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Abstract  

Title: Role of Vaccine-induced IgG in Protection Against Bordetella Pertussis  

Mary Yaa Sedegah Masterson, Doctor of Philosophy, 2019 

Dissertation Directed By: Marcela F. Pasetti, Ph.D., Professor, Pediatrics, Microbiology 

and Immunology 

 

Bordetella pertussis is a highly infectious respiratory pathogen that can induce severe 

bronchopneumonia and respiratory failure in infants (whooping cough). Vaccine 

formulations consisting of Diphtheria toxoid, Tetanus toxoid, and Acellular Pertussis (aP) 

components (DTaP and Tdap) protect against disease. It remains unclear how a parenteral 

vaccine, which primarily elicits systemic IgG, contributes to protection against a 

respiratory pathogen. The goal of this study was to investigate mechanisms by which 

vaccine-induced IgG reaches the respiratory mucosa and contributes to protection against 

B. pertussis infection. We hypothesized that pertussis-specific systemic IgG is transported 

from circulation into the airways via the neonatal Fc receptor (FcRn). To test this 

hypothesis, wild type mice and mice lacking FcRn (FcRn-/-) were immunized with DTaP 

or passively transferred DTaP-immune serum and challenged with B. pertussis. Post-

challenge readouts included kinetics of Pertussis Toxin (PT) IgG in serum and 

bronchoalveolar lavage fluid (BALf), bacterial load quantification, and histopathology of 

lung tissues. WT vaccinated mice were able to clear the infection, whereas FcRn-/- 

vaccinated mice had residual bacterial counts and increased lung inflammation. Passive 

administration of DTaP-immune sera reduced lung colonization in both WT and FcRn-/- 

mice. However, FcRn-/- recipients exhibited moderate bronchopneumonia (absent in WT 



  

mice). The lower bacterial clearance and exacerbated tissue damage observed in actively 

and passively immunized FcRn-/- mice was not due to the absence of PT-IgG (or differences 

in IgG isotype) in BALf. Rather, WT and FcRn-/- mice had similar PT-IgG levels in serum 

and BALf, suggesting that FcRn-independent mechanisms mediate IgG transport across 

the lung. PT-IgG progressively increased in BALf of passively immunized FcRn-/- mice 

post-challenge (along with lung inflammation,) suggesting IgG also diffuses through 

damaged lung epithelium. We observed that neutrophils from FcRn-/- mice had lower B. 

pertussis opsonophagocytic capacity as compared to WT. This impairment in IgG-

mediated antimicrobial function in the absence of FcRn could explain the increased 

inflammation in FcRn-/- mice. In conclusion, we have shown that pertussis-specific IgG 

translocation into the airways appears to be FcRn-independent, and that IgG-mediated B. 

pertussis neutrophil phagocytosis may contribute to bacterial clearance and tissue 

preservation post-infection through FcRn interactions. 
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Chapter 1 : Introduction 

History of B. pertussis and Clinical Features of Infection  

Bordetella pertussis is a virulent rod-shaped bacterium that colonizes and disrupts 

the respiratory mucosa, inducing the prolonged infection referred to as whooping cough 

[1, 2]. Prior to the onset of severe disease, infected individuals exhibit cold-like symptoms, 

are highly contagious, and can often be misdiagnosed due to the commonality of their 

symptoms [3]. As the disease progresses, subjects present with uncontrolled paroxysmal 

coughing fits, which lead to abrupt inspiratory “whooping” breaths for air. These attacks 

can also induce vomiting, and without medical treatment, disease severity increases in 

susceptible populations, specifically young infants [2, 3] due to the absence of pre-existing 

immunity [4, 5] as well as the distinct tolerogenic phenotype of the neonatal immune 

system [6].  

Since the 7th-Century, cases of pertussis-like illnesses have been documented [7], 

and  during the early 20th century the gram-negative bacterium was finally identified by 

Jules Bordet and Octave Gengou at the Pasteur Institute. In 1900, a six-month-old child 

fell ill with a pertussis-like illness, and to determine the type of bacterium that caused the 

sickness, Bordet and Gengou collected sputum samples. After staining the sample, they 

observed a rod-shaped, gram-negative bacterium, but were unable to culture the bacteria 

because the growth conditions were unknown. Within years, however, they developed an 

appropriate culturing technique and finally identified the disease-causing pathogen [8]. 

While Bordet and Gengou continued to characterize their newly discovered pathogen in 

the early 1900s, B. pertussis cases steadily increased towards epidemic levels (Fig. 1.1). 

During the pre-vaccination era in the United States, 115,000 to 270,000 documented cases 
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of B. pertussis occurred annually with 5,000 to 10,000 individuals succumbing to the 

disease [9].  

 

 
Figure 1-1 Reported National Notifiable Diseases Surveillance System Pertussis cases: 1922-2017 

Reprinted from the Centers for Disease Control [10] 
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Pertussis Vaccine Development and Epidemiology 

In 1949, the DTP vaccine, composed of Diphtheria toxoid (DT) and Tetanus toxoid 

(TT) and heat-killed whole-cell pertussis (wP), was adopted in the United States.  DTP was 

shown to be very efficacious (88.7 to 98%) [11, 12]; reducing B. pertussis cases drastically 

(Fig. 1.1). The intramuscular vaccine generates strong systemic cell-mediated responses 

and protective pertussis-specific antibodies [1, 13]. The immune profile induced by DTP 

vaccination is similar to the responses generated by natural infection [14], albeit natural 

infection induces a localized adaptive immune response within the lung.  

Although cases of B. pertussis declined following the implementation of DTP, 

researchers noted that the administration of this vaccine led to adverse side effects in some 

infants [15, 16]. Specifically, researchers documented symptoms such as increased 

soreness, fever, and in some rare instances, convulsions and encephalitis, following the 

administration of the DTP vaccine [15, 16]. Patients administered a vaccine lacking the wP 

component, DT, did not experience similar side effects. Based on these findings, 

researchers proposed that the adverse side effects produced following DTP vaccination 

were due to highly reactogenic pertussis endotoxins contained within the wP component 

[15-17]. 

As a result in the early 1980s, researchers began development of safer and less 

reactogenic pertussis vaccine alternatives, composed of acellular pertussis (aP) proteins, 

which could be given safely and still induce protection. By the 1990s, multiple variations 

of aP vaccines had been formulated and licensed. Clinical trials were held to determine if 

the aP vaccines promoted a strong immune response, while at the same time, reducing the 

adverse side effects seen with the DTP vaccines [18]. In a National Institutes of Health 
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sponsored multi-center, double-blind, randomized trial which enrolled over 2000 infants, 

immune responses were compared among 13 candidate aP vaccines, and two approved 

DTP vaccines following a 2-, 4-, and 6-month vaccination series. aP vaccines had reduced 

adverse side effects as compared to DTP vaccines [19]. The aP vaccines also generated 

elevated serological responses in the vaccinees [20]. Later efficacy studies demonstrated 

59% to 89% efficacy of the aP vaccine [21-23].  

Based on these findings, the Advisory Committee of Immunization Practices 

(ACIP) recommended the use of the aP vaccine for infants, to avoid the side effects of the 

original DTP vaccine [1, 21]. Being that infants are the most at-risk population for severe 

disease [24, 25], the alum-adjuvanted DTaP vaccine (INFANRIX®) (25 Lf DT, 10 Lf of 

TT, 25 µg of acellular PT, 25 µg of acellular FHA, 8 µg of acellular PRN), is administered 

at 2, 4, 6 and 18 months, and again at 5 years of age in the United States [21]. Although 

the current aP vaccine is tolerable in terms of its safety, surveillance organizations have 

documented resurgence of B. pertussis cases, even in areas with high vaccination coverage 

[24, 25] (Fig. 1.1).   

In 1999, the World Health Organization estimated that there were 30.6 million 

cases of B. pertussis worldwide, with 390,000 deaths reported in children under five years 

old [26]. Cases significantly declined by the next surveillance estimate in 2014, to 24.1 

million infections, with 160,000 children under the age of 5 years old dying from B. 

pertussis [24, 25]. Interestingly, during the same period in the United States, the Centers 

for Disease Control National Notifiable Diseases Surveillance System (NNDSS) estimated 

7,298 infections occurred in 1999, but by 2014, cases increased to 32,971 [27].  Multiple 

factors may contribute to the different trends. Specifically, B. pertussis resurgence was not 
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a global phenomenon; epidemiological analyses demonstrated that not all geographic areas 

experienced the same increase in cases [28]. In addition, there may be differences in 

reporting/surveillance between regions, which in turn would affect the cases documented.   

Another reason proposed for the increase in pertussis-related illnesses is that the aP 

vaccine generates a different immune profile compared to those seen with the DTP or 

natural infection. Natural B. pertussis infections and DTP vaccinations primarily induce a 

cell-mediated and humoral immune response targeting effector cell activation and bacterial 

clearance. However, the alum formulated aP vaccine in addition has been shown to 

promote a cell mediated allergy like response and elevated systemic Immunoglobulin G 

(IgG) titers [1]. Also, because the DTP vaccine contains all the wP bacterial components 

(i.e., surface expression of Lipopolysaccharide (LPS)), stronger immune signaling can be 

initiated via pattern recognition receptors leading to prolonged effector responses, memory 

generation and overall, increased protection. These differences may explain the short-lived 

immunity generated by the aP vaccine as compared to the wP vaccine [29-31].  

Although the vaccine responses differed based on the longevity of immunity and 

the type of immunity generated, aP clinical studies indicate that protection can be enhanced 

by providing a booster dose to increase circulating aP-specific IgG levels [32]. To reduce 

the spread of B. pertussis, the ACIP, has advocated for aP booster vaccinations with the 

Tdap vaccine (BOOSTRIX®, that contains 1/3rd of the concentration of INFANRIX® 

antigens) to expectant mothers to protect infant [33, 34].  During the time period from birth 

to the initiation of the infant’s vaccination series at 2 months of age, infants are the most 

susceptible to B. pertussis infection [35]. Maternal immunization is performed to provide 

protection to the newborn during this susceptibility period. Since the aP vaccine promotes 
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the generation of elevated antigen-specific IgG, the maternal booster vaccination utilizes 

the natural trafficking of IgG to ensure protective IgG enter the neonatal systemic 

circulation before the initiation of the infant’s vaccination series [33, 34, 36, 37]. 

Retrospective studies support the validity of the recommendation, indicating that infant 

pertussis-related hospitalizations declined when maternal booster-vaccinations were 

administered [38-40]. Furthermore, booster vaccinations have reduced disease severity 

over time in older age groups [41]. In a 4-year longitudinal study, patients were followed 

and monitored for their aP vaccination status as well as documented B. pertussis 

incidences. By comparing the time of their last aP vaccination with disease presentation, 

the researchers demonstrated that vaccine efficacy drastically declined with time [32] (Fig. 

1.2).  

 
Figure 1-2 Pertussis-vaccine effectiveness (blue bars, left axis) and proportion of positive tests (solid line, right 

axis) by year since last vaccination in participants with up-to-date or partial vaccination. 

Reprinted from Schwartz et al, “Effectiveness of pertussis vaccination and duration of immunity” Canadian Medical 
Association Journal 2016 Nov 1; 188(16): E399–E406.© Canadian Medical Association 2016.  This work is protected 

by copyright and the making of this copy was with the permission of the Canadian Medical Association Journal 
(www.cmaj.ca) and Access Copyright. Any alteration of its content or further copying in any form whatsoever is 

strictly prohibited unless otherwise permitted by law. 
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Acellular Pertussis Vaccine Targets of Immunity 

Multiple aP vaccine candidates have been generated against key B. pertussis 

virulence factors individually or in combination, and the three included within vaccines 

administered in the United States today include Pertussis Toxin (PT), Filamentous 

hemagglutinin (FHA), and Pertactin (PRN) (Fig.1.3). 

Pertussis Toxin  
PT is a secreted A-B5 holotoxin, composed of one catalytic Active domain with 

Adenosine Diphosphate (ADP) ribosyltransferase functionality, associated with five 

Binding domains.  When B. pertussis secretes PT, the binding subunits can recognize 

glycoproteins on the host cell, permitting endocytosis and the retrograde transport of the 

toxin to the endoplasmic reticulum (ER). The active domain escapes into the cytosol, where 

it ADP-ribosylates an a subunit preventing its association with an inhibitory G-protein 

coupled receptor (Gi/o) [42].This modification leads to the inhibition of the Gi/o signaling 

cascade, altering in cellular signaling. Early during respiratory infections innate effector 

cells, such as neutrophils (PMNs) are normally recruited to the site of infection following 

chemokine gradients [43]; however, due to the effects of PT, the production of 

chemoattractant cytokines are blunted, preventing PMN recruitment [44, 45]. In addition, 

PT has been shown to reduce the ability of innate effectors such as monocytes to 

phagocytose B. pertussis [46]. The summation of these effects, result in increased lung 

colonization [47], altered proinflammatory cytokines secretion and enhanced lung 

pathology [48].  
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Figure 1-3 Illustration of the Bordetella Pertussis Virulence factors targeted within the Acellular Pertussis (aP) 
vaccine.   

