
The Role of Type I and III Interferons in the Pathogenesis
of Bordetella pertussis Infection and Disease.

Item Type dissertation

Authors Ardanuy, Jeremy

Publication Date 2020

Abstract Bordetella pertussis is a Gram-negative bacterial pathogen that
infects human respiratory tracts and is the causative agent for
the disease pertussis, otherwise known as whooping cough. In
2012, there were 48,277 reported cases in the United States, ...

Keywords pertussis; Bacteria; Bordatella pertussis--pathogenicity;
Interferons; Microbiology; Whooping Cough

Download date 19/05/2023 15:02:13

Link to Item http://hdl.handle.net/10713/13509

http://hdl.handle.net/10713/13509


  

Jeremy Ardanuy 
Ph.D., July 2020 

jardanuy@umaryland.edu 
 

University of Maryland 
School of Medicine 
685 W Baltimore St. 

HSFI, Room 341 
Baltimore, MD 21201 

 
Education 
2015 B.S. in Cellular Biology and Molecular Genetics, University of Maryland 

College Park, College Park, MD, USA. 
Mentors: Dr. Jeffrey Shupp and Dr. Lauren Moffatt: GPA: 3.41 

2020 Ph.D. in Microbiology and Immunology, University of Maryland 
Baltimore, Baltimore, MD, USA. GPA: 3.17 
Mentor: Dr. Nicholas Carbonetti 
 

Professional Experience 
2012-2013  Agriculture and Phenology Technical Team Coordinator 

Mentor: Dr. Melissa Kenney 
US Global Change Research Project, Washington, DC, USA. 

2013-2015  Research Assistant  
Mentors: Dr. Jeffrey Shupp, Dr. Lauren Moffatt 
Firefighters Burn and Surgical Research Lab, Washington Hospital Center 
Washington, DC, USA. 

2016-2020  Graduate Student.  
Mentor: Dr. Nicholas Carbonetti 
School of Medicine, University of Maryland Baltimore, Baltimore, MD, 
USA. 
 
 

Honors and Awards 
2012-2015 Dean’s List – University of Maryland College Park, College Park, MD, 

USA. 
2017-2018 T32 Infection and Immunity training grant awarded (T32 AI007540), 

University of Maryland Baltimore, Baltimore, MD, USA. 
2018 2nd place J. Howard Brown award at local American Society of 

Microbiology- University of Maryland Baltimore, Baltimore, MD, USA. 
2018 Travel grant awarded for presentation, American Society of Microbiology, 

Atlanta, GA, USA. 
2019 Travel grant awarded for presentation, International Symposium on 

Bordetella, Brussels, Belgium. 
2018-2020 F31 Fellowship grant awarded (F31 AI136377-01A1), National Institute 

of Allergy and Infectious Disease, Bethesda, MD, USA. 
 



  

 
 
Institutional Service 
2015-2020 GPILS Microbiology and Immunology Student Recruitment Committee, 

University of Maryland Baltimore, Baltimore, MD, USA. 
2017-2018 Organizer, Microbiology and Immunology Journal Club, University of 

Maryland Baltimore, Baltimore, MD, USA. 
 
 
 
 
 
  



  

Publications - Peer-Reviewed Journal Articles 
1. Ardanuy, J., Skerry, C., Scanlon, K., Fuchs, SY., Carbonetti, NH. (2020). Age-

dependent Effects of Type I and Type III Interferons in the Pathogenesis of 
Bordetella Pertussis Infection and Disease. The Journal of Immunology. PMID: 
32152071. DOI:  10.4049/jimmunol.1900912 

2. Prindeze, N. J., Ardanuy, J. G., Carney, B. C., Moffatt, L. T., & Shupp, J. W. 
(2019). Photobiomodulation Elicits a Differential Cytokine Response in a 
Cultured Analogue of Human Skin. Eplasty, 19, e3. PMID: 30858901.  

3. Skerry, C., Scanlon, K., Ardanuy, J., Roberts, D., Zhang, L., Rosen, H., & 
Carbonetti, N. H. (2017). Reduction of Pertussis Inflammatory Pathology by 
Therapeutic Treatment With Sphingosine-1-Phosphate Receptor Ligands by a 
Pertussis Toxin-Insensitive Mechanism. The Journal of infectious 
diseases, 215(2), 278–286. PMID: 27815382. DOI: 10.1093/infdis/jiw536 

4. Prindeze, N. J., Hoffman, H. A., Ardanuy, J. G., Zhang, J., Carney, B. C., 
Moffatt, L. T., & Shupp, J.W. (2016) Active dynamic thermography is a sensitive 
method for distinguishing burn wound conversion. J Burn Care 
Res 2016; 37(6): e559– e568. PMID:26284633. DOI: 10.1097/bcr296 

5. Prindeze, N. & Carney, Bonnie & Ardanuy, J. & Zhang, J. & Moffatt, L. & Shupp, 
Jeffrey. (2015). DERMAL PENETRATION AND VIRULENCE FACTOR 
SECRETION OF METHICILLIN RESISTANT STAPHYLOCOCCUS AUREUS 
IN MURINE BURN WOUNDS. Wound Repair and Regeneration. 23. A36-A36. 

6. Prindeze, Nicholas & Carney, Bonnie & Ardanuy, Jeremy & Jo, Daniel & Paul, 
Dereck & Moffatt, Lauren & Shupp, Jeffrey. (2014). LIGHT THERAPY ELICITS 
A DOSE-DEPENDENT ANTI-INFLAMMATORY RESPONSE IN A HUMAN 
FULL-THICKNESS SKIN ANALOG. 37-37. 
 

Proffered Communications 
Proffered Oral Presentations 

1. Ardanuy, J., Skerry, C., Scanlon, K., Carbonetti, N. (2019) “Type I and III 
Interferons exacerbate lung immunopathology during Bordetella pertussis 
infection.” International Bordetella Symposium, Brussels, Belgium. 

2. Ardanuy, J., Skerry, C., Scanlon, K., Carbonetti, N. (2018) “Exacerbation of 
lung inflammation and pathology is mediated by type I interferon signaling in 
Bordetella pertussis infection.” Bordetella Research Day, Baltimore, MD, USA.  
. 

Proffered Poster Presentations 
1. Ardanuy, J., Skerry C., Scanlon, K., Carbonetti, N. (2018) “The Role of Type I 

and III Interferons in Bordetella pertussis Infection.” American Society of 
Microbiology Microbe Meeting, Atlanta, GA, USA.  

2. Ardanuy, J., Skerry, C., Scanlon, K., Carbonetti, N. (2018) “A Potential role for 
Type I Interferon Signaling in Bordetella Pertussis Infection. University of 
Maryland Crosstalks, Baltimore, MD, USA. 

 
 

 



  

Abstract 
 
Bordetella pertussis is a Gram-negative bacterial pathogen that infects human respiratory 

tracts and is the causative agent for the disease pertussis, known as whooping cough. In 

2012, there were 48,277 reported cases in the United States, the most since 1955. 

Symptoms build to severe paroxysmal coughing, often for 10+ weeks. For infants, 

pertussis can be fatal and in adults it can be severe as well. A difficulty in treatment of 

pertussis is a suboptimal vaccine that confers waning immunity, and a lack of effective 

treatments. Using RNA-sequencing transcriptomics we investigated lung gene expression 

responses to B. pertussis infection in adult mice, revealing that type I and III interferon 

(IFN) responses and signaling pathways play an important role in promoting 

inflammation. Type I/III IFN responses correlated with increased proinflammatory 

cytokine expression and lung pathology. In mutant mouse models with increased type I 

IFN signaling, B. pertussis exacerbated lung inflammatory pathology, whereas knockout 

mice with deficiencies in type I/III IFN signaling had reduced lung inflammation 

compared to wild-type mice. In contrast, infant mice didn’t upregulate type I/III IFNs in 

response to B. pertussis infection and were protected from lethal infection by increased 

type I IFN signaling, indicating age dependent effects of type I/III IFN signaling during 

B. pertussis infection. The induction of type I/III IFNs was found to be MyD88 

dependent, and TLR9 and STING were identified as DNA sensing pattern recognition 

receptors required for type I/III IFN responses, as well as for typical levels of lung 

inflammatory pathology. This observation, coupled with results showing DNase 

treatment of B. pertussis-infected mice causing reduced lung pathology, indicated a DNA 

dependent induction of type I/III IFNs, making these targets for therapeutic intervention. 
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Chapter 1: Introduction 

Pertussis 

Pertussis, also referred to as whooping cough, is a highly contagious respiratory 

disease caused by infection with the bacterial pathogen Bordetella pertussis. Pertussis is 

considered primarily a childhood disease that results in severe problems, including death 

in infants and young children. However, humans of all ages, including adults, are affected 

with major symptoms as well as contributing to transmission [1, 2] 

 The classical course of disease is characterized by an initial incubation period of 

at least one week, when the bacteria colonize the respiratory tract. Disease is broken into 

three phases: catarrhal, paroxysmal, and the convalescent phase. The first phase 

(catarrhal) typically features minor symptoms such as a light cough, runny nose, and a 

general feeling of discomfort lasting up to a couple weeks. The second phase 

(paroxysmal) is the most severe stage that can last from weeks to months. In infants or 

children, extreme bouts of cough that are followed immediately by the whooping noise 

(for which the name whooping cough was given) are observed.  In adults, the symptoms 

are less severe, but still include a persistent cough which can lead to fractured ribs and 

vomiting. In all ages of infected individuals, complications can occur, but most 

frequently in infants. Around 50% of infants are hospitalized with apnea, weight loss, and 

pneumonia as frequently observed complications.  The third and final phase 

(convalescent) is described as a decrease in the severity and frequency of the paroxysmal 

coughing bouts and can last from weeks to months. This earned whooping cough the 

nickname, the hundred day cough[3, 4] 
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Morbidity and Mortality 

 Pertussis can present as a serious disease in humans of all ages, but the incidence 

of hospitalizations and death have been shown to be directly correlated with age [5]. 

Infants are the population that is most at risk, with hospitalization occurring in around 

half of all infants under 1 year old, compared to 5% in older children. In adult cases, 

symptoms include a long lasting paroxysmal cough that can result in extreme pain and 

even rib fractures [6], whereas infants and younger children can present with more severe 

disease with manifestations such as leukocytosis, pulmonary hypertension, and death [7, 

8].  

 There are an estimated 24.1 million cases of pertussis and nearly 200,000 deaths 

per year worldwide. Pertussis is highly prevalent in developing countries and has seen a 

resurgence in developed countries including the United States since the 1980s. In 2012, 

the CDC reported 48,277 cases of pertussis in the United States, the largest number of 

reported cases since 1955 when there were 62,786 reported. Pertussis sits as the lone 

vaccine preventable disease that is on the rise in the US. [9]. While some of this rise is 

attributable to the infectious ability of B. pertussis, several other factors are involved such 

as the waning immunity associated with vaccine, lower levels of immunization, and 

improved detection methods and diagnosis [10]. Even with improved detection and 

diagnostic approaches, the real numbers of pertussis infections is estimated to be much 

higher, as high as 500,000 or more in the United States as studies have shown a sizeable 

percentage of adults who experience a cough lasting one week or longer have evidence of 

pertussis infection [11, 12]. While reported numbers in the United States display less than 
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5 cases per 100,000 people, serosurveys have found actual rates to be somewhere 

between 507-2,890/100,000 indicating a large number of undetected or undiagnosed 

cases present[13, 14]. 

 

Vaccination, Treatment, and Diagnosis 

Diagnosis of pertussis is challenging due to both the difficulty of specimen collection and 

the specific growth media requirements for the samples. Serum antibody testing can be 

problematic as well since testing at different stages of disease is required for adequate 

results. The use of Polymerase Chain Reaction (PCR) in diagnosis of pertussis has 

increased recognition of the disease significantly due to the ability to detect B. pertussis 

even when it can no longer be cultured. Early diagnosis of pertussis is important since 

antibiotic therapy is only effective when administered before the onset of the catarrhal 

phase [15]. Even so, while clearance of the bacteria may reduce the severity and length of 

disease, administration of antibiotics does not eliminate the symptoms of pertussis. 

Therefore, antibiotics are used mostly to prevent the spread of the disease to susceptible 

persons in contact with the infected individual. Simultaneously, susceptible contacts are 

often given antibiotic prophylaxis. Administration of cough suppressants and 

antihistamines are generally not effective. Immunoglobulin therapy administered 

intravenously for anti-pertussis toxin and anti-filamentous hemagglutinin antibodies have 

shown mixed results but in one study were shown to decrease paroxysmal coughing and 

increased oxygen saturation [16]. 
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 Vaccination first was implemented in the 1940s, however, pertussis continues to 

be problematic, occurring in cyclical outbreaks of 3-5-year gaps. Pertussis infection is 

challenging to prevent since a high percentage of patients are either asymptomatic or 

carriers of disease that are undiagnosed [17]. The initial vaccine was a whole cell vaccine 

that contained inactivated B. pertussis and was quite effective but had incidences of 

reactogenicity. This included symptoms such as fever, irritability, and soreness. With a 

much lower frequency, this also included more severe symptoms such as seizures and 

intense fevers. For this reason, there was a push towards a less reactogenic acellular 

vaccine. In the United States, the acellular pertussis vaccine is the immunization method 

of choice since reports of adverse effects were observed in patients receiving the 

inactivated whole cell vaccine [18]. The acellular pertussis vaccine, DTaP is made up of 

multiple inactivated components of B. pertussis: pertussis toxin (PT), filamentous 

hemagglutinin (FHA), and pertactin, as well as diphtheria and tetanus toxoids. Currently 

the CDC recommends administering the acellular vaccine to pregnant mothers in an 

effort to provide protection for newborns, and to infants at 2, 4, 6 and 12 months and then 

again at age four. While the acellular vaccine is moderately effective after the initial 

dosages, waning immunity has been observed as early as 3-4 years post immunization. 

This waning immunity is one of the driving factors of increased pertussis cases in the 

United States [19]. A new Tdap vaccine for adolescents and adults was approved by the 

FDA that was designed to decrease the public health burden by decreasing transmission 

to infants and children via a reduction in adult reservoir of B. pertussis. 
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Bordetella pertussis 

B. pertussis is the causative agent of the disease pertussis. It is a Gram-negative 

coccobacillus capable of colonizing and infecting the respiratory tract. B. pertussis is a 

human disease with no natural environmental or animal reservoirs having been identified. 

The disease is contagious and spread through droplets. The typical course of infection is 

characterized by initial adherence to ciliated epithelial cells, reproduction and bacterial 

growth within the respiratory tract, and release of toxins and other virulence factors that 

act to modulate and suppress the immune response, as well as causing damage to the host 

associated with symptoms of disease [2, 5]. While bacteremia has not been observed 

clinically, systemic manifestations occur due to the action of the secreted bacterial toxins. 

Pertussis toxin (PT) is thought to contribute to organ failure, pulmonary hypertension, 

and leukocytosis. Human pathology has only been studied postmortem in 

histopathological studies on infant cases. The lungs of these patients reveal a number of 

contributing issues including alveolar damage, edema, hemorrhage, macrophage 

infiltration, and necrotizing bronchiolitis.  

Virulence Factors  

B. pertussis produces a number of virulence factors involved in initial adherence as well 

as a variety of secreted toxins. The adherence factors are involved in the colonization of 

pertussis in the trachea by binding host cell receptors. The toxins play a different role, 

they primarily work to damage and kill host cells and evade the immune response. The 

majority of these factors are under the control of the Bvg regulatory system, which is a 
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bacterial two component response system that is triggered on and off by the external 

environment. The majority of virulence factors are only expressed in the Bvg positive 

phase [20, 21] 

Adherence Factors 

B. pertussis adherence factors include filamentous hemagglutinin (FHA) the main 

adhesin expressed during pertussis infection for attachment to respiratory epithelial cells. 

FHA also has characterized to enhance phagocytosis of bacteria by leukocytes and 

macrophages. FHA contributes to immunomodulation as well, it induces IL-10 from 

Tregs that suppress inflammatory cytokines and Th1 cell development and function [22]. 

FHA has also been observed to alter type I IFN pathways. Additional adherence factors 

include pertactin (PRN) and fimbriae that play important roles in attachment as well. 

Pertactin is an antigenic target for antibodies in human infection but does not play a large 

role in colonizing or proliferation of B. pertussis. Both FHA and pertactin are 

components in the acellular vaccine. In recent years, increased prevalence of pertactin 

deficient strains of pertussis have been observed and theorized as B. pertussis antigen 

variation driven by vaccine [23, 24].  

Lipopolysaccharide  

Lipopolysaccharide (LPS) of B. pertussis lacks the typical repeated sugars of the O side 

chain seen in E. coli. For this reason, pertussis LPS is called lipooligosaccharide (LOS). 

Similar LPS structures are seen across gram negative respiratory pathogens like Neisseria 

meningitidis and Haemhophilus influenzae. Bordetella LOS is pro inflammatory and 
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pyrogenic. Studies have shown LPS signaling through TLR-4 contributes to a strong 

immune response and protection. This form of LOS not only prevents surfactant proteins 

binding to the bacteria and  subsequent phagocytosis and aggregation as well as reduced 

TLR4 immune signaling response [25, 26]. 

