< 0.0001 for all).  
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27B). Cells infected with 1% triton, MRSA-alone, and sH1N1-MRSA were all significantly 

downregulated at 90 h compared with mock-infected cells (P < 0.0001 for all). When compared 

with cells co-infected with pH3N2-MRSA, a more severe loss in resistance was observed in 

sH3N2-MRSA infected cells, similar to when co-infection occurred with pH1N1 or sH1N1. This 

may suggest that co-infection with sH3N2 leads to greater disruption of alveolar epithelial cell 

barrier function as compared with co-infection with pH3N2.  

As our results suggested that disruption of the alveolar epithelial barrier during IAV-

MRSA co-infection strongly resembles the disruption seen during MRSA infection alone, we 

sought to further expand on these observations by examining the effects of infection using higher 

and lower MOIs of pH1N1 and MRSA. When cells were infected with MRSA at a MOI of  

0.01, a similar loss in resistance was seen as when cells were infected with the higher MOI of 0.1 

(Figure 28). In contrast, the trend in resistance measurements differed slightly between the two 

MOIs of MRSA during co-infection with pH1N1 at a MOI of 0.1. Similarly, co-infection with 

pH1N1-MRSA (MOI 0.01 and MOI 0.1, respectively) resulted in a similar loss in resistance 

across the epithelial barrier as infection with MRSA alone. When cells were infected with 

pH1N1 at a higher MOI of 3.0, resistance measurements began to decrease compared with mock-

infected cells at 9 h post-IAV infection. When MRSA at a low MOI of 0.01 was added to cells 

infected with pH1N1 (MOI 3.0), resistance values began to decrease at the same time as MRSA-

alone and MOI 0.1 pH1N1-MRSA infections. However, when cells were infected with pH1N1-

MRSA at a MOI of 3.0 and 0.1 respectively, losses in resistance equivalent to those of 1% triton-

treated cells were seen. At 70 h, 1% triton, MRSA-alone (MOI 0.01), PH1N1-MRSA (MOI 0.1; 

0.01) and pH1N1-MRSA (MOI 3.0; 0.01) (P < 0.0001 for all) and pH1N1 (MOI 0.1; P = 0.05).  
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Figure 28: pH1N1-MRSA Co-infection Decreases Barrier Function in Alveolar Epithelial 

Cells Regardless of the MOI. 
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Figure 28: pH1N1-MRSA Co-infection Decreases Barrier Function in Alveolar Epithelial 

Cells Regardless of the MOI.  

Median resistance values have been plotted for all data point obtained during the experiment. 

Alveolar epithelial A549 cells were plated 24 h prior to initial infection. Cells were infected or 

mock-infected with pH1N1 (MOI 0.1 or 3.0). MRSA (MOI 0.01) was added 24 h later. Controls 

included cells infected with MRSA-alone, pH1N1-alone, 1% triton, and mock-infection. Arrows 

designate the addition of pH1N1 (first arrow) and MRSA or 1% triton (second arrow) to the 

cells. Resistance data represent the median of three biological replicates with eight technical 

replicates per biological replicate (n = 3). Error bars have been removed to allow for clear 

visualization of all datasets, but were consistent across all biological replicates. Time, the 

infection condition, and the interaction between the two were each statistically significant (P < 

0.0001 for all). At 20 h and 45 h (just prior to IAV infection and MRSA infection, respectively), 

no statistically significant differences were seen between any infection condition as compared 

with mock-infected cells. At 70 h, 1% triton, MRSA-alone (MOI 0.01), PH1N1-MRSA (MOI 

0.1; 0.01) and pH1N1-MRSA (MOI 3.0; 0.01) (P < 0.0001 for all) and pH1N1 (MOI 0.1; P = 

0.05) were all significantly downregulated as compared with mock-infected.  
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These data further support the hypothesis that the loss in barrier integrity observed during IAV-

MRSA co-infection largely resembles the loss found during MRSA infection alone. Moreover, 

IAV infection alone does not seem to result in a loss of alveolar epithelial barrier integrity, 

except for when pH1N1-alone infection occurs at a very high MOI.  

Finally, to examine the effect of pH1N1-MRSA co-infection in distal regions of the lung, 

we investigated the effects of co-infection on HBEC-3KT human bronchial epithelial cells 

(Figure 29). Time, the infection condition, and the interaction between the two were each 

statistically significant (P < 0.0001 for all). At 50 h and 70 h (just prior to IAV infection and 

MRSA infection, respectively), no statistically significant differences were seen between any 

infection condition as compared with mock-infected cells. At 110 h, 1% triton, MRSA-alone, 

and pH1N1-MRSA were each significantly downregulated (P < 0.0001 for all) as compared with 

mock-infected. Virtually no loss in resistance was found in cells infected with pH1N1 (MOI 0.1), 

while infection with pH1N1-MRSA (MOI 0.1) resulted in a complete loss of resistance 

comparable to infection with MRSA-alone at a MOI of 0.1. These trends in loss of resistance 

were similar to pH1N1-MRSA co-infection in A549 alveolar epithelial cells, suggesting that 

pH1N1-MRSA co-infection results in a similar outcome in anatomically- and physiologically-

distinct regions of the lungs.  

Collectively, these data suggest that IAV does not play a significant role in the loss of 

barrier integrity during infection. Instead, these data suggest that the presence of MRSA in 

alveolar epithelial cells does result in a significant loss in barrier integrity, regardless of whether 

infection occurs alone or as a secondary co-infection during IAV infection.  



 

 125 

  

45 50 55 60 65 70 75 80 85 90 95 100 105
200

300

400

500

600

Time (hr)

R
e
s
is

ta
n

c
e
 (

o
h

m
s
)

Mock 1% Triton pdm2009 (MOI 0.1) MRSA (MOI 0.1) pdm2009-MRSA (MOI 0.1)

Figure 29: pH1N1-MRSA Co-infection Decreases Barrier Function in HBEC3-KT Cells. 

*** 
*** 

*** 



 

 126 

 

  

Figure 29: pH1N1-MRSA Co-infection Decreases Barrier Function in HBEC3-KT Cells. 

Median resistance values have been plotted for all data points obtained during the experiment. 

Normal human bronchial HBEC3-KT cells were plated 24 h prior to initial infection. Cells were 

mock-infected or infected with pH1N1 at a MOI of 0.1; MRSA (MOI 0.1) was added 24 h later. 

MRSA-alone, pH1N1-alone, 1% triton, and mock-infected cells acted as controls. Resistance 

data represent the median of three biological replicated with eight technical replicates per 

biological replicate (n = 3). Error bars have been removed to allow for clear visualization of all 

datasets, but were consistent across all biological replicates. Arrows designate the addition of 

pH1N1 (first arrow) and MRSA or triton (second arrow). Time, the infection condition, and the 

interaction between the two were each statistically significant (P < 0.0001 for all). At 45 h and 

65 h (just prior to IAV infection and MRSA infection, respectively), no statistically significant 

differences were seen between any infection condition as compared with mock-infected cells. At 

110 h, 1% triton, MRSA-alone, and pH1N1-MRSA were each significantly downregulated (P < 

0.0001 for all) as compared with mock-infected.  
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Temporal Analysis of Host Kinome Responses During pH1N1-MRSA Infection 

As our previous analyses had suggested that IAV does not play a role in the modulation 

of alveolar epithelial barrier integrity or in the modulation of MRSA’s replication kinetics, we 

next sought to characterize the aberrant cell-mediated immune response which may contribute to 

the disease pathogenesis observed in our ECIS data. We performed temporal kinome analysis on 

alveolar epithelial cells when infected with pH1N1-alone, MRSA-alone, or pH1N1-MRSA. Cells 

were harvested at equivalent time points to those used for the bacterial replication kinetics 

experiment. Kinome analysis allowed for the characterization of the activation state of host cell 

signaling responses across our conditions in order to provide insight into differential cellular 

responses mitigated during co-infection as compared with pathogens alone.  

 Kinome peptide arrays were used to quantitate the host kinome response by probing cell 

lysates at each time point across all infection conditions. Kinome analysis provides information  

regarding the activation state of host kinases by measuring the phosphorylation of specific kinase 

targets (immobilized peptides) on the arrays by active kinases in a cell lysate [321, 322]. Data 

from our arrays, comprised of 309 unique kinase recognition sequences related to a broad 

spectrum of cell signaling pathways and processes was analyzed using PIIKA 2 software [311]. 

Hierarchical clustering analysis of the kinome data is presented in Figure 30. Each column is 

indicative of an infection condition at a specific time point. Each line within each column 

corresponds to a phosphorylation site that is presented on the array. Pixel intensity is 

representative of the intensity of fluorescence at each possible phosphorylation site on the array, 

as analyzed by PIIKA 2. Red depicts upregulation, while green depicts downregulation as 

compared with the background. 
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Figure 30: Hierarchical Clustering of Temporal Kinome Responses of pH1N1, MRSA, and 

pH1N1-MRSA Infection in Alveolar Epithelial Cells. 



 

 129 

 

  

Figure 30: Hierarchical Clustering of Temporal Kinome Responses of pH1N1, 

MRSA, and pH1N1-MRSA Infection in Alveolar Epithelial Cells.  

Cells were plated 24 h prior to initial infection. Cells were either mock-infected or 

infected with pH1N1 at a MOI of 0.1; MRSA (MOI 0.1) was added 24 h later. Cells 

were harvested for kinome analysis at 4, 8, 12, 16, 20, and 24 h. Controls included 

MRSA-alone, pH1N1-alone, and mock-infected time-matched samples. Cell lysates 

were probed to quantitate host kinome responses by kinome peptide arrays. Red 

depicts upregulation, while green depicts downregulation as compared with the 

background. A-C designate the three major dataset clusters as identified following 

hierarchical clustering.  
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The kinome datasets clustered into 3 major clusters. From left to right, the first major 

cluster consisted of MRSA-alone at 16, 20, and 24 h and pH1N1-MRSA at 16, 20, and 24 h 

(denoted as A). The second cluster (denoted as B) was comprised of MRSA-alone at 4, 8, and 12 

h, pH1N1-alone at 4 and 12 h, and pH1N1-MRSA at 4, 8, and 12 h. The final cluster, denoted as 

C, consisted of each of the remaining time points and conditions: mock-infected at 4, 8, 12, 16, 

20, and 24 h and pH1N1-alone at 8, 16, 20, and 24 h. These data suggested that the host kinome 

response of MRSA-alone and pH1N1-MRSA at the later time points of 16, 20, and 24 h are  

highly conserved. Moreover, these host kinome responses differentiated strongly from each of 

the other infection conditions and time points.  

 Next, we performed biological subtraction of the time-matched mock-infected kinome 

datasets from their respective infected counterparts, as previously described, to gain further 

insight into the similarities and/or differences of the host kinome response during pH1N1-MRSA 

co-infection [310, 311, 316, 323, 324]. Subsequent hierarchical clustering analysis of the 

resulting kinome data following mock-infected background subtraction is presented in Figure 31. 

As seen previously, the MRSA-alone and pH1N1-MRSA datasets at the later time points of 16, 

20, and 24 h clustered together independently of the time-matched pH1N1-alone datasets. In 

contrast, the pH1N1-alone and pH1N1-MRSA at the initial early time point of 4 h post-infection 

clustered together independently of the MRSA-alone 4 h time point. Most notably, the MRSA-

alone, pH1N1-alone, and pH1N1-MRSA datasets at 8 h clustered together, as well as the MRSA-

alone, pH1N1-alone, and pH1N1-MRSA datasets at 12 h. These data suggest that the host 

cellular response switches from a pH1N1-centric response to a MRSA-centric response at 8-12 h 

post-MRSA infection. To further validate our kinome data, Phospho-kinase Proteome Profiler  
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Figure 31: Background-subtracted Temporal Kinome Responses of pH1N1, 

MRSA, and pH1N1-MRSA Infection in Alveolar Epithelial Cells. 
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Figure 31: Background-subtracted Temporal Kinome Responses of pH1N1, MRSA, and 

pH1N1-MRSA Infection in Alveolar Epithelial Cells. 

Mock-infected kinome responses were subtracted from time-matched infected samples in Figure 

30. Fold change phosphorylation values are plotted for all kinase recognition sequences on the 

kinome peptide arrays. Clustering analysis was performed with the Heatmapper software suite. 

Z-score values represent fold change differences in phosphorylation as compared with time-

matched mock-infected control cells. Red depicts upregulation, while blue depicts 

downregulation as compared with the background. 
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Arrays (R&D Systems) were used to perform phospho-Western blot analysis. Phosphorylation 

events that were conserved between the upregulated phosphorylation on the arrays (fold change 

> 1.5; p-value < 0.05) and the phospho-Western blots are presented in Table 4.   

 As our previous data suggested that the host response undergoes a switch at 8-12 h post-

MRSA infection, we next sought to identify host cell signaling responses or biological networks  

that were selectively modulated in pH1N1-MRSA co-infected cells (Table 5). All data related to 

pathway overrepresentation and biological processes is presented. However, it is important to 

note that our assays were conducted in an adenocarcinomic alveolar cell line, and as such 

pathways related to cancer signaling will be overrepresented.  

Pathway over-representation analysis at 8 h post-MRSA addition revealed numerous 

pathways that were selectively upregulated as compared with mock-infected cells. These 

pathways were primarily related to apoptosis and the antiviral response. Apoptosis related 

pathways included p75(NTR)-, NRAGE-, NADE-, Tsp-1, and BH3-mediated signaling events, 

while pathways related to cell-cell contacts included 6-4 integrin-, and ephrin-mediated 

signaling events. Signaling pathways directly related to antiviral response were also identified, 

including type I IFN and inflammatory response-related events. At 12 h post-MRSA addition, 

the host response was again dominated by antiviral response-mediated events, including IFN-

related response and TRAF6-mediated IRF7 activation, and NOTCH-related signaling events. 

From 16-24 h post-MRSA addition, there were strong signaling pathways between pH1N1-

MRSA infection and MRSA-alone infection, as predicated by our hierarchical clustering 

analysis. Upregulated pathways were primarily related to pro-apoptotic (e.g. p53- and caspase-

mediated responses), cytokine signaling (e.g., TNF; IL-1; NFB), innate immune responses (e.g.,   
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Table 4: Conservation of Phosphorylation Status Between Kinome Analysis and Phospho-

Western Blots. 

Phospho-kinase Proteome Profiler Arrays (R&D Systems) were used to perform phospho-

Western blot analysis. Phosphorylation events that were conserved between the upregulated 

phosphorylation on the arrays (fold change > 1.5; p-value < 0.05) and the phospho-Western blots 

are summarized below.   

 

  

 

  

Target Phosphosite Phospho-Western Blot 

(Fold Change) 

Kinome Analysis 

(Fold Change) 

PDGFRb Y751 1.81 1.61 

Fyn Y420 11.12 1.54 

STAT5b Y699 9.06 2.25 

Lyn Y397 21.30 2.11 

Lck Y394 14.42 2.03 

CREB S133 2.00 2.54 

-catenin Y654 8.97 2.39 

EGFR Y1086 2.25 2.24 

Akt S473 9.47 3.39 

p38a T180/Y182 2.65 2.13 

ERK1/2 T202/Y204;T185/Y187 29.17 2.62 

GSK3a/b S21/S9 1.75 1.73 

HSP60 S70 2.02 1.83 

STAT3 S727 1.36 1.87 

Pyk2 Y402 1.76 2.53 

PLCg1 Y783 1.67 1.31 

c-Jun S63 1.87 2.49 

p53 S392 3.04 2.58 
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Table 5: Pathway Overrepresentation Analysis of Host Kinome Responses in pH1N1-

MRSA Infected Samples (8-12 h post-MRSA Infection).  

Pathway overrepresentation of pH1N1-MRSA co-infected alveolar epithelial cells at 8 h post-

MRSA infection revealed signaling pathways primarily related to apoptosis, cell-cell contacts, 

and the antiviral response. The host response at 12 h continued to be dominated by the antiviral 

response. 

Time Signaling Pathway Uploaded 

Protein 

Count 

Pathway 

Upregulated 

P-Value 

 

 

 

 

 

 

 

 

 

 

 

 

8 h 

Intrinsic Pathway for Apoptosis 12 0.039 

BH3-only Proteins Associate with and Inactivate 

Anti-Apoptotic BCL-2 Members 

4 0.043 

Apoptotic Signaling in Response to DNA Damage 7 0.058 

Cell-Cell Communication 7 0.058 

Amyotrophic Lateral Sclerosis (ALS)  10 0.061 

p75 NTR Receptor-Mediated Signaling 10 0.061 

64-Integrin 20 0.070 

Cell Death Signaling via NRAGE, NRIF, and 

NADE 

5 0.090 

DEx/H-box Helicases Activate Type I IFN and 

Inflammatory Cytokine Production 

5 0.090 

EPH-Ephrin Signaling 5 0.090 

EPHB-Mediated Forward Signaling 5 0.090 

Metabolism of proteins 5 0.090 

TSP-1 Induced Apoptosis in Microvascular 

Endothelial Cells 

5 0.090 

Validated Targets of C-MYC Transcriptional 

Activation 

5 0.090 

Viral Myocarditis 5 0.090 

Apoptosis 21 0.092 

Activation of BH3-only Proteins 8 0.095 

Calcium Signaling by HBx of Hepatitis B Virus 8 0.095 

Cell Surface Interactions at the Vascular Wall 8 0.095 

 

 

 

 

 

12 h 

Pre-NOTCH Expression and Processing 3 0.049 

Pre-NOTCH Transcription and Translation 3 0.049 

TRAF6 Mediated IRF7 Activation 7 0.054 

Presenilin Action in NOTCH and Wnt Signaling 8 0.078 

Basal Cell Carcinoma 4 0.090 

Regulation of Cell Cycle Progression by Plk3 4 0.090 
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Signaling by NOTCH 4 0.090 

TRAF6 Mediated IRF7 Activation in TLR 7/8 or 9 

Signaling 

4 0.090 

The Information Processing Pathway at the IFN- 

Enhancer 

4 0.090 
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Table 6: Pathway Overrepresentation Analysis of Host Kinome Responses in MRSA 

Infected Samples (8-12 h post-MRSA Infection). 

