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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. 
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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. 
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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 



 

115 

 

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 
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