Secreted Toxins 

B. pertussis toxins are significant forces during infection, causing damage to the host and 

modulating host cell responses. Tracheal Cytotoxin (TCT) is a fragment of bacterial 

peptidoglycan that is shed by B. pertussis. What differentiates TCT from other gram-

negative bacteria, is that in pertussis this peptidoglycan cannot be recycled for 

peptidoglycan biosynthesis. This release of TCT can trigger TLR2 as well as NOD 1/2 

pattern recognition receptors and subsequent damage of cells. TCT is toxic to neutrophils 

and destroys epithelial cells [27, 28]. 

Dermonecrotic factor (DNF) is endocytosed to aminate or deaminate Rho GTPases that 

can constitutively activate and transduce effectors that remodel actin and other 

cytoskeletal components [29]. 

Adenylate Cyclase Toxin (ACT) has been found to be an essential secreted virulence 

factor in establishing pertussis infection [30]. It is not included in acellular pertussis 

vaccines. ACT is capable of forming pores in cell membranes which results in hemolysis 

in erythrocytes. ACT modulates cell function in variety of ways, in macrophages it can be 

cytotoxic by inducing apoptosis, as well as inhibitory of complement-mediated 

phagocytosis [31]. A variety of morphological and functional effects are observed in 
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various cell types through the Adenylate cyclase activity. This includes the ability of B. 

pertussis to enter cells, catalyze cAMP production and inhibit both the oxidative burst 

and phagocytosis of neutrophils. Some proposed immunomodulatory functions of ACT 

include induction of IL-23, which is needed for Th17 responses, while inhibiting IL-12, a 

cytokine involved in the Th1 response. ACT induces protective immunity in mouse 

studies, pointing to its potential as a vaccine component [32].  

Pertussis Toxin (PT) is a secreted toxin via the type IV secretion system, capable of 

entering host cells and acting to inhibit the alpha subunit of heterotrimeric Gi family 

proteins through ADP-ribosylation. PT is a component of all acellular vaccines and can 

provide protection when administered as a single component vaccine [33]. PT is believed 

to play a large role in the lingering cough present in pertussis. The AB5 structure binds 

glycoconjugate proteins, the toxin then enters cells endocytosis and the retrograde 

pathway to the endoplasmic reticulum. After the subunits are disassembled, the A subunit 

performs the enzymatic activity in the cytosol on Gi proteins. PT is established as the 

causative toxin for many pertussis symptoms of disease such as leukocytosis, facilitating 

the infection of the respiratory tract, modulating host immune responses, and even 

lethality in infant mouse models [34]. PT alters the immune response by inhibiting 

respiratory macrophage function, inhibiting the early recruitment of neutrophils to the 

airway by stopping the upregulation of chemokines that attract them. The toxin also acts 

to stimulate a proinflammatory response during the peak of infection that leads to IL-17, 

TNF-a, and IFN-g which correlate with lung inflammatory pathology and cough [35, 36] 
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Immune Response  

The immune response generated to B. pertussis includes a combination of innate and 

adaptive elements. The innate response works to contain the bacteria primarily through 

the action of macrophages, neutrophils, and dendritic cells. After the binding of B. 

pertussis to ciliated cells along the trachea and bronchi of the infected host, resident 

alveolar macrophages and neutrophils phagocytose and kill bacteria but have reduced 

efficacy due to effects of toxins.  There have also been reports of pertussis surviving 

intracellularly in some macrophages [37, 38]. This suggests potential for an intracellular 

survival and method of extending the infectious period as well as spread of disease. IFN-g  

and IL-17 have been shown to improve macrophage killing of pertussis and IFN-g  has 

also been implicated as a critical cytokine after studies showed an IFN-g receptor 

knockout mouse model succumbed to intranasal inoculation[39, 40]. IFN-g leads to 

production of Nitric Oxide (NO) by macrophages, but IL-17 does not. TNF-a is another 

cytokine that has been demonstrated to play a role in controlling the B. pertussis 

infection. In a TNF knockout mouse model, there was increased leukocyte levels in the 

lungs as well as a higher bacterial load[41] 

 

Dendritic cells (DCs) function to present antigens to T cells, resulting in cytokine 

production and T cell differentiation into helper subsets. DCs located in the respiratory 

tract sense pathogen associated molecular patterns (PAMPS) as well as the different 

virulence factors in pertussis. These result in the activation of host T-cell responses for 
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the adaptive response. LPS binds TLR4 which leads to secretion of IFN-g and IL-12 

which both drive Th1 differentiation[42]. ACT activates Nod like receptor 3 (NLRP3) 

which cleaves pro IL-1b into the active form. Together with IL-12 this induces Th17 

cells [43]. Certain DC subtypes have been found to play a valuable role in immunity to B. 

pertussis through experiments that depleted CD103a+ DC cells. This depletion resulted 

in reduced bacterial clearance and Th1 response[44]. 

Neutrophils enter the lungs about 5 days post infection with a peak around day 10[45]. 

IL-6 and macrophage inflammatory protein 2 (MIP-2) are needed for recruitment[46]. 

Early neutrophil recruitment is delayed by PT[47] and ACT inhibits the killing functions 

by lowering phagocytosis, chemotaxis, and production of superoxide[31]. Neutrophils act 

through intracellular killing after uptake of bacteria mediated by opsonizing antibody that 

is important for controlling infection in mice with immunity. 

Natural Killer cells (NK) are typically thought to respond against viral infections but 

have been observed to initiate IFN-g release. This benefits bacterial clearance through 

activation of macrophages and Th1 differentiation and response[39]. When NK cells are 

depleted in pertussis, bacterial dissemination was observed, as well as an enhanced Th2 

response and reduced Th1 response, demonstrating the importance of these cells[48]. 

Antimicrobial peptides are host defense proteins secreted in response to bacteria by 

immune cells and epithelial cells. Defensins are produced by neutrophils and epithelial 

cells and can be regulated by alveolar macrophage cytokine release or through detection 

of microbial factors. They act by permeabilizing bacterial membranes leading to bacterial 
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death. b defensins have antimicrobial function in pertussis infections and provide 

protection, while a defensins have less effect[49]. 

 Lysozyme is released by macrophages, neutrophils, and epithelial cells. Production of 

lysozyme promotes bacterial resistance, particularly in gram positive bacteria. It targets 

peptidoglycan therefore it needs additional factors to disrupt the outer membrane of 

gram-negative bacteria. Lactoferrin is released by epithelial cells and in neutrophil 

granules. It functions by binding LPS and sequestering iron. This results in a disruption to 

the outer bacterial membrane and osmotic damage, killing bacterial cells. Secreted 

Leukoprotease Inhibitor (SLPI) is secreted by neutrophils and epithelial cells and is 

promoted by pro inflammatory signals. SLPI functions inhibiting proteases and 

neutrophil elastase. Additionally, SLPI can inhibit NF-kB, NO, and TNF-a to provide an 

anti-inflammatory effect[50]. 

The complement system is a crucial component of the innate immune response. The 

various roles of complement include opsonization of pathogens, stimulating the release of 

chemoattractants, and the direct killing of bacteria. It can serve as a connection between 

the innate and adaptive immune systems. B. pertussis has a resistance to the classical 

complement pathway because of the Bordetella resistance to killing A (BrkA) protein that 

stops neutrophil phagocytosis by preventing complement component aggregation on the 

bacterial surface[51]. Other mechanisms work to inhibit the classic complement system 

as well, both the C4b binding protein (C4BP) and the C1 esterase inhibitor (C1INH) can 

have their recruitment inhibited by pertussis which then acts upon the function of 

complement components [52, 53].  
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Adaptive Immunity 

The adaptive immune response plays a critical role in B. pertussis infection by clearing 

infection and then providing protection against future infection. The initiation is through 

dendritic cell antigen presentation to naïve T cells and through the pro inflammatory 

cytokine and chemokine production. This leads to the production of B and T cells with 

antigen specificity towards B. pertussis.  

IgG and IgA have been found to be induced in response to B. pertussis and is also 

observed in newborns through placental transfer, it has been shown to be protective[54]. 

Currently, BPZE1, an attenuated pertussis vaccine is being studied and has shown 

protection in mouse models by inducing IgG throughout the animal and locally to 

infection [55]. The role of antibodies has been found to be in preventing reinfection, with 

pertussis specific antibody responses developing well after bacterial clearance is 

underway, around one month after infection[56]. This solidifies antibodies as an 

important vaccine induced defense, but not as important in primary infections[48].  

Various antigens induce antibody responses to respiratory challenge of B. pertussis, 

including PT, ACT, FHA, PRN, and fimbriae (all except ACT are included in US 

acellular vaccine). Despite antibody levels being raised, there is no guarantee of 

protection as quantification of antibodies in ELISAs does not equate to functional assays 

that show their efficacy[57, 58]. PT antibodies alone have been found to confer the most 

protection, but combinations of multiple antigens provide enhanced protection such as the 

three and five component acellular vaccines. 
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gd T cells are present in mucosal epithelial locations and are contributors to IFN-g and 

TNF-a production. Knockout mice, lacking gd T cells display increased lung pathology 

with lower bacterial loads of B. pertussis indicating a role for these cells in pushing 

innate immune cells to the respiratory tract early in infection[59]. 

Helper T cell responses have been observed approximately 3 weeks following infection. 

Th2 cells are not important responders to infections, as few are induced following B. 

pertussis infection, additionally, IL-4 knockout mice are still capable of bacterial 

clearance, similar to wild type mice[60]. Th1 and Th17 immunity have both been 

identified as the necessary adaptive response in a number of studies[61, 62]. Th1 cells are 

differentiated through IL-12 signals that B. pertussis stimulates from innate immune 

cells. Th1 cells are critical producers of IFN-g which is necessary for preventing lethal 

disseminated infection, as seen in receptor and cytokine knockout mice.  This IFN-g 

production is essential for NO responses by macrophages to kill B. pertussis[63]. Th17 

cells are producers of IL-6, TNF-a, and IL-17 which are proinflammatory cytokines that 

aid killing extracellular pathogens. IL-1/23 drive the differentiation of Th17 cells. These 

cells work to recruit neutrophils via chemokine and cytokines while activating innate 

immune cells including macrophages and neutrophils that mediate killing of B. 

pertussis[46]. Th17 responses have negative aspects associated with them, such as their 

connection to asthma, cystic fibrosis, and other lung disorders.  
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Neonatal Immune Response to B. pertussis  

While adult infection with B. pertussis is a serious disease, infants can manifest a more 

severe disease. This includes higher hospitalization rates and death with manifestations 

including leukocytosis, pulmonary hypertension, and pneumonia. Nearly all deaths from 

pertussis occur in infants[64, 65]. While the exact differences between infants and other 

ages in pertussis disease pathogenesis are not resolved, it is established that infant 

immune systems are not the same as those of older children and adults[66]. As the first 

vaccination occurs at the age of two months, maternal antibody transfer and maternal 

vaccination provide opportunities to boost specific protection in this early vulnerable 

period. Neonatal immunity contains defects in B and T cells, reduced and functionally 

incapacitated innate immune cells, slower generation of antibodies, and a skew to Th2 

cell polarization and the cytokines responsible for this, meaning there is subpar Th1 

response. Together these features render neonates inherently more susceptible to acute 

respiratory disease like pertussis[67]. Notably, the infant immune system has reduced 

production of IFNg, which is involved in microbicidal activity and macrophage activation 

that is critical to prevention of bacterial dissemination and lethality in pertussis models. 

 

Models of Infection 

Human studies of pertussis have been conducted recently, infecting human volunteers 

with B. pertussis, although this is just to establish nasal colonization and not to induce 

disease[68]. This is a hugely useful model as it does not rely on approximations and 
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similarities that other animal models rely on. Prior to this, the only human data was from 

natural infections and histological findings in autopsied patients[5]. 

The baboon model of pertussis is a recent development and is an important tool for the 

study of pertussis. These non-human primates are infected with B. pertussis and produce 

similar responses to human infections such as the paroxysmal cough, leukocytosis, 

transmission, and mucus production[69]. Baboons have been critical for research 

showing colonization in the airways following acellular vaccination but not whole cell 

vaccination, as well as the mechanisms of cell mediated immunity following challenge 

and vaccination[70, 71]. 

Pigs can be infected with B. pertussis experimentally. Pertussis infected pigs exhibit 

symptoms such as cough, breathing issues, and fever. Pigs over the age of 5 weeks are 

not susceptible to disease, which correlates with protection from antimicrobial peptides 

such as porcine b defensin 1. In addition to antimicrobial peptide for innate immunity in 

the respiratory tract, pigs possess adaptive immunity including both mucosal and 

systemic IgG and IgA making them a useful model for vaccine studies[72]. 

The murine model of B. pertussis has been used to study B. pertussis infection and 

pathogenesis, immune responses and vaccine efficacy. Typically, the mouse is inoculated 

with live bacteria intranasally or through aerosol. A key distinction in this model is that 

mice do not develop the characteristic cough or overt disease as seen in human infections. 

Despite this difference, the murine model retains many similarities to human diseases 

such as the adherence mechanism in the respiratory tract, the persistence of disease 
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(lasting up to a couple months), observed leukocytosis and immune 

modulation/suppression, and the mechanism of B. pertussis immune mediated clearance 

of infection as well as the long term immunity with specific antigen responses upon 

reinfection[48, 58, 73]. When infected with B. pertussis bacterial numbers in the lung 

peak by 4-7 dpi and are drastically reduced by 14 dpi with complete clearance by 21 

dpi[74]. Lung inflammatory pathology in this model is not noticeable in the early days 

following infection, but is quantifiable by 7dpi and peaks by 10 dpi, taking weeks to 

resolve afterwards[74, 75]. 

In B. pertussis neonatal mice models, mice at 6 days of age succumbed to intranasal 

infection of 104-105 CFU, while adults at the age of 6 weeks did not[76]. Additionally, 

lethality was reduced in strains of B. pertussis that had reduced PT secretion, suggesting 

PT is critical to severe pertussis disease of infants[34]. While the lethality of infection 

was dependent on PT activity, PT actually inhibited lung inflammatory pathology, which 

indicates the pathology is not the cause of lethality. This differs from the adult model of 

pertussis, as lung inflammatory pathology is exacerbated by PT and associated with 

severity of disease and symptoms[77, 78]. B. pertussis infected neonatal mice also had 

higher lung bacterial loads and bacterial dissemination to organs beyond the lung. This 

could be a major contributor to pathology of other organs as well as toxin dissemination. 

This correlates with human studies where higher bacterial loads were found in infants 

than adults, using nasopharyngeal swabs[79]. Leukocytosis is seen in infected children, 

but not adults in a similar situation to that observed in the mouse model[1, 80] These 

similarities between the neonatal mouse model and human observations point to its 
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importance for investigating pertussis pathogenesis as well as therapeutics for young 

patients.  

 

Interferon Signaling 

Interferons (IFNs) are cytokines primarily working to kill pathogens and trigger immune 

defenses. They were named for their abilities to interfere with viral infection by 

protecting cells, activating immune cells, and stimulating hundreds of IFN stimulated 

genes (ISGs)[81, 82]. There are numerous IFN proteins that have been identified and they 

are split into three families: Type I, Type II, and Type III IFN. The induction of IFNs 

occurs in response to microbes, pathogen associated molecular patterns (PAMPs), and 

damage associated molecular patterns (DAMPs). These molecules bind to pattern 

recognition receptors (such as Toll like receptors, nod like receptors, rig like receptors, 

and cytosolic receptors), signaling through which activates transcription factors such as 

IRF3 and NF-kB, and leads to downstream production of inflammatory proteins[83]. 

IFNs interact with their specific receptors and activate signal transducer and activator of 

transcription (STAT) complexes which regulate expression of downstream genes. IFN 

therapies are used to treat cancers, autoimmune disorders, and infections. 
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Figure 1.1: Interferon signaling pathways 
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Type I Interferons  

The type I IFN family includes 14 IFNa subtypes, IFNb, and several other IFNs that are 

less broadly studied (IFNe, IFNt, IFNk, IFNw, IFNd, IFNz)[84]. Nearly all cell types can 

produce IFNa/b in response to stimulation of PRRs. These receptors are located 

endosomally, on the cell surface, or in the cytosol and work to recognize self and foreign 

nucleic acids and other PAMPs. This leads to the induction of genes that code for type I 

IFNs, and these IFNs can then bind to IFNAR and induce downstream signaling 

pathways that include a broad range of effects. Canonically, this signaling occurs via 

STAT1/2 heterodimeric complexes, and results in expression of ISGs[85]. 

Cytosolic PRRs that induce type I IFNs include RNA recognition receptors such as 

retinoic acid-inducible gene I (RIG-I), melanoma differentiation-associated gene 5 

(MDA5), as well as NOD-containing protein 1 and 2 (NOD1/2), and stimulator of IFN 

genes (STING), which is a mediator of cytosolic DNA response. Endosomal PRRs 

include Toll like receptors (TLRs) 3, 7, and 9 that sense nucleic acids, and TLR4 which is 

involved in the recognition of LPS[86]. 

All type I IFNs bind and signal through a heterodimeric transmembrane receptor that is 

made up of IFNAR1 and IFNAR2. This activates Jak-Stat (1/2) dimerization, and the 

activation of ISG transcription, potentially inducing expression of hundreds of ISGs. 