Pathway overrepresentation of alveolar epithelial cells infected with MRSA-alone at 8 h post- 

infection. Compared with pH1N1-MRSA co-infected cells at 8 h, signaling pathways directly 

related to cell-cell contacts were markedly absent, while apoptosis related pathways were not 

overrepresented to the same degree.  

Time Signaling Pathway Uploaded 

Protein 

Count 

Pathway 

Upregulated 

P-Value 

 

 

 

8 h 

IL-13 Signaling 5 0.027 

Alzheimer’s Disease 6 0.049 

Amyotrophic Lateral Sclerosis 10 0.050 

STING Mediated Induction of Host Immune 

Responses 

3 0.064 

Apoptotic Signaling in Response to DNA Damage 7 0.077 

Oxidative Stress Induced Senescence 12 0.095 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12 h 

HIF-1 Transcription Factor Network 6 0.002 

Tsp-1 Induced Apoptosis in Microvascular 

Endothelial Cells 

5 0.012 

TRAF6 Mediated IRF7 Activation 7 0.035 

Oxidative Stress Induced Senescence 12 0.036 

Calcium Signaling in the CD4+ TCR Pathway 3 0.036 

Caspase Cascade in Apoptosis 3 0.036 

Negative Regulators of RIG-1/MDA5 Signaling 3 0.036 

Pertussis Toxin-Insensitive CCR5 Signaling in 

Macrophage 

3 0.036 

Pre-NOTCH Expression and Processing 3 0.036 

Pre-NOTCH Transcription and Translation 3 0.036 

Calcineurin-Regulated NFAT-dependent 

Transcription in Lymphocytes 

8 0.052 

Calcium Signaling by HBx of Hepatitis B Virus 8 0.052 

Calcium Signaling Pathway 8 0.052 

Endothelins 8 0.052 

Regulation of Telomerase 8 0.052 

LPA Receptor Mediated Events 14 0.062 

Wnt Signaling Pathway 14 0.062 

FOXA1 Transcription Factor Network 4 0.067 

Hypoxia-Inducible Factor in the Cardiovascular 

System 

4 0.067 
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Latent Infection of Homo sapiens with 

Mycobacterium tuberculosis 

4 0.067 

Oxidative Stress Induced Gene Expression via 

NRF2 

4 0.067 

Phagosomal Maturation (Early Endosomal Stage) 4 0.067 

Platelet Homeostasis 4 0.067 

Regulation of Cell Cycle Progression by Plk3 4 0.067 

Repression of Pain Sensation by the Transcriptional 

Regulator Dream 

4 0.067 

Signaling by NOTCH 4 0.067 

Validated Transcriptional Targets of API Family 

Members FRA1 and FRA2 

4 0.067 

Osteopontin-mediate Events 9 0.072 

Regulation of Nuclear SMAD2/3 Signaling 9 0.089 

Colorectal Cancer 22 0.089 
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Table 7: Pathway Overrepresentation Analysis of Host Kinome Responses in pH1N1 

Infected Samples (8-12 h post-MRSA Infection). 

Pathway overrepresentation of alveolar epithelial cells infected with pH1N1-alone at 8 h post- 

infection. Compared with pH1N1-MRSA co-infected cells at 8 h, signaling pathways directly 

related to apoptosis and cell-cell contacts were markedly absent. At 12 h, similar NOTCH 

signaling pathways were overrepresented as in pH1N1-MRSA co-infected cells.  

Time Signaling Pathway Uploaded 

Protein 

Count 

Pathway 

Upregulated 

P-Value 

 

 

 

8 h 

TRAF6 Mediated IRF7 Activation 7 0.031 

IL-13 Signaling 5 0.056 

Metabolism of Proteins 5 0.056 

Phagosome 5 0.056 

TRAF3-dependent IRF Activation Pathway 5 0.056 

Validated Targets of C-MYC Transcriptional 

Activation 

5 0.056 

 

 

 

 

 

 

 

 

 

12 h 

Glucocorticoid Receptor Regulatory Network 13 0.003 

Wnt Signaling Pathway 14 0.004 

METs Effect on Macrophage Differentiation 2 0.008 

Alzheimer’s Disease 6 0.010 

ErbB2/ErbB3 Signaling Events 12 0.014 

Oxidative Stress Induced Senescence 12 0.014 

AKT Phosphorylates Targets in the Cytosol 7 0.017 

Apoptotic Signaling in Response to DNA Damage 7 0.017 

Cellular Responses to Stress 20 0.021 

Calcium Signaling in the CD4+ TCR Pathway 3 0.022 

Pertussis Toxin-Insensitive CCR5 Signaling in 

Macrophages 

3 0.022 

Pre-NOTCH Expression and Processing 3 0.022 

Pre-NOTCH Transcription and Translation 3 0.022 

Unfolded Protein Response (UPR) 3 0.022 

Activation of BH3-only Proteins 8 0.026 

Calcineurin-Regulated NFAT-dependent 

Transcription in Lymphocytes 

8 0.026 

Presenilin Action in NOTCH and Wnt Signaling 8 0.026 

Colorectal Cancer 8 0.026 

Regulation of Nuclear SMAD 2/3 Signaling 9 0.037 

BH3-only Proteins Associate with and Inactivate 

Anti-Apoptotic BCL-2 Members 

4 0.042 
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Basal Cell Carcinoma 4 0.042 

FOXA1 Transcription Factor Network 4 0.042 

LKB1 Signaling Events 4 0.042 

Oxidative Stress Induced Gene Expression via  

NRF 2 

4 0.042 

Repression of Pain Sensation by the Transcriptional 

Regulator DREAM 

4 0.042 

Signaling by NOTCH 4 0.042 

The Information Processing Pathway at the IFN 

Enhancer 

4 0.042 

Amyotrophic Lateral Sclerosis (ALS) 10 0.049 

Direct p52 Effectors  10 0.049 

Cellular Senescence 17 0.051 

T cell Receptor Signaling Pathway 18 0.062 

AP-1 Transcription Factor Network 11 0.064 

Phosphoinositides and their Downstream Targets 11 0064 

Role of Clcineurin-dependent NFAT Signaling in 

Lymphocytes 

11 0.064 

Signaling Mediated by p38- and p38- 11 0.064 

Activation of BAD and Translocation to 

Mitochondria 

5 0.066 

ATM Signaling Pathway 5 0.066 

IL12 Signaling Mediated by STAT4 5 0.066 

Metabolism of Proteins 5 0.066 

Regulation of Nuclear -catenin Signaling and 

Target Gene Transcription 

5 0.066 

S1P2 Pathway 5 0.066 

Tsp-1 Induced Apoptosis in Microvascular 

Endothelial Cell 

5 0.066 

ATF-2 Transcription Factor Network 12 0.081 

Downstream Signaling in Naïve CD8+ T Cells 12 0.081 

Intrinsic Pathway for Apoptosis 12 0.081 

Activation of the AP-1 Family of Transcription 

Factors 

6 0.093 

Aurora A Signaling 6 0.093 

Cadmium Induces DNA Synthesis and Proliferation 

in Macrophages 

6 0.093 

FOXM1 Transcription Factor Network 6 0.093 

HIF-1- Transcription Factor Network 6 0.093 
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TLR signaling; IFN), and wound healing (e.g., TGF-mediated signaling). In contrast, pH1N1-

alone infected samples were dominated by IFN-, JAK/STAT-, and IL-4-mediated signaling from 

16-24 h.  At 24 h, p53-mediated signaling pathways were overrepresented in samples infected 

with pH1N1-alone.  

We directly compared the host response of samples infected with pH1N1-MRSA and 

MRSA-alone to provide additional clarity in the differences in host response during the 8-12 h 

transition period (Table 8). Apoptosis-related signaling pathways were overrepresented in 

pH1N1-MRSA infected cells compared with MRSA-alone infected cells at 8 h. Apoptosis-

related signaling pathways were also markedly absent in cells infected with pH1N1-alone (Table 

7). This suggests that earlier activation of apoptosis occurs when alveolar epithelial cells are co-

infected with pH1N1-MRSA. There were fewer differentially-upregulated pathways between 

pH1N1-MRSA infection and MRSA-alone infection at 12 h. While pathways related to TRAF6-, 

p73NTR, and apoptosis were upregulated in co-infected samples, no clear over-representation of 

a particular biological pathway was seen.  

 Lastly, gene ontology analysis was performed to identify possible overrepresented 

biological processes in pH1N1-MRSA kinome data during the 8-12 h transition period (Tables 9-

11). Identified biological processes largely mirrored those seen in our previous pathway over-

representation analysis, such as apoptosis- and IFN-related responses. Other identified processes 

included cellular damage related responses [e.g., adenosine triphosphate (ATP) catabolism, 

unfolded protein response, DNA damage] and IL-6- and IL-8-related cellular responses, 

suggesting a potential role of these immune mediators in the host response to pH1N1-MRSA co-

infections. At 24 h post-MRSA addition, a number of signaling pathways were significantly 

upregulated, including those related to a pro-inflammatory response (i.e., TNF- and IL-1-   
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Table 8: Pathway Overrepresentation Analysis of Differentially Upregulated Host Kinome 

Responses in pH1N1-MRSA Infected Cells vs MRSA Infection Alone (8-12 h post-MRSA 

Infection). 

Direct comparison of the host response of cells infected with pH1N1-MRSA as compared with 

MRSA-alone at 8 and 12 h. Apoptosis-related signaling pathways were overrepresented at 8 h, 

suggesting that activation of apoptosis is a direct result of co-infection.  

 

 

  

Time Signaling Pathway Uploaded 

Protein 

Count 

Pathway  

Up-

regulated   

P-Value 

 

 

 

 

 

 

8 h 

Cell Death Signaling via NRAGE, NRIF, and NADE 5 0.005 

Caspase Cascade in Apoptosis 10 0.007 

p75 NTR Receptor-Mediated Signaling 10 0.007 

Intrinsic Pathway for Apoptosis 12 0.014 

Caspase Cascade in Apoptosis 3 0.022 

Apoptosis 14 0.026 

p75(NTR)-Mediated Signaling 14 0.026 

CDC42 Signaling Events 15 0.033 

Toxoplasmosis 31 0.037 

BH3-only Proteins Associate with and Inactivate Anti-

Apoptotic BCL-2 Members 

4 0.042 

Stress Induction of HSP Regulation 4 0.042 

TRAF6 Mediate IRF7 Activation in TLR 7/8 or 9 

Signaling 

4 0.042 

p75NTR Recruits Signaling Complexes 4 0.042 

 

 

12 h 

Cell Death Signaling via NRAGE, NRIF, and NADE 5 0.003 

p75 NTR Receptor-Mediate Signaling 10 0.016 

TRAF6 Mediated IRF7 Activation in TLR 7/8 or 9 

Signaling 

4 0.017 

TRAF6 Mediated IRF7 Activation 7 0.018 

Phagosome 5 0.038 
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Table 9: Gene Ontology Analysis of Host Kinome Responses in pH1N1-MRSA Infected 

Samples (8-12 h post-MRSA Infection). 

Gene ontology analysis was performed to identify possible overrepresented biological processes 

in pH1N1-MRSA kinome data during the 8-12 h transition period. Identified biological 

processes included apoptosis and antiviral responses, similarly to our prior analyses. Other 

biological processes included cellular damage related responses and IL-related cellular 

responses. 

Time Signaling Pathway Uploaded 

Protein 

Count 

Pathway 

Upregulated 

P-Value 

 

 

 

 

 

 

8 h 

Regulation of Inflammatory Response 6 0.003 

Positive Regulation of Release of Cytochrome C 

from Mitochondria 

5 0.011 

Positive Regulation of IL-6 Production 3 0.013 

Intrinsic Apoptotic Signaling Pathway 12 0.037 

Intrinsic Apoptotic Signaling Pathway in Response 

to DNA Damage 

7 0.055 

Cellular Protein Metabolic Process 5 0.087 

Negative Regulation of Protein Catabolic Process 5 0.087 

Neuron Apoptotic Process 5 0.087 

Positive Regulation of IFN Production 5 0.087 

Positive Regulation of Peptidyl-Tyrosine 

Phosphorylation 

5 0.087 

Response to Progesterone 5 0.087 

Positive Regulation of Cell Migration 11 0.087 

Extrinic Apoptotic Signaling Pathway in Absence 

of Ligand 

8 0.091 

Release of Cytochrome C from Mitochondria 8 0.091 

 

 

 

 

 

 

 

 

 

 

Positive Regulation of Neuron Apoptotic Process 10 0.004 

Cellular Response to DNA Damage Stimulus 13 0.017 

Positive Regulation of IFN Production 5 0.018 

Positive Regulation of TNF Production 6 0.033 

Transforming Growth Factor  Receptor Signaling 

Pathway 

11 0.043 

ATP Catabolic Process 3 0.048 

ER Overload Response 3 0.048 

Ion Transport 3 0.048 

Positive Regulation of IL6 Production 3 0.048 
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12 h 

Positive Regulation of IL8 Production 3 0.048 

Positive Regulation of Type I IFN-Mediated 

Signaling Pathway 

3 0.048 

Protein Localization to Nucleus 3 0.048 

Proteolysis 3 0.048 

Response to Unfolded Protein 3 0.048 

B Cell Homeostasis 7 0.052 

Intrinsic Apoptotic Signaling Pathway in Response 

to DNA Damage 

7 0.052 

Regulation of Apoptotic Process 12 0.059 

Release of Cytochrome C from Mitochondria 8 0.076 

Positive Regulation of Apoptotic Process 24 0.076 

Transcription from RNA Polymerase II Promoter 13 0.077 

B Cell activation 4 0.088 

T Cell Homeostasis 4 0.088 

Erythrocyte Differentiation 4 0.088 

Mammary Gland Development 4 0.088 

Negative Regulation of Protein Phosphorylation 4 0.088 

Positive Regulation of Protein Phosphorylation 4 0.088 

Regulation of Protein Phosphorylation 4 0.088 

Response to UV 4 0.088 

Transport 4 0.088 

Type I IFN Biosynthetic Process 4 0.088 
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Table 10: Gene Ontology Analysis of Host Kinome Responses in MRSA Infected Samples 

(8-12 h post-MRSA Infection). 

Gene ontology analysis was performed to identify possible overrepresented biological processes 

in MRSA-alone kinome data during the 8-12 h transition period. Biological processes related to 

apoptosis were markedly absent at 8 h, while processes related to the immune response and IFN 

production were overrepresented instead. At 12 h, processes related to the cell cycle were highly 

overrepresented in infection with MRSA-alone as compared with pH1N1-MRSA co-infection. 

Time Signaling Pathway Uploaded 

Protein 

Count 

Pathway 

Upregulated 

P-Value 

 

 

 

 

 

8 h 

Positive Regulation of IFN- Production 5 0.006 

Defense Response to Gram-positive Bacterium 3 0.007 

Negative Regulation of Protein Phosphorylation 4 0.025 

Positive Regulation of IFN- Production 4 0.025 

Regulation of Immune Response 4 0.025 

Cellular Protein Metabolic Process 5 0.054 

Neuron Apoptotic Process 5 0.054 

Oxidation-Reduction Process 5 0.054 

Positive Regulation of Peptidyl-Tyrosine 

Phosphorylation 

5 0.054 

Positive Regulation of Neuron Projection 

Development 

6 0.093 

Protein Homooligomerization 6 0.093 

Regulation of Inflammatory Response 6 0.093 

 

 

 

 

 

 

 

 

 

12 h 

ER Overload Response 3 0.001 

Positive Regulation of Mitochondrial Outer Membrane 

Permeabilization Involved in Apoptotic Signaling 

Pathway 

4 0.002 

Transcription from RNA Polymerase II Promoter 13 0.002 

Wnt Signaling Pathway 8 0.002 

Release of Cytochrome C from Mitochondria 8 0.002 

Negative Regulation of Canonical Wnt Signaling 

Pathway 

5 0.005 

Positive Regulation of Release of Cytochrome C from 

Mitochondria 

5 0.005 

Positive Regulation of Transcription from RNA 

Polymerase II Promoter 

39 0.007 

Positive Regulation of Apoptotic Process 24 0.009 
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Positive Regulation of Transcription, DNA-templated 24 0.009 

Activation of Signaling Protein Activity Involved in 

Unfolded Protein Response 

3 0.021 

Cellular Response to Calcium Ion 3 0.021 

Endoplasmic Reticulum Unfolded Protein Response 3 0.021 

Negative Regulation of Glycogen Biosynthetic Process 3 0.021 

Positive Regulation of Protein Catabolic Process 3 0.021 

Positive Regulation of Protein Oligomerization 3 0.021 

Regulation of Mitochondrial Membrane Permeability 3 0.021 

Regulation of Mitochondrial Membrane Permeability 

Involved in Apoptotic Process 

3 0.021 

Regulation of Transcription, DNA-templated 37 0.021 

Extrinsic Apoptotic Signaling Pathway in Absence of 

Ligand 

8 0.025 

Positive Regulation of Intrinsic Apoptotic Signaling 

Pathway 

9 0.035 

Positive Regulation of Protein Insertion into 

Mitochondrial Membrane Involved in Apoptotic 

Signaling Pathway 

9 0.035 

Epithelial to Mesenchymal Transition 4 0.041 

Glycogen Metabolic Process 4 0.041 

Positive Regulation of Neuron Apoptotic Process 10 0.048 

Sequence-Specific DNA Binding 17 0.049 

Transforming Growth Factor  Receptor Signaling 

Pathway 

11 0.062 

Cellular Protein Metabolic Process 5 0.064 

Cellular Response to UV 5 0.064 

Neuron Apoptotic Process 5 0.064 

Response to Progesterone 5 0.064 

Intrinsic Apoptotic Signaling Pathway 12 0.078 

Regulation of Sequence-Specific DNA Binding 

Transcription Factor Activity 

6 0.091 

Response to cAMP 6 0.091 

Cellular Response to DNA Damage Stimulus 13 0.096 

Negative Regulation of Transcription, DNA-templated 13 0.096 
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Table 11: Gene Ontology Analysis of Host Kinome Responses in pH1N1 Infected Samples 

(8-12 h post-MRSA Infection). 