Adapted with permission from Sanofi Pasteur Canada[49] 

 

When B. pertussis was first being characterized, it was known as a leukocytosis 

promoting factor, due to its ability to promote the generation of increased numbers of 

immune cells in circulation, as well as within the lung [50]. Interestingly, leukocytosis is 

seen primarily within infected infants/neonates populations [51]. With such an essential 

role in the pathogenesis of the disease, PT has been a standard component of vaccines and 

target of monoclonal antibody therapies [52]. Furthermore, in vivo studies have 

demonstrated that B. pertussis strains lacking PT production have reduced colonization and 

pathology compared to wild type (WT) strains [48].  

Filamentous Hemagglutinin  
FHA is a surface-expressed or secreted adhesin that has been shown to enhance 

bacterial binding to multiple host cell receptors via multiple domains [53]. Because B. 

pertussis is a human-specific pathogen, a closely related species of Bordetella, which 

Filamentous Hemagglutinin 
(FHA) 
• Vital for initial adhesion

Pertactin (PRN)
• Contributes to adherence

Pertussis Toxin
• AB5 toxin
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infects rodents, B. bronchiseptica, has been used to characterize the contribution of FHA 

to infection in vivo. This is due to the FHA sequence homology between the two strains. 

Through this study, it was demonstrated that FHA expression was required for bacterial 

colonization to disseminate from the upper to lower airway [53]. Beyond aiding in 

colonization, FHA has immunomodulating functions by promoting anti-inflammatory 

cytokine secretion [54], blockade of efficient phagocytosis via binding to cellular receptors 

[55], as well as suppressing immune cell recruitment to the site of infection [56].  

Pertactin 
The last adhesin factor included within the aP vaccine is PRN, a surface-bound 

protein that has been shown to contribute to adhesion. Early vaccination studies 

demonstrated PRN’s protective effects in vaccinated neonatal mice [57]. However, in 

recent years, PRN deficient strains have begun to spread worldwide [58], demonstrating 

the functional redundancy of B. pertussis adhesin factors in PRN’s absence. Regardless, 

antibodies directed against PRN have been shown to enhance phagocytic clearance of 

bacteria in vitro [59]. Currently, aP vaccine still include PRN within its cocktail, and 

vaccine efficacy studies have demonstrated that it is still protective, even in settings with 

>90% PRN deficient isolates circulating [60].  

 
Animal Models  

Currently, there is no known correlate of protection (CoP) against B. pertussis 

infections [61] . The absence of a CoP is in part due to the difficulties faced in deciphering 

B. pertussis pathogenesis and immunogenicity within its natural reservoir, humans. To 

overcome this, murine models are traditionally used due to their availability, genetic 

homogeneity, and their capacity to mimic some of the characteristics seen with human 
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infection [62]. Mice can be infected with B. pertussis at high doses and generate adaptive 

immune responses following infection. The disease-induced lung pathology carries some 

similarities to human infection such as bacterial adherence to ciliated epithelial cells and 

invasion of macrophages and neutrophils. In addition, there is an age dependence on the 

severity of disease, with elevated mortality in infant mice as compared to adult mice.  

However, unlike their human counterparts, mice cannot produce the canonical "whooping 

cough" used to describe pertussis.  

Lethal murine intracranial challenges, known as the Kendrick test, were previously 

used to test the potency of wP vaccine lots [63]. This format of efficacy testing, survival 

analysis, does not always further our understanding the immune responses generated by 

vaccination and was shown not to be a reliable way to measure the efficacy of the aP 

vaccine [62]. Therefore, investigators developed a murine respiratory challenge model to 

evaluate the contribution of innate and adaptive immune responses, with lethality not 

necessarily being an endpoint [64-66]. Using this system, it was shown that the rates of 

bacterial clearance from murine vaccination and challenge models correlated with 

published vaccine efficacy studies performed with young children [13]. Besides murine 

models, non-human primates (NHP) have also been used to study the effects of pertussis 

vaccination and disease pathogenesis, and like their human counterparts, NHPs do produce 

the canonical pertussis cough as well as other key features of disease [67-69]. Although 

the NHP model is useful, NHPs are not widely available due to the controlled use of 

primates and costs; therefore, murine models are primarily used.  

 
Immunity against B. pertussis 
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The generation of adaptive immune responses following natural exposure to B. 

pertussis begins when infected individuals cough or sneeze releasing aerosolized infectious 

respiratory droplets inhaled into the upper respiratory tract [70]. Typically, cilia, outward 

projecting structures on the respiratory epithelium, are responsible for performing 

propelling motions to remove foreign particles from the lung mechanically. However, B. 

pertussis can evade this initial innate response by adhering to the respiratory mucosal 

surface using its multiple adhesins (i.e., FHA and PRN).  

Two cell types: airway mucosal dendritic cells (AMDCs) and alveolar macrophages 

(AMs) serve as innate sentinels responsible for "sampling" molecules within the airway to 

alert the immune system when pathogens are present (Fig. 1.4). AMDCs and AMs can do 

this by recognizing non-self-pathogen-associated molecular patterns (PAMPs) such as LPS 

exposed on the outer bacterial surface via pattern recognition receptors (PRRs) expressed 

on the AM or AMDC. One of the critical signaling pathways initiated by the PRRs is the 

NF-κB pathway, which induces the production of multiple pro-inflammatory cytokines 

(pro-IL-1b, TNFa, IL-6, CXCL8, and IL-12) [71-74]. These cytokines promote cellular 

migration into the site of the infection, vascular permeability, and activation of local 

effectors.  

In the case of dendritic cells (DCs), which are professional antigen-presenting cells 

(APCs), PAMP engagement with PRRs induces signaling cascade resulting in 

phagocytosis of the bacteria and the presentation of microbial peptides on the major 

histocompatibility molecules (MHC) on the cellular surface. The processing of the foreign 

peptide leads to the downregulation of surface phagocytic markers and the upregulation of 

maturation and homing markers, which promote DC chemotaxis to the draining lymph 
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node to stimulate naïve T cells. Macrophages (MΦ) like their DC counterparts can present 

antigen but do so to at a lower degree, due to the increased acidity of their endosomal 

compartments [75].  MΦ infiltration into the site of infection is essential for B. pertussis 

uptake and clearance [76]. Due to the effects of PT [45], PMNs do not reach the lungs until 

4 to 7 days after infection [77].  Once at the site of infection, MΦ and PMNs collaborate to 

phagocytose and clear the bacteria (Fig. 1.4). In addition, since PMNs are short-lived 

(~24hrs), MΦs are responsible for clearing apoptotic PMNs from the site of infection to 

reduce site-specific inflammation [78].  
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Figure 1-4 The induction of immune response to B. pertussis infection. 
Reprinted from Brummelman, J & Wilk MM, Pathogens and Disease, 2015, with permission from Elsevier 

 
(A) Upon infection, B. pertussis first adheres to the respiratory epithelium and engages sentinel, airway mucosal dendritic 
cells, and alveolar macrophages. These three cell types recognize microbial proteins via pattern recognition receptors 
resulting in the production of pro-inflammatory cytokine and chemokines. These signals recruit and activate additional 
innate effectors to the site of infection. (B) Through continuous bacterial engagement, cytokine production leads to further 
innate effector cell activation, contributing the phagocytic uptake and B. pertussis killing. DCs phagocytose and present 
microbial peptides, migrate to the draining lymph node to active T cells (C) DCs promote the differentiation of Th1 and 
Th17 T cells which migrate to the lung. There Th1 cells produce IFNγ activating macrophages and the Th17 cells recruit 
and activate neutrophils, both of which increase bacterial clearance. As bacterial counts decline, antibody responses 
begin, with plasma cells secreting IgA and IgG2a/c antibodies. (D) Following the resolution of infection, a small 
population of memory T and B cells are maintained in the event of re-infection. B.p. Bordetella pertussis; Epi, epithelium; 
AMs, alveolar macrophages; AMDCs airway mucosal dendritic cells; DCs, Dendritic cells, MΦ, macrophages; Neu, 
neutrophils; Th, T helper cells; TCM, central memory T cells, TEM, effector memory T cells 
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Pertussis Induced T cell immunity 

Mature DCs migrate to the draining lymph node where they engage with naïve T 

cells within the T cell zone. The generation of antigen-specific T cell responses represents 

the beginning of the adaptive response against B. pertussis (Fig. 1.4). B. pertussis 

interaction with antigen presenting cell PRRs enhances CD4+ Th1 and Th17 differentiation. 

CD4+ Th1 and Th17 cells then secrete IFNγ and IL-17, respectively, to activate MΦ and 

PMNs. Two to 3 weeks following natural infection, antigen-specific CD4+ T cells are 

recruited to the lung [79]. These T cells upon restimulation secrete IFNγ and IL-17 

cytokines with minuscule amounts of IL-4, indicating that natural infection induces the 

differentiation of Th1 and Th17 cells, which activate macrophages and neutrophils, 

respectively. Usually, naive wild type (WT) mice resolve pertussis infections within ~40 

days [71], however, upon re-challenge, convalescent mice clear the infection within seven 

days [13], illustrating the influential role an adaptive immune response and their 

involvement in the resolution of the disease. Nude mice, which lack T cells, are chronically 

infected following challenge; however, when antigen-specific CD4+ T cells are adoptively 

transferred their clearance improved significantly to 21 days [79].  

These results indicate that CD4+ Th1 and Th17 cells play an integral role in 

protection against infection. The role of T cell immunity has been further supported by 

clinical studies with convalescent and B. pertussis-infected children [80-82]. The DTP 

vaccine promotes the generation of CD4+ Th1 and Th17 like responses [79], inducing 

bacterial clearance within ten days [13]. Conversely, the aP vaccine, due to its formulation 

with alum as adjuvant and the absence of mitogens (i.e., LPS), stimulates a robust Th2 

response and elevated production of IL-4, supporting bacterial clearance within 7 to 14 
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days [13]. Although the adaptive immune responses between wP and aP are different, the 

Th2 skewed aP vaccine does reduce disease severity in humans, mice, and NHP [41, 67, 

83]. The interplay between the adaptive B and T cell responses may, therefore, be what 

contributes to protection against challenge. 

Pertussis Induced B Cell Immunity 
Unlike aP vaccinated WT mice which clear B. pertussis in 7 to 14 days, aP 

vaccinated Immunoglobulin knockout mice are chronically infected maintaining high 

bacterial loads [13, 84]. Antibodies recognize their cognate antigen via the variable domain 

composed of two Fragment Antigen Binding (Fab) regions. Antibodies can also induce 

effector functions when recognized by Fc receptors (FcR) present on cells, such as DCs, 

MΦs, and PMNs. Fc-FcR engagement induces cellular signaling cascades and 

phagocytosis of the pathogen.   

Each subclass of antibody plays a different role in immunity, with IgG being the 

most predominant antibody subclass present in the extracellular space. Being that the aP 

vaccine induces elevated IgG levels systemically, we will focus our attention on IgG 

responses. Mice possess four isotypic variants of IgG: IgG1, IgG2b, IgG2a/c, and IgG3. 

Depending on the strain of mouse, IgG2a/c is expressed in one of two forms: IgG2a (i.e., 

BALB/c) or IgG2c (i.e., C57Bl/6J) (For all work performed for this dissertation C57BL6J 

mice were used, and we will refer to IgG2c). Their affinities for FcgRs can distinguish each 

IgG variant by promoting different functional outcomes. In mice, there are three activating 

FcgRs, FcgRI, FcgRIII, and FcgRIV receptors (Fig. 1.5). These receptors contain 

immunoreceptor tyrosine-based activation motifs (ITAMs) within their cytosolic tail, 

which upon activation, generate signaling cascades. ITAM signaling can induce 

proliferation, antibody-dependent cell cytotoxicity (ADCC), antibody-dependent cell 
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phagocytosis (ADCP), cytokine production, and reactive oxygen species (ROS) release.  

Only one known inhibitory FcgR exists, FcγRIIb, and it possesses an immunoreceptor 

tyrosine-based inhibitory motif (ITIM) in its cytosolic tail, to prevent the activation of 

signaling cascades. Many cells express both activating and inhibitory FcgR and the 

concerted actions of ITAM/ITIM signaling result in stable immune responses.  

As noted above, each IgG isotypic variant, excluding IgG3 (which does not bind to 

FcgRs), vary in their affinities for each FcgR. IgG1, is considered an inhibitor, due to its 

interactions with FcgRIIb; however, it does have the capacity to activate the receptor 

FcgRIII. IgG2b and IgG2c are considered activating variants due to their interactions with 

FcgRIII and FcgRIV. All FcgRs recognize IgG2c and IgG2c’s monomeric form has a high 

affinity for the FcgRI receptor (Fig. 1.5). 
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Figure 1-5 Antibody isotype specific triggering of individual Fcg Receptors. 