There is less known on the role of type I IFNs in bacterial infections compared to viral 

infections. The first reported protective role of IFNs was protection from Chlamydia 
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trachomatis infection through inhibition of intracellular replication by administering 

exogenous IFN[87]. Type I IFNs have also been reported to protect lung epithelial cells 

and macrophages  from Legionella pneumophila by lowering the bacterial growth 

through iNOS expression, with a similar inhibition observed in a Bacillus anthracis 

model[88, 89]. These examples plus numerous others indicate that type I IFNs are 

capable of protecting against some bacterial pathogens, whether it be through induction 

of pro inflammatory cytokines/chemokines, inducing bacterial killing, or preventing cell 

invasion[90]. 

 

In contrast, type I IFNs have also been described as detrimental in bacterial infections. 

Listeria monocytogenes research observed that host immunosuppression is mediated by 

type I IFNs blocking macrophage IFNg responsiveness through the downregulation of 

IFNGR1[91]. Another example of type I IFNs playing a detrimental role is in 

Mycobacterium tuberculosis models, where they are associated with higher bacterial 

loads and lower host survival. There are a number of factors involved in the type I IFN 

mediated exacerbation of disease, including suppression of TH1 immunity and pro 

inflammatory cytokines, particularly the inhibition of IL-1a/b through the induction of 

IL-1 receptor antagonist and immunosuppressive IL-10[92, 93]. Several other examples 

of detrimental type I IFN effects for bacterial infections exist, but overall impairing host 

response through IL-10 and IL-1 receptor antagonist, suppression of inflammation, 

limiting IFNg responses, and causing cell death are common mechanisms[85, 90].  
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In pertussis infection, only one report has focused on the role of IFNa and the immune 

response. They found type I IFNs are secreted by plasmacytoid dendritic cells in the early 

stages of infection and reduce Th17 differentiation and proliferation. This indicates type I 

IFNs may play a detrimental role in infection, by inhibiting a potentially protective 

immune response[94]. 

Type II Interferon 

IFNg is the only member of the type II IFN family and is a regulator of inflammation and 

the immune response. Many cell types produce IFNg including NK cells, NKT cells, T 

cells, macrophages, and dendritic cells. The receptor is a heterodimer including IFNGR1 

and IFNGR2, and upon binding of IFNg,  a signaling cascade occurs that is similar to that 

of type I IFN, but with a couple of major differences. The Jak-Stat signaling differs in 

that a STAT1 homodimer is utilized rather than the STAT1/2 heterodimer seen in Type 

I/III signaling[95]. Additionally, far fewer ISGs are induced by IFNg, with the majority 

of the downstream genes more related to inflammatory cytokine and chemokine 

production. 

IFNg is critical for protective immunity in many bacterial infections as well as in cancers. 

There are many biological functions that are implicated, including: Reactive oxygen 

species (ROS) and Reactive Nitrogen species (RNS) production, promoting apoptosis of 

infected cells, enhancing leukocyte migration, initiation or propagating ISG production, 

phagosomal and lysosomal killing, enhancement of complement response, and 

production of other antimicrobial factors[96]. 
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In B. pertussis infection, IFNGR KO adult mice develop lethal disseminated infection, 

and IFNg KO mice have an impaired clearance of bacteria. These phenotypes indicate an 

absolute necessity for IFNg in controlling pertussis infection and limiting the 

survival/spread of bacteria. This information,  coupled with the observations that Th1 cell 

mediated immunity relies on IFNg polarization and production to stimulate NO by 

macrophages, show that type II IFNs are a critical component of the immune 

response[39, 40, 63]. Polarizing Th1 cell responses is vital, as it has been associated with 

effective cellular immunity that leads to recovery in pertussis patients. IFNg is also 

known to activate macrophages,  promote non-specific defense, phagocytosis,  as well as 

inducing tryptophan degrading enzymes that prevent intracellular survival[63].  

 

Type III Interferon 

Type III IFNs are the newest addition to the family, with the initial description of IFNl in 

the past 20 years. There are three IFNl genes, encoding IFNl1, 2, and 3 which are also 

known as IL-29, IL-28A, and IL-28B. They signal through a different heterodimeric 

receptor complex, composed of IL-28RA (IFNLR) and IL-10R2[97]. Similar to type I 

IFNs, they signal through a Jak-STAT1/2 heterodimeric signaling pathway. Type I and 

III IFNs are capable of producing many of the same downstream products and biological 

activities. Typically, the intensity of gene expression is higher in type I responses due to 

the receptor being present on more cell types. IFNls are being characterized as critical 

signaling contributors in infectious disease, cancer, and autoimmune disorders [98-100]. 
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Similar to type I IFNs, IFNls are known for their anti-viral functions, but they also play a 

role in some bacterial infections. Specific PRRs have been identified as inducers of type 

III IFNs, such as the cytosolic nucleic acid receptors cyclic GMP-AMP Synthase  (cGAS) 

and RIG-I. Additionally, TLRs 3, 4, and 9 have been identified as PRRs involved in type 

III IFN production in response to bacterial components [101, 102] 

Although type I/III IFNs share many similarities, they also possess some major 

differences. The first is that the receptor, IFNLR is not expressed ubiquitously, with 

many immune cells varying their expression and ability to respond to IFNl[103].  A 

second difference is in the binding affinity, with type III IFNs having a much lower level 

when compared to type I IFNs[104]. Additionally, type III IFNs are of high importance at 

barrier surfaces, such as epithelial layers, as these epithelial cells express IFNLR at a high 

level[105]. There they are capable of inducing anti-microbial factors, as well as 

protecting the endothelial cells, including at the blood-brain barrier[106]. 

In certain bacterial infections, a role for type III IFNs has been identified , and some 

pathogens have been identified as inducers of IFNl including Staphylococcus aureus, 

Enterococcus faecalis, and Listeria monocytogenes[107]. In a superinfection model 

analyzing S. aureus infection following influenza virus infection, IFNl signaling was 

found to be important in controlling bacterial colonization [108]. Modulation of Th1/2 

response in favor of Th1 by IFNl was observed as well as impacts on neutrophil 

recruitment and response.  
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Similar to type I IFNs, there have been mixed protective and detrimental roles of type III 

IFNs in bacterial infections observed thus far, with mainly protective phenotypes 

observed in vitro and detrimental phenotypes observed in vivo. In Pseudomonas 

aeruginosa, Klebsiella pneumoniae, and S. aureus respiratory infections, type III IFNs 

have been found to contribute to bacterial pathogenesis. When the pathway of signaling is 

inhibited or knocked out, increased bacterial clearance and reduced lung pathology is 

observed[109-111]. Secondary infection with S. aureus following influenza infection 

showed higher bacterial burden, which was eliminated when type III signaling was 

removed[109]. Superinfection with S. pneumoniae following Respiratory syncytial virus 

(RSV) showed increased biofilm production in an IFNl dependent fashion[112]. 

Mechanisms for these detrimental effects were identified as an impaired IL-1b response, 

reduced neutrophil phagocytosis, nasal microbiome restructuring, and increased airway 

epithelial cell permeability[113]. No studies on an association of type III IFNs and B. 

pertussis infection have been reported previously. 

 

Sphingosine 1 Phosphate Receptor Agonists 

With the limitations of antibiotics in whooping cough treatment, work focused on 

targeting the host inflammatory response rather than the pathogen itself has been 

conducted. This topic parallels work in other infectious and autoimmune diseases where 

the goal is to blunt immunopathology without removing the host defense. Sphingosine 1-

phosphate receptor (S1PR) agonists are being studied as potential therapeutics for several 
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autoimmune diseases and one, Fingolimod (FTY720) is an approved drug for treatment 

of relapsing/remitting multiple sclerosis [ref]. S1P is a phospholipid metabolite that 

functions as both a first and second messenger. Its function is through G protein coupled 

receptors of the Gi family as noted by PT sensitivity[114]. S1P is involved in cell 

migration, trafficking of T and B cells, immune response, and vascular stability[115]. 

S1P is important to many diseases, cancers, and other ailments making it a highly 

targeted pathway. Fingolimod works as an agonist for four S1P receptors and functions to 

lower lymphocyte egress from secondary lymphoid organs, preventing access of 

pathogenic T cells to the CNS and myelin sheath damage[116]. In an influenza virus 

model, S1PR agonists have been found to blunt the excessive host immune response 

known as the cytokine storm[117] through a mechanism related to the IFNAR1 signaling 

pathway. The blunting of type I IFN signaling by S1PR agonists in plasmacytoid 

dendritic cells through degradation of the IFNAR1 receptor led to a limitation in type I 

IFN amplification and tissue damage, while still allowing host defense to work through 

adaptive immunity[118]. Based on this work, our lab investigated the S1PR agonist 

AAL-R in a mouse model of B. pertussis infection. The results indicated a potential 

therapy, as the agonist reduced pulmonary inflammation, with reduced expression of 

inflammatory cytokines, chemokines, and lung pathology in infected mice[77]. 
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Pattern Recognition Receptors 

PRRs are a collection of receptors that immune cells express in order to detect conserved 

patterns displayed by microbes, which are known as pathogen associated molecular 

patterns (PAMPs), or host-derived molecules released from damaged cells, known as 

damaged associated molecular patterns (DAMPs). These receptors are located in the 

cellular membrane, endosomal membrane, and in the cytosol. The major families of 

PRRs are Toll like receptors (TLRs), RIG-like receptors (RLRs), NOD-like receptors 

(NLRs), C-type Lectin receptors (CLRs), and intracellular DNA sensors, including 

cGAS[119-121]. These PRRs are stimulated by microbes and in turn lead to a number of 

signaling cascades that activate DCs and other innate immune cells to initiate pro 

inflammatory activities. This inflammation is particularly important for differentiating T 

cells into effector types, promoting cell death (apoptosis, necroptosis, pyroptosis), and 

overall leading to a massive positive feedback loop of inflammation that amplifies host 

immune systems and leads to broad inflammatory and interferon activation.  

Toll-like Receptors 

TLRs signal through adaptor molecules MyD88 and TRIF, initiating signal transduction 

pathways that eventually activate downstream transcription factors NF-kB, IRF(s), and 

MAP kinases that work to protect the host from infection through the induction and 

regulation of IFNs, cytokines, and chemokines. TLRs are expressed on many cell types, 

especially DCs, macrophages, and epithelial cells. TLRs localized to the cell exterior 

recognize lipoproteins, proteins, and lipids, and polysaccharides, such as TLR4 detecting 
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LPS. The intracellular TLRs function by detecting nucleic acids from microbes as well as 

self [122]. 

TLR2 and TLR4 have been identified as receptors that respond to B. pertussis. TLR4 was 

found to recognize B. pertussis LPS and play a role in clearing primary pertussis 

infections as well as the generation of immunity from vaccination, and the induction of 

inflammation through PT recognition[36, 42, 123]. This is done through the production 

of pro inflammatory cytokines, including IL-1, IL-6, IL-12, and IL-23. TLR2 is capable 

of recognizing pertussis lipoproteins that help drive vaccine mediated protective 

immunity. In particular BP1569 is a pertussis protein recognized by TLR2 that results in 

production of proinflammatory cytokines such as IL-12, that promote Th1 responses and 

mature DCs[124]. 

NOD-like Receptors 

Cytosolic located NLRs are involved in cancer, autoimmune diseases, and infections and 

work to regulate inflammatory responses through the induction of cytokines, anti-

microbial products, and chemokines.  These receptors are similar to TLRs in recognizing 

PAMPs and DAMPS, but also are important to apoptotic signaling pathways.  NLRs can 

be divided into four distinct families by function: autophagy, inflammasome forming, 

transcription activating, and signal transducing[125]. 

In B. pertussis infection models, ACT has been found to promote activation of the 

NLRP3 inflammasome that processes pro IL-1b into its mature form that plays a role in 

the induction of Th17 response specific to pertussis[43]. Additionally, B. pertussis strains 
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have been found to induce signaling by NOD2, which detects peptidoglycan[126]. This 

could also be a receptor that leads to IL-1, 6, and 23 production that contribute to Th17 

polarization and neutrophil activity in B. pertussis infection[127] 

RIG-like Receptors 

RLRs detect double stranded RNA with tri-phosphate modifications to differentiate self 

and non-self-sources in the cytoplasm of cells to initiate innate immune responses and 

inflammation as a part of controlling infections. There are three RLRs that all work to 

boost immunity and are involved in IFN production: RIG-I (retinoic-acid inducible gene 

I), MDA5 (Myeloma differentation-associated 5), and LGP2 (laboratory of genetics and 

physiology 2). In fact, exposure to IFN leads to an increase in RLR expression, 

suggesting amplification of PAMP/DAMP recognition[128]. While RLRs primarily are 

known for their viral recognition, there have been reports of their activation in response 

to intracellular bacteria such as L. pneumophila, where the RLR receptor signaling 

component MAVS was implicated in the IFN-b response in lung epithelial cells and 

macrophages[129], and in Shigella flexneri where RIG-I is necessary for the efficacy of 

IFN-g and its antimicrobial effects[130]. 

cGAS and STING 

Cyclic GMP-AMP synthase (cGAS) is a cytosolic DNA sensor that has a downstream 

effector named stimulator of interferon genes (STING). cGAS binds dsDNA, triggering 

cGAS catalytic activity which produces 3’5’ cGAMP that then binds/activates STING 

signaling. Through a mechanism that is still being resolved, STING activates 
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transcription factors IRF3 or NF-kB, generating pro inflammatory cytokines and 

IFNs[131].  

This DNA sensing pathway detects self-DNA, microbial DNA, as well as bacterial 

metabolites such as cyclic di-AMP[132] and has been implicated in the development of 

inflammation in cancer, inflammatory diseases, and infectious diseases. Like other 

nucleic acid sensors, STING is effective in generating immune responses to viruses, but 

has more recently been studied in the context of bacterial infections and the activation of 

type I IFN [133].  

The cGAS-STING pathway has been found to play a role in intracellular as well as 

extracellular bacterial responses. Streptococcus pyogenes is an extracellular pathogen that 

is capable of surviving inside a host cell and inducing type I IFN. Macrophages and DCs 

detect the bacteria and induce IFNb[134]. S. pneumoniae is an extracellular pathogen that 

can reach host cytoplasm via the toxin pneumolysin that forms pores. It was found that 

STING is essential for IFNb production as well as protection from S. pneumoniae 

infection[135]. A third extracellular pathogen, Neisseria gonorrhoeae induces IFNb 

responses when surviving in host cytoplasm through activation of both TLR4 and STING 

in a detrimental manner, as it leads to an increase in the host intracellular iron levels 

which benefits bacterial survival[136]. For the intracellular pathogen, L. monocytogenes, 

STING was found to be the inducer of IFNb responses and had a correlation to 

bacteriolysis in the cytoplasm. 
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Hypotheses and Specific Aims 

As stated above, Type I and III IFNs have been found to play protective and deleterious 

roles in bacterial infections through a number of diverse mechanisms. An S1PR agonist 

reduced lung inflammatory pathology and pro inflammatory cytokine response in B. 

pertussis models, and it was reported that this agonist worked through negative regulation 

of IFNAR1 in influenza. Additionally, our group performed RNA-sequencing 

transcriptomic analysis of lung gene expression to B. pertussis infection in adult mice that 

indicated an important role for type I and III IFN signaling pathways in the promotion of 

inflammatory responses. These observations led to the central question of this project, 

what are the roles for type I and III IFN in B. pertussis infection and disease? 

Hypotheses 

1. Type I IFN receptor signaling promotes pertussis lung inflammatory pathology in 

adults. 

2. Type III IFN receptor signaling also plays a role in infection and is involved in 

ISG production and the development of lung inflammatory pathology. 

3. Type I/III IFNs play a detrimental role in adult pertussis infections, and a 

protective role in neonate infections. 

4. Nucleic acids work to induce IFN responses to B. pertussis infection through 

specific PRRs, and lead to the development of inflammation and pathology. 
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Aims 

Specific Aim 1: Determine the role of type I/III IFNs in the development of pertussis 

inflammatory pathology 

Specific Aim 2: Determine which PRRs are involved in IFN induction, and which cells 

are involved in this response. 
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Chapter 2: Materials and methods 

Bacterial Strains and Growth 

In these studies, streptomycin-resistant derivatives of the Tohama I strain of B. pertussis 

were used. The wild-type (WT) and pertussis toxin deficient mutant strain (DPT) that 

contains an in-frame mutation were both used. B. pertussis was cultured and grown on 

Bordet-Gengou agar supplemented with 10% defibrinated sheep’s blood (Lampire 

Biological Laboratories) and 200µg/mL of streptomycin for 48 hours at 37° Celsius.  

