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Figure 4.8: Relative expression of IFN-β mRNA in mouse lung 

Mice were inoculated intranasally with Saline (Control), virus diluted in saline (delns1 or 

PR8), or S. Ze in combination with either delNS1 or PR8 virus (Zoo+delNS1 and 

Zoo+PR8). cDNA was prepared from RNA extracted  from BAL cells and Real-time PCR 

was performed. Relative quantitation was done Δ ΔCT method. 
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CHAPTER 5 

Intranasal administration of recombinant IL-23 protects mice from lethal co-

infection of influenza A and Streptococcus zooepidemicus co-infection 

5.1. Introduction 

 Influenza A virus (IAV) infection is one of the major respiratory disease worldwide. 

Although, some IAV are sufficiently virulent to cause mortality in the host, secondary 

bacterial infections appear to be major contributors in the influenza associated deaths. 

During the influenza pandemic of 1918 that caused the death of about 40 to 50 million 

persons [214] while viral pneumonia killed many healthy young persons, most of the deaths 

were due to secondary bacterial pneumonia [225]. Bacterial infection during influenza 

virus infection can be either concurrent with the virus infection or subsequent to influenza 

virus infection. Concurrent bacterial and influenza pneumonia, although less frequent, have 

a worse outcome than sequential infection [364]. Concurrent influenza virus/bacterial 

infection is multifactorial and involves interaction between the host, bacteria and virus, 

whereas post-influenza infection involves interaction between host and bacteria only. 

Therefore, in post-influenza pneumonia the host response will be against bacterial 

pathogens only, but in concurrent infection the host will respond to the virus as well as the 

bacterial pathogen. These differences could affect the outcome and are important in 

deciding the therapeutic regimen for treating influenza pneumonia [207]. 

 Vaccination against seasonal influenza has been shown to reduce influenza 

incidences greatly.  Epidemics of seasonal influenza have been attributed to random single 

point mutations. Current advances in surveillance and epidemiological modeling could 

help in predicting these vaccine strains and allow satisfactory vaccine design in advance. 



 

95 

 

However, pandemic strains of IAV arise due to genetic shifts and therefore difficult to 

predict. Hence, effective therapeutic interventions remain important especially to prevent 

secondary bacterial complication, which is a major contributor in pandemic deaths. 

Antibiotics, as well as antiviral, have been used with limited success. Despite the 

availability of antibiotics, bacterial pneumonia was involved in almost two-thirds of fatal 

cases during the influenza pandemic of 1957. Inhibitors of viral replication have also been 

investigated. Neuraminidase inhibitors significantly improved the survival of mouse form 

pneumonia following influenza [365]. There is a relatively small window, however, in 

which neuraminidase inhibitors can reduce viral replication and missing that time-window 

will result in failure to prevent mortality in mice with influenza complicated by bacterial 

pneumonia [366]. Survival of mice with post-influenza bacterial pneumonia did not 

improve after treatment with Rimantadine [256]. Moreover, efficacy of these inhibitors in 

concurrent influenza and bacterial infection has not been investigated. Development of 

antibiotic resistant bacteria and antiviral-resistant influenza viruses further limit the use of 

these therapeutics. 

 A classical explanation for increased secondary bacterial infection during influenza 

has been the mechanical damage to the respiratory tract. However, altered host respiratory 

innate immune response has begun to be appreciated. Cytokines are an integral part of the 

host innate immune system, a broadly reactive defense mechanism of the host, which acts 

as the first line of defense against a variety of invading pathogens. IL-23 is a recently 

identified cytokine that has been shown to be important in the respiratory innate immune 

response. IL-23, in concert with IL-17, constitutes a newly identified innate immune 

pathway. The host IL-23/IL-17 pathway has been shown to play a critical role in the 
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clearance of many respiratory bacterial pathogens. However, its role during influenza and 

bacterial co-infection has not been investigated much. Thus, it was hypothesized that 

inhibition of respiratory IL23/IL17 pathway by influenza virus predisposes the host for 

secondary bacterial infection and restoring the respiratory IL-23 by rIL-23 administration 

will increase the clearance of bacteria and reduce the pathogenesis of influenza. In order to 

test this hypothesis, effect of restoration of respiratory IL-23 by intranasal administration 

was studied in a mouse model of concurrent influenza and bacterial infection. To study the 

effect of IL-23 restoration on clearance of virus and bacteria, weight loss of the animals 

and survival analysis was performed.  

5.2. Materials and methods 

Infectious agents: PR/8/34 strain (PR8) of IAV and an isogenic recombinant virus lacking 

NS1 (delNS1) as described in the previous chapters (chapter III) were used in the current 

study. For bacterial co-infection S.ze strain 7e was used. Bacteria were cultured and 

inoculum was prepared as described in chapter IV.  

Animals: Six-eight week old female CD-1 mice were purchased from a commercial 

supplier (Harlan). On arrival mice were housed in microisolater cages with an ad libitum 

supply of food and water. Mice were acclimatized for one week before infection and 

examined daily for any signs of stress or illness following the guidelines of Institutional 

Animal Care and Use Committee (IACUC) at University of Kentucky (fig 5.4, table 5.1). 

All the animal work was approved by IACUC at University of Kentucky. 

Inoculation of mice and rIL-23 administration: Mice were sedated with 

ketamine/xylazine administered by intraperitoneal injection. Once sedated mice were held 

upright by holding from the loose scruff at the neck. Inoculum was prepared to contain 
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approximately 1x106 CFU of bacteria and 1000 TCID50 units of PR8 virus in a final 

volume of 60µL normal saline. A small drop of inoculum was placed near each nostril so 

that mice involuntarily inhaled the inoculum. The inoculum was instilled from alternating 

the nostrils so that whole inoculum (60µL) was divided equally between two nostrils. Mice 

(n=18/group) were then assigned randomly to either rIL-23 or vehicle group that received 

PBS that was used to resuspended IL-23. Immediately after the viral/bacterial inoculation, 

a total of 3 µg rIL-23 in 20µl PBS was administered intranasally to the rIL-23 treatment 

group and 20µL PBS was administered intranasally to the vehicle only group as described 

for the inoculum. Investigator was blinded for which group received which treatment until 

data were collected and analysis was completed.  

BAL Fluid collection: Mice were euthanized 72 hrs post infection and BAL fluid was 

collected aseptically with sterile intra-tracheal catheterization as described in chapter IV. 

A total of 1 mL sterile normal saline was instilled in the lungs and aspirated. The aspirated 

fluid was re-infused and aspirated for a total of three times. BAL fluid was centrifuged at 

600g/5min and cell-free BAL was transferred to sterile microcentrifuge tubes as single use 

aliquots and frozen at -80○C.  

Determination of bacterial and viral load in the lungs: Lung bacterial and viral burden 

was determined from the BAL fluid of co-infected mice. In order to determine the bacterial 

burden, 10 fold serial dilutions of cell free BAL fluid were plated in duplicate onto 

Columbia CNA agar supplemented with 5% horse blood. Plates were incubated at 

37○C/5% CO2 for 24 hrs before counting the number of colonies and recording the results 

as CFU/mL. 
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 Lung virus titer was determined by IAV matrix gene-based quantitative real-time 

PCR. Viral RNA was extracted from 50ul cell-free BAL fluid using the magmax™ 96 viral 

nucleic acid extraction kit (Ambion AM-1836) following manufacturers instruction. 

Quantitative real-time PCR was performed using 1-step RT-PCR kit on ABI 7500 platform 

using the primer probes described previously (CDC REF #I-007-05). Sequence of primer 

and probes is provided in Table 5.2.  

Data analysis: Pathogen burden and weight loss data was analyzed using students T-test 

with Welch’s correction using GraphPad (Prism6) statistical software. Survival fractions 

of the two groups were estimated using Kaplan-Meier method and survival curves were 

compared by log-Rank (Mentel-Cox) test and Gehan-Breslaw-Wilcoxon test using 

GraphPad statistical software (Prism6).  

5.3. Results 

Effect of IL-23 administration on bacterial and viral burden in the lungs of ci-infected 

mice: Mice were observed daily for clinical signs and scored following the guidelines 

provided by IACUC (Table 5.1 and Fig. 5.4). Pronounced clinical signs of disease 

characterized by ruffled fur, lethargy, hunched posture and labored breathing were 

displayed by both the treatment groups of mice as early as day 2. However, subsequent 

clinical signs were more pronounced in the vehicle only group and some of the mice in 

rIL-23 treatment group started to recover by day 6 onwards.  

 Since IL-23 treated mice showed less severe clinical signs as compared to the 

vehicle only treated mice, it was hypothesized that treated mice would have improved 

clearance of bacteria and virus from the lungs. As mortality started on day three PI, we 

chose 72 hrs PI time point to assess the bacterial and viral burden in the two groups.  Results 
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of bacterial load in the BAL fluid are presented in Fig 5.1. Although statistically non-

significant (P=0.5490), bacterial count in the IL-23 treated mice trended towards lower 

side as compared to the non-treated mice suggesting that IL-23 might have a role in the 

clearance of bacteria. 

 Viral burden was determined in the cell free BAL fluid by using quantitative real-

time PCR. Results of the quantitative real-time PCR (Fig 5.1B) are presented as threshold 

cycle (CT) value. There was no statistically significant difference in viral load between two 

groups (P=0.3066), suggesting that IL-23 had no effect on viral clearance.  

Effect of intranasal rIL-23 treatment on weight loss in co-infected mice: In order to 

determine whether IL-23 could affect the clinical outcome of the co-infection, we 

compared the weight loss of the treated and non-treated mice. Weight of each mouse was 

recorded every 24 hrs and percent weight loss was calculated respective to weight on day 

zero. Mice with a weight loss of ≥ 25% of day zero weight were euthanized and considered 

dead for data analysis purposes. Mean percent weight loss of mice from each group are 

presented in Fig 5.2. As expected, mice treated with PBS (vehicle), as compared to the rIL-

23 treated mice, showed higher weight loss. Weight loss was statistically significant as 

early as day two (p=0.0005), and by day six all the mice were dead in the non-treated 

vehicle group. 

Effect IL-23 treatment on survival of co-infected mice: Next we wanted to determine 

whether intranasal rIL-23 treatment affects the survival of mice. Age and sex matched 6-8 

week old mice were randomly allotted to either rIL-23 treated group or a control group 

treated with vehicle only (PBS).  Each mouse of both the group was observed daily and 

clinical scores were recorded as per the IACUC guidelines (Table 5.1). Any mouse 
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showing a cumulative score of ≥6 or a score of three on a single category was euthanized 

(IACUC guideline, Fig 5.4) and considered dead for data analysis purposes. Also, any 

mouse showing ≥ 25% of weight loss of day zero weight was euthanized and considered 

dead for data analysis purpose. Results of mortality are presented in Fig 5.3. First death 

was observed in the rIL-23 treated group on day 3. However, later on mortality was more 

pronounced in non-treated group and by day 6, all the mice in non-treated group were 

succumbed to death. On the other hand, 50% (9/18) of the rIL-23 treated mice were 

surviving on day 6. Most of the surviving mice either did not show any further weight loss 

or showed a minimal weight loss suggesting recovery. Survival curve analysis showed a 

highly significant difference with a p-value of 0.0015 and 0.0069 in Log-rank (Mentel-

cox) and Gehan-Breslaw-Wilcoxon tests, respectively, and the mean death time in the 

treated group was prolonged by 1 day. 

5.4. Discussion 

 Influenza infection is a leading cause of death worldwide. However, most of the 

deaths associated with influenza have been ascribed to the secondary bacterial infection. 

Secondary bacterial infection associated with influenza may either be due to concurrent 

infection or follow a preceding influenza infection. As bacterial pneumonia often ensues 

3-7 day post-influenza infection, most of the studies have used a sequential model of 

secondary bacterial infection where bacterial inoculations were performed up to seven days 

after preceding influenza challenge. However, although less frequent, concurrent influenza 

and bacterial infections involve more complex interactions of host, virus, and bacteria than 

the sequential infection and often result in more serious outcome than sequential infection 

[364]. Furthermore, some of the secondary bacterial invaders during influenza infection 
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are opportunistic pathogens commonly present in the upper respiratory tract of humans as 

well as animals which could lead to secondary infection during influenza. Therefore, in the 

current study a concurrent infection model was used to investigate the therapeutic potential 

of rIL-23 on influenza-associated secondary bacterial infections. Since S. zoo is a 

commonly associated secondary invader during equine influenza, the overreaching goal of 

the study was to investigate the effect of rIL-23 supplementation on outcome secondary S. 

zoo infection during equine influenza infection. However, recombinant equine IL-23 is not 

available yet, therefore, we tested our hypothesis in the mouse model. Mouse has been 

successfully used as a model for S. zoo by Dr. P Timoney at Gluck equine research center. 

Furthermore, the PR8 strain of influenza virus is well adapted to the mouse model and has 

been used extensively to study the pathogenesis and immune response against influenza.  