Reprinted from Nimmerjahn F & Ravetch JV, Immunity, 2006 with permission from Elsevier. 

 
.  

 

  



18 

Using mouse models, natural infection and DTP vaccination has been shown to 

induce B. pertussis specific IgA and IgG2c (Fig.1.4) [13], while aP vaccination promotes 

the generation of high titers of IgG1 specific antibodies in mice [13]. Although IgG1 

primarily interacts with inhibitory FcgRs, a small percentage of IgG1 do interact with 

activating FcgRIII promoting the generation of positive immune responses. Further, when 

vaccinated mice are infected, there is an opportunity for the vaccine-induced memory B 

cells to class switch to generate more protective IgG variants associated with activation of 

the FcγRs and complement (i.e., IgG2b and IgG2c) [13, 84].  

One of the primary methods used to evaluate the contribution of humoral immunity 

against a pathogen is to passively transfer immune serum to naïve recipients before 

infection with B. pertussis. Passive transfer of aP induced immune serum has been shown 

to contribute to protection against challenge, supporting the reduction of the bacterial load 

within 14 days [13, 45]. The passive transfer of protective antibodies also has been 

evaluated using a maternal vaccination model, where maternal IgG transferred to offspring 

conferred protection to infant mice for over four weeks after birth. In addition, the authors 

showed that maternally derived serum was protective when it was passively transferred 

into immunocompromised mice [85]. These results indicate an active role for immune IgG 

in protection against B. pertussis. 

Due to the multifaceted role of PT in the pathogenesis of B. pertussis, monoclonal 

IgG1 directed against the active PT subunits or binding domains have been designed and 

shown to reduce the bacterial burden in mice significantly [86]. In a more recent study, two 

of the monoclonal PT-IgG antibodies shown to be protective in the above study were 

humanized and administered to baboons exposed to B. pertussis. Treatment with the 
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humanized-PT-IgG following infection resulted in reduced bacterial load, lower 

leukocytosis, and the lessening of symptomatic coughing [87]. Based on studies such as 

these, elevated antibody titers against different aP vaccine components, specifically PT, 

may correlate with reduced disease severity [61, 87, 88]. 

With regards to innate effectors, PMNs have been shown to contribute to antibody-

mediated clearance of B. pertussis in vivo, and they require FcgR engagement to do so. 

PMNs express two activating (FcgRIII and FcgRIV) FcgR and one inhibitory (FcgRIIb) 

FcgR [89]. Investigators performed passive transfer experiments challenging mice lacking 

FcγR expression or depleted of PMNs. Their work demonstrated that there was acritical 

requirement of PMNs and FcgRs to confer antibody-mediated protection following passive 

transfer. Interestingly, naive mice challenged with B. pertussis do not have the same 

dependency on PMNs for clearance. Naive mice may not require PMNs early in infection 

because with natural infection humoral responses are late to appear (Fig. 1.3), so there is 

less reliance on antibody-mediated clearance for primary infection. However, during re-

infection antibodies play an important role [45].  

Neonatal Fc Receptor 

In comparison to other antibody isotypes, systemic IgG exhibits an extended half-

life (t½), the timeframe at which half the concentration of antibodies is catabolized, in 

murine circulation. In order of decreasing t½  in mice: IgG1, IgG2c, and IgG3 (t½,  six to 

eight days), IgG2b (t½, four to six days), IgM (t½, two days,) secretory IgA (t½, 17 to 22 

hours), and IgE (t½,12 hours) [90]. As described in the previous section, IgG plays an 

essential role in humoral immunity against most pathogens, including B. pertussis. In 

addition, it is the primary immunoglobulin transferred in utero and present in newborns 
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after birth, and the passive acquisition of these antibodies contribute to protection [91]. The 

transplacental transfer and retention of IgG in circulation depends upon a specialized MHC 

Ib scavenger receptor known as the neonatal Fc receptor (FcRn), an intracellular IgG 

binding protein [92-95]. 

 
FcRn Structure, Expression, and Translocation Mechanism 

FcRn's existence was first postulated by F. W. Rodgers Brambell [96, 97] when he 

and others proposed the existence of an IgG anti-catabolic receptor responsible for neonatal 

uptake of maternal IgG. Later, his hypothesis was proven correct, when researchers 

demonstrated that a receptor expressed within the neonatal rodent gut was required for 

ingested breast milk IgG to translocate into circulation [34, 98]. FcRn is expressed 

throughout life by hematopoietic cells (i.e., DCs, MΦs, and PMNs) and non-hematopoietic 

cells (i.e., Endothelial and epithelial cells) [99]. FcRn is expressed in the gut only during 

the neonatal period in mice and is not expressed in adulthood [100, 101]; however in other 

organs such as the lung bronchial epithelial cells[102], the expression is maintained 

throughout life in mice and humans (Fig. 1.6)[102, 103].   
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Figure 1-6 FcRn expression (Green Fluorescence) in the adult WT mouse. 
Printed from Lu et al, Journal of Virology, 2011 with permission from ASM 
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The receptor, like other MHC molecules, is composed of three extracellular α 

subunits non-covalently linked to the b2-microglobulin subunit (b2M). These globular 

proteins connect to a single pass transmembrane domain with a truncated cytoplasmic tail 

lacking signaling capacity [101]. When b2M is absent, the α subunits of FcRn remain 

confined within the endoplasmic reticulum, are misfolded, and do not function. The 

absence of b2M has lasting effects, in that mutations within the b2M subunit have been 

shown to result in the human disease Familial hypercatabolic hypoproteinemia, which 

causes an FcRn deficiency and subsequently a reduction of circulating IgG and albumin 

[104]. 

To examine the role of FcRn within an animal model, initially investigators 

performed experiments using mice lacking expression of the b2M (b2M-/-) molecule. Early 

work confirmed that b2M-/- mice catabolized IgG at an accelerated rate [92, 93]. The 

difficulty with using the b2M-/- strain was that other molecules besides FcRn (i.e., MHC I 

and II) also interact b2M-/-, which can have more extensive immunological effects [105]. 

As a result, in the early 2000s, an FcRn knockout (FcRn-/-) strain, lacking a functional alpha 

chain, was generated on a C57BL/6J background [106]. For the evaluation of transported 

maternally derived IgG to offspring, WT and FcRn-/- pregnant mice were intravenously 

administered labeled antibodies before delivery. It was then demonstrated that only 

neonates with functional FcRn expression could effectively transport the labeled IgG into 

circulation [106]. 

Unlike other MHC molecules, which bind peptides within a binding groove, FcRn 

occludes its binding groove [107]. Instead, IgG’s Fc region can interact along the side of 

FcRn via the α2, and b2M domains. This interaction has been shown to occur in a 2:1 ratio 
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(FcRn: IgG), and protonation of key histidine residues in the IgG Fc CH2:CH3 region are 

essential for the binding to occur.  These binding regions are independent of the FcgR and 

complement binding regions. Through Fc-FcRn interactions, FcRn mediates the retention 

and translocation of IgG across mucosal surfaces, increasing IgG’s t½ in circulation [108, 

109].  

Although both mice and men express FcRn, murine FcRn and human FcRn differ 

in their capacity to interact with different species’ IgG [110]. Using surface plasmon 

resonance, researchers demonstrated that murine FcRn interacts with both murine and 

human IgG isotypes. However, the human FcRn mainly interacts with human IgG. 

Therefore, care has to be taken when designing experiments involving human or murine 

IgG. Meaning that for passive transfer studies involving human IgG, use of a transgenic 

mouse model expressing only the human FcRn and a mouse model lacking expression of 

any FcRn, would help to control against unwanted human IgG interactions with murine 

FcRn.    

 
FcRn Contribution to Phagocytosis and Antigen Presentation 

FcRn mediated trafficking is dependent on whether or not IgG is monovalent 

(recycled), or in an immune complex (IC) (phagocytosed and degraded) [111] . Since FcRn 

is primarily endosomal, FcgR-mediated endocytosis or pinocytosis internalizes IgG into 

endosomal compartments. As the endosome becomes acidified (< 6.5 pH), FcgR loses its 

affinity for IgG and key histidine residues in the IgG Fc hinge region become protonated, 

promoting Fc-FcRn interactions [112, 113]. Following FcRn interactions with monovalent 

IgG, antibodies can be translocated bidirectionally, and IC are targeted for degradation 

(Fig. 1.7) [109, 114].  
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Figure 1-7 The FcRn-mediated recycling and transcytosis model. 

Reprinted from Sockolosky JT et al, Advanced Drug Delivery Reviews, 2015 with permission from Elsevier. 
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Expression of FcRn on PMNs has been implicated in the phagocyte’s ability to 

internalize opsonized pathogens [115]. Using opsonized Streptococcus pneumoniae and 

isolated WT and FcRn-/- PMNs the authors demonstrated that there was a significant 

reduction in IC phagocytosis by FcRn-/- PMNs, with a majority of the ICs remaining 

membrane bound [115]. These results indicate that FcRn expression is required for efficient 

antibody mediated clearance.  

To further illustrate FcRn’s role in antigen presentation by DCs and MΦs, 

researchers isolated APCs from WT and FcRn-/- mice, exposing them to: antigen alone, 

monomeric ICs (1:1 antigen to antibody ratio), or multimeric ICs conjugated together. The 

antigen exposed APCs were then co-incubated with naïve T cells and T cell activation was 

monitored in vitro or in vivo. WT and FcRn-/- DCs [75, 111] and MΦs [75] did not differ 

in their capacity to activate T cells when exposed to the antigen alone [75, 111]). However, 

when WT and FcRn-/- DCs [75, 111] and MΦs [75] were exposed to monomeric ICs, WT 

DCs and MΦs had an increased capacity to activate T cells as compared to FcRn-/- DCs 

and MΦs. When examining the exposure of multimeric ICs to MΦs, the authors found that 

WT MΦs activated T cells unlike FcRn-/- MΦs [75]. The authors hypothesized that the 

acidic pH maintained within MΦs was more conducive for the maintenance of FcRn IC 

interactions. The functional relevance of studies such as these exploring FcRn’s role in 

antibody mediated antigen presentation has strong implications for the generation of 

adaptive immune responses. 

 
Specific Aims 

Within this introduction, we have discussed the pathogenesis and vaccine-induced 

immunity against the respiratory pathogen B. pertussis. Specifically, that the aP vaccine 
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promotes the generation of systemic IgG1 responses and Th2 cell mediated responses in 

mice. Vaccine-induced IgG protection has been shown using passive transfer animal 

models as well as with human, NHP, and mouse maternal vaccination studies. The core 

questions that this dissertation sought to answer were how systemic vaccine-induced IgG 

translocates into the lung and once within the lung how does IgG aid in protection against 

infection? It has been established that IgG can be translocated across certain mucosal 

surfaces by the FcRn. Being that this receptor is also expressed in the lung, we 

hypothesized that FcRn is involved in IgG movement into the lung. Based on this, we 

developed two research Aims: 

 
 
Aim 1: To determine if FcRn is required for systemic IgG translocation into the lung. 

 Aim 1 Hypothesis:  FcRn is involved in translocation of vaccine-induced IgG 

across the respiratory epithelium and into the airways. 

Aim 2: To investigate the role of vaccine-induced IgG-mediated protection against B. 

pertussis at the site of infection. 

Aim 2 Hypothesis: Vaccine-induced IgG contributes to protection by reducing 

bacterial colonization and lung pathology.  

 
These aims were accomplished by performing active aP vaccination and aP immune sera 

passive transfer experiments using WT mice, mice lacking expression of FcRn (FcRn-/-), 

and transgenic mice expressing the human FcRn (hFcRn). Immunological assays were 

developed to demonstrate the presence of vaccine-induced IgG titers and functional 

activity. A very detailed analysis of lung tissue histopathology was also performed. In 

addition, in vitro functional assays evaluating antibody mediated neutrophil phagocytosis 
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were developed and localized cytokine production was measured following passive 

transfer. 
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Chapter 2 : Contribution of FcRn in vaccine-induced IgG-
mediated protection against Bordetella pertussis infection 

Introduction 

Bordetella pertussis colonizes and infects the human respiratory tract, triggering 

the prolonged and potentially lethal disease, whooping cough [1, 2]. Young infants are the 

most susceptible to infection and mortality [24, 25]. The routine immunization schedule in 

the United States recommends the vaccination of infants at 2-, 4-, 6-, 18-months, and of 

children at school entry (5 years of age) with the Diphtheria, Tetanus, Acellular Pertussis 

(aP), DTaP vaccine [21]. DTaP induces a Th2 cell-mediated response leading to the 

production of systemic IgG antibodies specific for vaccine components: Pertussis toxin 

(PT), Filamentous Hemagglutinin and Pertactin [1, 116].  

aP vaccination and B. pertussis challenge studies in mice have demonstrated that 

aP-specific IgG is associated with decreased bacterial burden over time as compared to 

naïve mice [13]. Passive transfer of aP-specific immune serum has been shown to 

contribute to protection against challenge, supporting the reduction of the bacterial load 

within 14 days [13, 45]. The passive transfer of protective antibodies also has been 

evaluated using a mouse maternal vaccination model, where maternal IgG transferred to 

offspring in utero or after birth via breastmilk conferred protection to infant mice for up to 

16 weeks after birth [85, 117]. Human clinical trials have demonstrated that infants born 

to vaccinated mothers have elevated titers of aP-specific IgG in cord blood [5, 118], and 

that these infants are less likely to present with severe B. pertussis infections [38-40], 

indicating a protective role for vaccine-induced IgG [118, 119]. In addition, circulating aP-

induced IgG titers have been linked to reduced disease severity in humans [118, 119]. 