Mouse Infections 

All mouse strains used were on the C57BL/6 genetic background. WT, Ifnar1-/- (The 

Jackson Laboratory), Ifnars526A (IFNAR-SA, generously provided by S. Fuchs), Ifnlr-/-, 

Ifnar1/Ifnlr1-/- (generously provided by S. Kotenko), Stat1-/-, Stat2-/- (The Jackson 

Laboratory), Ifnb-/- (generously provided by S. Vogel), Tlr9-/- (The Jackson Laboratory), 

Tmem173-/- (STING KO, The Jackson Laboratory). Animals were all used in accordance 

with an Institutional Animal Care and Use Committee Protocol (University of Maryland, 

Baltimore). Bacteria were grown for 48 hours on Bordet-Gengou agar and the inocula 

were prepared in Phosphate Buffered Saline (PBS) suspension. For adult mice (6-8 weeks 

of age), 2x106 CFU (unless stated otherwise) were administered intranasally in a volume 

of 50 µL For infant mice, bacteria were administered by a nebulizer system (Pari Vios) as 

an aerosol inoculation for 20 minutes. Following infection, lungs (and other organs) were 

removed for analysis of inflammatory histopathology, protein levels, transcript levels, 
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and bacterial burden. In general, groups of adult mice consisted of four to six animals of 

both sexes, and groups of infant mice were litters of five to nine animals of both sexes. 

The sphingosine-1-phosphate (S1P) receptor agonist AAL-R (generously provided by H. 

Rosen) was dissolved in sterile water and administered intranasally at a dose of 0.5 

mg/kg. Anti-mouse IFN-l (IL-28A/B) and isotype antibody controls (R&D Systems) 

were administered i.p at a dose of 25 µg on the indicated days post-inoculation. Y136 

protein (R&D Systems) and Bovine Serum Albumin (BSA) were administered s.c at a 

dose of 2 µg on the indicated days post inoculation. Anti-mouse IFNAR1 (MAR1-5A3) 

and isotype antibody controls (Leinco Technologies) were purchased and administered 

i.p at a dose of 25 µg on the indicated days post-inoculation. ODN 2088 (TLR9 

antagonist, InvivoGen) was solubilized in sterile water and administered i.p at a dose of 

50µg and i.n at a dose of 25 µg on the indicated days post-inoculation. Anti-Ly-6g and 

isotype antibody controls (BioXCell) were administered i.p at a dose of 1 µg on the 

indicated days post-inoculation. rhDNase 1 (Pulmozyme, Roche) was administered i.n at 

a dose of 5 mg/kg on the days indicated post-inoculation. 

RNA Isolation and Quantitative Real Time PCR 

After harvesting of tissues, they were flash frozen using isopropanol/dry-ice baths. RNA 

was isolated using TRIzol reagent (Invitrogen) and reverse transcribed using a system for 

reverse transcription (Promega). Quantitative real-time PCR (RT-PCR) was performed 

using the Maxima SYBR green/ROX qPCR master mix (Thermo Scientific) and the 

Applied Biosystems 7500 Fast real-time PCR machine. Transcript levels of housekeeping 
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genes hypoxanthine phosphoribosyl transferase (HPRT) and transcription initiation factor 

II D (TFIID) were used to normalize levels of cytokine genes and compared with those 

from control PBS-inoculated groups, using 2-DDCT calculations. 

RNA Isolation and RNA-sequencing 

Tissues were flash frozen and RNA extraction was achieved using the RNeasy 

Microarray Tissue Kit (Qiagen) following the manufacturer’s instructions. They were 

treated with DNase to remove DNA contamination. Quality control on the RNA was 

performed using a 2100 Bioanalyzer machine (Agilent Technologies). 

RNA-sequencing (RNA-seq) analysis was performed by the Informatics Resource 

Center, Institute for Genome Sciences, University of Maryland School of Medicine. 

Paired end Illumina libraries were mapped to the mouse reference, Ensembl GRCm38.74 

using TopHat v1.4.0 with the default mismatch parameters. Read counts for annotated 

genes were calculated using HTSeq. DESeq Bioconductor package v1.5.24 was used to 

normalize read counts by library size to generate gene counts per million, estimate 

dispersion, and determine differentially expressed genes between two groups. 

Downstream analysis was done with differentially expressed transcripts with a false 

discovery rate of ≤0.05 and log2 fold change. Ingenuity Pathway Analysis (IPA) was used 

to compute enrichment of biological pathways using the list of differentially expressed 

genes. IPA was also used to analyze upstream regulators by predicting the regulators of 

each data set and their activation state. Each predicted upstream regulator is assigned a z-

score for their activation state based on previous experimentally observed transcriptional 
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events from the literature. A z-score of <2 predicts a regulator to be inhibitory, whereas 

a z-score of >2 indicates the regulator is activating. Additionally, each upstream regulator 

is assigned an overlap p value, a measure of statistically significant overlap between 

genes in the dataset and genes known to be regulated by this regulator. Reads were 

deposited in the National Center for Biotechnology Information Sequence Read Archive 

(https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA493118) under BioProject 

PRJNA493118,. 

ELISA 

After harvest, tissues were flash frozen using an isopropanol and dry ice bath. The tissue 

was homogenized in 2 mL of PBS with protease inhibitor (Roche) added to prevent 

protein degradation. ELISA was performed on dilutions of the tissue samples as per the 

manufacturer’s protocol (PBL Assay Science) for IFN-a, b, and l kits. 

Bronchoalveolar Lavage (BAL) 

Mice were sacrificed using carbon dioxide inhalation and then dissection was used to 

expose the trachea. 20-gauge blunt needles were inserted in an incision at the top of the 

trachea and tied in place with surgical thread. BAL was performed by flushing the lungs 

with 0.7mL of sterile PBS two times.  

Cell Infections 
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The human monocytic cell line, THP-1 (ATCC) and alveolar epithelial cell line A549 

(ATCC) were used in experiments. Additionally, bone marrow derived monocytes 

(BMDMs) were isolated from mice by flushing femurs and tibias with complete 

RPMI1640. Peritoneal Macrophages were isolated by injecting 5 mL of 3% Brewer 

thioglycolate medium 3 days prior to harvest. Then injecting PBS into the peritoneal 

cavity and dislodging cells. Next, fluid is collected and spun in a centrifuge to resuspend 

cells in media. 

These immortalized and primary cells were used in experiments, where they were added 

to plates at 1-5x105 per well and incubated overnight in 37° C in RPMI 1640 and 10% 

FCS. Bacteria were added to the wells at a MOI of 1-10 and the cells were harvested 

between 4- and 24-hour time points.  

Statistical Analysis 

Data were analyzed and graphs were made using GraphPad Prism 8.0 statistics software. 

Plots represent mean values with standard deviation. For the RNA-seq data, IPA software 

was used to calculate z-scores for upstream regulators, and the Fisher exact test was used 

to determine the probability that associations between genes in our data sets and 

canonical pathways were significant. The Student t test was used for determining 

significance between two means, and two-way ANOVA was used for determining 

significance between multiple groups. 
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Chapter 3:  Determining the role of type I/III Interferons in the 

development of pertussis inflammatory pathology  

Specific Aim 1: To determine the role of type I/III IFNs in the development of pertussis 

inflammatory pathology and disease 

Rationale 

Pertussis in adults and older children results in symptoms such as severe paroxysmal 

coughing, frequently lasting for weeks, as well as additional complications such as 

vomiting and rib fracture[1, 137]. Infant infections are more severe and can be fatal due 

to complications, including pneumonia, pulmonary hypertension, and leukocytosis[5, 7]. 

One of the main difficulties in the treatment and prevention of pertussis is the lack of 

understanding of specific mechanisms involved in disease pathogenesis. Our current 

work has identified host targets involved in inflammatory and immune responses to B. 

pertussis infection that are candidates for therapeutic intervention, including IFN 

signaling[77, 118].  

Type I IFNs are involved in pathogenesis and inflammation in several disease models and 

have diverse roles in bacterial infections in cell culture and animal models. In some, they 

provide protective effects against infection and in others they are detrimental[90]. For 

example, they are protective against infections by Legionella pneumophila[138], 

Streptococcus pneumoniae[139] and Helicobacter pylori[140], but detrimental in 
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Listeria monocytogenes[141], Staphylococcus aureus[142], and Mycobacterium 

tuberculosis[143] infections. While the mechanism is unclear in the majority of these 

cases, the diverse activities of type I IFNs combined with context in each specific host-

pathogen interaction determine the dichotomy of effects. The role of type I IFNs in B. 

pertussis infection and disease is an understudied area. In one recent report, it was found 

that IFN-a producing lung plasmacytoid dendritic cells subdue immune cell Th17 

responses in B. pertussis-infected mice[94]. 

Type III IFNs signal through the Jak/STAT pathway and induce downstream ISGs like 

Type I IFNs but use a different heterodimeric receptor IFNLR1/IL10Rb, that is expressed 

by epithelial cells and several immune cells[144]. Type III IFNs have yet to be 

investigated with regards to their involvement in B. pertussis infection but have been 

described as critical in immune responses to many viral as well as some bacterial 

infections[107, 109]. Based on our transcriptomic analysis of lung gene expression 

changes in response to B. pertussis infection in adult mice, we identify IFNAR1 and 

IFNLR1 as two of the most significant upstream regulators of transcriptional responses to 

infection, and we hypothesize that type I and III IFNs exacerbate lung inflammatory 

pathology during B. pertussis infection.  

Results 

Lung Transcriptional Response to B. pertussis Infection in Adult Mice 

To investigate the mechanisms through which B. pertussis induces lung inflammatory 

pathology, we used RNA-seq to differentiate lung transcriptional responses in B. 
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pertussis-infected adult WT C57BL/6 mice compared with sham-PBS-infected mice at 4 

days postinoculation (dpi). In total, 1537 genes were >2-fold differentially regulated in 

infected versus uninfected mice. Within these 1537 genes, 451 were downregulated and 

1086 were upregulated in B. pertussis-infected lungs (Figure 3.1A). The top 10 most 

differentially regulated genes (all upregulated) are shown (Figure 3.1B) including 1) 

proinflammatory genes (Ifng, Csf3, Cxcl3), 2) genes for coding for acute phase proteins 

associated with inflammation (Il6)[145], and 3) antimicrobial response genes (Acod1, 

defb4)[146]. These data demonstrate an overall antibacterial response and increase in 

proinflammatory gene expression in the lungs following B. pertussis infection. 

Furthermore, IPA was used to identify the most significant canonical pathways 

represented by the differentially expressed genes (top 10 shown in Figure 3.1C). These 

pathways also reflect an inflammatory response, including the following: pattern 

recognition receptor recognition of bacteria (such as TLR signaling), agranulocyte and 

granulocyte adhesion and diapedesis (cell mobilization as part of inflammatory response), 

increased inflammatory acute phase response signaling, and a reduction of anti-

inflammatory IL-10 signaling. Using IPA, upstream regulators of the differentially 

expressed genes were predicted (Figure 3.1D). The analysis predicts that the most 

significant upstream regulator is IFNAR1, which is essential for all type I IFN signaling. 

In addition to IFNAR1, IFNLR1 (part of the heterodimeric IFN-l receptor) was the fifth 

most significant upstream regulator of transcriptional responses.  
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Figure 3.1: Differentially expressed genes in lung transcriptional response 

Lung transcriptional response to B. pertussis infection in adult C57BL/6 mice. Mice (n = 
4 per group) were euthanized on day 4 postinoculation with B. pertussis or PBS sham 
inoculum, and RNA was isolated from the lungs. RNA-seq and IPA revealed (A) total 
number and direction of differentially expressed genes, (B) top 10 most upregulated 
genes, (C) top canonical pathways represented by the differentially expressed genes, (D) 
predicted upstream regulators of responses, ranked by significance (left) or z-score (right) 

E 
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Interferon Stimulated Genes are Upregulated in Response to B. pertussis Infection 

IFN signaling has a multitude of effector functions that are carried out through the 

downstream transcription of ISGs. A large number of ISGs were upregulated in response 

to B. pertussis infection 4 dpi (Figure 3.2), including genes in the top 10 most 

significantly upregulated (Cxcl11, Oas1h)[147, 148]. These findings indicate that type I 

and III IFN signaling play a significant role in host responses to B. pertussis infection. 

Based on the data and published findings on the role of type I IFN signaling in 

exacerbation of other bacterial infections[85, 149], IFNAR1 was chosen as a candidate 

pathway for investigation of its contribution to lung inflammatory pathology during B. 

pertussis infection. 
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Figure 3.2: Interferon stimulated genes are upregulated in response to infection 

Fold induction (infected vs sham inoculated) of mRNA levels of the indicated ISGs at day 4 
post-inoculation with B. pertussis or PBS sham inoculum in adult C57BL/6 mice, derived 
from the RNAseq data. Expression of each of the 43 ISGs shown was significantly 
upregulated by infection. Genes were defined as ISGs from the IPA software.  
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Type I IFN Production is Induced in Response to B. pertussis Infection in Adult 

Mice 

Because we identified IFNAR1 as the most significant upstream regulator of 

transcriptional responses to B. pertussis infection, we investigated the expression of type 

I IFN in the lungs throughout the time course of infection. To achieve this, we infected 

WT mice with B. pertussis and harvested lungs at timepoints of 4, 7, 10, and 14 dpi. 

Bacterial loads showed a typical early peak (4 dpi) then decline at later timepoints 

(Figure 3.3A). Results from quantitative RT-PCR showed the significant transcriptional 

upregulation of both IFN-a (Figure 3.3B) and IFN-b (Figure 3.3C) starting after 4 dpi 

and peaking at 10 dpi around 15-fold higher than PBS sham-inoculated controls. Protein 

levels for both IFN-a and IFN-b were similarly upregulated but starting at 4 dpi (prior to 

the start of transcriptional upregulation) (Figure 3.3D, 3.3E), suggesting that translational 

regulation may account for this earlier increase in type I IFN levels.  
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Figure 3.3 Time course of IFN induction in B. pertussis infected lungs 

Type I IFN production induced in response to B. pertussis infection in adult mice. Mice (n ≥ 4 
per group) were euthanized on the indicated dpi (x-axis) with B. pertussis or PBS sham 
inoculum, and lungs were dissected for assessment of (A) bacterial burdens by plating for 
viable counts, (B and C) mRNA levels of IFN-α and IFN-β by quantitative RT-PCR, or 
(D and E) IFN-α and IFN-β protein levels by ELISA, Data are representative of at least two 
independent experiments. *p < 0.05, ***p < 0.001 by the Student t test and two-way ANOVA. 
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Pro Inflammatory Cytokine Kinetics Correlate with Type I IFN Production 

Pro inflammatory cytokines are critical in the generation of an immune response but are 

also capable of being detrimental when induced in too great a quantity. The temporal 

profile of proinflammatory cytokines IL-6, IL-1b, IFN-g, and TNF-a in response to B. 

pertussis infection (Figure 3.4) correlated with that of type I IFN production. This 

suggests a link between type I IFNs and lung inflammation. 
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Figure 3.4: Kinetics of pro inflammatory cytokine expression 

Proinflammatory cytokines induced in response to B. pertussis infection in adult mice. Mice 
(n ≥ 4 per group) were euthanized on the indicated dpi (x-axis) with B. pertussis or PBS sham 
inoculum, and lungs were dissected for assessment of mRNA levels of IL-6, IL-1b, IFN-g, and 
TNF- a by quantitative RT-PCR. Data are representative of at least two independent 
experiments. *p < 0.05, ***p < 0.001 by the Student t test and two-way ANOVA. 
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Increased IFNAR Signaling Leads to Exacerbation of Lung Inflammatory 

Pathology in B. pertussis-infected Adult Mice 

Having confirmed type I IFN induction by B. pertussis infection, we sought to determine 

the contribution of type I IFN signaling to host lung inflammation during infection. 

Inflammatory and stress signals act to rapidly downregulate IFNAR1 by stimulating the 

phosphorylation-driven ubiquitination, internalization, and degradation of this 

protein[150, 151]. Thus, we used IFNAR1-SA mutant mice that harbor a mutation in the 

cytoplasmic domain of IFNAR1[152]. This mutation acts to interfere with inflammation-

induced proteolytic loss of the receptor, leading to increased type I IFN signaling under 

inflammatory conditions[152, 153], but otherwise these mice do not display any 

difference in development, function, or activity of immune cells (or any other 

phenotypes) compared with WT mice[154, 155]. To test the effect of B. 

pertussis infection in IFNAR1-SA mice, we inoculated IFNAR1-SA and WT mice with a 

lower dose (1 × 106 CFU) of B. pertussis because our standard dose induces near 

maximal levels of lung inflammatory pathology at 7 dpi in WT mice (and therefore we 

would not be able to observe any potential increase in inflammation in the IFNAR1-SA 

mice). Bacterial burdens in B. pertussis–infected IFNAR1-SA mice showed no 

significant difference from those in infected WT mice (Figure 3.5A). Despite this lack of 

difference in bacterial loads, IFNAR1-SA mice had significantly higher levels of lung 

inflammatory pathology than WT mice at 7 dpi (Figure 3.5B, Figure 3.5C) Infected 

IFNAR1-SA mice also displayed higher gene expression of the proinflammatory 

cytokines IL-1β, TNF-α, IL-6, and IFN-γ than WT mice at 7 dpi (Figure 3.5D). Type I 

and type III IFN gene expression levels were not significantly different between the two 
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groups (data not shown), although IFNAR1-SA mice had higher expression of the ISGs 

MX1 (Figure 3.5D) and ISG15 (data not shown), reflecting the increased level of IFNAR 

signaling. Together, these data demonstrate a clear role for enhanced type I IFN signaling 

in exacerbation of lung inflammatory pathology during B. pertussis infection.  