 IL-23 is a recently identified member of IL-6 family of cytokines that is important 

in the induction and maintenance of Th17 cells that secrete IL-17. IL-17 is an early 

proinflammatory cytokine that mediates host defense against several respiratory bacterial 

pathogens. Although there are reports on using intranasal rIL-23 as a therapeutic 

intervention against respiratory bacterial infections, it has not been investigated much 

during influenza and bacterial co-infection. There is only one study that investigated the 

effect of restoration of IL23 in the lungs of influenza and bacterial co-infection in which 

Adenovirus expressing rIL-23 was found to improve the clearance of bacteria in S. 

pneumoniae and influenza co-infected mice [300].  Thus, current study appears to be the 

first to utilize intranasal rIL-23 as therapeutic intervention during concurrent influenza and 

bacterial co-infection.  
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 The hypothesis in the current study was that rIL-23 treatment will improve the 

clearance of virus and bacteria. Unexpectedly, there was no significant difference between 

respiratory viral load between rIL-23 and control animals. Likewise, although bacterial 

counts were lower in the treated mice, they were statistically not significant. In contrast to 

the present study, Kudva et al., observed that overexpression of IL-23 in the lungs of mice 

resulted in improved clearance of virus as well as bacteria [300]. It should be noted, 

however, that authors in that study used a sequential model of infection where bacterial 

infection was performed at day six post-influenza infection. It is possible that during this 

time there was already some repair of the tissue damage caused by influenza virus resulting 

in decreased adherence of bacteria. Additionally, since adenovirus was used to express the 

IL-23, it would be difficult to determine the exact level of IL-23 in the lungs. Furthermore, 

timing and duration of the IL-23 administration may have important implications on the 

outcome. One of the limitations of the present study is that only a single intranasal dose of 

rIL-23 concurrent with the infection was used. In the case of adenoviral overexpression 

levels of IL-23 could be maintained during the infection and may have a significant effect 

on the clearance of virus as well as bacteria. It is possible that a subsequent dose may help 

in maintaining the levels of IL-23 in the lungs and further improve the clearance of virus 

and bacteria and needs to be investigated. 

 As expected, rIL-23 treated mice, as compared to the vehicle only treated mice, 

showed less severe signs of disease, less weight loss and improved survival suggesting that 

intranasal rIL-23 could limit the pathology of co-infection. One possible mechanism could 

be the suppression of the early strong inflammatory response (cytokine storm) that plays 

an important role in the pathogenesis of influenza. It was recently found that adenovirus-
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mediated overexpression of IL-23 resulted in the decreased lung inflammation in influenza 

and S. pneumoniae co-infected mice [300]. Additionally, improved survival of rIL-23 

treated mice could also be due to increased tolerance of the host for infection due to 

accelerated tissue repair and homeostasis. Recently, it was observed that, despite normal 

anti-bacterial immune response, hosts were susceptible to lethal secondary bacterial 

infection in influenza infected mice due to impaired ability to tolerate respiratory tissue 

damage [102]. Studies with amphiregulin, a member of the family of epithelial growth 

factors, revealed an important role in lung tissue homeostasis in the survival of influenza 

and bacteria co-infected mice. While amphiregulin treatment did not affect the bacterial 

and viral burden in co-infected mice, it resulted in decreased lung tissue damage and 

significantly improved weight loss and the survival of co-infected mice [102]. IL-23 could 

help in the repair of damaged respiratory tissue mediated by IL-22. IL-22 is important for 

the modulation of tissue responses during inflammation, and it induces proliferative and 

anti-apoptotic pathways, as well as anti-microbial molecules that help prevent tissue 

damage and aid in its repair [367]. IL-23 has been shown to be critical in the differentiation 

and proliferation of Th17 cells [368].  Also, IL-22 has been reported to be robustly secreted 

by Th17 cells in IL-23 dependent fashion [369]. Although the extent of tissue damage was 

not evaluated between IL-23 treated and control groups and needs to be investigated, it 

seems plausible that the difference in tissue repair could have resulted in improved 

tolerance in the rIL-23 treated mice.  

 In the present study we observed that while IL-23, to some degree, helped in 

clearance of bacteria in co-infected mice, it did not affect the viral clearance. Although, we 

did not establish the underlying mechanism, we did observe that intranasal rIL-23 
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administration, significantly improved the survival of co-infected mice. From our study, 

we conclude that intranasal administration of rIL-23 has a beneficial effect during 

concurrent bacterial and influenza virus co-infection and in the wake of emerging drug 

resistant influenza viruses and bacteria, IL-23 could potentially be included as alternative 

therapeutic intervention.  
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Figure 5.1: Bacterial and viral burden in the lungs of influenza and S. ze co-infected mice 

Mice were co-infected with PR8 virus and S. ze by intranasal inoculation. Immediately after inoculation 

mice were intranasllly given recombinant IL-23 (rIL-23) or PBS (Vehicle). At 72 hr PI BAL fluid was 

collected.Cell free BAL fluid was plated on CAN agar supplemented with 5% horse blood and colonies 

were counted after 24 hr and bacterial burden (CFU/mL of BAL fluid) was determined (A). viral RNA 

was extracted from cell free BAL fluid and Real-Time PCR CT values were used to compare the viral 

burden.  

A B 
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Figure 5.2: Effect of intranasal rIL-23 administration on weight loss in influenza and S. ze co-infected 

mice  

Mice were co-infected with PR8 virus and S. ze by intranasal inoculation. Immediately after inoculation mice 

were intranasllly given recombinant IL-23 (rIL-23) or PBS (Vehicle). Mice were weighed daily and weight 

loss was calculated to as percent of day 0 weight. Data was analyzed by using t-test with Welch’s correction 

using GraphPad Prism 6 software. (*= P<0.05; **= P<0.01; ***=P<0.0001) 
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Figure 5.3: Effect of intranasal rIL-23 administration on survival of influenza and S. ze co-infected 

mice 

Mice were co-infected with PR8 virus and S. ze by intranasal inoculation. Immediately after inoculation 

mice were intranasllly given recombinant IL-23 (rIL-23) or PBS (Vehicle). Mortality was recorded 

andsurvival fractions were calculated. Survival curve comparison was performed using Prism 6.0 

(GraphPad software) that uses Kaplan-Meier method to generate survival fractions and survival curves 

are compared by log-Rank (Mentel-Cox) test and Gehan-Breslaw-Wilcoxon test. Two curves were 

significantly different with P value 0.0015 and 0.0069 in Log-rank (Mentel-cox) and Gehan-Breslaw-

Wilcoxon tests, respectively. 



 

 

1
0
8

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Score 0 for a category Total score 1-6 and <3 for a single 

category 

Score 3 for a single category 

or in multiple categories 

No Intervention 

Check daily 

No Intervention 

Recheck in 6-12 hours 

Euthanasia 

Pain/Stress Score 

Figure 5.4: Treatment flow chart for mice with respiratory infections  

From (IACUC, University of Kentucky) 
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Table 5.1: Clinical scoring criteria for mice 

 

Criteria/Score 0 1 2 3 Total 

Locomotion Moving normally 

around cage, not 

hugging the sides of 

the cage. 

Stumbling , falling, or 

hugging the sides of 

the cage. 

Writhing, 

stumbling and/or 

falling. OR 

Movement only 

when stimulated. 

No movement.  

Respiration Normal rate with no 

audible respiratory 

sounds to naked ear 

Mild “chattering” or 

“snoring” 

Moderate 

“chattering” or 

“snoring” 

Labored 

breathing , 

increased 

respiratory rate  

 

Behavior Normal cage 

exploration, normal 

food and water 

consumption, animal 

calm in cage. 

Previously social 

animal still social. 

Minimal exploration, 

increased or 

decreased food and/or 

water consumption. 

Previously social 

animal has become 

withdrawn or 

aggressive. 

No cage 

exploration, 

hunched posture, 

anorexic for 24 hrs. 

No cage 

exploration, 

hunched 

posture, 

piloerection, 

anorexic, or 

moribund 
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 How could rIL-23 administration protect the host without significantly affecting 

the pathogen clearance? Protection of the host can be achieved in three ways: avoidance, 

resistance, and tolerance [371]. While avoidance reduces the risk of exposure to infectious 

agents, resistance reduces pathogen burden once the infection is established [371]. On the 

other hand, tolerance increases the fitness of the host by reducing the negative impact of 

an infection without directly affecting the pathogen load [372-374]. It is possible that IL-

23, by inducing an additional mediator such as IL-22, induces a rapid tissue repair and 

could increase host tolerance. Indeed, recent findings by Jamieson et al., support this idea. 

They found that influenza virus infection enhanced susceptibility to secondary bacterial 

infection, even when bacterial infection was controlled by the immune system [102]. 

However, it should be noted that we have used a single intranasal dose of rIL-23, and we 

could not completely determine whether the protective effect of IL-23 was due to increased 

immune response or the tolerance.  

 Based on findings from current study and previously published reports, a working 

model for how influenza virus NS1-mediates inhibition of CHOP-10 and how this leads to 

inhibition of IL-23 and increases the susceptibility of the host to secondary bacterial 

infection has been presented in Fig 6.1.  

In conclusion, this dissertation demonstrates for the first time that influenza virus NS1 

protein is the viral factor that is involved in differential activation of cellular ER stress 

response. Additionally, this study also provides the evidence for the first time that influenza 

virus mediated inhibition of IL-23 is mediated by ER stress-induced transcription factor 

CHOP-10.The study also provides valuable insights on the increased susceptibility of 

bacterial infection during influenza that could be utilized for future therapeutic targets 
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against influenza virus. This study also shows that IL-23 could be used as potential 

therapeutic agent to reduce influenza-associated mortality. 

Limitations and future directions: This dissertation provide evidence to support the 

primary hypothesis that influenza virus NS1-mediated inhibition of CHOP-10 mediates the 

inhibition of IL-23/IL-17 pathway of respiratory innate immune response which results in 

enhanced bacterial susceptibility during influenza. However, the study did not identify the 

exact mechanism of inhibition and proposed mechanism is substantially built upon findings 

in different cell type. Therefore, future research needs to be done to confirm the proposed 

model in alveolar macrophages. In the current study, effect of single intranasal dose rIL-

23 administration on pathogen clearance was investigated in an immunocompetent host. 

To further delineate the role of IL-23 in protective immune response, future research using 

IL23 knockout host could further confirm the protective roles of IL-23. Also, 

characterization of innate immune cells, cytokines and tissue repair after IL-23 

administration would be useful in understanding the IL-23/IL-17 immunity against 

secondary bacterial infections during influenza infection.   
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Figure 6.1: Model for influenza virus NS1-mediated inhibition of IL-23 



 

117 

 

REFERENCES 

1. McCullers, J.A., Insights into the interaction between influenza virus and 

pneumococcus. Clin Microbiol Rev, 2006. 19: p. 571-582. 

2. Onishi, R.M. and S.L. Gaffen, Interleukin-17 and its target genes: mechanisms of 

interleukin-17 function in disease. Immunology, 2010. 129(3): p. 311-21. 

3. He, B., Viruses, endoplasmic reticulum stress, and interferon responses. Cell Death 

Differ, 2006. 13(3): p. 393-403. 

4. Goodall, J.C., et al., Endoplasmic reticulum stress-induced transcription factor, 

CHOP, is crucial for dendritic cell IL-23 expression. Proc Natl Acad Sci U S A, 

2010. 107(41): p. 17698-703. 

5. Duvallet, E., et al., Interleukin-23: a key cytokine in inflammatory diseases. Ann 

Med, 2011. 43(7): p. 503-11. 

6. Presti, R.M., et al., Quaranfil, Johnston Atoll, and Lake Chad viruses are novel 

members of the family Orthomyxoviridae. J Virol, 2009. 83(22): p. 11599-606. 

7. Fouchier, R.A., et al., Characterization of a novel influenza A virus hemagglutinin 

subtype (H16) obtained from black-headed gulls. J Virol, 2005. 79(5): p. 2814-22. 

8. Tong, S., et al., A distinct lineage of influenza A virus from bats. Proc Natl Acad 

Sci U S A, 2012. 109(11): p. 4269-74. 

9. Webster, R.G., et al., Evolution and ecology of influenza A viruses. Microbiol Rev, 

1992. 56(1): p. 152-79. 

10. Noda, T. and Y. Kawaoka, Packaging of influenza virus genome: robustness of 

selection. Proc Natl Acad Sci U S A, 2012. 109(23): p. 8797-8. 

11. Wise, H.M., et al., A complicated message: Identification of a novel PB1-related 

protein translated from influenza A virus segment 2 mRNA. J Virol, 2009. 83(16): 

p. 8021-31. 

12. Jagger, B.W., et al., An overlapping protein-coding region in influenza A virus 

segment 3 modulates the host response. Science, 2012. 337(6091): p. 199-204. 

13. Klenk, H.D., et al., Activation of influenza A viruses by trypsin treatment. Virology, 

1975. 68(2): p. 426-39. 

14. Kawaoka, Y. and R.G. Webster, Sequence requirements for cleavage activation of 

influenza virus hemagglutinin expressed in mammalian cells. Proc Natl Acad Sci 

U S A, 1988. 85(2): p. 324-8. 