Gene ontology analysis was performed to identify possible overrepresented biological processes 

in pH1N1-alone kinome data. The inflammatory response was strongly overrepresented as 

compared with pH1N1-MRSA co-infected cells, while biological processes related to TLRs were 

absent. 

Time Signaling Pathway Uploaded 

Protein 

Count 

Pathway 

Upregulated 

P-Value 

 

 

 

 

8 h 

Neuron Apoptotic Process 5 0.030 

Regulation of Transcription from RNA Polymerase 

II Promoter 

13 0.037 

Defense Response to Gram-positive Bacterium 3 0.067 

Multicellular Organism Growth 3 0.067 

Positive Regulation of IL6 Production 3 0.067 

Positive Regulation of Protein Oligomerization 3 0.067 

Regulation of Mitochondrial Membrane 

Permeability Involved in Apoptotic Process 

3 0.067 

In utero Embryonic Development 15 0.068 

Inflammatory Response 20 0.073 

 

 

 

 

 

 

 

 

 

 

12 h 

Positive Regulation of TNF Production 6 0.021 

Response to cAMP 6 0.021 

Transforming Growth Factor  Receptor Signaling 

Pathway 

11 0.025 

Cellular Response to Calcium Ion 3 0.035 

Defense Response to Gram-positive Bacterium 3 0.035 

Negative Regulation of Type I IFN Production 3 0.035 

Nitric Oxide Biosynthetic Process 3 0.035 

Receptor-Mediated Endocytosis 3 0.035 

Response to Immobilization Stress 3 0.035 

Somitogenesis 3 0.035 

Defense Response to Virus 8 0.050 

Release of Cytochrome C from Mitochondria 8 0.050 

Defense Response to Bacterium 4 0.066 

Interaction with Host 4 0.066 

Phagosome Maturation 4 0.066 
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Positive Regulation of INF- Production 4 0.066 

Positive Regulation of Vasodilation 4 0.066 

Response to UV 4 0.066 

Transport 4 0.066 

Regulation of Cell Proliferation 15 0.075 

Negative Regulation of Cell Proliferation 22 0.085 

Positive Regulation of Neuron Apoptotic Process 10 0.093 

Response to Hypoxia 10 0.093 
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mediated signaling), general innate immune responses (i.e., NFB-, TLR-, and RIG-1/MDA5-

mediated signaling), wound healing (e.g., TGF signaling), cell-cell contacts (e.g., 64-integin 

signaling), and apoptosis.  

 Taken together, our host kinome response data demonstrated that pH1N1-MRSA co-

infection in alveolar epithelial cells resulted in the selective activation of host cell signaling 

events primarily related to apoptosis, cellular damage, and innate immune responses including 

the antiviral response and interleukin production. Moreover, signaling pathways in pH1N1-

MRSA co-infected cells largely resembled those seen in pH1N1-alone and MRSA-alone infected 

cells at 8-12 h, while upregulated signaling pathways in pH1N1-MRSA co-infected cells 

strongly resembled those of MRSA-alone infections from 16 h onwards. 

MRSA Replication Kinetics in a Co-culture Model are Similar during MRSA-alone and 

pH1N1-MRSA Infection 

As our previous study had suggested that the presence of pH1N1 does not affect bacterial 

replication in A549 cells, we sought to determine how these results compared with an in vitro 

tissue culture model of the alveolar-capillary barrier. To create this model, we first seeded 

primary HMPECs on the basal side of a 0.4 m transwell insert and HPAEpiCs on the apical 

side, as seen in Figure 13. Using a 0.4 m insert ensured that MRSA, which has a diameter of 

0.5-1.0 m, would not be able to cross the barrier and was only able to infect alveolar epithelial 

cells [325]. This is in line with what was seen in fatal cases of pH1N1-MRSA co-infection [254].  

Specifically, we wished to determine if bacterial replication kinetics were similarly 

unaffected during co-infection in primary human alveolar cells. Temporal enumeration of MRSA 

was investigated by adding MRSA to our mock-infected or pH1N1-infected tissue culture model 

24 h post-infection (n = 3). As our previous findings suggested that MRSA infection 
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simultaneously with IAV infection or at peak viremia did not affect the growth kinetics, we 

based our timing on observational data from human patients with influenza-bacterial co-

infections during the 2009 H1N1 pandemic, where bacterial co-infection commonly occurred 

during the peak of viral infection, as well as our previous findings [262, 278]. The number of 

adherent and internalized bacteria in epithelial cells of the tissue culture model were temporally-

enumerated through standard bacterial plating.  

MRSA replication within primary human pulmonary alveolar epithelial cells following 

viral- and bacterial-infection of the tissue culture model revealed a trend towards faster bacterial 

replication in pH1N1-MRSA co-infection as compared with infection with MRSA-alone at 1 and 

4 h post-MRSA infection (Figure 32). When the model was infected with MRSA-alone, MRSA 

entered the exponential phase at 4 h post-infection, while in the presence of pH1N1, MRSA did 

not enter the exponential phase until 8 h post-infection. MRSA entered the stationary phase by 

16 h post-infection whether the model was infected with MRSA-alone or with pH1N1-MRSA. 

MRSA growth over time showed statistical significance (P = 0.0050). However, no statistically 

significant differences were observed between either infection condition (P = 0.3258) or between 

either infection condition over time (P > 0.6000). This suggests that MRSA fitness within 

pulmonary respiratory epithelial cells at the alveolar-capillary barrier is not affected by the 

presence of pH1N1, similar to our observations in A549 cells. 

Modulation of Bacterial Virulence Factors in a Co-culture Model of the Alveolar-Capillary 

Barrier 

We next sought to characterize how bacterial virulence factor modulation might influence 

alveolar-capillary barrier permeability and pathogenesis during co-infection at the alveolar- 
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Figure 32: MRSA Replication Kinetics during MRSA Infection and pH1N1-MRSA Co-

infection in a Co-culture Model of the Alveolar-Capillary Barrier. 
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Figure 32: MRSA Replication Kinetics during MRSA Infection and pH1N1-MRSA 

Co-infection in a Co-culture Model of the Alveolar-Capillary Barrier.  

Primary human alveolar epithelial cells of the co-culture model were mock-infected or 

infected with pH1N1 at a MOI of 0.1. MRSA (MOI 0.1) was added 24 h later. Cells were 

selectively lysed at each of the indicated time points and CFU were quantified by 

standard bacterial plating. Error bars represent SEM calculated from three biological 

replicates (n = 3). Error bars for time points are not visible due to the y-axis. While 

statistically significant MRSA growth was observed over time (P = 0.0050), no 

significant differences were found between either infection condition (P = 0.3258) or 

between either infection condition over time (P > 0.6000).  
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capillary barrier. We employed RT-qPCR to examine differential modulation of MRSA 

virulence factor gene expression in the presence or absence of pre-existing influenza virus 

infection in a co-culture model. The alveolar pulmonary cells of our co-culture model of the 

alveolar-capillary barrier were infected with pH1N1 (MOI 0.1) or mock-infected and allowed to 

rest for 24 h prior to MRSA-infection at a MOI of 0.1 (n = 3).  Cell lysates for both pulmonary 

epithelial and endothelial cells were collected at multiple time points post-infection. We once 

again chose to study 13 virulence factor genes directly related to adhesion and invasion: coa, 

ebpS, eno, fnbA, fnbB, hla, hlgA, icaA, icaB, sbi, sek, seq, and spA.  At 1 h post-bacterial 

infection, each of the examined genes were upregulated in the presence of pH1N1, as compared 

with infection with MRSA-alone (Figure 33). However, only eno (P = 0.0120), icaB (P < 

0.0001), sek (P = 0.0146), and seq (P = 0.0135) were significantly upregulated at 1 h. At 4 h 

post-MRSA infection, each of the 13 genes were upregulated in the presence of pH1N1 as 

compared with MRSA infection alone. However, only coa (P  < 0.0001), fnbB (P < 0.0001), hla 

(P = 0.0014), hlgA (P < 0.0001), icaA (P < 0.0001), icaB (P < 0.0001), sbi (P < 0.0001), and sek 

(P < 0.0001) were significantly upregulated at 4 h. These data coincide with the initial stages of 

the exponential phase of MRSA at 4 h, suggesting that adhesion- and invasion-associated 

virulence factors may play a role in the beginning stages of MRSA infection in primary alveolar 

cells previously infected with pH1N1. No upregulation of our bacterial virulence factors was 

observed at any later time point. This mimicked our findings in A549 cells.   
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Figure 33: Modulation of MRSA Virulence Factors in a Model of the Alveolar-Capillary 

Barrier during pH1N1-MRSA Co-infection. 
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Figure 33: Modulation of MRSA Virulence Factors in a Model of the Alveolar-

Capillary Barrier during pH1N1-MRSA Co-infection. 

Primary alveolar epithelial cells of the co-culture model were mock-infected or 

infected with pH1N1 at a MOI of 0.1. MRSA (MOI 0.1) was added 24 h later. 

Cells were selectively lysed and RT-qPCR was employed to examine differential 

modulation of relative MRSA virulence factor mRNA abundance at 1 and 4 h. 

Error bars represent SEM calculated from three biological replicates (n = 3). 

Relative mRNA abundance fold changes represent pH1N1-MRSA vs MRSA 

infection alone and were calculated by the 2-CT method. The time point, the 

virulence factor, and the interaction were each statistically significant (P < 0.0001 

for all). At 1 h post-MRSA infection, eno (P = 0.0120), icaB (P < 0.0001), sek (P = 

0.0146), and seq (P = 0.0135) were significantly upregulated in pH1N1-MRSA 

infected cells as compared with MRSA-alone. At 4 h post-MRSA infection, coa (P  

< 0.0001), fnbB (P < 0.0001), hla (P = 0.0014), hlgA (P < 0.0001), icaA (P < 

0.0001), icaB (P < 0.0001), sbi (P < 0.0001), and sek (P < 0.0001) were 

significantly upregulated compared with MRSA-alone. 
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Barrier Integrity of a Co-culture Model of the Alveolar-Capillary Barrier during pH1N1-

MRSA Co-infection 

As our previous study in an epithelial alveolar cell line had suggested that MRSA-alone 

and IAV-MRSA infection resulted in epithelial cell barrier dysfunction, we sought to 

characterize the effect of pH1N1-MRSA co-infection on barrier integrity in our co-culture model 

by measuring temporal changes in resistance. The co-culture model was either mock-infected or 

infected with pH1N1 at a MOI of 0.1 (first arrow; designated as Time 0), allowed to rest for 24 

h, and either mock-infected or infected with MRSA at a MOI of 0.1 (second arrow). The 

resistance values associated with our co-culture model were markedly lower than the values 

observed in our alveolar epithelial cells. This is likely due to the differences in primary cells as 

compared with an adenocarcinomic cell line, such as the shape and size of the cells, the structure 

of the cell membranes, and the intracellular components. Resistance values were determined 

from the three biological replicates with four technical replicates per biological replicate (n = 3). 

No change in resistance was observed following pH1N1-alone infection as compared with mock-

infected cells, with the resistance of each of the observed conditions remaining steadily at 110 

ohms (Figure 34). Following bacterial addition, infection with MRSA-alone resulted in no 

changes in resistance.  No significant differences in barrier integrity were observed at any time 

point between models infected with MRSA-alone and pH1N1-alone. Samples co-infected with 

pH1N1-MRSA resulted in a steady decrease in resistance beginning at 4 h post-MRSA addition. 

At 90 h, pH1N1-MRSA was significantly downregulated (P = 0.0005) as compared with mock- 

infected. This decrease in barrier resistance coincided with the significant upregulation of 

virulence factor genes observed at 4 h post-bacterial infection. 
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Figure 34: pH1N1-MRSA Co-infection Decreases Barrier Function in a Co-culture Model 

of the Alveolar-Capillary Barrier. 
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Figure 34: pH1N1-MRSA Co-infection Decreases Barrier Function in a Co-culture Model of 

the Alveolar-Capillary Barrier.  

Median resistance values have been plotted for all data points obtained during the experiment. Error 

bars have been removed to allow for clear visualization of all data sets, but were consistent across all 

biological replicates. Primary human alveolar cells were mock-infected or infected with pH1N1 at a 

MOI of 0.1. MRSA (MOI 0.1) was added 24 h later. MRSA-alone and pH1N1-alone acted as 

controls and were also analyzed at the indicated time points. Resistance data represent the median of 

three biological replicates with three technical replicates per biological replicate (n = 3). Arrows 

designate the addition of pH1N1 (first arrow) and MRSA or triton (second arrow). Time, the 

infection condition, and the interaction between the two were each statistically significant (P < 

0.0001 for all). At 0 h and 22 h (just prior to IAV infection and MRSA infection, respectively), no 

statistically significant differences were seen between any infection condition as compared with 

mock-infected cells. At 45 h, pH1N1-MRSA was significantly downregulated (P = 0.0005) as 

compared with mock-infected.  
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pH1N1-MRSA Co-infection May Decrease ZO-1 and ZO-2 Protein Levels in Microvascular 

Endothelial Cells 

As our ECIS data demonstrated that a decrease in barrier integrity was seen when the co-

culture model underwent pH1N1-MRSA co-infection, we next sought to characterize the 

expression of tight junctions in the underlying microvascular endothelial cells. Following co-

infection, endothelial cells were collected at 4 and 24 h post-MRSA addition. Mock-, pH1N1-

alone-, and MRSA-alone-infected cells were collected as controls. Protein lysates from each 

infection condition were separated on a 8% SDS-PAGE gel, followed by transfer to a PVDF 

membrane, and subsequently probed with ZO-1 and ZO-2 antibodies. -tubulin acted as a 

loading control. 

At 4 h, bands were not present for either ZO-1 or ZO-2 in any infection condition; -

tubulin was present in each of our four infection conditions. At 24 h, ZO-1 was present in 

pulmonary microvascular endothelial cells when mock-, pH1N1-, and MRSA-infected (Figure 

35). As compared with our other infection conditions, ZO-1 levels were decreased in pulmonary 

endothelial cells co-infected with pH1N1-MRSA. At 24 h, ZO-2 appeared present in pH1N1- 

and MRSA-alone infected samples. While ZO-2 did not appear in pH1N1-MRSA infection at 24 

h, bands were not seen in our mock-infection either. While this may indicate that pH1N1-MRSA 

co-infection results in a decrease in ZO-1 and ZO-2 as compared to infection with either 

pathogen alone, these results are inconclusive as protein did not appear in any of our 4 h 

samples. Further, ZO-2 did not appear in our mock-infected samples at 24 h either.  

In an effort to further substantiate claims that the loss of barrier integrity observed in 

pH1N1-MRSA co-infection is a direct result of tight junction degradation, we attempted to 

obtain confocal images of ZO-1, ZO-2, and cadherin in both our alveolar epithelial and   
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Figure 35: pH1N1-MRSA Co-infection May Decrease Tight Junction Proteins in 

Endothelial Cells of a Model of the Alveolar-Capillary Barrier. 
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Figure 35: pH1N1-MRSA Co-infection May Decrease Tight Junction Proteins in 

Endothelial Cells of a Model of the Alveolar-Capillary Barrier. 

Primary human alveolar cells were mock-infected or infected with pH1N1 at a MOI of 

0.1. MRSA (MOI 0.1) was added 24 h later. MRSA-alone, pH1N1-alone, and mock-

infection acted as controls. Underlying human microvascular cells were collected at 4 

and 24 h, resolved by electrophoresis, and transferred to PVDF membranes. Membranes 

were probed with anti-ZO-1, anti-ZO-2, and anti--tubulin. ZO-1 and ZO-2 levels 

appear to be decreased in pH1N1-MRSA infected samples, as compared with pH1N1-

alone and MRSA-alone. 
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microvascular endothelial cells during co-infection. However, despite our efforts and acquiring 

assistance from several different avenues, we were not able to obtain images, leaving our results 

inconclusive.  

Temporal Analysis of the Host Kinome Response in a Co-culture Model of the Alveolar-

Capillary Barrier during pH1N1-MRSA Co-infection  

As our temporal analysis of barrier integrity suggested that pH1N1-MRSA co-infection 

results in a more severe disease pathogenesis as compared with either pathogen alone, we next 

sought to address whether aberrant cell-mediated immune responses contribute to pH1N1-  

MRSA co-infection pathogenesis. We performed temporal kinome analysis of pH1N1-, MRSA-, 

and pH1N1-MRSA-infected alveolar epithelial and microvascular endothelial cells. We  

postulated that the activation state of host cell signaling responses or individual cellular kinases 

could provide insight into differential cellular responses found within co-infected cells as 

compared with IAV- or MRSA-alone. Time-matched mock-infected controls cells served as 

controls. Our co-culture model of the alveolar-capillary barrier was initially infected with pH1N1 

(MOI 0.1) or mock-infected and rested for 24 h prior to bacterial infection. MRSA addition to 

MRSA-infected and pH1N1-MRSA co-infected cells was designated as Time 0. Epithelial and 

endothelial cells were harvested separately at 4, 8, 12, and 24 h post-MRSA infection. Both 

pH1N1-alone infected cells and mock-infected control cells were treated with MRSA-free 

infection inoculum at Time 0 to normalize cellular responses that may have been induced 

through the physical stress of the inoculum addition. Time-matched pH1N1-, MRSA-, and 

mock-infected control cells were collected throughout the duration of the experiment. Cell 

lysates were subsequently probed to quantitate host kinome responses by kinome peptide arrays  
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as described previously. Data from our arrays was analyzed using the PIIKA 2 software tool 

[311].  

Hierarchical clustering analysis of the primary alveolar epithelial kinome data is 

presented in Figure 36. Datasets clustered into 2 major clusters, with the mock-infected 4 h time 

point clustering alone.  The first cluster (denoted as A) consisted of 4 and 8 h post-bacterial 

infection of cells infected with MRSA-alone, along with pH1N1-alone infected cells at 4 h, and 

mock-infected cells at 8 and 12 h. The second major cluster (denoted as B) was comprised of all 

of the remaining samples, including mock-infected samples at 24 h, IAV-alone infected samples  

at 8, 12, and 24 h, MRSA-alone infected samples at 12 and 24 h post-bacterial infection, and 

pH1N1-MRSA co-infected samples at 4, 8, 12, and 24 h.  