Previously, we showed that treating B. pertussis–infected mice with the S1P receptor 

agonist AAL-R resulted in a reduction of pulmonary inflammatory pathology[75, 77]. A 

recent report suggested that AAL-R reduces inflammation by promoting the 

internalization and degradation of IFNAR1[118]. We found that AAL-R administration 

reduced lung inflammatory pathology at 7 dpi in WT mice but not in IFNAR1-SA mice 

inoculated with our standard dose of B. pertussis (Figure 3.5E) This indicates that AAL-

R has no effect in mice that cannot downregulate IFNAR signaling because of defective 

internalization, and therefore, the therapeutic activity of this drug is dependent upon 

elimination of IFNAR1 and inhibition of type I IFN signaling in B. pertussis–infected 

mice. In addition, this finding further supports an important role for type I IFN signaling 

in exacerbation of pulmonary inflammation induced by B. pertussis infection. 
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Figure 3.5: Increased IFNAR signaling leads to exacerbation of lung 
inflammatory pathology 

Increased IFNAR1 signaling leads to exacerbated lung inflammation in B. pertussis–infected 
adult mice. C57BL/6 or IFNAR-SA mice (n ≥ 4 per group) were euthanized on day 7 
postinoculation with B. pertussis or PBS sham inoculum, and lungs were dissected for 
assessment of outcomes. (A) Bacterial burdens. (B) Representative H&E-stained 
inflammatory pathology images (original magnification 340) of uninfected and infected 
C57BL/6 and infected IFNAR1-SA mouse lung sections. (C) Inflammatory pathology scores 
assessed from lung histology sections. (D) Fold induction (infected versus sham inoculated) of 
IL-6, TNF-α, IL-1β, IFN-γ, and MX1 mRNA levels. (E) Infected C57BL/6 (BL6) or IFNAR1-
SA (SA) mice (n ≥ 6 per group) were treated with AAL-R (+A) or PBS intranasally 24 h 
postinoculation and euthanized on day 7 postinoculation for assessment of lung inflammatory 
pathology scores. Data are representative of at least two independent experiments. *p < 0.05, 
**p < 0.01, ***p < 0.001 by the Student t test and two-way ANOVA. 
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Impaired Type I IFN Signaling Leads to a Reduction in Lung Inflammatory 

Pathology During B. Pertussis Infection in Adult Mice 

Because enhanced IFNAR signaling led to an increase in lung histopathology and 

inflammation, we predicted that reduction in type I IFN signaling would reduce 

inflammatory pathology in B. pertussis–infected mice. We investigated this by examining 

outcomes in mutant mouse strains deficient in some aspect of type I IFN signaling, 

including mice with KO mutations in IFN-β (a type I IFN), STAT1, and STAT2 

[transcription factors that mediate type I and type III IFN signaling][156]. B. 

pertussis infection of these mutant mice showed no significant difference in bacterial 

burden from that in WT mice (Figure 3.6A). However, lung inflammatory pathology scores 

at 7 dpi were significantly lower in each of the mutant mice compared with those in WT 

mice (Figure 3.6B). Of these, STAT1 KO mice showed the lowest levels of lung 

inflammation, which may indicate a role for other STAT1-dependent factors (such as IFN-

γ) in promoting lung inflammation. Overall these data are again consistent with a role for 

the type I IFN pathway in promoting lung inflammatory pathology during B. 

pertussis infection. 
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Figure 3.6: Impaired type I IFN signaling leads to a reduction in lung 
inflammatory pathology 

Impaired type I IFN signaling leads to a reduction in lung inflammation in adult mice. 
C57BL/6, IFN-β KO, STAT1 KO, and STAT2 KO mice (n ≥ 4 per group) were euthanized on 
day 7 postinoculation with B. pertussis or PBS sham inoculum, and lungs were dissected for 
assessment of outcomes. (A) Bacterial burdens. (B) Inflammatory pathology scores assessed 
from lung histology sections. Data are representative of at least two independent experiments. 
*p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA. 
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IFNAR1 KO Mice Have Similar Levels of Lung Inflammation to WT Mice When 

Infected with B. pertussis  

To obtain further support for a role of IFNAR signaling in lung inflammation during B. 

pertussis infection, we investigated outcomes of infection in IFNAR1 KO mice. B. 

pertussis infected IFNAR1 KO adult mice displayed no significant difference in bacterial 

burden compared with WT mice (Figure 3.7A). Surprisingly, IFNAR1 KO mice had 

equivalent levels of lung inflammatory pathology to WT mice at 7 and 10 dpi (Figure 

3.7B) and at any other time points examined (data not shown). Further investigation of 

host responses in infected IFNAR1 KO mice revealed significantly increased IFN-λ gene 

expression (~7-fold) compared with infected WT mice (Figure 3.7C). This relative 

increase in IFN-λ expression was not observed in infected IFN-β, STAT1, and STAT2 

KO mice (Figure 3.7C), in which we had observed reduced levels of lung inflammatory 

pathology (in fact, in infected STAT1 and STAT2 KO mice, IFN-γ expression was 

significantly lower than WT levels, perhaps because IFN-λ amplifies expression of its 

own gene). In contrast, type I IFN gene expression was not significantly upregulated in 

infected IFNAR1 KO mice, although IFN-γ was expressed at WT levels (Data not 

shown). We hypothesized that the increased expression of type III IFN could explain the 

WT levels of lung inflammation seen in the infected IFNAR1 KO mice, in effect 

“compensating” for the loss of type I IFN signaling. To test this hypothesis, IFNAR1 KO 

or WT mice were inoculated with B. pertussis and then treated 0, 2, and 4 dpi with a 

neutralizing anti–IFN-λ Ab and with a viral protein (Y136) previously shown to inhibit 

IFN-λ signaling[157]. Control-infected mice were treated with an equivalent isotype Ab 
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and BSA. Results from 7 dpi showed that, despite no effect on bacterial loads (Figure 

3.7D), infected IFNAR1 KO mice treated to reduce IFN-λ signaling had significantly 

reduced levels of lung inflammatory pathology compared with control-infected mice 

(Figure 3.7E). Treated IFNAR1 KO mice also had reduced levels of IFN-λ gene 

upregulation (Figure 3.7F), again indicating that IFN-λ amplified expression of its own 

gene. Treatment did not affect gene expression levels of the other IFN genes (Data not 

shown). Because our RNA-seq analysis had shown that IFNLR1 (IFN-λR component) 

was one of the most significant upstream regulators of host transcriptional responses to 

infection (Figure 3.1D), these findings together implicate type III IFN as an additional 

factor contributing to lung inflammatory pathology during B. pertussis infection. 
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Figure 3.7: IFNAR1 KO mice have similar levels of lung inflammation to WT 
mice 

IFNAR1 KO mice show no significant difference in lung inflammatory pathology from WT 
mice, a role for type III IFNs. C57BL/6 and IFNAR1 KO mice (n ≥ 4 per group) were 
euthanized on day 7 or day 10 postinoculation with B. pertussis and lungs were dissected for 
assessment of (A) bacterial burdens, and (B) inflammatory pathology scores assessed from 
lung histology sections. (C) C57BL/6, IFN-β KO, STAT1 KO, STAT2 KO, and IFNAR1 KO 
mice (n ≥ 4 per group) were euthanized on day 7 postinoculation with B. pertussis or PBS 
sham inoculum, and lungs were dissected for assessment of fold induction (infected versus 
sham inoculated) of IFN-λ mRNA levels. (D–F) B. pertussis–infected C57BL/6 and IFNAR1 
KO mice (n ≥ 4 per group) were treated on 0, 2, and 4 dpi with a neutralizing anti–IFN-λ Ab 
and a viral protein, Y136, previously shown to inhibit IFN-λ signaling (treated). Control-
infected mice were treated with an equivalent isotype Ab and BSA. Lung bacterial burdens 
(D), inflammatory pathology (E), and IFN-λ mRNA levels (F) were assayed at 7 dpi. Data are 
representative of at least two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 
by two-way ANOVA. 
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IFNAR1 KO and antibody treated mice have similar levels of IFN-g 

In our investiagtion into the role of IFNAR signaling in lung inflammatin during B. 

pertussis infection, we investigated the outcomes of infection in IFNAR1 KO adult mice 

as well as WT mice treated with an IFNLR blocking antibody. In the IFNAR1 KO 

infection, IFNa and IFNb expression was reduced (Figure 3.8A, Figure 3.8B) indicating 

lower levels of type I IFN signaling. One possible explanation for the wild type levels of 

lung inflammation in IFNAR1 KO mice was the influence of IFN-g, but there were no 

differences observed in IFN-g gene expression levels between the IFNAR1 KO and WT 

infected mice (Figure 3.8C) indicating that this was likely not the mechanism of 

compensation. To further validate the lack of a role for type II IFNs, IFNAR1 KO or WT 

mice were inoculated with B. pertussis and then treated 0, 2, 4 dpi with a neutralizing 

anti-λ Ab and with a viral protein (Y136) previously shown to inhibit IFN-λ signaling. 

Control-infected mice were treated with an equivalent isotype Ab and BSA. Results from 

7 dpi showed that, while type I IFNs are significantly reduced (Figure 3.8D, Figure 3.8E), 

IFN-g expression is not reduced by this treatment (Figure 3.8F). This indicates that the 

compensation mechanism is due not to type I/II IFNs, but through a type III IFN 

dependent mechanism. 
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Figure 3.8: IFNAR1 KO and antibody treated mice have similar IFNg levels 

Fold induction (infected vs sham inoculated) of mRNA levels of the indicated IFN genes on 
day 7 post-inoculation with B. pertussis or PBS sham inoculum in (A-C) adult C57BL/6 or 
IFNAR1 KO mice or (D-F) in mice treated on 0, 2 and 4 days post-inoculation with a 
neutralizing anti-IFNL antibody and a viral protein,Y136, previously shown to inhibit IFNL 
signaling (treated) or with isotype antibody and BSA as control (n>4 per group), as assessed 
by qPCR. P values were determined using the Student t test. *, P<0.05; **, P<0.01; ***, 
P<0.001  
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Type III IFNs Contribute to Lung Inflammatory Pathology in B. pertussis-infected 

Adult Mice 

No previous information has been published on IFN-λ in B. pertussis infection, so our 

first step was to analyze the profile of expression throughout infection. We found that in 

infected adult WT mice, IFN-λ gene expression followed a similar pattern to that of type 

I IFNs, with upregulation starting after 4 dpi and peaking at 10 dpi (Figure 3.9A). IFN-λ 

protein levels followed a similar pattern to those of type I IFN as well, with measurable 

levels seen from 4 dpi to 14 dpi, peaking at 10 dpi (Figure 3.9B). 

We reasoned that if the WT levels of lung inflammatory pathology observed in infected 

IFNAR1 KO mice (Figure 3.9B) were due to the increased level of IFN-λ expression in 

the lungs of these mice (Figure 3.9C), then mice deficient in both IFNAR1 and IFNLR1 

should have reduced levels of lung inflammatory pathology because neither type I nor 

type III IFN signaling would occur. Upon infection of IFNAR1/IFNLR1 double KO 

mice, there were no significant differences in bacterial burden compared with those in 

WT mice (Figure 3.9C). However, lung inflammatory pathology scores were 

significantly lower in the double KO mice than in WT mice (Figure 3.9D). Interestingly, 

the same was true for IFNLR1 KO mice (in which type I IFN signaling would be 

functional), indicating that loss of type III IFN signaling alone is sufficient to reduce lung 

inflammatory pathology during B. pertussis infection. Analysis of IFN gene expression in 

the lungs of IFNLR1 KO and IFNAR1/IFNLR1 double KO mice revealed that neither 

type I nor type III IFN was significantly upregulated in response to infection at 7 dpi, in 
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contrast to their robust upregulation in WT mice (Figure 3.9E-G). Upregulation of IFN-γ 

gene expression in these mice was blunted compared with WT mice but was still 

significantly above background levels (Figure 3.9H). These data indicate that type III 

IFNs contribute to lung inflammatory pathology in conjunction with type I IFNs but also 

that type III IFN signaling is necessary for upregulation of type I (and III) IFN gene 

expression in response to B. pertussis infection. 
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Figure 3.9: Type III IFNs contribute to lung inflammatory pathology 

Type III IFN is upregulated in response to B. pertussis infection and contributes to lung 
inflammation in adult mice. (A and B) C57BL/6 mice (n ≥ 4 per group) were euthanized on 
the indicated dpi (x-axis) with B. pertussis or PBS sham inoculum, and lungs were dissected 
for assessment of (A) fold induction (infected versus sham inoculated) of IFN-λ mRNA levels 
and (B) IFN-λ protein levels. (C and D) C57BL/6, IFNLR1 KO, or IFNAR1/IFNLR1 double 
KO mice were euthanized on day 7 postinoculation with B. pertussis, and lungs were 
dissected for assessment of (C) bacterial burdens and (D) inflammatory pathology. (E–H) 
Fold induction (infected versus sham inoculated) of mRNA levels of the indicated IFN genes 
at day 7 postinoculation with B. pertussis or PBS sham inoculum in adult C57BL/6, IFNLR1 
KO, or IFNAR1/IFNLR1 double KO mice (n ≥ 4 per group). Data are representative of at 
least two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by Student t test and 
two-way ANOVA. 
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Infant Mice have Reduced IFN Expression and IFNAR Signaling 

The pathogenesis of B. pertussis infection in infant (7 d old) mice is markedly different 

from that in adult mice, as exemplified by higher bacterial loads in the lung, 

dissemination of infection to other organs, leukocytosis, and death[78]. In addition, 

significant lung inflammation in B. pertussis–infected infant mice is not seen until just 

prior to death (around 2 wk postinoculation in our model), in contrast to the pronounced 

and prolonged lung inflammation in adult mice. To investigate whether differences in 

type I and III IFN expression and signaling between adult and infant mice might 

contribute to the contrasting outcomes of infection, we first analyzed the profile of type I 

and III IFN gene expression in the lungs of infant WT mice during B. pertussis infection. 

As shown in Figure 3.10A and Figure 3.10B, in contrast to the robust upregulation in 

adult mice, no significant transcriptional upregulation of IFN-α or IFN-λ was seen 

through 12 d of infection in infant mice, and gene expression was downregulated 

compared with sham-infected mice at some time points. There was a similar lack of 

transcriptional upregulation of IFN-β in infected infant mice (data not shown). However, 

type I IFN responses were activated in B. pertussis–infected IFNAR1-SA infant mice, 

with increased levels of expression of the ISGs, ISG15, and MX1 compared with infected 

WT mice (Figure 3.10C, Figure 3.10D). Type I and III IFN gene expression levels were 

equivalent to those in WT mice (data not shown), whereas upregulation of IFN-γ gene 

expression was blunted (Figure 3.10E). 
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Figure 3.10: Infant Mice have reduced IFN response, can be increased in IFNAR-
SA 

Type III IFN is upregulated in response to B. pertussis infection and contributes to lung 
inflammation in adult mice. (A and B) C57BL/6 mice (n ≥ 4 per group) were euthanized on 
the indicated dpi (x-axis) with B. pertussis or PBS sham inoculum, and lungs were dissected 
for assessment of (A) fold induction (infected versus sham inoculated) of IFN-λ mRNA levels 
and (B) IFN-λ protein levels. (C and D) C57BL/6, IFNLR1 KO, or IFNAR1/IFNLR1 double 
KO mice were euthanized on day 7 postinoculation with B. pertussis, and lungs were 
dissected for assessment of (C) bacterial burdens and (D) inflammatory pathology. (E–H) 
Fold induction (infected versus sham inoculated) of mRNA levels of the indicated IFN genes 
at day 7 postinoculation with B. pertussis or PBS sham inoculum in adult C57BL/6, IFNLR1 
KO, or IFNAR1/IFNLR1 double KO mice (n ≥ 4 per group). Data are representative of at 
least two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 by Student t test and 
two-way ANOVA. 
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Increased IFNAR Signaling Reduces Bacterial Dissemination and Proinflammatory 

Cytokine Production in Infant Mice 

After observing that infant mice have reduced IFN expression in response to infection 

and seeing that IFNAR-SA infant mice have increased ISG expression in response to 

infection, we looked to see if increased type I IFN signaling affected lung cytokine 

expression and impacted dissemination of bacteria. At 7 dpi, IFNAR1-SA infant mice 

had similar bacterial loads in the lungs, liver, and spleen as WT mice, but the majority of 

IFNAR1-SA mice had no detectable bacteria in the blood, directly in contrast to the high 

levels in WT mice (Figure 3.11A). Inflammatory cytokine gene expression was generally 

lower in the lungs of infected IFNAR1-SA infant mice than in those of WT infant mice, 

although there was no difference in IL-6 expression (Figure 3.11 B-D). This indicates a 

potential protective role, as the infant mouse is considered to be immunosuppressed 

making it susceptible to lethal infection from bacterial dissemination. As dissemination to 

the blood is reduced, this indicates a potential role for type I IFN signaling in protection. 
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Figure 3.11: Increased IFNAR signaling reduces bacterial dissemination and 
boosts proinflammatory cytokine levels 

(A) Bacterial loads in the indicated organ (x axis) in B. pertussis-infected C57BL/6 and IFNAR1 
SA infant mice (n>4 per group) at 7 days post-inoculation. (B-D) Fold induction (infected vs 
sham inoculated) of mRNA levels of the indicated inflammatory cytokine genes at day 7 post-
inoculation with B. pertussis or PBS sham inoculum in C57BL/6 and IFNAR1 SA infant mice 
(n>6 per group), as assessed by qPCR. P values were determined using the Student t test and 
two way ANOVA. *, P<0.05; **, P<0.01; ***, P<0.001  
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Increased IFNAR Signaling Protects Infant Mice from B. pertussis-induced 

Lethality 

Remarkably, infected IFNAR1-SA infant mice suffered a significantly lower level of 

lethality than infected WT infant mice (Figure 3.12A), indicating that increased type I 

IFN signaling is protective for infant mice, in contrast to its deleterious effect in adult 

mice.  At 7 dpi IFNAR1-SA infant mice had significantly lower levels of leukocytosis 

than WT infant mice (Figure 3.12B), correlating with the reduced lethality in this group. 