15. Tamura, S., T. Tanimoto, and T. Kurata, Mechanisms of broad cross-protection 

provided by influenza virus infection and their application to vaccines. Jpn J Infect 

Dis, 2005. 58(4): p. 195-207. 

16. Gottschalk, A., Neuraminidase: the specific enzyme of influenza virus and Vibrio 

cholerae. Biochim Biophys Acta, 1957. 23(3): p. 645-6. 

17. Palese, P., et al., Characterization of temperature sensitive influenza virus mutants 

defective in neuraminidase. Virology, 1974. 61(2): p. 397-410. 

18. Liu, C., et al., Influenza type A virus neuraminidase does not play a role in viral 

entry, replication, assembly, or budding. J Virol, 1995. 69(2): p. 1099-106. 

19. Ghanem, A., et al., Peptide-mediated interference with influenza A virus 

polymerase. J Virol, 2007. 81(14): p. 7801-4. 



 

118 

 

20. Akkina, R.K., Antigenic reactivity and electrophoretic migrational heterogeneity 

of the three polymerase proteins of type A human and animal influenza viruses. 

Arch Virol, 1990. 111(3-4): p. 187-97. 

21. Ulmanen, I., B.A. Broni, and R.M. Krug, Role of two of the influenza virus core P 

proteins in recognizing cap 1 structures (m7GpppNm) on RNAs and in initiating 

viral RNA transcription. Proc Natl Acad Sci U S A, 1981. 78(12): p. 7355-9. 

22. Nakagawa, Y., K. Oda, and S. Nakada, The PB1 subunit alone can catalyze cRNA 

synthesis, and the PA subunit in addition to the PB1 subunit is required for viral 

RNA synthesis in replication of the influenza virus genome. J Virol, 1996. 70(9): p. 

6390-4. 

23. Li, M.L., P. Rao, and R.M. Krug, The active sites of the influenza cap-dependent 

endonuclease are on different polymerase subunits. EMBO J, 2001. 20(8): p. 2078-

86. 

24. Sanz-Ezquerro, J.J., et al., Individual expression of influenza virus PA protein 

induces degradation of coexpressed proteins. J Virol, 1995. 69(4): p. 2420-6. 

25. Digard, P., V.C. Blok, and S.C. Inglis, Complex formation between influenza virus 

polymerase proteins expressed in Xenopus oocytes. Virology, 1989. 171(1): p. 162-

9. 

26. Fodor, E., et al., A single amino acid mutation in the PA subunit of the influenza 

virus RNA polymerase inhibits endonucleolytic cleavage of capped RNAs. J Virol, 

2002. 76(18): p. 8989-9001. 

27. Portela, A. and P. Digard, The influenza virus nucleoprotein: a multifunctional 

RNA-binding protein pivotal to virus replication. J Gen Virol, 2002. 83(Pt 4): p. 

723-34. 

28. Wu, W.W., Y.H. Sun, and N. Pante, Nuclear import of influenza A viral 

ribonucleoprotein complexes is mediated by two nuclear localization sequences on 

viral nucleoprotein. Virol J, 2007. 4: p. 49. 

29. Biswas, S.K., P.L. Boutz, and D.P. Nayak, Influenza virus nucleoprotein interacts 

with influenza virus polymerase proteins. J Virol, 1998. 72(7): p. 5493-501. 

30. Elton, D., et al., Oligomerization of the influenza virus nucleoprotein: identification 

of positive and negative sequence elements. Virology, 1999. 260(1): p. 190-200. 

31. Ye, Z., et al., Association of influenza virus matrix protein with ribonucleoproteins. 

J Virol, 1999. 73(9): p. 7467-73. 

32. O'Neill, R.E. and P. Palese, NPI-1, the human homolog of SRP-1, interacts with 

influenza virus nucleoprotein. Virology, 1995. 206(1): p. 116-25. 

33. Digard, P., et al., Modulation of nuclear localization of the influenza virus 

nucleoprotein through interaction with actin filaments. J Virol, 1999. 73(3): p. 

2222-31. 

34. Elton, D., et al., Interaction of the influenza virus nucleoprotein with the cellular 

CRM1-mediated nuclear export pathway. J Virol, 2001. 75(1): p. 408-19. 

35. Momose, F., et al., Cellular splicing factor RAF-2p48/NPI-5/BAT1/UAP56 

interacts with the influenza virus nucleoprotein and enhances viral RNA synthesis. 

J Virol, 2001. 75(4): p. 1899-908. 

36. Turan, K., et al., Nuclear MxA proteins form a complex with influenza virus NP and 

inhibit the transcription of the engineered influenza virus genome. Nucleic Acids 

Res, 2004. 32(2): p. 643-52. 



 

119 

 

37. Berkhoff, E.G., et al., Assessment of the extent of variation in influenza A virus 

cytotoxic T-lymphocyte epitopes by using virus-specific CD8+ T-cell clones. J Gen 

Virol, 2007. 88(Pt 2): p. 530-5. 

38. Enami, M. and K. Enami, Influenza virus hemagglutinin and neuraminidase 

glycoproteins stimulate the membrane association of the matrix protein. J Virol, 

1996. 70(10): p. 6653-7. 

39. Ye, Z.P., et al., Functional and antigenic domains of the matrix (M1) protein of 

influenza A virus. J Virol, 1987. 61(2): p. 239-46. 

40. Bui, M., et al., Role of the influenza virus M1 protein in nuclear export of viral 

ribonucleoproteins. J Virol, 2000. 74(4): p. 1781-6. 

41. Gomez-Puertas, P., et al., Influenza virus matrix protein is the major driving force 

in virus budding. J Virol, 2000. 74(24): p. 11538-47. 

42. Lamb, R.A., S.L. Zebedee, and C.D. Richardson, Influenza virus M2 protein is an 

integral membrane protein expressed on the infected-cell surface. Cell, 1985. 

40(3): p. 627-33. 

43. Palese, P.a.S.M.L., Orthomyxoviridae: the viruses and their replication. , pp. 1647–

1689. Edited by D. M. Knipe & P. M. Howley. Philadelphia: Lippincott Williams 

& Wilkins. In Fields Virology, , 2007. 5th edn: p. 1647-1689. 

44. Suarez, D.L. and M.L. Perdue, Multiple alignment comparison of the non-

structural genes of influenza A viruses. Virus Res, 1998. 54(1): p. 59-69. 

45. Chien, C.-y., et al., Biophysical characterization of the complex between double-

stranded RNA and the N-terminal domain of the NS1 protein from influenza A virus: 

evidence for a novel RNA-binding mode. Biochemistry, 2004. 43(7): p. 1950-1962. 

46. Qian, X., et al., An amino-terminal polypeptide fragment of the influenza virus NS1 

protein possesses specific RNA-binding activity and largely helical backbone 

structure. RNA, 1995. 1(9): p. 948. 

47. Wang, X., et al., Functional replacement of the carboxy-terminal two-thirds of the 

influenza A virus NS1 protein with short heterologous dimerization domains. J 

Virol, 2002. 76(24): p. 12951-12962. 

48. Nemeroff, M.E., X.-Y. Qian, and R.M. Krug, The influenza virus NS1 protein forms 

multimers in vitro and in vivo. Virology, 1995. 212(2): p. 422-428. 

49. Yin, C., et al., Conserved surface features form the double-stranded RNA binding 

site of non-structural protein 1 (NS1) from influenza A and B viruses. J Biol Chem, 

2007. 282(28): p. 20584-20592. 

50. Bornholdt, Z.A. and B.V. Prasad, X-ray structure of influenza virus NS1 effector 

domain. Nature Struct Mol Biol, 2006. 13(6): p. 559-560. 

51. Hale, B.G., et al., Structure of an avian influenza A virus NS1 protein effector 

domain. Virology, 2008. 378(1): p. 1-5. 

52. Bornholdt, Z.A. and B.V. Prasad, X-ray structure of NS1 from a highly pathogenic 

H5N1 influenza virus. Nature, 2008. 456(7224): p. 985-988. 

53. Carrillo, B., et al., The influenza A virus protein NS1 displays structural 

polymorphism. J Virol, 2014. 88(8): p. 4113-22. 

54. Qiu, Y., M. Nemeroff, and R.M. Krug, The influenza virus NS1 protein binds to a 

specific region in human U6 snRNA and inhibits U6-U2 and U6-U4 snRNA 

interactions during splicing. RNA, 1995. 1(3): p. 304-16. 



 

120 

 

55. Fortes, P., A. Beloso, and J. Ortin, Influenza virus NS1 protein inhibits pre-mRNA 

splicing and blocks mRNA nucleocytoplasmic transport. EMBO J, 1994. 13(3): p. 

704-12. 

56. Garfinkel, M.S. and M.G. Katze, Translational control by influenza virus. Selective 

translation is mediated by sequences within the viral mRNA 5'-untranslated region. 

J Biol Chem, 1993. 268(30): p. 22223-6. 

57. Chen, Z., Y. Li, and R.M. Krug, Influenza A virus NS1 protein targets poly(A)-

binding protein II of the cellular 3'-end processing machinery. EMBO J, 1999. 

18(8): p. 2273-83. 

58. Ludwig, S., et al., The influenza A virus NS1 protein inhibits activation of Jun N-

terminal kinase and AP-1 transcription factors. J Virol, 2002. 76(21): p. 11166-71. 

59. Mibayashi, M., et al., Inhibition of retinoic acid-inducible gene I-mediated 

induction of beta interferon by the NS1 protein of influenza A virus. J Virol, 2007. 

81(2): p. 514-24. 

60. Min, J.Y. and R.M. Krug, The primary function of RNA binding by the influenza A 

virus NS1 protein in infected cells: Inhibiting the 2'-5' oligo (A) synthetase/RNase 

L pathway. Proc Natl Acad Sci U S A, 2006. 103(18): p. 7100-5. 

61. Talon, J., et al., Activation of interferon regulatory factor 3 is inhibited by the 

influenza A virus NS1 protein. J Virol, 2000. 74(17): p. 7989-96. 

62. Wang, X., et al., Influenza A virus NS1 protein prevents activation of NF-kappaB 

and induction of alpha/beta interferon. J Virol, 2000. 74(24): p. 11566-73. 

63. Richardson, J.C. and R.K. Akkina, NS2 protein of influenza virus is found in 

purified virus and phosphorylated in infected cells. Arch Virol, 1991. 116(1-4): p. 

69-80. 

64. Robb, N.C., et al., NS2/NEP protein regulates transcription and replication of the 

influenza virus RNA genome. J Gen Virol, 2009. 90(Pt 6): p. 1398-407. 

65. Matlin, K.S., et al., Infectious entry pathway of influenza virus in a canine kidney 

cell line. J Cell Biol, 1981. 91(3): p. 601-613. 

66. Nunes-Correia, I., et al., Caveolae as an additional route for influenza virus 

endocytosis in MDCK cells.Cell Mol Biol Lett, 2004. 9(1):p47-60 

67. Sieczkarski, S.B. and G.R. Whittaker, Influenza virus can enter and infect cells in 

the absence of clathrin-mediated endocytosis. J Virol, 2002. 76(20): p. 10455-

10464. 

68. De Vries, E., et al., Dissection of the influenza A virus endocytic routes reveals 

macropinocytosis as an alternative entry pathway. PLoS Pathog, 2011. 7(3): p. 

e1001329. 

69. Rossman, J.S., G.P. Leser, and R.A. Lamb, Filamentous influenza virus enters cells 

via macropinocytosis. J Virol, 2012. 86(20): p. 10950-10960. 

70. Matsuoka, Y., et al., A comprehensive map of the influenza A virus replication 

cycle. BMC Syst Biol, 2013. 7(1): p. 97. 

71. Wang, P., P. Palese, and R.E. O'Neill, The NPI-1/NPI-3 (karyopherin alpha) 

binding site on the influenza a virus nucleoprotein NP is a nonconventional nuclear 

localization signal. J Virol, 1997. 71(3): p. 1850-1856. 

72. Weber, F., et al., A classical bipartite nuclear localization signal on Thogoto and 

influenza A virus nucleoproteins. Virology, 1998. 250(1): p. 9-18. 



 

121 

 

73. Park, Y.W. and M.G. Katze, Translational Control by Influenza Virus 

IDENTIFICATION OF CIS-ACTING SEQUENCES AND TRANS-ACTING 

FACTORS WHICH MAY REGULATE SELECTIVE VIRAL mRNA TRANSLATION. 

J Biol Chem, 1995. 270(47): p. 28433-28439. 

74. Nemeroff, M.E., et al., Influenza virus NS1 protein interacts with the cellular 30 

kDa subunit of CPSF and inhibits 3′ end formation of cellular pre-mRNAs. Mol 

Cell, 1998. 1(7): p. 991-1000. 

75. Katze, M.G., Y.T. Chen, and R.M. Krug, Nuclear-cytoplasmic transport and VAI 

RNA-independent translation of influenza viral messenger RNAs in late 

adenovirus-infected cells. Cell, 1984. 37(2): p. 483-90. 

76. Katze, M.G., D. DeCorato, and R.M. Krug, Cellular mRNA translation is blocked 

at both initiation and elongation after infection by influenza virus or adenovirus. J 

Virol, 1986. 60(3): p. 1027-39. 