These results indicate an active role for immune IgG in protection against B. pertussis. 
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However, it is not clear how systemic aP-induced IgG reaches the lung and contributes to 

protection against B. pertussis infection.  

PT, a key component included with the aP vaccine, is a membrane-bound or 

secreted virulence factor that disrupts cell signaling leading to reduced innate cell 

chemotaxis [42, 44, 45] as well as reduced bacterial clearance, culminating in increased 

lung pathology [48]. Antibody neutralization of secreted PT aids in the recruitment of 

phagocytic cells such as macrophages and PMNs to the site of infection. These phagocytes 

are required for antibody-mediated clearance of B. pertussis [45]. In vitro analyses of 

antibody functionality demonstrated that opsonophagocytic activity increases in the 

presence of convalescent or aP immune induced serum [85, 120-123]. Indeed, passive 

administration of PT-specific IgG to naïve mice reduced bacterial load following B. 

pertussis challenge [86, 87, 124]. Thus, PT-specific antibodies may have the capacity to 

neutralize the effects of PT so that proper cell signaling and immune engagement can occur 

during B. pertussis infections.  

The mechanism in which systemic aP-induced IgG translocates into the lung to 

mediate protection against B. pertussis is an important gap in knowledge. One potential 

facilitator is the intracellular major histocompatibility class 1b scavenger receptor, neonatal 

Fc receptor (FcRn). FcRn retains and translocates IgG bidirectionally across mucosal 

surfaces [92-94, 114]; and is expressed in the murine respiratory mucosa throughout life 

[102, 103]. Alternatively, paracellular migration of IgG, which can occur in physiological 

conditions [125] or when membrane barrier integrity is compromised as result of severe 

tissue damage [126]. In addition some have suggested that there is selective transport of 

certain IgG isotypes by FcRn [127, 128], that may affect antibody functionality. Early 
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studies examining the murine gut concluded that IgG2c and IgG1 had the highest affinity 

for FcRn, while IgG2b and IgG3 had reduced affinity. Another IgG translocation study 

described elevated concentrations of IgG2b and IgG3 in murine WT bronchoalveolar lavage 

samples [127]. The authors suggest that isotypes with high affinity for FcRn (i.e., IgG1 and 

IgG2c) saturate the receptor and are continuously being recycled, allowing monomeric 

IgG2b and IgG3 to bypass FcRn and diffuse into the lung [111, 127]. The DTaP vaccine 

primarily generates antigen specific-IgG1 titers in mice [13], therefore it is of interest to 

determine if FcRn expression impacts the isotype titers at the site of infection.  

In this study, wild type (WT) and mice lacking expression of FcRn (FcRn-/-), were 

actively or passively immunized with DTaP prior to challenge with B. pertussis. This 

allowed for the investigation of FcRn mediated movement of DTaP-specific IgG from 

circulation to the lung and the in vitro functional assessment of antibody-mediated 

protection.  

 

Material and Methods 

Mice, vaccination, passive transfer, experimental challenge and tissue collection 

For vaccination studies, 8-10 wk. old male and female C57BL/6J (WT) and mice lacking 

expression of the FcRn receptor (FcRn-/-) (B6.129X1-Fcgrttm1Dcr/DcrJ) [106] were obtained 

from The Jackson Laboratory (Bar Harbor, ME) or bred in-house. WT and FcRn-/- mice 

received 1/10th the human dosage of the Diphtheria and Tetanus Toxoids and Acellular 

Pertussis (DTaP) Vaccine, INFANRIX® (GlaxoSmithKline, Brentford, and London). 25 

µL was administered intramuscularly (i.m.) per hind leg every 3 weeks (days 0, 21, and 

42) and mice were challenged on day 70. For passive transfer studies, 16-20 wk. old male 
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and female WT and FcRn-/- were administered immune sera via the intraperitoneal (i.p.) 

route (pooled from DTaP-vaccinated WT mice) 4 h prior to and after challenge (180 µl 

and100 µl, respectively). FcRn-/- mice received daily i.p. doses of pooled immune sera (50 

µl) to maintain systemic levels of IgG in circulation. For experimental challenge, mice 

were  administered 2x107 colony forming units (CFU)/30µL of Bordetella pertussis 

clinical isolate strain BP1831and bacteria was grown as previously described [129, 130].  

To determine CFU in lungs on days 3, 7 and 10 post-infection (DPI), whole lungs from 3 

to 4 mice/group were aseptically removed, and lung weight was determined. Samples were 

homogenized, and several dilutions were plated to determine B. pertussis CFU counts/gram 

of lung tissue. Serum was collected: prior to each vaccination, on days 56 and 70 after 

initial vaccination, and pre- and post-challenge as previously described [131]. 

Bronchoalveolar lavage fluid (BALf) was collected from subgroups of 3 mice/group on 

DPI 3, 7 and 10 as previously described [132]. All experiments and procedures were 

approved by the University of Maryland Institutional Animal Care and Use Committee. 

Histology  

Whole lungs collected from 3 mice per experimental group per time point were infused 

with and preserved in 4% paraformaldehyde fixative solution (Sigma-Aldrich). Tissue 

samples were embedded in paraffin, sectioned and mounted on slides for staining with 

hematoxylin and eosin (H&E). A pathologist blindly quantified the inflammation involving 

1) terminal bronchioles, 2) branches of the pulmonary artery, 3) peribronchial veins and 4) 

surrounding alveolar tissue. Each parameter was scored semi quantitatively based on the 

scale: 0-normal, 1-mild, 2-moderate, 3-severe. By adding all four scores, a composite 

score, reflecting the overall degree of tissue damage was obtained for each section.  
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Antibody measurements  

For PT-specific IgG ELISA, plates were coated with 0.5 µg/mL purified PT (List 

Biologicals Campbell, California) in PBS and the assay performed as previously described 

[133]. 

In vitro opsonophagocytic activity 

To prepare bacteria for use in Opsonophagocytic activity (OPA) assays  B. pertussis 

BP1831 was gown and heat inactivated as described [129, 134]. Heat inactivation and 

killing was verified by plating samples on BG plates. BP1831 were incubated with 15 

µg/ml of a FITC suspension (Sigma Aldrich, St. Louis, MO) for 30 min at 37°C in the dark 

with shaking. Labeled bacteria were washed three times with PBS and labeling was 

verified, using the ExpressPro Software on the Guava® easyCyte 8HT Benchtop Flow 

Cytometer. Neutrophils (PMNs) were obtained from bone marrow of WT and FcRn-/- mice 

as previously described [135] and purified from a suspension of 1x108 cells/µL using the 

MojoSortTM Mouse Neutrophil Isolation Kit (Biolegend, San Diego, CA) following the 

manufacturer’s instructions.. PMN viability (>70% viable) was assessed by flow cytometry 

with ViacountTM. Cellular purity (>70%) was verified by flow cytometry by staining cells 

with FITC labeled anti-mouse-Ly6G (Biolegend, San Diego, CA). For the OPA assay, 

viable PMNs (1x106 cells/mL) were incubated with FITC-labeled BP1831 (MOI of 100), 

in the presence or absence of 10% HI sera from DTaP-vaccinated WT mice. In some 

assays, PMNs were pre-incubated on ice with 1µg/100µL of Fc Block (BD Biosciences, 

San Jose, CA) prior to co-culture with opsonized bacteria. Samples were briefly 

centrifuged to synchronize the reaction and incubated for 20 minutes at 37°C. Samples 

were then placed on ice until analysis [136]. OPA of B. pertussis by PMNs was measured 
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by flow cytometry.  Following incubation on ice, the extracellular fluorescence was 

blocked with the addition of 0.4% trypan blue to the cell suspension and mean fluorescence 

intensity (MFI) of intracellular bacteria was determined. Percent phagocytosis was 

quantified as the ratio of intracellular MFI/total MFI x 100.   

Proinflammatory Cytokine Multiplex Assay.  

An electrochemiluminescence microarray (V-PLEX Proinflammatory Panel 1 Mouse Kit, 

Meso Scale Diagnostic, Gaithersburg, MD) was used to detect cytokine concentrations in 

BALf as previously described [132].  

Statistics.  

GraphPad Prism 7.02 (GraphPad Software, La Jolla, CA) was used for all statistical 

analysis. Data Samples were log transformed and analyzed using the Two-Way ANOVA 

with Tukey’s or Sidak’s multiple comparisons test to determine statistical significance of 

bacterial loads (CFU), lung pathology, serum and BALf titers for treatment groups versus 

naïve controls, as well determining differences between treatment groups. In all analyses, 

differences were considered statistically significant if P values were ≤0.05.      

 
Results 

DTaP vaccination induces PT-specific IgG and results in complete clearance of B. 

pertussis following challenge in WT but not in FcRn deficient mice.  

To examine FcRn involvement in the translocation of systemic IgG into to the lung 

during B. pertussis infection, we intramuscularly (i.m.) vaccinated WT and FcRn-/- mice 

with DTaP. Groups of mice received 1/10th the human dose of DTaP via the i.m. route on 

days 0, 21 and 42. Control groups received PBS. Following the initial vaccination, both 

WT and FcRn-/- mice generated robust PT-specific serum IgG responses (103 ng/ml) (Fig. 
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2.1A). No responses were seen in the control mice. Titers continued to increase after the 

second vaccination reaching a plateau that was not enhanced following the last booster. 

Vaccinated WT and FcRn-/- produced significant PT-IgG titers compared to control groups 

from day 42 up through the time of challenge, however, these titers were significantly 

lower in FcRn-/- mice compared to WT mice (Fig. 2.1A). One month after the final 

vaccination, all animals were exposed to intranasal (i.n.) B. pertussis infection and lung 

tissues were collected from individual mice at 3, 7 and 10 days post-infection (DPI) for the 

assessment of protection from bacterial challenge. Bacterial colonization was determined 

as colony forming unit (CFU) of B. pertussis per gram of tissue (CFU/g). On DPI 3, B. 

pertussis colonization was elevated for all groups (>104) (Fig. 2.1B). Vaccinated WT and 

FcRn-/- mice displayed significantly less bacterial load  as compared with PBS animals, but 

complete clearance of infection (~0 CFU/g)  was only achieved in WT vaccinated mice 

(Fig. 2.1B). This reduction was significantly lower than colonization of FcRn-/- DTaP 

vaccinated mice (102-103 CFU/g) at DPI 10. 
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Figure 2-1 FcRn expression is required for complete B. pertussis clearance following DTaP vaccination 
(A) WT and FcRn-/- mice were immunized with 1/10th the human dose of DTaP via the i.m. route on days 0, 21 and 42 
(arrows). PT-specific IgG was measured by ELISA. Mean IgG titer + SEM from n=3-6 mice per group are shown. ; *, 
P<0.05 compared to PBS and #, P<0.05 compared to all groups by 2-way ANOVA with Tukey’s multiple comparisons 
test. (B) Mice were challenged B. pertussis on day 70 after the initial vaccination. At 3, 7 and 10 days post-infection, 
mice were euthanized and lung tissues collected from individual mice, weighed and CFU of B. pertussis determined. 
Graphs show B. pertussis CFU/g of lung tissue from individual animals in each group at the indicated time points. *, 
P<0.5 compared to PBS treated mice by 2way ANOVA with Sidak's multiple comparisons test. Data representative of 
two experiments.   
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Another important readout of protection following B. pertussis challenge is 

histopathology. A greater resemblance to normal lung tissue represents protection and 

severe inflammation represent unresolved infection (Fig 2.2A) [2, 48]. We devised a 

scoring system to encompass hallmarks of B. pertussis infection [137, 138]. Tissues were 

scored for peribronchiolitis, periarteritis, perivenulitis, and alveoli wall inflammation. 

Composite scores were obtained by adding these four criteria together. Figure 2.2A shows 

representative images of normal (composite score 0.5) and severe (composite score 11) 

tissues collected DPI 10, based on our scoring system. The left panel displays normal lung 

parenchyma with no inflammation. Several terminal bronchioles (B) and accompanying 

arteries (A) and veins (arrows) are normal. The intervening alveolar tissue is free of 

inflammation and well aeriated.  Severe bronchopneumonia can be seen in the right panel 

(Fig 2.2A). Dense inflammatory infiltrates cuff the bronchioles (B), arteries (A) and veins 

(arrows). The surrounding alveolar tissue shows inflammation (asterisks) and protein 

exudates (arrowheads).  