Together, these data indicate that type I IFN signaling mediates overall protective effects 

against B. pertussis infection in infant mice and that a possible contributor to the 

susceptibility of infant mice to lethal pertussis is the lack of type I and III IFN gene 

upregulation in response to infection in these mice. 
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Figure 3.12: Increased IFNAR signaling protects against lethality in infants 

Increased IFNAR signaling is protective against lethal B. pertussis infection in infant mice. 
(A) Time course of survival of infant C57BL/6 and IFNAR1-SA mice after inoculation 
with B. pertussis. (B) Increase in WBC counts in blood of infant C57BL/6 and IFNAR1-SA 
mice 7 dpi with B. pertussis. Data are representative of at least two independent experiments. 
**p < 0.01, Student t test or log-rank (Mantel–Cox) test (for survival curves). 
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Impaired IFNAR Signaling in Infant Mice Increases Susceptibility to B. pertussis-

induced Lethality in an Age-Dependent Manner 

After our results indicated that increased type I IFN signaling is protective for infant 

mice, in contrast to its deleterious effect in adult mice, we investigated outcomes in infant 

mice with decreased/impaired type I IFN signaling. At 7 days of age at the time of 

inoculation, B. pertussis infected IFNAR1 KO infant mice died at a similar time as WT 

mice (Figure 3.13A). However, when inoculated at 9 days of age, IFNAR1 KO infant 

mice died significantly earlier than WT mice (Figure 3.13B). It appears that this age is 

critical for the development of a protective type I IFN response in WT mice, as the 

survival is much higher in C57BL/6 mice infected at D9 compared to D7. This difference 

is not observed to the same degree in IFNAR1 KO infant mice, as they succumb to 

infection at a significantly higher rate when infected at D9. This data indicates that type I 

IFN signaling mediates protective effects against B. pertussis infection in infant mice, 

and one of the critical contributors to lethal pertussis susceptibility may be the lack of 

type I/III IFN response to infection in these mice.  
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Figure 3.13: Impaired IFNAR signaling increases lethality in infants 

Impaired IFNAR signaling is detrimental against lethal B. pertussis infection in infant mice. 
(A) Time course of survival of 7 day old infant C57BL/6 and IFNAR1-KO mice after 
inoculation with B. pertussis. (B) Time course of survival of 9 day old infant C57BL/6 and 
IFNAR1-KO mice after inoculation with B. pertussis. Data are representative of at least two 
independent experiments. **p < 0.01, Student t test or log-rank (Mantel–Cox) test (for 
survival curves). 
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Discussion 

In this study, we analyzed the transcriptome of adult mouse lung responses to B. 

pertussis infection and identified IFNAR1 and IFNLR1 as receptors involved in 

responses to this infection. We showed that type I and III IFNs are produced in mouse 

lungs in response to B. pertussis infection, but that upregulation of these responses is 

delayed, initiating several days into the infection. In addition, type I and III IFN levels 

and signaling correlate with increased proinflammatory cytokine levels and with 

increased lung inflammatory pathology. In contrast, in infant mice, upregulation of type I 

and III IFN expression in lungs was not observed in response to B. pertussis infection, 

and increased type I IFN signaling was protective for these mice against lethal infection. 

Our results from transcriptomic analysis of lung responses to B. pertussis infection at 4 

dpi identified gene expression responses that were dominated by acute phase 

proinflammatory and antibacterial functions as observed in other such studies [74, 158]. 

However, we were surprised to identify IFNAR1 and IFNLR1 as highly significant 

upstream activators of these responses. There have been very few reports of the 

involvement of type I IFN (and none of type III IFN) in responses to B. 

pertussis infection. In one study, IFN-α–producing lung plasmacytoid dendritic cells 

were found to suppress Th17 cell differentiation during early B. pertussis infection in 

adult mice [94], indicating a possible role for type I IFNs in shaping host immune 

responses to this infection. We found that B. pertussis infection in adult mice induced 

type I and III IFN gene upregulation in the lungs but that the initiation of these responses 
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was significantly delayed, starting after 4 dpi, in comparison with typical early type I and 

III IFN responses in viral infections [159](we found no upregulation of type I and III IFN 

genes at 1–3 dpi; data not shown). The mechanism of induction of this delayed response 

is unknown, but we speculate that initiation of inflammatory pathology in the lungs may 

provide a source of molecules that induce these responses. Further investigation will be 

needed to establish the pathways that induce type I and III IFN responses during B. 

pertussis infection. 

Type I IFNs have diverse effects on different bacterial infections in experimental models, 

being protective for some but detrimental for others [90]. Our study shows that type I IFN 

responses have no effect on bacterial loads in the lung but promote lung inflammatory 

pathology in adult mice, putting B. pertussis infection in the category for which type I 

IFN responses are detrimental. This conclusion is supported by our results from both 

IFNAR1-SA mice, in which increased type I IFN signaling correlated with increased lung 

inflammatory pathology, and various mutant mouse strains deficient in one or another 

aspect of type I IFN signaling, in which lower levels of lung inflammatory pathology 

were observed. For the latter, it is interesting that STAT1-deficient mice had the lowest 

levels of pathology because STAT1 is a transcription factor common to type I, II, and III 

IFN signaling (although STAT1 also mediates signaling through other receptors). This 

suggests that all three IFNs may contribute to lung inflammatory pathology, including 

IFN-γ, which is highly upregulated in the lungs of infected WT adult mice, further 

upregulated in infected IFNAR1-SA adult mice, and which may account for some of the 

remaining pathology in the IFNR KO mice. 
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Surprisingly, the one KO mouse strain in which no reduction in lung inflammatory 

pathology was observed was the IFNAR1 KO mouse, but this is due to the increased 

expression of type III IFN in response to B. pertussis infection in these mice. This is 

supported by our findings that inhibition of type III IFN signaling in these mice 

significantly reduced lung inflammatory pathology and also by the IFNLR KO and 

IFNAR1/IFNLR1 double KO mouse experiments in which lower levels of lung 

pathology were observed. This indicates that there may be redundancy and overlap of 

type I and III IFN responses in terms of downstream signaling leading to inflammatory 

pathology. Consistent with this, we found that type III IFN gene upregulation in response 

to B. pertussis infection in adult mice had an identical temporal profile to that of type I 

IFN. Although type I and III IFNs signal through the same intracellular pathways, 

differential cellular expression of their receptors is thought to mediate different outcomes 

of their signaling [159]. Interestingly, for influenza virus infection, type III IFN plays a 

predominantly anti-inflammatory role in the lungs [99], in contrast to its apparent 

proinflammatory effect in our model. In addition, our observation that loss of type I IFN 

signaling led to increased type III IFN gene expression, whereas loss of type III IFN 

signaling abrogated type I (and III) IFN gene upregulation in B. pertussis–infected adult 

mice indicates a complex regulatory interplay between the two IFNs in this infection. 

These data suggest that type III IFN signaling is required for type I IFN induction and 

that type I IFN signaling inhibits type III IFN expression. In a fungal infection model, 

type I IFNs were found to prime optimal expression of type III IFNs [160], but the 

opposite appears to be the case in our model. Further investigation of this cross-

regulation and the responses downstream of type I and III IFN signaling, including roles 
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of various ISGs that are upregulated, will be necessary to elucidate specific mechanisms 

leading to their upregulated expression and to their exacerbation of lung inflammatory 

pathology during B. pertussis infection. 

Our results indicating the protective effects of type I IFN signaling in B. pertussis–

infected infant mice are in stark contrast to the deleterious effects in adult mice and 

demonstrate age dependence in outcome of these responses. The lack of upregulation of 

type I and III IFN genes in response to B. pertussis infection in infant mice may 

contribute to their increased susceptibility to lethal infection (and likely accounts for the 

observation that IFNAR1 KO infant mice (7 days old) show no difference from WT mice 

in time to death). Our finding that IFNAR1-SA infant mice are relatively resistant to 

lethal infection and have reduced levels of pathogenic outcomes is consistent with this 

idea. IFN-α administration was shown to protect infant mice against respiratory syncytial 

virus infection and overcome age-related differences in IgA production in response to the 

infection [161]. In another study, age-dependent effects of type I IFNs were demonstrated 

by the observation that type I IFNs protected infant mice treated with TLR ligands from 

lethal inflammatory responses, whereas they enhanced the same inflammatory response 

in adult mice [162]. In addition, several studies with human cord blood versus adult cells 

indicate a deficiency in type I IFN responses to infection or TLR agonists in the infant 

cells [163-165], consistent with the lack of responses we observed in our infected infant 

mice. 

The implications of these findings are very interesting because these identified pathways 

could potentially be targeted postexposure to B. pertussis in combination with antibiotic 
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therapy, either to reduce symptoms and severity of disease in adults or to enhance 

protection from severe disease in infants. Because type I and III IFN responses to B. 

pertussis infection serve no apparent antibacterial role, evidenced by the lack of effects 

on bacterial loads in the lungs in the various mouse strains, they may be valid targets for 

therapeutic intervention to reduce respiratory pathology in typical pertussis. We have 

previously shown that treatment of B. pertussis–infected adult mice with S1P receptor–

targeting drugs significantly reduces lung inflammatory pathology [75, 77]and that a 

proposed anti-inflammatory mechanism of these drugs involves internalization and 

degradation of surface expressed IFNAR1 [118]. We previously found that one of these 

drugs, AAL-R, abrogates type I IFN gene upregulation in a human monocyte cell line 

exposed to B. pertussis[78], and our present study, showing a lack of anti-inflammatory 

effect of AAL-R treatment in B. pertussis–infected IFNAR1-SA mice, is also consistent 

with the proposed role of S1P receptor–targeting drugs in downregulating type I IFN 

responses. Therefore, these and other drugs that target type I and III IFN responses may 

prove beneficial in treatment of individuals suffering from pertussis. In the bigger picture, 

this approach can potentially be applied to other bacterial infections in which type I IFN 

signaling is either detrimental or beneficial to provide therapy additional to antibiotic 

treatment. 
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Chapter 4: The role of pattern recognition receptors in interferon 

induction in response to Bordetella pertussis infection  

Specific Aim 2: Determine which PRRs and specific myeloid cells are involved in the 

IFN responses to B. pertussis infection. 

Rationale 

Though our results indicate a strong but delayed induction of type I/III IFNs in response 

to B. pertussis, the mechanism of induction in this delayed response is not known. Since 

lung inflammatory pathology initiates around the same time as IFN gene induction, we 

hypothesize that this inflammatory pathology provides a source of PAMPs/DAMPs to 

induce these responses.  

Various PRRs can induce type I/III IFNs in mammalian cells, such as TLR4, TLR7, and 

TLR9[122]. These are more likely to initiate IFN induction in response to B. pertussis 

than cytosolic PRRs, since it is considered to be primarily an extracellular pathogen. In 

contrast, multiple intracellular bacteria induce type I/III IFN production in mammalian 

cells through the activation of cytosolic bacterial nucleic acids or nucleotide sensors, 

including the AIM 2 DNA-sensing inflammasome component, or the sensor/adaptor 

proteins cGAS/STING[125, 133, 136].  
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Previously our lab has found that B. pertussis infected TLR4 KO mice have the same 

levels of lung inflammatory pathology at 7 and 14 dpi as WT infected mice (unpublished) 

which makes TLR4 an unlikely inducer of type I IFNs, under the assumption that they 

contribute to pathology. We have found that IFN-a gene expression is significantly 

reduced in B. pertussis-infected MyD88 KO mice. Since MyD88 is an adaptor for all 

TLR signaling except TLR3[83, 122], this indicates that a TLR other than TLR3 or TLR4 

is involved in IFN induction. The TLR9 endosomal CpG DNA receptor is known to be 

important in pDC type I IFN production[166].  

One possible inducer is unmethylated CpG DNA, the detection of which by TLR9 in 

endosomes is a major pathway for induction of type I IFN expression [167]. In contrast to 

CpG-rich bacterial DNA, mammalian DNA has few unmethylated CpG sequences, 

although they are enriched in so-called CpG islands, particularly associated with gene 

promoters [168]. Although mammalian DNA released after tissue damage during 

infection does not easily gain access to endosomes, studies have shown that mammalian 

self-DNA can be delivered to endosomes and trigger type I IFN production by 

complexing with antimicrobial peptides such as LL37 or β-defensins [166, 169]. 

Therefore, the delay in upregulation of type I and III responses may correspond with 

pathology-induced release of host DNA in the inflammatory environment of the lungs, 

although we cannot rule out a contribution from bacterial DNA. Our studies indicate the 

presence of significant levels of free DNA in the lungs of B. pertussis–infected adult 

mice. Another DNA sensing PRR that could be involved is the cytosolic cGAS-STING 

pathway that has been reported to induce expression of IFNs in viral and bacterial 

infections[133, 134] 
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Plasmacytoid dendritic cells (pDCs) are known for their role as major type I IFN 

producers, and a recent study showed that IFN-a producing lung pDCs were detected at 

higher levels in B. pertussis-infected mice[94]. Additionally, recent publications by our 

group focused on the anti-inflammatory effects of the S1PR agonist, AAL-R, in B. 

pertussis-infected mice found that the therapeutic benefit was dependent on its effects on 

myeloid cells, using a mouse strain with S1PR1-knockout limited to LysM+ cells[75]. 

Finally, recent research has shown significant roles for neutrophils and macrophages in 

the induction and response to type I/III IFNs[113, 157, 160]. 

From these data, we hypothesize that type I/III IFN responses to B. pertussis are 

dependent on TLR9 signaling in specific myeloid cell types in the lung (pDCs, 

macrophages, neutrophils) 

Results 

IFNa Upregulation in B. pertussis Infected Mice is MyD88 Dependent 

This experiment was performed by Dr. Karen Scanlon of the Carbonetti lab. To 

determine the role of the TLR signaling adaptor component MyD88 in type I IFN 

induction and the development of lung inflammatory pathology in response to B. 

pertussis infection, we analyzed the gene expression of IFNa at 5 dpi (Figure 4.1A). The 

levels of  IFNa were significantly reduced in MyD88 KO mice compared to WT infected 

mice, indicating that the induction of type I IFNs is a process dependent on MyD88. As 

MyD88 is involved in TLR signaling for all TLRs, except TLR3 and the TLR4 
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endosomal pathway that rely on the TRIF adaptor, this points to a role for TLRs in the 

induction of type I IFN in response to B. pertussis infection[122, 170]. As we have 

previously shown, type I IFNs are involved in the exacerbation of lung inflammatory 

pathology, so with a reduction in IFN induction observed in MyD88 KO, a decrease in 

lung pathology was expected. We examined the lung histopathology of MyD88 KO and 

WT infected mice 7 dpi using H&E staining and found noticeable reductions in 

bronchovascular bundle inflammation as well as reductions in infiltrating cells (Figure 

4.1B). This reduction in lung inflammatory pathology correlated with the drop in type I 

IFN expression. Taken together this data points to TLRs as potential PRRs involved in 

the induction of IFNs and lung inflammatory pathology during B. pertussis infections. 
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Figure 4.1: MyD88 KO mice produce less type I IFN in response to B. pertussis 

MyD88 knockout mice and WT mice were infected and euthanized 5 dpi. Lungs were 
dissected and (A) IFNa expression was measured at 5 dpi by quantitative RT-PCR (B) H&E 
staining of lungs was done to determine lung inflammatory pathology levels. *p < 0.05, 
Student t test  
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TLR9 Antagonist Treatment in Mice Reduces Type I IFN Induction in B. pertussis 

Infection 

Based on the MyD88 KO data, TLRs are likely to be involved in the induction of type I 

IFN during B. pertussis infection. Previously our lab has examined the lung inflammatory 

pathology of B. pertussis-infected TLR4 KO mice, and found they have similar levels of 

lung inflammatory pathology at 7 and 14 dpi as WT infected mice, making them an 

unlikely inducer of IFN. TLR9 is well known to be an inducer of type I IFNs[167, 171], 

so we sought to investigate its role in IFN induction.  