 To gain further insight into the similarities and/or differences in the host kinome response 

of human pulmonary alveolar cells during pH1N1-MRSA co-infection as compared with 

infection with either pathogen alone, we performed biological subtraction of the time-matched 

mock-infected kinome datasets from their respective infected counterparts. Respective 

hierarchical clustering analysis of the kinome data following mock-infected background 

subtraction is presented in Figure 37. Notably, each of the time-matched samples from IAV-

alone, MRSA-alone, and IAV-MRSA infected samples clustered together, resulting in four major 

clusters. From left to right, the first cluster (denoted as A) consisted of each of the 4 h time-

matched samples, the second cluster (denoted as Cluster B) consisted of each of the 12 h time-

matched samples, the third cluster (denoted as Cluster C) consisted of each of the 8 h time-

matched samples, and the fourth cluster (denoted as Cluster D) consisted of each of the 24 h 

time-matched samples. Clusters B and C, consisting of the 8 and 12 h time points, respectively, 

clustered together more strongly than with the samples from 4 and 24 h post-MRSA infection.  
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Figure 36: Hierarchical Clustering of Temporal Kinome Responses of pH1N1, MRSA, and 

pH1N1-MRSA Infection in Epithelial Cells of a Model of the Alveolar-Capillary Barrier. 
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Figure 36: Hierarchical Clustering of Temporal Kinome Responses of pH1N1, MRSA, and 

pH1N1-MRSA Infection in Epithelial Cells of a Model of the Alveolar-Capillary Barrier. 

Primary human alveolar cells were mock-infected or infected with pH1N1 at a MOI of 0.1. 

MRSA (MOI 0.1) was added 24 h later. Cells were harvested for kinome analysis at 4, 8, 12, and 

24 h. Controls included pH1N1-alone, MRSA-alone, and mock-infected time-matched samples. 

Cell lysates were probed to quantitate host kinome responses by kinome peptide arrays. Red 

indicates upregulation, while green indicates downregulation as compared with the background. 

A and B designate the two major dataset clusters as identified following hierarchical clustering.    
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Figure 37: Background-subtracted Temporal Kinome Responses of pH1N1, MRSA, and 

pH1N1-MRSA Infection in Epithelial Cells of a Co-culture Model of the Alveolar-Capillary 

Barrier. 
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Figure 37: Background-subtracted Temporal Kinome Responses of pH1N1, MRSA, and 

pH1N1-MRSA Infection in Epithelial Cells of a Co-culture Model of the Alveolar-Capillary 

Barrier. 

Mock-infected kinome responses were subtracted from time-matched infected samples in Figure 

36. Fold change phosphorylation values are plotted for all kinase recognition sequences on the 

kinome peptide arrays. Clustering analysis was performed with the Heatmapper software suite. 

Red depicts upregulation, while green depicts downregulation as compared with the background. 

A-D designate the four major dataset clusters as identified following hierarchical clustering. 
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Moreover, the 24 h samples differentiated most strongly from each of the other time points. 

These data suggest that the modulation of the host kinome response is related strongly to post-

infection time points, with intra-time point dependent differences in the host response to the 

infection conditions.  

We next sought to identify host cell signaling responses or biological networks in the 

pH1N1-MRSA-infected pulmonary alveolar cells that were selectively modulated at 24 h post-

MRSA infection. Kinome analysis at 24 h post-MRSA addition demonstrated that pH1N1-

MRSA co-infection resulted in the activation of numerous signaling pathways as compared with  

either pH1N1- or MRSA-infection alone (Table 12). “Cytokine Signaling in Immune System” 

and “Signaling by Interleukins” had the largest number of associated proteins from our kinome 

arrays included in the analysis (56 and 44, respectively). Further, TLR pathways were not 

identified in pH1N1- or MRSA-alone datasets, while there was a unique over-representation of 

TLR signaling pathways and TLR-associated pathways during co-infection. Significant 

upregulation of cell cycle-, apoptosis-, and interferon-associated pathways was also associated 

with pH1N1-MRSA co-infection in alveolar epithelial cells. In contrast, MRSA infection alone 

resulted in relatively few upregulated pathways as compared with the mock-infected control, 

namely inflammasome- and NLR-associated signaling pathways (Table 13). Infection with 

pH1N1-alone resulted in upregulation of innate immune responses, including IFN signaling 

pathways and interleukin pathways, cell cycle- and apoptosis-associated pathways (Table 14). 

This data demonstrates that pH1N1-MRSA co-infection results in a unique cell response 

signature in primary differentiated alveolar epithelial cells grown in close proximity to 

pulmonary endothelial cells. This contrasts to kinome analysis in A549 cells where co-infection 

kinome responses largely overlapped with the pH1N1- and MRSA-alone conditions. 
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Table 12: Pathway Overrepresentation Analysis of Host Kinome Responses in Epithelial 

Cells of a Model of the Alveolar-Capillary Barrier in pH1N1-MRSA Infection (24 h post-

MRSA Infection). 

Pathway overrepresentation of primary alveolar epithelial cells co-infected with pH1N1-MRSA 

at 24 h post- infection. Cytokine Signaling in Immune System and Signaling by Interleukins 

were both strongly overrepresented. Pathways related to apoptosis, cell cycle, and TLRs were 

also overrepresented. 

Signaling Pathway Uploaded 

Protein 

Count 

Pathway 

Upregulated 

P-Value 

Estrogen responsive protein efp controls cell cycle and breast 

tumors growth 

4 1.78E-04 

Cyclin A/B1 associated events during G2/M transition 5 4.35E-04 

G1/S Transition 6 8.50E-04 

Cyclins and cell cycle regulation 7 0.001452 

Mitotic G1-G1/S phases 8 0.002268 

G2/M Checkpoints 3 0.003969 

G2/M Transition 10 0.004632 

Mitotic G2-G2/M phases 10 0.004632 

Cell Cycle Checkpoints 4 0.007759 

Cyclin A:Cdk2-associated events at S phase entry 4 0.007759 

Cyclin E associated events during G1/S transition  4 0.007759 

D4gdi signaling pathway 4 0.007759 

ERK1 activation 4 0.007759 

G0 and Early G1 4 0.007759 

IRAK1 recruits IKK complex 4 0.007759 

IRAK1 recruits IKK complex upon TLR7/8 or 9 stimulation 4 0.007759 

Internal ribosome entry pathway 4 0.007759 

Regulation of cell cycle progression by plk3 4 0.007759 

p53 signaling pathway 12 0.008093 

Cytokine Signaling in Immune system 56 0.012262 

E2F transcription factor network 5 0.012642 

Interferon alpha/beta signaling 5 0.012642 

S Phase 5 0.012642 

Signaling by Interleukins 44 0.018475 

Degradation of the extracellular matrix 6 0.018538 

ERK activation 6 0.018538 

TRAF6 mediated IRF7 activation 6 0.018538 



 

 170 

p73 transcription factor network 6 0.018538 

Cell cycle 16 0.018709 

IFN-gamma pathway 17 0.022178 

Caspase cascade in apoptosis 7 0.025372 

Cell death signalling via NRAGE, NRIF and NADE 7 0.025372 

Amyotrophic lateral sclerosis (ALS) 8 0.033073 

FOXM1 transcription factor network 8 0.033073 

Retinoic acid receptors-mediated signaling 8 0.033073 

MyD88 cascade initiated on plasma membrane 35 0.035765 

Toll Like Receptor 10 (TLR10) Cascade 35 0.035765 

Toll Like Receptor 5 (TLR5) Cascade 35 0.035765 

MyD88 dependent cascade initiated on endosome 36 0.039263 

TRAF6 mediated induction of NFkB and MAP kinases upon 

TLR7/8 or 9 activation 

36 0.039263 

Toll Like Receptor 7/8 (TLR7/8) Cascade 36 0.039263 

Cell cycle: g1/s check point 9 0.041573 

RAF/MAP kinase cascade 9 0.041573 

AndrogenReceptor 37 0.042958 

MyD88:Mal cascade initiated on plasma membrane 37 0.042958 

Toll Like Receptor 2 (TLR2) Cascade 37 0.042958 

Toll Like Receptor 9 (TLR9) Cascade 37 0.042958 

Toll Like Receptor TLR1:TLR2 Cascade 37 0.042958 

Toll Like Receptor TLR6:TLR2 Cascade 37 0.042958 

Cell Cycle 22 0.044538 

Cell Cycle, Mitotic 22 0.044538 

Interferon gamma signaling 10 0.050809 

NOD1/2 Signaling Pathway 10 0.050809 

Signalling to p38 via RIT and RIN 10 0.050809 

p75 NTR receptor-mediated signalling 10 0.050809 

ARMS-mediated activation 11 0.060718 

Factors involved in megakaryocyte development and platelet 

production 

11 0.060718 

GRB2 events in EGFR signaling 11 0.060718 

GRB2 events in ERBB2 signaling 11 0.060718 

SHC1 events in ERBB4 signaling 11 0.060718 

SOS-mediated signalling 11 0.060718 

p75(NTR)-mediated signaling 11 0.060718 

Activated TLR4 signalling 42 0.064408 

MAP kinase activation in TLR cascade 26 0.068308 

Toll Like Receptor 4 (TLR4) Cascade 43 0.069293 

SHC-mediated signalling 12 0.071243 

SHC-related events triggered by IGF1R 12 0.071243 

SHC1 events in EGFR signaling 12 0.071243 

SHC1 events in ERBB2 signaling 12 0.071243 

Oncostatin_M 27 0.075024 
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Extracellular matrix organization 13 0.082329 

FRS2-mediated cascade 13 0.082329 

Frs2-mediated activation 13 0.082329 

Interleukin-1 signaling 13 0.082329 

RIG-I/MDA5 mediated induction of IFN-alpha/beta pathways 13 0.082329 

Signaling by Leptin 13 0.082329 

Interferon Signaling 14 0.093924 

NCAM signaling for neurite out-growth 14 0.093924 

Nucleotide-binding domain, leucine rich repeat containing 

receptor (NLR) signaling pathways 

14 0.093924 

Prolonged ERK activation events 14 0.093924 

SHC-related events 14 0.093924 

VEGFR2 mediated cell proliferation 14 0.093924 
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Table 13: Pathway Overrepresentation Analysis of Host Kinome Responses in Epithelial 

Cells of a Model of the Alveolar-Capillary Barrier in MRSA Infection (24 h post-MRSA 

Infection). 

Pathway overrepresentation of alveolar epithelial cells infected with MRSA at 24 h post-

infection. Compared with pH1N1-MRSA co-infected cells, pathways related to apoptosis and 

cell cycle were markedly absent. Further, the number of overrepresented pathways was 

significantly lower compared with co-infected cells. 

Signaling Pathway Uploaded 

Protein 

Count 

Pathway 

Upregulated 

P-Value 

Regulation of Insulin-like Growth Factor (IGF) transport and 

uptake by Insulin-like Growth Factor Binding Proteins 

(IGFBPs) 

4 1.59E-04 

Metabolism of proteins 20 0.004914 

IGF1 signaling pathway 22 0.005958 

Interleukin-1 processing 3 0.018828 

PERK regulates gene expression 3 0.018828 

D4gdi signaling pathway 4 0.025051 

Internal ribosome entry pathway 4 0.025051 

Cellular roles of Anthrax toxin 5 0.031248 

Inflammasomes 5 0.031248 

The NLRP3 inflammasome 5 0.031248 

Cytosolic DNA-sensing pathway 6 0.037418 

Unfolded Protein Response (UPR) 6 0.037418 

Caspase cascade in apoptosis 7 0.043562 

FOXA2 and FOXA3 transcription factor networks 7 0.043562 

Amyotrophic lateral sclerosis (ALS) 8 0.04968 

NOD1/2 Signaling Pathway 10 0.061838 

Direct p53 effectors 11 0.067877 

Nucleotide-binding domain, leucine rich repeat containing 

receptor (NLR) signaling pathways 

14 0.085841 
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Table 14: Pathway Overrepresentation Analysis of Host Kinome Responses in Epithelial 

Cells of a Model of the Alveolar-Capillary Barrier in pH1N1 Infection (24 h post-MRSA 

Infection). 

Pathway overrepresentation of alveolar epithelial cells infected with pH1N1-alone at 24 h. 

Infection with pH1N1-alone resulted in the overrepresentation of pathways related to the innate 

immune response. Pathways related to apoptosis and cell cycle were also overrepresented, 

similar to pH1N1-MRSA co-infection in primary alveolar epithelial cells. 

Signaling Pathway Uploaded 

Protein 

Count 

Pathway 

Upregulated 

P-Value 

IFN-gamma pathway 17 4.66E-04 

D4gdi signaling pathway 4 0.003405 

Internal ribosome entry pathway 4 0.003405 

Cytokine Signaling in Immune system 56 0.007846 

Caspase cascade in apoptosis 7 0.011422 

Amyotrophic lateral sclerosis (ALS) 8 0.015016 

Signaling by FGFR1 mutants 9 0.019035 

Oncostatin_M 27 0.025447 

Factors involved in megakaryocyte development and platelet 

production 

11 0.02827 

Pathways in cancer 77 0.030483 

Glucocorticoid receptor regulatory network 12 0.033448 

p53 signaling pathway 12 0.033448 

Interferon Signaling 14 0.044833 

Signaling by FGFR mutants 15 0.051006 

EPO signaling pathway 17 0.064226 

Inhibition of cellular proliferation by gleevec 17 0.064226 

Immune System 161 0.068943 

IL2-mediated signaling events 18 0.071243 

IL6-mediated signaling events 18 0.071243 

Alternative complement pathway 3 0.073891 

Apoptotic signaling in response to dna damage 3 0.073891 

Caspase-mediated cleavage of cytoskeletal proteins 3 0.073891 

Classical complement pathway 3 0.073891 

G1/S DNA Damage Checkpoints 3 0.073891 

G2/M Checkpoints 3 0.073891 

Granzyme a mediated apoptosis pathway 3 0.073891 

IFN gamma signaling 3 0.073891 
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Ifn gamma signaling pathway 3 0.073891 

Interleukin-1 processing 3 0.073891 

Lectin induced complement pathway 3 0.073891 

PERK regulates gene expression 3 0.073891 

Regulation of Apoptosis 3 0.073891 

Terminal pathway of complement 3 0.073891 

The information processing pathway at the ifn beta enhancer 3 0.073891 

BCR 70 0.084334 

Amoebiasis 20 0.086013 

GPCR signaling 20 0.086013 

IL2 44 0.0898 

Signaling by Interleukins 44 0.0898 

Antiviral mechanism by IFN-stimulated genes 4 0.097386 

Cell Cycle Checkpoints 4 0.097386 

Complement cascade 4 0.097386 

Cyclin A:Cdk2-associated events at S phase entry 4 0.097386 

Cyclin E associated events during G1/S transition  4 0.097386 

Estrogen responsive protein efp controls cell cycle and breast 

tumors growth 

4 0.097386 

G0 and Early G1 4 0.097386 

IFN alpha signaling 4 0.097386 

IRAK1 recruits IKK complex 4 0.097386 

ISG15 antiviral mechanism 4 0.097386 

Ifn alpha signaling pathway 4 0.097386 

P53 signaling pathway 4 0.097386 

Pyruvate metabolism 4 0.097386 

Regulation of Complement cascade 4 0.097386 

Regulation of Insulin-like Growth Factor (IGF) transport and 

uptake by Insulin-like Growth Factor Binding Proteins 

(IGFBPs) 

4 0.097386 

Regulation of cell cycle progression by plk3 4 0.097386 

SHC-mediated cascade 4 0.097386 

Stress induction of hsp regulation 4 0.097386 

Systemic lupus erythematosus 4 0.097386 
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Primary pulmonary endothelial cells at the alveolar-capillary barrier were also isolated  

throughout the course of infection for kinome analysis. Hierarchical clustering analysis of the 

primary pulmonary endothelial data resulted in three major clusters, with samples infected with 

IAV-alone at 4 h clustering alone (Figure 38). From left to right, the first cluster (denoted as A) 

consisted of MRSA-alone and IAV-MRSA-infected samples at 24 h. The second cluster 

(denoted as B) was comprised of mock-infected samples at 4 h, samples infected with IAV-alone 

at 8 h, samples infected with MRSA-alone at 4, 8, and 24 h, and IAV-MRSA co-infected 

samples at 4 h post-MRSA infection. The third cluster (denoted as C) consisted of mock-infected 

samples at 8 and 12 h post-infection, IAV-alone infected samples at 12 and 24 h post-infection, 

MRSA-alone infected samples at 12 h post-bacterial infection, and IAV-MRSA infected samples 

at 8 and 12 h post-MRSA infection.  

Biological subtraction of time-matched mock-infected kinome datasets from their 

respective infected counterparts was performed, to gain further insight into the similarities and/or 

differences in the host kinome response of primary microvascular endothelial cells during 

pH1N1-MRSA co-infection (Figure 39). Once again, similar to the kinome response of epithelial 

cells, biological subtraction revealed four major clusters matched by time point. From left to 

right, the 8 h time points of pH1N1-alone, MRSA-alone, and pH1N1-MRSA infected samples 

clustered together (denoted as A). The second cluster consisted of pH1N1-alone, MRSA-alone, 

and pH1N1-MRSA infected samples at 12 h post-bacterial infection (denoted as B). The third 

cluster was comprised of the 24 h time points of IAV-alone, MRSA-alone, and IAV-MRSA 

infected samples (denoted as C). Lastly, samples infected with IAV-alone, MRSA-alone, and 

IAV-MRSA at 4 h post-bacterial infection clustered together (denoted as D). A and B clustered 

together; C and D also clustered together. These data suggest that the modulation of the host  
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Figure 38: Hierarchical Clustering of Temporal Kinome Responses of pH1N1, MRSA, and 

pH1N1-MRSA Infection in Endothelial Cells of a Model of the Alveolar-Capillary Barrier. 
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Figure 38: Hierarchical Clustering of Temporal Kinome Responses of pH1N1, 

MRSA, and pH1N1-MRSA Infection in Endothelial Cells of a Model of the 

Alveolar-Capillary Barrier. 