77. Katze, M.G., et al., Translational control by influenza virus: suppression of the 

kinase that phosphorylates the alpha subunit of initiation factor eIF-2 and selective 

translation of influenza viral mRNAs. Mol Cell Biol, 1986. 6(5): p. 1741-50. 

78. Bier, K., A. York, and E. Fodor, Cellular cap-binding proteins associate with 

influenza virus mRNAs. J Gen Virol, 2011. 92(Pt 7): p. 1627-34. 

79. Burgui, I., et al., PABP1 and eIF4GI associate with influenza virus NS1 protein in 

viral mRNA translation initiation complexes. J Gen Virol, 2003. 84(Pt 12): p. 3263-

74. 

80. Yanguez, E., et al., Functional impairment of eIF4A and eIF4G factors correlates 

with inhibition of influenza virus mRNA translation. Virology, 2011. 413(1): p. 93-

102. 

81. Chen, Z. and R.M. Krug, Selective nuclear export of viral mRNAs in influenza-

virus-infected cells. Trends Microbiol, 2000. 8(8): p. 376-83. 

82. Martin, K. and A. Heleniust, Nuclear transport of influenza virus 

ribonucleoproteins: the viral matrix protein (M1) promotes export and inhibits 

import. Cell, 1991. 67(1): p. 117-130. 

83. Chase, G.P., et al., Influenza virus ribonucleoprotein complexes gain preferential 

access to cellular export machinery through chromatin targeting. PLoS Pathog, 

2011. 7(9): p. e1002187. 

84. Bui, M., et al., Role of the influenza virus M1 protein in nuclear export of viral 

ribonucleoproteins. J Virol, 2000. 74(4): p. 1781-1786. 

85. O'Neill, R.E., J. Talon, and P. Palese, The influenza virus NEP (NS2 protein) 

mediates the nuclear export of viral ribonucleoproteins. EMBO J, 1998. 17(1): p. 

288-296. 

86. Cao, S., et al., A nuclear export signal in the matrix protein of Influenza A virus is 

required for efficient virus replication. J Virol, 2012. 86(9): p. 4883-4891. 

87. Neumann, G., M.T. Hughes, and Y. Kawaoka, Influenza A virus NS2 protein 

mediates vRNP nuclear export through NES‐independent interaction with hCRM1. 

The EMBO J, 2000. 19(24): p. 6751-6758. 

88. Iwatsuki-Horimoto, K., et al., Generation of influenza A virus NS2 (NEP) mutants 

with an altered nuclear export signal sequence. J Virol, 2004. 78(18): p. 10149-

10155. 



 

122 

 

89. Momose, F., et al., Visualization of microtubule-mediated transport of influenza 

viral progeny ribonucleoprotein. Microbes Infect, 2007. 9(12): p. 1422-1433. 

90. Amorim, M.J., et al., A Rab11-and microtubule-dependent mechanism for 

cytoplasmic transport of influenza A virus viral RNA. J Virol, 2011. 85(9): p. 4143-

4156. 

91. Van Zeijl, M. and K. Matlin, Microtubule perturbation inhibits intracellular 

transport of an apical membrane glycoprotein in a substrate-dependent manner in 

polarized Madin-Darby canine kidney epithelial cells. Cell Regul, 1990. 1(12): p. 

921-936. 

92. Sun, E., J. He, and X. Zhuang, Dissecting the role of COPI complexes in influenza 

virus infection. J Virol, 2013. 87(5): p. 2673-2685. 

93. Eisfeld, A.J., et al., RAB11A is essential for transport of the influenza virus genome 

to the plasma membrane. J Virol, 2011. 85(13): p. 6117-6126. 

94. Momose, F., et al., Apical transport of influenza A virus ribonucleoprotein requires 

Rab11-positive recycling endosome. PloS one, 2011. 6(6): p. e21123. 

95. Bruce, E.A., P. Digard, and A.D. Stuart, The Rab11 pathway is required for 

influenza A virus budding and filament formation. J Virol, 2010. 84(12): p. 5848-

5859. 

96. Eisfeld, A.J., G. Neumann, and Y. Kawaoka, Human immunodeficiency virus rev-

binding protein is essential for influenza a virus replication and promotes genome 

trafficking in late-stage infection. J Virol, 2011. 85(18): p. 9588-9598. 

97. Cros, J.F. and P. Palese, Trafficking of viral genomic RNA into and out of the 

nucleus: influenza, Thogoto and Borna disease viruses. Virus Res, 2003. 95(1): p. 

3-12. 

98. McCown, M.F. and A. Pekosz, The influenza A virus M2 cytoplasmic tail is 

required for infectious virus production and efficient genome packaging. J Virol, 

2005. 79(6): p. 3595-3605. 

99. Rossman, J.S., et al., Influenza virus M2 protein mediates ESCRT-independent 

membrane scission. Cell, 2010. 142(6): p. 902-913. 

100. Iwasaki, A. and P.S. Pillai, Innate immunity to influenza virus infection. Nature Rev 

Immunol, 2014. 14(5): p. 315-328. 

101. Paiardini, M., et al., Lessons learned from the natural hosts of HIV-related viruses. 

Annual Rev Med, 2009. 60: p. 485-495. 

102. Jamieson, A.M., et al., Role of tissue protection in lethal respiratory viral-bacterial 

coinfection. Science, 2013. 340(6137): p. 1230-1234. 

103. Hogner, K., Macrophage-expressed IFN-[beta] contributes to apoptotic alveolar 

epithelial cell injury in severe influenza virus pneumonia. PLoS Pathog, 2013. 9: p. 

e1003188. 

104. Jewell, N.A., Differential type I interferon induction by respiratory syncytial virus 

and influenza a virus in vivo. J Virol, 2007. 81: p. 9790-9800. 

105. Kallfass, C., et al., Visualizing the beta interferon response in mice during infection 

with influenza A viruses expressing or lacking nonstructural protein 1. J Virol, 

2013. 87: p. 6925-6930. 

106. Gazit, R., Lethal influenza infection in the absence of the natural killer cell receptor 

gene Ncr1. Nat Immunol, 2006. 7: p. 517-523. 



 

123 

 

107. Hashimoto, Y., et al., Evidence for phagocytosis of influenza virus-infected, 

apoptotic cells by neutrophils and macrophages in mice. J Immunol, 2007. 178: p. 

2448-2457. 

108. Pittet, L.A., et al., Influenza Virus Infection Decreases Tracheal Mucociliary 

Velocity and Clearance of Streptococcus pneumoniae. Am J Respir Cell Mol Biol, 

2010. 42(4): p. 450-460. 

109. Salvatore, M., et al., β-Defensin inhibits influenza virus replication by cell-

mediated mechanism (s). J Infect Dis, 2007. 196(6): p. 835-843. 

110. Beebe, D., R. Schreiber, and N. Cooper, Neutralization of influenza virus by normal 

human sera: mechanisms involving antibody and complement. J Immunol, 1983. 

130(3): p. 1317-1322. 

111. Anders, E.M., et al., Complement-dependent neutralization of influenza virus by a 

serum mannose-binding lectin. J Gen Virol, 1994. 75: p. 615-622. 

112. Jayasekera, J.P., E.A. Moseman, and M.C. Carroll, Natural antibody and 

complement mediate neutralization of influenza virus in the absence of prior 

immunity. J Virol, 2007. 81(7): p. 3487-3494. 

113. Kopf, M., et al., Complement component C3 promotes T-cell priming and lung 

migration to control acute influenza virus infection. Nature Med, 2002. 8(4): p. 

373-378. 

114. Liu, Y.-J., IPC: professional type 1 interferon-producing cells and plasmacytoid 

dendritic cell precursors. Annu Rev Immunol, 2005. 23: p. 275-306. 

115. Krug, R.M., et al., Inhibition of influenza viral mRNA synthesis in cells expressing 

the interferon-induced Mx gene product. J Virol, 1985. 56(1): p. 201-206. 

116. Comerford, I. and S.R. McColl, Mini-review series: focus on chemokines. Immunol 

Cell Biol, 2011. 89(2): p. 183-184. 

117. Owen, J.L. and M. Mohamadzadeh, Macrophages and chemokines as mediators of 

angiogenesis. Front Physiol, 2013. 4: p159 

118. Perrone, L.A., et al., H5N1 and 1918 pandemic influenza virus infection results in 

early and excessive infiltration of macrophages and neutrophils in the lungs of 

mice. PLoS Pathog, 2008. 4(8): p. e1000115. 

119. Trinchieri, G., Biology of natural killer cells. Adv Immunol, 1989. 47: p. 187-376. 

120. Robertson, M.J. and J. Ritz, Biology and clinical relevance of human natural killer 

cells. Blood, 1990. 76(12): p. 2421-2438. 

121. Tay, C.H., E. Szomolanyi-Tsuda, and R.M. Welsh, Control of infections by NK 

cells, in Specificity, Function, and Development of Nk Cells. 1998, Springer. p. 193-

220. 

122. Mandelboim, O., et al., Recognition of haemagglutinins on virus-infected cells by 

NKp46 activates lysis by human NK cells. Nature, 2001. 409(6823): p. 1055-1060. 

123. Arnon, T.I., et al., Recognition of viral hemagglutinins by NKp44 but not by NKp30. 

Eur J Immunol, 2001. 31(9): p. 2680-2689. 

124. Stein-Streilein, J. and J. Guffee, In vivo treatment of mice and hamsters with 

antibodies to asialo GM1 increases morbidity and mortality to pulmonary influenza 

infection. J Immunol, 1986. 136(4): p. 1435-1441. 

125. Gazit, R., et al., Lethal influenza infection in the absence of the natural killer cell 

receptor gene Ncr1. Nat Immunol, 2006. 7(5): p. 517-523. 



 

124 

 

126. McGill, J., J.W. Heusel, and K.L. Legge, Innate immune control and regulation of 

influenza virus infections. J Leukoc Biol, 2009. 86(4): p. 803-812. 

127. Jansen, C.A., et al., Differential lung NK cell responses in avian influenza virus 

infected chickens correlate with pathogenicity. Sci Rep, 2013. 3: p. 2478. 

128. Gerosa, F., et al., The reciprocal interaction of NK cells with plasmacytoid or 

myeloid dendritic cells profoundly affects innate resistance functions. J Immunol, 

2005. 174(2): p. 727-734. 

129. He, X.-S., et al., T cell–dependent production of IFN-γ by NK cells in response to 

influenza A virus. J Clin Invest, 2004. 114(12): p. 1812-1819. 

130. Ge, M.Q., et al., NK cells regulate CD8+ T cell priming and dendritic cell 

migration during influenza A infection by IFN-gamma and perforin-dependent 

mechanisms. J Immunol, 2012. 189(5): p. 2099-109. 

131. Hwang, I., et al., Activation mechanisms of natural killer cells during influenza 

virus infection. PLoS One, 2012. 7(12): p. e51858. 

132. Holt, P., Inhibitory activity of unstimulated alveolar macrophages on T-lymphocyte 

blastogenic response. Am Rev Respir Dis, 1978. 118(4): p. 791-793. 

133. Bilyk, N. and P. Holt, Cytokine modulation of the immunosuppressive phenotype of 

pulmonary alveolar macrophage populations. Immunology, 1995. 86(2): p. 231. 

134. Holt, P.G., et al., Downregulation of the antigen presenting cell function (s) of 

pulmonary dendritic cells in vivo by resident alveolar macrophages. J Exp Med, 

1993. 177(2): p. 397-407. 

135. Strickland, D., et al., Regulation of T-cell function in lung tissue by pulmonary 

alveolar macrophages. Immunology, 1993. 80(2): p. 266. 

136. Thepen, T., N. Van Rooijen, and G. Kraal, Alveolar macrophage elimination in 

vivo is associated with an increase in pulmonary immune response in mice. J Exp 

Med, 1989. 170(2): p. 499-509. 

137. Becker, S., J. Quay, and J. Soukup, Cytokine (tumor necrosis factor, IL-6, and IL-

8) production by respiratory syncytial virus-infected human alveolar macrophages. 

J Immunol, 1991. 147(12): p. 4307-4312. 

138. Kaufmann, A., et al., Defense against influenza A virus infection: essential role of 

the chemokine system. Immunobiology, 2001. 204(5): p. 603-613. 

139. Lin, K.L., et al., CCR2+ monocyte-derived dendritic cells and exudate 

macrophages produce influenza-induced pulmonary immune pathology and 

mortality. J Immunol, 2008. 180(4): p. 2562-2572. 

140. Crowe, C.R., et al., Critical role of IL-17RA in immunopathology of influenza 

infection. J Immunol, 2009. 183(8): p. 5301-5310. 

141. Kobasa, D., et al., Aberrant innate immune response in lethal infection of macaques 

with the 1918 influenza virus. Nature, 2007. 445(7125): p. 319-323. 

142. Baskin, C.R., et al., Early and sustained innate immune response defines pathology 

and death in nonhuman primates infected by highly pathogenic influenza virus. 

Proc Nat Acad Sci U S A, 2009. 106(9): p. 3455-3460. 