To investigate how TLR9 is involved in the induction of type I IFNs in response to B. 

pertussis infection, we analyzed the gene expression of IFNa (Figure 4.2A) and IFNb 

(Figure 4.2B) at 7 dpi. Infected mice were either treated with ODN 2088 (TLR9 

antagonist) or control nucleotide at 0, 2, and 4 dpi. Both type I IFN expression levels 

were significantly reduced at 7 dpi in mice treated with the TLR9 antagonist. This 

indicates a direct role for TLR9 signaling in the type I IFN response to B. pertussis 

infection. Based on our previous experiments, we would expect this reduction in type I 

IFN levels to be correlated with a drop in lung inflammatory pathology and 

proinflammatory cytokines. 
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Figure 4.2: Type I IFN expression in B. pertussis infected mice compared to 
infected with TLR9 antagonist addition 

C57BL/6 mice were euthanized on day 7 postinoculation with ODN2088/TLR9 antagonist or 
control vehicle treatment on 0, 2, 4 dpi. Lungs were dissected and (A) IFNa expression 
measured at 7 dpi by quantitative RT-PCR (B) IFNb expression measured at 7 dpi by 
quantitative RT-PCR. *p < 0.05, *P <0.01 Student t test  
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TLR9 Signaling Inhibition is Sufficient to Reduce Lung Inflammatory Pathology 

 

Because we observed a significant reduction of type I IFN expression in mice treated 

with a TLR9 antagonist, we predicted that TLR9 antagonism would be sufficient to lower 

lung inflammatory pathology levels in B. pertussis-infected mice. We investigated this by 

examining outcomes in C57BL/6 mice  infected with B. pertussis that were either treated 

with a vehicle control or a TLR9 antagonist at 0, 2, 4 dpi. Lungs were dissected and 

analyzed for levels of bacterial load (Figure 4.3A) which showed no signifcant difference 

between the treated groups. However, lung inflammatory pathology scores at 7 dpi were 

significantly lower in the TLR9 antagonist treated mice compared with those in the 

vehicle treated mice (FIgure 4.3B). This indicates that TLR9 signaling is not required for 

controlling infection levels in the lung, but is involved in the promotion of lung 

inflammation. These data are consistent with TLR9 function as a PRR that detects B. 

pertussis infection and leads to exacerbation of lung inflammatory pathology. 
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Figure 4.3: Bacterial load and lung pathology scoring of WT infected mice and 
WT infected mice with TLR9 antagonist treatment 

C57BL/6 mice were euthanized on day 7 postinoculation with ODN2088/TLR9 antagonist or 
control vehicle treatment on 0, 2, 4 dpi. (A) Inflammatory pathology scores assessed from 
histology sections and (B) Lungs were dissected for assessment of bacterial burdens. *p < 
0.05, Student t test  
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TLR9 Knockout Mice have Reduced Inflammatory Response and IFN Induction 

The previous experiment utilizing TLR9 antagonist treatment demonstrated a role for  

TLR9 signaling in the induction of type I IFN and generation of lung inflammatory 

pathology, but to confirm this information, we decided to investigate the outcomes in 

mutant mice deficient in TLR9 signaling. B.pertussis infection of TLR9 KO mice showed 

no significant difference in bacterial burden from WT mice (Figure 4.4A). However, lung 

inflammatory pathology scores at 7 dpi were signifcantly lower in TLR9 KO mice 

compared with those in WT mice (Figure 4.4B). As we had previously observed both 

type I/III IFNs to be involved in the exacerbation of lung inflammatory pathology, it 

seemed likely that TLR9 is involved in the induction of type III IFNs responsible for 

these downstream effects, as they displayed reduced inflammatory responses to the lung. 

A significant reduction in levels of type I and III IFN were observed at 7 dpi. IFNa 

(Figure 4.5A), IFNb (Figure 4.5B), and IFNl (Figure 4.5C) were all lower in TLR9 KO 

mice compared to WT mice.  

 

Infected TLR9 KO mice also displayed  lower gene expression of proinflammatory 

cytokines IL-1b and IL-6 (Figure 4.6A, Figure 4.6B) than WT mice at 7 dpi. Taken 

together, these data demonstrate a clear role for TLR9 signaling in induction of type I/III 

IFN expression, proinflammatory cytokine expression, and the exacerbation of lung 

inflammatory pathology. 
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Figure 4.4: Infected TLR9 KO mice have similar bacterial loads with reduced 
lung inflammatory pathology 

C57BL/6 and TLR9 KO mice were euthanized on day 7 postinoculation with B. pertussis, and 
lungs were dissected for assessment of outcomes. (A) Bacterial burdens. (B) Inflammatory 
pathology scores assessed from histology sections of lung. *p < 0.05, Student t test  
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Figure 4.5: Deficient TLR9 function leads to a reduction in type I/III IFN 
expression 

C57BL/6 and TLR9 KO mice were euthanized on day 7 postinoculation with B. 
pertussis or PBS sham inoculum, and lungs were dissected for assessment of outcomes. 
Fold induction (infected groups vs sham) of (A) IFNa, (B) IFNb, (C)IFNl.  Was 
measured by RT-PCR *p < 0.05, Student t test  
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Figure 4.6: Deficiencies in TLR9 response reduces proinflammatory cytokine 
expression  

Impaired TLR9 signaling leads to reduced inflammatory cytokine induction in B. pertussis-
infected adult mice. C57BL/6 and TLR9 KO mice were euthanized on day 7 postinoculation 
with B. pertussis of PBS sham inoculum, and lungs were dissected for assessment of 
outcomes. Fold induction (infected versus sham inoculated) of (A) IL-1b and (B) IL-6 were 
quantified by RT-PCR. * p< 0.05 by the Student t test.  
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B. pertussis Infection Leads to the Accumulation of Fragmented DNA in the Lungs 

TLR9 is located in the endosome of cells, so the process by which B. pertussis, a 

primarily extracellular pathogen stimulates TLR9 is not immediately apparent. There are 

several possibilites for TLR9 activation. The first is that B. pertussis DNA is taken up by 

phagocytic cells either from killed bacteria or from biofilms formed[172], the second is 

that host cells are killed and release DNA that is taken up to stimulate TLR9, and the 

third is the sensing of DNA from Neutrophil or Macrophage Extracellular Traps by 

immune cells in response to B. pertussis [173, 174]. 

 

To assess the levels of fragmented DNA in the lungs during B. pertussis infection, our lab 

investigated outcomes of infection with B. pertussis using a Terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) assay. This assay was performed by Annik 

Migneault of the Carbonetti lab. TUNEL assays detect fragmented DNA by labeling the 

3’ – hydroxyl termini in double stranded DNA breaks that are frequently generated 

during apoptosis or other events resulting in DNA breakage.  

WT mice were infected with B. pertussis and lungs were analyzed by TUNEL at 0, 2, 4, 

and 7 dpi. The increasing amount of green staining indicates a buildup of fragmented 

DNA in the lungs (Figure 4.7). This timecourse of DNA buildup mirrors that of type I/III 

IFN kinetics as well as that of proinflammatory cytokines. This indicates that DNA 

accumulation could be the stimulus for TLR9 signaling and may explain the phenotypes 

seen in TLR9 KO mice, such as the reduced induction of IFNs and lung inflammatory 

pathology. 
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Figure 4.7: TUNEL assay shows the accumulation of fragmented DNA in lung 
cells 

Mice infected with B. pertussis have their lungs analyzed post lavage via microscopy on 0, 2, 
4, and 7 dpi for fragmented DNA by the TUNEL assay. Blue stain is DAPI for nuclei of cells, 
green stain is for TUNEL stained fragmented DNA. 
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DNase Treatment Reduces Lung Inflammatory Pathology During B. pertussis  

As our results have indicated that TLR9 is involved in the induction of type I/III IFN and 

the worsening of lung inflammatory pathology, and the TUNEL staining indicated 

accumulation of DNA in the lungs over the course of infection, this indicates that DNA 

could be a central PAMP/DAMP in the induction of certain immune responses in 

pertussis infection.  

DNase I is an enzyme that degrades DNA, decreasing the amount of DNA present. 

Previously, DNase I has been used in cystic fibrosis sputum to decrease the viscosity of 

purulent secretions in the airway. This has been associated with benefits in cystic fibrosis 

patients as well as other pneumonia and bronchitis patients to clear their airways[175, 

176].  This inspired the idea to determine the effect of DNase treatment in B. pertussis 

infected mice. Based on our previous results, we would expect to see a reduction in type I 

IFN induction and lung inflammatory pathology. 

To investigate the effects, WT mice were inoculated with B. pertussis and given 

recombinant DNase I i.n. on 0, 2, and 4 dpi. These mice were harvested at D7 and 

displayed no significant difference in bacterial burden compared with control mice 

(Figure 4.8A). Interestingly, the DNase I treated mice displayed a significantly reduced 

level of lung inflammatory pathology at 7 dpi (Figure 4.8B).  

Based on our previous results, we would expect this to correlate with a drop in type I 

IFNs, however, upon measuring type I and III IFN gene expression, neither IFNa (Figure 

4.9A) nor IFNl levels were altered (Figure 4.9C), but IFNb expression was signifiantly 

lower in DNase I treated mice (Figure 4.9B). This reflects the importance of IFNb as 



 89 

seen previously in the IFNb KO mice with lowered lung inflammatory pathology (Figure 

3.6). Taken together, these data demonstrate that DNase I is a potential therapeutic option 

by reducing lung inflammatory pathology, and that DNA is a critical inducer of type I 

IFNs as well as the exacerbation of lung inflammatory pathology during B. pertussis 

infection. 
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Figure 4.8: DNase treatment reduces lung inflammatory pathology 

C57BL/6 mice were euthanized on 7 dpi after B. pertussis infection or sham inoculation as 
well as intranasal DNase administration on 0, 2, 4 dpi. Lungs were dissected for assessment of 
outcomes. (A) Bacterial burdens. (B) Inflammatory pathology scores assessed from lung 
histopathology sections. * p <0.05 by Students t test  
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Figure 4.9: IFNb is reduced by DNase treatment of B. pertussis infected mice 

C57BL/6 mice were euthanized on 7 dpi after B. pertussis infection or sham inoculation as 
well as intranasal DNase administration on 0, 2, 4 dpi. Lungs were dissected for assessment 
of outcomes. Fold induction was measured using RT-PCR for (A) IFNa,  (B) IFNb, (C) 
IFNl.  * p <0.05, *P <0.01  by Students t test  
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STING Signaling is Involved in the Exacerbation of Lung Inflammatory Pathology 

in B. pertussis-infected mice 

Having confirmed that DNA is involved in type I IFN induction as well as the generation 

of host lung inflammation during infection, another PRR that could potentially be 

involved is the cGAS-STING cytosolic DNA sensing pathway[133]. To investigate this, 

we infected Tmem173 KO mice (also known as STING KO mice) with B. pertussis and 

assessed their IFN induction levels as well as lung inflammatory pathology at 7 dpi. 

STING KO mice showed no significant difference from WT infected mice in lung 

bacterial burdens (Figure 4.10A), similar to TLR9 KO mice. However, STING KO mice 

had significantly lower levels of pathology (Figure 4.10B), indicating that STING is 

involved in the downstream lung inflammation we see in infected mice. 

STING KO mice did not have significantly different lung expression levels of IFNb 

(Figure 4.11A), or IFNl (Figure 4.11B), but did show a significant reduction in IFNa 

(Figure 4.11C) and TNFa (Figure 4.11D). This indicates there is some reduction in type I 

IFN induction in STING KO mice, as well as an impact on proinflammatory cytokine 

expression. These data indicate a potentially important role for STING as a cytosolic 

DNA sensor involved in the induction of IFN and the development of lung inflammatory 

pathology during B. pertussis infection. This comes with the caveat that these data are 

tentative since this was only performed once with a single group of mice, as the Covid-19 

pandemic prevented me from repeating it. 
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Figure 4.10: STING KO mice have reduced lung inflammatory pathology  

C57BL/6 or STING KO mice were euthanized on day 7 postinoculation with B. pertussis and 
lungs were dissected for assessment of outcomes. (A) Bacterial burdens. (B) Inflammatory 
pathology scores assessed from lung histopathology sections. *p<0.05 by Students t test. 
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Figure 4.11: IFNa and TNFa expression is reduced in STING KO infected mice 

C57BL/6 or STING KO mice were euthanized on day 7 postinoculation with B. pertussis and 
lungs were dissected for assessment of outcomes. Assessment of fold induction via RT-PCR 
in (A)IFNa, (B) IFNb, (C) IFNl, and (D) TNFa. *p<0.05 by Students t test. 
 



 95 

The  Role of Specific Myeloid Cells in Developing Type I IFN Response to B. 

pertussis Infection 

Various PRRs can induce type I IFN induction in mammalian cells, such as TLR9 and 

STING which are candidates for initiating type I IFN induction in response to B. 

pertussis infection. Macrophages have been shown to be one of the most profilic type I 

IFN producers, behind only pDCs, and are also known to play an important role in 

controlling B. pertussis infection[62, 118]. To investigate macrophage responses to B. 

pertussis, we previously observed that THP-1 human monocytes produce type I IFN in 

response to B. pertussis and treatment with the S1PR agonist AAL-R reduced these levels 

[75]. To confirm that macrophages are potential producers of type I IFNs in our mouse 

model as well, we isolated mouse BMDMs, and infected them with B. pertussis at an 

MOI of 10 for 24 hours, and we observed significant IFNa (Figure 4.12A) and IFNb 

(Figure 4.12B) expression level increase. This validates that primary mouse macrophages 

are producers of type I IFN. Additionally, we investigated thioglycollate induced, mouse 

peritoneal macrophages as an alternative primary macrophage source. Similarly, we 

found that they responded to B. pertussis with significant IFNa (Figure 4.13A) and IFNb 

(Figure 4.13B) increase in expression. 
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Figure 4.12: BMDMs produce type I IFNs in response to B. pertussis exposure 

BMDMs isolated from C57BL/6 mice were incubated with B. pertussis for 24 hours at an 
MOI of 10.  Their RNA was used for assessment of fold induction via RT-PCR in (A)IFNa, 
(B) IFNb, (*p<0.05, *P <0.01 by Students t test. 
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Figure 4.13: Peritoneal macrophages produce type I IFNs in response to B. 
pertussis exposure 

Thioglycollate induced peritoneal macrophages isolated from C57BL/6 mice were incubated 
with B. pertussis for 24 hours at an MOI of 10.  Their RNA was used for assessment of fold 
induction in (A)IFNa, (B) IFNb, (*p<0.05, *P <0.01  by Students t test. 
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Neutrophil Depletion Does Not Impact Lung Inflammatory Pathology in Response 

to B. pertussis Infection 

Neutrophils have been shown to play critical roles in host defense against B. pertussis, 

including their primary functions of phagocytosing bacteria, releasing anti-microbial 

defensins, and ROS production[62]. In fact two B. pertussis toxins are involved in 

modulating neutrophil influx (PT) and function (ACT)[47, 74, 177], indicating their 

importance in the immune response. NETs are also a potential source of DNA stimulating 

IFN induction. For this reason, we sought to investigate their role in type I IFN 

production and the development of lung inflammatory pathology. 

To do this, we used anti-Ly-6g antibody to deplete the neutrophil population in C57BL/6 

mice following infection with B. pertussis. The antibody was administered the day prior 

to infection and every other day until 7 dpi when the mouse lungs were harvested. The 

neutrophil depletion had no effect on bacterial loads, matching previous results in the lab 

[61] (Figure 4.14A), or on lung inflammatory pathology (Figure 4.14B), which was a 

surprising result given the importance of neutrophils to host defense. Furthermore, 

neutrophil depletion had no impact on the production of type I and type III IFNs (Figure 

4.14A-C). This indicates that neutrophils are not involved in the production of type I/III 

IFNs and the development of lung inflammatory pathology.  
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Figure 4.14: Neutrophil depletion does not impact bacterial load or lung 
pathology levels 

C57BL/6 were treated with either Ly-6g antibody or an isotype control on -1, 1, 3, 5 dpi and 
lungs were harvested day 7 postinoculation. Lungs were dissected for assessment of 
outcomes. (A) Bacterial burdens. (B) Inflammatory pathology scores assessed from lung 
histopathology sections. *p<0.05 by Students t test. 
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Figure 4.15: Neutrophil depletion does not impact IFN levels 

C57BL/6 were treated with either Ly-6g antibody or an isotype control on -1, 1, 3, 5 dpi and 
lungs were harvested day 7 postinoculation. Lungs were dissected for assessment of 
outcomes. Fold induction of genes was measured using RT-PCR for (A)IFNa, (B) IFNb, (C) 
IFNl .*p<0.05 by Students t test. 
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Plasmacytoid Dendritic Cell Depletion Impacts Immune Response to B. pertussis 

Infection 

pDCs are one of the main producers of type I IFNs and higher levels of IFNa producing 

pDCs are localized to the lung in response to B. pertussis infection[94]. Therefore our lab 

depleted pDCs in infected mice using anti-PDCA1 antibody to determine if type I IFNs 

are reduced and whether the lung inflammatory pathology and proinflammatory 

cytokines are impacted. This experiment was performed by Dr. Ciaran Skerry, formerly 

of the Carbonetti lab. 