Primary human alveolar cells were mock-infected or infected with pH1N1 at a MOI of 

0.1. MRSA (MOI 0.1) was added 24 h later. Underlying microvascular endothelial 

cells were harvested for kinome analysis at 4, 8, 12, and 24 h. Controls included 

pH1N1-alone, MRSA-alone, and mock-infected time-matched samples. Cell lysates 

were probed to quantitate host kinome responses by kinome peptide arrays. Red 

indicates upregulation, while green indicates downregulation as compared with the 

background. A-C designate the three major dataset clusters as identified following 

hierarchical clustering. 
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Figure 39: Background-subtracted Temporal Kinome Responses of pH1N1, MRSA, and 

pH1N1-MRSA Infection in Endothelial Cells of a Model of the Alveolar-Capillary Barrier. 
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Figure 39: Background-subtracted Temporal Kinome Responses of pH1N1, MRSA, 

and pH1N1-MRSA Infection in Endothelial Cells of a Model of the Alveolar-

Capillary Barrier. 

Mock-infected kinome responses were subtracted from time-matched infected samples in 

Figure 38. Fold change phosphorylation values are plotted for all kinase recognition 

sequences on the kinome peptide arrays. Clustering analysis was performed with the 

Heatmapper software suite. Red depicts upregulation, while green depicts downregulation 

as compared with the background. A-D designate the four major dataset clusters as 

identified following hierarchical clustering.  
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kinome response is related strongly to post-infection time, mimicking that seen in the epithelial 

cells of the co-culture model. 

 Relatively few signaling pathways were differentially modulated in the endothelial cells 

during pH1N1-alone infection, JAK/STAT signaling being the most noteworthy pathway 

identified at 24 h (Table 15). MRSA-alone infection showed notable upregulation of hedgehog- 

and Wnt/-catenin-associated signaling pathways as compared with time-matched mock-infected 

controls (Table 16). In contrast, signaling pathways related to cellular stress responses, TLR 

signaling, mitogen-activated protein kinase (MAPK) responses, and vascular endothelial growth 

factor (VEGF)-3 were upregulated in pH1N1-MRSA co-infection (Table 17). This data suggests 

that co-infection results in the differential modulation of host responses within alveolar epithelial 

cells which then results in downstream modulation of associated pulmonary endothelial cells at 

the alveolar-capillary barrier. Given that our TEER data demonstrated that co-infection of our 

model of the alveolar-capillary barrier resulted in increased permeability, our kinome data 

provides the identities of specific signaling pathways and cellular responses (e.g. interferons, 

interleukins) that are selectively modulated during pH1N1-MRSA co-infection and modulate 

barrier permeability.  

Cytokine Expression is Modulated during pH1N1-MRSA Co-infection in a Co-culture 

Model of the Alveolar-Capillary Barrier 

As our kinome data had revealed that host cell signaling in pH1N1-MRSA co-infection is highly 

distinct as compared with that seen in pH1N1-alone or MRSA-alone infection, we next sought to 

characterize the expression of pro-inflammatory cytokines by pH1N1-, MRSA-, and pH1N1-

MRSA infected cells. Supernatants were collected at 4, 8, 12, and 24 h post-MRSA addition   
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Table 15: Pathway Overrepresentation Analysis of Host Kinome Responses in Endothelial 

Cells of a Model of the Alveolar-Capillary Barrier in pH1N1 Infection (24 h post-MRSA 

Infection). 

Pathway overrepresentation of microvascular endothelial cells infected with pH1N1-alone at 24 

h. Few pathways were overrepresented with JAK/STAT signaling being the most noteworthy.  

 

  

Signaling Pathway Uploaded 

Protein 

Count 

Pathway 

Upregulated 

P-Value 

Pyruvate metabolism 4 0.007759 

IL23-mediated signaling events 11 0.060718 

Pyruvate metabolism and Citric Acid (TCA) cycle 11 0.060718 

JAK/STAT signaling pathway 27 0.075024 

The citric acid (TCA) cycle and respiratory electron transport 13 0.082329 
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Table 16: Pathway Overrepresentation Analysis of Host Kinome Responses in Endothelial 

Cells of a Model of the Alveolar-Capillary Barrier in MRSA Infection (24 h post-MRSA 

Infection). 

Pathway overrepresentation of primary microvascular endothelial cells infected with MRSA-

alone at 24 h. The most notable pathways included those related to the Hedgehog and Wnt/ -

catenin signaling pathways. 

 

Signaling Pathway Uploaded 

Protein 

Count 

Pathway 

Upregulated 

P-Value 

Hedgehog signaling pathway 6 1.78E-04 

Hedgehog 'off' state 4 8.70E-04 

Signaling by Hedgehog 4 8.70E-04 

Degradation of GLI2 by the proteasome 3 0.011089 

GLI3 is processed to GLI3R by the proteasome 3 0.011089 

Metabolism of lipids and lipoproteins 3 0.011089 

PKA-mediated phosphorylation of CREB 3 0.011089 

Transcription regulation by methyltransferase of carm1 3 0.011089 

Beta-catenin phosphorylation cascade 4 0.021308 

CREB phosphorylation through the activation of CaMKII 4 0.021308 

CRMPs in Sema3A signaling 4 0.021308 

GPCR Dopamine D1like receptor signaling pathway 4 0.021308 

Metabolism 4 0.021308 

Presenilin action in Notch and Wnt signaling 12 0.033806 

Repression of pain sensation by the transcriptional regulator 

dream 

5 0.034124 

Vasopressin-regulated water reabsorption 5 0.034124 

AMER1 mutants destabilize the destruction complex 6 0.049193 

APC truncation mutants are not K63 polyubiquitinated 6 0.049193 

APC truncation mutants have impaired AXIN binding 6 0.049193 

AXIN missense mutants destabilize the destruction complex 6 0.049193 

AXIN mutants destabilize the destruction complex, activating 

WNT signaling 

6 0.049193 

Ca-calmodulin-dependent protein kinase activation 6 0.049193 

Degradation of beta-catenin by the destruction complex 6 0.049193 

S33 mutants of beta-catenin aren't phosphorylated 6 0.049193 

S37 mutants of beta-catenin aren't phosphorylated 6 0.049193 
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S45 mutants of beta-catenin aren't phosphorylated 6 0.049193 

Stathmin and breast cancer resistance to antimicrotubule agents 6 0.049193 

T41 mutants of beta-catenin aren't phosphorylated 6 0.049193 

TCF7L2 mutants don't bind CTBP 6 0.049193 

Deletions in the AMER1 gene destabilize the destruction 

complex 

6 0.049193 

Deletions in the AXIN genes in hepatocellular carcinoma result 

in elevated WNT signaling 

6 0.049193 

Misspliced GSK3beta mutants stabilize beta-catenin 6 0.049193 

Phosphorylation site mutants of CTNNB1 are not targeted to 

the proteasome by the destruction complex 

6 0.049193 

Truncated APC mutants destabilize the destruction complex 6 0.049193 

Truncations of AMER1 destabilize the destruction complex 6 0.049193 

RNF mutants show enhanced WNT signaling and proliferation 14 0.051314 

Signaling by WNT in cancer 14 0.051314 

TCF dependent signaling in response to WNT 14 0.051314 

XAV939 inhibits tankyrase, stabilizing AXIN 14 0.051314 

Misspliced LRP5 mutants have enhanced beta-catenin-

dependent signaling 

14 0.051314 

Disassembly of the destruction complex and recruitment of 

AXIN to the membrane 

7 0.066198 

Wnt signaling pathway 26 0.072268 

Noncanonical Wnt signaling pathway 8 0.084852 

Wnt signaling pathway 8 0.084852 
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Table 17: Pathway Overrepresentation Analysis of Host Kinome Responses in Endothelial 

Cells of a Model of the Alveolar-Capillary Barrier in pH1N1-MRSA Infection (24 h post-

MRSA Infection). 

Pathway overrepresentation of primary microvascular endothelial cells co-infected with pH1N1-

MRSA at 24 h. Many pathways overlapped with those seen in pH1N1-alone, including those 

related to Hedgehog and Wnt/-catenin signaling. Pathways related to MAPK and VEGF-3 

signaling were overrepresented only in co-infected cells. 

Signaling Pathway Uploaded 

Protein 

Count 

Pathway 

Upregulated 

P-Value 

Hedgehog 'off' state 4 7.05E-04 

Signaling by Hedgehog 4 7.05E-04 

Hedgehog signaling pathway 6 0.003249 

Class I MHC mediated antigen processing & presentation 8 0.008394 

Degradation of GLI2 by the proteasome 3 0.009664 

GLI3 is processed to GLI3R by the proteasome 3 0.009664 

Transcription factor creb and its extracellular signals 17 0.013452 

Cellular responses to stress 36 0.013505 

VEGFR3 signaling in lymphatic endothelium 10 0.016598 

Antigen processing-Cross presentation 4 0.018624 

Beta-catenin phosphorylation cascade 4 0.018624 

Circadian Clock 11 0.021926 

Factors involved in megakaryocyte development and platelet 

production 

11 0.021926 

CREB phosphorylation 5 0.029912 

Tnfr1 signaling pathway 5 0.029912 

Role of Calcineurin-dependent NFAT signaling in lymphocytes 13 0.035082 

Signaling by Wnt 23 0.039044 

MAPK targets/ Nuclear events mediated by MAP kinases 14 0.042903 

P38 mapk signaling pathway 14 0.042903 

RNF mutants show enhanced WNT signaling and proliferation 14 0.042903 

Signaling by WNT in cancer 14 0.042903 

TCF dependent signaling in response to WNT 14 0.042903 

XAV939 inhibits tankyrase, stabilizing AXIN 14 0.042903 

Misspliced LRP5 mutants have enhanced beta-catenin-

dependent signaling 

14 0.042903 

AMER1 mutants destabilize the destruction complex 6 0.043243 
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APC truncation mutants are not K63 polyubiquitinated 6 0.043243 

APC truncation mutants have impaired AXIN binding 6 0.043243 

AXIN missense mutants destabilize the destruction complex 6 0.043243 

AXIN mutants destabilize the destruction complex, activating 

WNT signaling 

6 0.043243 

Degradation of beta-catenin by the destruction complex 6 0.043243 

Degradation of the extracellular matrix 6 0.043243 

S33 mutants of beta-catenin aren't phosphorylated 6 0.043243 

S37 mutants of beta-catenin aren't phosphorylated 6 0.043243 

S45 mutants of beta-catenin aren't phosphorylated 6 0.043243 

Stathmin and breast cancer resistance to antimicrotubule agents 6 0.043243 

T41 mutants of beta-catenin aren't phosphorylated 6 0.043243 

TCF7L2 mutants don't bind CTBP 6 0.043243 

Deletions in the AMER1 gene destabilize the destruction 

complex 

6 0.043243 

Deletions in the AXIN genes in hepatocellular carcinoma result 

in elevated WNT signaling 

6 0.043243 

Misspliced GSK3beta mutants stabilize beta-catenin 6  

Phosphorylation site mutants of CTNNB1 are not targeted to 

the proteasome by the destruction complex 

6  

Truncated APC mutants destabilize the destruction complex 6 0.043243 

Truncations of AMER1 destabilize the destruction complex 6 0.043243 

Signaling mediated by p38-alpha and p38-beta 15 0.051533 

MAP kinase activation in TLR cascade 26 0.05824 

Wnt signaling pathway 26 0.05824 

Fas signaling pathway 7 0.058356 

Disassembly of the destruction complex and recruitment of 

AXIN to the membrane 

7 0.058356 

RAC1 signaling pathway 17 0.071129 

Amyotrophic lateral sclerosis (ALS) 8 0.075009 

ERK/MAPK targets 8 0.075009 

Fas signaling pathway (cd95) 8 0.075009 

Noncanonical Wnt signaling pathway 8 0.075009 

Recycling pathway of L1 8 0.075009 

ErbB signaling pathway 42 0.089179 

Antigen processing and presentation 9 0.092985 

Regulation of Androgen receptor activity 9 0.092985 

RhoA signaling pathway 9 0.092985 

MAPK signaling pathway 69 0.09367 
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and cytokine concentration measured using a MilliPlex Human Cytokine/Chemokine Magnetic 

Bead Panel MAP kit for each condition at 4, 8, 12, and 24 h. We screened for 15 cytokines based 

on previous observations from the literature, though measurable responses were only observed 

for 7: epidermal growth factor (EGF), fibroblast growth factor 2 (FGF-2), IL-6, IL-8, interferon 

gamma-induced protein 10 (IP-10/CXCL10), monocyte chemoattractant protein-1 (MCP-

1/CCL2), and VEGF.  

 As seen in Figure 40A, time (P = 0.0039) and the infection condition (P < 0.0001) were 

each statistically significant when measuring EGF secretion; however the interaction between the 

two was not (P = 0.5492). There was a trend towards EGF repression in pH1N1-alone and 

pH1N1-MRSA infection at 4, 8, 12, and 24 h as compared with mock-infected samples.  

Nevertheless, significant downregulation was only observed at 12 h in pH1N1-alone (P = 

0.0003) and pH1N1-MRSA (P = 0.0002) infection and was resolved by 24 h. Conversely, EGF 

expression in MRSA-alone infection was similar to expression in mock-infected samples at 4, 8, 

and 24 h; however, EGF was repressed at 12 h in MRSA-alone infection as compared with 

mock-infection. This suggests that while the presence of pH1N1 affects EGF expression, the 

presence of MRSA-alone does not result in modulation. 

 When measuring FGF-2 expression (Figure 40B), time (P < 0.0001), the infection 

condition (P < 0.0001), and the interaction between the two (P = 0.0009) were each statistically 

significant. At 4 h, significant upregulation was observed in pH1N1- alone infection (P = 

0.0053). At 8 h, MRSA-alone was significantly repressed (P = 0.0001). At 12 h, pH1N1-alone (P 

= 0.0035) and pH1N1-MRSA (P = 0.0140) were both significantly upregulated. At 24 h, 

pH1N1-alone (P = 0.0008) and pH1N1-MRSA (P = 0.0002) were both upregulated as compared 

with mock-infection.  
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Figure 40: EGF and FGF-2 Secretion in pH1N1, MRSA, and pH1N1-MRSA Infection in a 

Model of the Alveolar-Capillary Barrier. 
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Figure 40: EGF and FGF-2 Secretion in pH1N1, MRSA, and pH1N1-MRSA 

Infection in a Model of the Alveolar-Capillary Barrier. 

Primary human alveolar cells were mock-infected or infected with pH1N1 at a MOI of 

0.1. MRSA (MOI 0.1) was added 24 h later. Supernatants were harvested at 4, 8, 12, 

and 24 h and cytokine levels determined using the Milliplex MAP multiplex kit. Error 

bars represent SEM calculated from three biological replicates (n = 3).  

A) When measuring EGF secretion, time (P = 0.0039) and the infection condition 

(P < 0.0001) were each statistically significant; however the interaction 

between the two was not (P = 0.5492). At 12 h, pH1N1-alone (P = 0.0003) and 

pH1N1-MRSA (P = 0.0002) were both significantly downregulated. 

B) When measuring FGF-2 secretion, time (P < 0.0001), the infection condition (P 

< 0.0001), and the interaction between the two (P = 0.0009) were each 

statistically significant. At 4 h, pH1N1-alone was significantly upregulated (P 

= 0.0053). At 8 h, MRSA-alone was significantly downregulated (P < 0.0001). 

At 12 h, pH1N1-alone (P = 0.0035) and pH1N1-MRSA (P = 0.0140) were both 

significantly upregulated. This upregulation continued at 24 h in pH1N1-alone 

(P = 0.0008) and pH1N1-MRSA (P = 0.0002). 
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When measuring IL-6 secretion, time, the infection condition, and the interaction 

between the two were each statistically significant (P < 0.0001 for each; Figure 41A). A trend 

towards IL-6 upregulation is observed in pH1N1-alone infection and pH1N1-MRSA co-infection 

at each time point, with statistical significance at 8 and 24 h in pH1N1-MRSA infection (P = 

0.0303 and P < 0.0001, respectively) and 24 h in pH1N1-alone infection (P < 0.0001). 

Alternatively in our MRSA-alone infections, expression of IL-6 was similar to mock-infection at 

4, 8, and 12 h, with upregulation seen only at 24 h. This suggests that the presence of MRSA 

does not affect IL-6 expression, while IL-6 may play a role in cytokine signaling in the presence 

of pH1N1. 

When measuring IL-8 secretion, time (P < 0.0001), the infection condition (P < 0.0001), 

and the interaction between the two (P = 0.0050) were each statistically significant. There was a 

trend towards IL-8 upregulation in each infection condition at every time point (Figure 41B). 

Statistically significant upregulation was seen at 4, 8, 12, and 24 h in pH1N1-alone infection (P 

= 0.0059, P = 0.0056, P = 0.0280, and P < 0.0001, respectively). IL-8 was also significantly 

upregulated at 4, 8, and 24 h in pH1N1-MRSA co-infection (P = 0.0002, P < 0.0001, and P < 

0.0001). In cells infected with MRSA-alone, IL-8 was significantly upregulated at 24 h (P = 

0.0016). This suggests that IL-8 may play an important role in cytokine signaling in the presence 

of each pathogen, but especially in pH1N1-alone infection. 

As seen in Figure 42A, when measuring IP-10, time, the infection condition, and the 

interaction between the two were each statistically significant (P < 0.0001 for all). Upregulation 

of IP-10 was observed at every time point in each condition as compared with our mock-infected 

samples. Highly significant upregulation was seen at 4, 8, 12 and 24 h in pH1N1-alone infection 

(P < 0.0001 for each time point) and at 4, 8, 12, and 24 h in pH1N1-MRSA infection (P <  
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Figure 41: IL-6 and IL-8 Secretion in pH1N1, MRSA, and pH1N1-MRSA Infection in a 

Model of the Alveolar-Capillary Barrier.  
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Figure 41: IL-6 and IL-8 Secretion in pH1N1, MRSA, and pH1N1-MRSA Infection in a 

Model of the Alveolar-Capillary Barrier. 