This grading was used to evaluate tissues from vaccinated and control WT and 

FcRn-/- mice post-infection. As the infection persisted, composite histopathology scores 

increased, as reflected by the PBS mice (Fig. 2.2B). Both vaccinated WT and FcRn-/- 

groups had significantly less inflammation compared to PBS control animals at DPI 10. 

There was a trend of lower inflammatory score in the DTaP vaccinated WT mice as 

compared with the FcRn-/- DTaP vaccinated mice who had moderate inflammation (Fig. 

2.2C).  
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Figure 2-2 Protection against lung damage is dependent on FcRn expression 
Lung samples for histological evaluation were embedded in paraffin, sectioned and stained with H&E. Bronchiolar, 
arterial, venous and alveolar compartments were evaluated to obtain a composite histological inflammation score base 
on a semiquantitative scale of 0-3 (0-normal, 1-mild, 2-moderate and 3-severe). (A) Representative images displaying 
normal tissue (WT DTaP; composite score 0.5) and severely inflamed tissue (WT PBS, composite score 11) are shown 
with scale bars as indicated. Labels indicate hallmarks of lung tissue evaluated during scoring; B - bronchioles, A - 
accompanying arteries, arrows – veins, * - inflamed alveolar tissue, and arrow heads - protein exudates  (B) Lung 
tissues from additional mice were stained with H&E and images (representative of tissues from three animals) are shown 
with scale bars as indicated. (C) Tissues were scored and composite scores obtained as described above*, P<0.5 compared 
to PBS treated mice by 2way ANOVA with Sidak's multiple comparisons test. Data representative of two experiments. 
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Systemic PT-specific IgG translocates across the respiratory mucosa in the presence 

or absence of FcRn 

To examine the role of PT-specific IgG in protection following B. pertussis 

challenge, we quantified PT-IgG and PT-IgG isotype levels in serum and BALf collected 

post-infection. Both WT and FcRn-/- vaccinated mice maintain elevated systemic PT- IgG 

titers after challenge (>105 ng/mL). No PT -IgG titers were produced in PBS treated groups 

(Fig. 2.3). However, FcRn-/- vaccinated animals exhibit significantly lower systemic PT- 

IgG titers as compared to WT counterparts. PT- IgG1 titers mimicked this trend with WT 

vaccinated mice maintaining significantly higher IgG1 titers as compared to FcRn-/- 

vaccinated mice for all time points examined. With regards to IgG isotypes, systemic PT-

IgG2b and PT-IgG2c titers, there was no significant difference detected during all time 

points, however, WT vaccinated mice appear to produce increased PT-IgG2b and -IgG2c by 

DPI 10 (Fig. 2.3), while FcRn-/- vaccinated animals did not.  

As a measure of local immune responses, PT- IgG titers in BALf were quantified, 

where we first noted the presence of similar PT-IgG titers pre-challenge and on DPI 10 in 

both WT and FcRn-/- vaccinated mice (>104 ng/mL). Following challenge, WT vaccinated 

mice exhibited elevated BALf PT-specific IgG on DPI 3 and 7, which dropped to pre-

challenge levels by DPI 10.  FcRn-/- vaccinated mice BALf PT-IgG titers did not 

significantly change post challenge. Regarding IgG isotype distribution, although WT 

vaccinated mice initially had elevated PT-specific IgG1 titers compared to levels obtained 

in the FcRn-/- vaccinated mice there was a sharp decline in PT-specific IgG1 titers in both 

WT and FcRn-/- vaccinated mice by DPI 10.  
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Figure 2-3 WT and FcRn-/- vaccinated mice have a similar distribution of systemic and BALf PT-specific IgG 
and IgG isotypes.  
WT and FcRn-/- mice were vaccinated and challenged as described above. (A) Serum and (B) BALf were collected at the 
indicated time points and PT-specific total IgG, IgG1, IgG2b and IgG2c were determined by ELISA. Graphs show 
kinetics of response as mean + SEM for n=3-6 mice per time point. For total IgG; *, P<0.05 compared to PBS and #, 
P<0.05 compared to all groups by 2-way ANOVA with Tukey’s multiple comparisons test. For IgG isotypes *; P<0.05 
compared to FcRn-/- by 2-way ANOVA with Sidak’s multiple comparisons test.      
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BALf PT- specific IgG2b and -IgG2c concentrations did not differ significantly between WT 

and FcRn-/- vaccinated animals and like the systemic data (Fig. 2.3), BALf concentrations 

followed similar pattern with WT vaccinated mice producing elevated PT-specific IgG2b 

and -IgG2c titers by DPI 10 (Fig. 2.3). 

 
FcRn expression is required for antibody-mediated prevention of lung tissue 

inflammation following B. pertussis challenge.  

We conducted passive transfer experiments to examine the role of DTaP-specific-

IgG in protection against B. pertussis, which allowed for the evaluation of FcRn mediated 

IgG translocation into the lung in the absence of de novo antibody synthesis.  To determine 

the role of FcRn in IgG-mediated protection, immune sera from DTaP vaccinated WT mice 

was intraperitoneally (i.p.) administered to naïve adult WT and FcRn-/- recipient mice 4 

hours prior to and after i.n. challenge with B. pertussis (Fig. 2.4A). Control mice were i.p. 

administered PBS prior to challenge. Due to the short half-life (t½ ) of IgG in FcRn-/- mouse 

circulation, FcRn-/- mice also received daily administrations of DTaP-immune sera to 

maintain elevated systemic levels of DTaP-specific IgG in circulation [139]. To 

demonstrate that daily administration of immune sera to FcRn-/- recipients was required in 

order to maintain circulating PT-specific IgG levels approaching those obtained in the WT 

mice with two immune sera injections, the kinetics of passively administered DTaP-

immune sera was monitored over time in unchallenged mice (Fig. 2.4B).  
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Figure 2-4 Passive immunization prevents tissue damage in WT but not FcRn-/- mice following B. pertussis 
challenge 
C57Bl/6J (WT) and FcRn-/- mice were administered pooled immune sera collected from WT mice vaccinated with 3 
doses of DTaP. (A) Pooled immune sera was administered via i.p. at 0 hr and 8 hr. An additional group of FcRn-/- mice 
were given daily i.p. doses of immune sera on days 1-9. Serum was collected 4 hr and 3, 7 and 10 days after the initial 
i.p. dose. (B) Kinetics of PT-specific IgG in serum collected from mice receiving immune serum as described in the 
absence of challenge. Data show mean titer + SEM at each time point for n=3-6/group. (C) In a subsequent experiment, 
WT and FcRn-/- mice were administered an initial dose of immune serum or PBS 4 h prior to and after intranasal challenge 
with B. pertussis. FcRn-/- mice were administered daily doses of immune serum. At 3, 7 and 10 days post-infection, mice 
were euthanized and lung tissues collected from individual mice, weighed and CFU of B. pertussis determined. Graphs 
show B. pertussis CFU/g in lung tissue from individual animals of each group at the indicated time points n=3-4/group. 
*, P<0.05 compared to PBS treated mice by 2-way ANOVA with Sidak's multiple comparisons test. 
  



42 

IgG normally has a t½ of 6 to 8 days in WT circulation [90] and following 

administration of DTaP-immune sera WT mice maintained circulating IgG for at least 10 

days (>104 ng/mL, t½, 6.7 days),. FcRn-/- mice that received a similar dosing of DTaP-

immune sera rapidly catabolized PT-IgG in circulation within 10 days (t½, 15 hr) (Fig. 

2.4B). However, daily administration of additional DTaP-immune sera doses to FcRn-/- 

recipients allowed for the sustainment of PT-specific IgG titers (t½, 3.4 days) in circulation 

approaching the levels maintained in WT recipients (Fig. 2.4B).  

  We next evaluated bacterial colonization following DTaP-immune sera 

administration and i.n. challenge. On DPI 3 we observed increased bacterial load in all 

challenged groups (>106 CFU/g), with PBS animals sustaining elevated bacteria counts 

over the time course of the experiment (Fig. 2.4C). WT and FcRn-/- recipients demonstrated 

a steady decline in bacterial load by DPI 10 (>102 CFU/g and >104 CFU/g, respectively), 

significantly lower than that of the PBS animals (>105 CFU/g). On DPI 10, FcRn-/- 

recipients bacterial load trended higher compared to levels obtained in the WT recipients, 

however this difference was not statistically significant (p=0.0703). 

Based on the histopathology scoring described above (Fig. 2.2B-C), we next 

evaluated infection mediated damage within the lung (Fig. 2.5A-B). On DPI 3, WT and 

FcRn-/- recipients displayed normal to mild inflammation. PBS animals exhibited mild 

inflammation surrounding the terminal bronchioles, alveolar tissue and pulmonary arteries.  
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Figure 2-5 DTaP Passive immunization prevents tissue damage in WT but not FcRn-/- mice following B. pertussis 
challenge 
  (A) Lung tissues from additional mice were stained with H&E and images (representative of tissues from three animals) 
are shown with scale bars as indicated. (B) Tissues were scored and composite scores obtained as described above. 
Graphs show composite scores for individual animals in each group. *, P<0.05 compared to PBS treated mice by 2-way 
ANOVA with Sidak's multiple comparisons test.  These results are representative of one experiment. 
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On DPI 7, the effects of the infection became more pronounced in PBS animals, 

progressing to moderate to severe terminal bronchiolar cuffing, and severe inflammatory 

infiltration within the pulmonary arteries and alveolar tissue (Fig. 2.5A). WT immune sera 

recipients again displayed normal to mild histopathology on DPI 7, while the FcRn-/- 

recipients were unable to control their inflammatory pathology. FcRn-/- recipient 

bronchiolar and arteriolar histopathology worsened on DPI 7 as compared to DPI 3.  By 

DPI 10, FcRn-/- immune recipients and PBS groups exhibited severe bronchopneumonia 

throughout the lung. This was a stark contrast to the histopathology of the WT immune 

sera recipients, which presented with little to no inflammatory response (Fig. 2.5A).  

In spite of the presence similar levels of systemic immune IgG in both groups pre-

challenge, post-challenge the FcRn-/- recipients developed severe terminal bronchiolar 

cuffing, with moderate immune cell infiltration into the alveolar tissue and peribronchial 

veins (Fig. 2.5A-B). Composite histology scoring was quantified for all groups (Fig. 2.5B), 

demonstrating that the histopathology deteriorated over time in PBS animals. Most 

importantly, the histopathology exhibited by FcRn-/- recipients was significantly higher 

than WT recipient mice on DPI 10 (Fig. 2.5B). 

 

Passively administered PT-specific IgG translocates to the airways in the absence of 

FcRn expression. 

To investigate FcRn's involvement in IgG transport across the respiratory 

epithelium, systemic and BALf PT-IgG titers were measured in challenged mice passively 

administered DTaP-immune serum (As performed with DTaP vaccinated mice). WT and 

FcRn-/- immune sera recipients displayed similar PT-IgG titers until DPI 3 (>104 ng/mL) 
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(Fig. 2.6), after which point FcRn-/- recipients systemic PT-IgG levels declined. This trend 

was reflected in the systemic IgG isotype distribution results (Fig. 2.6).   When we 

examined BALf PT- IgG titers on DPI 3 for both groups, WT recipients exhibited 

significantly elevated BALf PT-IgG titers(>102 ng/mL) as compared to FcRn-/- recipients 

(>101 ng/mL) at DPI3 (Fig. 2.6). This was in contrast to the similar systemic PT- IgG titers 

that they both carried on DPI 3 (Fig. 2.6). These results indicate that FcRn expression does 

contribute to IgG movement into the lung. Over time the FcRn-/- recipients gradually 

increased their BALf PT-IgG titers in BALf but did not achieve similar levels to WT 

recipients until DPI 10 (Fig. 2.6). Similar trends were mimicked when IgG isotype 

distribution was measured, with DPI 3 WT recipient BALf PT -IgG1, -IgG2b and -IgG2c 

being significantly elevated as compared to FcRn-/- recipients.  (Fig. 2.6). 
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Figure 2-6 Circulating Pt-specific IgG levels are similar while titers in BALf differ early in infection between WT 
and FcRn-/- passive transfer recipients.  

WT and FcRn-/- mice were administered immune sera as described above. (A) Serum and (B) BALf were collected at the 
indicated time points and PT-specific total IgG, IgG1, IgG2b and IgG2c were determined by ELISA. Graphs show 
kinetics of response as mean + SEM for n=3-6 mice per time point. For total IgG; *, P<0.05 compared to PBS and #, 
P<0.05 compared to all groups by 2-way ANOVA with Tukey’s multiple comparisons test. For IgG isotypes *; P<0.05 
compared to FcRn-/- by 2-way ANOVA with Sidak’s multiple comparisons test.      
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Distinct cytokine profile in FcRn-/- mice following B. pertussis challenge. 