Mice were infected with B. pertussis and treated with an isotype control antibody or anti-

PDCA1 the day prior to infection and every two days following that (D -1, 1, 3, 5) and 

harvested at 7 dpi. Interestingly, the bacterial loads were elevated in the pDC depleted 

mice (Figure 4.16A) although this did not quite reach statistical significance. Lung 

inflammatory pathology (Figure 4.16B) and type I IFN levels (Figure 4.16C) were not 

significantly lowered in the pDC depleted mice indicating that these cells are not 

involved in this IFN mediated exacerbation of lung inflammatory pathology. While the 

lung inflammatory pathology shows no difference, IFNg induction levels were reduced in 

pDC depleted mice (Figure 4.17A) which could be a potential explanation for the modest 

difference in bacterial loads observed. Pro inflammatory cytokine IL-1b (Figure 4.17B) 

appeared to be reduced in pDC depleted mice but not quite to a significant level, while 

TNF-a was not impacted (Figure 4.17C). Taken together these results show that pDCs 

are not critical to the exacerbation of lung inflammatory pathology or IFNa production. 

One caveat to this is that we did not assay the extent of pDC depletion in these mice. 
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Figure 4.16: pDC depletion alters bacterial loads but not pathology or type I IFN 
induction 

C57BL/6 were treated with either anti PDCA1 antibody or an isotype control on -1, 1, 3, 5 dpi 
and lungs were harvested day 7 postinoculation. Lungs were dissected for assessment of 
outcomes. (A) Bacterial burdens. (B) Inflammatory pathology scores assessed from lung 
histopathology sections, (C) Fold induction of IFNa via RT-PCR measurement. *p<0.05 by 
Students t test. 
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Figure 4.17: pDC depletion reduces some key proinflammatory cytokine 
expressions 

C57BL/6 were treated with either anti PDCA1 antibody or an isotype control on -1, 1, 3, 5 dpi 
and lungs were harvested day 7 postinoculation. Lungs were dissected for assessment of 
outcomes. (C)Fold induction of (A)IFNg, (B) IL-1b, (C) TNFa was quantified using RT-
PCR. *p<0.05 by Students t test. 
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Discussion 

In this study, we investigated the induction of IFNs during B. pertussis infection and 

found that MyD88 was involved in the induction of type I IFN, we then narrowed down 

specific PRRs such as TLR9 and STING as receptors required for the induction of type I 

IFNs and are required for normal levels of lung inflammatory pathology during infection. 

These receptors recognize DNA, and we found that treatment with DNase I resulted in 

reduced lung inflammatory pathology as well, solidyfing DNA as an important 

DAMP/PAMP that results in inflammation and pathology. Additionally, we investigated 

the role of pDCs and neutrophils in IFN production through cell depletion experiments 

and found there to be no significant differences in type I/III IFN levels. At the same time, 

we found that primary macrophages were strong producers of type I IFNs. 

 

Our results identified the adaptor MyD88 as a component of type I IFN induction during 

B. pertussis infection. This suggested an involvement of TLRs, as all TLRs with the 

exception of TLR 3 and 4 (endosomal pathway) signal through this adaptor[122]. Pattern 

recognition receptors are critical for the innate immune response and generation of 

inflammation. They are expressed by monocytes, dendritic cells, and epithelial cells. 

Previously, in the B. pertussis field, TLR2 and TLR4 had been identifed as responding to 

pertussis lipoproteins and LPS respectively, and generating proinflammatory cytokines 

leading to the eventual Th1 cellular mediated immunity[36, 42, 124].  

One possible inducer of type I IFNs is CpG DNA, which is detected by TLR9 in 

endosomes, representing a key pathway for this induction. Thus far, no role for TLR9 has 

been reported in B. pertussis infection. In other bacterial models of infection, such as E. 
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coli and S. aureus, TLR9 was found to be activated by their bacterial DNA[178]. We 

found that the absence of TLR9 signaling, whether it was through the administration of a 

TLR9 antagonist or in a TLR9 KO infected mouse, led to reduced lung inflammatory 

pathology and type I and III IFN levels. 

Another potential source of DNA is from the host itself. Typically, DNA is degraded 

following cell death by macrophages that degrade self-DNA in their lysosomes[179]. 

TLR9 responses to endogneous DNA have been observed in autoimmune diseases such 

as systemic lupus erythematosis (SLE) as well as in circumstances where large numbers 

of cells are killed, such as infections[180]. This is particularly relevant as we observed a 

buildup of fragmented free DNA in the lungs of B. pertussis-infected mice peaking by 7 

dpi. Although mammalian DNA released following tissue damage during infection does 

not easily get to the endosome, studies have shown that self DNA can be delievered to 

the endosome and lead to the production of type I IFNs through complexing with 

antimicrobial peptides such as LL37 and B-defensins[166, 181]. This indicates a potential 

mechanism through which DNA accumulates in the lungs following infection, is sensed 

by PRRs, and leads to the exacerabation of inflammation. 

In cystic fibrosis patients, DNase I treatment has been used successfuly to reduce the 

viscosity of sputum and allow patients to clear their airways[175]. Based on our findings 

indicating the presence and importance of DNA during B. pertussis infection and the 

accompanying immune response, we utilized a similar therapeutic strategy. 

When administered to B. pertussis-infected mice, a drop in lung inflammatory pathology  

and type I IFN expression was found, further cementing the importance of DNA as an 
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inducer of inflammation and identifying a potential therapeutic strategy for pertussis 

patients in DNase I. 

Another PRR involved in the detection of cytosolic DNA, is cGAS-STING, making it a 

potential candidate in the induction of type I/III IFN in response to B. pertussis. Studies 

have found that STING is activated in numerous bacterial infections, typically as a 

protective response, induding in F. tularensis, L. monocytogenes, and S. pneumoniae 

infections[131]. Our results indicate that STING is detrimental as it’s required for 

exacerbated lung inflammatory pathology and type I IFN induction in B. pertussis 

infections. This is very interesting, as this indicates two DNA sensing PRRs involved in 

IFN induction as well as the development of lung inflammatory pathology. These results 

also show a potential for STING antagonist compounds as a therapeutic option in 

pertussis infections. Whether TLR9 and STING work together in tandem, or if one is 

more critical to type I IFN induction and the development of inflammation has not yet 

been answered and will be addressed in the future. 

 

Macrophages are known as one of the main type I IFN producing cell types, and are a 

critical responder to B. pertussis infection[62]. We confirmed their role as producers of 

type I IFNs in response to B. pertussis in primary cell models. 

While macrophages are one of the big type I IFN producers, pDCs are a large contributor 

as well in B. pertussis infections[94]. Since they have TLR 3, 7 and 9 PRRs present and 

the capability to induce mass amounts of IFN, they were a prime candidate for 

exacerbating lung inflammatory pathology in response to B. pertussis. In an influenza 
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study, depletion of pDCs reduced type I IFN induction as well as the therapeutic effects 

of S1PR agonists[118]. We found that depletion of pDCs using an antibody treatment did 

not result in a reduction of either type I IFN induction or lung inflammatory pathology, 

indicating a lesser role in our observed phenotypes. 

Neutrophils are a cell type that is needed to control infection in immune mice, and have 

roles such as bacterial killing, phagocytosis, and ROS production in B. pertussis 

infections[62]. Recently, a study showed neutrophils are a key responder to type III IFNs 

in a fungal infection, and necessary to prevent lethal infection[160]. Our results in a 

neutrophil depletion assay indicated that neutrophils are not critical for type I/III IFN 

expression or the development of lung inflammatory pathology. Previously our lab has 

shown that PT and ACT work to alter neutrophil function and influx[35, 47], so one 

potential possiblity is that a different phenotype would be observed using toxin deficient 

strains of B. pertussis to infect these mice. These cell depletion experiments have 

numerous limitations, as eliminating one cell type does not provide a full picture of the 

immune response 

 

The implications of these findings is intriguing because these identified receptors and 

inducer of IFNs represent potential targets for B. pertussis postexposure patients in 

combination with antibiotic therapy. Together, this could work to reduce severity of 

disease or symptoms. Since using DNase I treatment, and inhibiting TLR9/STING 

signaling does not impact the antibacterial responses, as evidenced by the lack of effects 

on bacterial loads in the lungs of mice, they may be targets to reduce respiratory 

pathology while not interfering with the protective elements of the immune response. 
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DNase I has been used effectively in cystic fibrosis patients treatment [175, 176], 

TLR9/STING antagonists such as hydroxychloroquine have been utilized in the treatment 

of SLE, malaria, and rheumatoid arthritis[182]. Based on our data, all of these treatments 

may prove beneficial in treatment of individuals suffering from pertussis, through their 

reduction of type I/III IFNs as well as the drop in lung inflammatory pathology seen. In 

the grand scheme, this approach could be applied to other bacterial infections where type 

I IFN signaling is either detrimental or beneficial in order to provide additional therapy to 

antibiotic treatment. 
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Chapter 5: Conclusions 

Pertussis is a highly contagious respiratory disease that is caused by infection with the 

bacterial pathogen B. pertussis. The disease can be severe in adults with symptoms such 

as a prolonged paroxysmal coughing, vomiting, and other complications[1]. However, in 

infants, pertussis can be a fatal disease due to the complications, like pulomonary 

hypertension, high-level leukocytosis, and pneumonia[5, 7]. One of the primary 

difficulties in the prevention and treatment of pertussis is the relatively poor 

understanding of disease pathogenesis mechanisms. Antibiotics are administered to 

infected individuals in order to prevent transmission of disease, but do not generally alter 

the clinical course of disease for the infected person[15, 16]. Host-directed therapeutics 

that treat pertussis disease could work to benefit both individuals with severe cough and 

work to save the lives of infected infants. Our work has identified several host targets 

involved with inflammatory and immune responses to B. pertussis infection that are 

candidates for therapeutic intervention[75, 77, 183].  

The mechanism by which B. pertussis causes severe, persistent cough is not fully 

elucidated, but based on our work and studies in baboon infection, lung inflammatory 

pathology seems to be a correlate for disease severity in adults[70]. Using this readout 

and lethality in infants we address the potential mechanisms of disease severity and 

lethality while testing some host-directed therapeutics.  

Using a C57BL/6 mouse model of infection, we performed global transcriptomic analysis 

of B. pertussis infected lung and identified IFNAR1 and IFNLR1 receptor signaling as 2 

of the most significantly involved upstream regulators of host responses. This 
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information, coupled with the large number of ISGs that were upregulated in response to 

infection, led us to investigate the role of type I/III IFNs in B. pertussis infection. We 

focused on whether they exacerbate disease in adults, protect against lethality in infants, 

the mechanism of their induction through specific PRRs, and which cell types are 

involved in this IFN response and downstream generation of inflammation. 

First, we demonstrated that type I/III IFNs are induced in response to B. pertussis 

infection in a delayed fashion, beginning around 4 dpi and peaking close to 10 dpi. Next 

we examined infected IFNAR-SA mice, which lack negative regulation of IFNAR1 

signaling, and found that they respond with a higher level of proinflammatory cytokines 

to B. pertussis infection, resulting in exacerbated lung inflammatory pathology in the 

adult model. In concordance with this, STAT1, STAT2, and IFNb KO mice that have 

deficiencies in various elements of IFN signaling, all had reduced lung inflammatory 

pathology with a bacterial load that was not signifcantly altered. Together these models 

showed that type I IFN signaling exacerbates lung inflammatory pathology in B. pertussis 

infection while not being required for the control of bacterial growth, identifying type I 

IFN signaling as a promising target for host directed therapeutics. 

Following this, we found that type III IFNs were involved in the development of lung 

inflammatory pathology when IFNAR1 KO adult mice did not exhibit any changes in this 

phenotype. The explanation we found was in their increased upregulation of IFNl in 

response to B. pertussis. This compensation of the type III IFN signaling demonstrated its 

importance to the inflammatory response and ability to induce ISGs and inflammatory 

cytokines through a separate receptor signaling pathway from IFNAR1. Using infected 

IFNLR1 KO mice and IFNAR1/IFNLR1 dKO mice, we found that they had significantly 
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lowered levels of lung inflammatory pathology, identifying type III IFN signaling as an 

important pathway in the response to B. pertussis infection. 

In contrast to these adult mouse infections, the infant model has the opposite problem, a 

lack of strong inflammatory response to infection, resulting in bacterial dissemination and 

lethality in some cases. Type I and III IFN expression levels were not increased in 

response to B. pertussis, illuminating a lack of IFN response in this model. By examining 

infected IFNAR-SA infants, which produce stronger inflammatory responses due to their 

increased IFNAR1 signaling, we found that higher type I IFN signaling levels are 

protective against lethality, reduce bacterial dissemination, and leukocytosis. In the 

IFNAR1 KO model, we found a result that agreed with this hypothesis, as 9 day old 

IFNAR1 KO mice succumbed to infection while 9 day old WT mice survived at a 

significantly higher rate. This lack of type I IFN signaling was critical in the result, and 

showed that type I IFN signaling and boosting that particular response can be protective 

in the infant model of B. pertussis infection. The data also suggest that infant mice 

develop protective type I IFN responses between days 7 and 9 of age. 
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Figure 5.1: Age dependent effects of type I/III IFNs in B. pertussis infection 
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To identify the mechanism through which B. pertussis induces type I/III IFN and the 

accompanying proinflammatory cytokines/lung inflammatory pathology, we looked to 

pinpoint specific PRRs. First, using an infected MyD88 KO mouse model, we found that 

MyD88 is required for induction of IFNa expression as well as enhanced lung 

inflammatory pathology. This indicated that TLRs were involved in the sensing of B. 

pertussis infection and the resulting IFN response. Using TLR9 antagonist treatments as 

well as a TLR9 KO mouse model, we found that eliminating TLR9 signaling reduced 

lung inflammatory pathology as well as type I IFN levels in response to B. pertussis. This 

indicated that DNA was being sensed at the endosomal location during infection and 

leading to an inflammatory response. 

Another DNA sensing PRR, STING, located in the cytosol was also studied. It was found 

that STING KO mice had reduced type I IFN expression in response to B. pertussis 

infection as well as lowered levels of lung inflammatory pathology. This indicates that 

STING is also involved in the induction of IFN response to B. pertussis.  

The presence of DNA in B. pertussis infection was confirmed using TUNEL staining that 

showed a buildup of fragmented DNA over the course of infection. Treatment of mice 

with DNase I, in an effort to breakdown DNA and reduce the inflammatory response to 

it, resulted in reduced levels of lung inflammatory pathology. All these data together 

identify DNA as a PAMP/DAMP that is heavily involved in the induction of type I/III 

IFNs during B. pertussis infections, whether the source be bacterial or host. This DNA is 

sensed by TLR9 and STING (and possibly other sensors), resulting in IFN production, 

proinflammatory cytokine level increases, and the exacerbation of lung inflammatory 

pathology. 
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To investigate which cell types produce and respond to type I/III IFNs, we looked at 

primary cells such as BMDMs and peritoneal macrophages and found them to be 

significant producers of type I IFNs in response to B. pertussis. Plasmacytoid dendritic 

cells are known to be potent type I IFN producers, but upon pDC depletion in the mouse 

model, using anti-PDCA1, no signifcant reduction of IFNa or lung inflammatory 

pathology was observed, indicating that they may not be an essential producer of IFNs in 

this observed phenotype. Finally, we examined the roles of neutrophils, which are 

responders to type I/III IFNs, by depleting a mouse of neutrophils using the Ly-6g 

antibody. We found no reduction in type I/III IFNS, bacterial loads, or lung pathology, 

indicating they are not a critical responding cell for the IFN response. 

 

All of these experiments illustrate a picture of B. pertussis infection where DNA 

accumulates over time, is sensed by DNA-sensing PRRs STING and TLR9, resulting in 

the production of type I/III IFNs, leading to the induction of ISGs and other 

proinflammatory cytokines, and eventually resulting in worsened lung inflammatory 

pathology that we associate with symptoms of disease in adults. In the infant model, this 

type I IFN induction is lacking, but its enhancement appears to be protective, boosting the 

immune response of the immunosuppressed neonate, and reducing lethality in B. 

pertussis infection. 

 

There are many exciting future directions planned based on the data we have 

accumulated to this point. One direction that is still being explored is the role of type III 
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IFNs in the infant model of infection, will it mirror the adult phenotype and also be 

protective in infant lethality, or is its importance reduced in infants compared to adults. 

With regards to TLR9 and STING, do these receptors work synergistically, or is one 

more important than the other to overall IFN induction and inflammation. This will be 

addressed using the KO mice as well as STING agonist/antagonist drugs that are 

intriguing as another potential host directed therapeutic option, as they are being explored 

in several clinical trials currently. My work has identified accumulated DNA, TLR9, and 

STING as potential therapeutic targets in B. pertussis patients which may prove to be an 

impactful outcome if further research validates their usage. More work is needed to flesh 

out the role of different cells in the type I/III IFN response, this can be done using the 

established BMDM/peritoneal macrophage primary cell model, using cells isolated from 

our various KO mouse models, and conditional gene knockouts that only contain 

mutations in specific cell types to elucidate specific mechanisms of IFN induction and 

downstream responses. Furthermore, macrophage depletion is a planned experiment that 

may show strong results, given the identified importance of macrophages as type I IFN 

producers in our models.  
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