Primary human alveolar cells were mock-infected or infected with pH1N1 at a MOI of 0.1. 

MRSA (MOI 0.1) was added 24 h later. Supernatants were harvested at 4, 8, 12, and 24 h and 

cytokine levels determined using the Milliplex MAP multiplex kit. Error bars represent SEM 

calculated from three biological replicates (n = 3).  

A) When measuring IL-6 secretion, time, the infection condition, and the interaction between 

the two were each statistically significant (P < 0.0001 for each). At 8 h, pH1N1-MRSA 

was significantly upregulated (P = 0.0303). At 24 h, pH1N1-alone and pH1N1-MRSA 

were significantly upregulated (P < 0.0001 for both).  

B) When measuring IL-8 secretion, time (P < 0.0001), the infection condition (P < 0.0001), 

and the interaction between the two (P = 0.0050) were each statistically significant. At 4 

h, pH1N1-alone (P = 0.0059) and pH1N1-MRSA (P = 0.0002) were significantly 

upregulated. At 8 h, pH1N1-alone (P = 0.0056) and pH1N1-MRSA (P < 0.0001) were 

again significantly upregulated. At 12 h, pH1N1-alone was significantly upregulated (P = 

0.0280). At 24 h, pH1N1-alone, MRSA-alone, and pH1N1-MRSA were each 

significantly upregulated (P < 0.0001, P = 0.0016, P < 0.0001, respectively). 

 

 

 



 

 192 

 

 

  

4 8 12 24
0

25
50

1000

2000

3000

4000

5000

6000

Time (hours)

C
y
to

k
in

e
 S

e
c
re

ti
o

n
 (

p
g

/m
L

)

IP-10

Mock pH1N1 MRSA pH1N1-MRSA

****

****

****

****
****

****
**** ****

4 8 12 24
0

1000

2000

3000

4000

Time (hours)

C
y
to

k
in

e
 S

e
c
re

ti
o

n
 (

p
g

/m
L

)

MCP-1

Mock pH1N1 MRSA pH1N1-MRSA

****

Figure 42: IP-10 and MCP-1 Secretion in pH1N1, MRSA, and pH1N1-MRSA Infection 

in a Model of the Alveolar-Capillary Barrier. 
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Figure 42: IP-10 and MCP-1 Secretion in pH1N1, MRSA, and pH1N1-MRSA 

Infection in a Model of the Alveolar-Capillary Barrier.  

Primary human alveolar cells were mock-infected or infected with pH1N1 at a MOI 

of 0.1. MRSA (MOI 0.1) was added 24 h later. Supernatants were harvested at 4, 8, 

12, and 24 h and cytokine levels determined using the Milliplex MAP multiplex kit. 

Error bars represent SEM calculated from three biological replicates (n = 3).  

A) When measuring IP-10, time, the infection condition, and the interaction 

between the two were each statistically significant (P < 0.0001 for all). At 12 

h, pH1N1-alone is significantly upregulated (P = 0.0043). At 24 h, both 

pH1N1-alone and pH1N1-MRSA are significantly upregulated (P < 0.001 for 

both).  

B) When measuring MCP-1, time (P < 0.0001), the infection condition (P < 

0.0001), and the interaction between the two (P = 0.0018) were each 

statistically significant. At 24 h, pH1N1-alone was significantly upregulated 

(P < 0.0001).  
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0.0001). This suggests that IP-10 is highly upregulated in the presence of pH1N1, and that this 

trend proceeds throughout pH1N1 infection.  

When measuring MCP-1, time (P < 0.0001), the infection condition (P < 0.0001), and the 

interaction between the two (P = 0.0018) were each statistically significant. Expression of MCP-

1 was upregulated in pH1N1-alone and pH1N1-MRSA infection at each time point, while 

expression was repressed in MRSA-alone infection at each time point (Figure 42B). Significant 

upregulation of MCP-1 was observed at 24 h post in pH1N1-alone infection (P < 0.0001). This 

suggests that while pH1N1 infection results in upregulation of MCP-1, the addition of MRSA 

does not result in a further increase of MCP-1 release beyond that found for pH1N1-alone 

infection. 

When measuring VEGF, time (P < 0.0001), the infection condition (P < 0.0001), and the 

interaction between the two (P = 0.0005) were statistically significant. VEGF was significantly 

repressed at 4 h in each infection condition as compared with our mock-infected samples (P < 

0.0001 for all three conditions; Figure 43). This repression was also observed at 8, 12, and 24 h 

post-MRSA infection in pH1N1-alone infection and pH1N1-MRSA co-infection, with 

significant repression occurring at 8 h in pH1N1-MRSA infection (P = 0.0019). In contrast, 

similar expression of VEGF in mock-infected and MRSA-alone infected samples was observed 

at 8 and 12 h. This suggests that infection with a pathogen, whether viral or bacterial, may result 

in repression of the cytokine VEGF.  

Taken together, these data suggest that cytokine expression by our co-culture model may 

play an important role in barrier disruption. Downregulation of our growth factors, EGF and 

VEGF, may play an important role in IAV-bacterial co-infection at the alveolar-capillary barrier,  
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Figure 43: VEGF Secretion in pH1N1, MRSA, and pH1N1-MRSA Infection in a Model 

of the Alveolar-Capillary Barrier. 



 

 196 

 

  

Figure 43: VEGF Secretion in pH1N1, MRSA, and pH1N1-MRSA Infection in a 

Model of the Alveolar-Capillary Barrier.  

Primary human alveolar cells were mock-infected or infected with pH1N1 at a MOI of 

0.1. MRSA (MOI 0.1) was added 24 h later. Supernatants were harvested at 4, 8, 12, and 

24 h and chemokine levels determined using the Milliplex MAP multiplex kit. Error bars 

represent SEM calculated from three biological replicates (n = 3). When measuring 

VEGF, time (P < 0.0001), the infection condition (P < 0.0001), and the interaction 

between the two (P = 0.0005) were statistically significant. At 4 h, pH1N1-alone, 

MRSA-alone, and pH1N1-MRSA were each significantly repressed (P < 0.0001). At 8 h, 

pH1N1-MRSA continued to be significantly repressed (P = 0.0019).  
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while significant upregulation of other chemokines may imply that inflammation plays an 

important role in pH1N1-MRSA disease pathogenesis in our co-culture model.  
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Discussion 

Secondary bacterial infections complicate both seasonal and pandemic IAV infections, 

resulting in increased morbidity and mortality [49]. Most notably, ~95% of lethal cases during 

the 1918 Spanish flu were complicated by a secondary bacterial infection [49, 260, 261]. More 

recently, up to 44% of fatal cases from the 1968 H3N2 Hong Kong flu pandemic and 55% of 

fatal cases from the 2009 H1N1 swine flu pandemic were complicated by secondary bacterial 

infections, including S. aureus [49, 262]. Bacteria have the ability to sense and adapt to their 

surrounding environment, including during infection. This includes the modulation of replication 

kinetics and the synthesis of virulence factors or toxins, which can enhance both adhesive and 

invasive properties [326]. As such, we first sought to assess the role of bacterial factors in 

influenza-bacterial co-infection-mediated alveolar epithelial cell barrier dysfunction, followed by 

the role the host response plays in dysfunction. Pathophysiology associated with co-infection is 

thought to occur mainly in the lower respiratory tract [262]. Thus, we began by utilizing the 

well-characterized alveolar epithelial adenocarcinoma A549 cells for our investigation. While it 

is appreciated that the potential biological implications of immortalized cell host response data 

must be interpreted cautiously, A549 cells provide the opportunity to assess alveolar epithelial 

cell responses directly in a well-characterized cell line. We also demonstrated that bacterial 

replication kinetic trends were nearly identical in the presence or absence of pH1N1-MRSA co-

infection in both A549 cells and HBEC3-KT cells, a normal human bronchial cell line. Further, 

barrier dysfunction analysis by ECIS demonstrated similar trends in loss of barrier integrity 

during MRSA infection alone or in conjunction with pH1N1 in both A549 and HBEC3-KT cells.  

Despite previous studies hypothesizing that pre-existing IAV infection may enhance 

MRSA replication in a monolayer of alveolar epithelial cells due to the exposure of additional 
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bacterial binding sites on infected cells, this was not observed in human alveolar cells [327]. 

Virtually identical bacterial replication kinetics were observed regardless of the IAV strain used 

to infect A549 cells prior to MRSA addition; no significant difference was seen at any time point 

between any infection condition. We also demonstrated that whether bacterial infection occurs 

simultaneously with pH1N1 infection or at peak viremia has no bearing on bacterial replication. 

Together, this would suggest that cellular damage induced by pre-existing IAV infections does 

not affect MRSA fitness in respiratory alveolar cells, as previously postulated. This is further 

supported by the similar trend observed when MRSA replication kinetics were studied in 

HBEC3-KT cells, a normal human bronchial cell line, co-infected with pH1N1.  

When MRSA was co-infected with IAV in A549 cells, the expression of virulence factors 

directly related to adhesion and invasion were selectively upregulated at 1 and 4 h, but not at any 

later time points. This upregulation of gene expression corresponded with the beginning of the 

exponential phase of MRSA in our replication data, suggesting that adhesion and invasion play a 

critical role in the initial stages of MRSA replication and infection. At 1 h post-MRSA infection, 

upregulation was observed in a number of virulence factor genes. However, significant 

upregulation occurred only in hla, hlgA, and spA in the presence of specific IAVs. Both hla and 

hlgA act as MRSA toxins. The hla genes codes for -hemolysin, which forms pores in the 

cytoplasmic membrane of infected cells, resulting in lysis [328]. Similarly, hlgA is part of the -

hemolysin locus and is also involved in hemolysis by forming pores in the cytoplasmic 

membrane of infected cells [329-332]. The product of spA, SpA, mediates binding and adhesion 

to airway epithelial cells, while also being able to repress innate and adaptive immune responses 

[333]. Multiple mouse models have demonstrated that SpA plays an important role in pneumonia 
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[334-336]. Besides mediating binding and adhesion to cells, SpA is able to bind to the Fc 

domain of IgG, thus preventing IgG from binding to host receptors [337]. 

Both hla and hlgA were significantly upregulated in pH1N1-MRSA infected cells; hla 

was also significantly upregulated in the case of pH1N1+MRSA co-infection. This may suggest 

a critical role for the bacterial toxins hla and hlgA in the immediate stages of MRSA infection 

which may contribute to secondary bacterial co-infection pathogenesis in the presence of 

pH1N1. Additionally, this may suggest that hemolysis of MRSA-infected cells plays an 

important role in the initial stages of MRSA infection in the presence of pH1N1, and that this 

hemolysis may occur via a number of pathways. Moreover, -hemolysin is known to play a role 

in clinical pneumonia [177]. Lastly, spA was significantly upregulated in sH3N2-MRSA co-

infections. Upregulation of spA at 1 h post-MRSA addition suggests that IAV infection of 

alveolar epithelial cells results in cellular damage and exposure of host molecules in the 

extracellular matrix and plasma membrane.  

At 4 h post-MRSA addition, significant upregulation was observed in hlgA, sbi and spA. 

As mentioned previously, hlgA is involved in hemolysis and plays a role in clinical pneumonia  

[177]. Sbi, the product of sbi, is involved in the binding of the Fc domain of immunoglobulin, as 

well as binding complement protein C3 and promoting C3-C3b conversion [106, 338, 339]. The 

binding of Sbi to IgG and C3 may result in the recruitment of plasmin to degrade the bound 

complement components, a novel immune evasion approach [337]. As previously mentioned, 

SpA is also able to bind IgG [337]. The expression of sbi was significantly upregulated at 4 h in 

sH1N1-MRSA co-infections. Alternately, spA was significantly upregulated in sH3N2-MRSA 

co-infections. This upregulation occurred only in the seasonal IAVs studied, and corresponds 

with mid-exponential phase for both sH1N1 and sH3N2. Significant upregulation of virulence 
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factors able to bind IgG, and thus inhibit antibody responses and the development of protective 

antibody-mediated immunity suggests that sH1N1 and sH3N2 may aid in eliciting a stronger 

immune evasion response in MRSA.  

The modulation of nine other bacterial virulence factors associated with bacterial 

adhesion and invasion were also studied via RT-qPCR. Coagulase, the product of coa, triggers 

the cleavage of fibrinogen to fibrin, as well as binding and activation of prothrombin, making it 

an important virulence factor in MRSA adhesion to epithelial cells [114, 330, 340]. The ebpS 

gene codes for a cell-wall associated protein which facilitates the initial attachment of MRSA to 

host cells by binding elastin in injured tissues ,while eno binds to laminin, a fibrous protein 

present in the basal lamina of the epithelia [108, 331]. The fnb locus codes for both fnbA and 

fnbB which bind to fibronectin, fibrinogen, and elastin to mediate adhesion to cells for 

internalization [216, 330, 331, 341-343]. The icaA and icaB genes are coded for by the ica locus, 

and are involved in intracellular adhesion and biofilm formation. Specifically, icaA encodes N-

acetylglucosaminyltransferase while the product of icaB is the deacetylase responsible for 

deacetylation  of poly-N-acetylglucosamine, both of which are essential for biofilm formation 

[86, 344-346]. Lastly, sek and seq are secreted exotoxins known as Staphylococcal enterotoxin K 

and Q, respectively, which are able to alter the permeability of the cell membrane, resulting in 

the lysis of infected cells [347, 348]. Staphylococcal enterotoxin K is known to play a role in 

sepsis induced by MRSA USA300 [347]. 

Taken together, our data suggest that IAV infection of alveolar epithelial cells results in 

cellular damage and subsequent exposure of host molecules (i.e., fibrinogen, elastin, and 

fibronectin) in the extracellular matrix and plasma membrane, resulting in the upregulation of 

MRSA binding factors. Moreover, specific bacterial adhesion and invasion factors may provide 
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an advantage for bacterial entry into influenza-infected cells. Further investigations of the 

relation between targeted inhibition of upregulated genes, such as hla, hlgA, spA, and sbi, and 

IAV-MRSA co-infection pathogenesis in alveolar epithelial cells are warranted and may provide 

important information regarding novel antimicrobial therapeutic targets. Specifically, 

investigation into the role of spA, which was significantly upregulated in the presence of pH1N1 

and sH3N2 IAVs, may result in a further understanding of the severe pathogenesis seen in IAV-

MRSA co-infection, and a possible therapeutic target. Likewise, investigation of toxins 

significantly upregulated by MRSA in the presence of IAVs, such as hla and hlgA, may further 

our understanding of the severe pathogenesis seen in IAV-MRSA co-infection at the alveolar-

capillary barrier. Additionally, these toxins are often involved in tissue penetration and enable 

MRSA to invade the host cells, and as such may provide important information regarding novel 

antimicrobial therapeutic targets [332]. However, our data also suggest that there is likely no 

competitive advantage for expression of adherence and invasion-related bacterial virulence 

factors post-entry between IAV-MRSA infection and MRSA-alone infection. Further analyses of 

additional bacterial toxins and virulence factors may provide evidence for bacterial molecules 

that are related to post-bacterial adhesion/invasion co-infection pathogenesis. 

As our analyses of the modulation of bacterial factors in IAV-MRSA co-infections did 

not reveal why secondary bacterial infections result in a severe disease pathogenesis, we next 

chose to examine the host response. We first began by studying the dysfunction of alveolar 

epithelial cells when infected with IAV-MRSA, using ECIS. The addition of any IAV-alone to 

the alveolar epithelial cells at a low MOI of 0.1 did not result in a significant decrease in 

resistance, nor any negative repercussions in regards to barrier integrity. This reflects the 

majority of influenza infections in healthy adults, which do not generally result in severe disease 
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[33, 349]. However, the addition of high MOI (3.0) pH1N1 resulted in significantly decreased 

barrier integrity and may reflect a relation between exacerbated disease and infectious titer of the 

exposure. 

In contrast, the addition of MRSA resulted in significant decrease in resistance and 

eventual loss of alveolar epithelial barrier integrity across all tested MOIs. Clinically, MRSA 

colonization is known to occur in healthy, young adults and may lead to overt infections, such as 

pneumonia [195, 350]. Additionally, the development of bacterial pneumonia is known to result 

in inflammation of the lungs and hypoxemia, a direct result of cell barrier failure [351].  

Resistance measurement trends were nearly identical between the MRSA-alone and IAV-MRSA 

infections following the addition of MRSA. These data suggest that while influenza infection 

may provide for increased adhesion and/or attachment of bacteria to the surfaces of infected 

epithelial cells, disruption of alveolar epithelial cell barrier function appears highly dependent on 

the induction of bacterial- or host cell-mediated cytotoxicity. However, the role of these 

differentially expressed virulence factors in additional post-infection processes in the lung 

remain to be determined.  

Our ECIS data suggested that disruption of the alveolar monolayer was not a result of 

IAV infection, as barrier integrity remained similar regardless of the IAV strain used to infect 

alveolar epithelial cells However, loss of barrier integrity was observed upon infection with 

MRSA, whether on its own or in conjunction with IAV. As such, we hypothesized that the 

severe disease pathogenesis observed in IAV-MRSA co-infection may be a result of a 

dysregulated host response. Our characterization of the temporal host kinome response of 

alveolar epithelial cells in response to pH1N1-MRSA co-infection supported this idea that host 

response dysregulation plays an integral role in co-infection pathogenesis. Interestingly, the host 
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kinome response of pH1N1-MRSA co-infected alveolar epithelial cells clustered most strongly 

with that of cells infected with pH1N1-alone. This was perhaps surprising, as significant 

upregulation of bacterial virulence factors was observed at these time points, including those 

with immunomodulatory activities.  