143. Tumpey, T.M., et al., Pathogenicity of influenza viruses with genes from the 1918 

pandemic virus: functional roles of alveolar macrophages and neutrophils in 

limiting virus replication and mortality in mice. J Virol, 2005. 79(23): p. 14933-

14944. 



 

125 

 

144. Kim, H.M., et al., Alveolar macrophages are indispensable for controlling 

influenza viruses in lungs of pigs. J Virol, 2008. 82(9): p. 4265-4274. 

145. McWilliam, A.S., et al., Dendritic cells are recruited into the airway epithelium 

during the inflammatory response to a broad spectrum of stimuli. J Exp Med, 1996. 

184(6): p. 2429-2432. 

146. McWilliam, A.S., et al., Rapid dendritic cell recruitment is a hallmark of the acute 

inflammatory response at mucosal surfaces. J Exp Med, 1994. 179(4): p. 1331-

1336. 

147. Shortman, K. and Y.-J. Liu, Mouse and human dendritic cell subtypes. Nature Rev 

Immunol, 2002. 2(3): p. 151-161. 

148. Vermaelen, K. and R. Pauwels, Accurate and simple discrimination of mouse 

pulmonary dendritic cell and macrophage populations by flow cytometry: 

methodology and new insights. Cytometry Part A, 2004. 61(2): p. 170-177. 

149. Vermaelen, K. and R. Pauwels, Pulmonary dendritic cells. Am J Respir Crit Care 

Med, 2005. 172(5): p. 530-551. 

150. Legge, K.L. and T.J. Braciale, Accelerated migration of respiratory dendritic cells 

to the regional lymph nodes is limited to the early phase of pulmonary infection. 

Immunity, 2003. 18(2): p. 265-277. 

151. McGill, J., N. Van Rooijen, and K.L. Legge, Protective influenza-specific CD8 T 

cell responses require interactions with dendritic cells in the lungs. J Exp Med, 

2008. 205(7): p. 1635-1646. 

152. Yamamoto, N., et al., Dendritic cells are associated with augmentation of antigen 

sensitization by influenza A virus infection in mice. Eur J Immunol, 2000. 30(1): p. 

316-326. 

153. Boliar, S. and T.M. Chambers, A new strategy of immune evasion by influenza A 

virus: Inhibition of monocyte differentiation into dendritic cells. Vet Immunol 

Immunopatho, 2010. 136(3): p. 201-210. 

154. Bender, A., et al., The distinctive features of influenza virus infection of dendritic 

cells. Immunobiology, 1998. 198(5): p. 552-567. 

155. Thitithanyanont, A., et al., High susceptibility of human dendritic cells to avian 

influenza H5N1 virus infection and protection by IFN-α and TLR ligands. J 

Immunol, 2007. 179(8): p. 5220-5227. 

156. Banchereau, J. and R.M. Steinman, Dendritic cells and the control of immunity. 

Nature, 1998. 392(6673): p. 245-252. 

157. Webster, R.G., et al., Intestinal influenza: replication and characterization of 

influenza viruses in ducks. Virology, 1978. 84(2): p. 268-278. 

158. Alexander, D.J., A review of avian influenza in different bird species. Vet 

Microbiol, 2000. 74(1): p. 3-13. 

159. Falcon, A.M., et al., Defective RNA replication and late gene expression in 

temperature-sensitive influenza viruses expressing deleted forms of the NS1 

protein. J Virol, 2004. 78(8): p. 3880-8. 

160. Aragón, T., et al., Eukaryotic translation initiation factor 4GI is a cellular target 

for NS1 protein, a translational activator of influenza virus. Mol Cell Biol, 2000. 

20(17): p. 6259-6268. 



 

126 

 

161. Fortes, P., A. Beloso, and J. Ortin, Influenza virus NS1 protein inhibits pre-mRNA 

splicing and blocks mRNA nucleocytoplasmic transport. EMBO J, 1994. 13(3): p. 

704. 

162. Lu, Y., X.-Y. Qian, and R.M. Krug, The influenza virus NS1 protein: a novel 

inhibitor of pre-mRNA splicing. Genes  Dev, 1994. 8(15): p. 1817-1828. 

163. Qiu, Y. and R.M. Krug, The influenza virus NS1 protein is a poly (A)-binding 

protein that inhibits nuclear export of mRNAs containing poly (A). J Virol, 1994. 

68(4): p. 2425-2432. 

164. Schultz-Cherry, S., et al., Influenza virus ns1 protein induces apoptosis in cultured 

cells. J Virol, 2001. 75(17): p. 7875-7881. 

165. Zhirnov, O., et al., NS1 protein of influenza A virus down-regulates apoptosis. J 

Virol, 2002. 76(4): p. 1617-1625. 

166. Egorov, A., et al., Transfectant influenza A viruses with long deletions in the NS1 

protein grow efficiently in Vero cells. J Virol, 1998. 72(8): p. 6437-6441. 

167. Garcı́a-Sastre, A., et al., Influenza A virus lacking the NS1 gene replicates in 

interferon-deficient systems. Virology, 1998. 252(2): p. 324-330. 

168. Kochs, G., et al., Properties of H7N7 influenza A virus strain SC35M lacking 

interferon antagonist NS1 in mice and chickens. J Gen Virol, 2007. 88(5): p. 1403-

1409. 

169. Egorov, A., et al., Transfectant influenza A viruses with long deletions in the NS1 

protein grow efficiently in Vero cells. J Virol, 1998. 72(8): p. 6437-41. 

170. Geiss, G.K., et al., Cellular transcriptional profiling in influenza A virus-infected 

lung epithelial cells: the role of the nonstructural NS1 protein in the evasion of the 

host innate defense and its potential contribution to pandemic influenza. Proc Nat 

Acad Sci U S A, 2002. 99(16): p. 10736-10741. 

171. Hayman, A., et al., Variation in the ability of human influenza A viruses to induce 

and inhibit the IFN-β pathway. Virology, 2006. 347(1): p. 52-64. 

172. Kochs, G., A. García-Sastre, and L. Martínez-Sobrido, Multiple anti-interferon 

actions of the influenza A virus NS1 protein. J Virol, 2007. 81(13): p. 7011-7021. 

173. Ludwig, S., et al., The influenza A virus NS1 protein inhibits activation of Jun N-

terminal kinase and AP-1 transcription factors. J Virol, 2002. 76(21): p. 11166-

11171. 

174. Talon, J., et al., Activation of interferon regulatory factor 3 is inhibited by the 

influenza A virus NS1 protein. J Virol, 2000. 74(17): p. 7989-7996. 

175. Wang, X., et al., Influenza A virus NS1 protein prevents activation of NF-κB and 

induction of alpha/beta interferon. J Virol, 2000. 74(24): p. 11566-11573. 

176. Twu, K.Y., et al., The H5N1 influenza virus NS genes selected after 1998 enhance 

virus replication in mammalian cells. J Virol, 2007. 81(15): p. 8112-8121. 

177. Noah, D.L., K.Y. Twu, and R.M. Krug, Cellular antiviral responses against 

influenza A virus are countered at the posttranscriptional level by the viral NS1A 

protein via its binding to a cellular protein required for the 3′ end processing of 

cellular pre-mRNAS. Virology, 2003. 307(2): p. 386-395. 

178. Garcia, M., et al., Impact of protein kinase PKR in cell biology: from antiviral to 

antiproliferative action. Microbiol Mol Biol Rev, 2006. 70(4): p. 1032-1060. 

179. Silverman, R.H., Viral encounters with 2′, 5′-oligoadenylate synthetase and RNase 

L during the interferon antiviral response. J Virol, 2007. 81(23): p. 12720-12729. 



 

127 

 

180. Min, J.-Y., et al., A site on the influenza A virus NS1 protein mediates both 

inhibition of PKR activation and temporal regulation of viral RNA synthesis. 

Virology, 2007. 363(1): p. 236-243. 

181. Min, J.-Y. and R.M. Krug, The primary function of RNA binding by the influenza 

A virus NS1 protein in infected cells: inhibiting the 2′-5′ oligo (A) synthetase/RNase 

L pathway. Proc Nat Acad Sci U S A, 2006. 103(18): p. 7100-7105. 

182. Donelan, N.R., C.F. Basler, and A. García-Sastre, A recombinant influenza A virus 

expressing an RNA-binding-defective NS1 protein induces high levels of beta 

interferon and is attenuated in mice. J Virol, 2003. 77(24): p. 13257-13266. 

183. Hatada, E., et al., Analysis of influenza A virus temperature-sensitive mutants with 

mutations in RNA segment 8. J Gen Virol, 1990. 71(6): p. 1283-1292. 

184. Lu, Y., et al., Binding of the influenza virus NS1 protein to double-stranded RNA 

inhibits the activation of the protein kinase that phosphorylates the elF-2 

translation initiation factor. Virology, 1995. 214(1): p. 222-8. 

185. Li, S., et al., Binding of the influenza A virus NS1 protein to PKR mediates the 

inhibition of its activation by either PACT or double-stranded RNA. Virology, 

2006. 349(1): p. 13-21. 

186. Tan, S.L., M.J. Gale, Jr., and M.G. Katze, Double-stranded RNA-independent 

dimerization of interferon-induced protein kinase PKR and inhibition of 

dimerization by the cellular P58IPK inhibitor. Mol Cell Biol, 1998. 18(5): p. 2431-

43. 

187. Lee, T.G., et al., The 58,000-dalton cellular inhibitor of the interferon-induced 

double-stranded RNA-activated protein kinase (PKR) is a member of the 

tetratricopeptide repeat family of proteins. Mol Cell Biol, 1994. 14(4): p. 2331-42. 

188. Tang, N.M., et al., Inhibition of double-stranded RNA- and tumor necrosis factor 

alpha-mediated apoptosis by tetratricopeptide repeat protein and cochaperone 

P58(IPK). Mol Cell Biol, 1999. 19(7): p. 4757-65. 

189. Li, W.-X., et al., Interferon antagonist proteins of influenza and vaccinia viruses 

are suppressors of RNA silencing. Proc Nat Acad Sci U S A, 2004. 101(5): p. 1350-

1355. 

190. Bucher, E., et al., The influenza A virus NS1 protein binds small interfering RNAs 

and suppresses RNA silencing in plants. J Gen Virol, 2004. 85(4): p. 983-991. 

191. Delgadillo, M.O., et al., Human influenza virus NS1 protein enhances viral 

pathogenicity and acts as an RNA silencing suppressor in plants. J Gen Virol, 2004. 

85(4): p. 993-999. 

192. Kok, K.H. and D.-Y. Jin, Influenza A virus NS1 protein does not suppress RNA 

interference in mammalian cells. J Gen Virol, 2006. 87(9): p. 2639-2644. 

193. Hale, B.G., et al., The multifunctional NS1 protein of influenza A viruses. J Gen 

Virol, 2008. 89(Pt 10): p. 2359-76. 

194. Kurokawa, M., et al., Influenza virus overcomes apoptosis by rapid multiplication. 

Int J Mol Med, 1999. 3(5): p. 527-557. 

195. Zhirnov, O.P. and H.-D. Klenk, Control of apoptosis in influenza virus-infected 

cells by up-regulation of Akt and p53 signaling. Apoptosis, 2007. 12(8): p. 1419-

1432. 

196. Ehrhardt, C., et al., Influenza A virus NS1 protein activates the PI3K/Akt pathway 

to mediate antiapoptotic signaling responses. J Virol, 2007. 81(7): p. 3058-3067. 



 

128 

 

197. Lam, W., et al., Avian influenza virus A/HK/483/97 (H5N1) NS1 protein induces 

apoptosis in human airway epithelial cells. J Virol, 2008. 82(6): p. 2741-2751. 

198. Takizawa, T., K. Ohashi, and Y. Nakanishi, Possible involvement of double-

stranded RNA-activated protein kinase in cell death by influenza virus infection. J 

Virol, 1996. 70(11): p. 8128-8132. 

199. Li, Y., et al., Mechanism of influenza A virus NS1 protein interaction with the 

p85beta, but not the p85alpha, subunit of phosphatidylinositol 3-kinase (PI3K) and 

up-regulation of PI3K activity. J Biol Chem, 2008. 283(34): p. 23397-409. 

200. Shin, Y.K., et al., SH3 binding motif 1 in influenza A virus NS1 protein is essential 

for PI3K/Akt signaling pathway activation. J Virol, 2007. 81(23): p. 12730-9. 

201. Hale, B.G., et al., Structural insights into phosphoinositide 3-kinase activation by 

the influenza A virus NS1 protein. Proc Natl Acad Sci U S A, 2010. 107(5): p. 1954-

9. 

202. Hrincius, E.R., et al., Phosphatidylinositol‐3‐kinase (PI3K) is activated by 

influenza virus vRNA via the pathogen pattern receptor Rig‐I to promote efficient 

type I interferon production. Cellular Microbiol, 2011. 13(12): p. 1907-1919. 

203. Ehrhardt, C., et al., Influenza A virus NS1 protein activates the PI3K/Akt pathway 

to mediate antiapoptotic signaling responses. J Virol, 2007. 81(7): p. 3058-67. 