In an effort to explain the increased inflammation and tissue damage associated 

with B. pertussis challenge exhibited by FcRn-/- DTaP immune sera recipients following 

challenge, we quantified proinflammatory cytokine concentrations in the BALf. On DPI 3, 

WT recipients had significantly higher levels of proinflammatory IFNγ IL-12, TNFα, IL-

1ß and IL-6 within the BALf as compared to FcRn-/- recipients (Fig. 2.7A-E). Over time, 

these levels declined in the WT, while FcRn-/- recipients exhibited increased production of 

IFNγ (Fig. 2.7A) and TNFα (Fig 2.7C) by DPI 10. Inflammatory cytokine production of 

IL-12, IL-1ß, and IL-6 by FcRn-/- immune sera recipients remained stagnant throughout the 

challenge.  
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Figure 2-7 Passive immunization of FcRn-/- mice results in delayed BALf inflammatory cytokine profile  
Cytokines in BALf were measured by MSD multiarray technology for (A) IFNγ (B) IL-12 (C) TNFα (D) IL-1ß and (E) 
IL-6. Data represent mean concentration from duplicate wells for three mice per group. The mean of each group is 
depicted as a bar. Significant differences were determined by two-way ANOVA with Dunnett multiple comparisons test. 
*P , 0.05 compared to other group at same time point. 
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FcRn deficient neutrophils are unable to effectively opsonophagocytose B. pertussis.  

 PMNs have been shown to be essential for antibody-mediated clearance of B. 

pertussis [45]. Therefore, we examined if WT and FcRn-/- PMNs differ in their functional 

opsonophagocytic activity (OPA) [115] in vitro. To do this, FITC labeled heat killed 

bacteria were opsonized with WT immune sera prior to incubation with WT and FcRn-/- 

PMNs isolated from bone marrow. Following incubation, extracellular FITC signal was 

quenched and intracellular FITC labeled heat killed bacteria was enumerated by flow 

cytometry. Our results indicate that FcRn-/- PMNs display significantly lower levels of 

OPA (~50%) as compared to WT PMNs (79%) (Fig. 2.8). This value was not significantly 

different than cells incubated with bacteria alone (in the absence of antibodies). Further, 

when WT and FcRn-/- PMNs were pre-incubated with a Fc blocking antibody, to prevent 

IgG engagement of activating or inhibitory Fc gamma receptors (FcγRIII and FcγRIIb, 

respectively). WT PMNs with FcγR blocked, phagocytosed significantly less bacteria as 

compared to WT PMNs co-cultured with opsonized bacteria alone. FcRn-/- PMNs did not 

experience a similar reduction following co-culture with Fc block. These results suggest 

that FcRn and FcγR work together to phagocytose opsonized bacteria. 

  



50 

 

 

 

 

Figure 2-8 FcRn-/- neutrophils exhibit reduced antibody mediated phagocytic capacity.  

Neutrophils were obtained from naïve WT and FcRn-/- mice as described in materials and methods. FlTC-labelled heat 
killed B. pertussis was incubated with cells (Neutrophils+B.p.) or opsonized with immune sera prior to incubation with 
the purified cells (+Immune). In some experiments an Fc block was included to prevent antibody binding to cells 
(+Immune+Fc Block). Mean % phagocytosis + SEM from 3 independent assays is shown. Significant differences among  
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Conclusions 

The first objective of this study was to determine if FcRn was required for IgG 

translocation across the respiratory mucosa. To examine this in vivo, we utilized WT and 

FcRn-/- mice in active and passive vaccination studies. Being that the parenterally 

administered DTaP vaccine generates systemic antigen specific IgG responses, 

quantification of systemic and BALf PT-IgG titers allows for the evaluation of FcRn 

involvement in IgG translocation into the lung. Our results indicate that IgG utilizes FcRn 

dependent and independent mechanisms to translocate into the lung.  

Within our model, PT-IgG isotype kinetics in the lung were found to mirror the IgG 

kinetics patterns in the systemic circulation independent of FcRn. Of note, because DTaP 

vaccination promotes the production of antigen specific IgG1, minimal IgG2b and IgG2c, 

and no IgG3, our system may be skewed towards the IgG1 isotype population, which may 

be a contributing factor as to why our results point towards FcRn independent IgG 

movement.  Alternatively, IgG may diffuse under normal physiological conditions [125] 

or  due to tissue damage [126]. The gradual increase in BALf PT-IgG titers over time in 

FcRn-/- DTaP-immune sera recipients provides a potential role for infection induced 

paracellular migration of IgG. However, being that we quantified BALf PT-IgG titers in 

vaccinated FcRn-/- mice prior to challenge, IgG movement into the lung may involve FcRn 

as well as diffusion.  

Our second objective was to evaluate how DTaP-induced IgG contributes to 

protection at the site of infection. We have shown that complete bacterial clearance can be 

achieved following WT vaccination.  Vaccinated FcRn-/- mice significantly reduced their 

bacterial load but were unable to clear the infection within 10 days. Passive transfer of 
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DTaP immune sera to WT and FcRn-/- recipients resulted in reduced bacterial burden, 

which is in agreement with the observed translocation of IgG in the absence of FcRn. Both 

passive transfer groups benefited from DTaP immune IgG within the lung mucosa, with a 

lower bacterial colonization trend exhibited by the WT recipients as compared to their 

FcRn-/- counterparts. 

In addition, we have developed a refined histopathological scoring system for the 

evaluation of infection induced lung damage. Using this system, we were able to 

distinguish the localization of inflammatory infiltrating cells within the lung following 

infection. As expected, the immune cell infiltration increased in severity over time in 

challenged PBS mice. Vaccinated WT mice presented with normal pathology, while their 

FcRn-/- counterparts developed mild pathology. WT and FcRn-/- passive transfer recipients 

presented with contrasting pathology following challenge. WT recipients exhibited normal 

pathology, whereas the FcRn-/- recipients pathology progressively worsened over time. 

These results indicate that there may be additional immune responses dependent on FcRn 

expression to generate protective immunity.  

Early proinflammatory cytokine production is required for the recruitment and 

activation of innate effectors to the site of infection, while unregulated and continuous 

proinflammatory cytokine production may facilitate cellular destruction. When 

interpreting the local cytokine profiles from the WT and FcRn-/- passive transfer recipients, 

it became evident that FcRn-/- recipients experience a distinct inflammatory response as 

compared to the WT recipients. Without appropriate secretion of IL-1ß, IL-6 and IFNγ, it 

has been shown that B. pertussis clearance is delayed [71, 72, 140]. Additionally, IL-6 and 

IL-1ß production are needed for PMN recruitment and activation following B. pertussis 
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infection [45, 71, 72]. IFNγ and IL-12 also contribute to phagocyte activation, which in 

turn supports bacterial clearance [75, 140]. And lastly, in the absence TNFα B. pertussis 

induced lung pathology worsens [74]. These results suggest that the early proinflammatory 

and activating immune responses made by the WT recipients on DPI 3 contributed to 

protection against lung pathology and that the delayed proinflammatory responses in the 

FcRn-/- recipients negatively impacted their lung pathology. 

A key player of antibody-mediated protection against B. pertussis in the lung are 

PMNs, which have been shown to be essential for antibody-mediated clearance [45]. This 

was demonstrated when naïve mice depleted of PMNs could not clear B. pertussis in the 

presence of immune sera [45]. In addition, FcRn expression has been shown to enhance 

antibody mediated PMN phagocytosis of heat-killed Streptococcus pneumonia [115]. 

Therefore, we hypothesized that in the absence of FcRn, opsonized heat killed B. pertussis 

would not be efficiently phagocytosed. WT PMNs displayed enhanced phagocytosis, as 

compared to FcRn-/- PMNs. In addition, following blockade of FcγRIII, there was a 

significant reduction in opsonophagocytosis by WT PMNs, however FcRn-/- PMNs 

opsonophagocytosis was not altered. Our data suggests that FcγRs and FcRn collaborate to 

phagocytose bacteria, and we therefore proposed the following mechanism (Fig. 2.9): 

opsonized bacteria engage surface FcγR via IgG Fc regions at neutral pH. As opsonized 

bacteria are taken up, the early endosome begins to form with FcRn present. At the same 

time, acidic granules enter the endosomal area lowering pH. This reduces FcγR affinity for 

IgG and at the same time increases FcRn’s affinity for the opsonized bacteria. FcRn fully 

engages the opsonized bacteria, and targets it for degradation (Fig. 2.9). In the absence of 

FcRn, immune complexes are not efficiently phagocytosed.  
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Figure 2-9 Model of phagocytosis with FcRn expression. 

 (1) Opsonized B. pertussis engages FcγR at neutral pH (2)As the opsonized bacteria is endocytosed, the endosomal 
compartment becomes acidified  (3)FcγR loses affinity for IgG, and FcRn gains an affinity for IgG (the handoff)  (4) 
FcRn targets opsonized B. pertussis for degradation and antigen presentation (5) FcγR recycled to the surface. 
 
 

In conclusion, we have shown that in the presence or absence of FcRn, PT-specific 

IgG can translocate into the lung, and selective transport of IgG-isotypes was not observed. 

Concerning B. pertussis infections, we have shown that with DTaP vaccine-induced 

immunity FcRn expression is required for complete clearance of B. pertussis. Within our 

passive transfer study, DTaP immune sera was shown to contribute to protection against 

bacterial colonization in the presence or absence of FcRn, however, FcRn expression is 

required to prevent tissue damage and inflammation.  In addition, our data suggests that 

FcRn expression aids in antibody mediated bacterial phagocytosis by neutrophils in vitro.   
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Chapter 3 : Contribution of Maternal TdaP-induced IgG in 
Protection against Bordetella Pertussis infection. 

Introduction 

Newborns and infants are the most susceptible population to Bordetella pertussis 

infection and severe disease [24, 25]. Two parenteral acellular pertussis (aP) vaccines 

(composed of Diphtheria toxoid, Tetanus toxoid, and three alum adjuvanted aP proteins) 

are administered in the United States. DTaP is given to infant populations [21], and Tdap 

is given to adults as a booster vaccine [36, 141]. The aP vaccine induces Th2 T cell 

responses resulting in high systemic IgG production [1, 116]. It is recommended for infants 

to receive their first parenteral DTaP vaccine at 2 months of age, meaning that they face a 

high susceptibility period to infection prior to their first immunization [35].  In an effort to 

protect this population from B. pertussis infections, maternal booster vaccinations have 

been recommended, during the third trimester, of pregnancy to increase circulating 

maternal pertussis-specific antibodies that can be subsequently transferred  to the infant 

during their susceptible period [141]. The DTaP/Tdap vaccine induces IgG directed against 

acellular components, such as, Pertussis toxin (PT). As described elsewhere in this 

dissertation, PT has been shown to have a wide range of effects that leads to poor innate 

cell migration to the lung [42, 44, 45], increased pathology and disease severity [48]. 

Furthermore, elevated PT-IgG titers have been correlated with a reduction in disease 

severity in patients [87, 88, 142]. 

Infants born to Tdap-vaccinated mothers have elevated titers of PT-specific IgG in 

cord blood [5, 118] and, these infants are less likely to present with severe B. pertussis 

infections [38-40]. Maternal IgG can be transferred to the offspring in utero or via breast 

milk in a process that is mediated by the FcRn, which as discussed in detail elsewhere in 
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this dissertation transports IgG across mucosal surfaces [92-94, 114].  FcRn is expressed 

throughout life within the lung. In this model, we hypothesized that protective maternally 

derived IgG in the offspring’s circulation, utilizes this receptor to enter the lung conferring 

protection against B. pertussis infection.  To examine the transfer of systemic IgG 

translocation into the lung and protection mediated by Tdap immune antibodies, we 

passively transferred maternal TdaP immune antibodies to transgenic mice expressing the 

human FcRn receptor (hFcRn), and mice lacking FcRn (FcRn-/-).  

 
Material and Methods 

Mice, vaccination, passive transfer, experimental challenge and tissue collection 

For human antibodies passive transfer studies, expectant mothers were administered the 

Diphtheria and Tetanus Toxoids and Acellular Pertussis (Tdap) Vaccine, BOOSTRIX® 

(GlaxoSmithKline, Brentford, London) intramuscularly during the third trimester of their 

pregnancy (27-36 weeks). At delivery, blood was collected in SST and EDTA tubes under 

the approved IRB protocol (Role of maternal vaccine-induced IgG in protection against 

Pertussis, HP-00065842). Samples were centrifuged at 2,700 RPM for 15 min, isolated, 

and serum and plasma samples were pooled for passive transfer studies, and stored at -

80˚C until use. 16-20 wk. old mice lacking expression of the FcRn receptor (FcRn-/-) 

(B6.129X1-Fcgrttm1Dcr/DcrJ) [106]and transgenic mice expressing the human FcRn 

(hFcRn) (B6.Cg-Fcgrttm1Dcr Tg(CAG-FCGRT)276Dcr/DcrJ), obtained from the Jackson 

Laboratory (Bar Harbor, ME) or bred in-house. hFcRn and FcRn-/- mice were administered 

sterile filtered human immune antibodies via intraperitoneal (i.p.) route (pooled from Tdap 

vaccinated mothers) 4 h prior to and after challenge (180 µl and100 µl, respectively). FcRn-

/- mice received daily i.p. doses of pooled immune antibodies (50 µl) to maintain systemic 
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levels of IgG. For the experimental challenge, mice were administered 2x106 CFU/30µL 

of Bordetella pertussis clinical isolate strain BP1831and bacteria was grown as previously 

described [129, 130]. 