For example, spA was significantly upregulated in pH1N1+MRSA and sH3N2-MRSA 

co-infected samples at 1 h post-MRSA addition. A previous investigation by Kumar et al. 

demonstrated that stimulation of epithelial cells with SpA resulted in the induction of TNF and 

IL-8 secretion and activation of NFB signaling [352]. Gene ontology analysis demonstrated that 

IL-6-, IL-8-, TNF-, and NFB-mediated signaling events were overrepresented in pH1N1-

MRSA co-infected epithelial cells, while absent in our MRSA-alone and pH1N1-alone infected 

samples. Upregulation of these signaling events corresponds with the upregulation of spA 

expression in the co-infected samples as compared with MRSA infection alone. This suggests 

that while the early host response during co-infection is largely dominated by the induction of 

antiviral responses, the upregulation of bacterial virulence factors might have an underlying 

influence on the induction of antiviral responses and host cell cytotoxic responses. Additionally, 

a study by Gonzalez et al. demonstrated that Sbi also induces production of IL-6 and CXCL1 in 

mice [353]. As the expression of sbi was significantly upregulated in sH1N1-MRSA infected 

cells at 4 h, further analysis of the host kinome response during MRSA co-infection with other 

IAVs should be done to fully understand the effect of bacterial virulence factors on the host 

response.  

Direct comparison of host kinome responses during pH1N1-MRSA infection and MRSA-

alone infection suggests that a stronger apoptosis response is seen in co-infected samples during 

the 8-12 h transition phase. This supports our hypothesis that IAV-MRSA co-infections 
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specifically alter host cellular responses as compared with either pathogen alone. Focused in 

vitro and in vivo investigations of the contributions of host response dysregulation, and in 

particular modulation of alveolar epithelial cell apoptosis, may provide important clues to the 

molecular mechanisms underlying the pathophysiology of influenza-bacterial co-infections.  

In contrast, the kinome data for pH1N1-MRSA co-infection and MRSA-alone infection 

clustered together from 16 h onwards. This was reflected in strong upregulation of cell death 

responses, such as apoptosis-related pathways, in both infection conditions. From 8-12 h post-

MRSA infection, host kinome data from the three different infection conditions clustered 

together. Taken together, our clustering data suggest that the host response transitions from an 

influenza- to bacterial-centric response during infection. Importantly, this transition phase in the 

host response corresponded with mid- to late-exponential MRSA growth in the presence of 

pH1N1.  

Our investigations of IAV-MRSA co-infections in an alveolar epithelial monolayer 

suggested that severe disease pathogenesis is a result of dysregulation of the host response. As 

such, further studies concerning IAV-MRSA co-infections in an in vitro model which more 

closely mimicked the alveolar-capillary barrier were warranted. We developed a co-culture 

model of the alveolar-capillary barrier using primary human pulmonary alveolar epithelial cells 

and primary human pulmonary microvascular endothelial cells. This model allowed us to study 

the host response of differentiated primary alveolar cells and the downstream response of 

primary microvascular endothelial cells.   

As our previous investigations had revealed that the presence of IAV did not affect the 

growth kinetics of MRSA in A549s, an adenocarcinoma alveolar cell line, we next sought to 

clarify these observations in a physiologically-relevant model of the lower respiratory tract. For 
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this, we constructed a primary co-culture model of the alveolar-capillary barrier. No significant 

differences were found for MRSA replication kinetics at any time point across our different 

infection conditions. This further supports our previous conclusion that pre-existing IAV 

infections do not affect MRSA fitness in alveolar epithelial cells. Specifically, this suggests that 

MRSA fitness is not altered by cellular damage or host molecule secretion resulting from pre-

existing pH1N1 influenza infection at the alveolar-capillary barrier. This also suggests that the 

increased disease severity associated with influenza bacterial co-infections is not simply due to 

increased bacterial burden within the lungs during co-infection.  

Similar to our previous findings in A549 cells, the expression of virulence factors related 

to adhesion and invasion were selectively upregulated only at 1 and 4 h in the model. This 

upregulation of gene expression corresponded with the lag phase of MRSA at 1 and 4 h post-

addition. At 1 h post-MRSA infection, upregulation was observed in each of the 13 virulence 

factors studied; however, significant upregulation was only seen in eno, icaB, sek, and seq. As 

mentioned previously, the eno protein binds to laminin in the basal lamina of the epithelia, while 

seq and sek code for secreted exotoxins able to alter the permeability of the cell membrane, 

resulting in lysis [331, 347, 348]. This is interesting as upregulation of each of these three genes 

was not observed in A549 cells, regardless of the IAV strain used to infect cells.  

Increased concentration of enolase has been shown to be an important biomarker of 

disease severity in non-malignant inflammatory lung disorders, hemophagocytic 

lymphohistiocytosis, and tuberculosis [354-357]. The significant upregulation of enolase early in 

MRSA infection could act as a biomarker in disease severity. Further, studies have shown that 

the high prevalence of eno could play an important role in future MRSA vaccine designation 

[358, 359]. The ica locus, which codes for icaB, is involved in intracellular adhesion and biofilm 
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formation. Upregulation of icaB early in infection may be indicative of the increased lag phase of 

MRSA in primary alveolar cells as compared with our A549 cell line. This may be due to the 

fact that epithelial cells within our co-culture model had been allowed to differentiate for two 

weeks prior to infection. As differentiated pulmonary alveolar epithelial cells produce surfactant, 

this may help protect cells from MRSA adhesion and invasion [262]. Further, studies in mice and 

sheep have shown that the deactylase activity of the icaB gene plays an important role in 

retaining poly-N-acetylglucosamine (PNAG) on the cell surface of MRSA, such that deacylated 

PNAG is considered a promising candidate for vaccine development [360-364]. The 

superantigen properties of sek and seq are known to directly contribute to MRSA virulence as a 

pulmonary pathogen [365-367]. Studies have shown that lysis of neutrophils by S. aureus 

exotoxins, such as sek and seq, results in the release of reactive oxygen species, resulting in 

damage and inflammation to surrounding lung tissue [366, 367]. Lastly, a study in mice 

suggested that the sek and seq superantigens present in MRSA play a role in T-cell signaling 

responsible for much of the early lung damage seen in S. aureus infection [365]. 

At 4 h post-MRSA addition, upregulation was again observed in each of the virulence 

factors studied. While eno and seq were no longer significantly upregulated, icaB and sek did 

remain significantly upregulated. Additionally, coa, fnbB, hla, hlgA, icaA, sbi, and sek were all 

significantly upregulated at 4 h post-bacterial infection in our model of the alveolar-capillary 

barrier. The product of coa, coagulase, plays an important role in initial adhesion to epithelial 

cells by cleaving fibrinogen and activating prothrombin [114, 330, 340]. Both hla and hlgA result 

in the lysis of infected cells, and were upregulated at 1 h in pH1N1-MRSA infected A549 cells, 

which corresponded with the lag phase. This may further underline the idea that bacterial toxins 

play a critical role in secondary bacterial pathogenesis early in infection of alveolar epithelial 
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cells. In contrast to the upregulation of icaB observed at 1 h post-MRSA infection, icaA was 

upregulated at 4 h. As icaA is similarly involved in adhesion to cells and biofilm formation, 

upregulation may also be indicative of the challenges present in intracellular adhesion of MRSA 

in differentiated alveolar cells. Lastly, sbi was also upregulated at 4 h. This may suggest that the 

presence of pH1N1 in primary differentiated human alveolar epithelial cells may aid in eliciting 

a strong immune evasion response in MRSA, by inhibiting antibody responses [337].  

As a whole, our investigation of MRSA in secondary bacterial infections presented a 

number of novel vaccine candidates against MRSA infection. Proper vaccinations against S. 

aureus, and MRSA in particular, would help relieve the burden of disease during influenza 

pandemics, as well as during seasonal epidemics. Additionally, revealing that eno is significantly 

upregulated early in MRSA infection during the lag phase, may provide a candidate for detection 

of MRSA as a secondary pathogen in high-risk patients admitted to hospitals with severe 

influenza infections. Measuring of eno levels as a biomarker for disease severity early in 

infection may allow for healthcare providers to provide preventative care early in infection.  

As our study of the modulation of MRSA in the presence of pH1N1 in an alveolar-

capillary barrier largely mirrored that seen in A549 cells, we next sought to characterize the host 

response to pH1N1-MRSA co-infection. We first sought to examine the dysfunction of our co-

culture model of the alveolar-capillary barrier when infected with pH1N1-alone, MRSA-alone, 

and pH1N1-MRSA. As our previous studies of A549 cells revealed that infection with IAV-

alone at a MOI of 0.1 did not result in any negative repercussions in regards to barrier integrity 

and cell morphology, we wished to determine whether this is also reflected in our co-culture 

model. When our model of the alveolar-capillary barrier was infected with either pH1N1-alone 

or MRSA-alone, there was virtually no change in resistance values. This differed from the results 
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observed when our alveolar epithelial cell monolayer was co-infected with various IAV strains 

and MRSA, where the presence of MRSA in A549 cells resulted in cellular dysfunction 

regardless of prior IAV infection. However, when our model underwent pH1N1-MRSA co-

infection, resistance steadily decreased throughout the course of the experiment, beginning at 8 h 

post-MRSA addition, which correlated well with the beginning of the exponential phase of 

MRSA. These differences may further support the hypothesis that surfactant present on 

differentiated alveolar epithelial cells may help protect cells from MRSA adhesion and invasion 

[238, 247, 262, 368]. As such, the presence of MRSA alone does not result in a severe disease 

pathogenesis. Our data suggest that this virus-induced disruption to the epithelial cells of the 

alveolar-capillary barrier is necessary for the dysfunction observed in secondary bacterial co-

infections, as healthy cells are able to refute either pathogen on its own. This may not be 

surprising as pH1N1-alone infection in healthy adults rarely results in severe disease [33, 349]. 

Likewise, S. aureus is infrequently associated with community-acquired pneumonia, with severe 

illness and death in otherwise healthy adults often associated with prior influenza infection [167, 

196, 369-371]. Moreover, the decrease in resistance in our pH1N1-MRSA infected model was 

not as pronounced as the decrease in resistance observed in our co-infected A549 cells (P = 

0.0005 compared with P < 0.0001). As our prior studies had revealed that pH1N1 does not 

migrate from the alveolar epithelial cells to the microvascular endothelial cells below, this milder 

drop in resistance may be indicative of dysfunction only in the alveolar epithelial cells.  

As our TEER data demonstrated that pH1N1-MRSA co-infection resulted in increased 

alveolar-capillary barrier permeability, we next investigated whether this was a by-product of 

decreased levels of tight junction proteins. While ZO-1 protein levels in our pH1N1-MRSA co-

infected endothelial cells appeared to be decreased at 24 h as compared with our pH1N1- and 
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MRSA-alone time-matched samples, these results were inconclusive. Further investigation is 

warranted, especially as recent investigations have suggested that severe cases of IAV have an 

abortive effect on endothelial cells, despite never becoming infected [372]. As secondary MRSA 

infections are known to further exacerbate IAV infections in the lower respiratory tract, this may 

further compound the abortive effect on endothelial cells. Further, a recent study by Becker et al. 

revealed a marked downregulation of ZO-1 and ZO-2 in endothelial cells treated with -

hemolysin of S. aureus [373]. We observed significant upregulation of the -hemolysin gene, 

hla, at 4 h in pH1N1-MRSA infection (P = 0.0014). Additionally, hlgA, a secondary MRSA 

exotoxin involved in hemolysis, was significantly upregulated at 4 h when our model had been 

infected with pH1N1 prior to MRSA addition (P < 0.0001). Further investigations should be 

done regarding the possibility that the upregulation of hlgA and hla which we observed may play 

a role in the degradation of ZO-1 and ZO-2 in endothelial cells during co-infection. As 

degradation of tight junctions is believed to play an important role in the vascular permeability 

observed in severe co-infection pathogenesis, understanding this important key during co-

infection of our in vitro model may further reveal the molecular mechanisms of tight junction 

degradation.   

We next sought to identify specific pathways and cellular responses which are selectively 

modulated during severe co-infection at the alveolar-capillary barrier. We wished to determine 

the host kinome response of both our epithelial and endothelial cells in the presence of pH1N1-

alone, MRSA-alone, and pH1N1-MRSA at 24 h. Our latest iteration of human kinome peptide 

arrays had a greater breadth of 1294 targets, as compared to the 309 targets found on the arrays 

utilized in our A549 assay. In A549 cells, similar clustering of pH1N1-alone and pH1N1-MRSA 

infection at early time points was observed, while the host response when infected with MRSA-
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alone and pH1N1-MRSA clustered most strongly late in infection. Moreover, a transition phase 

from an IAV-mediated immune response to a MRSA-mediated immune response occurred from 

8-12 h. However, this was not observed in our primary alveolar epithelial cells. Instead, 

clustering between time points, regardless of the infection condition, was seen. This is perhaps 

surprising, as recent whole-blood transcription analysis in IAV-bacterial infected patients 

showed a shift in gene signatures from viral response to bacterial response [374]. However, the 

authors cautioned that the stage and severity of disease must be taken into account when 

interpreting the host response [374]. The differences observed between the kinome response of 

primary alveolar epithelial cells and the immortalized A549 cells may simply be due to the 

differences between immortalized and primary cells, such as differences in cell cycle or 

apoptotic events, or could be due to intercellular interactions between the epithelial and 

endothelial cells. Interestingly, in our primary epithelial cells, the 8 and 12 h time points still 

clustered together more strongly than with the 4 and 24 h time points. A number of pathways 

were overrepresented in pH1N1-MRSA infected alveolar epithelial cells as compared with 

pH1N1-alone or MRSA-alone, including those related to TLR signaling, cell cycle/ apoptosis 

regulation, and cytokine signaling. Taken together, our gene ontology analysis of differentiated 

alveolar epithelial cells further supports our postulate that IAV-bacterial co-infections are able to 

specifically modulate host cellular responses independently of infection with pH1N1- or MRSA-

alone. Moreover, as MRSA is not able to cross the alveolar-capillary barrier to infect the 

endothelial cells of the capillaries, any pathway overrepresentation seen within the endothelial 

cells likely results from perturbation of the alveolar epithelial cells.  
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Most notably, pathways related to TLRs, including TLR-2, -4, -5, -7/8, -9, and -10 were 

overrepresented only in IAV-MRSA co-infected cells. TLRs are pattern recognition receptors 

able to recognize pathogen-associated molecular patterns (PAMPs) leading to the activation of 

signaling cascades and thus an inflammatory response, an important aspect of severe IAV-

MRSA co-infections [259, 375]. The TLR pathway is primarily mediated through MyD88, 

which is also strongly overrepresented in our co-infected epithelial cells, resulting in the 

activation of NF-B [376-378]. Interestingly, S. aureus on its own is known to dampen TLR-2 

activation, thus downregulating NK-B activation [378].  TLR-7/8 is able to recognize IAV’s 

single-stranded RNA, and signal through pathways similar to TLR-2 and -4 [379]. The activation 

of these pathways results in the production of proinflammatory cytokines and chemokines such 

as IL-1, IL-6, and MIP-1, as well as the anti-inflammatory cytokine IL-10 [380, 381]. 

Overrepresentation of TLR-9 signaling cascade in pH1N1-MRSA infections, but not in pH1N1-

alone and MRSA-alone may not be surprising, as a study in mice showed that TLR-9 signaling 

plays a role in MRSA clearance which only manifests post-IAV infection [382]. A second study 

showed that TLR-2 agonist stimulation improved disease outcome, and clearance of both virus 

and bacteria during co-infection [383]. Taken together, our data supports the hypothesis that 

further understanding of the TLR response to pH1N1-MRSA co-infection may provide new 

opportunities for targeted drug therapies which are able to manipulate the host immune response, 

ameliorating disease progression.  

A number of other signaling pathways, such as those related to apoptosis and regulation 

of the cell cycle were overrepresented in pH1N1-MRSA co-infected epithelial cells. 

Overrepresentation of these pathways was not observed in MRSA-alone infection and only 

modestly observed in pH1N1-alone infection, suggesting that the presence of both pathogens is 
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responsible for this dysregulation. Many of these overrepresented pathways were involved in the 

G1 and G2 phases, and the transition between these two phases. Previous gene-expression 

analysis in patients infected with pH1N1 has shown that progression towards severe IAV 

infection is often characterized by abnormal deviations in cell cycle and apoptosis signaling 

pathways [384]. Specifically, progression to severe infection was characterized by increased 

aberrant DNA replication in the G1/S phase but delayed exit from the G2/M phase [384]. Other 

overrepresented pathways were related to G2/M transition and apoptosis related to p53 signaling. 

Multiple studies have reported conflicting information regarding the role of apoptosis in lung 

inflammation observed during severe disease [50, 385, 386]. However, our data seems to support 

the hypothesis that the relationship between cell cycle perturbations and apoptosis via the p53-

dependent pathways may influence the outcome of disease in pH1N1-MRSA infected alveolar 

cells. 

Lastly, cytokine signaling was severely overrepresented at 24 h in the presence of 

pH1N1, whether MRSA was present or not. “Cytokine Signaling in Immune System” was highly 

upregulated (56 associated proteins from our kinome arrays) in both pH1N1-MRSA and pH1N1-

alone infection conditions in alveolar epithelial cells. Infection with pH1N1-alone also resulted 

in upregulation in “Signaling by Interleukins”, with 44 associated proteins from our kinome 

arrays, in addition to upregulation of IL-1, IL-2, and IL-6. Various studies have suggested that 

severe lung inflammation seen in highly pathogenic influenza strains may be due to increased 

levels of proinflammatory cytokines [50, 385-387]. The role of pro-inflammatory cytokines in 

severe pH1N1 and pH1N1-MRSA co-infections was further investigated below. 

In comparison to pH1N1-MRSA and pH1N1-alone infection, relatively few pathways 

were upregulated in alveolar epithelial cells infected with MRSA-alone. Notably, upregulation of 
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pathways related to NOD1/2 and NLR signaling was observed. Similar to TLRs, NLRs are able 

to recognize PAMPs and activate downstream signaling pathways leading to expression of 

inflammatory cytokines [259, 375, 378]. However, NLRs are cytoplasmic while TLRs are 

localized to the cell surface or intracellular compartments [378]. NOD2 has been specifically 

implicated in the recognition of muramyl dipeptide (MDP) of Gram-positive bacteria [388-391].   