204. Hyland, L., et al., Influenza virus NS1 protein protects against 

lymphohematopoietic pathogenesis in an in vivo mouse model. Virology, 2006. 

349(1): p. 156-163. 

205. Fernandez-Sesma, A., et al., Influenza virus evades innate and adaptive immunity 

via the NS1 protein. J Virol, 2006. 80(13): p. 6295-6304. 

206. Castiglioni, P., et al., Protection against influenza A virus by memory CD8 T cells 

requires reactivation by bone marrow-derived dendritic cells. J Immunol, 2008. 

180(7): p. 4956-4964. 

207. van der Sluijs, K.F., et al., Bench-to-bedside review: bacterial pneumonia with 

influenza - pathogenesis and clinical implications. Crit Care, 2010. 14(2): p. 219. 

208. Grabowska, K., et al., Occurrence of invasive pneumococcal disease and number 

of excess cases due to influenza. BMC Infect Dis, 2006. 6: p. 58. 

209. McCullers, J.A., Insights into the interaction between influenza virus and 

pneumococcus. Clin Microbiol Rev, 2006. 19(3): p. 571-82. 

210. Andrewes, C.H., P.P. Laidlaw and Wilson Smith, Influenza: Observations on the 

recovery of virus from man and on the antibody content of human sera. Br J Exp 

Pathol, 1935. 16: p. 566-582. 

211. Morens, D.M. and A.S. Fauci, The 1918 influenza pandemic: insights for the 21st 

century. J Infect Dis, 2007. 195(7): p. 1018-28. 

212. Dauer, C.C., Mortality in the 1957-58 influenza epidemic. Public Health Rep, 1958. 

73(9): p. 803-10. 

213. Alling, D.W., W.C. Blackwelder, and C.H. Stuart-Harris, A study of excess 

mortality during influenza epidemics in the United States, 1968-1976. Am J 

Epidemiol, 1981. 113(1): p. 30-43. 

214. W., P.C., Chronicle of influenza pandemics. Textbook of Influenza, 1998. 

215. Abrahams, A., Discussion on Influenza. Proc R Soc Med, 1919. 12(Gen Rep): p. 

97-102. 



 

129 

 

216. Muir, R. and G.H. Wilson, Observations ON INFLUENZA AND ITS 

COMPLICATIONS. Br Med J, 1919. 1(3027): p. 3-5. 

217. Stone, W.J.a.S., G.W., INFLUENZA AND INFLUENZAL PNEUMONIA AT FORT 

RILEY, KANSAS. JAMA, 1919. 72(7): p. 487-493. 

218. Steer, W.J.W.a.P., BACTERIOLOGICAL AND PATHOLOGICAL 

OBSERVATIONS ON INFLUENZA AS SEEN IN FRANCE DURING 1918. Br Med 

J, 1919. 1(3047): p. 634-635. 

219. Brundage, J.F. and G.D. Shanks, Deaths from bacterial pneumonia during 1918-

19 influenza pandemic. Emerg Infect Dis, 2008. 14(8): p. 1193-9. 

220. Finland, M., M.W. Barnes, and B.A. Samper, Influenza Virus Isolations and 

Serological Studies Made in Boston during the Winter of 1943-1944. J Clin Invest, 

1945. 24(2): p. 192-208. 

221. Maxwell, E.S., T.G. Ward, and T.E. Van Metre, Jr., The Relation of Influenza Virus 

and Bacteria in the Etiology of Pneumonia. J Clin Invest, 1949. 28(2): p. 307-18. 

222. Tyrrell, D.A., The pulmonary complications of influenza as seen in Sheffield in 

1949. Q J Med, 1952. 21(83): p. 291-306. 

223. Taubenberger, J.K., et al., Initial genetic characterization of the 1918 "Spanish" 

influenza virus. Science, 1997. 275(5307): p. 1793-6. 

224. Morens, D.M.a.F., A.S., The 1918 Influenza Pandemic: Insights for the 21st 

Century. J Infect Dis, 2007. 195(7): p. 1018-1028. 

225. Morens, D.M., J.K. Taubenberger, and A.S. Fauci, Predominant role of bacterial 

pneumonia as a cause of death in pandemic influenza: implications for pandemic 

influenza preparedness. J Infect Dis, 2008. 198(7): p. 962-70. 

226. Michelow, I.C., et al., Epidemiology and clinical characteristics of community-

acquired pneumonia in hospitalized children. Pediatrics, 2004. 113(4): p. 701-7. 

227. Anonymous, Bacterial Coinfections in Lung Tissue Specimens from Fatal Cases of 

2009 Pandemic Influenza A (H1N1) --- United States, May--August 2009. MMWR 

weekly, 2009. 58(38): p. 1071-1074. 

228. Wherry, W.B. and C.T. Butterfield, Inhalation Experiments on Influenza and 

Pneumonia, and on the Importance of Spray-Borne Bacteria in Respiratory 

Infections. J Infect Dis, 1920. 27(4): p. 315-326. 

229. Jr, T.F. and M.V.D. Torregrosa, Combined Infection of Mice with H. influenzae and 

Influenza Virus by the Intranasal Route.  J Infect Dis, 1945. 76(1): p. 70-77. 

230. McCullers, J.A. and J.E. Rehg, Lethal Synergism between Influenza Virus and 

Streptococcus pneumoniae: Characterization of a Mouse Model and the Role of 

Platelet-Activating Factor Receptor. J Infect Dis, 2002. 186(3): p. 341-350. 

231. Sun, K. and D.W. Metzger, Inhibition of pulmonary antibacterial defense by 

interferon-gamma during recovery from influenza infection. Nature Med, 2008. 

14(5): p. 558-64. 

232. McCullers, J.A. and J.E. Rehg, Lethal synergism between influenza virus and 

Streptococcus pneumoniae: characterization of a mouse model and the role of 

platelet-activating factor receptor. J Infect Dis, 2002. 186(3): p. 341-50. 

233. Walter, N.D., et al., Influenza circulation and the burden of invasive pneumococcal 

pneumonia during a non-pandemic period in the United States. Clin Infect Dis, 

2010. 50(2): p. 175-83. 



 

130 

 

234. Kuster, S.P., et al., Evaluation of coseasonality of influenza and invasive 

pneumococcal disease: results from prospective surveillance. PLoS Med, 2011. 

8(6): p. e1001042. 

235. Toschke, A.M., et al., No temporal association between influenza outbreaks and 

invasive pneumococcal infections. Arch Dis Child, 2008. 93(3): p. 218-20. 

236. Shrestha, S., et al., Identifying the interaction between influenza and pneumococcal 

pneumonia using incidence data. Sci Transl Med, 2013. 5(191): p. 191ra84. 

237. Metersky, M.L., et al., Epidemiology, microbiology, and treatment considerations 

for bacterial pneumonia complicating influenza. Int J Infect Dis, 2012. 16(5): p. 

e321-e331. 

238. Kumar, A., et al., Critically ill patients with 2009 influenza A(H1N1) infection in 

Canada. JAMA, 2009. 302(17): p. 1872-9. 

239. Madhi, S.A., K.P. Klugman, and G. Vaccine Trialist, A role for Streptococcus 

pneumoniae in virus-associated pneumonia. Nat Med, 2004. 10(8): p. 811-3. 

240. Boyd, M., et al., Pandemic influenza: clinical issues. Med J Aust, 2006. 185(10 

Suppl): p. S44-7. 

241. Didierlaurent, A., et al., Sustained desensitization to bacterial Toll-like receptor 

ligands after resolution of respiratory influenza infection. J Exp Med, 2008. 205(2): 

p. 323-9. 

242. van der Sluijs, K.F., et al., IL-10 is an important mediator of the enhanced 

susceptibility to pneumococcal pneumonia after influenza infection. J Immunol, 

2004. 172(12): p. 7603-9. 

243. Harford, C.G., V. Leidler, and M. Hara, Effect of the lesion due to influenza virus 

on the resistance of mice to inhaled pneumococci. J Exp Med, 1949. 89(1): p. 53-

68. 

244. Loosli, C.G., et al., The destruction of type 2 pneumocytes by airborne influenza 

PR8-A virus; its effect on surfactant and lecithin content of the pneumonic lesions 

of mice. Chest, 1975. 67(2 Suppl): p. 7S-14S. 

245. Hers, J.F., N. Masurel, and J. Mulder, Bacteriology and histopathology of the 

respiratory tract and lungs in fatal Asian influenza. Lancet, 1958. 2(7057): p. 1141-

3. 

246. Plotkowski, M.C., et al., Adherence of type I Streptococcus pneumoniae to tracheal 

epithelium of mice infected with influenza A/PR8 virus. Am Rev Respir Dis, 1986. 

134(5): p. 1040-4. 

247. Tong, H.H., et al., Effect of lacto-N-neotetraose, asialoganglioside-GM1 and 

neuraminidase on adherence of otitis media-associated serotypes of Streptococcus 

pneumoniae to chinchilla tracheal epithelium. Microb Pathog, 1999. 26(2): p. 111-

9. 

248. McCullers, J.A. and K.C. Bartmess, Role of neuraminidase in lethal synergism 

between influenza virus and Streptococcus pneumoniae. J Infect Dis, 2003. 187(6): 

p. 1000-9. 

249. Peltola, V.T., K.G. Murti, and J.A. McCullers, Influenza virus neuraminidase 

contributes to secondary bacterial pneumonia. J Infect Dis, 2005. 192(2): p. 249-

57. 



 

131 

 

250. McAuley, J.L., et al., Expression of the 1918 influenza A virus PB1-F2 enhances 

the pathogenesis of viral and secondary bacterial pneumonia. Cell Host Microbe, 

2007. 2(4): p. 240-9. 

251. Cundell, D.R., et al., Streptococcus pneumoniae anchor to activated human cells 

by the receptor for platelet-activating factor. Nature, 1995. 377(6548): p. 435-8. 

252. van der Sluijs, K.F., et al., Involvement of the platelet-activating factor receptor in 

host defense against Streptococcus pneumoniae during postinfluenza pneumonia. 

Am J Physiol Lung Cell Mol Physiol, 2006. 290(1): p. L194-9. 

253. Harford, C.G., M. Hara, and W.t.T.A.o.A. Hamlin, PULMONARY EDEMA IN 

INFLUENZAL PNEUMONIA OF THE MOUSE AND THE RELATION OF FLUID 

IN THE LUNG TO THE INCEPTION OF PNEUMOCOCCAL PNEUMONIA. J 

Exp Med, 1950. 91(3): p. 245-260. 

254. Levandowski, R.A., T.R. Gerrity, and C.S. Garrard, Modifications of lung 

clearance mechanisms by acute influenza A infection. J Lab Clin Med, 1985. 

106(4): p. 428-32. 

255. Hoke, C.H., Jr., et al., Comparison of sevral wild-type influenza viruses in the ferret 

tracheal organ culture system. Rev Infect Dis, 1979. 1(6): p. 946-54. 

256. Pittet, L.A., et al., Influenza virus infection decreases tracheal mucociliary velocity 

and clearance of Streptococcus pneumoniae. Am J Respir Cell Mol Biol, 2010. 

42(4): p. 450-60. 

257. LeVine, A.M., V. Koeningsknecht, and J.M. Stark, Decreased pulmonary 

clearance of S. pneumoniae following influenza A infection in mice. J Virol 

Methods, 2001. 94(1-2): p. 173-86. 

258. Smith, M.W., et al., Induction of pro- and anti-inflammatory molecules in a mouse 

model of pneumococcal pneumonia after influenza. Comp Med, 2007. 57(1): p. 82-

9. 

259. Shahangian, A., et al., Type I IFNs mediate development of postinfluenza bacterial 

pneumonia in mice. J Clin Invest, 2009. 119(7): p. 1910-20. 

260. Seki, M., et al., Acute infection with influenza virus enhances susceptibility to fatal 

pneumonia following Streptococcus pneumoniae infection in mice with chronic 

pulmonary colonization with Pseudomonas aeruginosa. Clin Exp Immunol, 2004. 

137(1): p. 35-40. 

261. McNamee, L.A. and A.G. Harmsen, Both influenza-induced neutrophil dysfunction 

and neutrophil-independent mechanisms contribute to increased susceptibility to a 

secondary Streptococcus pneumoniae infection. Infect Immun, 2006. 74(12): p. 

6707-21. 

262. Kleinerman, E.S., R. Snyderman, and C.A. Daniels, Depressed monocyte 

chemotaxis during acute influenza infection. Lancet, 1975. 2(7944): p. 1063-6. 

263. Kleinerman, E.S., et al., Effect of virus infection on the inflammatory response. 

Depression of macrophage accumulation in influenza-infected mice. Am J Pathol, 

1976. 85(2): p. 373-82. 

264. Sun, K. and D.W. Metzger, Inhibition of pulmonary antibacterial defense by 

interferon-[gamma] during recovery from influenza infection. Nature Med, 2008. 

14(5): p. 558-564. 



 

132 

 

265. Small, C.L., et al., Influenza infection leads to increased susceptibility to 

subsequent bacterial superinfection by impairing NK cell responses in the lung. J 

Immunol, 2010. 184(4): p. 2048-56. 