To determine CFU in lungs on days 3, 7 and 10 post-infection (DPI), whole lungs from 3 

to 4 mice/group were aseptically removed, and lung weight was determined. Samples were 

homogenized, and several dilutions were plated to determine B. pertussis CFU counts/gram 

(CFU/g) of lung tissue. Serum was collected: and pre- and post-challenge as previously 

described [131]. Bronchoalveolar lavage fluid (BALf) was collected from subgroups of 3 

mice/group on DPI  3, 7 and 10 as previously described [132].  

Histology  

Whole lungs collected from 3 mice per experimental group per time point were infused 

with and preserved in 4% paraformaldehyde fixative solution (Sigma-Aldrich). Tissue 

samples were embedded in paraffin, sectioned and mounted on slides for staining with 

hematoxylin and eosin (H&E). A pathologist blindly quantified the inflammation involving 

1) terminal bronchioles, 2) branches of the pulmonary artery, 3) peribronchial veins and 4) 

surrounding alveolar tissue. Each parameter was scored semi quantitatively based on the 

scale: 0-normal, 1-mild, 2-moderate, 3-severe. By adding all four scores, a composite 

score, reflecting the overall degree of tissue damage was obtained for each section.  

Ab measurements  

For PT-specific IgG ELISA, plates were coated with 0.5 µg/mL purified PT (List 

Biologicals Campbell, California) in PBS and the assay performed as previously described 

[133]. 

Pertussis Toxin Neutralization Activity Assay 



58 

Pertussis toxin induced cytotoxicity was analyzed quantitatively and dynamically using the 

Xcelligence Real Time Cell Analyzer (RTCA) (ACEA Biosciences, Inc. San Diego, CA) 

housed a 37C 5% CO2 incubator. For the assay, Chinese Hamster ovary cells (CHO-K1 

ATCC, Manassas, VA) were cultured at 37C in 5% CO2 in Dulbuecco’s Modified Eagle 

Medium (DMEM, Life Technologies) containing 5% Heat-inactivated Fetal Bovine Serum 

(Thermo Scientific) and 0.069g/L L-Proline (Sigma Aldrich). In brief 100 µL per well of 

complete media was added to gold plated 96 well E-Plates (Roche Applied Science, Palo 

Alto, CA), and allowed to equilibrate at room temperature for 30 minutes. Plates were then 

placed into the RTCA for the measurement of background impendence (Cell Index). CHO-

K1 cells were then seeded at 1.5x104 cells/well, onto the E-Plates, and measurements of 

Cell Index were performed hourly by the RTCA for 18-21 hours. Prior to co-culture with 

cells, dilutions of an in-house positive control pool and test samples were incubated with 

or without [5ng/mL] pertussis toxin (List Biological Labs, Campbell, California). Samples 

placed on an orbital shaker for 15 seconds and then incubated at 37C 5% CO2 for 30 

minutes. E-Plates containing the cell suspensions grown overnight were decanted and 100 

µL of the pre-prepared dilutions were added to the plate, placed back into the RTCA 

system, and monitored for 22 hours. RTCA software 2.0 was used to analyze and determine 

the effective concentration of PT-specific antibody, which results in 50% neutralization of 

PT (EC50). EC50 values were normalized per plate based on the WHO International 

Standard Pertussis Antiserum 06/140 (NED). 

Statistics.  

GraphPad Prism 7.02 (GraphPad Software, La Jolla, CA) was used for all statistical 

analysis. Data Samples were log transformed and analyzed using the Two-Way ANOVA 
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with Tukey’s or Sidak’s multiple comparisons test to determine statistical significance of 

bacterial loads (CFU), lung pathology, serum and BALf titers for treatment groups versus 

naïve controls, as well determining differences between treatment groups. Maternal 

Antibodies data samples were analyzed using Pearson Correlations, two-tailed with a 95% 

confidence interval. In all analyses, differences were considered statistically significant if 

P values were ≤0.05. 

 
Results 

Assessment of maternal PT-specific IgG and PT neutralization activity  

To establish and characterize the antibodies samples collected from Tdap 

immunized mothers, which would be used in our passive transfer experiment, we first 

quantified PT-IgG titers and determined in vitro PT neutralization activity (PTNA) in 

samples collected (Fig. 3.1). From our analysis, PT-IgG titers correlated with PTNA 

(Pearson correlation coefficient = 0.8463, p<0.0001) (Fig. 3.1). Therefore, maternal 

samples with elevated PT-IgG titers were pooled for the downstream assay.  
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Figure 3-1 Pertussis Toxin neutralization Activity in Maternal Tdap immune sera correlates with PT-specific IgG 
titers. 
(A) PT neutralization activity was measured using the Xcelligence Real Time Cell Analyzer and maternal PT-specific 
IgG titers were determined by ELISA. N= 14 maternal Tdap-immune samples; Pearson correlation was determined. (r= 
0.742, p<0.0001). 
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Passive transfer of maternal Tdap immune antibodies aids in bacterial clearance 

To examine hFcRn involvement in the translocation of maternal Tdap immune 

antibodies we passively transferred Tdap-induced human antibodies to naïve transgenic 

hFcRn and FcRn-/- recipients 4 hours prior to and after challenge with 2x106 CFU/30µL of 

B. pertussis (Fig 3.2A). Similar to our DTaP-immune sera passive transfer experiment, 

FcRn-/- mice were dosed daily with Tdap immune pools. FcRn-/- recipients were used, rather 

than WT mice, due to the promiscuity of the murine FcRn, which can also engage human 

IgG, and therefore would not be an optimal control group [110]. On DPI 3, 7, and 10 lung 

bacterial loads were quantified. Our results showed that on DPI 3, PBS groups were 

colonized with elevated levels of B. pertussis (>105 CFU/g), where we noted a significant 

reduction in bacterial load for FcRn-/- recipients (Fig.3.2B). On DPI 7, CFU/g increased in 

PBS animals (>106 CFU/g), and we observed a significant reduction in bacterial load in 

the recipient groups. Importantly, on DPI 7, 3 of 7 (42%) hFcRn recipients cleared the 

infection (Fig. 3.2B), while none of the FcRn recipients showed total bacterial clearance.  

By DPI 10, there was no change in bacterial counts in PBS groups, whereas we noted again 

significant reductions in recipient group bacterial load. Again, hFcRn recipients continued 

to clear the infection (5 of 7 mice, 71%) (Fig. 3.2B). Histopathology was also evaluated, 

in lung sections collected 3, 7, and 10 DPI, where we noted increased pathology in PBS 

animals and reduced pathology in immune pool recipients. There was no statistical 

significance between hFcRn and FcRn-/- Tdap immune recipients’ bacterial counts or 

histology on DPI 10 (Fig. 3.2C). 
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Figure 3-2Passive immunization reduces bacterial load significantly following B. pertussis challenge 
 (A) hFcRn and FcRn-/- mice were administered pooled Tdap immune maternal samples (A) Pooled samples were  
Administered via i.p. at 0 hr and 8 hr. An additional group of FcRn-/- mice were given daily i.p. doses of pooled samples 
on days 1-9. Murine sera and was collected 4hr and 3, 7, and 10 days after the initial i.p. dose. (B) At 3, 7 and 10 days 
post-infection, mice were euthanized and lung tissues collected from individual mice, weighed and CFU of B. pertussis 
determined. Graphs show B. pertussis CFU/g of lung tissue from individual animals in each group at the indicated time 
points. *, P<0.5 compared to PBS treated mice by 2way ANOVA with Sidak's multiple comparisons test. (C) Lung 
samples for histological evaluation were embedded in paraffin, sectioned and stained with H&E. Bronchiolar, arterial, 
venous and alveolar compartments were evaluated to obtain a composite histological inflammation score base on a 
semiquantitative scale of 0-3 (0-normal, 1-mild, 2-moderate and 3-severe). Tissues were scored and composite scores 
obtained as described in Chapter 2 methods ND: Not done *= P<0.5 compared to PBS treated mice by 2way ANOVA 
with Sidak's multiple comparisons test.   
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Maternally derived IgG translocates across the respiratory mucosa in the presence or 

absence of hFcRn  

Prior to examining our murine serology, we first quantified the IgG concentrations 

in the administered maternal immune antibodies (1.17 x105 mIU/mL PT-specific IgG titer 

and 5.85x105 pg/mL Total IgG). To determine the contribution of hFcRn mediated 

transportation of IgG, we next measured systemic and local bronchiolar lavage fluid 

(BALf) PT-specific and total IgG titers in mice 3, 7, and 10 DPI (Fig. 3.3A-B). For both 

PT-specific and total IgG measurements, we found no significant differences between 

hFcRn and FcRn-/- recipients systemically (Fig. 3.3A-B).  Further, when examining IgG 

titers within BALf, we noted again, no significant difference between groups for all time 

points except 4 hr post administration, where we observed an increase in BALf PT-IgG 

and Total IgG levels in FcRn-/- recipients as compared to hFcRn recipients (Fig. 3.3A-B). 
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Figure 3-3 hFcRn and FcRn-/- recipients display similar localized and systemic antibody kinetics 
 (A) PT-specific IgG was measured by ELISA systemically and within BALf samples. Mean IgG titer + SEM from n=3-
6 mice per group are shown (B) Total IgG was measured by ELISA systemically and within BALf samples. Mean IgG 
titer + SEM from n=3-6 mice per group are shown #, P<0.05 compared to immune pool recipients by 2-way ANOVA 
with Tukey’s multiple comparisons test. 
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Conclusions 

Within this study, we sought to examine the contribution of hFcRn-mediated 

translocation of systemic IgG across the respiratory mucosa. Similar to our studies with 

murine passive immunization (See Chapter 2), we observed hFcRn independent 

translocation of IgG from circulation and into the airways. Systemic and BALf IgG titers 

did not differ extensively between recipient groups. Interestingly, 71% of hFcRn mice were 

able to clear the infection by DPI 10; however, due to the variability of the samples, they 

did not statistically differ from FcRn-/- recipients who reduced their bacterial load as well. 

When examining the histopathology, we observed normal to mild lung pathology in both 

recipient groups, while PBS animals experienced moderate pathology by DPI 10.  Our 

results confirm that Tdap immune samples contribute to protection against B. pertussis and 

bacterial induced lung damage.  
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Chapter 4 : Discussion 

FcRn mediated transport 
Due to the active role FcRn expression plays in IgG movement in other tissues, we 

initially hypothesized that FcRn lung expression was necessary for IgG movement across 

the lung epithelium. In vitro, it has been demonstrated that FcRn supports the bidirectional 

translocation of IgG across mucosal surfaces [114]. We therefore reasoned that DTaP-

specific IgG in circulation could undergo basolateral to apical translocation into the lung 

during a B. pertussis infection. We used two models to examine the contribution of the 

presence of IgG in the airways and protection following B. pertussis challenge. In the first 

model, WT and FcRn-/- mice were vaccinated with DTaP vaccinated and in the second, WT 

and FcRn-/- mice were passively administered DTaP-immune sera. Pre- and post- B. 

pertussis challenge we monitored systemic and localized (BALf) PT-specific IgG titers.  

Although we anticipated a complete lack of PT-IgG within the lung of the FcRn-/- 

vaccinated mice, our results showed that PT-IgG was in fact present in the lung of the 

vaccinated FcRn-/- mice, albeit lower than that of WT vaccinated mice. There were no 

significant differences between the kinetics of systemic and BALf antigen specific 

antibody titers, between groups.  

In order to determine whether the IgG detected in the airways of the FcRn-/- mice 

was due to FcRn independent IgG translocation or evidence of local antibody production 

in response to vaccination we performed a passive transfer experiment. To do this, in our 

second model, we collected DTaP immune sera from WT mice, and performed passive 

transfer experiments with naïve WT and FcRn-/- recipients. Within this clean system, we 

could evaluate the translocation of systemically administered immune IgG into the lung. A 

confounding factor for the in vivo evaluation of systemic IgG translocation was the FcRn-
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/- mouse. Due to the absence of the FcRn, these mice experience an increased rate of IgG 

catabolism when administered similar quantities of immune sera as WT recipients (Fig. 