Determination of the kinome response of our endothelial cells within the co-culture 

model in the presence of pH1N1-alone, MRSA-alone, and pH1N1-MRSA at 24 h revealed 

upregulation of few pathways as compared with our epithelial cells. Overrepresentation of 

pathways was most commonly seen in pH1N1-MRSA infection, followed by MRSA-alone 

infection, and pH1N1-alone infection. This is in contrast to our epithelial cells, which had the 

lowest number of pathways in cells infected with MRSA-alone. Only 5 pathways were 

overrepresented in cells infected with pH1N1-alone, with 27 associated proteins from our 

kinome arrays associated with the JAK/STAT signaling pathway. The JAK/STAT signaling 

pathway acts as a signaling pathway for a number of cytokines and growth factors, stimulating 

cell proliferation, cell migration, and apoptosis [392]. Failure to regulate JAK/STAT signaling is 

known to result in inflammation, and may contribute to severe influenza disease pathogenesis 

[392].  

Pathways related to Wnt/-catenin signaling were most commonly overrepresented in 

endothelial cells in both our MRSA-alone and pH1N1-MRSA infection conditions. The Wnt 

signaling pathway regulates a number genes involved in cell growth, differentiation, survival, 

and immune functions [393]. However, recent studies have revealed both a pro- and anti-

inflammatory response from Wnt/-catenin signaling, suggesting that the role of Wnt may be 

dependent on the stimulus, cell type, and crosstalk with other signaling pathways [393-397]. The 
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majority of evidence notes that activation of the Wnt pathway is able to reduce inflammatory 

processes triggered by bacterial pathogens [393]. As MRSA is not present in the endothelial cells 

of the co-culture model, overrepresentation of pathways related to Wnt signaling may be 

indicative of the ability of the alveolar epithelial cells to communicate with the underlying 

endothelial cells of the capillary.  

As our kinome data revealed that cytokine signaling was upregulated in primary alveolar 

epithelial cells infected with pH1N1-alone or pH1N1-MRSA, we next wished to characterize the 

expression of 15 cytokines and chemokines which had previously been implicated in severe 

pH1N1-MRSA infections. The pro-inflammatory response may be an important factor in disease 

outcome from secondary bacterial pneumonia, as various studies have suggested that severe lung 

inflammation seen in highly pathogenic influenza strains may be due to increased levels of 

proinflammatory cytokines and thus a massive influx of neutrophils into the lung [50, 385-387]. 

Severe influenza infections have been associated with a dysregulated proinflammatory cytokine 

response in the lungs, referred to as a cytokine storm [269, 398-402]. Specifically, pH1N1 is 

known to induce expression of a number of interleukins in both the respiratory tract and central 

nervous system [269]. However, there is a paucity of information concerning cytokine 

expression at the alveolar-capillary barrier during pH1N1-MRSA co-infection. To address this, 

supernatant was collected at 4, 8, 12, and 24 h post-MRSA infection of our co-culture model. 

Samples were processed using the Luminex Bio-Plex Immunoassay Multiplex Platform. A 

difference in concentration was observed in 7 of the cytokines studied: EGF, FGF-2, IL-6, IL-8, 

IP-10, MCP-1, and VEGF.  

 Significant downregulation of EGF was observed at 12 h in both pH1N1-alone and 

pH1N1-MRSA infection, as compared with mock-infection. EGF is a growth factor capable of 
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stimulating proliferation of epithelial cells by activating cellular signaling through engagement 

of the EGF receptor [403]. A previous study in human patients infected with pH1N1 reported 

that EGF was significantly higher in healthy patients, as compared with those infected with 

pH1N1 infection [404]. The authors suggested that EGF was actively suppressed, in an effort to 

protect the lung from host or virus mediated damage [404]. This may explain the significant 

downregulation of EGF observed in our pH1N1-alone and pH1N1-MRSA infected cells.  

 Significant upregulation of FGF-2, a member of the fibroblast growth factor family, was 

observed in pH1N1-alone infection at 4, 12, and 24 h. Significant upregulation was also 

observed at 12 and 24 h in pH1N1-MRSA co-infection. Conversely, FGF-2 was significantly 

downregulated at 8 h in cells infected with MRSA-alone. FGF-2 plays an important role in 

epithelial repair in the lung and in wound healing [405-407]. Mice lacking the FGF-2 gene have 

reduced vascular tone and defects in response to pulmonary and cardiac injury [407]. FGF-2 

dysregulation is implicated in many inflammatory diseases, and a study in mice suggested that 

FGF-2 plays a vital role in IAV-induced lung injury [408]. Interestingly, FGF-2 was significantly 

downregulated in MRSA-alone infection at 8 h. Prior studies have suggested that FGF-2 

expression was significantly downregulated in wounds infected with MRSA [409]. While our 

data seems to suggest that pH1N1 infection results in a significant increase in FGF-2 expression 

regardless of the presence of MRSA, further investigation will need to be done to fully 

understand the role of FGF-2 in severe pH1N1-MRSA infections.   

 IL-6 is significantly upregulated at 8 and 24 h in pH1N1-MRSA infections, and at 24 h in 

pH1N1-alone infections. IL-6 acts as both a pro- and anti-inflammatory cytokine [410]. IL-6 

levels have been shown to be significantly elevated in the presence of a clinically-relevant 

secondary bacterial infection, which may make its upregulation in pH1N1-MRSA co-infection 



 

 217 

unsurprising [259, 374]. The significant upregulation of IL-6 observed may have played a role in 

the decrease in TEER measurements of our alveolar-capillary barrier model when co-infected 

with pH1N1-MRSA, as high levels of IL-6 are known to directly damage endothelial cells [411]. 

Further, elevated serum IL-6 levels have been implicated as a potential biomarker for disease 

severity in pH1N1-alone infections [412]. Our data suggests that IL-6 could act as a novel 

disease biomarker for secondary MRSA co-infections, as elevated IL-6 expression is first 

observed at 8 h in pH1N1-MRSA infection which coincides with the beginning of the 

exponential phase of MRSA in the presence of pH1N1.  

 IL-8 is significantly upregulated in pH1N1-alone and pH1N1-MRSA infections at 4 h 

and 8 h, pH1N1-alone at 12 h, and in each infection condition at 24 h. IL-8 shows distinct target 

specificity for attracting and activating neutrophils to inflammatory regions [413]. The 

significant upregulation of IL-8 at 24 h in MRSA-alone infection supports previous studies 

which have shown that IL-8 is significantly increased at the transcriptional level in humans 

[414]. Further, IL-8 levels in pH1N1-MRSA infected mice have been shown to be significantly 

upregulated earlier in co-infection as compared with IL-6 in co-infected mice, which may allow 

it to be used as a disease biomarker in the future [411].  

IP-10 is significantly upregulated at each of our selected time points in pH1N1-MRSA 

and pH1N1-alone infection. This is perhaps unsurprising as previous studies have reported that 

interferon-related signaling, such as IP-10, were more abundant in cases of severe disease [374]. 

IP-10 is able to directly influence apoptosis in disease, which may explain the significant 

upregulation of apoptosis pathways in our kinome data of primary alveolar epithelial cells 

infected by pH1N1-MRSA and pH1N1-alone [415]. 
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 Significant upregulation of MCP-1, also known as CCL2, was only seen in pH1N1-alone 

infection at 24 h. Interestingly, this upregulation was not observed when secondary infection 

with MRSA occurred. MCP-1 is a key chemokine involved in regulation of migration and 

infiltration of monocytes and macrophages [416]. As the presence of monocytes and 

macrophages in the lungs during IAV infection is directly associated with the development of 

lung injury, regulating the expression of MCP-1 may be an important key in mitigating severe 

lung damage [417]. In fact, mice deficient in the MCP-1 receptor, CCR2, show a decrease in 

monocyte and macrophage accumulation, lung damage, and mortality [417, 418]. 

 Lastly, VEGF was significantly downregulated at 4 h post-MRSA addition in pH1N1-

alone, MRSA-alone, and pH1N1-MRSA infection, as compared with mock-infection. VEGF is a 

regulator of cell growth, and is most abundant in the lung; transcripts are primarily localized in 

ATII cells in the alveoli [419-421]. The downregulation observed in our model is perhaps 

surprising, as previous studies have reported that hypoxia, commonly seen in severe pH1N1-

MRSA infection, results in increased induction of VEGF from ATII cells [421]. Additionally, 

high levels of VEGF have been reported in the pulmonary edema fluid of patients with 

hypoxemic respiratory fluid [421]. Further investigations in a more advanced in vitro model of 

severe pH1N1-MRSA and/or a longer course of infection may be necessary to fully understand 

the role VEGF plays at the alveolar-capillary barrier.  

Overall, significant upregulation of cytokine expression is often observed in pH1N1-

MRSA co-infection. Further understanding of how elevation of specific cytokines impact 

pH1N1-MRSA disease severity may reveal potential therapeutic targets to reduce the generation 

of a cytokine storm in infected patients. This strategy has previously shown promise, as 

inhibition of certain cytokines, such as IL-10, have shown improved survival from bacterial 
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pneumonia late after influenza infection [422, 423]. As neutrophils and macrophages have been 

implicated as the primary cause of lung damage in most cases of ALI and ARDS, drug therapies 

which specifically target IL-8 and MCP-1 may improve disease outcome in pH1N1-MRSA 

infection [417].  

Our investigations into IAV-bacterial co-infections in a primary co-culture model of the 

alveolar-capillary barrier suggest that infection with both pH1N1 and MRSA appears to have a 

synergistic effect, as infection with either pathogen on its own did not result in the loss of barrier 

integrity and dysregulated host response observed during co-infection. However, dysregulation 

of the host response seems to be driven primarily by the response of alveolar epithelial cells to 

both pathogens. This is contrary to what was observed in an alveolar cell line, which suggested 

that MRSA-alone infection resulted in a similar dysregulation as IAV-MRSA co-infection. This 

disparity could be due to a number of reasons. Primarily, there are a multitude of differences 

between the behaviour of primary differentiated cells and a cell line, indicating that the host 

response of HPAEpiCs may more closely reflect that found physiologically, though further 

investigations are needed to confirm this. Additionally, our co-culture model is able to reflect the 

crosstalk that is able to occur between the alveolar epithelial and microvascular endothelial cells 

at the alveolar-epithelial barrier.     
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Conclusion 

Although bacteria can exacerbate influenza virus infections and result in increased 

morbidity and/or mortality, there is a paucity of information regarding the molecular 

mechanisms underlying the pathogenesis of co-infections. We hypothesize that secondary 

bacterial co-infections result in severe dysfunction of the alveolar-capillary barrier due to the 

modulation of bacterial virulence factor expression in the presence of IAV, thus leading to 

dysregulated host cell signaling responses. Our studies in A549s, an adenocarcinoma alveolar 

cell line, demonstrated that bacterial replication kinetics were similar in MRSA- and IAV-

MRSA-infected cells. This similarity was independent of IAV strain, as demonstrated with 

H1N1 and H3N2 viruses, or type (i.e. pandemic or seasonal IAV). Further, the timing of 

bacterial infection in relation to IAV infection had no bearing on bacterial replication kinetics as 

no significant differences were found when MRSA infection occurred simultaneously with IAV 

infection or at peak viral replication. Despite this, we found that the expression of bacterial 

virulence factors specifically related to adhesion and invasion were significantly upregulated 

during the early course of co-infection. However, this upregulation quickly subsided during the 

exponential and stationary phase of MRSA infection. Our study of cell barrier integrity by ECIS 

using A549 cells cultured as a monolayer demonstrated loss of alveolar epithelial barrier 

function and integrity during MRSA-, and IAV-MRSA-infections. However, no loss of barrier 

function and integrity was observed when cells were infected alone with any of the four IAV 

strains we investigated. To further assess the dysregulation of A549 cells in the presence of IAV-

MRSA, we analyzed the temporal host kinome response when pH1N1-MRSA co-infection 

occurs. We demonstrated that host cell signaling responses shifted from viral- to bacterial-centric 

throughout the course of co-infection with a transition phase in the response from 8-12 h post-
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MRSA addition to pH1N1 infected cells. This related well to the loss of alveolar epithelial 

barrier function and integrity seen in our ECIS data.  

 As our prior investigations revealed that the severe disease pathogenesis observed in 

IAV-MRSA co-infections was mediated by the dysregulation of the host response, we next 

sought to investigate this in a co-culture model of the alveolar-capillary barrier. Further analysis 

of the bacterial response during co-infection in the co-culture model revealed similar findings as 

compared with co-infection in A549 cells. Bacterial replication kinetics were similar during 

MRSA- and IAV-MRSA-infection, and bacterial virulence factors were only significantly 

upregulated early in bacterial infection. However, investigation into the host response by kinome 

analysis revealed different results than those observed in our A549 cells. Barrier integrity and 

loss of function only occurred in the presence of both IAV and MRSA; no dysfunction was 

observed during infection with MRSA-alone or IAV-alone. This aligned with our analysis of the 

host kinome response of both alveolar epithelial cells and microvascular endothelial cells. 

Overrepresentation of a multitude of pathways, including those involved in TLR signaling, cell 

cycle, and cytokine signaling was seen when our epithelial cells underwent co-infection. 

However, few pathways were overrepresented in our epithelial cells when infected with IAV- or 

MRSA-alone , or in the underlying endothelial cells of the co-cultures regardless of their 

infection status. Lastly, investigation of cytokine expression in our co-culture model revealed the 

highest similarity of expression of cytokines in pH1N1- or pH1N1-MRSA-infection.  

 As a whole, our investigations revealed that the severe disease pathogenesis observed in 

IAV-MRSA co-infections is likely not due to the sustained modulation of MRSA in the presence 

of IAV. However, our kinome analysis suggests that pathogenesis likely correlates with 

dysregulated host responses specifically related to apoptosis and the cell cycle signaling in the 
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co-infected cells of the alveolar-capillary barrier, especially the response of the alveolar 

epithelial cells to co-infection.  
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Implications  

This research presents a number of statistically significant upregulated bacterial virulence 

factors, which may be used as biomarkers of IAV-MRSA disease. Testing patient samples for 

these specific virulence factors may provide healthcare providers with an earlier disease 

biomarker, while also allowing healthcare providers a clue as to where in disease progression the 

patients is. For example, at 1 h post-MRSA infection, eno, icaB, sek, and seq are each 

significantly upregulated, whereas at 4 h post-infection, hla, hlgA, icaA icaB and sek are each 

significantly upregulated. This is especially important as co-infections present similarly to IAV 

infection alone, and early antibiotic treatment is directly correlated with survival [262]. Further, 

antibiotics which target these virulence factors specifically involved in the severe disease 

pathogenesis seen in IAV-MRSA co-infections could be developed. Further, as these antibiotics 

are not bactericidal, development should help combat the growing problem of antimicrobial 

resistance.  

In the same vein, pathogen targeting approaches have inherent limitations, such as the 

growing problem of antimicrobial resistance and the constant evolution of influenza strains. This 

research has revealed a number of host pathways involved in cell maintenance during IAV-

MRSA co-infection, which may provide a new therapeutic avenue instead of using antivirals or 

antibiotics. Targeting host pathways involved in maintenance of pulmonary host tolerance during 

infection could help mitigate any damage or changes caused by infection at the alveolar-capillary 

barrier. Further, alterations to homeostasis which occur during a disease state, such as tissue 

damage, inflammation, metabolic changes, and changes in respiration, are independent from 

pathogen burden. As such, targeting these host pathways may provide future directions for 

therapeutics aimed at a number of different infections, instead of only IAV-MRSA co-infections.   
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Future Directions 

The development of our co-culture model of the alveolar-capillary barrier provides a 

physiologically-relevant model to study severe disease progression in the lower respiratory tract 

during IAV-bacterial infection. Further investigations of IAV-MRSA co-infections, using 

additional IAV strains or additional bacterial species associated with IAV co-infection, would 

help expand our understanding of infection-mediated pathogenesis observed at the alveolar-

capillary barrier. Specifically, this model could be used to study how the relationship between 

MRSA and the 1918 H1N1 pandemic IAV strain affects the host response. Future studies 

concerning prior infection with the 1918 H1N1 IAV would expand our comprehension of the 

synergism between highly pathogenic IAV strains and secondary bacterial co-infections. 

Additionally, this may provide insight into why secondary bacterial co-infections occurred in 

95% of fatal influenza cases during this pandemic [49, 260, 261]. Moreover, as the 1918 H1N1 

strain is known to have played a part in each of the pandemics over the past century, a better 

understanding of this IAV strain may help prepare us for dealing with secondary bacterial co-

infections in future pandemics [51].  

In a similar respect, characterizing the differences in host response during secondary 

bacterial infection with additional bacterial strains may provide vital information concerning 

broad similarities in the mechanisms of co-infection pathogenesis. Further, this information 

could provide important information regarding novel host targets that could be targeted 

therapeutically to help reduce the pathology associated with secondary bacterial co-infections. In 

particular, the presence of S. pneumoniae, S. pyogenes, and H. influenzae have also been reported 

in fatal IAV cases [49, 260, 261]. Ultimately, these host response studies would allow for a better 



 

 225 

understanding of how host response dysregulation occurs at a cellular level in a tissue- specific 

manner.  

Lastly, introducing immune cells to this model, such as macrophages, neutrophils, and 

leukocytes may reveal key information in how IAV-bacterial co-infections are addressed at the 

alveolar-capillary barrier in vivo. For example, it is already known that leukocyte proliferation 

plays an important role in the host immune response and is critical for the clearance of influenza 

infection [424]. It is also known that the presence of macrophages and neutrophils at the site of 

lung injury generally results in a greater burden of disease [417]. Prior studies have shown that 

alveolar macrophages and neutrophils produce proteases and miRNAs directly involved in 

degradation of tight junctions, pulmonary inflammation, and tissue damage [300, 301, 304]. ZO-

1 degradation by macrophages has specifically has been implicated in a loss of alveolar-capillary 

barrier integrity [301]. As our study of tight junction degradation was inconclusive, the addition 

of these cells may further clarify how tight junction degradation occurs in IAV-MRSA co-

infection, as reported by other studies [280]. Introduction of these immune cells to our model 

would allow us to further discern the mechanism of action in severe disease pathogenesis.  
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