266. Speshock, J.L., et al., Filamentous influenza A virus infection predisposes mice to 

fatal septicemia following superinfection with Streptococcus pneumoniae serotype 

3. Infect Immun, 2007. 75(6): p. 3102-11. 

267. McKinstry, K.K., et al., IL-10 deficiency unleashes an influenza-specific Th17 

response and enhances survival against high-dose challenge. J Immunol, 2009. 

182(12): p. 7353-63. 

268. Steinhauser, M.L., et al., IL-10 is a major mediator of sepsis-induced impairment 

in lung antibacterial host defense. J Immunol, 1999. 162(1): p. 392-9. 

269. Ballinger, M.N. and T.J. Standiford, Postinfluenza bacterial pneumonia: host 

defenses gone awry. J Interferon Cytokine Res, 2010. 30(9): p. 643-52. 

270. Massague, J., et al., Transforming growth factor-beta. Cancer Surv, 1992. 12: p. 

81-103. 

271. Schultz-Cherry, S. and V.S. Hinshaw, Influenza virus neuraminidase activates 

latent transforming growth factor beta. J Virol, 1996. 70(12): p. 8624-9. 

272. Lindenmann, J., D.C. Burke, and A. Isaacs, Studies on the production, mode of 

action and properties of interferon. Br J Exp Pathol, 1957. 38(5): p. 551-62. 

273. Jia, D., et al., Influenza virus non-structural protein 1 (NS1) disrupts interferon 

signaling. PLoS One, 2010. 5(11): p. e13927. 

274. Fernandez-Sesma, A., et al., Influenza virus evades innate and adaptive immunity 

via the NS1 protein. J Virol, 2006. 80(13): p. 6295-304. 

275. Kochs, G., et al., Properties of H7N7 influenza A virus strain SC35M lacking 

interferon antagonist NS1 in mice and chickens. J Gen Virol, 2007. 88(Pt 5): p. 

1403-9. 

276. Garcia-Sastre, A., et al., Influenza A virus lacking the NS1 gene replicates in 

interferon-deficient systems. Virology, 1998. 252(2): p. 324-30. 

277. Biswas, S.K., et al., Role for MyD88-independent, TRIF pathway in lipid A/TLR4-

induced endotoxin tolerance. J Immunol, 2007. 179(6): p. 4083-92. 

278. Tang, C., et al., Interleukin-23: as a drug target for autoimmune inflammatory 

diseases. Immunology, 2012. 135(2): p. 112-124. 

279. Oppmann, B., et al., Novel p19 protein engages IL-12p40 to form a cytokine, IL-

23, with biological activities similar as well as distinct from IL-12. Immunity, 2000. 

13(5): p. 715-25. 

280. Langrish, C.L., et al., IL-23 drives a pathogenic T cell population that induces 

autoimmune inflammation. J Exp Med, 2005. 201(2): p. 233-40. 

281. Mosmann, T.R., et al., Two types of murine helper T cell clone. I. Definition 

according to profiles of lymphokine activities and secreted proteins. J Immunol, 

1986. 136(7): p. 2348-57. 

282. Aggarwal, S., et al., Interleukin-23 promotes a distinct CD4 T cell activation state 

characterized by the production of interleukin-17. J Biol Chem, 2003. 278(3): p. 

1910-4. 

283. Harrington, L.E., et al., Interleukin 17-producing CD4+ effector T cells develop via 

a lineage distinct from the T helper type 1 and 2 lineages. Nat Immunol, 2005. 

6(11): p. 1123-32. 



 

133 

 

284. Park, H., et al., A distinct lineage of CD4 T cells regulates tissue inflammation by 

producing interleukin 17. Nat Immunol, 2005. 6(11): p. 1133-41. 

285. Zhu, S., et al., Modulation of experimental autoimmune encephalomyelitis through 

TRAF3-mediated suppression of interleukin 17 receptor signaling. J Exp Med, 

2010. 207(12): p. 2647-62. 

286. Hunter, C.A., New IL-12-family members: IL-23 and IL-27, cytokines with 

divergent functions. Nat Rev Immunol, 2005. 5(7): p. 521-31. 

287. Cua, D.J., et al., Interleukin-23 rather than interleukin-12 is the critical cytokine 

for autoimmune inflammation of the brain. Nature, 2003. 421(6924): p. 744-8. 

288. Murphy, C.A., et al., Divergent pro- and antiinflammatory roles for IL-23 and IL-

12 in joint autoimmune inflammation. J Exp Med, 2003. 198(12): p. 1951-7. 

289. Jefford, M., et al., Functional comparison of DCs generated in vivo with Flt3 ligand 

or in vitro from blood monocytes: differential regulation of function by specific 

classes of physiologic stimuli. Blood, 2003. 102(5): p. 1753-63. 

290. Smits, H.H., et al., Commensal Gram-negative bacteria prime human dendritic 

cells for enhanced IL-23 and IL-27 expression and enhanced Th1 development. Eur 

J Immunol, 2004. 34(5): p. 1371-80. 

291. Happel, K.I., et al., Cutting edge: roles of Toll-like receptor 4 and IL-23 in IL-17 

expression in response to Klebsiella pneumoniae infection. J Immunol, 2003. 

170(9): p. 4432-6. 

292. Kolls, J.K., P.B. McCray, Jr., and Y.R. Chan, Cytokine-mediated regulation of 

antimicrobial proteins. Nat Rev Immunol, 2008. 8(11): p. 829-35. 

293. Zhang, Z., T.B. Clarke, and J.N. Weiser, Cellular effectors mediating Th17-

dependent clearance of pneumococcal colonization in mice. J Clin Invest, 2009. 

119(7): p. 1899-909. 

294. Happel, K.I., et al., Divergent roles of IL-23 and IL-12 in host defense against 

Klebsiella pneumoniae. J Exp Med, 2005. 202(6): p. 761-9. 

295. Ma, J., et al., Morphine disrupts interleukin-23 (IL-23)/IL-17-mediated pulmonary 

mucosal host defense against Streptococcus pneumoniae infection. Infect Immun, 

2010. 78(2): p. 830-7. 

296. Markel, G., et al., The involvement of IL-17A in the murine response to sub-lethal 

inhalational infection with Francisella tularensis. PLoS One, 2010. 5(6): p. 

e11176. 

297. Kohyama, S., et al., IL-23 enhances host defense against vaccinia virus infection 

via a mechanism partly involving IL-17. J Immunol, 2007. 179(6): p. 3917-25. 

298. Patera, A.C., et al., Interleukin 17 modulates the immune response to vaccinia virus 

infection. Virology, 2002. 299(1): p. 56-63. 

299. Crowe, C.R., et al., Critical role of IL-17RA in immunopathology of influenza 

infection. J Immunol, 2009. 183(8): p. 5301-10. 

300. Kudva, A., et al., Influenza A inhibits Th17-mediated host defense against bacterial 

pneumonia in mice. J Immunol, 2011. 186(3): p. 1666-74. 

301. Zhu, C., et al., Activation of the murine interleukin-12 p40 promoter by functional 

interactions between NFAT and ICSBP. J Biol Chem, 2003. 278(41): p. 39372-82. 

302. Wang, I.M., et al., An IFN-gamma-inducible transcription factor, IFN consensus 

sequence binding protein (ICSBP), stimulates IL-12 p40 expression in 

macrophages. J Immunol, 2000. 165(1): p. 271-9. 



 

134 

 

303. Dugan, V.G., et al., The evolutionary genetics and emergence of avian influenza 

viruses in wild birds. PLoS Pathog, 2008. 4(5): p. e1000076. 

304. Masumi, A., et al., IRF-8/ICSBP and IRF-1 cooperatively stimulate mouse IL-12 

promoter activity in macrophages. FEBS Lett, 2002. 531(2): p. 348-53. 

305. Murphy, T.L., et al., Regulation of interleukin 12 p40 expression through an NF-

kappa B half-site. Mol Cell Biol, 1995. 15(10): p. 5258-67. 

306. Carmody, R.J., et al., Essential roles of c-Rel in TLR-induced IL-23 p19 gene 

expression in dendritic cells. J Immunol, 2007. 178(1): p. 186-91. 

307. Mise-Omata, S., et al., A proximal kappaB site in the IL-23 p19 promoter is 

responsible for RelA- and c-Rel-dependent transcription. J Immunol, 2007. 

179(10): p. 6596-603. 

308. Liu, W., et al., AP-1 activated by toll-like receptors regulates expression of IL-23 

p19. J Biol Chem, 2009. 284(36): p. 24006-16. 

309. Chen, X., et al., Curcumol exhibits anti-inflammatory properties by interfering with 

the JNK-mediated AP-1 pathway in lipopolysaccharide-activated RAW264.7 cells. 

Eur J Pharmacol, 2014. 723: p. 339-45. 

310. Pirhonen, J., S. Matikainen, and I. Julkunen, Regulation of virus-induced IL-12 and 

IL-23 expression in human macrophages. J Immunol, 2002. 169(10): p. 5673-8. 

311. Calfon, M., et al., IRE1 couples endoplasmic reticulum load to secretory capacity 

by processing the XBP-1 mRNA. Nature, 2002. 415(6867): p. 92-6. 

312. Yoshida, H., Unconventional splicing of XBP-1 mRNA in the unfolded protein 

response. Antioxid Redox Signal, 2007. 9(12): p. 2323-33. 

313. Harding, H.P., Y. Zhang, and D. Ron, Protein translation and folding are coupled 

by an endoplasmic-reticulum-resident kinase. Nature, 1999. 397(6716): p. 271-4. 

314. Roberson, E.C., et al., Influenza induces endoplasmic reticulum stress, caspase-12-

dependent apoptosis, and c-Jun N-terminal kinase-mediated transforming growth 

factor-beta release in lung epithelial cells. Am J Respir Cell Mol Biol, 2012. 46(5): 

p. 573-81. 

315. Solda, T., et al., Consequences of ERp57 deletion on oxidative folding of obligate 

and facultative clients of the calnexin cycle. J Biol Chem, 2006. 281(10): p. 6219-

26. 

316. Marion, R.M., et al., Influenza virus NS1 protein interacts with viral transcription-

replication complexes in vivo. J Gen Virol, 1997. 78 ( Pt 10): p. 2447-51. 

317. Wolstenholme, A.J., et al., Influenza virus-specific RNA and protein syntheses in 

cells infected with temperature-sensitive mutants defective in the genome segment 

encoding nonstructural proteins. J Virol, 1980. 35(1): p. 1-7. 

318. de la Luna, S., et al., Influenza virus NS1 protein enhances the rate of translation 

initiation of viral mRNAs. J Virol, 1995. 69(4): p. 2427-33. 

319. Bryant, N.A., et al., Antigenic and genetic variations in European and North 

American equine influenza virus strains (H3N8) isolated from 2006 to 2007. Vet 

Microbiol, 2009. 138(1-2): p. 41-52. 

320. Timoney, P.J., Equine influenza. Comp Immunol Microbiol Infect Dis, 1996. 19(3): 

p. 205-11. 

321. Cardwell, J., et al., Equine influenza in donkeys in the New Forest. Vet Rec, 2000. 

147(14): p. 400. 



 

135 

 

322. Gerber, H., [Equine influenza. Comparative studies on various virus diseases of the 

respiratory tract in horses]. Schweiz Arch Tierheilkd, 1966. 108(4): p. 167-89. 

323. Lai, A.C., et al., Genetic and antigenic analysis of the influenza virus responsible 

for the 1992 Hong Kong equine influenza epizootic. Virology, 1994. 204(2): p. 673-

9. 

324. Daly, J.M., et al., Equine influenza: a review of an unpredictable virus. Vet J, 2011. 

189(1): p. 7-14. 

325. Fiore, A.E., et al., Prevention and control of influenza: recommendations of the 

Advisory Committee on Immunization Practices (ACIP), 2008. MMWR. 

Recommendations and reports: Morbidity and mortality weekly report. 

Recommendations and reports/Centers for Disease Control, 2008. 57(RR-7): p. 1-

60. 

326. Molinari, N.-A.M., et al., The annual impact of seasonal influenza in the US: 

measuring disease burden and costs. Vaccine, 2007. 25(27): p. 5086-5096. 

327. Hotamisligil, G.S., Endoplasmic reticulum stress and the inflammatory basis of 

metabolic disease. Cell, 2010. 140(6): p. 900-917. 

328. Xu, C., B. Bailly-Maitre, and J.C. Reed, Endoplasmic reticulum stress: cell life and 

death decisions. J Clin Invest, 2005. 115(10): p. 2656-2664. 

329. Zhang, K., et al., Endoplasmic reticulum stress activates cleavage of CREBH to 

induce a systemic inflammatory response. Cell, 2006. 124(3): p. 587-599. 

330. Nakajima, S., et al., Selective abrogation of BiP/GRP78 blunts activation of NF-

kappaB through the ATF6 branch of the UPR: involvement of C/EBPbeta and 

mTOR-dependent dephosphorylation of Akt. Mol Cell Biol, 2011. 31(8): p. 1710-8. 

331. Gupta, S., et al., Mechanisms of ER stress-mediated mitochondrial membrane 

permeabilization. Int J Cell Biol, 2010. 2010. 