2.4B). Exogenously administered PT-IgG in WT mice maintained circulating antibody 

levels while PT-IgG levels rapidly declined within 10 days in FcRn-/- recipients. As a result, 

FcRn-/- mice had to be dosed continuously with immune sera over the 10 days, which 

maintained their PT-IgG titers in circulation.  

Post-challenge, we again noted that PT-IgG was entering into the lung in the 

absence of FcRn. We found that early during the infection (DPI 3), WT recipients displayed 

elevated BALf PT-IgG titers as compared to FcRn-/- recipients who gradually increased 

their local PT-IgG titers over time. As a continuation of our passive transfer experiments, 

we also collected immune sera and plasma samples from mothers who were vaccinated 

with Tdap during the third trimester of their pregnancy. These antibodies were then 

passively transferred to hFcRn and FcRn-/- recipients. Again, we noted IgG translocation 

into the lung in the absence of hFcRn expression. Our results therefore show that 

FcRn/hFcRn independent translocation of IgG into the lung does occur [125]. 

In some instances infection mediated lung damage has facilitated loss of membrane 

integrity, supporting the leakage of IgG from circulation into the lung [126]. Within our 

vaccination study and Tdap immune antibodies passive transfer study, we demonstrated 

that IgG was being translocated into the lung early after administration, in the absence of 

FcRn. Following our DTaP-immune sera passive transfer study, BALf PT-IgG titers 

gradually increased over time in FcRn-/- recipients, which coincided with the increased 

pathology scores seen.  Therefore, along with FcRn, diffusion may facilitate IgG 
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translocation into the lung and infection mediated damage can increase the movement of 

IgG into the alveolar space.   

Additionally, FcRn may have differential translocation properties in different 

organs throughout the body. Researchers have examined the biodistribution of radiolabeled 

monoclonal IgG in WT and FcRn-/- mice, by measuring the levels of radioactivity in 

circulation and multiple tissues over time [143]. The authors reported that although FcRn 

can translocate IgG efficiently in some tissues, FcRn-mediated translocation could not be 

the primary method for IgG movement in all tissues. The investigators showed that FcRn 

was required to transfer radiolabeled IgG from circulation into the muscle and skin [143]. 

However, in the same study, the authors reported that within the lung, FcRn-/- mice retained 

elevated radiolabeling as compared to WT mice, potentially indicating that FcRn is 

involved the transport of luminal IgG back into circulation, with diffusion being 

responsible for the movement of IgG into the lung [125].  The authors summarize their 

findings by suggesting that FcRn may play differential roles in the transport of IgG within 

various organs [143]. These findings may support our observation that there was a slight 

increase in FcRn-/- Tdap immune antibody recipients’ BALf PT-IgG titers 4 hours post 

administration as compared to the hFcRn recipients (Fig. 3.3A-B).  

Another study supporting diffusion as the mechanism of IgG transport to the lungs 

involved systemic administration of a humanized anti-respiratory syncytial virus (RSV) 

drug, MEDI-524, for protection against RSV in NHPs. To do this, they administered 

MEDI-524 with or without an FcRn binding epitope (YTE).  The authors found that 

animals administered MEDI-524-YTE exhibited elevated serum and BALf levels as 

compared to the MEDI-524 group. However, the study also showed that systemically 
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administered MEDI-524 antibodies entered the lung at the same rate as MEDI-524-YTE 

[144]. Similar to the previous study discussed, this group suggested that IgG translocation 

into the lung occurs via diffusion.  

We next postulated that although FcRn independent IgG translocation was 

occurring, FcRn might be required for preferential translocation of certain IgG isotypes. 

Early studies suggested that FcRn had the following affinities for murine IgG isotypes: 

IgG1=IgG2c>IgG2b>IgG3 [128]. Another study quantified elevated IgG2b and IgG3 titers 

within the BALf of WT mice as compared to FcRn-/- mice.  The authors took this to mean 

that FcRn was saturated and recycling the high affinity IgG isotypes, leaving IgG2b and 

IgG3 to diffuse into the lung [127]. Within our system, we did not see a similar dependence 

of FcRn affinity for the translocation of specific IgG isotypes. This may be due to the nature 

of the DTaP vaccine, which promotes the generation of elevated IgG1 titers systemically. 

This in turn can affect the natural distributions of antibody isotypes in circulation.  

 
Vaccine-induced IgG protection against B. pertussis 

The second aim of the dissertation was to assess antibody-mediated protection, 

following aP vaccination or passive transfer of immune antibodies. From our vaccination 

studies, we demonstrated that FcRn expression was required for complete bacterial 

clearance. Vaccine-induced immunity contributed to reduce lung pathology over time. In 

the DTaP immune sera passive transfer experiment, both WT and FcRn-/- recipients had 

lower bacterial load following challenge, however bacterial load in WT recipient did trend 

lower than FcRn-/- recipients. Based on our serology results, we have established that PT-

IgG was translocating into the lung in the absence of the receptor, and therefore could 

contribute to protection in both vaccinated and passive transfer groups. Remarkably, FcRn-
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/- DTaP immune sera recipients presented with moderate to severe bronchopneumonia, 

similar to that of PBS groups. From these results, we gathered that FcRn expression might 

play a different role in preventing lung inflammation following passive transfer. In fact, 

upon examination of cytokine production in BALf from WT and FcRn-/- DTaP immune 

sera recipients a distinct proinflammatory response was mounted by FcRn-/- recipient.  

The pathology results obtained from FcRn-/- DTaP immune sera recipients differed 

from the pathology seen FcRn-/- Tdap immune antibody recipients. To explain this 

discrepancy, we would hypothesize that FcRn-/- recipients of human antibodies may have 

also been protected from enhanced pathology due to the human IgG interactions with 

murine FcγRs [145]. Normally, aP vaccination of humans induces strong systemic IgG1 

(and IgG4) responses due to Th2 mediated effects. Previously it was shown that human 

IgG1 antibodies bound to all murine FcγRs. Through in vitro functional analysis, the 

authors demonstrated that human IgG1 was the most potent IgG isotype for the induction 

of antibody dependent cellular cytotoxicity and phagocytosis after engagement with 

murine FcγRs [145], which would contribute greatly to bacterial clearance. These effects 

in vivo may add a layer of complexity with regard to the interpretation of the protection 

data following human antibody passive transfer to hFcRn and FcRn-/- mice.   

 
Functional assessment of vaccine-induced IgG responses 

From our murine passive transfer experiment, we have shown that PT-IgG entered 

the lung in the absence of the FcRn. We also have shown that FcRn-/- DTaP immune sera 

recipients experienced enhanced lung pathology as compared to WT recipients. Based on 

these results, we reasoned that FcRn was playing a role beyond translocation and 

hypothesized that although the antibodies reached the site of infection, the ability of 
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vaccine-induced IgG to engage FcγRs on innate effectors may be compromised in the 

absence of FcRn [115]. To test this hypothesis, we developed an in vitro assay, to evaluate 

the capacity of neutrophils (PMNs) from WT and FcRn-/- to phagocytose opsonized heat 

killed B. pertussis. Our results indicated that FcRn expression was required for efficient 

uptake of antibody opsonized B. pertussis.  Being that PMNs play an important role in 

antibody-mediated clearance of B. pertussis [45], this deficiency in phagocytic uptake 

could influence the moderate to severe inflammation of the bronchioles and alveolar space 

seen.   

Final Conclusions 
The goals of this dissertation were to (1) determine how systemic acellular 

pertussis-induced IgG translocates into the lung and (2) to evaluate the contribution of 

vaccine-induced IgG for protection against B. pertussis infection. Through DTaP 

vaccination, passive transfer of DTaP-immune sera to WT and FcRn-/- mice and the passive 

transfer of Tap immune antibodies to hFcRn and FcRn-/- mice, we have demonstrated that 

IgG can translocate into the lung using FcRn-independent mechanisms. Our data suggests 

that diffusion and infection induced lung damage may support IgG translocation into the 

lung. Since IgG indeed translocated into the lung in the absence of FcRn, the question 

became whether FcRn was preferentially translocating certain IgG isotypes into the lung, 

which could influence antibody-mediated protection. As discussed above and in earlier 

chapters, there was no preferential transport of IgG isotypes. However, the elevated levels 

of IgG1 may prevent us from making a fair assessment on antigen specific IgG isotype 

distributions. The administration of equal proportions of labeled IgG1, IgG2b, IgG2c, and 

IgG3 to mice, may allow for a more efficient evaluation of IgG isotype translocation in the 

presence or absence of FcRn. Another factor that could influence our results is that 
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systemically administered IgG does not only translocate into the lungs, FcRn is expressed 

on multiple tissues, and IgG may transverse preferentially to different organs. To address 

this, and examine FcRn mediated translocation within the lung, an ex vivo system, in which 

we remove primary lung tissues from WT and FcRn-/- mice may be optimal. This would 

support the evaluation of basolateral to apical translocation of IgG within the lung.  

To assess the contribution of vaccine-induced IgG in protection, we evaluated 

bacterial load and lung pathology following challenge. FcRn expression was required for 

complete vaccine-induced bacterial clearance and sustained normal lung pathology 

following B. pertussis infection. Interestingly, passive transfer of DTaP immune sera 

contributed to reducing bacterial load in both WT and FcRn-/- recipients however, FcRn-/- 

recipients developed enhanced lung pathology. Being that IgG translocated into the lung 

of both WT and FcRn-/- recipients, FcRn expression on effector cells may influence 

antibody-mediated uptake. In vitro, I have demonstrated that FcRn expression enhanced 

antibody-mediated PMN phagocytosis. Evaluation of additional time points earlier during 

the infection (prior to DPI 3) could have also provided more insight into the generation of 

innate immune responses in the presence of exogenously administered antibodies.  In 

addition, examination of later time points (DPI 14) could have provided additional 

opportunities to examine the effects of B. pertussis infections within the system since a 

majority of our findings occurred late during infection. Lastly, assessing the contribution 

of FcRn expression for antibody-mediated bacterial clearance by phagocytes warrants 

additional study. Gaining a better understanding of FcRn involvement in the development 

of immune responses and protection against infection can help improve vaccine strategies 

and inform vaccine design.   
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Chapter 5 : Future Directions 

Our study has demonstrated that beyond FcRn’s role in IgG translocation, FcRn 

expression on hematopoietic cells influences the generation of optimal immune responses. 

Phagocytes represent a bridge between innate and adaptive immunity, and if their capacity 

to engulf antibody-opsonized microbes is compromised, the developing adaptive immune 

response may be affected.  

For my future directions, I would propose to examine the influence of FcRn 

expression on another subset of phagocytes implicated in B. pertussis infections, 

macrophages [76]. Macrophages play an important role in both the phagocytic uptake of 

bacteria as well as the phagocytic clearance of apoptotic PMNs. If FcRn expression 

influences macrophage mediated uptake, the increased lung pathology seen with the FcRn-

/- DTaP immune sera recipients may also be influenced by this. Therefore, I would propose 

to develop in vitro assays to examine opsonized bacterial uptake as well as apoptotic PMN 

uptake by macrophages. 

 In addition, I would like to explore the influence of FcRn expression on the 

generation of vaccine-induced humoral immunity [146]. This is based on our findings from 

the WT and FcRn-/- vaccination study, when both groups received multiple vaccinations 

with DTaP, a vaccine that promotes a strong humoral response. After the first vaccination, 

WT and FcRn-/- mice developed the same levels of systemic PT-IgG (>103 ng/mL), 

however following the second vaccination, WT mice produced elevated titers as compared 

to FcRn-/- vaccinated mice (105 and 104 ng/mL, respectively). One argument to explain this 

difference, which was used within this dissertation, was that due to the increased rate of 

IgG catabolism, FcRn-/- mice they could not achieve similar PT-IgG titers as compared to 
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WT vaccinated mice. An alternative argument would be that during the second vaccination 

with DTaP, both WT and FcRn-/- mice had circulating DTaP-specific IgG. Upon re-

vaccination, vaccine antigens were recognized by circulating DTaP-specific IgG prior to 

interactions with phagocytes. I hypothesize that the interaction of opsonized antigens and 

phagocytes may be cause of reduced antibody production by FcRn-/- vaccinated mice.  

Within my dissertation I have shown in vitro that opsonized heat killed bacteria is 

not efficiently taken up by FcRn-/- PMNs. I would propose that the same phenomenon 

occurs with vaccination and would have a ripple effect in terms of T cell activation and 

subsequent antibody production. For the evaluation of vaccine-induced responses in vitro, 

following each vaccination, splenocytes and bone marrow will be collected and stimulated 

with vaccine antigens to determine cytokine production as well as antibody secreting cell 

capacity. In addition, following each vaccination, subsets of groups will be challenged, and 

protection will be assessed.  This study is beneficial in that it further elucidates the 

functions of FcRn in the context of cell mediated and humoral immunity. IgG generated 

by WT and FcRn-/- vaccinated mice pre and post challenge could also then be functionally 

analyzed for differences in vitro, as well as used in passive transfer studies to examine their 

protective capacity.  
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