332. Özcan, U., et al., Chemical chaperones reduce ER stress and restore glucose 

homeostasis in a mouse model of type 2 diabetes. Science, 2006. 313(5790): p. 

1137-1140. 

333. Pahl, H.L. and P.A. Baeuerle, Activation of NF-κB by ER stress requires both Ca2+ 

and reactive oxygen intermediates as messengers. FEBS Lett, 1996. 392(2): p. 129-

136. 

334. Dorner, A.J., L.C. Wasley, and R. Kaufman, Overexpression of GRP78 mitigates 

stress induction of glucose regulated proteins and blocks secretion of selective 

proteins in Chinese hamster ovary cells. The EMBO J, 1992. 11(4): p. 1563. 

335. Shen, J., et al., ER stress regulation of ATF6 localization by dissociation of 

BiP/GRP78 binding and unmasking of Golgi localization signals. Dev Cell, 2002. 

3(1): p. 99-111. 

336. Bertolotti, A., et al., Dynamic interaction of BiP and ER stress transducers in the 

unfolded-protein response. Nat Cell Biol, 2000. 2(6): p. 326-332. 

337. Novoa, I., et al., Stress-induced gene expression requires programmed recovery 

from translational repression. EMBO J., 2003. 22: p. 1180-1187. 

338. Hassan, I.H., et al., Influenza A viral replication is blocked by inhibition of the 

inositol-requiring enzyme 1 (IRE1) stress pathway. J Biol Chem, 2012. 287(7): p. 

4679-89. 

339. Zhang, K. and R.J. Kaufman, From endoplasmic-reticulum stress to the 

inflammatory response. Nature, 2008. 454(7203): p. 455-62. 



 

136 

 

340. Park, M.S., et al., Newcastle disease virus V protein is a determinant of host range 

restriction. J Virol, 2003. 77(17): p. 9522-32. 

341. Reed, L.J. and H. Muench, A simple method of estimating fifty per cent endpoints. 

Am J Epidemiol, 1938. 27(3): p. 493-497. 

342. Ramakers, C., et al., Assumption-free analysis of quantitative real-time polymerase 

chain reaction (PCR) data. Neurosci Lett, 2003. 339(1): p. 62-66. 

343. Livak, K.J. and T.D. Schmittgen, Analysis of relative gene expression data using 

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods, 2001. 

25(4): p. 402-8. 

344. Rogers, T.B., et al., Use of thapsigargin to study Ca2+ homeostasis in cardiac cells. 

Biosci Rep, 1995. 15(5): p. 341-9. 

345. Adachi, Y., et al., ATF6 is a transcription factor specializing in the regulation of 

quality control proteins in the endoplasmic reticulum. Cell Struct Funct, 2008. 

33(1): p. 75-89. 

346. Wu, J., et al., ATF6alpha optimizes long-term endoplasmic reticulum function to 

protect cells from chronic stress. Dev Cell, 2007. 13(3): p. 351-64. 

347. Kozutsumi, Y., et al., The presence of malfolded proteins in the endoplasmic 

reticulum signals the induction of glucose-regulated proteins. Nature, 1988. 332: 

p. 462-464. 

348. Tumpey, T.M., et al., Pathogenicity of influenza viruses with genes from the 1918 

pandemic virus: functional roles of alveolar macrophages and neutrophils in 

limiting virus replication and mortality in mice. J Virol, 2005. 79(23): p. 14933-44. 

349. Tardif, K.D., et al., Hepatitis C virus suppresses the IRE1-XBP1 pathway of the 

unfolded protein response. J Biol Chem, 2004. 279(17): p. 17158-64. 

350. Li, B., et al., Hepatitis B virus X protein (HBx) activates ATF6 and IRE1-XBP1 

pathways of unfolded protein response. Virus Res, 2007. 124(1-2): p. 44-9. 

351. Netherton, C.L., J.C. Parsley, and T. Wileman, African swine fever virus inhibits 

induction of the stress-induced proapoptotic transcription factor 

CHOP//GADD153. J. Virol., 2004. 78: p. 10825-10828. 

352. Su, H.L., C.L. Liao, and Y.L. Lin, Japanese encephalitis virus infection initiates 

endoplasmic reticulum stress and an unfolded protein response. J. Virol., 2002. 76: 

p. 4162-4171. 

353. Jordan, R., et al., Replication of a cytopathic strain of bovine viral diarrhea virus 

activates PERK and induces endoplasmic reticulum stress-mediated apoptosis of 

MDBK cells. J. Virol., 2002. 76: p. 9588-9599. 

354. Li, X.D., et al., Tula hantavirus triggers pro-apoptotic signals of ER stress in Vero 

E6 cells. Virology, 2005. 333: p. 180-189. 

355. Ye, Z., et al., A SARS-CoV protein, ORF-6, induces caspase-3 mediated, ER stress 

and JNK-dependent apoptosis. Biochim Biophys Acta, 2008. 1780(12): p. 1383-7. 

356. Medigeshi, G.R., et al., West Nile virus infection activates the unfolded protein 

response, leading to CHOP induction and apoptosis. J Virol, 2007. 81(20): p. 

10849-60. 

357. Zhang, X., R. Goncalves, and D.M. Mosser, The isolation and characterization of 

murine macrophages. Curr Protoc Immunol, 2008. Chapter 14: p. Unit 14 1. 



 

137 

 

358. Haye, K., et al., The NS1 protein of a human influenza virus inhibits type I 

interferon production and the induction of antiviral responses in primary human 

dendritic and respiratory epithelial cells. J Virol, 2009. 83(13): p. 6849-62. 

359. Li, W., B. Moltedo, and T.M. Moran, Type I interferon induction during influenza 

virus infection increases susceptibility to secondary Streptococcus pneumoniae 

infection by negative regulation of gammadelta T cells. J Virol, 2012. 86(22): p. 

12304-12. 

360. Tashiro, M., et al., Role of Staphylococcus protease in the development of influenza 

pneumonia. Nature, 1987. 325(6104): p. 536-537. 

361. Tashiro, M., et al., Synergistic role of staphylococcal proteases in the induction of 

influenza virus pathogenicity. Virology, 1987. 157(2): p. 421-30. 

362. Lienenklaus, S., et al., Novel reporter mouse reveals constitutive and inflammatory 

expression of IFN-beta in vivo. J Immunol, 2009. 183(5): p. 3229-36. 

363. Kallfass, C., et al., Visualizing the beta interferon response in mice during infection 

with influenza A viruses expressing or lacking nonstructural protein 1. J Virol, 

2013. 87(12): p. 6925-30. 

364. Wunderink, R.G., Influenza and bacterial pneumonia--constant companions. Crit 

Care, 2010. 14(3): p. 150. 

365. McCullers, J.A., Effect of antiviral treatment on the outcome of secondary bacterial 

pneumonia after influenza. J Infect Dis, 2004. 190(3): p. 519-26. 

366. Crusat, M. and M.D. de Jong, Neuraminidase inhibitors and their role in avian and 

pandemic influenza. Antivir Ther, 2007. 12(4 Pt B): p. 593-602. 

367. Zenewicz, L.A. and R.A. Flavell, Recent advances in IL-22 biology. Int Immunol, 

2011. 23(3): p. 159-63. 

368. McGeachy, M.J. and D.J. Cua, Th17 cell differentiation: the long and winding road. 

Immunity, 2008. 28(4): p. 445-53. 

369. Kreymborg, K., et al., IL-22 is expressed by Th17 cells in an IL-23-dependent 

fashion, but not required for the development of autoimmune encephalomyelitis. J 

Immunol, 2007. 179(12): p. 8098-8104. 

370. McKenzie, B.S., R.A. Kastelein, and D.J. Cua, Understanding the IL-23-IL-17 

immune pathway. Trends Immunol, 2006. 27(1): p. 17-23. 

371. Medzhitov, R., D.S. Schneider, and M.P. Soares, Disease tolerance as a defense 

strategy. Science, 2012. 335: p. 936-941. 

372. Raberg, L., A.L. Graham, and A.F. Read, Decomposing health: tolerance and 

resistance to parasites in animals. Philos Trans R Soc Lond B Biol Sci, 2009. 

364(1513): p. 37-49. 

373. Read, A.F., A.L. Graham, and L. Raberg, Animal defenses against infectious 

agents: is damage control more important than pathogen control. PLoS Biol, 2008. 

6(12): p. e4. 

374. Schneider, D.S. and J.S. Ayres, Two ways to survive infection: what resistance and 

tolerance can teach us about treating infectious diseases. Nat Rev Immunol, 2008. 

8(11): p. 889-95. 



 

138 

 

VITA 

 

Ashish Tiwari 

 

Personal Information 

Place of Birth Uttar Pradesh, India 

Nationality India 

Education 

M.V.Sc. (Vet Micro)  Anand Agricultural University, Gujarat, India 

B.V.Sc &A.H.  Jawaharlal Nehru Krishi Vishwavidayalya, Jabalpur, India 

Awards and Honors 

 American Society of Virology Travel Award (2012) 

 Geoffrey C. Hughes Fellowship Academic years 2011-13 

 Kentucky Opportunity Fellowship Academic years 2010-13 

 First Position in Master’s Program in Veterinary Microbiology Division 

 University Merit Scholarship in Bachelor’s Program (B.V.Sc.& A.H./DVM) 

 

Publications 

 

1. Udeni B. R. Balasuriya, Pei-Yu Alison Lee, Ashish Tiwari, et al., (2014). Rapid 

Detection of Equine Influenza Virus H3N8 Subtype by Insulated Isothermal RT-PCR 

(iiRT-PCR) Assay using the POCKIT™ Nucleic Acid Analyzer. Journal of 

Virological Methods (accepted). 

2. Elton D, Woodward AL, Rash AS, Blinman D, Bowman S, Chambers TM; Daly JM, 

Damiani A, Joseph S, Lewis N, McCauley JW; Medcalf E, Mumford J, Newton R, 

Tiwari A; Bryant NA (2014).  Development of a surveillance scheme for equine 

influenza in the UK and characterisation of viruses isolated in Europe, Dubai and the 

USA from 2010-2012. Vet Microbiol; 169 (3-4): 113-27. 

3. Thomas M. Chambers, Udeni B.R. Balasuriya, Stephanie E. Reedy, and Ashish 

Tiwari (2013). Replication of avian influenza viruses in equine tracheal epithelium 

but not in horses. Influenza and other Respiratory Viruses; 7 (s4): 90-93. 

4. Bryant, N. A., A. S. Rash, A. L. Woodward, E. Medcalf, M. Helwegen, F. 

Wohlfender, F. Cruz, C. Herrmann, K. Borchers, A. Tiwari, T. M. Chambers, J. R. 

Newton, J. A. Mumford, and D. M. Elton (2011). Isolation and characterisation of 

equine influenza viruses (H3N8) from Europe and North America from 2008 to 2009. 

Veterinary microbiology 147:19-27. 



 

139 

 

5. Diaz-Mendez, A., L. Viel, J. Hewson, P. Doig, S. Carman, T. Chambers, A. Tiwari, 

and C. Dewey (2010). Surveillance of equine respiratory viruses in Ontario. Canadian 

journal of veterinary research = Revue canadienne de recherche veterinaire 74:271-

278. 

6. Bryant, N. A., A. S. Rash, C. A. Russell, J. Ross, A. Cooke, S. Bowman, S. MacRae, 

N. S. Lewis, R. Paillot, R. Zanoni, H. Meier, L. A. Griffiths, J. M. Daly, A. Tiwari, 

T. M. Chambers, J. R. Newton, and D. M. Elton (2009). Antigenic and genetic 

variations in European and North American equine influenza virus strains (H3N8) 

isolated from 2006 to 2007. Veterinary microbiology 138:41-52. 

7. Mishra, N., K. Rajukumar, A. Tiwari, R. K. Nema, S. P. Behera, J. S. Satav, and S. 

C. Dubey (2009). Prevalence of Bovine viral diarrhoea virus (BVDV) antibodies 

among sheep and goats in India. Tropical animal health and production 41:1231-

1239. 

8. Mishra, N., K. Rajukumar, S. Vilcek, A. Tiwari, J. S. Satav, and S. C. Dubey (2008). 

Molecular characterization of bovine viral diarrhea virus type 2 isolate originating 

from a native Indian sheep (Ovies aries). Veterinary microbiology 130:88-98. 

9. Mishra, N., S. Vilcek, K. Rajukumar, R. Dubey, A. Tiwari, V. Galav, and H. K. 

Pradhan (2008). Identification of bovine viral diarrhea virus type 1 in yaks (Bos 

poephagus grunniens) in the Himalayan region. Research in veterinary science 

84:507-510. 

10. Mishra, N., R. Dubey, K. Rajukumar, C. Tosh, A. Tiwari, S. S. Pitale, and H. K. 

Pradhan. (2007). Genetic and antigenic characterization of bovine viral diarrhea virus 

type 2 isolated from Indian goats (Capra hircus). Veterinary microbiology 124:340-

347. 
 

 

 

 

Typed name on final copy: ASHISH TIWARI 

 
 


